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PREFACE

The inclusion of the t-test for bias in the Acid Rain Regulations, 40 CFR Part 75, signaled a
markedimprovementinthecapability todetectasignificantsourceofmeasurementerror thathad
previously remained hidden. The bias test provides an independent check of the full monitoring
system, capable of determining whether systematic error is present in a monitoring system's
measurements. It is a very forgiving test: it must be 97.5% confident that the error is not
random in nature before it will describe the measurements as being biased. Field experience
confirms that false positives are a rare occurrence when the bias test is properly performed.

At the same time, the capability to detect bias left environmental technicians and instrument
operators with the often daunting job of, first, diagnosing the cause of the measurement bias,
and, then, taking steps to correct it. This publication is intended to make that job easier.

It consists of two major components: A pull-out chart, entitled Eliminating Bias in CEMS — A
Checklist, provides a comprehensive listing of the monitoring system problems that can cause
systematic error. To make it easy for users to find problems associated with a particular type
of monitor, the problems are grouped by monitoring system component type. A brief description
and potential corrective actions are shown for each problem. Finally, the Checklist directs
users tothe appropriate pages in the accompanying Operator's Guide, where fuller descriptions
of problems and remedies can be found.

The accompanying Operator's Guide to Eliminating Bias in Monitoring Systems is organized into
eight chapters. Chapter 1 describes the history and the engineering and statistical basis for
the bias test. Chapters 2–7 provide detailed descriptions of problems that can cause systematic
measurementerrorandremediesthatcanbetakentoaddressthoseproblems. Eachof thechapters
is devoted to the problems associated with a different type of monitoring system component. The
chapters begin with a table, excerpted from the Checklist, summarizing the problems to be
discussed in that chapter. The problem areas covered are: Probe Location and Stratification
(Chapter2),ExtractiveSamplingSystems(Chapter3),In-SituGasMonitoringSystemsandOpacity
Monitors(Chapter4),FlowMonitors(Chapter5),GasAnalyzers(Chapter6),andDataAcquisition
and Handling Systems (Chapter 7).

Chapter 8, the last chapter in the Operator's Guide, discusses elements that should be
incorporatedintoongoingQualityAssuranceProgramstodetectandpreventtheproblemsthat
producesystematicerror in monitor measurements. Each chapter ends with a list of references
for further information on the subjects covered.
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CHAPTER 1

OVERVIEW: ACCURACY, PRECISION, AND BIAS
IN CONTINUOUS EMISSION MONITORING SYSTEMS

1.1 BACKGROUND

Public concern with the environmental impact of acid rain resulted in Title IV of the Clean Air
ActAmendmentsof 1990 which established emission standards for sulfur dioxide (SO) and nitrogen2

oxides (NO ), the primary pollutants causing acid rain. To ensure that the emission standardsx

weremet,TitleIVrequiredcontinuousemissionmonitoring(CEM)systemstobeputintooperation
at all affected utilities to measure SO and NO as well as carbon dioxide (CO ), diluent gases (CO2  x      2    2

or oxygen, O ), flue gas velocity, and opacity.2

To limit the levels of SO emitted, each source covered under Title IV is allotted a prescribed2

numberofallowances,anallowancebeingtheright toemitonetonofSO peryear. Because the2

totalnumberofallowancesissuedbytheU.S.EnvironmentalProtectionAgency(EPA)isstrictly
limited to the cap established in Title IV, the allowance allocation process provides the means
to control SO emissions and, consequently, acid rain.2

Each year, the electric utilities are required to reconcile their total SO emissions against the2

allowances held. The CEM systems, specified by Title IV, are instrumental accountants for the
Acid Rain Program. Not only do they measure emissions, but they also allow utilities to track the
consumption of allowances. In so doing, they provide the foundation for this extensive
regulatory program.

ACEMsystem'scontinuousaccountingofemissionsallowstheutilityoperatortodeterminethe
numberofallowancesused,thenumberavailablefortherestof theyear, andthenumber thatneed
to be acquired to operate for the remainder of the year. Because allowances have monetary value
andcanbebought, traded,auctioned,andotherwise transferred, it is imperative that CEM system
databeaccurate. Lossofallowancesduetoover-representationofemissionsorinaccurateCEM
systemsareaconcerntotheutility. Under-reportingofemissionsdueto inaccurate systems are
ofconcernto EPA. This document addresses such concerns by providing guidelines for obtaining
accurate, unbiased CEM system data.

1.2 CEM SYSTEMS AND CERTIFICATION

ACEMsystemiscomposedofanumberofsubsystems: agasmonitoringsystem(whichmayuseeither
extractiveor in-situsampling techniques and may include either a CO or O diluent correction2  2

monitor), a flow monitor, a transmissometer (opacity monitor), and a data acquisition and
handlingsystem(DAHS). Anextractivesystemconsistsofanumberofsubsystems—theprobeand
conditioning systems and analyzers. A typical CEM system is shown in Figure 1–1.
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Figure 1–1. A Typical Continuous Emission Monitoring System

All of these components and subsystems work in concert to provide emissions data. There are, of
course,manymonitoringoptions(Jahnke, 1993). For example, in systems that extract gas from
the stack, the gas can be cooled and the moisture removed or, alternatively, kept at an elevated
temperatureabovethedewpointandmeasuredonawetbasis. Insteadofmeasuringtheextracted
gas directly, it can first be diluted and measured using ambient air analyzers. Another option
is to monitor the flue gas in-situ (i.e., directly in the stack or duct), without extraction.

TheopacityandflowmonitorsshowninFigure1–1are in-situmonitors—thefluegas ismonitored
in-place and is not disturbed. The flow monitor is used here, in conjunction with gas
concentration measurements, to calculate mass emission rates (i.e., in units of lbs/hr and
tons/yr). The transmissometer monitors the flue gas opacity, which indirectly characterizes
particulate matter emissions.

Althoughtherearemanytypesofsystems, there isnoonebestsystemforall applications. CEM
systemsareapplication dependent. Regulatory conditions, stack gas composition, environmental
and physical conditions, and even management practices can make one system better suited than
another for a given application.

1.2.1 Performance-Based Standards

A CEM system is proven through its performance. If the installed system can meet established
performance criteria, such as the standards for linearity, calibration drift, and accuracy, it
can be approved for use as a regulatory continuous monitoring system. The U.S. EPA, the
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InternationalStandardsOrganization(ISO,1989),andmanyEuropeancountrieshaveadopted
performance-basedstandardsratherthandesign-basedstandards. Inotherwords,thestandard
is not how the system is designed, but whether it works after it has been installed.

The U.S. EPA has established several sets of CEM performance specifications. These can be found
in Title 40 of the U.S. Code of Federal Regulations (40 CFR) in Part 60 for New Sources, in Part 266
for facilities that burn hazardous waste, and in Part 75 for sources affected by the Acid Rain
Program. Althoughthesespecificationsareallsimilar, havingevolvedfromtheoriginalPart60
requirements, the 40 CFR 75 specifications are the most comprehensive and stringent. Because of
the central role that Part 75 CEM systems play in the effective functioning of the Acid Rain
Program allowance market, the CEM data must be as accurate and precise as possible.

1.2.2 Relative Accuracy Test Audit

AprincipalperformancetestingprocedureforAcidRainCEMsystemsis therelative accuracy test
audit (RATA). The RATA is a comparative evaluation of the CEM system performance against an
independentreferencemethod. Areferencemethodcanbeeither(1)amanualwetchemistrymethod,
where, forexample,gas is extracted from the stack and bubbled through an absorbing solution
which is then analyzed in a chemical laboratory, or (2) an instrumental method, where gas is
extractedfromthestackandanalyzeddirectlybysuitablycalibratedanalyzers. UndertheAcid
RainProgram,theapplicablereferencemethodsareMethod2(referencemethodfordetermination
ofstackgasvelocityandvolumetricflow), Method6(manualreferencemethodforSO) orMethod6C2

(instrumentalreferencemethodforSO ),andMethod7(manualmethodforNO )orMethod7E2        x

(instrumental method for NO ).x

Specifications for both the manual and instrumental reference methods are found in 40 CFR 60
AppendixA. Figure1–2illustratesatypicalRATA,usingamonitoringvanwithautomatedtest
equipment.

InaRATA,aminimumofninesetsofpairedmonitoringsystemandreferencemethodtestdataare
obtained. Atestermayperformmorethanninesetsof reference method tests and may reject up to
three data sets, as long as the total number of runs used in calculating test results is equal to
or greater than nine. Data from the RATA are used to determine both the relative accuracy and
bias, if any, of a CEM system.

1.3 ACCURACY AND BIAS — A CONCEPTUAL VIEW

Technically,theaccuracyofameasurementreferstothedegreeofagreementbetweenthemeasured
valueandatruevalue. Insourcemeasurements,as inphysical science ingeneral, thetruevalue
ofaphysicalparameter is rarely known. Instead, an "accepted" true value is generally used for
comparisonagainsttheCEMsystemmeasuredvalues. Insourcetesting,the"true"valueisassumed
to be that value determined by the EPA Reference Method.
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Figure 1–2. Relative Accuracy Test Audit Using Instrumental Reference Methods

(Eq. 1–1)

(Eq. 1–2)

1.3.1 Relative Accuracy Test

Relative Accuracy is a regulatory statistic that expresses CEM accuracy in relative terms, i.e.,
it quantifies the deviation of the CEM from the reference method relative to the emission levels
occurringatthetimeoftheRATA. Derivedfromthepaireddatameasurements (Natrella, 1963)
obtained during the RATA, it is expressed as a percentage of the average of the emission levels
encountered during the RATA. This calculation is in contrast to most engineering practice, which
expressesaccuracyasapercentageofspan. Assuch, relativeaccuracyiscloselyassociatedwith
the source emission levels occurring at the time of the test, rather than with instrument span.

The relative accuracy is calculated using the following expression:

To calculate the absolute value of the mean difference between data pairs, the arithmetic
difference between the reference method and the CEM system measurements for each data pair is
first calculated:

whered isthedifferencebetweenareferencemethodvalueandthecorrespondingmonitororCEMi

system value for the i test run.th
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(Eq. 1–3)

(Eq. 1–4)

n-1 t"=0.025

8
9

10
11
12
13
14

2.306
2.262
2.228
2.201
2.179
2.160
2.145

Table 1–1. t-Values

The mean difference is then calculated using the expression:

where

n = the number of data pairs.

The absolute value of is then used in Eq. 1–1. In calculating the sum of the differences
between the data pairs, it is important to note that the signs of the differences are retained
(that is, the absolute value is taken of the total summation, not the individual d values).i

The confidence coefficient is determined from the following expression:

where

t = a statistical parameter used to calculate for a given number of data pairs0.025

(Table 1–1).

S = the standard deviation of the differences of the data pairs obtained during thed

relative accuracy test.
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(Eq. 1–5)

(Eq. 1–6)

The confidence coefficient is a measurement of the uncertainty in the calculation of :
Because the relative accuracy determination is made from a finite set of data, there is a
probability that ÷ could be larger or smaller. represents the largest variation in ,
which we would expect to see 97.5% of the time (i.e., it would only be exceeded 2.5% of the time).

, the term appearing in the denominator of Eq. 1–1, is the arithmetic mean of the reference
method values:

In Part 75, the relative accuracy, calculated from concentration units (ppm or percent), for SO2

andCO monitorsmustbe10%orless. ForanNO monitoringsystem,therelativeaccuracymustbe2          x

10%or less, calculatedfromunitsof lbs/mmBtu(ng/Joule)obtainedfrom both NO and diluent (COx   2

orO )measurements. Forflowmonitors,therelativeaccuracy,derivedfrommeasurementsinunits2

of standard cubic feet per hour, must be 15% or less.

Figure 1–3 offers a graphical representation of the underlying frequency distributions inferred
fromtwohypotheticalrelativeaccuracytestaudits(denotedCaseAandCaseB). Thegraphsshow
the uncertainty about the estimate of mean differences for the two sample RATAs. Each
distributionshowstherangeandvariabilityinthemeandifferencethatcanbe inferredfromthe
RATAmeasurements. Thehorizontalaxisdisplaysthemeandifference(÷) foundusingEq. 1–3,
where CEM system measurements are compared to the "accepted" true values determined by the
reference method.
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Figure 1–3. An Illustration of Precision in Two
Hypothetical Relative Accuracy Test Audits

ForillustrativepurposesinbothCaseAandCaseB, thedifferencebetweentheCEMandreference
methodonaverage isassumedtobezero. (This is represented by each distribution being centered
at the zero point on the horizontal axis.) Thus, in both situations bias is not a factor.
However, the comparative steepness of two distributions reveals striking differences in the
precision of the differences between the CEM system and reference method prevailing during the
RATA. InCaseA, thecurve issquat, indicatingthat thevaluesofd variedappreciably from runi

to run, to produce a wide variation in ÷. It was not possible to reproduce the data well. Such a
situationcouldpossiblyindicateanerraticCEMsystem,poorreferencemethodtesting,orboth.
In contrast, the curve in Case B is sharp, indicating that the difference between the reference
methodvaluesandCEMvalueswerenearlythesameforeachoftheninetestrunsusedtocalculate
÷. The data were reproducible. The instruments displayed a high degree of precision. The
squatness and sharpness of the two curves is captured by in the numerator of Eq. 1–1.

1.3.2 Bias

The relative accuracy test, used in CEM certification and performance testing, captures the
degree of relative imprecision in CEM measurements, but it does not differentiate systematic
error from random error. Prior to the promulgation of 40 CFR Part 75, the relative accuracy test
alonewasusedtolimitbothimprecision(randomerror)and measurement bias (systematic error).

There is a problem, however, in only using the relative accuracy specification. For example, if
a CEM systematically reads 9% low relative to the reference method, it could still pass a 10%
relativeaccuracystandard eventhoughthedatasubsequentlyreportedtotheagencywouldbe
consistently 9% low. This situation is particularly serious in the Acid Rain Program, because
suchapossibilitywouldboth jeopardize theachievementof theProgram's mandated emission
limitsandundercut theprogram-wideuniformityofemission measurements, thereby calling into
question the true valuation of SO allowances.2
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(Eq. 1–7)

Figure 1–4. t Distribution for a RATA, Showing when Bias Occurs

To address this situation, 40 CFR Part 75 tightened the relative accuracy standard to 10% and
subjected RATA data to a bias test, specifically designed to detect systematic error.

1.3.3 Bias Test

Besides being used to calculate relative accuracy, the paired RATA data are also used to determine
if statistically significant systematic error (low bias) is manifested in the CEM measurements.
A t-test is applied to the paired differences to test the hypothesis that differences between the
CEMandreferencemethodarenotstatisticallydifferent fromzero. If themeandifferenceof the
measurements as found in Eq. 1–3 exceeds the confidence coefficient as found in Eq. 1–4, then the
hypothesis is rejected. According to well-established principles from classical statistics, if
the mean difference exceeds the confidence coefficient then we can be 97.5% confident that the
measurement difference was not a random occurrence, i.e., that the difference was due to
systematic, not random, error. Thus low bias is considered to be present if

This expression merely states that systematic error is considered to be present if on average the
CEM measurements are so far below the reference method measurements as to lie outside the
confidence limits. That is, they are so low that the ÷derived from the RATA data falls in a zone
where classical statistics predicts with 97.5% confidence that ÷ will not occur. In othertrue

words, the CEM system is reading so low relative to the reference method that we are 97.5%
confident that the system is biased low (Figure 1–4).

Equation 1–7 is basically an expression of the one-tailed t-test. By using it, there is at most
a 2.5% probability of mistakenly detecting low bias when there really is none. It is important
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(Eq. 1–8)

to note that the bias test is very forgiving. A CEM system is said to be biased only when there is
less than a 2.5% probability that the low readings occurred by chance.

Thebiastestisquiteuseful indetectingCEMsystemproblems. AlthoughthePart75requirements
do not allow low-biased systems, high-biased systems are permitted [as long as the relative
accuracy specification (10% for SO and NO , 15% for flow) is still met]. Obviously, although a2  x

high-biased system is allowed under the Acid Rain Regulations, it would result in the loss of
allowancesandwouldnotbeadvantageoustoasourceowner. Therefore,aCEMsystemownershould
applythetesttocheckforbothlowandhighbiasesbetweentheCEMsystemandreferencemethod.
Ideally, the cause of the bias should be detected and remedied to give the most accurate data
possible.

1.4 ELIMINATING BIAS AND THE BIAS ADJUSTMENT FACTOR

Whenbias is detected, two options are provided under Part 75. The preferable course of action
is to determine the cause of the bias and eliminate the problem. This Guide is specifically
designedtoassist in this process by providing guidance in diagnosing and remedying the sources
of measurement bias.

Alternatively, Part 75 provides a regulatory remedy. To compensate for the systematically low
CEMmeasurementsdetectedduringtheRATA,abiasadjustmentfactorcanbederivedfromtheRATA
dataandappliedtosubsequentCEMmeasurements. ACEMsystemownerisallowedtheoptionof
applying a bias adjustment factor if low bias is detected and the cause of the bias is not
corrected. The bias adjustment factor is given in Eq. 1–8:

where

BAF = bias adjustment factor

= absolute value of the arithmetic mean of the difference obtained during the
failed bias test using Eq. 1–3

= Mean of the data values provided by the monitor during the failed bias test.

The magnitude of the bias adjustment factor is such that if the original CEM data were multiplied
by theBAF, theaverageof theresulting values would exactly equal the average of the reference
methodreadingsand,consequently, wouldequalzero. UsingEq. 1-9, this factor is applied
toallsubsequentCEMsystemdatafor themeasuredparameteruntil thenextrelativeaccuracytest
has been performed.
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(Eq. 1–9)

where

CEM = Data value, adjusted for bias, at time ii
Adjusted

CEM = Data (measurements) provided by the monitor at time i.i
Monitor

If the CEM system passes the bias test at the time of the next relative accuracy test, no
adjustmentwouldthen be required. If the system fails, a new bias adjustment factor must then
be calculated and applied unless the cause of the bias is determined and corrected.

When bias is detected but not corrected, CEM system bias adjustment factors are typically on the
order of3 to4%of theCEMsystemmeasurementvalues. Before purchasing a CEM system, it should
be decided by the user whether this level of adjustment would be acceptable. If not, the CEM
system contract should specify to the CEM system vendor that bias-free or less biased Part 75
systems are to be provided.

It must be noted that it is always preferable from a measurement standpoint to eliminate the
sources of bias in a CEM system rather than resort to the regulatory remedy provided by the bias
adjustment factor.

1.5 SOURCES OF ERROR IN CEM SYSTEMS

SystematicandrandomerrorscanoccurinallofthesubsystemsandcomponentsofaCEMsystem.
It is left to the skill and experience of the CEM system manufacturer, integrator, and operator
to minimize biases and obtain the best possible accuracy and precision. It is then the
responsibilityof theCEMsystemownerandoperator tomaintainthesystemtospecified levels
of accuracy and precision.

ThisguidelinedocumentwilldiscusssourcesofCEMsystembiasandpossiblemethodsofdetecting
and correcting bias problems. Specifically, bias problems associated with the following, will
be discussed:

1. Sampling location and stratification
2. Dilution-extractive system biases
3. Source-level extractive biases
4. In-situ gas and flow monitor biases
5. Pollutant and diluent analyzer biases
6. Data acquisition and handling system problems
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This document cannot identify all CEM system problems and sources of bias as many are system
specific. However, it can point out some of the primary sources of systematic error that can be
addressed when evaluating CEM system performance.
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Chapter 2 Highlights

Probe Location and Stratification Problems
Problem Corrective Page

Actions RefsName Description

 
Stratification — Gas stratification and flow Find unstratified locations if at 2-9
All Types stratification produce all possible.

unrepresentative sampling
and bias measurements Use fans or gas reinjection to
during Relative Accuracy solve gas stratification
Test Audit. problems.

Use straightening vanes or
baffles to solve flow problems.

Stable Stratification is present but Sample at a point 2-9, 2-10
Stratification pattern does not vary over representative of the area of
Patterns time, i.e., with load or measurement.

process changes.
Monitor on a path
representative of the area of
measurement.

Varying Stratification is present and Calibrate the monitored values 2-10,
Stratification pattern varies as plant's to the reference values 2-11
Patterns operating conditions change. determined over the range of

variation (e.g., different
load/process conditions).

For point sampling systems:
Extract or monitor at multiple
points.

For path sampling systems:
Monitor on paths less sensitive
to variation.

Monitor on multiple paths on
the cross-section.
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Figure 2–1. Stratification and Reference Method Testing in a Stack

CHAPTER 2

BIAS DUE TO PROBE LOCATION
AND STRATIFICATION

2.1 INTRODUCTION

Oneoftheprincipalsourcesofbias inCEMsystemcertification isassociatedwithsampleprobe
location and gas stratification in the duct or stack. Because of the way in which a relative
accuracy test is conducted, the reference method and CEM system will usually measure from two
different sample points (Figure 2–1).

The figure shows that, depending on the stratification profile, the reference method sample taken
at the three required sample points shown may differ from the sample taken at the single point by
the CEM system. This discrepancy may represent a constant error if the stratification profile
does not change with load or plant operating conditions. However, if the profile changes with
operating conditions, "blind" application of the regulatory remedy embodied in a single bias
adjustment factor, or an engineering "fix" provided by a CEM correction factor, may not result
in representative emissions data.

For Part 75 Acid Rain CEM systems, two types of flue gas stratification are of concern: (1) gas
concentration stratification and (2) velocity stratification. Because SO emission allowances2
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(Eq. 2–1)

(Eq. 2–2)

are expressed in terms of mass/time (e.g., lbs/hr or tons/yr), as calculated in Eq. 2–1, both an
SO and a flow (velocity) monitor are necessary:2

where:

pmr = pollutant mass rate (lbs/hr, tons/yr)

c = pollutant gas concentration determined on an actual, wet basis (lbs/ft , ppm)w
3

A = stack or duct cross-sectional areas

L = flue gas velocityw

Further complexity arises when the velocity stratification and gas stratification profiles are
not identical over the cross-section. In such situations, the expression of Eq. 2–1 is only an
approximation to the general expression given in Eq. 2–2:

where:

c = the gas concentration in the area increment daa

L = the flue gas velocity in a direction normal to the area increment daa

da = an area increment

An example of a situation where both the gas concentration and flue gas velocity are stratified
is given in Figure 2–2.

Accurate monitoring of the pollutant mass rate under such conditions can be very difficult.
Either multi-point sampling systems, line averaging systems, or other methods may be necessary
to obtain measurements that approximate the "true value."

Additionalproblemsinstratificationresultwhentheflow monitoring system is not measuring
inthesamemanneras thegasmonitoringsystem. Forexample,anultrasonicsensormaymeasure
aline-averagedvalue,whereasthegasextractivesystemmayobtainasamplefromonlyonepoint.

Thus, several biases due to stratification may enter into the reported pollutant mass rate. Such
biases, coupled with the biases introduced by the choice of reference method sampling points (as
illustrated in Figure 2–1), may make it difficult to certify a CEM system within the relative
accuracy specifications, or for it to pass the bias test without a careful diagnosis of the
sources of bias and application of remedies as described below.
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Figure 2–2. Stratification in Gas Concentration and
Flue Gas Velocity (Gregory et al., 1976)

2.2 REFERENCE METHOD TRAVERSE POINTS AND SAMPLING LOCATIONS

Asnotedabove,thereferencemethodtestingforgasconcentrationmeasurements isperformedon
a three-point traverse rather than at a single point in the stack or duct (40 CFR 60 Appendix B PS2
§3.2). However, it should also be noted that these are "minimum" requirements and that the
prevailing requirement is instead:

"Select traverse points that assure acquisition of representative samples
over the stack or duct cross section" (40 CFR 60 Appendix B PS2 §3.2), and

"Select traverse points that (1) ensure acquisition of representative samples
of pollutant and diluent concentration, moisture content, temperature, and
flue gas flow rate over the flue cross section..." (40 CFR 75 Appendix A §
6.5.6).

TheminimumrequirementforpollutantgasconcentrationmeasurementsinPS2§3.2specifies that
samplesaretakenonathree-point traverseonameasurement line thatpasses throughthecentroid
of the stack or duct and in the direction of any expected stratification. For a measurement line
less than 2.4 m, samples are taken at points that are located 16.7, 50, and 83.3% on the line
(Figure 2–3a).

For larger ducts or stacks with a measuring line greater than 2.4 m and where stratification is
not expected, sampling points are specified at 0.4, 1.2, and 2.0 m (Figure 2–3b). (This second
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Figure 2–3. Gas Sampling Reference Method Traverse
Points Specified in 40 CFR 60 Appendix B

option is not allowed after wet scrubbers or where two gas streams with different pollutant
compositions combine.) Samples are to be taken within 3 cm of these points.

In contrast to the gas sampling traverse points, velocity traverse points are those specified by
EPAReferenceMethod1. Here,aminimumof12or16points(dependingonthesamplinglocation)
are to be tested.

Reference method sampling locations are the same as those specified for CEM systems, which are
at least two equivalent diameters downstream from a disturbance, such as an elbow, a control
device, or an expansion or a contraction and one-half equivalent diameter upstream from a
disturbance or the effluent exhaust. Such criteria are generally not difficult to meet when the
CEM system is installed in a stack; it is often difficult, however, to find two diameters of
straight run in ductwork.

2.3 GAS AND FLOW STRATIFICATION

Flowing gases are generally well-mixed, but stratification can occur when there are differing
temperatures or when dissimilar gas streams intersect. Figure 2–4 illustrates a number of
conditions where gas concentration stratification may occur.
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Air leaking into a duct, the combining of two-process gas streams into a stack, or the
reintroduction of scrubber by-pass gas into a flue can all result in such stratification. In
combustion sources, air in-leakage occurs usually near the preheaters. Columns of gas with high,
unmixed NO concentrations have even been observed after burners. The problem is furtherx

complicated because this stratification is not only spatial, but can also change temporally, as
afunctionof time. Asprocess-loadorotherconditionschange, thegasor flowdistributionscan
also vary as a function of time as well as spatially.

Numerous examples of gas stratification patterns can be found in the literature. The work of
Zakak et al. (1974) gives a detailed discussion of these problems.

Figure 2–4. Conditions Under Which Gas Concentration
Stratification May Occur (after Zakak et al., 1974)

[Combining two gas streams into a stack (a, b, d), air in-leakage (b, c),
and reintroduction of scrubber by-pass gas into a flue (d).]

Velocity stratification is expected even in a fully developed flow profile, due to the effects
of the stack walls on the moving flue gas. Support struts in ductwork may also cause problems in
flowmeasurements. Eddiesformedaroundthestrutsmaydisturbthesensingelementsofavelocity
monitor, or they can physically obstruct the measurement path or point.

The presence of cyclonic flow is particularly problematic, and sampling should be avoided where
cyclonic flow is present. Gas streams entering tangentially to a stack can produce cyclonic,
swirling flow (Figure 2–5). Velocity monitors can be particularly sensitive to flow direction.
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Figure 2–5. Conditions Under Which Flow Stratification or
Cyclonic Flow Conditions May Occur

Differential pressure sensor systems will sense different impact pressures depending on the angle
of the flow relative to the impact pressure opening. Ultrasonic flow sensors can miss "pitched"
gas streams or improperly weight the velocity across a line average. For this reason, it is
specificallyrecommendedinPart75 thatsampling locationsbeavoidedwhereswirling flow is
present.

2.4 QUANTIFYING THE DEGREE OF STRATIFICATION

Itshouldbeobviousfromtheabovediscussionthat,basedmerelyonductdiametercriteria,gas
concentration or velocity stratification may or may not be present in a stack or duct. The
criteria of 8- and 2-duct diameters or 2- and ½-duct diameters are regulatory constructs. In the
case of gas stratification caused by temperature differentials, the gas may not become well-mixed
even beyond 40-duct diameters.

The degree of stratification in a duct or stack can be quantified. One method of quantification
hasbeenproposed(U.S.EPA, 1979) that involves traversingthestack or duct and obtaining gas
concentration values. An example scenario for a rectangular duct would be to sample at nine
sampling points of a balanced matrix. The degree of stratification at each sampling can be
calculated as:



% Stratification
at point i '

ci & cave

cave

× 100

Chapter 2 Probe Location and Stratification

2-8

where

c = concentration of the pollutant at point ii

c = average of the nine concentrations.ave

The sampling plane is said to be stratified if any value is greater than 10%.

When performing a stratification test, it is good practice to sample at a single point over the
entiresamplingperiod(e.g., Elam and Ferguson, 1985). This procedure is easily done using an
instrumental technique. The data obtained can be used to determine if gas concentrations are
changing as a function of time as well as spatially. If the concentration varies at the point over
the sampling period, the traverse data will be difficult to interpret. Ideally, gas
stratification studies should also be sampled isokinetically (i.e., sampling at a rate equal to
the flue gas velocity) (Gregory et al., 1976), since over-isokinetic sampling of the flue gas may
upset stratification patterns.

Although the quantitative determination of stratification may be useful in discussing the
severity of a stratification problem, concentration or velocity isopleths (lines connecting
pointshavingthesamevalue)aremuchmoreuseful. ProfilessuchasthoseshowninFigure2–1and
Figure 2–6 (below) can assist in siting both gas and velocity monitoring systems.

In circular stacks, stratification testing is normally conducted on the two perpendiculars of
the cross-section specified by EPA Reference Method 1. Although this procedure may give
reasonable values for area averages, it is often difficult to construct reasonable isopleths from
the data. A modification of the EPA equal area procedure may be necessary to construct contours
such as those shown in Figure 2–6. Because the object is to construct the isopleths and not to
obtain an equal area average, the central point and points on diameters other than the two
perpendiculars should be sampled to more completely define the stratification patterns.

Numerousproblemscanoccurinthemeasurementofflowwhenattemptingtocharacterize the
profile, especially when the flow is nonparallel or cyclonic. Proper use of the S-type pitot
tube, specified in EPA Reference Method 2, requires that the direction of gas flow be
perpendicular to the plane of the impact pressure opening. EPA Reference Method 1 gives
procedures that can be used to verify whether cyclonic flow is present and also provides
procedures for measuring the non-axial components of flow, using a directional probe
(3-dimensionalpitot tube). ThedraftMethod2Fcontainsadditionalprocedures formeasuring
undernonparallelflowconditions. Thesemethodsshouldbeconsideredbeforedevelopingthe
stratification test plan and conducting the test.
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Figure 2–6. Velocity and Gas Concentration Profiles

Stratification tests are difficult to perform well and are costly if a complete characterization
ofpollutantflowdistributionsisneeded. Also,manyCEMsystemsare installed innewplantsand
mustbeon-lineat the time of plant start-up. Because sampling locations are decided upon during
plant design and construction, it is usually not possible to conduct stratification tests to
guide CEM installation decisions in new plants. However, in such cases, computer modelling
studiescanbeconductedfromtheproposedplantdesign. Thesestudieshaveshowngoodagreement
withtestingconductedafterconstruction(GielowandMcNamee,1993). Analternativetocomputer
modelling is cold-flow modelling, testing flows in Plexiglas constructions of the intended
ductwork.
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2.5 MINIMIZING BIAS IN STRATIFIED GAS STREAMS

If at all possible, monitoring in stratified gas streams should be avoided. Other possible
locationsshouldbeconsideredandtestedtodeterminethepresenceofmoreuniformgasflowsand
concentrations. Alternatively, straightening vanes or baffles can be used to solve flow
problems; fans or gas reinjection (Zakak et al., 1974) may solve gas stratification problems.
Suchengineeringsolutionsmay,however,requiremorepowertomovethefluegas throughthe
ductwork and consequently add to plant operating costs. If stratification is present, either in
the stack or in ductwork, a number of options are possible for minimizing bias between the
monitoring method and reference method. These are listed in Table 2–1.

Table 2–1. Methods for Minimizing Bias due to Stratification

For stable stratification patterns:

C Sample at a point representative of the area measurement.

C Monitor on a path representative of the area measurement.

C Calibrate the monitoring system to the reference method values.

For varying stratification patterns:

C Calibrate the monitored values to reference method values
determined over the range of variation (e.g., different load/process
conditions).

C For point monitoring systems, extract or monitor at multiple points
on the cross-section. In severely stratified situations, monitor at
all Reference Method 1 traverse points.

C For path monitoring systems, monitor on paths less sensitive to the
variation.

C For path monitoring systems, monitor on multiple paths on the
cross-section.

2.5.1 Stable Stratification Patterns

If the stratification pattern is stable over time, as load or process conditions change, two
principal options are available. The simplest option requires examining the stratification
pattern to determine a point or path that is representative of the reference method emissions.

The second option is to calibrate the monitoring system to the reference method values. This
practice is common with manufacturers of flow monitoring systems, who generally require a
"pre-RATA" to be conducted before the actual certification. Essentially, the manufacturer
determines the bias beforehand and factors it into the instrument response. Although such
empirical calibrations are common in flow monitoring, they are not frequently made in gas
monitoring systems.
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This procedure of correcting for bias before the certification test may appear to be
circumventing the performance specification criteria, particularly the bias criteria of 40 CFR 75
Appendix A §7.6.4 and 7.6.5, which do not provide a bias adjustment factor for reducing positive
bias. However,itmustberememberedthatEPACEMsystemperformancespecificationsonthewhole
areperformance-based,not designed-based. It does not matter if a correction factor, correction
algorithm, or random number generator is used within the system itself, as long as the same
internal computational routine continues to be used unmodified for certification, normal
emissionsmeasurement,androutinequalityassurance/qualitycontrol(QA/QC)checks. If the
resulting system can meet all of the performance specifications for calibration error, linearity,
relative accuracy, etc., during a certification test and during subsequent required periodic
QA/QC testing, the system will be approved.

2.5.2 Varying Stratification Patterns

The problem of obtaining representative measurements can become more complicated when the
stratification pattern varies under plant operating conditions. A typical situation occurs when
twoductsexhaust intoasinglestack,but the volumetric flow rates of the gas through each duct
vary under different plant operating conditions. Flow profiles downstream of bends are also
expectedtovarywith load. Insuchcases,a "representative"samplingpointormonitoringpath
may not exist. In others, it may be possible to program a calibration curve (Stahlschmidt, 1992)
into the monitor response.

If it is necessary to monitor under such conditions, a "brute force" approach can be taken to
achieve system certification. Basically, if a system is designed to sample at the traverse points
of the reference method, then it should be able to meet the relative accuracy criteria. For gas
monitoring,aminimumofthreesampleprobesora tube with multiple sampling ports could be used
for this purpose.

Inflowmonitoring,differentialpressure-sensingsystemsusingprobeswithsensingportsatthe
reference method traverse points solve this problem quite easily. Similarly, path monitors can
traverse the stack or duct over multiple paths to monitor the cross-sectional area more
effectively (Lynnworth et al., 1992; Kearney, 1993). However, it may be necessary to program
computational routines into the instrument to correct the line averages to an area average in path
monitoring systems.
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Chapter 3 Highlights

Sampling System Problems — Extractive CEMS
Problem Corrective

Actions PageRefsName Description

Probe Problems — Source Level Systems
Plugging Particulate matter clogs sampling Blowback. 3-3, 3-4

probe. Increase filter surface area.

Scrubbing Precipitates on probe "scrub" SO Blowback. 3-3, 3-42

from sample gas. Redesign.

Probe Problems — Dilution Extractive Systems
Pressure Pressure changes affect dilution Calculate correction. 3-5, 3-6
Effects ratio causing measurement errors.

Temperature Temperature changes affect dilution Calculate correction. 3-5, 3-6
Effects ratio causing measurement errors.

Add probe heater.
Replace with ex-situ probe.

Droplet Evaporation of droplets in sonic Attach demister. 3-5
Scrubbing probe can plug probe or cause pre- Replace with ex-situ probe.

diluting and inconsistent
measurements.

Multi- Mixtures of cal gases may alter the Calculate correction. 3-6–3-8
Component Cal expected gas velocity through the
Gas Effect sonic orifice, biasing measurements. Use gas mixtures

consistently.

Contaminated Trace amounts of measured gas in Check zero baseline with 3-9
Dilution Air dilution air cause errors. high quality zero air.

Varying Poor quality dilution air regulator Install flow controllers or 3-9
Dilution Air adversely affects dilution ratio. better quality pressure
Pressure regulators.

Other Sampling System Problems - Source-Level Extractive Systems
Water Collected liquid can scrub soluble Redesign. 3-9, 3-10
Entrainment gases, dilute sample gas, or cause

leaks through corrosion.

Leaks In negative pressure systems, leaks Find and remove leaks. 3-10, 3-11
may dilute sample gas.

Adsorption Gas adsorbs on walls of tubing Increase flow rate. 3-11, 3-12
causing measurement errors,
particularly at low emissions
concentrations.

Absorption Gas is absorbed in moisture Remove moisture. 3-12, 3-13
condensed in the H O conditioning Acidify condensate.2

system. Change system design.

Moisture Systematic error in moisture Factor in error from moisture 3-13
Monitor Errors monitor may produce bias. monitoring in test

calculations.
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CHAPTER 3

SOURCES OF BIAS IN EXTRACTIVE CEM SYSTEMS

3.1 INTRODUCTION

AnumberofCEMextractivesystemdesignsareavailable thatcanbeselectivelyappliedtobest
monitor a plant's emissions. There is no "best" system for all applications, since each type of
systemwillhaveitsadvantagesandshortcomings inanygivenapplication. Extractivesystems
can be categorized as shown in Table 3–1 (Jahnke, 1993).

Table 3–1. Types of Extractive CEM Systems

Source-Level Extractive
C Hot-wet
C Cool-dry

– Conditioning at probe
– Conditioning at shelter

Dilution-Extractive
C In-stack dilution probes
C Out-of-stack dilution

Each type of system will be prone to different types of sampling errors. The types of problems
that occur can generally be categorized as follows:

C Probe effects
— Probe filter: Plugging and scrubbing
— Dilution probe: Temperature (T) and pressure (P), gas density (D) effects, and water

droplet evaporation
C Water entrainment
C Leaks
C Adsorption: Wall losses
C Absorption: Conditioning systems

These potential sources of sampling error and bias are illustrated in Figure 3–1.

3.2 PROBE EFFECTS

CEM system sample probes used in fully extractive systems usually incorporate an external filter,
internal filter, or both, to prevent particulate matter from entering the sample line. Most
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Figure 3–1. Potential Sources of Bias in Extractive Systems

systemsincorporatea"blowback"cleaningcycle,wherehigh-pressureair isperiodicallyblown
backthroughthefiltertoremoveaccumulatedmaterials. Insomecases, thisproceduremaynot
be effective, especially if particulate matter is sticky or if a particulate cake builds up
rapidly due to a process upset. Under these conditions, sampling problems occur.

3.2.1 Source-Level Systems

Probe plugging is generally a catastrophic event that calls for corrective action on the part of
theinstrumenttechnician. However, theoccurrenceofpluggingcangiverise toconditions that
produce systematic errors even after the plugging itself is corrected. A plugged probe will
prevent sample gas from being analyzed, and therefore the emission levels would be seen to
decrease. However, the plugging will cause the vacuum in the sampling system to increase.
Weaknesses in the system—poorly tightened fittings, cracks in the sampling line, poorly
constructed valves, etc., would be strained. A leak may therefore develop and persist after
plugging is corrected. The leak will, of course, cause the sampled gas to be diluted and the gas
concentration will subsequently read lower.

It is also possible that the probe filter can become only partially plugged and the material
adhering to the filter reacts with the gas or gases to be measured. CEM systems installed after
wet scrubbers may be subject to scrubber upsets where calcium sulfates, lime, etc., may
precipitateontheprobeor filter surface. Thisprecipitatemaythen"scrub" SO from the sample2

gasbeforeenteringtheextractivesystem. Thisproblemcanleadtosystematically lowreadings
and can be difficult to detect. A probe calibration check should detect this problem if the
calibration gas is injected directly ahead of the probe filter. The value obtained will be lower
than that obtained by conducting a "local" calibration check at the gas injection port of the
instrument.
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Figure 3–2. Probe Blowback

Blowback systems (Figure 3–2) may be helpful in minimizing scrubbing problems. However,
scrubbing loss of SO may be disguised if the blowback cycle takes place before the calibration2

cycle and not after it. The probe and filter would be relatively clean after the blowback cycle,
and the SO concentration would not decrease appreciably. Corrective action involves extracting,2

disassembling, and cleaning the probe and probe filter immediately after the upset.

Scrubberupsetsareoccasionswhenmonitoringemissions ismost important. CEMsystemdowntime
and loss of data during this period are significant concerns. The probe calibration system should
bedesignedorredesignedtobeunimpairedbyanysuchupsetsorscrubbingeffects—internalprobe
filters would be more suitable for this application than external probe filters.

If a probe filter with too great a porosity (i.e., greater than 1–3 Fm) is used, fine particles
can enter into the sampling line and then scrub gases by reactive or adsorptive processes (see
also discussion below). If the process is adsorptive, it may take a relatively long time for the
system to reach an equilibrium calibration value after a zero check, or vice versa. The zero gas
wouldsweepthegasoff the particulate matter during the zero check, but the gas would re-adsorb
duringthespancheck. Ifwatercondenses in thesample lineofsuchasystem, theparticles may
agglomeratetoformamud,whichcansubsequentlyplugdownstreamcomponents. Correctiveaction
must then be taken.

The problem of poorly sized probe filters (in terms of porosity and surface area) should be
addressed before certification, since the resulting bias problems cannot be easily corrected.
Not correcting this problem before certification is likely to make it necessary to perform more
frequent preventive maintenance, such as routine sample line cleanings that are difficult to
conduct and subject the system to disassembly/reassembly problems.
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3.2.2 Dilution Probes

Dilution probes are widely used in Part 75 CEM systems because dilution systems can directly
measuregasconcentrationsonthewetbasisconsistentwiththeflowmeasurementsusedtocompute
SO massemissionrates(seeEq.2–1). Afurtheradvantageofdilutionsystemsresultsfromtheir2

ability to draw in flue gas at sampling rates significantly less than source-level systems
(20–50cc/min versus 2–5 L/min). Most particulate matter will continue past the probe, with only
gasbeingdrawnintothesystem. Lowflowsystemshavebeenappliedtomanydifficult sampling
situations, precisely because the need to filter particulate matter is minimized.

However, in wet scrubber applications, aerosol droplets may enter the dilution probe.
Evaporationof thedroplet in thesonicorificecancausedissolvedsolids to precipitate and plug
the probe. Also, evaporation of the droplets will increase the volume of water vapor in the
sample, pre-diluting it to give inconsistent measurements. It may be possible, in some
applications, to remove these droplets by attaching a demister to the dilution probe inlet.

Dilution probes and out-of-stack (or "ex-situ") dilution systems offer many advantages over
source-levelextractivesystems. Becausethedilutionreducesthemoisturecontenttodewpoints
typically in the range of -20EF to -40EF, heated sample lines and chillers are not necessary.
Consequently,maintenancerequirementsaresomewhatlessindilutionsystemsthaninsource-
level extractive systems. Dilution probes and the ex-situ systems are, however, more
sophisticated devices than they might at first appear to be. Most of these devices incorporate
a critical orifice: a glass or sapphire tube, or orifice plate. The performance of critical
orificesinCEMapplicationshasnotbeenwell understoodandhasonlyrecentlybeenexaminedin
detail.

Dilution probes are affected by changes in the absolute stack pressure, stack temperature, and
the sample gas molecular weight. The dilution ratio can change with a change of any one of these
parameters. Thisobservation has lead to much confusion in their application and certification,
particularly in Part 75 applications where greater system accuracy is desired. For example, if
a dilution system is calibrated at a stack absolute pressure, and the calibration is then checked
24hourslaterafterachangeinpressurehasoccurred,thesystemresponsewill bedifferent from
thatobtainedpreviously. Note that theabsolutepressure, P , is thesum of both the barometricabs

pressure, P , and the stack static pressure, P , (e.g., P = P + P ). Therefore, the pressurebar       s   abs  bar  s

changefromDay1toDay2couldhaveresultedfromachangeinthestackpressureduetoachange
inplantoperatingconditionsorinweatherconditions(e.g.,areductioninatmosphericpressure
from an incoming storm front). Also, if the stack or duct temperature changes by several hundred
degrees, for example during a unit outage, there will be a problem. If a probe calibration is
conductedduringtheoutage(lower temperaturecondition), thedilutionprobesystemwill not
read correctly when the temperature is brought back up.
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For the dilution probe*, the pressure effect has been found to be linear, corresponding to
approximatelya1%increase in reading for a 3.45-in. H O increase in absolute pressure (Jahnke2

et al., 1994). The temperature effect appears to be nonlinear, corresponding to approximately
1% increase in reading for a 50EF drop in temperature. These values may be system specific,
although a similar pressure dependence has been found for the EPM dilution probe by other
investigators.

WiththeadventofPart75CEMsystemrequirements, many dilution probe system vendors are
applying corrections for stack pressure and temperature effects. Pressure is monitored either
independently or through the dilution probe calibration tube. Stack temperature is monitored
using a thermocouple or resistance thermometer. Either theoretical or empirical algorithms
incorporated in the CEM computer are used to correct the data to improve data accuracy. The
pressure correction factors used are typically in the range of 3.4- to 4-in. H O/percent change2

inreading. Whenproperlyapplied, suchcorrectionshavebeenfoundtoimprovedataqualityand
minimize system drift due to pressure changes.

Correctingfor temperaturechangeshasbeenfoundtobesomewhatmoreproblematic. Due to the
apparentnonlinearresponsetotemperaturechanges,accurate temperaturecorrectionfactorshave
been more difficult to obtain. Such factors may be adequate for small swings in temperature
(i.e., less than 50EF), but for cycling units or other plants where wide swings in temperature are
experienced, the use of correction factors has not always proven satisfactory. One solution is
toplaceaheateraroundthedilutionprobetokeepitat constant temperature. Another solution
to probe temperature problems is to dilute the flue gas sample outside of the stack (Fischer,
1993). External dilution systems (i.e., the so-called "ex-situ" dilution systems) can be heated
relatively easily to maintain a more constant temperature. In addition, the ex-situ systems
solveaerosolproblemsinscrubberapplications. Theex-situprobe,whenslopingintothestack,
allows droplets to condense and run off back into the stack before they reach the critical
orifice. The ex-situ systems allow somewhat more flexibility in difficult sampling situations,
but pressure corrections are still necessary. The various approaches to correcting for pressure
and temperature bias problems in dilution systems are summarized in Figure 3–3.

Dilution systems have also been found to be sensitive to the molecular weight of the sampled gas
(Appel, 1994; Miller, 1994). This becomes particularly an issue in system calibration. In the
past, itwascommonpracticetocalibrateCEMsystemswithsinglecomponentgasblends(e.g., SO2

in nitrogen or in air). With the advent of the Acid Rain Program, there has been increasing
interestinusingmulticomponentprotocolgasesforthedailycalibrationerrorandthequarterly
linearity testing. The multicomponent gases offer cost savings by reducing the number of
cylindersnecessarypersystem,andtheycanmodelemissionscloser thansinglecomponentgases.
Acommonmulticomponentblendisthe"tripleblend"containingSO ,NO,andCO ,wheretheCO2    2    2

concentration may be 20% of the total gas composition.
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Figure 3–3. Solutions to Dilution System Bias Problems

Ina triple blend containing CO , the heavier CO (molecular weight 44) replaces the air (molecular2    2

weight29)ornitrogen(molecularweight28)thatarenormallyusedasmake-upgases. Theaverage
molecular weight of the triple blend will therefore be different than that of a single-blend gas.
Because of the molecular weight dependence of the critical orifice, a dilution system initially
calibrated with a gas mixture of 900 ppm SO in nitrogen will not read correctly a 900 ppm SO2          2

triple-blend gas containing 20% CO . This has important consequences in system calibration, the2

actual emission measurements, and quarterly linearity checks. Biases in dilution system response
up to 7% have been calculated for different combinations of gas blends and flue gas compositions
(McGowan, 1994). Conditions that can result from this effect are summarized in Table 3–2.

Severalpotentialapproachescanbeusedtoresolvethese issues. The most straightforward one
is to use for calibration, calibration error checks, linearity, and RATAs, triple-blend gases
containingCO ataconcentrationclose to that contained in the flue gas. However, this solution2

is problematic when the regulations specify using a CO calibration gas concentration (as, for2

example, in the linearity check) whose level differs from that normally found in the flue gas.
Another solution is to correct empirically the dilution system response for the differences in
molecularweight(Appel,1994). BecausetheCO concentrationof thefluegas ismeasuredandthe2

molecular weights of the calibration gases can be calculated, this calculation can be performed
easily. Appel suggests normalizing all data to a nitrogen background value to obtain a
consistently accurate system response. Another suggestion (Miller, 1994) recommends the use of
"matrix-balanced"multicomponentgasmixtures inwhich additional lighter gases are included in
themulticomponentgasmixturestooffsetthehighermolecularweightcontributionof theCO .2

These remedies are summarized in Table 3–3.
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Table 3–2. Effects of Gas Blends on Dilution System Measurements

Activity Calibration Gas Blend
Performed Used PossibleResultingMeasurementBiases

Emissions
Measurements

CEM system calibrated Emission measurements bias minimized
with CO triple blend (because CO present in both flue gas and2 2

calibration gas).

CEM system calibrated Emission measurements are biased (because
with single blend (e.g., SO CO present in flue gas).2

in nitrogen)
2

Calibration Error
Test and Linearity
Check

CEM system calibrated Calibration error test conducted with CO
with single blend triple blend will show a bias.

2

Linearity check conducted with CO triple2

blends will show bias.

CEM system calibrated Calibration error test conducted with single
with CO triple blend blend will show a bias.2

Linearity check conducted with single blends
will show bias.

RATA

CEM system calibrated RATA conducted with Reference Method 6C
with single blend. calibrated with a CO triple blend will show2

bias.

CEM system calibrated RATA conducted with Reference Method 6C
with CO triple blend. calibrated with a single blend will show bias.2

CEM system calibrated RATA conducted with Reference Method 6C
with a single blend. calibrated with a single blend will minimize

bias.

CEM system calibrated RATA conducted with Reference Method 6C
with CO triple blend. calibrated with a CO triple blend will2 2

minimize bias.

Whicheverapproachistaken,consistencymustbeexercised. Auditorsorsourcetestersmustbe
notifiedof the need to maintain consistency with respect to the system being measured and the
gases used in its calibration. An auditor's improper choice of calibration gas could lead to the
failure of an audit or certification test.

Also,Miller (1994)hasnotedthatcalibrationgasescertified using luminescence analyzers may
be subject to "quenching" effects due to the percent level CO present in the triple blends2

(Miller, 1994). Today's analyzers have been designed to minimize this effect (Appel, 1994), but
it may be necessary to investigate this issue further if molecular weight corrections do not
accountfordiscrepanciesobserved. Theremedyhere issimple: onlymulticomponent blends that
havebeencertifiedusinganinstrumentunaffectedbyquenchingorthathavebeencorrectedfor
quenching effects should be used.



An Operator's Guide to Eliminating Bias in CEM Systems Chapter 3

3-9

Table 3–3. Remedies to Molecular Weight
Effects in Dilution System Response

C Use CO multiblends consistently for daily calibration, calibration2

error checks, linearity checks, and RATAs.

C Determine source-level and calibration gas molecular weights
and normalize or otherwise correct CEM system response
through the DAHS.

Theperformanceofdilutionprobes isextremelydependentuponthequalityof thedilutionair.
Most dilution systems use air clean-up systems that remove trace amounts of water, CO , CO, and2

othercontaminants in thepressurizedgas. If eventraceamountsof one of the measured CEM system
gases is present in the dilution air, a response will be seen on the ambient air analyzers used in
these systems. Since dilution ratios of 50:1 to 300:1 are common, contaminated dilution air can
easily cause the monitoring instruments to go off scale. Normally, either plant instrument air
is used for the dilution, or a dedicated compressor may be installed specifically for the system.
In case the air compressor or the air clean-up system fails, cylinders of high-grade zero air can
be used as an interim measure. In any event, good quality control practice should specify that
high-quality zero air be used to periodically check the zero baseline values of the CEM system,
particularly if the dilution air is also used for the daily calibration error checks.

Another problem occurs in dilution systems when the dilution air pressure varies. In poorly
regulated systems, fluctuations in the plant instrument air pressure can be reflected in this
supply and can affect the dilution ratio. In particular, if the gas flow through the orifice
becomes subsonic, the dilution ratio will no longer be constant. Such problems often become
evident during the seven-day calibration error test: the system appears to drift for no apparent
reason. Mass flow controllers or high-quality pressure regulators installed into the dilution
air control system can alleviate the condition.

3.3 WATER ENTRAINMENT

Waterentrainment into a source level hot-wet system or dilution systems can bias the data low.
Ifwaterdropletsentertheprobeandthenevaporate,theirrelativelylargervolumeasvaporwill
reducethepollutantgasconcentration. Aheaterusedtovaporize thedropletsbefore theyenter
theprobeorafiltermaybecounter-productive,sincethevaporizeddropletswouldthenalsobe
volumetrically diluting the sample.

If water droplets enter the probe and do not evaporate, soluble gases can be absorbed in the
dropletsandscrubbedfromthesamplegasstream. Also, if the sampling system is not adequately
heated (including the probe, umbilical line, valves, and regulators in contact with the hot flue
gas), water or acid can condense. This condensed liquid can again scrub soluble gases.

Water droplets or condensed liquid are also likely to corrode the system at the point of contact
andcausealeaktodevelop. Evenworse, if particulatematterhasenteredthesystem, the liquid
can produce a mud that plugs up the system.
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3.4 LEAKS

Leaks in the sampling system may dilute the sample gas. In negative pressure regions of an
extractive system, air leaking into the system will dilute the sample and possibly cool it and
condense water into the sample line before it reaches the condenser. For constant leak rates,
thiswill giveaconstant, lowbiasduetothe dilution. Condensed water may also scrub gases from
the sample stream before they reach the analyzers.

Positive pressure systems are less prone to leak biases than are negative pressure systems. In
these systems, gas is "pushed" through the sample line into the analyzer manifold or analyzer.
Here, a positive pressure is exerted on the line; if a leak is present, sample gas will leak out,
as opposed to air leaking in. Dilution systems, as well as some source-level systems, are
positive pressure systems. In a source-level system, however, the pump may be placed before the
moistureremovalsystemand,unlessheated,maybemoremaintenancepronethanifitwerelocated
after the condenser.

Leaks in calibration gas lines can also be a problem. A bias would be introduced in calibration
if the gas is diluted before it enters the analyzer. Also, depending on the system configuration,
air could dilute the sample gas through the calibration gas line when in the sampling mode.

Although difficult to detect and locate, leaks can be found when conducting a calibration error
check. It is important, however, for the sample stream pressure and flow rate to be the same
during the check as during normal sampling. If a probe calibration check is conducted in a
negative pressure system, the calibration gas should be vented to the atmosphere so that the
pressurized calibration gas is not "pushed" through the sampling system. This external
atmospheric vent audit technique (Reynolds, 1989) exhausts excess gas through a rotameter to the
atmosphereas theCEMsystempumppulls in the injectedgas. In this procedure, the data must be
consideredcarefully. Lower instrumentreadingscaneasilybemisinterpretedas not being due
to leaks, but as being caused by electronic problems, instrument drift, or bad calibration gas.
The effect of the leak may then be adjusted out incorrectly as analyzer drift.

For source-level systems, the best way of checking the sample system integrity is to first
calibrateat the instruments,not throughtheprobe. Since thesamplingsystemisby-passed, the
analyzer should read properly both the zero and the calibration values. Then, conduct a probe
calibration. If the calibration value is decreased, sample losses due to leaks, absorption, or
adsorption may be present. Alternatively, if a calibration gas that has nitrogen as the make-up
gas instead of air is injected at the probe, any response on an oxygen analyzer will indicate a
leak.

Another method of checking for leaks is to pressurize the system with air or nitrogen and wipe
suspected fittings or valves with a soap solution. Bubble formation indicates the presence of
a leak. Another method is to inject helium or a tracer gas such as carbon tetrachloride into the
systemanduseahand-heldleakdetectorfordeterminingthepresenceofanyreleasedmaterial.
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Leaks are corrected by first checking the ferrules of the fittings and then either (a) tightening
system fittings; (b) replacing leaking, corroded parts; (c) replacing poor-quality valves and
other components with higher-quality components less likely to leak; or (d) redesigning and
simplifyingthesystemsothat therewill fewercomponents likely toleak. Leaksmayproducea
constant bias that could be adjusted out either electronically or through the data acquisition
system if a constant leak rate is known. However, this approach is bad practice and is not
commonly done. The leak could worsen or could in fact be variable (dependent on ambient
temperatures, pressures, sampling rates, etc.). The best solution is to find the leak and fix it.

3.5 GAS ADSORPTION

Bias effects due to gas adsorption on the walls of gas tubing or internal instrument cell surfaces
aregenerallynoticedwhencheckingasystemwithdrycalibrationgases. Asystemmayneedtobe
"passivated" or "conditioned" prior to use. Dry zero gas may destroy this passivation, which may
result in the system taking an inordinate length of time to reach the span gas value when
undergoing a calibration check. These effects are particularly noticeable at very low
concentrations (i.e., less than 10 ppm) and with certain types of analyzers. Since adsorption
effects lead to biases on the order of a few ppm, they become more noticeable at the lower
concentrationswheretheycanleadtosignificantmeasurement inaccuracies. It canbepronounced
in dilution systems at low ambient temperatures, when the sample line is not heated or freeze
protected. Adsorption does not affect the steady-state concentration measured at the analyzer
but may result in long response times (McNulty et al., 1974). Bias may result if the operator is
not aware of this effect, particularly if the operator or computer does not wait for the system
to come to an equilibrium condition.

McNultyetal. (1974) conducted an adsorption study using 15.2-m lengths of different sample line
materials. Testswereconductedusing1200ppmlevelsof SO and NO. The fall time results are2

given in Figure 3–4, where the desorption from the walls results in greater tailing and greater
responsetimes. O,CO,andCOdonotcommonlyadsorbonmostsamplelinematerials. NO,SO,and2  2               2

NO show increasing adsorptive properties, respectively.2

The problem may be minimized by (a) adopting a consistent calibration procedure accounting for
adsorption effects, (b) sampling at higher gas flow rates, (c) reducing the length of sample
lines, (d) heating the sample line, (e) redesigning the analyzer using a sample cell with
nonadsorptivesurfaces,or (f) replacingthesystem/analyzerwithoneinwhichtheeffect is less
pronounced or non-existent (e.g., in-situ monitors).

Adsorption is also a function of the condition, age, or abuse of the extractive system components.
Corroded surfaces, particulate deposits, or condensed organic materials all lead to greater
adsorption. It is therefore important to ensure that the sample gas does not condense in the line
and to ensure that the condensate in dry extractive systems does not break through and enter the
analyzers.
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Figure 3–4. Desorption Times of NO and SO with Various Clean2

Sample Line Materials at a Length of 15.2 m (McNulty, 1974)

3.6 ABSORPTION

Solublegasesmaybeabsorbedinmoisturecondensedinconditioningsystemsdesignedtodeliver
a dry gas stream to the analyzer. Poorly designed systems may allow too great a contact time
betweenthedried gasstreamandthecollectedliquid, or thesolublegasmaybeabsorbedupon
condensation of the moisture. This effect is more noticeable at the lower pollutant gas
concentrations (i.e., less than 100 ppm) but becomes smaller as the collected liquid increases
in acidity.

Freitag (1993) found that for SO at concentrations on the order of 100–1,000 ppm that, under a2

variety of conditions, from 3–15% of the SO could be lost in the chiller. The work also projects2

thatatSO levelsof10ppmat20% moisture, losses can be on the order of 30%. Freitag's general2

observations follow:

"The fraction of SO removed from the analysis by a refrigerated trap:2

(1) increases with increasing moisture content of the stack gas,
(2) increases with decreasing SO content, and2

(3) increases with decreasing trap temperature."

These losses can be calculated if the stack gas dewpoint, sample gas flow rate, wet basis SO2

level, SO solubility, and condenser temperature are known.2
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Gasabsorptionmaybereducedby(a)continuouslyremovingcollectedliquidfromtheconditioning
system (a practice that is almost mandatory for the proper operation of chiller systems),
(b) acidifying the condensate to reduce SO solubility, (c) acidifying the gas stream with an2

unmonitoredacidtoreduceSO solubility (DeFriez, 1992), and (d) using some other method of2

moisture removal such as Nafion driers (Kertzman, 1973).TM

Alternatively, another type of CEM system that does not condense flue gas moisture, might be
selected. Hot-wet source-level systems avoid the problem. In-situ monitors and dilution systems
will also not incur solubility losses; however, these methods may have difficulty measuring at
the lower concentration levels (less than 10 ppm) where the losses are most pronounced.

3.7 DRY EXTRACTIVE SYSTEMS AND MOISTURE MEASUREMENTS

The use of dry extractive systems in Part 75 Acid Rain Program applications requires the
measurement of flue gas moisture content. Because of the form of Eq. 2–1 used to calculate
emission rates of lbs/hr, the SO gas concentration must be determined on a wet basis to be2

consistent with the wet basis volumetric flow measurement. In dry extractive systems that use
achiller,wateris removedfromthesamplegasandgasmeasurementsaremadeonadry basis. Some
means of determining the flue gas moisture content must therefore be incorporated into the CEM
system.

InsomePart60CEMapplications,fluegasmoisturecontentshavebeenassumedorgivenaconstant
valuebasedonstacktestmeasurements. Inothercases, saturationisassumedandthemoisture
content is determined by monitoring the flue gas temperature. Assuming a constant value is not,
in general, appropriate to Part 75 systems unless the moisture content is constant enough to meet
Part75systemperformancerequirements. Anumberofmoisturemonitorsareavailableonthe
commercialmarket. However,methodsofcalibrationforthesedevicesarerudimentary,andno
standardshavebeendevelopedfortheirperformance. Atypical techniquehasbeentomeasureO2

on both a wet and dry basis and then to calculate the moisture content from a ratio of the
measurements. In this technique, the calibration of the O analyzers can be checked with2

referencegases. TheintroductionofmoistureanalyzersintoaCEMsystemthereforeintroduces
another source of measurement error that must be accounted for in calibration error, linearity,
relative accuracy, and bias tests.

3.8 SUMMARY

Anumberofproblemscanoccurinextractivesystems.Someoftheproblemsproducerelatively
unvaryingsystematicerrorand may therefore be addressed by a one-time or periodic physical
adjustmentorcalculation"fix." However, eventhoughaproblemmay be amenable to a corrective
calculation, it is preferable to eliminate the source of the error, rather than make
"corrections" for it. Other problems produce varying systematic error that may be either
episodic, increasing, or decaying. Such problems are not amenable to calculation corrections.
It is then best to either correct the problem or redesign the system so that the problem will not
reoccur. Recommended action for the problems discussed above are summarized in the table on
page 3-1.
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Chapter 4 Highlights

Sampling System Problems — In-Situ Gas
CEMS and Opacity Monitors
Problem Corrective Page

Actions RefsName Description

Point Monitors
Blinding Precipitate on the filter seals the Clean or replace filter. 4-4

probe tip from the flue gas.

Faulty Audit Improper flow rate of calibration Adjust flow, carefully 4-4
Gas Injection gases results in biased following calibration

concentrations in probe cavity. procedures.

Temperature If temperature sensors are not Calculate correction. 4-5
Distortions working properly, errors can Adjust or replace sensor.

result in emission values.

Path Monitors
Internal Errors are introduced when Check daily cal chart for 4-5–4-7
Calibration Cell internal calibration cell leaks or jumps or drift. Replace
Defects its gas decomposes. cell.

Gas Cell Bias results if the temperature of Correct mathematically. 4-9
Temperature the gas cell and flue gas differ
Problem greatly. Install cell in "zero pipe"

or outside stack in
heated area.

Flow-Through Protocol 1 gases often not Use only if certified 4-7–4-10
Calibration Gas available at required gases are available. 
Availability concentrations.

Redesign system - use
longer cell.

Transmissometers (Opacity Monitors)
Improper Poor design produces both bias Redesign. 4-10
System Design and inconsistencies with visual

observations.

Dirty Windows Build-up on windows produces Auto-correct. 4-10
bias.

Interferences Water droplets and high NO Calculate correction. 4-102

distort measurements.
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CHAPTER 4

SOURCES OF BIAS IN IN-SITU MONITORING SYSTEMS

4.1 INTRODUCTION

In-situ systems are used to monitor pollutant gases, O , CO , flue gas velocity, and flue gas2  2

opacity. These instruments monitor the flue gas "in-situ," in the stack without extraction.
In-situ gas monitors were developed in response to maintenance difficulties and availability
problemsassociatedwithsource-levelextractivesystems. However,in-situmonitoringdoesnot
relieve the user of monitoring problems. Different types of measurement errors and biases can
occur, such as those associated with flue gas stratification (discussed in Chapter 2).

In-situ monitors can be classified into two basic categories, point and path. Point monitors
measure at a single point in the stack (strictly speaking, a short path generally 5–10 cm in
length). Pathmonitorsmeasure fromonesideof thestackorduct totheother. Thereare several
options within these two categories, as listed in Table 4–1.

Table 4–1. Types of In-Situ CEM Systems

Pollutant/Diluent (Volumetric
Gases Flow) Opacity

Velocity

Point Point
Single point
Multiple probe
Averaging
probe
Probe arrays

Path Path Path
Single Pass Two pass Single pass
Double Pass Multi-pass Double pass

Pathmonitorscanbeofeithersingle-passordouble-passdesign. Single-passgasconcentration
monitors typically project a beam of light across the stack to a detector. Single-pass systems,
oncepopular forgasmonitoring in the 1970s, are no longer widely marketed due to difficulties
associated with their calibration. The double-pass systems return the light beam from the
opposite side of the stack back to a detector in the transceiver assembly, which also houses the
projection lamp. Double-pass systems can be calibrated by a number of techniques and a new
generation of these systems is being applied to a variety of sources.
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Figure 4–1. A Typical In-Situ Point Monitor for Measuring Gas Concentration

A variety of point and path methods have been developed for monitoring flue gas velocity, the
different approaches representing attempts to overcome problems associated with velocity
stratification. In cases of uniform, fully developed flow, the simplest approach is to measure
at one or two points in the stack. If the flow pattern changes frequently, multiple probes or
averaging probes can be applied. In the worst cases, an array of sensors can be installed to
monitor at Reference Method 1 traverse points. The ultrasonic path monitors use two transducers
to pass sound pulses with the flow and against the flow. In multi-pass systems, more than
two transducers can be used to grid the cross-section further.

Oneofthemajorproblemsassociatedwithgaspathmonitoringsystemsandallvelocitymonitoring
systemsisthatmethodsfor independently checkingsystemcalibrationare limited. Incontrast
to extractive and point in-situ gas monitoring systems, where independently certified gas can
beeasilyroutedintothesystem,pathmonitorsformeasuringgasesmustadd special flow-through
calibration cells. Velocity monitors all use internal calibration methods that are not
referencedtoindependent,certifiedstandards. Theseinstrumentsmayusea"reference"sound
pulse, a "reference" voltage, or a "reference" pressure, but these "references" are generated
bytheinstrumentandinmostcasesareonlyelectrical checksanddonotcheckthesensingelement
itself. Ultimately, the only completely independent method for detecting bias in these systems
is performing a RATA.

4.2 BIAS IN IN-SITU POLLUTANT AND DILUENT GAS MONITORS

4.2.1 Point Monitors

Point in-situ gas monitors are subject to a number of specific problems and biases. These
problems tend to be unique to the measurement method, but several general observations can be
made. First, consider a typical in-situ point monitor as shown in Figure 4–1.
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A typical system consists of a measurement cavity that incorporates a gas sensor or a cavity in
which light absorption can take place. A ceramic filter prevents particulate matter from
entering the cavity, and a deflection bar limits impaction of particulate matter directly onto
the filter to minimize plugging of the filter pores. A gas injection port allows calibration gas
to enter the cavity, and, when at a pressure greater than the absolute stack pressure, flushes the
flue gas out of the cavity. At an "appropriate" pressure, the calibration of the system can be
checked.

There are several generic problems that can arise in these systems:

Stratification. Since the monitor is sampling at a point, gas stratification
can result in a misrepresentation of the total flue gas concentration, as
discussed in Chapter 2. Although measurements can be conducted at a
"representative" point, that point must be consistently representative through
changing plant operating conditions. It is sometimes difficult to obtain a
probeofa lengththatwill positionthe sensor at a representative measurement
point. In-situ probes come in standard lengths and a probe might have to be
customized for the application. Structural factors limit probe length; if the
probe is too long, it may sag or oscillate in the moving gas stream, either of
which can lead to catastrophic failure.

Blinding. In dirty gas streams, particulate matter can impact on the ceramic
filter and plug the filter pores. For systems installed after wet scrubbers, a
scrubber upset may cause scrubber liquor to become entrained in the flue gas.
The dissolved solids may then precipitate on the filter and in the filter pores,
essentiallysealingtheprobetipfromtheflue gas. This problem will generally
be recognized when a greatly increased period of time is necessary for the
monitor to read the flue gas concentrations after a zero or upscale gas
injection. The response time of the instrument is, of course, greatly
increased.

Audit Gas Injection. Although flue gas can be flushed out of the measurement
cavity, if the calibration gas flow rate is too high, the gas in the cavity will
be pressurized. This pressurization will lead to a higher calibration gas
concentration reading than true and a bias in the system if it is recalibrated
based on that value. Conversely, if the flow rate of the zero gas or calibration
gas is too low, all of the flue gas will not be flushed from the probe cavity and
a bias will again result. If the audit gas flows in too fast, it also may not come
up to the stack temperature by the time it is being sensed by the monitoring
system, causing another error. These biases can be minimized by following
calibration procedures carefully. Reynolds (1989) gives detailed methods for
conducting such calibrations.
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TemperatureMeasurement. In-situ measurements are made at stack temperature.
Because of this, a thermocouple or resistance thermometer is normally
incorporated in the system so that the gas density variations can be accounted
forintheconcentrationmeasurements. Insomecases,temperaturemeasurements
are necessary to correct for temperature-dependent spectral absorption
characteristics. The nature of these corrections is dependent on the
measurementtechnique,whereerrorsinthesecorrectionsmayhaveasubstantial
impact on measurement bias.

Thetemperaturesensorshouldbecheckedperiodically;however, becausethe
temperature corrections are performed using absolute temperatures, small
inaccuracies may not contribute significantly to measurement error. For large
variationsintemperature,particularlybetweenunitshut-downandoperation,
significant measurement problems may occur if the system is calibrated
initially at lower temperatures. For optimum performance, in-situ monitor
calibrationchecksandcalibrationadjustmentsshouldalwaysbeconductedat
operating temperatures.

4.2.2 Line Averaged Measurements

Pathin-situgasmonitorsperformalineaveragemeasurement. Althoughthistypeofmeasurement
maygiveabettercorrespondencetothethree-pointaverageof thereferencemethod, there isno
guarantee that the line average concentration is representative of the cross-section area
average. In circular stacks, if a line average is used to represent an area-averaged
concentration, the gas concentrations near the center of the stack will weight the average
unrepresentatively—they will bias the result.

When the gas concentration or velocity profile is stratified, bias can be corrected, as discussed
in Chapter 2, by determining the profiles and establishing proper weighting factors or by
developing an algorithm based upon the measurement line and the profile. Again, mathematical
corrections of this kind are dependent upon the stability of the profiles under different plant
operating conditions.

It should be noted that a frequent claim for path in-situ systems is that because more points are
measured, the data are more representative; an averaged value is obtained and therefore the
results are more accurate. This may or may not be true—the only way to test the validity of such
claimsis toperformastratificationstudyandevaluate the profiles with respect to the proposed
measurement path.

4.2.3 Internal Calibration Techniques

Anewgenerationofdouble-pass in-situgasmonitorsavoidscalibrationproblemsassociatedwith
single-pass units. In these new systems, a measuring light beam is returned from the opposite
side of the stack using a retroreflector, so that the transceiver assembly will house the "active"
optical and electronic components such as the lamp, detector, and spectral filters. A system
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Figure 4–2. An Internal Gas Calibration Cell in a Path In-Situ Monitor

calibration is normally performed by moving a mirror, inside the transceiver, into the path of
the light beam so that the light does not enter the stack but reflects directly back to the
detector. This procedure should give a "pseudo-zero" value that can check the performance of the
transceiver assembly. Although the pseudo-zero value may not correspond exactly to a "true"
stackzeromeasurement,itcanbecorrelatedwithit. Thismethodhasbeenacceptedformanyyears
in transmissometer systems and is equally valid in gas monitoring path systems.

To obtain an upscale calibration value, a gas cell containing a known amount of the measured gas
oranoptical filtercanbemovedintothe lightpathwhenthezeromirror is in place. Absorption
of light energy by the pollutant molecules in the calibration cell causes the light intensity to
decrease at the detector and gives a corresponding upscale calibration reading (Figure 4–2).

As discussed in the next section, such internal gas calibration cells do not meet Part 75 criteria
for daily calibration checks because the cell gases are not Protocol 1 gases and usually have
concentrations higher than those specified by Part 75. Nevertheless, they are essential for
keeping these systems "in tune."

Biases can occur in this calibration method if the internal calibration cell leaks or if the gas
inside the cell decomposes. In such situations, calibration adjustment would then be made based
on a faulty internal standard and the data would not be representative. These problems can be
identified from a calibration QC chart on which the daily calibration responses are tracked. A
noticeable jump in drift values or continuously increasing drift values may indicate changes in
thecalibrationcellgasconcentration. Morecommonly,however,RATAsgivethefirst indication
that a problem has developed. A failed RATA tends to bring immediate attention to the problem.
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Sealed gas cells are made by the instrument manufacturer, but there are currently no third parties
that independentlycertifygascell concentrations. Although the cells can be checked relatively
easily ina spectroscopic laboratory, no programs or protocols have been established to provide
certified cell concentration values. This dependence on the instrument manufacturer's values
prevents the gas cell calibration technique from being a truly independent audit method.

One single-pass unit performs internal calibration checks using reference spectra. This
technique is effective, but even further removed from being an independent check than are the
sealed gas cells used in other systems. It is a numerical check based on data stored in the
computer memory and does not rely directly on the installed system to perform a reference
measurement.

4.2.4 Flow-Through Gas Cell Calibration Techniques

Despite the relative convenience of using internal calibration techniques in path monitoring
systems, these methods do not meet performance specification and audit requirements of the U.S.
Federal government. In fact, it is specifically stated in Part 75 (U.S. EPA, 1993):

"Design and equip each pollutant concentration and CO or O monitor with a2  2

calibration gas injection port that allows a check of the entire measurement
systemwhencalibrationgasesare introduced.....For in-situ type monitors, the
calibration must check against the injected gas for the performance of all
active electronic and optical components (e.g., transmitter, receiver,
analyzer)."

Because of this requirement, flow-through gas cells are now being incorporated into path
monitoring systems (Figure 4–3).

Theuseofflow-throughgascellsdoesprovideavalidmeansofindependentlycheckingthemonitor
performance. However, in current practice, the cells constitute merely an "add-on," applied to
satisfy the EPA requirements for cylinder gas audits and calibration error tests. In most
instruments of this type, the actual calibration checks are still conducted using the internal
filters, sealed gas cells, or reference spectra. The flow-through gas cell is an extra check that
is not integral to the instrument operation. This is in contrast to the use of calibration gases
inextractivesystemanalyzers(Chapter6),wheretheinstrumentsarereferencedtothezeroand
calibration gases.

Severaladditionalproblemssurface in theuseof flow-throughgascells inpath in-situ systems.
If the gas cell is relatively short with respect to the stack diameter (the measurement path), a
high concentration calibration gas must be used. For a cell length on the order of a few
centimeters, the gas flowed through the cell may have to be at percent level concentrations to
elicit a response.
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Figure 4–3. Flow-Through Gas Cell for Path
In-Situ Monitor Certified Gas Calibrations

This necessity can be seen by considering the "optical depth" of both the stack and the flow-
through cell. For path-integrated concentration measurements, the optical depth is defined as
the product of the gas concentration, c , and the measurement path, d , or:s      m

where the measurement path is the distance that the light beam traverses through the flue gas.

Consider, then, if adouble-passpathmonitor is installedona5-mdiameterstackhavinganSO2

concentration of 1000 ppm, the optical depth will be 2 x 1000 x 5 = 10,000 ppm-m. If the
transceiver of the monitor is installed with a 5-cm long flow-through gas cell and the zero mirror
is put into place, an SO concentration of 10% would be required in the cell to obtain a cell2

optical depth of 10,000 ppm-m:

Conceptually, toreducethelightattenuationbymolecularabsorption,thenumberofmolecules
seen across the stack must be "squeezed" into the cell to obtain a similar instrument response.
Required audit and calibration gases would therefore also be at percent level concentrations.
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Figure 4–4. Zero-Pipe Configuration

In the CEM quality assurance requirements of Appendix F to 40 CFR 60 and the calibration error
requirementsofAppendicesAandB to40CFR75, cylinder gases traceable to the U.S. National
InstituteofStandardsandTechnology(NIST)arerequired. Specifically "Protocol1"gasesmust
be used. A problem exists in that Protocol 1 gases at these percent level concentrations are not
available. Using other gases not referenced to a national standard is not allowed under the
regulations,becauseitwouldcauseuncertaintyintheauditmeasurement. However,newprotocols
havebeenpreparedthataddressthisissue(Mitchell, 1993). Notealsothatsince the instruments
perform their own internal calibration checks, an incorrect audit gas may not necessarily
introduce bias into the system. The instrument could still read correctly, but then might not
meet thecalibrationoraudit specifications. Biaswould,however, be introducedif adjustments
were made with respect to the incorrect gas concentration.

Anotherissueassociatedwithflow-throughcellsisthatoftemperature. Thespectralabsorption
properties of molecules are dependent upon temperature. Therefore, if the flow-through gas cell
temperature is appreciably different from the flue gas temperature, a bias in the measurement
will be introduced. This bias can be corrected mathematically if the flue gas temperature is
measured, and normally constitutes an element of the monitor's programming, where applicable.

Calibration gas problems in path monitoring systems can also be resolved by installing a
"zero-pipe" across the stack (Figure 4–4).

In this technique, the pipe provides an optical path that can be made free of stack gas. The pipe
is flushed with clean air when it is desired to check the zero and calibration of the system. A
flow-through calibration cell can be incorporated in the pipe so that the calibration gas will
be at stack temperature, or the cell can be installed outside of the stack and heated.
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The design allows the length of the cell to be adjusted, to meet calibration gas concentration
limitations. Calibration gas is normally not flushed through the zero-pipe itself because of the
excessive gas volumes required. There are limitations in using this technique because the
installationmaybedifficult, longpipesmaysag,andcorrosionmaybe a problem in wet, acidic
environments.

4.3 BIAS IN TRANSMISSOMETERS

Transmissometers (opacitymonitors)measure the flue gas parameter, opacity. It is intended in
U.S. regulations that the flue gas opacity be related to opacity as observed by visual emissions
(VE) observers, through the application of Reference Method 9. This requirement has placed
designspecificationsaswell asperformancespecificationsonopacitymonitoringinstruments.
Poorly designed opacity monitors, faulty installations, improper calibration, and faulty
maintenance can result in inaccurate opacity monitoring data that do not correspond to VE
observations.

Athoroughdiscussionofbiasintransmissometersiswelldocumentedelsewhere(Jahnke,1984;
Plaisance and Peeler, 1988). The reader should refer to these documents to enhance QA plans for
opacity monitoring programs.

Briefly, bias can enter opacity measurements by way of the following:

C Improper System Design
— Incorrect spectral response
— Angle of projection greater than 3E
— Angle of view greater than 3E
— Nonuniform beam cross-sectional intensity

C Dirty Windows (uncorrected)

C Improper Installation - Particulate stratification

C Interference by Water Droplets
Possible Interference by High NO Concentrations (Lindau, 1991)2

Mostof theseproblemsareadequatelyaddressedin modern transmissometer systems. In fact,
transmissometers are the most developed of the CEM system instrumentation, commonly having
availabilities greater than 98%.

4.4 SUMMARY

Errors of measurement specific to the different types of in-situ monitoring systems are
summarizedinthe table on page 4–1. Systematic errors that can be corrected by calculations or
adjustments are identified. Generic sources of bias such as location and stratification and
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stack area calculations have not been included in the table, but have been discussed in detail in
the text.

4.5 REFERENCES

Jahnke,J.A. 1984. TransmissometerSystems---OperationandMaintenance,AnAdvancedCourse.
APTI Course 476A. EPA-450-84-004.

Lindau, L. 1991. NO Effect on Flue Gas Opacity. J. Air & Waste Mgmt. Assoc. 41(8):1098.2

Mitchell, W.J. 1993. Two New Gas Standard Programs at the National Institute of Standards and
Technology. Abstracts - MeasurementofToxicandRelatedAir Pollutants - Durham,NC,May 4-7,
1993. Air & Waste Mgmt. Assoc., Pittsburgh.

Plaisance, S.J., and Peeler, J.W. 1988. Technical Assistance Document: Performance Audit
Procedures for Opacity Monitors. EPA-600/8-87-025.

Reynolds, W.E. 1989. Field Inspector's Audit Techniques: Gas CEMS's which Accept Calibration
Gases. EPA 340/1-89-003.

U.S.EnvironmentalProtectionAgency. 1993. AcidRainProgram: Continuous Emission Monitoring.
U.S.CodeofFederalRegulations- Protectionof theEnvironment. 40CFR75. U.S.Government
Printing Office.

4.6 ADDITIONAL READING

Carman,T.A.,andAdani,R.S. 1993. AMulti-Component,Across-Stack,NDIRAnalyzerMeetsOn-
LineCylinderGasAuditRequirementsofaCEMS. ContinuousEmissionMonitoring- ATechnology
for the 90s. Air & Waste Mgmt. Assoc., Pittsburgh, pp. 373-382.

Hines,A.P.,Mitchell,W.J.,Miller,M.,andBrande,R. 1993. U.S.EPA'sProgramontheSuppliers
ofProtocolGases. Abstracts-MeasurementofToxicandRelatedAirPollutants-Durham,NC,May
4-7, 1993. Air & Waste Mgmt. Assoc., Pittsburgh.

InternationalStandardsOrganization(ISO). 1989. StationarySourceEmissions-Determination
oftheMassConcentrationofSulfurDioxide-PerformanceCharacteristicsofAutomatedMeasuring
Methods. ISO Standard 7935. Central Secretariat, Geneva, Switzerland.

Jahnke,J.A. 1993. ContinuousEmissionMonitoring. VanNostrandReinhold. New York,New York.

Klompstra,T.A. 1990. AComparison of Extractive and In-Situ Technology. Continuous Emission
Monitoring - Present and Future Applications. Air & Waste Mgmt. Assoc., Pittsburgh, pp. 84-92.

Kraus, F.J. 1973. The Influence of Forward Scattering on Measurements of the Degree of
Transmission of Aerosols. Staub Reinhalt. Luft (in English) 33:341-345.



Chapter 4 In-Situ Gas Monitoring Systems and Opacity Monitors

4-12

Peeler, J.W., Fox, V.L., and Plaisance, S.J. 1988. Inspection Guide for Opacity Continuous
Emission Monitoring Systems. EPA 340/1-88-002.

U.S.EnvironmentalProtectionAgency. 1993. AppendixA- TestMethods -- Visual Determination
ofOpacityofEmissionsfromStationarySources. Code of Federal Regulations. Title 40 Part 60.
Superintendent of Documents. Washington, DC.

U.S. Environmental Protection Agency. 1993. Appendix B - Performance Specifications -
Performance Specification 1 --- Specifications and Test Procedures for Opacity Continuous
EmissionMonitoringSystemsinStationarySources. CodeofFederalRegulations. Title40Part
60. Superintendent of Documents, Washington, DC.

U.S.EnvironmentalProtectionAgency. 1993. TestMethods. U.S.CodeofFederalRegulations-
Protection of the Environment. 40 CFR 60 Appendix A. U.S. Government Printing Office.

U.S.EnvironmentalProtectionAgency. 1993. PerformanceSpecifications. U.S.CodeofFederal
Regulations-ProtectionoftheEnvironment. 40CFR60AppendixB. U.S.GovernmentPrinting
Office.



CHAPTER 5

SOURCES OF BIAS IN FLOW
MONITORING SYSTEMS



An Operator's Guide to Eliminating Bias in CEM Systems Chapter 5

5-1

Chapter 5 Highlights

Flow (Velocity) Monitoring System Problems
Problem Corrective Page

Actions RefsName Description

General
Stack Area Use of incorrect cross-sectional Directly measure and 5-2
Miscalculation area in calculating volumetric re-calculate.

flow can produce measurement
error.

Gas Density and Bias can be introduced if the Verify temperature profile and 5-2
Temperature temperature profile is different use new assumptions if there
Distortions from the velocity profile. is a disparity with velocity

profile.

Differential Pressure Sensing Monitors
Improper Angle Measurement error can result if Rectify improper orientation. 5-3
of Probe Tube to probe tube is not oriented
Gas Flow perpendicular to flue gas flow. Avoid using where cyclonic

flow is present.

Plugging Probe plugging can prevent Increase frequency and/or 5-3, 5-4
accurate pressure pressure of blowback.
measurements.

Thermal Sensing Monitors
Particulate Particulate build-up can slow Remove by flash heating or 5-4, 5-5
Build-Up on instrument response by forming blowing off deposits.
Sensors an insulating layer on the

probe's temperature sensors. Avoid by employing
aerodynamic cavity design.

Water Droplets Heat lost to evaporation can bias Repair and change probe 5-4
and Acid measurements. design.
Corrosion Acid droplets can eat into the

metal junctions of probe arrays.

Ultrasonic Monitors
Improper angle Measurement errors can result Orient measurement path 5-5, 5-6
of transducers under pitched or cyclonic flow perpendicular to the flow

conditions. pitch.

Where pitched flow is variable,
consider using two sets of
transducers in X-pattern.

Particulate Build-up on sensors can Use blowers to keep 5-6
build-up on introduce measurement error. transducer sensors clean.
sensors.
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CHAPTER 5

SOURCES OF BIAS IN FLOW MONITORING SYSTEMS

5.1 INTRODUCTION

The major bias problems associated with flow monitoring systems are attributable to velocity
stratification in the duct or stack. This issue has been discussed in Chapter 2, but will be
amplified here with respect to specific instrumentation.

There are other sources of bias in volumetric flow monitoring systems. From Eq. 2–1, it is obvious
that the measurement cross-sectional area is included in the pollutant mass rate expression.
Stackandductcross-sectionalmeasurementsobtainedfrom old blueprints or out-dated drawings
can introduce biases of from 1% to 2% into the volumetric flow/pollutant mass rate measurement
(Traina, 1992). Warping or settled fly ash in horizontal ducts can lead to further errors. This
biaswill, however, not become evident if the same incorrect dimensions are used in both the CEM
system and the source tester RATA calculations. Cross-sectional dimensions should therefore not
be assumed, but measured directly. These dimensions can be obtained by measuring the outside
circumference of the stack and accounting for the depth of the stack walls and insulation, or more
directly, by making surveyor transit measurements through the ports.

Differentialpressureandthermalsensingsystemsmustalsodeterminethegasdensity inorder
to calculate the flue gas velocity. Gas density is obtained by measuring the flue gas molecular
weight, temperature,andpressure. However,mostsystemsmonitor thefluegas temperatureonly
and assume values for the molecular weight and pressure. Temperature is relatively easy to
measureandnormally introducesnosignificantbias intotheflow measurement. Bias could be
introduced here if the temperature profile is different than the velocity profile and the
temperature sensors are monitoring at locations other then the velocity monitor locations.

Some ultrasonic systems monitor temperature to convert flow in units of actual cu. ft/hr to
standard cu. ft/hr. The calculation requires a knowledge of the speed of sound, which again
dependsonthe flue gas composition. Bias can be introduced here if assumptions made for this
composition are not valid or not corrected for changing operating conditions.

5.1.1 Differential Pressure Sensing Systems

Differentialpressuresystemscanbedesignedtomeasureatsinglepointsoratmultiple traverse
points, using an averaging probe.

AsdiscussedinChapter2, for fully developed, uniform flow, only one or two points need to be
monitored to obtain consistent velocity values. Pitot tubes that use electronic pressure
transducers may be the simplest approach to monitoring an ideal flow pattern. For more variable
velocity profiles, an averaging probe may be more appropriate. Figure 5–1 illustrates different
techniques used to obtain averaged volumetric flow measurements in differential flow systems.
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Figure 5–1. Approaches for Obtaining Averaged Volumetric
Flow Using Differential Pressure Systems

Differential pressure systems are designed around pressure sensing tubes. Small openings in the
tubessense impactorwakepressures;gas is not extracted into the tube. Bias problems, outside
of stratification effects, can occur with respect to these tube openings.

For example, the ideal performance of a differential pressure sensing system requires the flue
gas flow to be perpendicular to the tube. If the gas approaches at an angle, the differential
pressure between the impact and wake pressure ports will be different. Since the flue gas
velocity is calculated from the square root of the differential pressure, the velocity will be
biased. Thevelocitycanbebiasedeitherhighor low, dependingupontheprobedesignandthe
angle of the flow with respect to the facing plane of the tube.

The flow direction may be non-normal to the tube if (1) the probe is twisted, sags, or oscillates
with the flow; (2) the flow itself is swirling; or (3) the flow direction otherwise changes over
the cross-section. Swirling, cyclonic flow can contribute to some of the greatest errors in flow
measurement,becausetheanglesofattacktotheprobeare far from perpendicular. Differential
pressure sensors are not calibrated to such arbitrary angles, so installation of these systems
where cyclonic flow is present should be avoided.

Probe plugging is also of some concern in differential pressure sensing systems. If the probe
system is calibrated versus Reference Method 2 over the cross-section, by conducting a pre-RATA
as mentioned in Chapter 2, a plugged opening on an averaging probe will not contribute to the
pressure average and may cause a bias. Such bias is difficult to quantify. However, with probe
blowbacksystems,probepluggingisrarelyaproblem. Inseveresituationstheprobeblowback
frequency and/or pressure can be increased. Condensation of effluent moisture by molecular
diffusion can occur in the pitot lines. This problem can be eliminated if the lines are included
in the periodic blowback.
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Figure 5–2. A Grid of Thermal Sensors Monitoring
at Reference Method 2 Traverse Points

Differential pressure system calibration checks are usually performed behind the probe. The
checks are designed to test the performance of the pressure transducer, by first sealing off the
probefromthesystemandthenpressurizingtheremainingplumbingofthesystem. Thisprocedure
does not actually check the probe problems discussed above and serves principally to test for
leaks and electronic problems.

5.1.2 Thermal Sensing Systems

Thermal sensing systems monitor the electrical resistance of a heated wire. Flowing gas will cool
the wire and change the monitored resistance. Another approach maintains the wire at a fixed
temperatureandmonitors thecurrentnecessarytokeepthat temperatureconstant. These systems
are relatively simple and easy to deploy in arrays across a stack or duct cross-section. A single
thermal sensing element suffers the same problems of representativeness in a situation of
stratified flow, but when a grid of sensors are deployed at Reference Method 2 traverse points
(Figure 5–2), it becomes relatively easy to meet certification requirements (Olin, 1993).

Water droplets will cause errors in thermal sensing systems, since heat from the sensor will be
used to evaporate droplets adhering to the sensor. This loss of heat by evaporation is
interpreted as heat loss to the flowing gas and will result in a high-biased flow reading.
Therefore, thermal monitors are not applicable to flue gases containing entrained water droplets.
Thermal sensing systems are also subject to corrosion and particulate build-up. Acid droplets
can eat into the metal junctions of probe arrays and cause catastrophic failures rather than
systematic bias. Particulate build-up will slow instrument response by forming an insulating
layer on the probe temperature sensors. Various stratagems have therefore been devised to
minimizethisproblem. Techniquessuchasflashheatingthesensors(asinaself-cleaningoven),
blowing off deposits with instrument air, or designing aerodynamic measuring cavities to reduce
accumulation have all been applied.
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Calibrationchecks of thermal sensing systems again do little to check bias problems associated
withthethermalsensorsthemselves. Thecalibrationchecksmerelytesttheback-endelectronics
of the system with simulated signals and do little to indicate potential in-stack bias problems.

5.1.3 Ultrasonic Monitors

Ultrasonic monitors measure on a line, and as has been pointed out in Chapter 4, Section 4.2.2,
a lineaverage isnot thesameasanarea average. However, Traina (1992) has calculated that for
typical circular stacks, the difference between the two measurement methods will be on the order
of 3–5%. This bias can be easily incorporated into the calculation algorithms of the monitor
control system.

Problems of stratification are not as straightforward, but can be minimized either by cleverly
choosing the measurement path or by adjusting the monitor data to match Reference 2 results
through the calculation algorithms.

Thechoiceofmeasurementpathshavebeendiscussedindetailby bothTraina(1992)and Kearney
(1993). Presented with the problem of measuring volumetric flow in a highly stratified duct,
Kearneydevelopedacomputerprogramtomatchpossiblemeasurementpathsagainstthevelocity
average determined by Reference Method 2. Although this procedure was successful in this
application, its success was dependent upon several assumptions: (1) the stratification pattern
wasstableand independent of load, and (2) the Reference Method 2 data could be correlated with
a measurement path not in the cross-section, but at an angle to it (on the order of 45E). The
validity of the second assumption depends on the stratification pattern persisting through the
duct.

It has been recommended not to site flow monitoring systems in locations where swirling,
non-axial flow is present. However, it is often difficult to find such locations where the flow
is completely axial. Figure 5–3 shows a typical situation in which the flow is pitched in the
upward direction due to a bend in the duct.

Foranultrasonicmonitor installed in theplaneof thebend, thevectorcomponentof flow along
the path decreases the sound pulse time of flight to the downstream transducer and increases the
time of flight to the upstream transducer. Since the velocity is determined by subtracting the
reciprocals of the two times of flight, the flow will be biased high. One solution to this
problem, suggested by Traina, is to orient the measurement path so that the monitoring system is
perpendicular to the pitch (Figure 5–3). The path measurement will be less sensitive to the
effect of the pitch and more amenable to stable correlations and bias corrections. [Note that this
sitingrecommendationisoppositetothatrecommendedfortransmissometers(40CFR60AppendixB
PS1). Transmissometryisconcernedwithmeasuringaneffectduetothepresenceofparticulate
matter, not velocity.]

In other situations, particularly where two ducts are exhausting into a single stack or the
pitched flow is otherwise variable, an "X-pattern" technique is sometimes used. In this



Chapter 5 Flow Monitoring Systems

5-6

Figure 5–3. Pitched Flow After a Bend

arrangement, two sets of ultrasonic transducers are purported to cancel out the pitch effect.
One set exhibits a positive bias with respect to the pitch, the other a negative bias.

Ultrasonic sensors check their calibration by electronically substituting signals to cross-check
theelectronicsandby introducing a known delay in the pulse. Again, these methods are basically
internal electronic checks and are not independent of the system.

Ultrasonic sensors are unique among the flow monitors in that the sensing elements of the system
are not located in the duct or stack. However, the transducers can be exposed to the flue gas.
Blowers, which pass clean air across the sensors, are designed to keep them clean and free of
particulate build-up.

5.2 SUMMARY

Themajorproblemsthatcanproducebiasindifferenttypesofflowmonitorsaresummarizedinthe
tableonpage5-1. Choosingthe most appropriate flow monitoring system is highly dependent on
the specific characteristics of a particular site. Making the right choice can be the most
important step toward avoiding bias problems in the future.
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Chapter 6 Highlights

Gas Analyzer Problems
Problem Corrective

Actions PageRefsName Description

General
Interference The presence of other gas Change analysis technique. 6-2–6-5
Effects species throws off the

measurement of the gas being Measure concentration of
monitored. interferent and correct for its

presence.

Scrub out the interfering species
before analysis.

Analyzer Design Features inherent in an Choose analyzers wisely, 6-7
analyzer's physical construction, considering bias-prone features.
electronic design, and analytical
technique can be prone to
producing measurement bias.

In QA/QC program, tailor
preventative maintenance to
design features that are bias
prone.

Ambient Effects
Temperature If exposed to extreme Temperature stabilize the 6-5, 6-6

temperatures, the analyzer may analyzer.
produce erroneous readings. Measure temperature and

compensate.

Pressure Changes in barometric pressure Monitor pressure and 6-6, 6-7
can introduce systematic error mathematically compensate for
in spectroscopic systems where pressure effects.
measurements are made from a
sample cell.

Polluted/ Situations like plume downwash Shelter or otherwise protect 6-6
Corrosive or flue gas exhausting into CEM system.
Atmosphere shelter can produce systematic

error or system failure. Filter ambient air.

Calibration
Incorrect Gas If the presumed and actual Replace or recertify gas. 6-8
Values calibration gas concentrations

differ significantly, biased Find actual concentration.
measurements will result. Recalculate effluent

concentrations.

Inadequate/ Bias can develop if operator or Establish procedures that 6-9–6-11
Inconsistent operating system does not allow ensure consistently adequate
Response Time adequate time for monitor to time for monitor response.

reach its asymptotic value.

System Calibration Routine analyzer adjustments Perform probe and local 6-11, 6-12
Obscuring Local during full system calibration analyzer calibration checks in
Bias can mask local sources of bias. addition to system checks.
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CHAPTER 6

SOURCES OF BIAS IN THE GAS ANALYZER

6.1 INTRODUCTION

BiasinCEMsystemscanoriginatefromthesamplingsystemdesign,asdiscussedinChapters3
and4,but it canalsooriginate fromthe system analyzers. Analyzers used in CEM systems should
be able to distinguish between the gas to be measured and the other components, or interferents,
of the flue gas mixture. The ability of an analyzer to minimize the effects of interferents
dependsonthemeasurementprincipleemployedorontheeffectivenessoftheirremovalbeforethe
gas is analyzed.

In addition to an instrument's capability for interference rejection, the construction and
electronic design of an analyzer can also contribute to its measurement bias. Analyzer
sensitivity to environmental factors, drift, response time, and noise, can all affect its
performance. However, this performance can be evaluated in part by conducting calibration
checks.

Calibrationchecksshouldbedesignedtoprovideanindependentassessmentofanalyzeroperation.
In the United States, this independence is achieved by using audit gases traceable to NTIS
standard reference materials (SRMs). However, internal references, such as sealed gas cells,
filters, or reference spectra are also used to check analyzer calibration. Neither a calibration
that uses an audit gas nor one based on an internal reference technique is completely independent
of the CEM system, and both are subject to measurement biases that can be difficult to detect.

Four sources of analyzer bias, (1) interferences, (2) ambient effects, (3) design, and
(4)calibration,canbeavoidedandusuallyresolvedbefore,orduring,CEMsystemcertification.
However, as the system ages, new calibration gases are purchased, or procedures are changed,
biases caused by these factors may again enter into the system.

6.2 ANALYZER INTERFERENCE EFFECTS

It is not a trivial exercise to measure the concentration of SO , NO, CO , or O in the mixture of2   2   2

gasesemittedfromcombustionsources. Althoughitmayberelativelyeasytoidentifyandmeasure
the concentration of an isolated compound, it is the presence of other species that challenges
analysis techniques. This challenge can be met in a number of ways, either by

1. Employing a technique that is specific to the compound being measured;

2. Measuring the concentration of all of the compounds, or the principal interfering
compounds, and correcting for their presence; or

3. Removing the interfering species before analysis.
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For continuously operating instruments, the first option is preferred although difficult to
achieve. TheanalysistechniqueusedisalsodependentupontheCEMsystemdesign. Theanalysis
options are reduced once the type of system is chosen (e.g., extractive, in-situ, dilution, hot-
wet).

Typical interferences found in analyzers used for source monitoring are provided in Table 6–1.

Table6–1. TypicalInterferencesFoundinCEMSystemAnalyzers

Technique Typical Interferences

Infrared H O, CO , CO, Temperature
SO , NO, CO , CO2   2

2  2

Luminescence CO , O , N , H O, Hydrocarbons
SO , NO (Quenching)2  x

2  2  2  2

Ultraviolet (UV)
SO NO2

NO SO
2

2

Electrochemical Varies with cell EMFs

Electrocatalytic CO, Hydrocarbons
ZrO cells for O2   2

Paramagnetic NO
O2

6.2.1 Instrument Design

Analyzer manufacturers first attempt to minimize these interferences through the instrument
design. Forexample, in infraredanalyzers,where overlapping O and CO spectral absorption2  2

bands are a problem, the technique of gas filter correlation can be used to minimize the
interference of these gases. Since these spectra do not correlate with those of the pollutant
moleculesbeingmeasured,theymerelyattenuatethelightinboththesampleandreferencemodes
of the instrument and do not lead to a bias. Also, the use of in-series Luft detectors has
minimized the effect of H O and CO interferences in the traditional nondispersive infrared2   2

analyzers.

Another example of instrument design being used to minimize interference effects can be seen in
the steps taken in SO fluorescence analyzers to reduce quenching effects caused by changes in2

percentlevelconcentrationsofO ,CO ,N ,andH O. Thesechangeshavebeenfoundtocauseerrors2  2  2   2

from 5–15% in source-level fluorescence analyzers (Jahnke et al., 1976). The effects can be
reducedbyusingshorterUVwavelengths,orbymeasuringthesampleunderreducedpressure. A
better approach has been to dilute the sample with air to maintain a relatively constant
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background gas from which the SO fluorescence radiation can be measured. Consequently these2

analyzers have been successfully employed in dilution systems.

6.2.2 Corrections

If the instrumentation cannot be refined to minimize interference effects, the next option is to
measure the concentration of the interferent and mathematically correct for its influence. For
example, this approach has been taken in second derivative SO /NO analyzers, where the SO2     2

interferes with the NO measurement. Both are measured and an electronic correction factor
proportional to the SO concentration is applied to the NO output. Also, in the electrocatalytic2

zirconiumoxideO analyzers,COwillreactwiththesampledoxygentoformCO todepleteoxygen2           2

concentrations near the sensor. This problem only arises at high CO concentrations, but it can
be resolved by measuring the CO concentration and correcting the O output. In paramagnetic O2     2

analyzers,NO, which is also paramagnetic, will interfere. Again, this is only a problem at high
NO (percent) levels, but can be corrected if the NO is measured.

Other techniques can be applied in infrared and ultraviolet (UV) differential absorption
analyzers. In these instruments,acomplexspectralabsorptioncurve isobtainedof thefluegas.
By using computer-maintained library spectra, spectra of the gaseous constituents at different
concentrationscanbematcheduntilthesampledspectrumisreproduced. Thisandsimilarmethods
have been applied in Fourier transform infrared (FTIR) spectroscopic and differential optical
absorption spectroscopic (DOAS) instru-ments.

Insomecases,ananalyzercanuseanassumedcorrectionfactor foraninterferingspeciesrather
thanameasuredone. Forexample, inabase-loadedpowerplant,CO and H O concentrations are2  2

relatively stable, and rather than having to install and operate another analyzer to provide a
correctionfactor,anassumedvalueestablishedundernormaloperatingconditionscanbefactored
into the output. A modification of this method is to use a nomograph or computer algorithm that
providesavariablecorrectionfactorbasedonfluegasconcentrations(assumedormeasured)or
unit operating parameters. These corrections are only as good as the assumptions on which they
are based and can lead to significant biases under atypical operating conditions. It is under
these conditions, however, that accurate pollutant measurements are most desired.

Choosinganalyzers for a CEM system requires some knowledge of how they operate and how
interferinggasescanaffectthemeasurements. Unfortunately,vendorliteraturedoesnotalways
providedetailedinformationoninterferenceeffectsormethodsusedtocorrect for them. When
data obtained from the system do not correlate with independent reference method tests or
calculations made from plant operating information, further investigation may reveal the
assumptions used in correcting the analyzer output.

6.2.3 Scrubbing

If it is not possible to account for interference through instrument design or corrections, the
last option is to scrub out the interfering species from the sample gas. This was a traditional
technique used in early CO nondispersive infra-red (NDIR) monitoring instrumentation.
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Typically,bothH OandCO werescrubbedoutinordertoobtainaninterference-freeCOspectrum.2   2

Scrubbing is an adequate solution to the problem if the scrubbing materials are routinely
replaced and if they do not remove any of the gas that is to be measured. However, when a major
effluentcomponent,suchasCO ,isremoved,thesamplevolumemustbeadjustedtocorrectthe2

apparent pollutant concentration measurements.

As discussed in Chapter 3, dilution air used in dilution probes or external dilution assemblies
must be free of the compound to be measured. Gas scrubbers are routinely used for this purpose.
Outside of this application, few scrubbing systems are used in utility CEM systems since
analyzers are available today with enough discrimination to avoid using this last option.

6.3 AMBIENT EFFECTS

The environment in which an analyzer is located can also affect its performance. This is
particularly true for in-situ analyzers but also holds true for extractive system analyzers.
Ambienttemperature,ambientpressure,vibration,andthecompositionoftheambientatmosphere,
all can affect source monitoring instrumentation.

6.3.1 In-Situ Analyzers

In-situ analyzers can be subject to severe environmental conditions. These analyzers are either
locatedonastackorductexposedtotheatmosphereor in the annulus between the stack and stack
liner. In either case, the instrument must be able to function properly through swings in
temperature, variable humidity, and sometimes corrosive atmospheres.

Mostin-situanalyzersaretemperaturestabilizedandareusuallycoveredwithanaluminumor
fiberglass hood. They are, however, not commonly air-conditioned, so if the temperature
increasesbeyondspecifiedlimits,theinstrumentsignalcandriftdramaticallyortheinstrument
maysimplymalfunction. Locating a system on a metal stack, exposed to the sun, or in an annulus
where elevated temperatures are commonplace should be avoided.

Effects of stack or duct vibration are not a common problem with in-situ analyzers, despite the
frequent statements found in competitor trade literature. Vibrations found in stack
installations are usually not at frequencies that will affect an instrument's performance. The
manufacturerwillotherwisemakecertainthatopticalandothersystemcomponentsaresecured
sufficiently to withstand the vibration encountered. It has been noted occasionally that circuit
boards may loosen, but this will generally lead to major system fault rather than development of
systematic errors in the measurement system.

In-situanalyzersareexposedtotheambientatmosphereandmaybesubjecttoplumedownwashor
acid liquids condensed from the exhaust gas. Manufacturers will generally seal the
instrumentation in sturdy, cast aluminum housings to protect both optics and electronics from
theseatmospheres. However,continuingexposuretoacidatmosphereswillrequiremoreattention
to maintenance and upkeep of the analyzer, particularly to the blower systems and clips and
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flanges that are prone to corrosion. Again, problems experienced here will tend not to lead to
systematic errors, but rather to system failures requiring corrective action.

6.3.2 Extractive System Analyzers

ExtractivesystemanalyzersarecommonlylocatedinaCEMshelter that is temperaturecontrolled.
The assumption that shelter temperatures are stable may not always be true and can lead to drift
problems in the system analyzers. The integrated circuits of the analyzers are temperature
sensitive as they are in the in-situ systems. However, the extractive system analyzers, whether
sourcelevelorambient,maynotbetemperaturestabilizedif it isassumedthat theywill operate
inatemperaturecontrolledenvironment. Insuchcases, special care must be taken in sizing the
heating and cooling system for the shelter. Inadequate systems can lead to cycling indoor
temperatures that can ultimately cause unacceptable drift in the CEM systems.

EPAhasnotestablishedtemperatureresponseperformancecriteria forCEMsystemanalyzers,
although temperature effects will contribute to the daily calibration error, which is limited
to ±2.5% of span for system certification. Here, the ISO has established zero drift limits of less
than or equal to ±2% and a span drift of less than or equal to ±4% of full scale for an ambient
temperature change of ±10EC.

TheambientatmospheremustalsobeconsideredforCEMsystemshelters. Althoughanalyzersare
better protected in a shelter, introduction of pollutant gases into the shelter can lead to system
biases. AproblemcanoccurinsomeCO infraredanalyzersthatareconstructedwithgapsbetween2

themeasurementcellandthelightsourceanddetector. Duringacertificationtest,manypeople
occupy the shelter, conducting tests, operations, or observations. With time, the CO2

concentration in the shelter will increase. If the analyzer is used in a dilution system, the
increasedambientlevelsofCO willbedetectedby theanalyzer togiveabnormallyhighsource2

CO readings and invalidate the test. Similar problems may occur if the sampled flue gas is2

exhaustedintotheCEMshelter fromtheanalyzer manifold or if the ambient air drawn into the
shelter is contaminated from plume downwash.

Barometric pressure will also have an effect on extractive system analyzers where measurements
are made from a sample cell. The pressure of these cells is generally maintained at ambient
atmospheric pressure since the gas is sampled from a manifold that exhausts directly to the
atmosphere. In many spectroscopic techniques, the measurements are sensitive to the sample cell
pressurethroughpressurebroadeningofthemeasuredspectraorbychangingthedensityofthe
gas in the measurement cell. Consequently, to account for altitude, most analyzers incorporate
adjustments that are set by the manufacturer after the installation location has been identified.

However, such altitude corrections do not account for day-to-day variation of atmospheric
pressure. Changes in barometric pressure due to changing weather conditions can have a
considerableeffectontheanalyzermeasurements. Theerror introducedinthemeasurement is
specific totheanalyzerandshouldbeobtained from the instrument manufacturer. Unfortunately,
this information tends to be difficult to obtain, either because the manufacturer has not
quantitativelydeterminedtheeffects of barometric pressure or does not wish to acknowledge that
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the instrument issubject to such an effect. A number of manufacturers are now designing their
systemstocompensate forbarometricpressurechanges,orareofferingthefeatureasanoption.
If it is desired to minimize analyzer drift, this option should be taken.

6.4 ANALYZER DESIGN

Both the physical construction and electronic design of a source monitoring analyzer are
important in its operation. Although it is difficult to generalize here, it is noteworthy that
today, state-of-the-art analyzers incorporating microcomputer circuitry and microprocessor
firmwaretendtobemuchmorestableanddrift-andnoise-free thanthoseconstructedtenyears
ago. Anumberofanalyzermanufacturershavenotyet made this transition in technology. The
older designs are still serviceable, however, and can meet today's certification requirements,
including the bias test requirement.

Other design features are dependent upon the analysis technique used. For example, in
differential absorption UV analyzers, lamp stability is an important factor in instrument
operation. In infrared analyzers, detector sensitivity is important. These and other factors
discussed above determine the quality of an instrument, its capability of meeting EPA
certification requirements, and those design features most prone to systematic error. Taking
intoconsiderationbias-pronedesignfeatureswhenchoosingananalyzercan often head off future
measurement problems. Careful consideration of analyzer design also allows operators to
incorporate into their Quality Assurance and Control Programs preventative maintenance
activities specifically tailored to design features that may be particularly susceptible to
systematic error.

6.5 CALIBRATION

The periodic calibration of an analyzer is essential to its proper operation. The analyzer's
electronics and optics, its response to environmental factors, and in some cases the effects of
interferences can be checked through calibration.

Calibrationis"theprocessofestablishingtherelationshipbetweentheoutputofameasurement
process and a known input." In most instruments, it is too difficult to derive concentration
values from first principles (e.g., using the Beer-Lambert law*) and in addition account for all
of the other variables associated with the instrument's operation (such as electronic/optical
design, environmental factors, and interferences discussed above). Instead, the instrument is
calibrated so that it will give an accurate response to a known input.

The instrument manufacturer designs an analyzer to respond over a specified range of
concentrations and programs in some relationship between the detector signal and the gas
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concentration. This may be a log-linear relationship for an infrared absorption analyzer, or a
more complicated relationship, for example a second derivative function. The manufacturer then
calibrates the instrument, injecting calibration gases of known concentration and obtaining a
response. Instrument outputs are then adjusted to the known inputs to correct for variations of
electronic signals, temperature effects, barometric effects, or possibly, interferences.
Ideally, the analyzer will then provide an accurate response to the sampled gas after it is
installed in the CEM system.

Inthe40CFR75CEMrules, the calibration of gas monitoring systems is required to be checked
daily. The conditions under which a system was calibrated at the factory will be different than
those at the installation location. Those conditions may also change daily. It has therefore
been found necessary to check the calibration of a system daily.

6.5.1 Protocol 1 Gases

In the United States, a general policy has been set through the QA requirements of 40 CFR 60 and
40 CFR 75 that CEM systems be checked using calibration gases. More recently in Part 75, the
requirement has gone further to specify that gases traceable to NIST SRMs are to be used. The
traceability procedures established to do this are given as Protocol 1 (U.S. EPA, 1977a,b; 1993)
and the required gases are known as Protocol 1 gases. In Europe, other methods of instrument
calibrationhavebeenallowedand,asaconsequence,Europeaninstrumentsmayusesealedgas
cells or reference spectra for self-calibration. Regardless of the adequacy of these methods,
instruments used in the United States to meet Part 75 requirements must still provide some
mechanism to be checked by Protocol 1 calibration gases.

6.5.2 Bias Due to Calibration Gases

Bias can be introduced into an analyzer's response if the calibration gas is not accurate.
Protocol 1 gases are required to have an accuracy relative to an SRM of ±2%. The capabilities of
gas manufacturers to provide accurate audit gases is periodically checked by EPA. These data are
published and made available to the CEM user community.

Nevertheless, errors do sometime occur in the preparation of calibration gases. It is therefore
prudentfortheCEMsystemtechniciantocross-checknewlypurchasedgaseswithotherauditgases
before they are used. Typically, a calibration gas cylinder is replaced before the cylinder
pressure drops below 200 psi. Enough gas should be available to first calibrate the analyzer
using the older cylinder gas, and then check the response of the analyzer to an injection of the
new cylinder gas. If the response of the analyzer is within 2% of the certification value, the
cylinder should be acceptable. If there is concern that the concentration of the gas in the older
cylinder has degraded, further checks should be conducted using the audit gases reserved for
quarterly linearity checks. Protocol gases provided by another plant or a source testing company
could also serve this purpose. If the response differs by greater than 2% of the certified value,
the cylinder should be returned to the cylinder gas manufacturer for reverification.
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Figure 6–1. Asymptotic Calibration Check Response Curve

The use of multi-blend gases in dilution extractive systems has added another level of complexity
into system calibration, as discussed in Chapter 3. The make-up gas used in the blend, and the
average molecular weight of the blend must be considered when cross-checking gases. Since the
critical flow rate of gas through a dilution orifice is dependent upon the average molecular
weight of the gas, discrepancies will result if the average molecular weights of the compared
gases are different (Miller, 1994; McGowan, 1994).

If it has been found that an incorrect cylinder gas value has been used to calibrate an analyzer
or CEM system, the data obtained since that calibration will be biased. However, if the correct
calibration gas concentration value is subsequently known, the true emission values can be
determined. Forexample, ifanSO analyzerhadbeencalibratedwithagaswithanassumedvalue2

of950ppmanditwas later foundthat theactualconcentrationwas900ppm, measurements made by
the analyzer would be too high.

The corrected concentration would be:

he measured concentrations would essentially need to be reduced since the original scale
accounted too many parts per million for each part present in the sample.

6.5.3 Bias Due to System Response

Biascanoccur inotherways in the calibration process. For example, consider that the response
to a zero gas or a calibration gas is not always immediate, but will tend to an asymptotic value
as shown in Figure 6–1.

The time it takes to reach 95% of the asymptotic value is known as the response time. The system
response time is due both to the time necessary for the gas to travel from the probe to the
analyzer and the response time of the analyzer itself.
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Theanalyzerresponsetimeisoftendependentonanintegrationtime,where thesignal isaveraged
or integrated over a period that may range from seconds to minutes in order to obtain a more
precise measurement. This period is fixed in many analyzers. However, in others, the integration
periodmaybeselected. Theresponsetimeofmanyambientairanalyzersusedindilutionsystems
maybeontheorder ofseveralminutes,whereas theresponsetimeofanoptical in-situanalyzer
may be relatively rapid, on the order of seconds.

If a probe calibration is conducted (as is required in Part 75 for extractive systems and is
necessaryfordilutionsystems),thetimenecessarytoflushouttheprobeandsampling linewill
enter intothe"system"response. At low gas concentrations (e.g., less than 50 ppm), adsorption
or desorption of gas on the walls of the transport tubing or sample cell may also delay the
approachtotheasymptoticvalue. In thecaseofadsorption,gaswill beadsorbedontothewalls
of the tubing, cell, and other surfaces until equilibrium is reached ("passivated"), after which
time the cell concentration attains its final value. It may take 15–20 min to reach this value for
some systems.

Abiasproblem develops when the technician or the automatic controller does not allow adequate
time for the system to reach its asymptotic value during calibration checks. If the technician
waits only 30 seconds before recording a reading on Day 1, but waits 60 seconds before recording
areadingonDay2,anoticeablechangemayoccurintheinstrumentresponse. Also,whendifferent
technicians use different procedures for adjusting a system, significant biases can be
introduced.

The solution to this problem is to adopt automated or consistent manual procedures for the daily
calibration error check. In fact, EPA QA requirements specify that these procedures be written
and followed. Calibration readings should be taken only after a specified period of time has
elapsed. CalibrationadjustmentsshouldbeperformedonlyafterestablishedQClimitshavebeen
exceeded (see Chapter 8). These control limits are also to be included in the written procedure.
Frequent adjustments for variations of only a few ppm may serve only to adjust instrument noise
and may not actually serve to improve data quality. In fact, the daily, automatic computer
corrections for calibration drift performed by some systems may be doing nothing more than
adjusting for system noise.

Many analyzers are sensitive to the pressure of the gas in the measurement cell or cavity. In the
calibration mode, a high gas flow rate from the calibration gas cylinder can pressurize the cell
andlead to subsequent sample measurement biases. In spectroscopic absorption instruments, the
gas concentration measured is related to the number of molecules in the light path. If the
pressure is increased, the density of the sample gas is increased. The number of the pollutant
molecules in the light path increases correspondingly, even though their true concentration
remains the same. The gas flow rate into the measurement cell must therefore be the same in both
calibrationandsamplingmodes. Sincemostgasmanifoldsaremaintainedtoexhaustata fixed
pressure, the flow rates in both the calibration and sampling modes should be set so that this
pressure is not exceeded.
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6.5.4 System Calibration

In addition to analyzer calibration, one must also consider system calibration. The total
responsefromaCEMsystemis throughthe"system"andnot just theanalyzer. As we have seen in
Chapters3and4,problemsintheextractivesystemorin-situmonitorinterfacecanalsoproduce
biased data. For this reason, the 40 CFR 75 rules require that daily "system" calibrations be
conductedsothatthecombinationofanalyzerproblems,extractive/interfacesystemproblems,
and data acquisition system problems can be evaluated.

Routineanalyzeradjustmentsperformedduringsystemcalibrationcanhideanalyzermeasurement
errors. These can be detected by performing both system and analyzer (local) calibration checks.
For example, dilution systems must be calibrated ahead of the point where the dilution occurs.
Since ambient air analyzers are used in dilution systems, the calibration gas (at Protocol 1 gas
source level concentrations) must be diluted as is the sample gas. The dilution ratio of most
dilution systems is determined approximately through selecting the size of the orifice or
capillary and by setting an appropriate dilution air flow rate. The system is "tuned," however,
by using calibration gas. Imprecise adjustment of the dilution flow rate and errors in the
current absolute stack static pressure are all "calibrated out" with the analyzer. Variations
in the dilution extractive system may be treated as analyzer drift, corrected by adjusting the
span potentiometer or by adjusting the dilution air supply.

Using the analyzers to adjust for the variation of other system parameters can mask what is
actually happening in the system. The combined system/analyzer calibration check may mask what
is happening in each subsystem. For example, if the dilution probe controls begin to vary too far
from their initial settings, there may not be enough adjustment capability in the analyzer
potentiometers to bring the system into calibration. One technique that should be routinely
applied to dilution systems is to perform a local analyzer calibration check to determine a
baseline calibration setting. This baseline value can then be contrasted to the amount of
adjustment needed to bring the whole dilution system into calibration. Since ambient air
analyzers are used in the dilution systems, permeation tube systems may be necessary for the
analyzer calibration check. More conveniently, a low-level concentration CO gas (e.g.,2

3,000 ppm) could be used to assess the system (Gregoria, 1993).

A particularly aggravating problem can occur in time-shared dilution systems (Figure 6–2). In
thesystemshown,aseriesofsystemcalibrationswouldbeperformed, in turn, through each of the
three dilution probes. First, for Unit 1, the analyzers are adjusted for the extractive system
as well as analyzer variables. When calibrating the extractive system for Unit 2, the same set
of analyzers are then adjusted for the variables associated with the dilution system of Unit 2;
likewise for Unit 3. The same analyzers must then meet three separate sets of conditions. The
systemwouldthenneedtobedesignedtoapplyadifferentsetofcalibrationconditionswheneach
unit isbeingmonitored. ThiscouldbedonethroughtheDAHS,butaddsanother layerofcomplexity
to the system.
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Figure 6–2. Problems in Calibrating Time-Shared Dilution Systems

6.6 SUMMARY

Factors thatcancauseerrors inCEMsystemanalyzersare summarized in the table on page 6-1.
Although systematic in nature, many of these errors are variable, depending directly upon
changing ambient conditions or levels of interferents. Due to this direct relationship, the
resultingbiasescaninsomecasesbecorrectedif theseunderlyingconditionsaremonitoredand
taken into account.
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Chapter 7 Highlights

Data Acquisition and Handling System (DAHS) Problems
Problem Corrective Page

Actions RefsName Description

Improper Interfacing
Distorted Input signals to the DAHS To detect problem, compare 7-2
Inputs from from the analyzer, process DAHS readings to strip chart
Analyzer controller, or sensors are recorder's. Replace or repair

distorted. faulty components.

Synchroni- Errors will result if system Prior to certification testing, 7-2, 7-3
zation Problems control and DAHS clocks are fix any mismatch between

out of synchronization. system and DAHS clocks.

Calculation Problems
Round-Off Incorrect rounding methods Change math to meet accepted 7-3
Problems can produce biased results. professional practices and the

conventions in regulations.

Incorrect Entering incorrect values for Re-enter correct values. 7-4
Parameters user-configurable parameters

will produce recurring errors.

Incorrect Programming incorrect Require DAHS developers to 7-4
Equations equations will produce document and validate all

recurring calculation errors. equations and correct code.

Improper Correction Routines
Automated Such adjustments may not be Do not allow automated 7-5, 7-6
Zero/Span warranted and, at times, can corrections, OR
"Corrections" introduce errors. Require vendor to precisely

define and print out each
adjustment. Include definitions
in QC plan.

Flow Monitor If not correlated with actual Re-test under all prevailing 7-6, 7-7
Correction conditions, these factors can conditions. Then, re-calculate
Factors produce systematic error. the factors.

Faulty Dilution Pressure and temperature Require vendor to specify 7-7
System P/T corrections can produce errors factors used and how derived.
Corrections if incorrectly derived. Correct if wrong.

Bias The BAF is a regulatory Avoid having to apply a BAF 7-7, 7-8
Adjustment remedy, not a technical by eliminating the sources of
Factor (BAF) correction for systematic bias. The lower the BAF, the

error. higher the confidence in the
CEM's accuracy.
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CHAPTER 7

SOURCES OF BIAS IN THE DATA ACQUISITION AND HANDLING SYSTEM

TheCEMdataacquisitionandhandlingsystem(DAHS)mustalsobeaddressedwhenconsideringbias.
Biases can occur in manipulating and presenting data as well as in acquiring the data.
Unfortunately, today's sophisticated methods of presenting digital data instill an
overconfidence in the validity of the computer print-out. The fact that CEM data are presented
by a computer, in digital formats, does not guarantee that the data are true and unbiased.

DAHSbiasescanoccur in twoways: (1)by improperly interfacingtheanalyzers tothe DAHS and
(2)by improperlyprogrammingtheDAHS. Interfaceproblemsareusuallydetectedprior to or
during system certification. Programming problems can be difficult to detect and may appear
either during certification or months later, when inconsistencies begin to appear in the data.

7.1 INTERFACING

7.1.1 Analyzer Inputs

ACEMsystemdataacquisitionandhandlingsubsystemmustinterfacewiththesystemanalyzers.
Datamustbeenteredintothecomputerbeforeitcanbemanipulated. However, inputsmayvaryfrom
analyzer to analyzer. Signals transmitted to the computer may be in analog form, or they may be
transmitted digitally in newer systems. In these newer systems, analog to digital (A/D)
conversion is performed by microprocessors within the analyzer, simplifying signal transmission
to the DAHS.

Theanalyzersignalmaybetransmittedas current (milliamps) or as voltage (millivolts). When
analyzersignals,plantprocessparameters,andsensorsignals for temperatures,pressures,and
alarms, are to be received by the DAHS, care must be taken that these input signals are not
modified or distorted. The use of drop-in resistors or simple circuits to convert milliampere
current output to a voltage input compatible to the computer may cause shifts or distortions in
the signal.

Interface problems can often be detected by connecting a strip chart recorder directly to the
analyzer. Time delays, loss of resolution, or shifts in signal magnitude between the strip chart
recorder andtheDAHSindicate thataproblemispresent. Such problems need to be resolved during
system installation. Although the differences may not appear significant in the mid-range
readingsofthesystem, theymaybecomeconsiderablydistortedat thehighor lowvaluesof the
range, depending upon the input configuration.

7.1.2 Control System/DAHS Synchronization

ACEMsystemcomputermay be used for both system control and data acquisition and handling.
SystemsthatblendsupervisorycontrolanddataacquisitionareknownasSCADA(Supervisory



An Operator's Guide to Eliminating Bias in CEM Systems Chapter 7

7-3

Control and Data Acquisition) systems. This integrated approach can be useful, since the
internal status labeling of data (i.e., for calibration, filter purges, and data errors) can be
accomplished with one device.

Alternatively,aseparatecomputermaybeusedforcontrolorprogrammable logiccontrollersmay
be applied for this purpose. In either of these two cases, the controller must be in
synchronization with the data acquisition system. That is, if the two systems are running on
different clocks, they must at some point provide a means of manipulating or transferring data
on the same time basis. If there is a mis-match between these two systems, signal shifts can
result. Again, such problems should be resolved during system installation.

7.2 PROGRAMMING

ProgrammingoftheDAHScanalsoleadtoCEMsystembiases. Calculationalproblemsordata
adjustmentalgorithmscanresult innonrepresentative data. Although the CEM system may meet
calibrationandauditchecksandthecomputer-generatedoutputmay"appear"correct,thisdoes
not necessarily mean that the data to be reported will "be" correct. Improper manipulation of the
analyzer input signals by the DAHS can generate biases just as well as can measurement failures
in the extractive or emission analysis systems.

Calculation problems in the programming are relatively simple to detect and easy to resolve.
These problems can arise from round-off errors, the use of incorrect parameters, or the use of
incorrect equations. The increasing use of computer QA audit programs (either by EPA or
commercial vendors) can help identify these problems relatively quickly.

The internal rounding methods used by the computer and the calculation algorithms can have an
effect on the end result. For example, it has been shown that the results can depend upon the
calculation order. If, however, calculations are performed using double-precision arithmetic,
errors on the order of only 10 would be expected (Xiao et al., 1993).-14

Alternatively, ifdataaretruncatedorroundedtoasmallernumberofsignificantdecimalplaces
than are actually measured, a bias can result even if double-precision arithmetic is applied.
Forexample,ifaCO readingof10.2%isobtainedbytheanalyzerandthecomputerusesarounded2

value of 10% in the calculation, a significant discrepancy will result from the otherwise true
value.

Topreventerrorsduetocumulativerounding,EPApolicystipulates that intermediatevaluesused
to calculate a final test result should be retained to the maximum decimal precision (at least
seven decimal places) supported by the computer used. This is in keeping with accepted
professionalstandardsandpractice. Forexample,ASTMStandardPracticeE29-90,§7.3(ASTM
1992) states "When calculating a test result from test data, avoid rounding intermediate
quantities. As far as practicable with the calculating device or form used, carry out
calculations with the test data exactly and round only the final result.
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In user-configurable areas of a DAHS system, parameters such as calibration gas values, F-
factors, or other constants can be changed in the calculation algorithms. If improper values are
entered, biases will certainly result. For example, if an F-factor is used to obtain values of
the emission rate in lbs/mmBtu, any error in the F-factor will be reflected directly in the
emission rate calculation. This is generally not a problem for sources burning a single fuel, but
foroil/gas, coal/gas,andcombinedoralternatingfuel systems,moreattentionmustbe paid to
the use of these parameters.

CalibrationgasvaluesenteredintotheDAHScanalsoaffectCEMsystemdata. If theDAHSperforms
automatic daily calibration adjustments, the data will be adjusted using the calibration gas
value input as a reference. If the gas value is keyed in incorrectly, if the wrong value was
entered, or if the gas manufacturer incorrectly analyzed the cylinder, a constant bias will enter
into the reported data. For these reasons, the cylinder gas values should be cross-checked (as
discussed in Chapter 6) and the entered values should be verified.

Equations used in the DAHS programs can also cause system biases. It is not uncommon that
programmers,unfamiliarwithEPAregulationsor thetechnologicalbasisofCEMsystems,will
developtheCEMsystem DAHS programs. Simple errors, such as incorrectly ordering the arithmetic
steps of a calculation, programming an exponent as positive instead of negative, or using an
equation for a dry-basis calculation instead of a wet basis calculation have all occurred in past
programs. Unfortunately, the form of the equation is often buried in the code, and it is difficult
for the plant environmental engineer or a CEM systems auditor or inspector to uncover the actual
calculations used.

ItisthereforenecessaryforthepurchaserofaCEMDAHStorequiretheDAHSvendortopresentin
the system manuals or instructions all equations used in the program algorithms. It is also
desirable for sources to require DAHS developers to prepare written specifications that
explicitly state the equations to be programmed and to include in the acceptance criteria a
requirement for independent verification and validation of the code to ensure (1) that the
software developer's equations match those in the regulations and (2) that the code correctly
implements the equations specified.

7.3 ADJUSTMENT/CORRECTION ROUTINES

Therequirementof40CFR75monitoringplan(U.S.EPA, 1993) toprovideequationformatsserves
as an excellent check for equation validity. However, some calculations are not required to be
providedinthemonitoringplanandmaybeproprietarytotheCEMsystemvendor. Pressure and
temperature correction routines for dilution probe systems, linearity corrections, etc., are
oftenprogrammedintotheDAHS,but their existence may not be known to the user. Improper
correctionequationscanintroduceasmucherror, ormore, as improperreportcalculations. The
following correction routines are those that are commonly encountered:

1. Daily zero/span corrections,

2. Flow monitor system corrections applied for Reference Method 2 correlation,
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3. Dilution system pressure/temperature corrections,

4. Linearity corrections/other corrections not accounted for by the analyzer or analyzer
microprocessor, and

5. Bias Adjustment Factor (BAF) as required by 40 CFR 75 Appendix A §7.6.5.

7.3.1 Daily Zero/Span Corrections

Two schools of thought exist among CEM system vendors with regard to computer zero/span
corrections. The conservative approach is not to allow the computer to perform any zero span
corrections using the daily calibration error check (zero/span) data. Instead, the CEM system
operator must manually adjust the analyzers after some designated quality control limit has been
exceeded (such as 2.5% of span). The other approach is to automatically correct the analyzer data
after each daily calibration error check. Automatic corrections are often performed even if
quality control limits have not been exceeded. In either case, Part 75 requires that both
zero-levelandhigh-levelcalibrationerrorbedeterminedandrecorded beforeanyadjustments
are made, whether manual or automatic.

Each approach has its limitations. When no automatic corrections are performed, bias will be
introduced (e.g., up to 2.5% of span) if the analyzer is exhibiting a consistent drift. When the
systemshowsa1%or1.5%ofspandrift consistently, thenthesystemmayindeedbebiasedby that
amount and it may be worthwhile to adjust the system, even if the control limits have not been
exceeded. If, on the other hand, the zero/calibration values are bouncing back and forth between
the control limits, only random noise is being exhibited and, over the long term, no bias will be
introduced.

Ofcourse, formanual adjustments, more stringent QC limits can be established. CEM technicians
becomeuncomfortablewith2.5%drift limitsandfrequentlyadoptapolicyofadjustingthesystem
for drift levels as small as 1%. The danger here, of course, is that the technician may merely be
adjusting for noise or other random factors, a procedure that is not particularly productive.

Forautomaticzero/spanadjustments, thesystemmayagainadjustmerely for random noise. The
systemmayappearthatitisdoingsomething,butitmaybeonlycorrectingforrandomphenomena,
producingaresult thatwouldbeessentiallyequivalent tooneinwhichthecorrectionswerenot
performed. However, if the daily zero and span values exhibit a consistent drift or are
consistently high over a period of time (such as when a change of barometric pressure due to a
weather frontaffects thesystem), theautomaticcorrectionmayindeed be useful in minimizing
the bias associated with the condition.

Several additional problems occur with automatic zero/span correcting systems. The most
significantof these isknowingthestartingpoint fromwhichyouarecorrecting. Ifanautomatic
correctionisperformed,thecomputershouldprintouttheamountofcorrection(either in terms
of ppm, percent of span, or both). The reference point for the correction should also be made
clear. That is, is the correction made from the previous day's value, or is the correction
cumulative, being made from the original zero and span gas settings? The cumulative correction
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is preferred—if the drift value refers to drift from the adjusted values of the previous day,
automaticadjustmentuponautomaticadjustmentcouldaddupsothatonemayhavedriftedless than
2.5% on any one day, but the cumulative drift from the original setting may far exceed a 2.5% drift
limit. It is important, therefore, that the operator be able to access the true, raw measurement
data versus the "compensated data" in order to double-check if control limits are being exceeded.

AutomaticdriftcorrectionshaveoftenbeenamatterofsomeconfusiontoCEMsystemusers. It
is therefore imperative that the CEM vendor explain to the user what is actually being done in the
adjustment and that that explanation be included in the CEM system QC plan.

Another disadvantage to automatically correcting for zero and span drift is that a strip chart
recorder connected directly to the analyzer will not read the same as the computer. If the strip
chart record is taken directly from the analyzer output and used to verify system performance,
this record should first be compared to both the raw and compensated DAHS data.

7.3.2 Flow Monitor System Corrections

AsmentionedinChapter5,problemsofstratificationinflowmonitoringsystemsarefrequently
accommodated by introducing correction factors into the flow monitoring calculations
(Stahlschmidt, 1992; Traina, 1992). This practice is common to all of the flow monitoring
techniques: differential pressure, thermal, and ultrasonic. Such corrections are valid under
the conditions in which they were originally developed. If the correction factor is established
at only one load condition and the flow pattern varies under other conditions, the factor may not
be valid. If a correction algorithm is developed under low, mid-range, and high load conditions,
the adjustments may be shown to be valid over this range of load conditions.

The introduction of system bias in this type of correction can occur also if the source tester
performed the reference method with an uncalibrated pitot tube. If a pitot tube calibration
factor, C , of0.84wasassumed(as isallowedby EPA Reference Method 2), a positive bias of 6%p

could result if the actual calibration factor was found to be 0.79 by wind-tunnel testing. Also,
if the Reference Method 2 tests were not performed correctly and carefully or were performed
carefully but did not traverse across areas of stratified flow, biases could be again introduced.
Forexample,acommonproceduralerroroccurswhenthetester fails todetermine the proper pitot
tube alignment at each point by measurement of the null yaw angle. Incorrectly aligning the tube
to achieve the maximum response introduces a 5–7% bias in the reference velocity measurements.
The S-type pitot tube used in Reference Method 2 is also sensitive to pitch angle bias (i.e., when
it sags). Other types of pitot tubes, such as the 3-D pitot tube described in EPA Method 1 and
draft Method 2F, can overcome this problem.

The practice of obtaining correction factors for velocity by conducting a so-called "pre-RATA"
prior to the actual certification is widespread. However, if the correlation is not performed
withsomeinsight and the correction factor is not constant with changing flue gas conditions or
with time, the system may fail semiannual/annual performance testing. Since a pre-RATA is not
allowed prior to the semiannual/annual RATA, some element of risk exists in the practice.
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7.3.3 Dilution System Pressure/Temperature Corrections

AsdiscussedinChapter3,dilutionextractivesystemsapplycorrectionsforchanges inabsolute
stackpressureand,insomecases,stacktemperature. Correctionalgorithmsareappliedbymost
dilution/extractivesystemvendorstoimprovemeasuredsystemaccuracy.However,manyvendors
view these algorithms and correction factors as proprietary and do not readily share data on their
development with users. Others use only the theoretical expressions, not experimentally derived
correction factors. In some cases, the expressions used for these corrections have been wrong.
Althoughtheerrorsherearenotgreatandmay have been acceptable for other applications, the
importance of Part 75 CEM data accuracy requires attention to this issue.

7.3.4 Linearity/Other Corrections

OthercorrectionalgorithmsmaysometimesbeappliedintheDAHS. Forexampleinsomesystems,
the gas analyzers consist of merely the sensing elements (i.e., lamp, sample cell, and detector)
and the DAHS performs all of the signal manipulation. This manipulation may include signal
linearization as well as zero/span adjustments. Here, the distinction between the DAHS and
analyzerisblurred. Inmostsystems, this functionwouldbehandledinternallyby theanalyzer
circuitry or analyzer microprocessor.

This typeofsystemdesign increases the difficulty of system troubleshooting. In these systems,
theDAHSprogrammingbecomesmorecomplicatedduetotheadditionofanalyzersignalcontroland
manipulation functions as part of the data handling requirements. Biases that may be introduced
by the analyzer itself may become difficult to detect.

7.3.5 Bias Adjustment Factor (BAF)

The bias adjustment factor has been discussed in Chapter 1 (see Eqs. 1–8 and 1–9). Here, in
considering sources of bias in the data acquisition and handling systems, it is important to
clearly reiterate the purpose of the BAF. The BAF is a regulatory remedy, not a technical
adjustment factor. Itwas adopted by EPA in direct response to an industry proposal to provide
a compliance alternative to elimination of the sources of systematic error in situations where
corrective actions were unusually difficult or expensive. As such, the BAF serves a twofold
purpose: It provides flexibility in compliance options and, at the same time, serves as a
safeguard against reporting artificially low emission measurements that nevertheless meet
regulatory requirements for relative accuracy. For example, if a relative accuracy of 10% were
permitted without a corresponding bias test and bias adjustment requirement, data that were
systematically low relative to the standard but meeting the relative accuracy specification,
would be acceptable (as in 40 CFR 60). However, this would give an acid rain trading allowance
advantagetoasourcewitha low-biasedCEMsystem; thesourcewouldbereporting emissions lower
than true and could possibly trade allowances that should not have been.

In any case, the BAF should not be viewed as a multiplier that the DAHS employs to correct CEM
systembias. From a measurement standpoint, it is always preferable to eliminate all sources of
bias in theCEM system and, thereby, completely avoid having to apply a BAF at all. The next best
alternative is to minimize the sources of systematic error and, in so doing, minimize the value
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of the BAF. This may require care in system design, installation, and certification. But in
general, the lower the BAF, the higher the confidence in the accuracy of the CEM system data.

7.4 SUMMARY

ProblemsthatcanoccurinthegenerationofCEMsystemdatabytheDAHSaresummarizedinthe
table on page 7–1. Many of the errors can be readily corrected once the problem is uncovered.

A number of these problems can be detected through the application of computer data validation
programs. Theseauditprograms,orroutines,arebeingdevelopedby EPAforvalidationofPart75
data submitted to the agency (Moritz et al., 1993). Routines are also being developed by
commercialprogrammers. Ineithercase,acommontechniqueusedisthedevelopmentofatestdata
set that contains traps and errors designed to challenge the CEM DAHS. If the DAHS correctly
producessummarydatafromthetestdataset,thereisincreasedassurancethatthosealgorithms
checked by the audit program are satisfactory.

Computerizedauditprograms that check all CEM system algorithms are unquestionably difficult
todesign. ManuallycheckingtheDAHSforaccuracyandsystemlogicagainstknownparameters
should still be conducted using actual sampled data.
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CHAPTER 8

BIAS AND QUALITY ASSURANCE PROGRAMS

The ability of a CEM system to provide data representative of "true" emission values depends not
onlyon the design and installation of the system, but also on the adequacy of the CEM system QA
program. Althoughmostbiasproblemswilloccurduringstart-upandcertification,someproblems
developover time. It is theroleof theQAprogramtopreventsuchproblemsfromdevelopingand
to detect them when they do.

8.1 MANAGING BIAS

ThegoaloftheCEMsystemownerandoperatoristomaintainoptimumperformanceofthesystem.
This goal can only be achieved by instituting a working QA program.

ACEMQAprogramisrequired inboth40CFR60Appendix F and 40 CFR 75 Appendix B. These
regulationsspecify that theCEMsystemownermustdevelopaQAplanthat includesQCprocedures
for system calibration, preventative maintenance, and system and performance audits.
Practically, thismeansthataQAmanual thatembodies theplanis tobewritten. Unfortunately,
the QA manual is often viewed as a task that, once completed, can be ignored for the pursuit of
more interestingactivities. This isnothowaCEMprogramshouldwork. If theCEMsystemisnot
routinely inspected, maintained, and audited, the system will degrade, bias will enter into the
system, and the data generated will no longer be valid.

DetailedinformationondevelopingCEMsystemQAprogramscanbefoundelsewhere(e.g.,U.S.EPA,
1977; Jahnke, 1984; Jahnke, 1993; EPRI, 1993). A number of essential points relevant to
minimizing bias are summarized here. In the continuing operation of a CEM system, bias can be
minimized by following five essential steps:

1. Develop a QA plan that provides for a minimum of three levels of QC:

a. Calibration and inspection,
b. Preventive maintenance, and
c. System and performance audits.

2. Write a QA manual that embodies the plan.

3. Implement the plan.

4. Periodically update the plan and the manual.

5. Record and report.

These five steps can be followed only if the QA program has the support of management,
specifically,uppermanagement. QAprogramscostmoney. Theytakemanpowertoimplement, they
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take time, and they require resources. These can be provided only if management is willing to
provide them, hence the need for management support.

ButletusimaginethataQAprogramhasbeendeveloped,themanualwritten,andtheQCprocedures
implementedonaroutinebasis. TheseQCprocedureswillgenerateagreatdealofinformation,
and this information can be used to assess the quality of the data generated by the system. One
does not just do QC procedures for the sake of doing them, but rather the information obtained is
used in the work of the CEM operator. The CEM operator, technician, or auditor is continually
looking for evidence of developing biases or system problems.

Fortunately, many useful techniques are available to aid in this search. One of the most powerful
is the use of the quality control chart (U.S. EPA, 1976). In this simple technique, daily
calibration values are plotted (Figure 8–1).

Control limits are set, which if exceeded, require action. For example, QC limits can be set at
5% for the out-of-control limits for daily calibration error. Most technicians prefer to set
lower limits, however, so that action may be taken before the out-of-control limits have been
exceeded.

QC charts can be used to detect trends in system performance. A shift in daily calibration drift
values may indicate the onset of system bias. A periodic pattern of drift may indicate the effect
of nighttime/daytime temperatures on the system. A correlation of control chart data with
barometricpressuremayindicate that thesystemissubject tochangesof pressure due to incoming
weather fronts.

The data obtained from the QC activities are a valuable resource for maintaining data quality.
Data should be collected, charted (when applicable), reviewed, and reported. It is useful for
morethanonepersontoreviewthedata, sincesubtleclues tosystemperformancemaybemore
apparent to an independent, unbiased eye, than to one who has been working closely with the
system.

Fortunately,CEMsystemvendorsarebecomingawareoftheutilityof incorporatingdiagnostic
routines into the CEM DAHS (White, 1993). QC charts can be generated automatically in such
systems, relieving the technician of tediously tracking and entering daily calibration data.
Incomputerizedmaintenancepackages,warningsofequipmentmalfunctionordeteriorationcanbe
providedorpreventivemaintenanceschedulescanbecalleduptoorganizeone'sprogramofdaily
or weekly activities. These features allow for better organization and record keeping and can
reduce the hours spent in the CEM system QC activities.
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Figure 8-1. Example Quality Control Chart.
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8.2 DETECTING BIAS THROUGH INDEPENDENT MEASUREMENT

Detecting bias in CEM systems requires both independent measurement and common sense.
Independentmeasurementsareobtainedbyapplyingmethodsthatarenotequivalenttothoseused
bytheinstalledCEMsystem. VariouslevelsofindependenceareprovidedbythemandatedEPACEM
performanceauditprocedures. Ontheotherhand, "commonsense" is more difficult to define, but
it is essential in uncovering and resolving bias problems.

Techniques used to check or audit CEM systems include:

1. Repeating the certification test RATA;

2. Conductingmodifiedrelativeaccuracytestsusingmanualorautomatedreferencemethods;

3. Testing, using portable inspection monitors;

4. Auditing, using independent standards [cylinder gas audits (CGAs), calibration error
tests, linearity checks, and opacity monitor zero jig filters]; and

5. Predicting emissions from plant operating parameters.

ThesetechniquesarecommonlyincorporatedintoCEMsystemQAplansasperformanceauditing
procedures. Control limits have been established for such audits in both Appendix F of 40 CFR 60
andAppendixBof40CFR75. Ifthesecontrollimitsareexceeded,thedatamaybecompromisedfor
regulatory application. For example, for a Part 75 SO monitoring system, if the relative2

accuracy requirement of 10% is exceeded in an audit, the system is considered to be out-of-
control. Or, in a quarterly linearity test, if the error in linearity exceeds 5.0% from a the
Protocol 1 gas reference value, the system is also out-of-control. Any data taken from the hour
of the completion of the audit is unusable and the Administrator may decertify the system
(U.S. EPA, 1993). These audit procedures have been discussed extensively in the literature (see
for example, Jahnke, 1993; Plaisance and Peeler, 1987; Reynolds, 1984, 1989).

Fromadiagnosticviewpoint, themandatedauditmethodsmaybesomewhat limited. Anideal audit
method should be able to uncover biases in the installed CEM system. In order to do this, the
method should provide:

1. An independent means of sampling the flue gas,

2. Analytical techniques different than those used by the CEM system, and

3. Separatesetsofcertifiedstandards—oneforcalibratingtheCEMsystemandtheother for
calibrating the audit method, or for auditing the calibration of the CEM system.

If the CEM system uses a procedure or analytical method, A, then the audit method should use a
different procedure, B, if it is to search for system biases. If the procedures are the same, then
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the same bias may occur in both the installed CEM and audit systems and the bias will not be
detected.

The idea here is for the CEM system to produce data that are representative of the source
emissions, i.e., data that are as close as possible to "true" values. Choosing or designing an
auditprocedurethatissimilartothatoftheinstalledCEMsystemmayminimizethedetermination
ofbias,butmaynotmaximize thedetermination of truth. In effect, reducing the independence
ofanauditmethodtominimizebiasmay, infact,maskbiasorgeneratebias. Table8–1summarizes
the independence of various auditing methods, which are discussed further below.

Table 8–1. Independence of Typical Auditing Methods
Sampling Analytical Calibration
Method Method Standard

CEM System A A A

Ideal Audit B B B

RATA - Gases B A or B B

RATA - Flow A or B A or B A or B

Cylinder Gas Audits
(Calibration Error, Linearity, CGAs)

A A B

Opacity Audit Jigs/Flow-Through Gas
Cells

A A B

Calculations from Plant Parameters B B B

"A" represents the method used by CEM system.
"B" represents an audit method that is independent of Method A.

8.2.1 RATA for Gases

Sampling Method

TheRATAusedforcertificationandsubsequentsemiannualorannualauditsrequirestheuse
of either a manual reference method (e.g., Methods 3, 6, and 7) or allows the use of
instrumental Reference Methods 3A, 6C, and 7E. Test procedures require that the reference
methodsamplefromaminimumofthreepoints,16.7%,50.0%,and83.3%of thedistanceofa
sampling cross-section diameter. The sampling method will therefore be different than that
of the CEM system installation, unless the CEM system samples also at these three test
points.
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In cases of severe gas stratification, sampling at the minimum three points may not be
satisfactory for determining all biases. In such instances, a complete Method 1 traverse
mightbenecessarytocomparea"truer"referencemethoddeterminationtotheCEMsystem
data.

Analytical Method

EPAdoesnotrequireineither40CFR60or75thattheanalyticalmethodusedinaRATAbe
different than the one used for the installed CEM system. Technically, a dilution
probe–dilution probe comparison, or a fluorescence monitor–fluorescence monitor
comparison is acceptable. Other testing specifications may require that different
methodsbeused(e.g., ISO7935,1989). However, asnotedinExample1,dependingonthe
systems, either extractive system biases or analytical biases could be masked in the
comparison.

On the other hand, if two different methods are used and the results disagree, the
question then arises as to which one is correct. The use of a different method for
auditing may in itself introduce bias. For example, if the source tester uses a source-
level, dry-basis extractive system to perform Reference Method 6C, the chiller may scrub
someof theSO from the sample stream to give a lower result than true. If the sampling2

systembiasmeasurementsfailtocorrectfortheSO losscompletely,theCEMsystemwould2

be considered to be reading high since the reference method results are used as a
"reference."

If inconsistentresultsareobtainedbetweenanalyzers thatemploydifferentmonitoring
techniques,interferingcompoundsmaybecausingtheproblem.Method6Cdoes,however,
require that the source tester conduct an interference check at a typical source at which
the Method 6C analyzer will be used. For SO , this check is performed by comparing the2

instrumental method against a modified form of the manual EPA Reference Method 6.
Problemssometimesarisewhenthesourcetestingfirmneglectstoconductthisrequired
part of Method 6C.

Problems also occur when the reference method testing is performed incorrectly or
sloppily. Insuchcircumstances,theinstrumentalreferencemethodsaresubjecttomany
of the same biases as discussed in this Guide.

Calibration Standards

EPA does require that a different set of certified calibration gases (Protocol 1 gases)
be used than those used to calibrate the CEM system. The standards used are therefore
independent.
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8.2.2 RATA - Flow

Sampling Method

Inflowmonitoringsystems,thesamplingmethodmaybesimilar tothatusedinReference
Method2oritmaybedifferent. Averagingdifferentialpressuresensingsystemsmayhave
asensingport locatedateachMethod 2 traverse point. Thermal sensing systems may also
have sensors arrayed at the same reference method points. In these cases, it would be
expectedthattheflowmonitoringsystemwouldcomparewellwithEPAReferenceMethod2.

Inmanysystems,however, theflowmonitoringpointsaredifferent. Oneor twopitot tube
sensors or only a few thermal sensors may be used for monitoring the flow. Also, the line
averagedmeasurementsmadeby theultrasonicsensingsystemsgiveequal importanceto
each point on the measurement line, not to the points of equal area as in the reference
method. Nevertheless, these systems can give satisfactory results if the flow is
relatively uniform at the cross-section and/or suitable correction factors are
introduced.

In practice, the problem of sampling bias is often eliminated through the practice of
conducting a pre-RATA or diagnostic test to obtain bias correction factors before
certifying the system. Bias may still exist, but more importantly, the validity of the
calibration factors depends on their constancy. If they vary over time or do not account
for variation of operating conditions, data generated may not be accurate. Such problems
wouldmost likely be identifiedat thetimeof thesemiannual/annualaudit. Note thata
pre-RATA or diagnostic test should NOT be conducted prior to a mandated
semi-annual/annual audit, since readjusting the system prior to audit is neither a
technically valid nor an acceptable procedure from a regulatory standpoint.

Analytical Method

The S-type pitot tube is used in EPA Reference Method 2 to measure flue gas velocity.
Automated differential pressure sensing systems, being either arrays of pitot tubes
connected to a pressure transducer or other averaging devices, utilize the same
technique. Although the analytical technique is similar to the reference method, the
sensingconfigurationsmaybedifferent thanthoseusedinthereferencemethod. Thermal
sensors and ultrasonic sensors utilize different analytical techniques.

In general, bias introduced by the flow monitoring technique is also calibrated out by
conducting the pre-RATA test and correcting subsequent data. Essentially, the cause of
any bias, due either to sampling configuration, velocity stratification, sensor angular
dependence, etc., is not addressed. The bias is merely accepted and corrected.
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Calibration Standards

The S-type or 3-D pitot tubes should be calibrated in a wind tunnel with reference to a
standard pitot tube. If the installed flow monitoring system bias is adjusted using data
from a pre-RATA test, the flow monitoring system will no longer be independently
calibrated. If the same pitot tube used to perform the pre-RATA is used in subsequent
RATAs, calibration bias can remain undetected. In such cases, other pitot tubes should
be used, or independent test procedures should be designed to check for consistency.

8.2.3 Cylinder Gas Audits (CGAs, Calibration Error, Linearity)

As discussed in Chapter 6, the accepted method of calibrating, or checking the calibration, of
a CEM system is to inject calibration gases into the analyzer. For extractive systems, it is
required to inject the audit gas at the probe tip, rather than at the analyzer injection port. The
intenthere is tochallengeas much of the CEM system as possible in order to detect both system
and analyzer problems. If the calibration gas is injected at the analyzer port, virtually all
that is being done is to compare the concentration of the audit gas to the gas used to calibrate
the analyzer. However, if the audit gas is injected at the probe tip, system leaks, adsorption
effects, and absorption effects might be detected.

Gas audits are limited in what they can reveal about CEM system bias. Because the same CEM
samplingsystemandanalyzerareusedtodeterminethevalueoftheauditgas,theauditingmethod
is not completely independent. In fact, once certified, most CEM systems will easily pass a
cylinder gas audit. This has been repeatedly reported in the literature (Osborne and Midgett,
1977; Van Gieson and Paley, 1984; Walsh, 1989; von Lehmden and Walsh, 1990).

ACEMtechnicianmay,however,wishtoextendthemandatedgasauditproceduresfordiagnostic
purposes. Some typical examples are:

1. ChallengetheCEMsystemwithauditgasbothat theprobeandat the analyzer port. If the
two results do not agree, a problem exists that requires resolution.

2. For dilution systems that use the dilution air as instrument zero air, check the system
zero using cylinder zero gas. If the dilution air is contaminated, using an independent
source of zero air should uncover the problem.

3. Insystemsinwhichthespanand/orauditvaluesareconsiderablyhigher thanthe normal
rangeofemissionsbeingmeasured,useanauditgascorrespondingtotheaveragestackgas
concentration of the pollutant(s) being measured. Satisfactory results at the lower
levels will give increased confidence in the system data.

4. In dilution systems, use permeation tubes or low-level standards to check the ambient gas
analyzers independently of the dilution system.
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Figure 8–2. A Transmissometer Audit Jig

8.2.4 Opacity Audit Jigs/Flow-Through Gas Cells

Methods have been devised for checking the calibration of path in-situ analyzers. Audit jigs,
devices that can be placed on the transceiver of a double-pass in-situ monitor, are most commonly
used for this purpose (Figure 8–2).

Transmissometer jigs consist of a slot for holding calibration filters and a short-range
retroreflectorassembledintoaholder that can be attached onto the transceiver. The device and
transceiver basically constitute a "mini-transmissometer" that can accommodate audit
calibration filters. Certified filters can be placed between this retroreflector and the
transceiver head to check the calibration of the instrument over a range of opacities. Detailed
guidanceforconductingatransmissometerperformanceauditcanbefoundinPlaisanceandPeeler
(1987).

Audit gas cells can be used similarly to evaluate instrument performance. The audit gas cell is
attached to the transceiver of the double-pass system (Figure 8–3).
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Figure 8–3. Audit Cell for an In-Situ Double Pass Gas Analyzer

As with internal flow-through gas cells (Chapter 4), audit gases, chosen for the appropriate
optical depth values, can be used to evaluate the system.

Neithera transmissometeraudit jig noragasmonitoraudit cell checks the absolute accuracy of
themeasurementsystem. Again,theauditmethodisnottotallyindependentofthesystem,because
the transceiver of the installed system is actually performing the measurement. Only the
measurementstandardsare independent,as is the case in using audit gases in an extractive gas
monitoring system.
There are many other factors involved in cross-stack measurement, such as system alignment and
the viability of the cross-stack zero, that cannot be checked using audit jigs or gas cell audit
checks. Theuse of audit jigs may, however, point out problems that affect the measurements, such
as optical or electrical problems of the transceiver. One of the most common problems found
through the use of transmissometer audit jigs is the incorrect determination of stack exit
correlation factors. These factors are used to correct the in-stack opacity measurement to the
stack exit values. The necessity for the auditor to calculate correction factors for the audit
filters frequently reveals errors in the original determinations for these values.

8.2.5 Calculations from Plant Parameters

A diagnostic tool that should not be ignored is the calculation of emissions values from plant
operating parameters. Using information such as fuel sulfur content, fuel feed rate, fan speed,
etc.,emissionscanbeatleastgrosslyestimatedwithoutconductinganemissionsmeasurement.
These estimates can then provide a first-cut consistency check for the instrumented data.

The advantage of this technique is that it is completely independent of the monitoring system and
can point out potential CEM system problems that might otherwise have been masked by the
non-independent featuresofotherauditmethods. Theproblemwithdeterminingemissionsfrom
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plantparametersisthatmanyassumptionsarenecessary in thedeterminationoracomplexmodel
mustbedevelopedtocharacterizetheemissions. Theassumptionsusedmustthenbevalidandthe
calculations, or the model, must remain valid under varying operating conditions. Another
limitation of this approach is that the values of the input parameters may not be precisely known,
e.g., the coal sample is often not representative of the actual fuel fired or the laboratory-
determined sulfur content of the fuel is imprecise.

Furthermore, the calculated values are only estimates, not direct measurements. Rarely are these
estimatesandtheirunderlyingmodelsrigorouslyvalidatedtoprovideahighdegreeofconfidence
in their accuracy.

Nevertheless, important generic information on CEM system performance can be obtained by
modellingorcalculatingemissions. If theresultsdonotagreewiththemeasuredemissions, the
problemmayresteitherwiththecalculationorwiththeCEMsystem. Althoughtheresultsmaybe
equivocal, theresolutionof theproblemmayleadtogreater insight intotheCEMsystemandplant
operations.

8.3 DETECTING BIAS BY USING COMMON SENSE

Fromalesstechnicalstandpoint, it shouldbeunderstoodfromtheabovediscussions, that there
isnoonewaythat CEM system bias can be determined. Mandated methods provide the impetus for
performingcertainauditchecks,butthesechecksdonotexamineall thepossibilitieswherebias
might occur.

Obtaining accurate, precise, and unbiased data requires both common sense and intellectual
honesty. The goal is not to obtain the lowest possible values for the relative accuracy or the
bias correction factor, but rather to obtain the true value. Because the true value is usually
neverknown,onemustcheckandcross-checkboththeCEMequipmentanddatatogainconfidence
that bias has been eliminated.

The process of checking and cross-checking is the work of a detective; one must look for clues and
leads that may indicate a system problem. It is necessary to maintain objectivity: accepting a
result not just because it agrees with one's preconceptions, but because it makes "sense."
Rounding off numbers in one's favor, modifying audit methods to give a better result, or
selectively reporting data are counter-productive exercises when attempting to uncover bias.
Commonsenseandobjectivitymustbeexercisedinbothmonitoringandauditinginordertobuild
an overall confidence in the monitoring data. Often, it is only over a period of time that the
necessary experience is gained before this is understood.
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How to Use this Checklist

Step 1: Identify the type of components in your monitoring system.

Step 2: For each component in your system, find the potential causes

of bias as shown in the Checklist. Refer to the indicated

pages in the "Operator's Guide" for additional information.

Step 3: Diagnose the components in your system using the list of

possible causes shown in the Checklist. Narrow in on the

source of the measurement bias.

Step 4: Take corrective action.

Step 5: Re-test for bias. If necessary, take further corrective action

until the source of bias is eliminated or brought within

acceptable limits.
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Chapter 2 Highlights

Probe Location and Stratification Problems
Problem Corrective Page

Actions RefsName Description

 
Stratification — Gas stratification and flow Find unstratified locations if at 2-9
All Types stratification produce all possible.

unrepresentative sampling
and bias measurements Use fans or gas reinjection to
during Relative Accuracy solve gas stratification
Test Audit. problems.

Use straightening vanes or
baffles to solve flow problems.

Stable Stratification is present but Sample at a point 2-9, 2-10
Stratification pattern does not vary over representative of the area of
Patterns time, i.e., with load or measurement.

process changes.
Monitor on a path
representative of the area of
measurement.

Varying Stratification is present and Calibrate the monitored values 2-10,
Stratification pattern varies as plant's to the reference values 2-11
Patterns operating conditions change. determined over the range of

variation (e.g., different
load/process conditions).

For point sampling systems:
Extract or monitor at multiple
points.

For path sampling systems:
Monitor on paths less sensitive
to variation.

Monitor on multiple paths on
the cross-section.
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Chapter 3 Highlights

Sampling System Problems — Extractive CEMS
Problem Corrective

Actions PageRefsName Description

Probe Problems — Source Level Systems
Plugging Particulate matter clogs sampling Blowback. 3-3, 3-4

probe. Increase filter surface area.

Scrubbing Precipitates on probe "scrub" SO Blowback. 3-3, 3-42

from sample gas. Redesign.

Probe Problems — Dilution Extractive Systems
Pressure Pressure changes affect dilution Calculate correction. 3-5, 3-6
Effects ratio causing measurement errors.

Temperature Temperature changes affect dilution Calculate correction. 3-5, 3-6
Effects ratio causing measurement errors.

Add probe heater.
Replace with ex-situ probe.

Droplet Evaporation of droplets in sonic Attach demister. 3-5
Scrubbing probe can plug probe or cause pre- Replace with ex-situ probe.

diluting and inconsistent
measurements.

Multi- Mixtures of cal gases may alter the Calculate correction. 3-6–3-8
Component Cal expected gas velocity through the
Gas Effect sonic orifice, biasing measurements. Use gas mixtures

consistently.

Contaminated Trace amounts of measured gas in Check zero baseline with 3-9
Dilution Air dilution air cause errors. high quality zero air.

Varying Poor quality dilution air regulator Install flow controllers or 3-9
Dilution Air adversely affects dilution ratio. better quality pressure
Pressure regulators.

Other Sampling System Problems - Source-Level Extractive Systems
Water Collected liquid can scrub soluble Redesign. 3-9, 3-10
Entrainment gases, dilute sample gas, or cause

leaks through corrosion.

Leaks In negative pressure systems, leaks Find and remove leaks. 3-10, 3-11
may dilute sample gas.

Adsorption Gas adsorbs on walls of tubing Increase flow rate. 3-11, 3-12
causing measurement errors,
particularly at low emissions
concentrations.

Absorption Gas is absorbed in moisture Remove moisture. 3-12, 3-13
condensed in the H O conditioning Acidify condensate.2

system. Change system design.

Moisture Systematic error in moisture Factor in error from moisture 3-13
Monitor Errors monitor may produce bias. monitoring in test

calculations.
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Chapter 4 Highlights

Sampling System Problems — In-Situ Gas
CEMS and Opacity Monitors
Problem Corrective Page

Actions RefsName Description

Point Monitors
Blinding Precipitate on the filter seals the Clean or replace filter. 4-4

probe tip from the flue gas.

Faulty Audit Improper flow rate of calibration Adjust flow, carefully 4-4
Gas Injection gases results in biased following calibration

concentrations in probe cavity. procedures.

Temperature If temperature sensors are not Calculate correction. 4-5
Distortions working properly, errors can Adjust or replace sensor.

result in emission values.

Path Monitors
Internal Errors are introduced when Check daily cal chart for 4-5–4-7
Calibration Cell internal calibration cell leaks or jumps or drift. Replace
Defects its gas decomposes. cell.

Gas Cell Bias results if the temperature of Correct mathematically. 4-9
Temperature the gas cell and flue gas differ
Problem greatly. Install cell in "zero pipe"

or outside stack in
heated area.

Flow-Through Protocol 1 gases often not Use only if certified 4-7–4-10
Calibration Gas available at required gases are available. 
Availability concentrations.

Redesign system - use
longer cell.

Transmissometers (Opacity Monitors)
Improper Poor design produces both bias Redesign. 4-10
System Design and inconsistencies with visual

observations.

Dirty Windows Build-up on windows produces Auto-correct. 4-10
bias.

Interferences Water droplets and high NO Calculate correction. 4-102

distort measurements.
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Chapter 5 Highlights

Flow (Velocity) Monitoring System Problems
Problem Corrective Page

Actions RefsName Description

General
Stack Area Use of incorrect cross-sectional Directly measure and 5-2
Miscalculation area in calculating volumetric re-calculate.

flow can produce measurement
error.

Gas Density and Bias can be introduced if the Verify temperature profile and 5-2
Temperature temperature profile is different use new assumptions if there
Distortions from the velocity profile. is a disparity with velocity

profile.

Differential Pressure Sensing Monitors
Improper Angle Measurement error can result if Rectify improper orientation. 5-3
of Probe Tube to probe tube is not oriented
Gas Flow perpendicular to flue gas flow. Avoid using where cyclonic

flow is present.

Plugging Probe plugging can prevent Increase frequency and/or 5-3, 5-4
accurate pressure pressure of blowback.
measurements.

Thermal Sensing Monitors
Particulate Particulate build-up can slow Remove by flash heating or 5-4, 5-5
Build-Up on instrument response by forming blowing off deposits.
Sensors an insulating layer on the

probe's temperature sensors. Avoid by employing
aerodynamic cavity design.

Water Droplets Heat lost to evaporation can bias Repair and change probe 5-4
and Acid measurements. design.
Corrosion Acid droplets can eat into the

metal junctions of probe arrays.

Ultrasonic Monitors
Improper angle Measurement errors can result Orient measurement path 5-5, 5-6
of transducers under pitched or cyclonic flow perpendicular to the flow

conditions. pitch.

Where pitched flow is variable,
consider using two sets of
transducers in X-pattern.

Particulate Build-up on sensors can Use blowers to keep 5-6
build-up on introduce measurement error. transducer sensors clean.
sensors.
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Chapter 6 Highlights

Gas Analyzer Problems
Problem Corrective

Actions PageRefsName Description

General
Interference The presence of other gas Change analysis technique. 6-2–6-5
Effects species throws off the

measurement of the gas being Measure concentration of
monitored. interferent and correct for its

presence.

Scrub out the interfering species
before analysis.

Analyzer Design Features inherent in an Choose analyzers wisely, 6-7
analyzer's physical construction, considering bias-prone features.
electronic design, and analytical
technique can be prone to
producing measurement bias.

In QA/QC program, tailor
preventative maintenance to
design features that are bias
prone.

Ambient Effects
Temperature If exposed to extreme Temperature stabilize the 6-5, 6-6

temperatures, the analyzer may analyzer.
produce erroneous readings. Measure temperature and

compensate.

Pressure Changes in barometric pressure Monitor pressure and 6-6, 6-7
can introduce systematic error mathematically compensate for
in spectroscopic systems where pressure effects.
measurements are made from a
sample cell.

Polluted/ Situations like plume downwash Shelter or otherwise protect 6-6
Corrosive or flue gas exhausting into CEM system.
Atmosphere shelter can produce systematic

error or system failure. Filter ambient air.

Calibration
Incorrect Gas If the presumed and actual Replace or recertify gas. 6-8
Values calibration gas concentrations

differ significantly, biased Find actual concentration.
measurements will result. Recalculate effluent

concentrations.

Inadequate/ Bias can develop if operator or Establish procedures that 6-9–6-11
Inconsistent operating system does not allow ensure consistently adequate
Response Time adequate time for monitor to time for monitor response.

reach its asymptotic value.

System Calibration Routine analyzer adjustments Perform probe and local 6-11, 6-12
Obscuring Local during full system calibration analyzer calibration checks in
Bias can mask local sources of bias. addition to system checks.
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Chapter 7 Highlights

Data Acquisition and Handling System (DAHS) Problems
Problem Corrective Page

Actions RefsName Description

Improper Interfacing
Distorted Input signals to the DAHS To detect problem, compare 7-2
Inputs from from the analyzer, process DAHS readings to strip chart
Analyzer controller, or sensors are recorder's. Replace or repair

distorted. faulty components.

Synchroni- Errors will result if system Prior to certification testing, 7-2, 7-3
zation Problems control and DAHS clocks are fix any mismatch between

out of synchronization. system and DAHS clocks.

Calculation Problems
Round-Off Incorrect rounding methods Change math to meet accepted 7-3
Problems can produce biased results. professional practices and the

conventions in regulations.

Incorrect Entering incorrect values for Re-enter correct values. 7-4
Parameters user-configurable parameters

will produce recurring errors.

Incorrect Programming incorrect Require DAHS developers to 7-4
Equations equations will produce document and validate all

recurring calculation errors. equations and correct code.

Improper Correction Routines
Automated Such adjustments may not be Do not allow automated 7-5, 7-6
Zero/Span warranted and, at times, can corrections, OR
"Corrections" introduce errors. Require vendor to precisely

define and print out each
adjustment. Include definitions
in QC plan.

Flow Monitor If not correlated with actual Re-test under all prevailing 7-6, 7-7
Correction conditions, these factors can conditions. Then, re-calculate
Factors produce systematic error. the factors.

Faulty Dilution Pressure and temperature Require vendor to specify 7-7
System P/T corrections can produce errors factors used and how derived.
Corrections if incorrectly derived. Correct if wrong.

Bias The BAF is a regulatory Avoid having to apply a BAF 7-7, 7-8
Adjustment remedy, not a technical by eliminating the sources of
Factor (BAF) correction for systematic bias. The lower the BAF, the

error. higher the confidence in the
CEM's accuracy.
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