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NATIONAL FOREWORD

(Formal clause shall be added later)

Deterioration in air quality due to pollution is a pertinent global problem. Monitoring industrial emissions so as to
minimize its environmental and health effects is a major concern in a developing economy like India. Automated
measurement systems (AMS) help in continuous monitoring of emissions. For accurate and effective functioning, these
measurement systems shall fulfill certain performance criteria. These standard forms a part of a series of standards
on performance characteristics of AMS and it is applicable for the AMS utilized for determination of sulphur dioxide

from stationary source emissions.

This standard was first published in 2020 as an identical adoption of ISO 7935: 1992 under dual numbering. This part
specifies a method for the determination of sulfur dioxide (SO2) in flue gases of stationary sources and describes the
fundamental structure and the key performance characteristics of automated measuring systems.

This Indian standard has been published in several parts. The other parts in this series are:

Part 1 Carbon monoxide, carbon dioxide and oxygen from stationary sources

Part 2 Particulate Matter from Stationary Sources
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Part 4 Nitrogen Oxides from stationary Sources
Part 5 Determination of the mass concentration of ammonia in flue gas from Stationary Sources

This first revision of the standard has been brought out to adopt the latest version of ISO 7935: 2024. In this revision,
following modification have been done:

a) The structure and the components have been updated to be similar to the latest editions of e.g. ISO
10849 (measurement of nitrogen oxides), 1ISO 12039 (measurement of CO, CO2 and O2), ISO 17179
(measurement of NHz), ISO 13199 (measurement of total VOC), 1ISO 25140 (measurement of CHa), 1ISO
21258 (measurement of N20);

b) Clause 3 has been revised with the addition or deletion and change in terms and definitions;

c) A new analytical technique has been added (laser spectroscopic technique or tunable laser spectroscopy) for
measurement of SOz;

d) The performance characteristics and criteria as well as QA/QC procedures have been changed to harmonize
with latest ISO standards; and

e) Examples of performance test results and the results of uncertainty calculation have been added for
SO2 measurement.

The text of ISO Standard has been approved as suitable for publication as an Indian Standard without deviations.
Certain conventions and terminologies are, however, not identical to those used in Indian Standards. Attention is
particularly drawn to the following:

a) Wherever the words “International Standard’ appear referring to this standard, they should be read
as ‘IndianStandard’.

b) Comma (,) has been used as a decimal marker in the International Standard, while in Indian Standards,
the currentpractice is to use a point (.) as the decimal marker.

The Committee has reviewed the provisions of the following International Standards referred in this adopted standard
and has decided that they are acceptable for use in conjunction with this standard.

International Standard No Title

ISO 9169 Air quality — Definition and determination of performance characteristics
of an automatic measuring system

ISO 14956 Air quality — Evaluation of the suitability of a measurement procedure by
comparison with a required measurement uncertainty

In this adopted standard, reference appears to certain International Standards where the standard atmospheric
conditions to be observed are stipulated which are not applicable to tropical/subtropical countries. The applicable
standard atmospheric conditions for Indian conditions are (27 + 2) °C and (65 + 5) percent, relative humidity and shall
be observed while using this standard.

In reporting the result of a test or analysis made in accordance with this standard, if the final value, observed or
calculated, is to be rounded off, it shall be done in accordance with IS 2: 2022 ‘Rules for rounding off numerical values
(second revision)'.

FOR COMPLETE TEXT OF THE DOCUMENT, KINDLY REFER ISO 7935: 2024

Note: The technical content of the document has not been enclosed as these are identical with the corresponding ISO
Standard. For obtaining the copy of the complete ISO Standard, please contact:
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Foreword

[SO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out through
ISO technical committees. Each member body interested in a subject for which a technical committee
has been established has the right to be represented on that committee. International organizations,
governmental and non-governmental, in liaison with ISO, also take part in the work. ISO collaborates closely
with the International Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

The procedures used to develop this document and those intended for its further maintenance are described
in the ISO/IEC Directives, Part 1. In particular, the different approval criteria needed for the different types
of ISO document should be noted. This document was drafted in accordance with the editorial rules of the
[SO/IEC Directives, Part 2 (see www.iso.org/directives).

[SO draws attention to the possibility that the implementation of this document may involve the use of (a)
patent(s). ISO takes no position concerning the evidence, validity or applicability of any claimed patent
rights in respect thereof. As of the date of publication of this document, ISO had not received notice of (a)
patent(s) which may be required to implement this document. However, implementers are cautioned that
this may not represent thedatest information, which may be obtained from the patent database available at
www.iso.org/patents. ISO shallsaot be held responsible for identifying any or all such patent rights.

Any trade name used in this,do€ument is information given for the convenience of users and does not
constitute an endorsement.

For an explanation of the voluntary nature of standards, the meaning of ISO specific terms and expressions
related to conformity assessment, asiwell as information about ISO's adherence to the World Trade
Organization (WTO) principles in the Technjcal Barriers to Trade (TBT), see www.iso.org/iso/foreword.html.

This document was prepared by Technical CommitteedSO/TC 146, Air quality, Subcommittee SC 1, Stationary
source emissions.

This second edition cancels and replaces the first edition) (ISO 7935:1992), which has been technically
revised.

The main changes are as follows:

— the structure and the components have been updated to be similartothe latest editions of e.g. ISO 10849
(measurement of nitrogen oxides), ISO 12039 (measurement of CO4C0, and 0,), ISO 17179 (measurement
0fNH;3),1SO 13199 (measurement oftotal VOC),1SO 25140 (measurement of CH,),ISO 21258 (measurement
of N,0);

— Clause 3 has been revised with the addition or deletion and change in ternds and definitions;

— anew analytical technique has been added (laser spectroscopic technique or tunable laser spectroscopy)
for measurement of SO,;

— the performance characteristics and criteria as well as QA/QC procedures have been changed to
harmonize with latest ISO standards;

— examples of performance test results and the results of uncertainty calculation have been added for SO,
measurement.

Any feedback or questions on this document should be directed to the user’s national standards body. A
complete listing of these bodies can be found at www.iso.org/members.html.
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Introduction

Sulfur dioxide (SO,) can arise in considerable quantities from combustion of fossil fuels used for energy
generation, industrial activities processing sulfur or sulfur containing material, and from combustion of
sulfur containing waste. The waste gas from these processes, containing sulfur dioxide, is usually discharged
into the ambient atmosphere, via a duct or a chimney.

For evaluating the mass concentration of sulfur dioxide present in the waste gas of stationary source
emissions, a number of highly developed methods of integrated sampling and subsequent determination by
chemical analysis and automated measuring systems are available.

© IS0 2024 - All rights reserved
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Stationary source emissions — Determination of the mass
concentration of sulfur dioxide in flue gases — Performance
characteristics of automated measuring systems

1 Scope

This document specifies a method for the determination of sulfur dioxide (SO,) in flue gases of stationary
sources and describes the fundamental structure and the key performance characteristics of automated
measuring systems.

The method allows continuous monitoring with permanently installed measuring systems of SO, emissions.

This document describes eXtractive systems and in situ (non-extractive) systems in connection with a range
of analysers that operate usinggfer example, the following principles:

— non-dispersive infrared absofptien (NDIR);

— Fourier transform infrared (FTIR] spectroscopy;

— laser spectroscopic technique or tuhabl€ laser spectroscopy (TLS);
— non-dispersive ultraviolet absorption (NDUV);

— differential optical absorption spectroscopy (DOAS).

Other equivalent instrumental methods can be uséd (provided they meet the minimum performance
requirements specified in this document. The measuring System can be validated with reference materials,
according to this document, or comparable methods.

Automated measuring system (AMS) based on the principles listed above has been used successfully in this
application for the measuring ranges as shown in Annex E.

2 Normative references

The following documents are referred to in the text in such a way that some or all6f their content constitutes
requirements of this document. For dated references, only the edition cited applies. For undated references,
the latest edition of the referenced document (including any amendments) applies.

IS0 9169, Air quality — Definition and determination of performance characteristics of an automatic measuring
system

ISO 14956, Air quality — Evaluation of the suitability of a measurement procedure by comparison with a
required measurement uncertainty

3 Terms and definitions
For the purposes of this document, the following terms and definitions apply.

ISO and IEC maintain terminology databases for use in standardization at the following addresses:

— ISO Online browsing platform: available at https://www.iso.org/obp

— IEC Electropedia: available at https://www.electropedia.org/

© IS0 2024 - All rights reserved
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3.1
analyser
analytical part in an extractive or in situ automated measuring system (3.3)

[SOURCE: ISO 12039:2019,121 3.1]

3.2

automated measuring system

AMS

measuring system interacting with the flue gas under investigation, returning an output signal proportional
to the physical unit of the measurand (3.9) in unattended operation

Note 1 to entry: For the purposes of this document, an AMS is a system that can be attached to a duct or stack to
continuously or intermittently measure the mass concentration of SO, passing through the duct.

[SOURCE: I1SO 9169:2006, 2.1.2, modified — Note 1 to entry has been replaced.]

3.3
in situ AMS
non-extractive system that.measures the concentration directly in the duct or stack

Note 1 to entry: In situ systems'measure either across the stack or duct or at a point within the duct or stack.

3.4

parallel measurements

measurements taken on the same duct imthe same sampling plane for the same period of time with the
AMS under test and with the reference niethod at points a short distance from each other, providing pairs of
measured values

Note 1 to entry: See 3.20.

3.5

independent reading

reading that is not influenced by a previous individual{reading by separating two individual readings by at
least four response times

3.6

interference

cross-sensitivity

negative or positive effect upon the response of the measuring system, dlie,to a component of the sample
that is not the measurand

3.7

interferent

interfering substance

substance present in the air mass under investigation, other than the measurand (3.9), that affects the
response of AMS (3.2)

3.8
lack-of-fit
systematic deviation within the range of application, between the accepted value of a reference material

applied to the measuring system and the corresponding result of measurement produced by the measuring
system

Note 1 to entry: Lack-of-fit can be a function of the result of measurement.

Note 2 to entry: The expression “lack-of-fit” is often replaced in everyday language for linear relations by “linearity” or
“deviation from linearity”.

[SOURCE: I1SO 9169:2006, 2.2.9, modified — Note 2 to entry has been removed.]

© IS0 2024 - All rights reserved
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3.9
measurand
particular quantity subject to measurement

[SOURCE: ISO/IEC Guide 98-3:2008[¢], B.2.9, modified — Example and Note 1 to entry have been removed.]

3.10
performance characteristic
quantity assigned to equipment in order to define its performance

Note 1 to entry: Performance characteristics can be described by values, tolerances or ranges.

3.11

period of unattended operation

maximum interval of time for which the performance characteristics remain within a predefined range
without external servicing, e.g. refill, adjustment

[SOURCE: I1SO 9169:2006, 2.2.11]
Note 1 to entry: The period of unattended operation is often called maintenance interval.

3.12

reference material

substance or mixture of substancess\with a known concentration within specified limits, or a device of
known characteristics

Note 1 to entry: Normally calibration gases,gas ¢ells, gratings or filters are used.
[SOURCE: ISO 14385-1:2014,[31 3.20]

3.13

reference method

measurement method taken as a reference by conventiomswhich gives the accepted reference value of the
measurand

Note 1 to entry: See 3.4.

3.14

transport time in the measuring line

time period for transportation of the sampled gas from the inlet of the/probe to the inlet of the measurement
instrument

3.15

response time

time interval between the instant when a stimulus is subjected to bring about a specified abrupt change
and the instant when the response reaches and remains within specified limits around its final stable value,
determined as the sum of the lag time and the rise time in the rising mode, and the sum of the lag time and
the fall time in the falling mode

[SOURCE: I1SO 9169:2006, 2.2.4]
Note 1 to entry: Lag time, rise time and fall time are defined in ISO 9169:2006.

3.16
span gas
gas or gas mixture used to adjust and check the span point on the response line of the measuring system

Note 1 to entry: The concentration is often chosen around 70 % to 90 % of full scale.

3.17

span point

value of the output quantity (measured signal) of the automated measuring system for the purpose of
calibration, adjustment, etc. that represents a correct measured value generated by reference gas

© IS0 2024 - All rights reserved
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3.18
standard uncertainty
uncertainty of the result of a measurement expressed as a standard deviation

[SOURCE: ISO/IEC Guide 98-3:2008l¢], 2.3.1]

3.19

uncertainty

parameter associated with the result of a measurement, that characterizes the dispersion of the values that
can reasonably be attributed to the measurand

[SOURCE: ISO/IEC Guide 98-3:2008[¢], 2.2.3 modified — Notes 1, 2 and 3 to entry have been removed.]

3.20

validation of an automated measuring system

procedure to check the statistical relationship between values of the measurand indicated by the
automated measuring system and the corresponding values given by parallel measurements implemented
simultaneously at the same measuring point

3.21

Zero gas

gas or gas mixture used to esgablish the zero point (3.22) on a calibration curve within a given concentration
range

[SOURCE: ISO 12039:2019,121 3.20]

3.22

zero point

specified value of the output quantity (nmeasured signal) of the AMS and which, in the absence of the
measured component, represents the zero crossing of the calibration line

4 Symbols and abbreviated terms

4.1 Symbols

e; Residual (lack-of-fit) at level i

K Coverage factor

N Number of measurements

S, Standard deviation of repeatability

u(yy) Combined uncertainty of X (SO,) mass concentration

U(yy) Expanded uncertainty of X (SO,) mass concentration

M, Molar mass of X (SO,, g/mol)

Vy Molar volume (22,4 1/mol at standard conditions, 273,15 K; 101,325 kPa)

% Volume fraction of X (SO,)

Yx S0, mass concentration at standard conditions in mg/m3 (273,15 K; 101,325 kPa)
YR S0, mass concentration at reference conditions in mg/m3 (273,15 K; 101,325 kPa; H,0 corrected)
X Average of the measured values x;

X ith measured value

© IS0 2024 - All rights reserved
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X; Average of the measured value at level i

X Value estimated by the regression line at level i

4.2 Abbreviated terms

AMS Automated measuring system
FTIR Fourier transform infrared
TLS Tunable laser spectroscopy

NDIR Non-dispersive infrared

NDUV Non-dispersive ultraviolet

DOAS Differential optical absorption spectroscopy
UVF Ultraviolet fluorescence

QA Quality assurance

QC Quality control

5 Principle

This document describes automated measurement systems for sampling, sample conditioning and
determining SO, content in flue gas using instrumental methods (analysers).

There are two types of automated measuring systems:
— extractive systems;
— insitu systems.

With extractive systems, a representative sample of gas is taken/from, the stack with a sampling probe and
conveyed to the analyser through the sample line and sample gas‘conditioning system.

In situ systems do not require any sampling transfers out of the stack. Fof thie installation of these systems,
arepresentative place in the stack is to be chosen.

The systems described in this document measure SO, concentrations using instrumental methods that shall
meet the minimum performance specifications given.

6 Description of the automated measuring systems

6.1 Sampling and sample gas conditioning systems

Sampling and sample gas conditioning systems for extractive and in situ methods shall conform to
I1SO 103961,

In extractive sampling, these gases are conditioned to remove aerosols, particulate matter and other
interfering substances before being conveyed to the instruments. Three kinds of extractive systems as well
as non-extractive systems are described in ISO 103961l

a) cold-dry,
b) hot-wet, and

c) dilution.

© IS0 2024 - All rights reserved

5
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The details of the extractive sampling and sample gas conditioning systems are described in Annex A and
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two kinds of in situ system are illustrated in Annex B.

6.2 Analyser equipment

Examples of the typical analytical methods available are described in Annex A and Annex B.

AMS shall meet the performance characteristics as described in Clause 7.

7 Performance characteristics and criteria

7.1 Performance criteria

Table 1 gives the performance characteristics and performance criteria of the analyser and measurement
system to be evaluated during performance test, by means of ongoing QA/QC in the laboratory and during

field operation. Test procedures for the performance test are specified in Annex E.

Table 1 — Performance characteristics and criteria of AMS for measurement of SO,

cross-stack in situ AMS

uring range used

Performance characteristic Performance criterion Test procedure
Response time <200s D.2
Standard deviation of repeatability in labo=s2,0% of the upper limit of the lowest measuring D3.2
ratory at zero point range used =
Standard deviation of repeatability in labo- | <2,0%% of the upper limit of the lowest measuring D33
ratory at span point range used R
o I :
Lack-of-fit <2,0 % of the upperlimit of the lowest measuring D4
range used
o N :
Zero drift within 24 h <2,0 % of the upper limitof the lowest measuring D5
range used
o N :
Span drift within 24 h <2,0 % of the upper limit of theé\lowest measuring D5
range used
Zero drift within the period of unattended |<3,0 % of the upper limit of thedowest measuring D6
operation range used =
Span drift within the period of unattended |<3,0 % of the upper limit of the lowest measuring D6
operation range used =
Sensitivity to ambient temperature, for a 0 . .
change of 20 K in the temperature range <5,0 % of the upper limit of the lowest measuring D7
o range used
specified by the manufacturer
Sensitivity to sample gas pressure, fora |<2,0 % of the upper limit of the lowest measuring D8
pressure change of 3 kPa range used =
Sensitivity to sample gas flow for an ex- |<2,0 % of the upper limit of the lowest measuring D9
tractive AMS range used =
Sensitivity to electric voltage in the range o - .
-15 % below or +10 % above from the nom- =2,0 % of the upperr{alrrlnl(‘; 322}; lowest measuring D.10
inal voltage stated by the manufacturer 8
o T :
Cross-sensitivity <4,0 % of the upper limit of the lowest measuring D11
range used —
Losses and leaka'gfe n the sampling line <2,0 % of the measured value D.12 and D.13
and conditioning system
Excursion of the measurement beam of | <2 % of the measured value of the lowest meas- D.14

© IS0 2024 - All rights reserved
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7.2 Determination of the performance characteristics

7.2.1 Performance test

The performance characteristics of the AMS shall be determined during the performance test. The values
of the performance characteristics determined shall meet the performance criteria specified in Table 1. The
procedures for the determination of these performance characteristics are specified in Annex D.

The ambient conditions applied during the general performance test shall be documented.

The measurement uncertainty of the AMS measured values shall be calculated in accordance with ISO 14956
on the basis of the performance characteristics determined during the performance test and shall meet the
level of uncertainty appropriate for the intended use. These characteristics may be determined either by the
manufacturer or by the user.

7.2.2 Ongoing quality control

The user shall check specific performance characteristics during ongoing operation of the measuring system
with a periodicity specifieddn Table 2.

The measurement uncertainty”during field application shall be determined by the user of the measuring
system in accordance with applicable international or national standards. For process monitoring, the level
of uncertainty shall be appropriaté for the intended use. It can be determined by a direct or an indirect
approach for uncertainty estimationvas described in ISO 20988.[5] The uncertainty of the measured values
under field operation is not only influenced‘by the performance characteristics of the analyser itself but also
by uncertainty contributions due to:

— the sampling line and conditioning system,
— the site specific conditions, and

— the reference materials used.

8 Selection and installation procedure

8.1 Choice of the measuring system

To choose an appropriate analyser, sampling line and conditioning unit, the following characteristics of flue
gases should be known before the field operation:

— ambient temperature range;

— temperature range of the flue gas;

— water vapour content of the flue gas;

— dustloading of the flue gas;

— expected concentration range of SO,;

— expected concentration of potentially interfering substances.

To avoid long response time and memory effects, the sampling line should be as short as possible. If
necessary, a bypass pump should be used. If there is a high dust loading in the sample gas, an appropriate
heated filter shall be used.

Before monitoring emissions, the user shall verify that the necessary QA/QC procedures have been
performed.

NOTE Information on QA/QC procedures is provided in ISO 14385-1[3land 1SO 14385-2 [41.

© IS0 2024 - All rights reserved
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8.2 Sampling

8.2.1 Sampling location

The sampling site shall be in an accessible location where a representative measurement can be made. In
addition, the sampling location shall be chosen with regard to the safety of the personnel involved.

8.2.2 Representative sampling

It is necessary to ensure that the gas concentrations measured are representative of the average conditions
inside the flue gas duct.

NOTE The selection of sampling points for representative sampling is described, for example, in 1SO 10396,
where gas stratification, fluctuations in gas velocity, temperature and others are discussed.

8.3 Calculation of conversion from volume to mass concentration for SO,
Results of the measurement for SO, shall be expressed as mass concentrations at reference conditions.

If the SO, concentrationgis,provided as a volume fraction, Formula (1) shall be used to convert volume
fraction of SO, (10-9), Dso, 0 5@, mass concentrations, ¥sg, :

My,
Vi

(D

Ys0, :@soz ’
where

¥s0, is the SO, mass concentration in‘ingy/m3 at standard conditions (273,15 K; 101,325 kPa);
@Dso, is the volume fraction of SO, (by volunge, 107°);

Msp,  is the molar mass of SO, (= 64,06 g/mol);

Vy is the molar volume (= 22,4 1/mol at 273,15K and 101,325 kPa).

If necessary, the SO, concentration measured in the wet gas should bejcorrected to the SO, concentration at
standard conditions (dry gas), using Formula (2):

100 %

TR =750, " 100%—h (2)
where
YR is the SO, mass concentration at standard conditions in mg/m3 (273,15 K; 101,325 kPa; H,0
corrected);
h is the absolute water vapour content (by volume) (%).

9 Quality assurance and quality control procedures

9.1 General
Quality assurance and quality control (QA/QC) are important in order to ensure that the uncertainty of the

measured values for SO, is kept within the limits specified for the measurement task. The results of the QA/
QC procedures shall be documented.

© IS0 2024 - All rights reserved
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9.2 Frequency of checks

AMS shall be adjusted and checked after the installation and then during continuous operation. Table 2 shows
the minimum required test procedures and frequency of checks. The user shall implement the relevant
procedures for determination of performance characteristics or procedures described in this clause and
Annex D. The results of the QA/QC procedures shall be documented.

Table 2 — Minimum checks and minimum frequency of checks for QA/QC during the operation

Minimum frequency for permanent-

Check ly installed AMS Test procedure

Response time Once a year D.2
Standard deviation of repeatability at zero point Once a year D.3.2
Standard deviation of repeatability at span point Once a year D.3.3

Once a year and after any major
Lack-of fi “willinfluence the resuls obiained D4
significantly
Once a year of after any major changes
Sampling system and leakage ¢heck or repair to the system which can D.12 and D.13

affect the integrity of the sampling E— E—
system

According to manufactur-

Beam alignment (in situ AMS only) Once a year er's manual

According to manufacturer’s require-
ments or period specified by national
standard

Light intensity attenuation through cleanliness
and dust load (in situ AMS only)

According to manufactur-
er’s manual

The particulate filters shall be changed
periodically depending on the dust
load attheSampling site. During this
filter chahgejthe filter housing shall be
cleaned.

According to manufactur-
er’s manual

Cleaning or changing of particulate filters at the
sampling inlet and at the monitor inlet

Once in the period of unattended op-
Zero drift? eration or period spgcified by national D.6
standard

Once in the period of unattended op-
Span drift 2 eration or period specified by national D.6
standard

According to manufacturer’s réquire==-According to manufactur-

Regular maintenance of the analyser ;
ments er’s manual

a2  NOTE Analysers can be checked with internal gas cells or optical filters for this determination.

The user shall implement a procedure to guarantee that the reference materials used meet the uncertainty
requirement specified in Annex C (e.g. by comparison with a reference gas of higher quality).

9.3 Calibration, validation and measurement uncertainty

The calibration and validation of the AMS shall be performed annually and after repair of the analyser in
accordance with applicable national or international standards.

Permanently installed AMS for continuous monitoring shall be calibrated by comparison with
a) anindependent method of measurement or
b) areference material.

In either case, the validation of an automated measuring system shall include the determination of uncertainty
of the measured value obtained by calibrating the AMS. Calculation of uncertainty of measurement of SO,
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is described in Annex F. The AMS shall be subject to adjustments and functional tests in according with 9.2
before each calibration. This ensures that the measurement uncertainty is representative of the application
at the specific plant.

The validation shall include the determination of the uncertainty of measured values obtained by comparison
between reference gas or reference material with the AMS.

NOTE The determination of the uncertainty of measured values obtained by permanently installed AMS for
continuous monitoring on the basis of a comparison with an independent method of measurement is described, for
example, in 1SO 20988(21,

The uncertainty of the measured values shall meet the uncertainty criterion specified for the measurement
objective.

10 Test report

If not specified otherwise, it shall include at least the following information:

a) areference to this document (i.e. ISO 7935:2024);

b) description of the méasurement objective;

c) principle of gas sampling;

d) information about the analyser afid description of the sampling and conditioning line;

e) identification of the analyser used,@nd-the performance characteristics of the analyser, listed in Table 1;
f) operating range;

g) sample gas temperature, sample gas pressure and optical path length through an optical cell (it is only
needed for in situ measurement);

h) details of the quality, purity and uncertainty in thelconcentration of the span gases used;
i) description of plant and process; concentration range of pollutants and potential interferences;
j) theidentification and location of the sampling plane;

k) the actions taken to achieve representative samples;

1) adescription of the location of the sampling point(s) in the sampling plane;

m) a description of the operating conditions of the plant process;

n) the changes in the plant operations during sampling;

0) the sampling date, time, and duration;

p) the time averaging on relevant periods;

q) the measured values;

r) the measurement uncertainty;

s) the results of any QA/QC checks conducted arising from Table 2;

t) any deviations from this document.
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Annex A
(informative)

Extractive SO, measurement systems

A.1 General

A.l.

Many variants of this exist and Figure A.1 is just an example of a typical arrangement of a complete measuring

1 Cold-dry extractive system

system for SO,. This system is suitable for use with most of the analysers that are described in 6.2.

The sampling of gas shall be representative, that is, the sampling location shall be typical of the entire duct
with the guidelines given in JSO 10396.[1] The sampling points for the measurement require a check for

homogeneity. Prior to installation the uniformity of the gas stream should be checked.

Key

B wWw N R

The components described in A.1.2.1 to A.1.2.7 have, for example, proven to be successful for measurements
at gas-, oil- and coal-fired plants. Precautions need be observed because of the high corrosiveness of

—

12 1

11

>

=
gas sampling probe 9
primary filter 10
heating (for use as necessary) 11
sampling line (heated as necessary) 12

sample cooler with condensate separator 13

sampling pump 14
secondary filter 15
needle valve

flow meter

analyser

outlet

inlet for zero and span gas (preferably in front of the nozzle)

to check the complete system

inlet for zero and span gas to check'the conditioning system and
the analyser

inlet for zero and span gas to check the analyser

valve

Figure A.1 — Example of a cold-dry extractive system

condensable acid gases (e.g. HCI, SO3 or NO,).
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A.1.2 Components for cold-dry extractive system

A.1.2.1 Sampling probe

The sampling probe shall be made of suitable, corrosion-resistant material. For gas temperatures up to 190 °C
polytetrafluoroethylene (PTFE) is an acceptable material. Cooling may need to be considered necessary to
prevent damage to the probe/sample system, but the temperature shall be maintained 10 K to 20 K higher
than the water or acid dew-point of the gases.

A.1.2.2 Filter

The filter is needed to remove the particulate matter, in order to protect the sampling system and the
analyser. The filter shall be made of ceramic, borosilicate glass or sintered metal. The filter shall be heated
above the water or acid dew-point whichever is the higher. A filter that retains particles greater than
2 pum is recommended. The size of the filter shall be determined from the sample flow required and the
manufacturer's data on the flow rate per unit area.

The temperature of the sampling probe and the filter needs to be 10 K to 20 K higher than the water or acid
dew-point whichever is higher.

A.1.2.3 Sampling line

The sampling line shall be made of'PTFE, PFA or stainless steel. The lines shall be operated at 10 K to 20 K
above the dew-point of condensable substances (generally the water or acid dew-point). The tube diameter
should be appropriately sized to providé,a flow rate that meets the requirements of the analysers, under
selected line length and the degree of pressuré drop in the line as well as the performance of the sampling
pump used.

A.1.2.4 Moisture removal system (Sample cooler or permeation dryer)

The moisture removal system shall be used to separate water vapour from the flue gas. The dew point shall
be sufficiently below the ambient temperature to ensure’that,ambient air temperatures do not affect the
separation of water from the gases. A cooling temperature/ofi2z °C to 5 °C is suggested. Sufficient cooling is
required for the volume of gas being sampled and the amount of water vapour that it contains.

A.1.2.5 Sampling pump (corrosion-resistant)

A sampling pump is used to withdraw a continuous sample from the ductthfough the sampling system. This
may be a diaphragm pump, a metal bellows pump, an ejector pump, or other pump types. The pump shall be
constructed of corrosion-resistant material. The performance of the pump shall*be such that it can supply
the analyser with the gas flow required. In order to reduce the transport time in the measuring line and the
risk of physicochemical transformation of the sample, the gas flow can be greater than that required for the
analytical units and should be pulseless to ensure constant and even flow.

For the hot-wet extractive system (A.1.3), the pump shall be operated at a minimum of 180 °C, or 10 K to
20 K above the water or acid dew-point of the gases.

A.1.2.6 Secondary filter

The secondary filter is needed to remove the remaining particulate material, in order to protect the pump
and the analyser. A filter that retains particles greater than 1 um is recommended. Acceptable materials are
PTFE, borosilicate glass or sintered metals. The size of the filter shall be determined from the sample flow
required and the manufacturer's data on the flow rate per unit area.

A.1.2.7 Flow controller and flow meter

The flow controller and flow meter are used to set the required flow rate. They shall be constructed of
corrosion resistant material.

© IS0 2024 - All rights reserved
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A.1.3 Hot-wet extractive system

When analysers with a hot sample cell are used, the automated measuring system as shown in Figure A.2 is
often applied.

In addition to the cold-dry extractive system, there are automated measuring systems for SO, measurement
that ensure the sample gas remains above the water and acid dew-points (or dew-point of other condensable
substances) to avoid losses of SO,. In this case, the system can be simplified. It is important that all the
components carrying the sample gas to the analyser are also heated above water and acid dew-points.

12 |

. )
L[ 1 f
PN

14 6 |—

sampling probe, heated (if necessaxy)
particle filter (in-stack or out-stack]
zero and span gas inlet

1

2

3

4  heated sampling line
5 sampling pump, heated
6

analyser with heated sample cell

Figure A.2 — Example of a diagram of hot-wet'type of optical measuring system

A.1.4 Dilution extractive system

The dilution technique is an alternative to hot gas monitoring or'samplé gas drying. The flue gas is diluted
with a dilution gas which shall be free from the species being measuréd],

The dilution ratio shall be chosen according to the objectives of the meaSurement and shall be compatible
with the range of the analytical unit. It shall remain constant throughout the peried of the test, because the
calibration frequency of the measurement unit depends, among other things, on the stability of the dilution
ratio. The water dew-point shall be reduced so as to reduce the risks of condensation in the gas monitoring
system. The measured values always refer to the wet gas.

Many types of devices are suitable for use in dilution systems, such as:
— calibrated apertures (capillaries, sonic nozzles, needle valves, etc.);
— flow meters by volume or mass;

— pressure and/or flow regulators;

An example of diagram of the dilution probe is shown in Figure A.3.

Dilution ratios are dependent upon changes in the flue gas density. Changes in the flue gas temperature,
molecular weight and total stack pressure can affect the ratio and resultant concentration measurements
and should be recorded.
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1
Key
1  fluegas
2 dilution probe
3 sample gas (Q,: flow rate)
4  particle filter
5  critical orifice
6  vacuum gauge
7 dilution air (Qy: flow rate)
8  diluted sample gas (Q; + Q,: flow rate of sample gas)

Figure A.3 — Example of a diagram of dilution extractiveitype (details of the dilution probe given on
the right-hand'side

NOTE The dilution ratio is calculated according to formula (Q; +'@5)/@5. The original source concentration is
calculated by multiplying dilution ration by measured concentration.

A.2 Measuring principles of analysers

A.2.1 Infrared absorption technique

A.2.1.1 General

The non-dispersive infrared absorption method is based on the principle that gases consisting of molecules
with different atoms absorb infrared radiation at a unique wavelength. The measurement technique makes
use of the principle as follows:

A.2.1.2 Dual beam method

The radiation emitted from an IR source is divided into two beams and then modulated, one beam passing
through the sample cell and the other through the reference cell containing an IR inactive gas, usually
nitrogen. If the sample gas contains SO,, some of the IR energy is absorbed and the difference in IR energy
reaching the detector is proportional to the amount of SO, present. The detector is designed so that it is
only sensitive to the SO,-specific wavelengths. An example of diagram of a dual-beam type NDIR analyser is
shown in Figure A.4.
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3
4
1 2 6 7 t--1 8

5

IR source 5 reference cell

chopper motor 6  detector

chopper wheel 7  electronics

sample cell 8 display

Figure A.4 — Example of,a diagram of a dual-beam type NDIR analyser

A.2.1.3 Single beam method

There are at least three types of single beam methods?

Use of interference filters, with one filter at the abserption band for the gas being measured and the other
filter at the reference wavelength. The gas concentration is then a function of the ratio of the measured
and reference wavelengths. A tuneable filter with“wagying band pass wavelength may be employed
instead of multiple filters.

In the gas filter correlation method the measurement interference filter is replaced with a gas filter;
otherwise the method is similar to above. The analyser consists«0fthe gas correlation filters, which are
composed of the sample gas filter filled with a high level of the/measticand gas including SO, and the
reference gas filter filled with the correlation zero gas (N,), and the ciopper wheel. After the introduction
of the sample gas into the sample cell, the gas correlation filters and the chopper wheel are rotated
constantly. The gas analyser measures the differential IR absorption of a beamiwhich alternatively passes
through the sample gas filter and the reference gas filter. This gives better sensitivity and reduction of
cross-sensitivity effects. An example of diagram of gas filter correlation type NDIR analyser is shown in

Figure A.5.
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IR source 8
gas correlation filter 9
sample gas filter 10
reference gas filter 11
chopper wheel 12
chopper motor 13

optical filter

SO N,

mirror

sample cell
detector
amplifier
sample gas inlet

output signals

Figure A.5 — Diagram of gas filtercorrelation type NDIR analyser

Cross-modulation type non-dispersive infrared analyser, detects the difference of infrared absorption
caused by alternatively introducing the sample gas and thé gas)for reference (e.g. air with SO,, etc.
removed) to the measurement cell. The difference measured,is_theslevel due to the measurand and in
this way the effect of interfering components are removed. An example of diagram of cross-modulation

type NDIR analyser is shown in Figure A.6.
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2 6
—_—
3
Key
1 IR source
2 sample cell
3 part for detection (opticalfilter and detector)
4  solenoid valve
5 sample gas
6  gas for reference

Figure A.6 — Diagram)of cross-modulation type NDIR analyser

A.2.1.4 Fourier transform infrared spectroscopy

In a two-beam interferometer typically used for FTIR, the light emitted from infrared source is collimated
and directed to a beam splitter. Part of the light passés through the beam splitter to a mirror, and the rest
of the light is reflected to another mirror. Depending on the interferometer design, one or more mirrors are
made to move, and as a result the beams will have travelled ever different distances. When the two beams
are reflected back to the beam splitter, there will be a phase\difference between them. The combined output
beam exiting the interferometer will have varying intensity asfa function of the optical path difference
(mirror position). This varying intensity signal is called the interferogram and it is linked to the wavelength
spectrum by the Fourier transformation. The spectrum is obtainedsin an FTIR instrument by recording
the interferogram, applying some digital signal processing to it (apodiZation, filtering, phase correction)
and computing its inverse Fourier transformation. The spectrum obtained is evaluated against established
library spectra to derive the concentration of the gaseous species of interest (SO,)=An example of diagram of
Fourier transform infrared analyser is shown in Figure A.7.
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Key

1 IR source

2 beam splitter (half-silvered mirfor)
3 fixed mirror

4 moving mirror

5 sample cell

6  detector

Figure A.7 — Example of a diagram'of Foeurier transform infrared analyser

A.2.1.5 Laser spectroscopic technique or tunable laser,spectroscopy

An infrared laser spectroscopic technique named OF-CEAS (Optigal*Eeedback Cavity Enhanced Absorption
Spectroscopy) is applied to analysing of SO, in flue gas. This isfa high resolution spectroscopic technique
with a long pathlength. An in situ probe uses the low pressure sampling technique to sample the gas in
the stack and reduce the pressure. The lowered pressure has several effects: lowers the gas sample dew
point, increases the gas transport speed in the line (around 20 times), reduice the gas band self-broadening
for spectral resolution. Through the self-heated line at 80 °C, the gas is driven/to the analyser without any
conditioning system. The integrity of the sample is maintained.

A.2.2 Ultraviolet absorption technique

The non-dispersive ultraviolet absorption method is based on the principle that gases consisting of molecules
with different atoms absorb ultraviolet radiation at a unique wavelength. The non-dispersive ultraviolet
(NDUV) methods use the same principles as those described in A.2.1.

The NDUV analyser typically consists of the following principal components:
— light source (deuterium arc lamp, high pressure mercury lamp and others);
— optical and/or gas filters;

— measurement cell;

— photodetector;

— calibration cell to be used for QC drift check.
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A.2.3 Ultraviolet fluorescence technique

Fluorescence is a photoluminescent process in which light energy is absorbed at one wavelength and emitted
at a different wavelength. The fluorescence process of SO, can be expressed as

SO, + hv (210 nm)— SO,* (excited molecule) — SO, + hv’ (240 nm to 410 nm)

To use this phenomenon to measure SO, concentrations, a sample gas is irradiated with light in the UV in
the range of 210 nm, and the emitted longer-wavelength fluorescent radiation, is measured. Commercially
available SO, fluorescence analysers have been developed to measure at ambient level and source level
concentrations. A typical configuration is shown in Figure A.8. Here, the light from either a continuous or
pulsed ultraviolet light source is filtered to a narrow region, centred near 210 nm. The fluorescent radiation
is measured at right angles to the exciting radiation, using a photomultiplier tube or other detector. A band-
pass filter is then used to select a portion of the fluorescent radiation for measurement in the range of 310
nm to 370 nm, because interferences can occur over the range of the fluorescence emission spectrum.

1

3
Key
1 sample gasin
2 fluorescent chamber
3 ultraviolet light source
4  partof detection (a band-pass filter and photomultiplier tube or other detector)
5 electronics
6  sample gas out

Figure A.8 — Example of a diagram of UV fluorescence analyser

The application of this technique to ambient or source monitoring requires attention to the phenomenon
of fluorescence quenching by other molecules present in sample gases (water, CO,, N,, hydrocarbons,
etc.). In source applications, one most commonly applied is to dilute the sample gas with air, to minimize
the disparities in the background gas composition. The combination of a dilution system (as described in
A.1.4) in conjunction with an ambient level SO, fluorescence analysers has been successful in many system
applications in the United States to meet the requirements of the Acid Rain Program [Z],
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Annex B
(informative)

In situ SO, measurement systems

B.1 Measuring principle based on in situ SO, measurement with DOAS technique

B.1.1 General

An example of an in situ DOAS is shown overleaf. The analysis principle is based upon measurement of
unconditioned SO, in the stream. SO, levels are determined by direct measurement with a DOAS analyser.
For the correction to dry standard conditions it is recommended to measure water vapour together with the
SO, concentration.

NOTE Analysers basedsn NDIR, FTIR and NDUV principles are also offered for in situ measurements.

B.1.2 Differential optical absorption spectroscopy

The analyser with a high-pressure xenhon lamp measures the total absorption spectrum of the flue gas in
the stack in the range of 200 nm to'2,000"hm and the data are stored in the analyser memory (computer).
The spectrum is divided by a ‘zero’ or system reference spectrum, recorded under conditions where no
absorption for the measurement gases is‘present.

By dividing the two spectra, the total light absorption along the light beam is obtained. This may be due to
gaseous pollutants in the gas, but also to dust or variations in the light intensity. As it is only gas molecules
that cause rapid or narrowband variations in the,absorption spectra, the slow or broadband variations,
which cause a rise in the gradient, are mathematically semoved.

Now all that remains are the rapid (narrowband) variations. The obtained spectrum is mathematically
compared with the stored spectrum of the light source. Thexdifferential absorption spectrum is calculated,
this calculation being the basis for the calculation of the concentration of the compound(s). The calculated
spectrum consists of a well-balanced summation of the reference‘spectpa for the analysis concerned.

Typical measurement wavelength used for SO, is around 310 nm.

B.2 In situ cross duct measuring systems

B.2.1 General

The in situ DOAS measuring system consists of a transmitter and receiver unit. The two units are mounted
opposite each other directly on the pipe or stack. Figure B.1 shows a typical arrangement of an in situ
measuring system based on DOAS for SO,.
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Key
1  transmitter unit 10 stack gas region
2 receiver unit 11 measurement path
3 purging flanges 12 fibre optic cable
4  validation cell 13 spectrometer
5 three-way valve 14 detector
6  pressure sensor (if the duct has constant conditions, it is 15 electronics

not required)

7  temperature sensor (if the duct has constant conditiofis, itis 16 computer
not required)

8  purge gas 17 data

9  purge gas, span gas or zZero gas

Figure B.1 — Example of a diagram of an in situ DOAS measuring system

B.2.2 Components of an in situ DOAS measuring system (cross‘duict)

B.2.2.1 Transmitter and receiver unit

The transmitter unit contains a light source such as a xenon lamp and the receiver unit contains a photo
detector. The light beam is emitted from the lamp located in the transmitter unit. The ultraviolet light passes
through the gas and strikes the photo detector in the receiver unit.

B.2.2.2 Optical window purge

The purging flanges have two functions. First, the flanges are used to mount the transmitter or receiver unit
on the pipe. Second, the purging flange has a connection port for the purging.

If required by the application, purge gas is applied to keep the windows clean in order to prevent the
contamination of the optical components by the flue gas. The purge medium enters the purging flange and
flows in the direction of the duct, where it is mixed with the flue gas. Instrument air is usually used as a
flange purge gas. The purge flow depends on the conditions and is typically between 20 1/min and 50 I/min.

B.2.2.3 Validation cell

To verify the functionality of the DOAS measuring system, a validation procedure can be conducted regularly.
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One method for validation is to apply an external validation cell, which is permanently mounted in the
optical path between the pipe and the transmitter/receiver unit. An alternative method is to use a gas filled
cell with stable concentration.

During the validation procedure, the validation cell is flushed with test gas or gas filled validation cell is
temporarily moved into the optical path respectively.

The gas concentration required for both methods depends on the optical path length and validation cell, as
well as the measuring range. Typically test gas with a concentration equivalent to 70 % to 90 % of full span
is used.

B.2.2.4 Pressure and temperature sensor

Due to the in situ installation, varying gas pressures and gas temperatures in flue gas may have an effect
on the measurement signal. If the parameters exceed the maximum acceptable variations, pressure and/or
temperature readings can be applied to provide the relevant corrections for gas pressure or temperature to
the DOAS measuring system.

B.3 In situ point meaSuring systems

B.3.1 General

The in situ point measuring syStem<consists of a transceiver unit and a probe. The beam is typically
transmitted through a short path of sample gas stream and reflected by the mirror at the tip of the probe.
Figure B.2 shows a typical arrangementof.an in situ point measuring system.

=
i I6I->I U]

1 17 18

a) Filter type: Side view of the probe

© IS0 2024 - All rights reserved

22



vl

ISO 7935:2024(en)

10

11

12

Key

1  transceiver unit
2  probe

3  probe filters

4  probe flange

5  mirror

6

not required)

AT
|

16 17 18

b) Non-filter type: side view of the probe

pressure sensor (if the duct has constant conditions, itfis

7  temperature sensor (if the duct has constant conditions,it is

not required)
8  validation cell
9  span gas or zero gas

10
11
12
13
14
15

16

17
18

three-way valve

purge gas, span gas or zero gas
stack gas region

measurement cell or cavity
spectrometer

detector

electronics

computer
data

Figure B.2 — Example of an in situ DOAS measuring systém: Point monitor

B.3.2 Components of an in situ DOAS measuring system: Point moniter

B.3.2.1 Instrument transceiver

A transceiver is a device comprising both a transmitter and a receiver. The component of the instrument
sensing the response of the measurement cell and generate an electrical signal that corresponds to the

concentration of the gas being measured.

B.3.2.2 Measurement cell

A cell or cavity exposed to the gas stream, for the purpose of producing an electro-optical response to the

gas concentration at the end of the probe.

B.3.2.3 Probe filter

A porous ceramic or sintered metal tube or screen minimizes the interference of particulate matter with the
gas measurement. If little effect of particulate matter on the measurement is expected, it is possible to use a

non-filter probe.
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Annex C
(normative)

Operational gases

C.1 General

Several operational gases are required when using this document.

C.2 Zero gas

Zero gas shall not contain compounds which interfere with the measuring efficiency of the instruments.
For all analysers, pure nitrogen (5,0 grade, with the impurity of components to be measured less than the
analytical detection limit)gpurified ambient air or other mixtures of O, and N, shall be used.

The concentration of the species of interest within the zero gas shall not exceed 1,0 % of the measuring
range used.
C.3 Span gas

Span gas shall consist of SO, in pure nitrogen emair. It shall have a known concentration with a maximum
permissible expanded uncertainty of 2,0 % of its nominal value traceable to applicable standards. The span
gas concentration should be about 70 % to 90 %‘of the upper limit of the selected measuring range.

C.4 Reference gas

Reference gas shall consist of SO, in pure nitrogen or air. It shall have a known concentration with a
maximum permissible expanded uncertainty of 2,0 % of its neminalszalue traceable to applicable standards.
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Annex D
(normative)

Procedures for determination of the performance characteristics

D.1 General

Before any tests are being performed the warm-up time specified by the manufacturer shall be taken into
account. If the warm-up time is not specified, a minimum of two hours should be taken.

Before determining the performance characteristics of an AMS, the instrument shall be set up according to
the manufacturer’s requirements and according to the procedure detailed in 9.3.

During the test conditions_for each individual performance characteristic, the values of the following
parameters shall be constant'within the specified range stated below:

— surrounding temperaturg +2 °C;
— sampling pressure *0,2 kPa;
— supply voltage 1 % of the nominal linewoltage (except for the voltage dependence test).

For the determination of the various perfermance characteristics reference gases with a known uncertainty
of concentration shall be used.

NOTE Response time, repeatability at zero and at spaf level, lack-of-fit, cross-sensitivity, zero drift and span drift,
sensitivity to ambient temperature, sensitivity to electric voltage of in situ systems can be measured with an external
test cell.

D.2 Response time

In order to establish response time, lag time, rise time and fall time, a step function of the measurand shall be
input to the continuous automatic measuring system. Unless otherwisé specified in the terms of reference,
the step produced by the test facility shall have a rise time (betweén 10/% and 90 % of the step change)
less than 10 % of the averaging time to be applied during the tests. The'stép change of the test facility shall
correspond to at least 60 % of the measuring range (see Figure D.1). If wise time and fall time differ, the
longer one is to be taken for the computation of the response time.

For instruments where transient oscillations occur in approach to the final output signal, the final output
signal is considered as reached when the oscillations fall to within 10 % of the input step.

NOTE A significant difference between the rise time and the fall time indicates memory effects, i.e. dependence of
aresult of measurement on the values of the measurand during previous measurement(s).
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Figure D.1 — Illustration of the time characteristics of an automatéd measuring system;
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D.3 Repeatability at zero and at span level

D.3.1 General

To determine repeatability at zero and at span level, several measurements are conducted at zero and at a
span concentration according to the procedures in D.3.2 and in D.3.3. Standard deviation and repeatability

are calculated for both series of measurement (zero and span value) according to ISO 9169.

D.3.2 Standard deviation of repeatability in laboratory at zero point

The standard deviation of repeatability at zero point shall be determined by application of a reference
material at the zero point (zero gas). First adjust the zero point of the analyser. Then zero gas shall be applied

to the sample inlet.
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If the standard deviation of repeatability at zero point is determined during the lack-of-fit test, the reference
material at zero concentration applied during the test shall be used.

The measured values of the AMS at zero point shall be determined after application of the reference material
by waiting the time equivalent to one independent reading and then put in a zero gas or go back to flue gas
and then measure zero gas, at least 10 times.

The measured values obtained shall be used to determine the standard deviation of repeatability at zero

point using Formula (D.1):

g = | 2= (01)
n-1
where
S, is standard deviation of repeatability;
x;  isthe ith measured value;
X is the average gf'the'measured values x;;
n is the number of measurements.

The standard deviation of repedtability at zero point shall meet the performance criterion specified in
Table 1.

D.3.3 Standard deviation of repeatability.in laboratory at span point

The standard deviation of repeatability at span point shall be determined by application of a reference
material at the span point (span gas). The span ga§ shall be applied to the sample inlet. If the standard
deviation of repeatability at span point is determined duting the lack-of-fit test, the highest value of reference
material applied during the test shall be used.

The measured values of the AMS at span point shall be detepmined after application of the reference material
by waiting the time equivalent to one independent readingntake a_second reading and repeat this, until at
least 10 independent readings have been obtained on the span gas. The measured signals obtained shall be
used to determine the standard deviation of repeatability at spanwusing£ormula (D.1).

The standard deviation of repeatability at span point shall meet the/pérférmance criterion specified in
Table 1.

D.4 Lack-of-fit (linearity)

The lack-of-fit (linearity) shall be checked in the laboratory by applying zero gas and at least four test gases
with concentrations evenly distributed over the selected measuring range. The different gas concentrations
may be produced using a dilution system.

The test gases shall be applied in an order, which avoids hysteresis effects.

Measure the test gas at each concentration with their accepted value c; at least 3 consecutive measurements,
each averaged over at least one response time.

The residuals e; (lack-of-fit) shall be determined on the basis of a linear regression as described in ISO 9169.
In this test procedure, a regression line is established between the instrument readings of the AMS (x values)
and the test gas values (c values). In the next step, the average x; of AMS readings at each test gas level is
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calculated. Then the deviation (residual) of the average to the corresponding value, X;, estimated by the
regression line is calculated according to Formula (D.2):

e =%

- X (D.2)

The relative residuals, e, ..; , which is calculated by dividing e; by the upper limit of the lowest measuring
range used shall meet the performance criterion specified in Table 1. If the performance criterion is not met,

the instrument response shall be corrected until the performance criterion is met.

D.5 Zero drift and span drift for performance test

Zero and span drifts are estimated by applying atleast 10 sequences of zero and span level, evenly distributed
over a period of 24 h, and calculating for each concentration the slope of a linear regression, according to
[SO 9169.

The zero and span gases should be applied to the AMS at the beginning of the test and then reapplied during
the 24 h period as described above and should meet the performance criterion specified in Table 1.

D.6 Zero drift and span“drift for periodical test

Instrument adjustments with Zérofand span gases or with other reference materials shall be carried out at
least once in the period of unattended*operation. Tests for instruments for periodical measurements shall be
carried out at the beginning of each'measirement series.

The zero and span gas or other reference matetials shall be used under the same flow and pressure conditions
as for measurement conditions. For zero and span gas the sample port of the instrument or a procedure
according to the manufacturer's instructions'should be used. The deviations between the measured values
at the zero point and at the span point and the nominal values shall meet the performance criterion specified
in Table 1.

D.7 Sensitivity to ambient temperature, for a change of 20 K in the temperature
range specified by the manufacturer

Determine how the zero and span values of the AMS are influenced by changes in ambient temperature
by using a climatic chamber which can control ambient temperaturé front -20 °C to +50 °C, within limits
of +1,0 K.

In the case of AMS installed outdoors, the following temperatures shall be set in.the climatic chamber in the
given order of sequence:

20°C—>0°C—->-20°C—20°C—-50°C—- 20°C.
In the case of AMS installed at temperature-controlled locations, the following temperatures shall be set in
the given order of sequence:

20°C—>5°C—20°C—40°C—- 20°C.
After a sufficient equilibration period, the measured signals of the AMS at zero point and at span point shall

be determined at each temperature by waiting the time equivalent to one independent reading and then
recording three consecutive individual readings. The three individual readings shall be averaged.

Wait at least 6 h between each temperature change in the environmental chamber, to allow the AMS to
equilibrate, before taking further readings.
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Alternatively, it is recommended to monitor the reading from the AMS following each temperature change.
If the instrument stabilizes in less than six hours, then the test laboratory may reduce the equilibration
period. However, objective and verifiable evidence to support this will need to be recorded.

The AMS shall remain switched on when varying the ambient temperature in the environmental chamber.

The deviations between the average reading at each temperature and the average reading at 20 °C shall be
determined. The deviations shall meet the applicable performance criteria specified in Table 1 (Clause 7) for
all temperatures. The test shall be repeated three times at the zero point and three times at the span point.
[f the AMS meets the performance criterion by a factor of two or more for the first test, then any subsequent
repeats (of the three) may be omitted.

The individual readings, averages and deviations at each temperature as well as the maximum deviation at
zero point and at span point shall be reported.

D.8 Sensitivity to sample gas pressure, for a pressure change of 3 kPa

Determine the influence of variations in sample gas pressure on the response of the AMS. The sample shall
be nitrogen containing the sieasured component at a concentration of between 70 % and 80 % of the upper
limit of the lowest range.

NOTE The effect of sample gas pressure typically applies to in situ AMS, but not to extractive AMS, since the
sample gas is conditioned and typi€ally not subject to significant variations of temperature and pressure once within
the analyser.

For evaluation of the sensitivity to sample gas pressure of in situ AMS, usually a temperature-controlled
cell (in most cases with a standard length.of I optical path) is used, which is purged with zero or span gas
and the gas pressure of the cell can be modified with a connected pump.

Measure the output signal of the AMS when the"sample gas pressure is at

— the ambient atmospheric pressure;

— approximately 3 kPa above ambient atmospheric pressure, within limits of 0,2 kPa;
— approximately 3 kPa below ambient atmospheric pressure, within limits of 0,2 kPa.
During the measurement period the temperature shall be held stabletowithin 1 K.

The measured signals of the AMS shall be determined at each pressuresdbyswaiting the time equivalent to
one independent reading and then recording three consecutive individual readings. The three individual
readings shall be averaged.

The deviations between the average reading at each pressure and the average reading at the ambient
atmospheric pressure shall be determined. The deviations shall meet the applicable performance criteria
specified in Table 1.

The individual readings, averages and deviations at each pressure as well as the maximum deviation shall
be reported.

D.9 Influence of the sample gas flow for extractive AMS

The AMS shall initially be operated with the flow rate prescribed by the manufacturer. This flow rate shall
then be changed to the lowest flow rate specified by the manufacturer.

NOTE Influence of the sample gas flow typically applies to extractive AMS, since in situ AMS mostly are not
influenced by flow rate.

If the manufacturer’s documentation permits only minor tolerances these are binding and shall not be
extended.
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The measured signals of the AMS at the zero point and span point shall be determined at both flow rates by
waiting the time equivalent to one independent reading and then recording three consecutive individual
readings. The three individual readings shall be averaged.

The deviation between the average readings at both flow rates shall be determined. The deviation shall
meet the applicable performance criteria specified in Table 1.

This test shall be repeated three times at the zero point and three times at the span point. If the AMS meets
the performance criterion by a factor of two or more for the first test, then any subsequent repeats (of the
three) may be omitted.

The individual readings, averages and the deviations as well as the maximum deviation shall be reported.

The operation of any fault status signal with respect to flow shall be tested at this time.

D.10Sensitivity to electric voltage

The supply voltage to the AMS shall be varied, using an isolating transformer, in steps of 5 % from the
nominal supply voltage togat least the upper and the lower limits specified by the manufacturer. The
measured signals of the AMS at zero point and at span point shall be determined at each voltage by waiting
the time equivalent to one indépendent reading and then recording three consecutive individual readings.
The three individual readings shall be averaged.

After changes in voltage the AMS'cananeed time to stabilize. The deviations between the average reading at
each voltage and the average reading at thésnominal supply voltage shall be determined.

The deviations shall meet the applicable/performance criteria specified in Table 1 for all voltages. This
test shall be repeated three times at the zefo point and three times at the span point. If the AMS meets the
performance criterion by a factor of two or maerefor the first test, then any subsequent repeats (of the three)
may be omitted.

The individual readings, averages and deviations atveach{voltage as well as the maximum deviation at zero
point and at span point shall be reported.

D.11Cross-sensitivity

The influence of potentially interfering substances also present=ifi the flue gas shall be determined by
admitting test gas mixtures to the input of the complete AMS (upstreamyof the test gas conditioner, where
present). The gas mixtures shall be produced with a mixing system in Which an interferent is added to the
gases for zero point and span point. The mixing system shall be compliant'with national standards and shall
have a maximum expanded uncertainty of 1 %. Reference materials (e.g. gases)/shall be traceable to national
standards and shall have an expanded uncertainty no greater than 2 %.

Interferents and their concentrations are defined in relation to the measuring principle and the intended
measurement objective. The interferents listed in Table D.1 shall be examined. The interferents shall be
admitted individually.

Test gas without interferent and then with the interferent shall be applied. The measured signals of the AMS
shall be determined for each test gas by waiting the time equivalent to one independent reading and then
recording three consecutive individual readings. The three individual readings shall be averaged.

The deviations between the average reading with and without the interferent present at the zero point and
span point shall be determined for each interferent.

All positive deviations above 0,5 % of the span gas concentration shall be summed and all negative deviations
below -0,5 % of the span gas concentration shall be summed at both the zero point and span point. The
maximum of the absolute values of the four summations shall meet the performance criteria specified in
Table 1.
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The individual readings, averages and deviations at zero point and span point and for all interferents as well
as the maximum deviation shall be reported.

Table D.1 — Concentrations of interferents used during cross-sensitivity tests

Mass or volume concentration
Interferent .
Value Unit
0, 32and 21 %
H,0 30 %
Co 300 mg/m3
Co, 15 %
CH, 50 mg,/m3
N,0 20 mg/m3
(fluidisedN-zb(;d firing) 100 mg/m3
NH; 20 mg/m3
NO 300 mg/m3
NOg 30 mg/m3
HCI 50 mg/m3
(coal-fired pli(\:/\l/er stagions) 200 mg/m?
a  Atestwith 3 % oxygen concentration is used instead of a test without interferent.

D.12 Check of losses in the samplingline and conditioning system

The losses in the sampling line and conditioning system shall be checked by supplying zero gas and span
gas to the analyser through the sampling system, as=Close ‘as possible to the nozzle (in front of the filter if
possible) and secondly direct to the analyser. The test'gas,sheuld have an SO, concentration of about 70 %
to 80 % of the measuring range. Possible impurities in the entiré'system may lead to memory effects due to
adsorption or desorption to or from the surfaces. The system shall meet the performance criteria specified
in Table 1.

D.13 Check of leakage in the sampling line and conditioning system

The sampling system shall be checked for leaks. The procedure of leak testis as/follows:

— assemble the complete sampling system, including charging the filter housing and absorbers;
— allow the sample system to warm up to its operating temperature;

— seal the nozzle inlet;

— close the nozzle and switch on the pump(s);

— after reaching minimum pressure, observe whether the flow meter stays near zero or not.

D.14 Excursion of measurement beam of cross-stack in situ AMS

Gradually and precisely deflect the transmitter and then receiver assemblies of the AMS in the horizontal and
vertical planes in a series of separate tests, and then record the measured signals using reference materials.

NOTE1 This test typically applies to cross-stack in situ optical techniques. The test also applies to extractive AMS

with separate transmitter and receiver assemblies. Extractive systems using an in situ analyser are securely mounted
to an optical bench or rig and hence not subject to this.
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NOTE 2  This testing requires calibration standards (e.g. reference filters) and an optical bench.

NOTE 3  Typically the experimental path length for this test can be from 1 m up to 5 m at least, although the test is
performed at the maximum path length practical.

Deflections shall be carried out for both the position of the zero point and as well as for that of a span point
for approximately 70 % to 90 % of the output range over two typical measurement path lengths. Initially
one deflects the transmitter and records the data. Then resets its position and then one deflects the receiver
and records the variation. These processes are repeated.

The range of deflection shall be equal to at least twice the angle specified by the manufacturer. It should also
be tested as far as the deflection limit permitted by the assemblies, if necessary, in larger increments.

The efficiency of any manual optical adjustment facilities shall be examined at least in qualitative terms.
Automatic adjustment processes shall be activated and included in the test.

The measured signals obtained for the various test steps shall be included in tabular form in the test report.
These measured signals shall be paired up with the deflection angles.

The maximum permissible deflection angles shall be stated within which the AMS satisfies the performance
criterion. In the case of automatically aligning AMS, the manner of operation shall be described and verified
by means of test results.
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Annex E
(informative)

Examples of the results for the assessment of SO, AMS — SO,
measurement

The results of performance tests according to performance characteristics of Annex D for the SO,
measurement using cold-dry or hot-wet extractive methods (NDIR, NDUV, TLS, and FTIR) and in situ
methods (NDIR, NDUV and DOAS) are given in Tables E.1 to E.5.

NOTE1 Mostof the data listed in the Tables E.1 to E.5 are referred to the results of the performance tests.
NOTE 2  Data from performance tests on analysers based UVF were not available at the time of elaboration of this
document.

Table E.1 — Examples of performance test results for SO, measurement by using cold-dry extractive

NDIR methods
Cold extractive
Performance characteristic Perfopmance criterion NDIR-1 NDIR-2 NDIR-3
(cross-modula- (Double (GFC)
tion) beam)
Typical lowest range 75 mg/m3 100 mg/m3 75 mg/m3
Response time <200's 117 s 141s 191s
Standard deviation of repeata- | <2 % of the upper limit of the low- 0,1% 0,54 % 0,0 %
bility at zero point est measuring rangedised
Standard deviation of repeata- | <2 % of the upper limit of the low# 0,2% 1,6 % 0,0 %
bility at span point est measuring range used
Lack-of-fit <2 % of the upper limit of the low- 0,8 % 0,88 % 0,62 %
est measuring range used
Zero drift within the period of | <3 % of the upper limit of the low- =1,44 % 1,7 % 0,37 %
unattended operation est measuring range used
Span drift within the period of | <3 % of the upper limit of the low- 1,81% 2,1% 2,4%
unattended operation est measuring range used
Sensitivity to ambient tempera- | <5 % of the upper limit of the low- -2,0% 2,2% 2,0%
ture, for a change of 20 K in the est measuring range used
temperature range specified by
the manufacturer
Sensitivity to sample gas pres- | <2 % of the upper limit of the low-
sure, for a pressure change of est measuring range used — —
3 kPa
Sensitivity to sample gas flow | <2 % of the upper limit of the low- 0,1 % 0,80 % -0,98 %
for extractive AMS est measuring range used
Sensitivity to electric voltage in | <2 % of the upper limit of the low- -1,0 % 0,67 % 0,16 %
the range -15 % below or +10 % est measuring range used
above from the nominal voltage
stated by the manufacturer
Cross-sensitivity <4 % of the upper limit of the low- 3,73% 3,3% 1,2%
est measuring range used
Excursion of the measurement | <2 % of the measured value of the L .
beam of cross-stack in situ AMS| lowest measuring range used
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Table E.2 — Examples of performance test results for SO, measurement by using cold-dry extractive
NDUV and low pressure-wet TLS methods

L. L. Cold-dry Low pressure-wet
Performance characteristic Performance criterion
NDUV TLS
Typical lowest range 75 mg/m3 78 mg/m3
Response time <200s 158s 22s
Standard deviation of repeata- | <2 % of the upper limit of the low- 0,13 % 0,0 %
bility at zero point est measuring range used
Standard deviation of repeata- | <2 % of the upper limit of the low- 0,26 % 0,2%
bility at span point est measuring range used
Lack-of-fit <2 % of the upper limit of the low- -0,47 % -0,97 %
est measuring range used
Zero drift within the period of | <3 % of the upper limit of the low- 19% 0,7 %
unattended operation est measuring range used
Span drift within the period of | <3 % of the upper limit of the low- 19% 2,4%
unattended operation est measuring range used
Sensitivity to ambient tempera- } <5 % of the upper limit of the low- -3,38% -1,7%
ture, for a change of 20 K in the est measuring range used
temperature range specified by
the manufacturer
Sensitivity to sample gas pres- | <2 %of the upper limit of the low-
sure, for a pressure change of est measuring range used — —
3 kPa
Sensitivity to sample gas flow | <2 % of the upperlimit of the low- -0,50 % -1,0%
for extractive AMS est measuring range used
Sensitivity to electric voltage in | <2 % of the uppef limit/6f the low- -0,50 % 0,8%
the range -15 % below or +10 % est measuring range used
above from the nominal voltage
stated by the manufacturer
Cross-sensitivity <4 % of the upper limit of the low- -3,08 % -1,67 %
est measuring range used
Excursion of the measurement | <2 % of the measured value of the o -
beam of cross-stack in situ AMS lowest measuring range used

Table E.3 — Examples of performance test results for SO, measurement by using hot-wet extractive

FTIR methods
Lo . Hot-wet extractive
Performance characteristic Performance criterion
Typical lowest range FTIR-1 FTIR-2
75 mg/m3 75 mg/m3
Response time <200s 120 s 186s
Standard deviation of repeata- | <2 % of the upper limit of the low- 0,0 % 0,1 %
bility at zero point est measuring range used
Standard deviation of repeata- | <2 % of the upper limit of the low- 0,1% 0,5%
bility at span point est measuring range used
Lack-of-fit <2 % of the upper limit of the low- 0,4 % 0,48 %
est measuring range used
Zero drift within the period of | <3 % of the upper limit of the low- 1,9 % -0,8%
unattended operation est measuring range used
Span drift within the period of | <3 % of the upper limit of the low- 1,9 % 2,3%
unattended operation est measuring range used
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Table E.3 (continued)

Performance characteristic

Performance criterion

Hot-wet extractive

FTIR
Sensitivity to ambient tempera- | <5 % of the upper limit of the low- 0,3% 1,2 %
ture, for a change of 20 K in the est measuring range used
temperature range specified by
the manufacturer
Sensitivity to sample gas pres- | <2 % of the upper limit of the low-
sure, for a pressure change of est measuring range used
3 kPa
Sensitivity to sample gas flow | <2 % of the upper limit of the low- 0,5% -1,5%
for extractive AMS est measuring range used
Sensitivity to electric voltage in | <2 % of the upper limit of the low- 1,8 % 0,3%
the range -15 % below or +10 % est measuring range used
above from the nominal voltage
stated by the manufacturer
Cross-sensitivity <4 % of the upper limit of the low- 2,6 % 3,88 %

est measuring range used

Excursion of the measurement
beam of cross-stack in situ AMS

<2 % of the measured value of the
lowest measuring range used

Table E.4 — Examples of performance test results for SO, measurement by using in situ methods (IR

and UV)
In situ
Performance characteristic Performance criterion IR uv
Probe Cross duct
Typical lowest range Ca.300 mg/m3 75 mg/m3
Response time <200s 186 s 180 s
Standard deviation of repeata- |<2 % of the upper limit of the'lowest 0,4 % 0,1%
bility at zero point measuring range used
Standard deviation of repeata- <2 % of the upper limit of the lowest 0,3% 0,1 %
bility at span point measuring range used
Lack-of-fit <2 % of the upper limit of the lowest 0,4 % 0,63 %
measuring range used
Zero drift within the period of |<3 % of the upper limit of the lowest 3,0 % 0,3%
unattended operation measuring range used
Span drift within the period of |<3 % of the upper limit of the lowest 3,0% 2,0%
unattended operation measuring range used
Sensitivity to ambient tempera- | <5 % of the upper limit of the lowest 3,8% 0,50 %
ture, for a change of 20 K in the measuring range used
temperature range specified by
the manufacturer
Sensitivity to sample gas pres- |<2 % of the upper limit of the lowest 0,71 % -0,49 %
sure, for a pressure change of measuring range used
3 kPa
Sensitivity to sample gas flow |<2 % of the upper limit of the lowest - .
for extractive AMS measuring range used
Sensitivity to electric voltage in | <2 % of the upper limit of the lowest 1,0 % 0,20 %

the range -15 % below or +10 %
above from the nominal voltage
stated by the manufacturer

measuring range used
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Table E.4 (continued)

In situ
Performance characteristic Performance criterion IR uv
Probe Cross duct
Influence of vibration <2 % of the upper limit of the lowest 1,8 % -09%

measuring range used

Cross-sensitivity <4 % of the upper limit of the lowest -34% -1,96 %
measuring range used

Excursion of the measurement | <2 % of the measured value of the -1,0 % -0,64 %

beam of cross-stack in situ AMS

lowest measuring range used

Table E.5 — Examples of performance test results for SO, measurement by using in situ methods

(DOAS)
In situ
Performance characteristic Performance criterion DOAS DOAS
cross stack point monitor
Typical lowest range DOAS-1 DOAS-2
75 mg/m3 75 mg/m3
Response time <200s 38s 38s
Standard deviation of repeata- |<2 % of the upper limit of the lowest 0,26 % 0,38 %
bility at zero point measuring range used
Standard deviation of repeata- <2 % of the upper limit of the lowest 0,41 % 1,11 %
bility at span point measuring’fange used
Lack-of-fit <2 % of the upper limit of the lowest 0,6 % 0,8 %
measuring range‘used
Zero drift within the period of |<3 % of the upper limit of the lowest 0,6 % 1,4 %
unattended operation measuring range used
Span drift within the period of |<3 % of the upper limit of the lowest -1,8 % -1,9 %
unattended operation measuring range used
Sensitivity to ambient tempera- | <5 % of the upper limit of the lowest 0,6 % 0,5%
ture, for a change of 20 K in the measuring range used
temperature range specified by
the manufacturer
Sensitivity to sample gas pres- |<2 % of the upper limit of the lowest 0/8 % 0,8 %
sure, for a pressure change of measuring range used
3 kPa
Sensitivity to sample gas flow |<2 % of the upper limit of the lowest - .
for extractive AMS measuring range used
Sensitivity to electric voltage in | <2 % of the upper limit of the lowest 0,7 % 0,7 %
the range -15 % below or +10 % measuring range used
above from the nominal voltage
stated by the manufacturer
Influence of vibration <2 % of the upper limit of the lowest -0,9 % 0,4 %
measuring range used
Cross-sensitivity <4 % of the upper limit of the lowest 3,6 % -34%
measuring range used
Excursion of the measurement | <2 % of the measured value of the 1,7 %

beam of cross-stack in situ AMS

lowest measuring range used
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Annex F

(informative)

Calculation of uncertainty of measurement of SO,

F.1 General

The model formulae in this annex, as well as calculations of partial uncertainties are related to the values
measured by the analyser and expressed in mg/m3 (SO,). Explanation and calculation procedures for the
standard uncertainty associated with measurement are given in ISO 20988!2l.

F.2 Results of uncertainty calculation

The quantification of the ipact of selected performance characteristics as partial standard uncertainty is
calculated in accordance 'with JS@, 14956.

Combined standard uncertainty (u(ysoz )) and expanded uncertainty (U( ¥s0, )) are calculated as follows:

2

_ 2 2 2 2 2 2 2 2
u(Q/SOZ )_\/ur,O +ur,s + Ujpf +ud,0 +ud,s +uinf,T +uinf,p +uinf,f +uinf,V +u

U(ysoz ):k-u(j/soz ):1’9611(?/502 )

k: coverage factor (= 1,96)

2

i,nS0

+Unp

(F.1)

(F.2)

Table F.1 — Examples of performance test results for§05 measurement by using cold-dry extractive

NDIR methods
Partial Cold extractive
Performance characteristic standa_rd NDIR-1 NDIR-2 NDIR-3
uncertainty
Typical lowest range 75 mg/m3 100'mg/m3 75 mg/m3
Standard deviation of repeata- Upo 0,1%x75=0,08 0,54 %%100=0,54 0,0%x75=0,0
bility at zero point
Standard deviation of repeata- Uy 0,2%x75=0,15 1,6%x100=1,6 0,0%x75=0,0
bility at span point
Lack-of-fit u 0 0 0
lof 0,8 A)x75:0'35 0,88 A)><100:0’51 0,62 A)X75:0’27
3 3 3
Zero drift within the pe_riod of Ug, -1,44 %x75 062 1,7 %x100 ~0.93 0,37 %x75 ~016
unattended operation NG ’ N ’ NG ’
Span drift within the period of Ug s 1,81%x75 —078 2,1%x100 12 2,4%x75 —10
unattended operation NG ’ N ’ NG ’
Sensitivity to ambient temper- UineT -2,0%x75 —087 2,2%x100 ~13 2,0%x75 —087
tzilture, for a change of 20 K in NG ’ NG ’ NG ’
e temperature range speci-
fied by the manufacturer
Sensitivity to sample gas pres- Uing p

sure, for a pressure change of
3 kPa
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Table F.1 (continued)
Partial Cold extractive
Performance characteristic ursltcaerll'(ti:il;g: NDIR-1 NDIR-2 NDIR-3
y
Sensitivity to sample gas flow Uingf 0,10%x75 0,8%x100 —-0,98 % %75
. ' /" "=-0,04 ——F=0,46 | ————=0,42
for extractive AMS NG N N
Sensitivity to electric voltage Uinfy -1,0%x75 0,67 %x100 0,16 %x75
in the range -15 % below or NE] =-0,43 NE] =0,39 NE] =0,07
+10 % above from the nominal
voltage stated by the manufac-
turer
Cross-sensitivit 0 0 0
y Uso, 3,73 /OX75=1,6 3,3 /0X100=1,9 1,2 /0><75:0’52
\3 3 3
Excursion of the measurement Umnb
beam of cross-stack in situ — — —
AMS

F2.1 NDIR type AMS

F2.1.1 NDIR-1

The combined uncertainty, u()/soz ) is“calculated using Formula (F.1) and the value of each partial standard

uncertainty listed in third column of Table Fil for NDIR-1 as an example:

u(7so, ):\/0,082 +0,15% +0,352 +0,62? +0,78% +0,87% +0,04% +0,43% +1,6°

=4/3,71 =19 mg/m3

The expanded uncertainty (U( 7s0, )) is thus calculated as1,96x1,9 = 3,7 mg/m3 (5,0 % of the range).

F.2.1.2 NDIR-2

Based on the data listed in the fourth column of Table F.1 for NDIR-2/ the, combined uncertainty at upper
limit of the lowest measuring range of 100 mg/m3 is estimated 3,35 mg/m®.

The expanded uncertainty (U( 750, )) is thus calculated as 6,6 mg/m3 (6,6 % of the range).

F.2.1.3 NDIR-3

Based on the data listed in the fifth column of Table F.1 for NDIR-3, the combined uncertainty at upper limit
of the lowest measuring range of 75 mg/m3 is estimated 1,54 mg/m3.

The expanded uncertainty (U( ¥s0, )) is thus calculated as 2,9 mg/m3 (3,9 % of the range).
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NDUV and dilution-dry TLS methods

beam of cross-stack in situ AMS

I Partial standard Cold-dry Low pressure-wet
Performance characteristic uncertainty NDUV TLS
Typical lowest range 75 mg/m3 78 mg/m3
Standard deviation of repeatability Up, 0,13%x75=0,10 0,0%x78=0,0
at zero point
Standard deviation of repeatability Uy 0,26 %x75=0,20 0,2%x78=0,16
at span point
Lack-of-fit u - 0 — 9
lof 0,4?/_/o><75:_0’20 0,9?/_/0)(78:_0'44
3 3
Zero drift within the period of Ugo 1,9%x75 082 0,7%x78 _ 0.32
unattended operation N = NG =
Span drift within the period of Ug s 1,9%x75 2,4%x78
unattended operation N =0,82 NG =11
Sensitivity to ambient temperas UingT -3,38%x75 _ -1,7%Xx78 _
ture, for a change of 20 K'in the NG =1,47 NG ==0,77
temperature range specified by
the manufacturer
Sensitivity to sample gas pressure, Uing p o o
for a pressure change of 3 kPa
Sensitivity to sample gas flow for Uingf -0,50%x75 _ -1,0%x78 _ 5
extractive AMS NG =-0,22 NG =-0,4
Sensitivity to electric voltage in Uiny -0,5%x75 0,8%x78
the range -15 % below or +10 % 5 =-0,22 5 =0,36
above from the nominal voltage
stated by the manufacturer
Cross-sensitivit — 0 - 0
y U so, 3,02\3/@><75=_1,3 1,6?/_A)><78=_0’75
3 3
Excursion of the measurement Upnb

F.2.2 NDUYV type and TLS type AMSs

F2.2.1 NDUV type AMS

Based on the data listed in the third column of Table F.2 for NDUV-, the combined uncertainty at upper limit

of the lowest measuring range of 75 mg/m3 is estimated 2,30 mg/m3.

The expanded uncertainty (U( ¥s0, )) is thus calculated as 4,5 mg/m3 (6,0 % of the range).

F2.2.2 TLS type AMS

Based on the data listed in the fourth column of Table F.2 for TLS, the combined uncertainty at upper limit of

the lowest measuring range of 78,0 mg/m3 is estimated 1,74 mg/m3.

The expanded uncertainty (U( ¥s0, )) is thus calculated as 3,41 mg/m3 (4,3 % of the range).
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Table F.3 — Examples of performance test results for SO, measurement by using hot-wet extractive

FTIR methods
Partial Hot-wet extractive
Performance characteristic standard FTIR
uncertainty
Typical lowest range FTIR-1 FTIR-2
75 mg/m3 75 mg/m3
Standard deviation of repeatability at U, 0,0%x75=0,0 0,1%x75=0,08
zero point
Standard deviation of repeatability at Uy 0,1%x75=0,08 0,5%x75=0,38
span point
Lack-of-fit u —0,49 — 0
lof 0,4 /0><75=_0,17 0,48 A)x75=_0’21
V3 V3
Zero drift within the period of unat- Uy, 1,9%x75 -0,8%x75
tended operation ' =0,82 =0,35
V3 V3
Span drift within the period_ ef unat- Ugs 1,9%x75 2,3%x75
tended operation ' =0,82 =10
V3 \3
Sensitivity to ambient temperature, UinfT 0,3%x75 1,2%x75
for a change of 20 K in the temperature N =0,13 NE] =0,52
range specified by the manufacturefr
Sensitivity to sample gas pressure, for Uinf p . .
a pressure change of 3 kPa
Sensitivity to sample gas flow for ex- Ui 0,50 %x75 0.22 -1,5%x%x75 0.65
tractive AMS NG ’ NG ’
Sensitivity to electric voltage in the Uinfy 1,8%x75 0,3%x75
range -15 % below or +10 % above N =0,78 NE] =0,13
from the nominal voltage stated by the
manufacturer
Cross-sensitivit 0 0
y U o, 2,6 A)><75=1’1 3,88 A)x75=1’7
V3 V3
Excursion of the measurement beam of U, & o
cross-stack in situ AMS

F2.3 FTIR type AMS

F2.3.1 FTIR-1

Based on the data listed in the third column of Table F.3 for FTIR-1, the combined uncertainty at upper limit
of the lowest measuring range of 75 mg/m3 is estimated 1,8 mg/m3.

The expanded uncertainty (U( 7s0, )) is thus calculated as 3,5 mg/m3 (4,7 % of the range).

F.2.3.2 FTIR-2

Based on the data listed in the fourth column of Table F.3 for FTIR-2, the combined uncertainty at upper limit
of the lowest measuring range of 75 mg/m3 is estimated 2,2 mg/m3.

The expanded uncertainty (U( ¥s0, )) is thus calculated as 4,4 mg/m3 (5,8 % of the range).
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Table F.4 — Examples of performance test results for SO, measurement by using in situ methods (IR

and UV)
Partial In situ
Performance characteristic standard
uncertainty IR probe UV cross duct
Typical lowest range Ca. 300 mg/m3 75 mg/m3
Standard deviation of repeatability at U, 0,4%x%x300=1,2 0,1%x75=0,08
Zero point
Standard deviation of repeatability at Ups 0,3%x300=0,9 0,1%x75=0,08
span point
Lack-of-fit u 0 9
lof 0,4 /0X300=0,69 0,63 /o><75=0’27
V3 V3
Zero drift within the period of unat- Ug o 3,0%x300 0,3%x75
tended operation 3 =52 NE] =0,13
Span drift within the period of unat- Ug s 3,0%x300 _ 5 9 2,0%x75 _ 087
tended operation 3 ’ NG ’
Sensitivity to ambient temperature, UinfT 3,8% %300 0,5%x75
for a change of 20 K in the temperature 3 =6,6 NG =0,22
range specified by the manufacturer
Sensitivity to sample gas pressure, fora Uinf p 0,7 %x300 _ 12 0,49 %x75 —021
pressure change of 3 kPa 3 ’ NS ’
Sensitivity to sample gas flow for ex- Uin s . .
tractive AMS
Sensitivity to electric voltage in the Ui v 1,0% %300 0,20%x75
range -15 % below or +10 % above from NE] =17 NG =0,09
the nominal voltage stated by the man-
ufacturer
Influence of vibration Uyib 1,8% %300 _31 0,9%x75 ~0.39
3 ' 3 '
Cross-sensitivity U, 5 -394 % %300 59 -1,96 %x%x75 085
1, 2 —_— ) -—_— »
A Na
Excursion of the measurement beam of Upb -1,0%x300 —0,64 %x75
cross-stack in situ AMS NE] =17 NE] =-0,28

F.2.4 In situ AMS

F.2.4.1 IR probe type

Based on the data listed in the third column of Table F.4 for IR, the combined uncertainty at upper limit of
the lowest measuring range of 300 mg/m3 is estimated 12,3 mg/m3.

The expanded uncertainty (U( 7s0, )) is thus calculated as 24,1 mg/m3 (8,8 % of the range).

F.2.4.2 UV cross duct type

Based on the data listed in the fourth column of Table F.4 for UV, the combined uncertainty at upper limit of
the lowest measuring range of 75 mg/m3 is estimated 1,35 mg/m3.

The expanded uncertainty (U( ¥s0, )) is thus calculated as 2,6 mg/m3 (3,5 % of the range).
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Table F.5 — Examples of performance test results for SO, measurement by using in situ methods
(DOAS)

Performance characteristic

Partial standard

uncertainty DOAS cross stack DOAS point monitor
Typical lowest range 75 mg/m3 75 mg/m3
Standard deviation of repeatability Up.o 0,26 %x75=0,20 0,38%x75=0,29
at zero point
Standard deviation of repeatability Upg 0,41%x75=0,31 1,11%x75=0,83
at span point
Lack-of-fit u 0 9
lof 0,6 /o><75:0,26 0,8 /0><75:0,35
3 3
Zero drift within the period of unat- Ugo 0,6%x75 026 1,4%x75 061
tended operation NG ’ NG ’
Span drift within the period of unat- Ug s -1,8%x75 _ 078 -1,9%x75 082
tended operation NG ’ NG ’
Sensitivity to ambient tempeérature, Uine T 0,6 %x%x75 0,5%x75
for a change of 20 K in the temperas NE] =0,26 NE] =0,22
ture range specified by the manufac-
turer
Sensitivity to sample gas pressure; Uinf p 0,8%x75 ~035 0,8%x75 035
for a pressure change of 3 kPa NG ’ NG ’
Sensitivity to sample gas flow for Ujnf 5 . .
extractive AMS
Sensitivity to electric voltage in the Uing 0,7 %x75 0,7%x%75
range -15 % below or +10 % above N =0,30 N =0,30
from the nominal voltage stated by
the manufacturer
Influence of vibration Uy =0,9% 9
vib 0,9 /o><75=_0’39 0,4 A)x75=0'17
B 3
Cross-sensitivit 0 -3,40
y U o, 3,6 /o><75:1’56 3,4 /0><75=_1,47
5 N
Excursion of the measurement beam Umnb 1,7 %x75
of cross-stack in situ AMS T =074 -

F.2.5 In situ DOAS AMS

F.2.5.1 DOAS-cross stack type

Based on the data listed in the third column of Table E.5 for DOAS cross stack, the combined uncertainty at
upper limit of the lowest measuring range of 75 mg/m3 is estimated 2,1 mg/m3 (2,8 % of the range).

The expanded uncertainty (U( ¥s0, )) is thus calculated as 3,7 mg/m3 (5,3 % of the range).

F.2.5.2 DOAS-point monitor type

Based on the data listed in the fourth column of Table E.5 for DOAS point monitor, the combined uncertainty
at upper limit of the lowest measuring range of 75 mg/m3 is estimated 4,1 mg/m3 (5,5 % of the range).

The expanded uncertainty (U( 7s0, )) is thus calculated as 3,4 mg/m3 (4,8 % of the range).
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