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1.0  OVERVIEW

1.1  PURPOSE OF CAM

Compliance assurance monitoring (CAM) is intended to provide a reasonable assurance

of compliance with applicable requirements under the Clean Air Act (CAA) for large emission

units that rely on pollution control device equipment to achieve compliance.  Monitoring is

conducted to determine that control measures, once installed or otherwise employed, are properly

operated and maintained so that they continue to achieve a level of control that complies with

applicable requirements.  The CAM approach establishes monitoring for the purpose of: 

(1) documenting continued operation of the control measures within ranges of specified

indicators of performance (such as emissions, control device parameters, and process parameters)

that are designed to provide a reasonable assurance of compliance with applicable requirements;

(2) indicating any excursions from these ranges; and (3) responding to the data so that the cause

or causes of the excursions are corrected. 
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1.2  CAM PROCESS

This section provides an overview of the process of implementing CAM.  The overall

process can be represented by four major steps:  (1) CAM applicability determination, (2) CAM

submittal, (3) review and approval of CAM submittal, and (4) CAM implementation.  The

following paragraphs describe each of these four major steps of the CAM process in more detail. 

Figure 1-1 presents a flow diagram for this process.  The important steps and decision blocks in

these figures are labeled with a number enclosed in brackets (e.g., [23]) that is cross-referenced

to the description of the CAM process that follows.

1.2.1  Applicability Determination

The first major step in the CAM process is the determination of the applicability of

CAM [1] to each pollutant-specific emissions unit (hereafter referred to as “emissions unit,” or

simply “unit”).  Section 64.2 of the CAM rule specifies the criteria for making this determina-

tion, and Table 1-1 summarizes the applicability requirements for Part 64.  If the unit satisfies all

of the applicability requirements listed in Table 1-1, the unit is subject to CAM.  Otherwise,

Part 64 does not apply to the emissions unit.  Essentially, for a unit to be subject to Part 64, the

unit must:  be located at a major source for which a Part 70 or 71 permit is required; be subject to

an emission limitation or standard; use a control device to achieve compliance; have potential

precontrol emissions of at least 100 percent of the major source amount; and must not otherwise

be exempt from CAM.  If the unit does not meet all of these requirements, the unit is not subject

to CAM [2].  It should be emphasized that the applicability determination is made on a pollutant-

by-pollutant basis for each emissions unit.  

The term “emission limit or standard” is defined in § 64.1 to mean any applicable

requirement that constitutes an emission limitation, emission standard, standard of performance,

or means of emission limitation as defined under the Act.  Part 64 states that the term “applicable

requirement,” shall have the same meaning as provided under Part 70.  Therefore, Part 64

establishes that only those emission limitations or standards that are applicable requirements as

defined in Part 70 and included as Federally enforceable permit conditions in a Part 70 permit are

subject to the requirements of Part 64.  Additional language in the Part 64 definition of “emission

limitation or standard” clarifies that, for the purposes of Part 64, the definition of “emission

limitation or standard” does not include general operation requirements that an owner or operator

may be required to meet, such as requirements to obtain a permit, to operate and maintain

sources in accordance with good air pollution control practices, to develop and maintain a

malfunction abatement plan, or to conduct monitoring, submit reports or keep records.  The

complete definition of a major source is provided in Figure 1-2.
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     Unit = pollutant-specific emissions unit
     O/O = owner or operator of a  pollutant-specific emissions unit
Agency = permitting authority 

CAM rule
promulgated

O/O identifies
emissions unit

Is CAM
applicable

to unit?

CAM rule
NOT APPLICABLE

O/O prepares CAM
submittal 

[64.4]

O/O determines
submittal deadline

[64.5)]

O/O submits permit
application/revision/
renewal to Agency

[64.5]

Agency reviews
CAM submittal

Is CAM
submittal

adequate?

[ 2 ]

[ 4 ]

[ 5 ]

[ 6 ]

[ 7 ]

[ 8 ]

O/O provides
revised CAM

submittal (70.5(b))

[ 10 ]

NO

YES

NO

Agency notifies O/O

O/O revises CAM
submittal (70.5(b))

[ 9 ]

A
YES(Continued on following 

page)

B

(from following page)

[ 3 ]

[ 1 ]

Figure 1-1.  Flow diagram for CAM process.
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(Continued from previous page)

A
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conditions for CAM
[64.3(b)(2),(3)]

[ 11 ]

[ 12 ]

Is
installation,
testing, or
verification
required?

Agency approves application
and issues permit with schedule 

for implementing monitoring
[64.6(b)]

Agency approves application
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[64.6(a)]

O/O implements CAM
[64.7]

O/O reviews monitoring
data/other information

[64.7(c)]

[ 13 ] [ 14 ]

[ 15 ]

[ 17 ]

YES

NO

O/O maintains monitoring 
records
[64.9]
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Must 
monitoring be 
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[ 20 ]

O/O notifies 
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[64.7(e)]

[ 21 ]

B

(see previous page)
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[ 18 ]
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corrective action

[64.7(d)]

[ 19 ]
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required?

[ 22 ]
YES
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[ 24 ]
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O/O revises QIP
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[ 25 ]
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certification,

monitoring reports
[70.6(a)(3), 64.9]

[ 27 ]
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[64.8(a)]

[ 23 ]
NO

YES

NO
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     Unit = pollutant-specific emissions unit
     O/O = owner or operator of a 

pollutant-specific emissions unit
Agency = permitting authority 

Figure 1-1.  (continued)
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TABLE 1-1.  APPLICABILITY REQUIREMENTS FOR CAM

Part 64 reference Requirement

§  64.2(a) Unit is located at major source that is required to obtain Part 70 or 71
permit

§  64.2(a)(1) Unit is subject to emission limitation or standard for the applicable
pollutant

§  64.2(a)(2) Unit uses a control device to achieve compliance  (See § 64.1 for
definition of control device.)

§  64.2(a)(3) Potential precontrol emissions of applicable pollutant from unit are at
least 100 percent of major source amount

§  64.2(a)(b) Unit is not otherwise exempt (See Table 1-2 for list of specific
exemptions.)
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Major source means any stationary source (or any group of stationary sources that are located on one
or more contiguous or adjacent properties, and are under common control of the same person (or persons
under common control) belonging to a single major industrial grouping and that are described in
paragraph (1), (2), or (3) of this definition.  For the purposes of defining “major source,” a stationary source
or group of stationary sources shall be considered part of a single industrial grouping if all of the pollutant
emitting activities at such source or group of sources on contiguous or adjacent properties belong to the same
Major Group (i.e., all have the same two-digit code) as described in the Standard Industrial Classification
Manual, 1987.

(1) A major source under Section 112 of the Act, which is defined as:

(I) For pollutants other than radionuclides, any stationary source or group of stationary sources
located within a contiguous area and under common control that emits or has the potential to emit, in the
aggregate, 10 tons per year (tons/yr) or more of any hazardous air pollutant which has been listed pursuant to
Section 112(b) of the Act, 25 tons/yr or more of any combination of such hazardous air pollutants, or such
lesser quantity as the Administrator may establish by rule.  Notwithstanding the preceding sentence, emissions
from any oil or gas exploration or production well (with its associated equipment) and emissions from any
pipeline compressor or pump station shall not be aggregated with emissions from other similar units, whether
or not such units are in a contiguous area or under common control, to determine whether such units or
stations are major sources; or

(ii) For radionuclides, “major source” shall have the meaning specified by the Administrator by rule.

(2) A major stationary source of air pollutants, as defined in Section 302 of the Act, that directly
emits or has the potential to emit, 100 tons/yr or more of any air pollutant (including any major source of
fugitive emissions of any such pollutant, as determined by rule by the Administrator).  The fugitive emissions
of a stationary source shall not be considered in determining whether it is a major stationary source for the
purposes of Section 302(j) of the Act, unless the source belongs to one of the following categories of
stationary source:

(I) Coal cleaning plants (with thermal dryers);
(ii) Kraft pulp mills;
(iii) Portland cement plants;
(iv) Primary zinc smelters;
(v) Iron and steel mills;
(vi) Primary aluminum ore reduction plants;
(vii) Primary copper smelters;
(viii) Municipal incinerators capable of charging more than 250 tons of refuse per day;
(ix) Hydrofluoric, sulfuric, or nitric acid plants;
(x) Petroleum refineries;
(xi) Lime plants;
(xii) Phosphate rock processing plants;

Figure 1-2.  Definition of major source.
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(xiii) Coke oven batteries
(xiv) Sulfur recovery plants;
(xv) Carbon black plants (furnace process);
(xvi) Primary lead smelters;
(xvii) Fuel conversion plants;
(xviii) Sintering plants;
(xix) Secondary metal production plants;
(xx) Chemical process plants;
(xxi) Fossil-fuel boilers (or combination thereof) totaling more than 250 million British thermal

units per hour heat input;
(xxii) Petroleum storage and transfer units with a total storage capacity exceeding

3,000,000 barrels;
(xxiii) Taconite ore processing plants;
(xxiv) Glass fiber processing plants;
(xxv) Charcoal production plants;
(xxvi) Fossil-fuel-fired steam electric plants of more than 250 million British thermal units per hour

heat input; or
(xxvii) All other stationary source categories regulated by a standard promulgated under Section 111

of 112 of the Act, but only with respect to those air pollutants that have been regulated for
that category;

(3) A major stationary source as defined in Part D of title I of the Act, including:

(I) For ozone nonattainment areas, sources with the potential to emit 100 tons/yr or more of volatile
organic compounds or oxides of nitrogen in areas classified as “marginal” or “moderate,” 50 tons/yr or more
in areas classified as “serious,” 25 tons/yr or more in areas classified as “severe,” and 10 tons/yr or more in
areas classified as “extreme”; except that the references in this paragraph to 100, 50, 25 and 10 tons/yr of
nitrogen oxides shall not apply with respect to any source for which the Administrator has made a finding,
under Section 182(f) (1) or (2) of the Act, that requirements under Section 182(f) of the Act do not apply;

(ii) For ozone transport regions established pursuant to Section 184 of the Act, sources with the
potential to emit 50 tons/yr or more of volatile organic compounds;

(iii) For carbon monoxide nonattainment areas:

(A) That are classified as “serious,” and

(B) in which stationary sources contribute significantly to carbon monoxide levels as determined
under rules issued by the Administrator, sources with the potential to emit 50 tons/yr or more of carbon
monoxide; and

(iv) For particulate matter (PM-10) nonattainment areas classified as “serious,” sources with the
potential to emit 70 tons/yr or more of PM-10.

Figure 1-2.  (continued)
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Section 64.1 defines the term “control device” as it pertains to the CAM rule.  The

following sections discuss procedures for estimating potential precontrol device emissions and

exemptions to CAM, respectively. 

1.2.1.1  Estimating Potential Precontrol Device Emissions

In order to determine the applicability of Part 64, owners and operators of emissions units

that may be subject to the CAM rule must estimate potential precontrol device emission rates for

the regulated pollutant (§ 64.2).  The two basic approaches to performing this estimate are based

on:  (1) the controlled potential to emit and the control device efficiency for the subject emissions

unit; or (2) uncontrolled emission test data from measurements taken prior to the control device

inlet or uncontrolled emission factors.  Guidance on estimating potential to emit is provided in

the White Paper for Streamlined Development of Part 70 Permit Applications (White Paper

No. 1), published by EPA in July 1995.  White Paper No. 1 specifies the types of information

that can be used to estimate potential to emit.  These types of information, which also are

recommended as the basis for estimating potential precontrol device emissions, include the

following:

1.  Emission test data;

2.  Emission factors published in EPA documents and data bases such as Compilation of

Air Pollutant Emission Factors (AP-42), the locating and estimating (L&E) documents, and the

factor information and retrieval (FIRE) data base; 

3.  Emission factors from other publications, such as the Air Pollution Engineering

Manual and vendor literature; 

4.  Emission factors developed by State and local regulatory agencies; and

5.  Reasonable engineering estimates, such as mass balances.  

As stated previously, the first approach to estimating potential precontrol device

emissions uses the potential to emit and the control device control efficiency for the subject

control device.  The information sources listed above provide control device efficiencies

explicitly and/or information that can be used to estimate control device efficiency.  For example,

for many types of emissions units, AP-42 provides both controlled and uncontrolled emission

factors, from which control efficiencies can be calculated.  The second approach to estimating

potential precontrol device emissions requires test data on uncontrolled emissions or the

emission factor for uncontrolled emissions and the annual production rates used to calculate the

potential to emit for the subject emissions unit.

In general, the use of available information is adequate for estimating potential emissions. 

Although emissions test data would be useful for estimating potential precontrol device

emissions, conducting emissions tests for the sole purpose of making an applicability
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determination is not expected.  Figure 1-3 provides examples of how precontrol device emissions

can be estimated.  Figure 1-4 lists some technical references that may be useful for estimating

emissions for the purpose of determining CAM applicability.

1.2.1.2  Exemptions to Part 64

Section 64.2(b) lists several specific exemptions to the CAM rule.  These exemptions are

summarized in Table 1-2.  First, certain emission limitations or standards are exempted,

including:  new source performance standards (NSPS) or national emission standards for

hazardous air pollutants (NESHAP) proposed after November 15, 1990, stratospheric ozone

requirements, Acid Rain Program requirements, requirements that apply solely under an

emissions trading program that allows emission credit trading or selling, requirements that cap

total emissions in accordance with § 70.4(b)(12), and limits or standards for which the Part 70 or

71 permit specifies a continuous compliance determination method that does not use an assumed

control factor.  

Table 1-3 includes NSPS and NESHAP proposed after November 15, 1990.  This table

does not include rules that were amended after Nov. 15, 1990.  It includes only those NSPS and

NESHAP with an original proposal date after Nov. 15, 1990.  Whether emission standards

amended after Nov. 15, 1990 are exempt from CAM would depend on the nature of the

amendment and whether the amended rule includes monitoring requirements that satisfy CAM. 

Currently, only one such rule has been identified.  An amendment to subpart L of Part 61

(National Emission Standard for Benzene Emissions from Coke By-Product Recovery Plants)

was published in the Federal Register on September 19, 1991, that added provisions for the use

of carbon adsorbers and vapor incinerators as alternative means of complying with the standards

for process vessels, storage tanks, and tar-intercepting sumps.  The added provisions include

testing, monitoring, recordkeeping, and reporting requirements for the alternative controls. 

Therefore, emissions units subject to the amended part of this rule are exempt from the CAM

rule.

The term “continuous compliance determination method” is defined in § 64.1 of the rule. 

A continuous compliance determination method is a method which (1) is used to determine

compliance with an emission limitation or standard on a continuous basis, consistent with the

averaging period established for the emission limitation or standard, and (2) either provides data

in units of the standard or is correlated directly with the compliance limit.  Table 1-4 lists

examples of continuous compliance determination methods and identifies some specific

regulations that incorporate these continuous compliance determination methods.  Note that for a

monitoring method to be a continuous compliance method it must incorporate items (1) and (2)
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EXAMPLE I: Potential Precontrol Device Emissions Based on Potential to Emit
and Estimated Control Efficiency

Emissions unit: Container glass melting furnace
Control device: Venturi scrubber
Pollutant: SO2

Potential to emit: 10.6 tons/yr (based on title V applicability determination for subject
emissions unit)

Control efficiency: 94 % (based on AP-42, Table 11.15-1)
Potential precontrol device emissions 10.6 × 100/(100-94) = 177 tons/yr

EXAMPLE II: Potential Precontrol Device Emissions Based on Uncontrolled
Emission Factor From AP-42

Emissions unit: Hot mix asphalt dryer, drum mix process
Control device: Fabric filter
Pollutant: PM-10
Basis for potential to emit:

Production rate:  210 tons/hr
Operating capacity: 8,760 hr/yr

Uncontrolled emission factor: 4.3 lb/ton (AP-42, Table 11.1-5)
Potential precontrol device emissions: 210 × 8,760 × 4.3 = 7,910,000 lb = 3,960 tons/yr

Figure 1-3.  Examples of potential precontrol device emission estimates.

For potential to emit:

1. White Paper for Streamlined Development of Part 70 Permit Applications, U. S. Environmental Protection
Agency, Research Triangle Park, NC, July 10, 1995.

For emission factors and control efficiencies:

1. Compilation of Air Pollutant Emission Factors, Volume I:  Stationary Point and Area Sources, AP-42, Fifth
Edition, U. S. Environmental Protection Agency, Research Triangle Park, NC, January 1995. 

2. Buonicore, A. and W. Davis (ed.), Air Pollution Engineering Manual, Air and Waste Management
Association, Van Nostrand Reinhold, New York, NY, 1992.

3. APTI Course 413, Control of Particulate Emissions, Student Manual, EPA 450/2-80-086, U. S.
Environmental Protection Agency, Research Triangle Park, NC, October 1981.

4. APTI Course 415, Control of Gaseous Emissions, Student Manual, EPA 450/2-81-005, U. S. Environmental
Protection Agency, Research Triangle Park, NC, December 1981.

5. APTI Course SI:  431, Air Pollution Control Systems for Selected Industries, Self-Instructional Guidebook,
EPA 450/2-82-006, U. S. Environmental Protection Agency, Research Triangle Park, NC, June 1983.

Figure 1-4.  Useful references for estimating potential precontrol device emissions.

identified above (and specified in the Part 64 definition of continuous compliance

determination); the examples cited in Table 1-4 incorporate these two items.  If a unit is subject

to both exempt and nonexempt emission limitations or standards, Part 64 still applies to the unit.

Second, § 64.2(b)(2) exempts backup utility power emissions units that are owned by a

municipality and for which the owner or operator provides documentation in the Part 70 or 71

permit application that:  the unit is exempt from all Part 75 monitoring requirements; the unit is

operated solely to provide electricity during peak demand or emergency periods; and the average

annual emissions for the three previous years is less than 50 percent of the major source amount

and emissions are expected to remain below the 50 percent level.
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TABLE 1-2.  SUMMARY OF CAM RULE EXEMPTIONS
Part 64 reference

EXEMPTED EMISSION LIMITATIONS OR STANDARDSa

§ 64.2(b)(1)(I) Post-11/15/90 NSPS or NESHAP (see Table 1-3)

§ 64.2(b)(1)(ii) Stratospheric ozone protection requirements

§ 64.2(b)(1)(iii) Acid Rain Program requirements

§ 64.2(b)(1)(iv) Emission limitations, standards, or other requirements that apply solely under an
approved emission trading program

§ 64.2(b)(1)(v) Emissions cap that meets requirements of § 70.4 (b) (12)

§ 64.2(b)(1)(vi) Emission limitations or standards for which a Part 70 or 71 permit specifies a
continuous compliance determination method that does not use an assumed control
factor (see Table 1-4 for examples.)

EXEMPTED EMISSIONS UNITS

§ 64.2 (c) (2) Backup utility power units that:
• are owned by a municipality;
• are exempt from all monitoring requirements in Part 75;
• are operated solely for providing electricity during peak periods or emergency

situations; and
• for which actual emissions for the previous 3 years are less than 50 percent of

the major source cutoff and are expected to remain so.
aNote:  If nonexempt emission limitations or standards apply to the emissions unit, the unit is not exempt.
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TABLE 1-3.  PART 60 AND 63 RULES PROPOSED AFTER NOVEMBER 15, 1990
Source category Subpart Affected facility

New Source Performance Standards--40 CFR 60 

Municipal Solid Waste Landfills  Cc Existing landfills

Municipal Waste Combustor Emissions Cb, Eb Medical waste combustors

Medical Waste Incinerators Ec, Ce Medical waste incinerators

Phosphate Fertilizer Industry X Granular triple superphosphate production

Municipal Solid Waste Landfills WWW New, modified MSW Landfills

SOCMI Wastewater YYY New, modified, and reconstructed facilities

National Emission Standards for Hazardous Air Pollutants–40 CFR 63

HON F,G,H,I, J, K Process vents storage vessels, transfer racks,
wastewater streams, and equipment leaks
used to produce one or more of 396 SOCMI
chemicals

Coke Oven Batteries and Source Categories L Coke Oven Batteries

Dry Cleaning M Dry Cleaning Machines (at major and area
sources)

Chromium Electroplating N Electroplating or Anodizing Tank

Ethylene Oxide O Ethylene Oxide Sterilizers and Fumigators

Sterilizers Industrial Process Cooling Towers Q Industrial Process Cooling Towers using
Chromium 

Gasoline Distribution R Total Bulk Terminal and Breakout Station

Pulp and Paper S Pulp and Paper and Paperboard

Halogenated Solvent Cleaning A,T Halogenated Solvent Cleaning Machines at
Major and Area Sources

Polymers and Resins Group I U Existing and new facilities that manufacture
elastomers

Epoxy Resins Production and Non-nylon
Polyamides Production

W Existing and new facilities that manufacture
polymers and resins

Secondary Lead Smelters X New and existing sec. lead smelters

Marine Tank Vessel Loading and Unloading
Operations

Y New and existing marine tank vessel
loading and unloading operations

Phosphoric Acid Manufacturing and Phosphate
Fertilizers Production

AA New and existing major sources in
phosphoric acid manufacturing and
phosphate fertilizer production plants

Petroleum Refineries CC Petroleum Refinery Processes

Offsite Waste Recovery Operations DD Offsite Waste and Recovery Operations
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Magnetic Tape Manufacturing Operations EE Magnetic Tape Products

Aerospace Manufacturing and Rework GG New and existing commercial, civil, and
military aerospace OEM and rework
facilities that are major sources of HAPS

Shipbuilding and Ship Repair  II Surface coating operations from new or
existing shipbuilding or ship repair facilities

Wood Furniture JJ Existing and new wood furniture mfg.
operations

Printing and Publishing KK Existing and new sources 

Primary Aluminum Reduction Plants LL New or existing potline paste production
operation, and anode bake furnace

Steel Pickling CCC New and existing facilities that pickle steel
using acid

Mineral Wool DDD New or existing sources in mineral wool
production plants

Flexible Polyurethane Foam Production  lll New and existing major sources of HAP;
applies to manufacture of molded,
slabstock, and rebond foam

Pharmaceuticals GGG HAPS from new and existing facilities that
manufacture pharmaceuticals

Polymers and Resins IV JJJ Existing and new facilities that manufacture
one or more  Group IV polymers and resins

Pesticide Active Ingredient Production MMM New and existing facilities that manufacture
Pesticide Active Ingredients (PAI)

Wool Fiberlgass NNN New and existing sources in wool fiberglass

Polyether Polyols Production PPP Existing and new facilities that manufacture
Polyether polyols located at major source
plant sites.

Note: This table does not include rules that were amended after Nov. 15, 1990.  It includes only those NESHAP
and NSPS with an original proposal date after Nov. 15, 1990.  Whether emission limitations or standards
amended after Nov. 15, 1990 are exempt from CAM would depend on the nature of the amendment and
whether the amended rule includes monitoring requirements that satisfy CAM.  See Chapter 3 for a
discussion of presumptively acceptable CAM.   
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TABLE 1-4.  EXAMPLES OF CONTINUOUS COMPLIANCE 
DETERMINATION METHODS

Monitoring method Specific example

Continuous emission monitoring systems (CEMS) which are
used to determine compliance with an emission limitation or
standard on a continuous basis, consistent with the averaging
period established for the emission limitation or standard and
provide data in units of the standard

NOx and SO2 CEMS specified in Part 60
subpart Da, Standards of Performance for
Electric Utility Steam Generating Units for
which Construction is Commenced after
September 18, 1978

NOx and SO2 CEMS specified in Part 60,
subpart Db, Standards of Performance for
Industrial-Commercial-Institutional Steam
Generating Units

NOx CEMS specified in Part 60, subpart Dc,
Standards of Performance for Small-
Industrial-Commercial-Institutional Steam
Generating Units

NOx and SO2, and CO CEMS specified in
Part 60, subpart Ea, Standards of
Performance for Municipal Waste
Combustors

SO2 CEMS for Fluid Catalytic Cracking
Units Regenerators specified in Part 60,
subpart J, Standards of Performance for
Petroleum Refineries.

1.2.2  CAM Submittals

The next major step is the preparation and submittal of the required information for

CAM.  However, before preparing the submittals, owners or operators of affected units should

determine the submittal date for units that are subject to CAM [3].  Deadlines for CAM

submittals are addressed in § 64.5.  In specifying submittal deadlines, the CAM rule distinguishes

between large emissions units and other units.  Large units are those with the (postcontrol)

potential to emit the applicable pollutant at least 100 percent of the major source amount. 

Beginning April 20, 1998, owners or operators of large units that are subject to Part 64 must

submit the required information as part of the application of a Part 70 or 71 permit if, by that

date, the application has not been filed or has not yet been determined to be complete.  In

addition, beginning that same date, if the owner or operator of a large unit is required to submit a

significant permit revision for that unit, the CAM submittal for that unit must be submitted as

part of the permit revision application.  For all other large units and for all other affected

emission units, CAM submittals are to be included with the renewal of the Part 70 or 71 permit

for the unit.  Section 64.5(b) further specifies that a permit reopening is not required to submit

the information required by Part 64.  However, if the permit is reopened for cause by EPA or the
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permitting authority, the applicable agency may require the submittal of information for CAM as

part of the permit reopening process.

Section 64.4 (a) requires owners or operators of affected units to prepare [4] and submit

[5] several items that define the monitoring procedures that will be used to comply with the rule. 

Table 1-5 summarizes these required submittal items.  Chapter 2 of this document describes the

contents of CAM monitoring approach submittals and provides additional details on CAM

submittal requirements; several example submittals are provided in Appendix A.

1.2.3  Review and Approval of CAM Submittal

As part of the process of issuing or denying Part 70 or 71 permit applications, the

permitting authority reviews the CAM submittal (§  64.6) [6].  To process the CAM submittal,

the permitting authority follows the procedures specified in §  70.5 for Part 70 permit

applications.  First, the CAM submittal is reviewed for completeness and adequacy [7].  If

additional information is needed or corrections are required, the permitting authority notifies the

owner or operator [8].  Section 70.5(b) requires the owner or operator of the unit to revise or

supplement the CAM submittal [9] and “promptly” provide the additional or revised information

to the permitting authority [10].  Once the CAM submittal is determined to be acceptable, the

permitting authority establishes permit terms or conditions for the affected emissions unit [11]. 

Table 1-6 summarizes the requirements that must, at a minimum, be specified in the permit. 

If the monitoring proposed for the affected emissions unit requires installation, testing, or

final verification of operational status [12], the permitting authority may issue a permit with a

schedule for completing the installation and testing, establishing applicable indicator ranges, or

completing other required activities [13].  

1.2.4  CAM Implementation

Following approval and incorporation of the CAM requirements in the Part 70 or

71 permit [13, 14], owners and operators of affected units must implement the monitoring [15]

upon issuance of the permit, unless the permit specifies a later date (§ 64.7(a)).  In such cases, 

monitoring must be implemented by the specified date.  With the exception of periods when the

monitoring system is under repair, maintenance, or QA/QC procedures, the monitoring must be 

conducted continuously or intermittently, as specified in the permit, during all periods when the

emissions unit is in operation.  In addition, § 64.7(b) requires owners and operators of units

subject to CAM to maintain spare parts for routine repairs of monitoring instruments and

equipment.  Spare parts may be maintained by local vendors if there is no significant impact on

immediate availability.
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TABLE 1-5.  SUMMARY OF SUBMITTAL REQUIREMENTS FOR CAM

Part 64 reference Requirementa

§ 64.4(a) Information on indicators, indicator ranges or process by which indicators are
to be established, and performance criteria

§ 64.4(b) Justification for the proposed elements of the monitoring

§ 64.4(c) Control device operating data recorded during performance test, supplemented
by engineering assessments or manufacturer’s recommendations to justify the
proposed indicator range

§ 64.4(d) Test plan and schedule for obtaining data, if performance test data are not
available  

§ 64.4(e) Implementation plan, if monitoring requires installation, testing, or other
activities prior to implementation

a Sections 64.4 (f) and (g) do not specify additional items to be submitted, but allow owners and
operators of affected units to provide one submittal for multiple units that are served by a single
control device, and one submittal for an emission unit that is served by multiple control devices.

TABLE 1-6.  SUMMARY OF REQUIRED PERMIT CONDITIONS OR TERMS

Part 64 reference Requirement

§ 64.6(c)(1) The approved monitoring approach, including the indicators to be monitored, the method
of measuring the indicators, and the performance criteria specified in § 64.3 of the CAM
rule

§ 64.6(c)(2) The means of defining exceedances or excursions, the level which constitutes an
exceedance or excursion or the means by which that level will be defined, the averaging
period that associated with exceedances or excursions, and the procedures for notifying
the permitting authority of the establishment or reestablishment of any exceedance or
excursion level

§ 64.6(c)(3) The obligation to conduct monitoring and satisfy the requirements of the §§ 64.7 through
64.9

§ 64.6(c)(4) If appropriate, the minimum data availability requirement for valid data collection for
each averaging period and, if appropriate, the minimum data availability requirement for
the averaging periods in a reporting period

Section 64.9 specifies the reporting and recordkeeping requirements for CAM [16].  

Monitoring reports must be submitted and records must be maintained in accordance with

§ 70.6(a)(3)(iii).  As an alternative to paper records, § 64.9(b)(2) allows owners and operators of

affected units to maintain records on alternate media, such as microfilm, computer files,

magnetic tape disks, or microfiche provided that the records are readily accessible and the use of
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such alternative media does not conflict with other recordkeeping requirements.  Table 1-7

summarizes the reporting and recordkeeping requirements for CAM.

As CAM is implemented, owners and operators of affected emissions units periodically

should review the monitoring data [17] to determine the need for additional measures to assure

compliance with the applicable emission standards or limits.  If an excursion or exceedance is

detected [18], the owner or operator must take the corrective actions [19] necessary to return the

emissions unit and control system to normal operation and minimize the likelihood that similar

excursions or exceedances recur.  If the owner or operator determines that deviations occurred

that the monitoring did not indicate as an excursion or exceedance, or the results of a subsequent

compliance test indicate that the indicator ranges must be modified [20], § 64.7(e) requires the

owner or operator of the emissions unit to notify the permitting authority promptly [21].  If a

permit revision is required [22], the owner or operator of the unit must identify proposed

revisions to the CAM submittal [9] and submit the proposed revisions to the permitting authority

[10] for review and approval prior to implementing the plan.

After reviewing the report of excursions or exceedances, subsequent corrective actions

taken, monitoring data, and other relevant information, the permitting authority or Administrator

may require  [23] the source to develop and implement a QIP [24].  In some cases, the Part 70 or

71 permit also may specify the threshold for requiring a source to implement a QIP.  Quality

improvement plans are discussed in Section 3.4 of this document. 

If required by the permitting authority, owners or operators of affected units may be

required to maintain written QIP’s on file for inspection and review.  When a QIP is required,

owners or operators must develop and implement the QIP as quickly as possible and must notify

the permitting authority if more than 180 days will be required for completing the improvements

specified.  If it is determined that the QIP was inadequate [25], the permitting authority also may

require the source to modify the QIP [26].
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TABLE 1-7.  SUMMARY OF REPORTING AND RECORDKEEPING 
REQUIREMENTS FOR CAM

Part 64 reference Requirement

MONITORING REPORT REQUIREMENTS

§ 64.9(a)(2)(I) Summary of the number, duration, and cause of excursions or exceedances and the
corrective actions taken

§ 64.9(a)(2)(ii) Summary of the number, duration, and cause of monitoring equipment downtime
incidents, other than routine downtime for calibration checks

§ 64.9(a)(2)(iii) Description of the actions taken to implement a QIP, and, upon completion of the
QIP, documentation that the plan was completed and reduced the likelihood of
similar excursions or exceedances

COMPLIANCE CERTIFICATIONS

§ 70.69(a)(3)(iii)(A) Identification of each term or condition of the permit that is the basis of the
certification

§ 70.69(a)(3)(iii)(B) Identification of the methods or other means used by the owner or operator for
determining the compliance status with each term and condition during the
certification period, and whether such methods or other means provide continuous
or intermittent data

§ 70.69(a)(3)(iii)(C) Status of compliance with the terms and conditions of the permit for the period
covered by the certification and identification of each deviation and, as possible
exceptions to compliance, any periods during which compliance was required and
an excursion or exceedance occurred

§ 70.69(a)(3)(iii)(D) Any other information required by the permitting authority

RECORDKEEPING REQUIREMENTS

§ 64.9(b) Records of monitoring data, monitor performance data, corrective actions taken,
written QIP’s, actions taken to implement a QIP, and other supporting information

In addition to the reporting requirements specified in § 64.9, § 70.6(a)(3)(iii) requires

owners or operators of affected emissions units to submit monitoring reports with the required

compliance certifications to the permitting authority at least semiannually [27].  Table 1-7 lists

the types of information that must be included in the monitoring reports and compliance

certifications.  
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2.0  MONITORING APPROACH SUBMITTALS

Part 64 requires all owners or operators of affected facilities to submit information about

the monitoring approach to be used to comply with the rule.  The information to be submitted is

compiled in what is referred to in this guidance document as a monitoring approach submittal, or

CAM submittal.  

A monitoring approach submittal is required for each pollutant-specific emissions unit

(PSEU).  If a single control device is common to more than one PSEU, the facility owner or

operator may provide a monitoring approach submittal for the control device that identifies the

PSEU’s affected and any process or associated capture device conditions that must be maintained

or monitored to comply with the CAM general criteria.  Similarly, if a single PSEU is controlled

by more than one control device that are similar in design and operation, the owner or operator

may provide a monitoring approach submittal that applies to all the control devices.  The CAM

submittal must identify the affected control devices and any process or associated capture device

conditions that must be maintained or monitored to comply with the general monitoring criteria.

This chapter provides guidance on preparing monitoring approach submittals. 

Section 2.1 presents the objectives of a CAM submittal.  Section 2.2 presents and discusses the

submittal requirements.  Section 2.3 discusses the process of selecting a monitoring approach and

appropriate indicator range(s) for the parameters that are to be monitored.  Section 2.4 discusses

QIP's.

Example monitoring approach submittals are provided in Appendix A.
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2.1  MONITORING APPROACH SUBMITTAL OBJECTIVES

The objectives of a monitoring approach submittal are to identify the monitoring

approach that will be used, the indicator range(s) to be maintained, and the rationale for selecting

the monitoring approach and indicator range(s).

Part 64 identifies specific information that must be submitted to the permitting authority. 

As mentioned above, the compilation of this information is called a CAM submittal.  The

submittal requirements are identified and discussed in the following section.  If the CAM

submittal includes all of the necessary elements, it should provide sufficient information to allow

the permitting authority to determine if the owner or operator of the affected emissions unit is

monitoring in a manner that complies with Part 64.  The CAM submittal will provide a succinct

summary of the monitoring requirements necessary for compliance with Part 64 for both facility

personnel and the permitting agency.  Providing detailed Standard Operating Procedures (SOP's)

or a detailed Quality Assurance/Quality Control (QA/QC) manual is not the intended objective of

a CAM submittal.  The justification for the CAM submittal must include documentation that

describes the rationale for how the requirements of Part 64 are satisfied.

The information included in the CAM submittal is extensive and covers all aspects of the

monitoring approach and how it complies with Part 64.  Once the permitting authority approves a

facility’s proposed monitoring, the facility’s operating permit must establish permit terms or

conditions that specify the required monitoring.  The information included in the permit,

however, need not be as all inclusive as the information contained in the CAM submittal

presented to the permitting authority for approval.  Only certain types of information contained in

the CAM submittal must be incorporated directly into the facility’s operating permit.  These

minimum requirements are discussed further in Section 2.2. 
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2.2  ELEMENTS OF A MONITORING APPROACH SUBMITTAL

Suggested outlines for CAM submittals that incorporate the elements required by the rule

are presented in Figures 2-1a and 2-1b.  Figure 2-1a pertains to facilities using a monitoring

approach that does not involve the use of continuous emission monitoring systems (CEMS),

continuous opacity monitoring systems (COMS), or predictive emission monitoring systems

(PEMS) and Figure 2-1b pertains to facilities using CEMS, COMS, or PEMS as the monitoring

approach.  For clarification purposes the information is presented in two separate outlines. 

However, a facility using a combination of methods should compile all the necessary information

pertaining to each monitoring method into one CAM submittal.  In the figures, the required

elements are presented in bold type.  Each element is addressed in the following sections.  An

example CAM submittal format that may be used to provide the necessary information is

presented in Figure 2-2.

As mentioned above in Section 2.1, only some of the information included in the CAM

submittal need be incorporated directly into the facility’s operating permit.  Section 64.6(c) of the

rule states that, at a minimum, the facility’s operating permit must specify:  (1) the approved

monitoring approach, including the indicator(s) to be monitored, the means or device to measure

the indicator(s), and the monitoring approach performance specifications; (2) the indicator

range(s), including appropriate averaging periods; (3) a general statement of the owner or

operator’s obligation to conduct the monitoring and to satisfy the requirements for quality

improvement plans and reporting and recordkeeping requirements; and (4) if appropriate,

minimum data availability requirements for valid data collection for each averaging period and

for each reporting period.  Items 1 and 2 above are required to be addressed in the CAM

submittal.  Based on the outline presented in Figure 2-1a and the example format presented in

Figure 2-2, the information contained in item II--Monitoring Approach would cover items 1 and

2 of the minimum operating permit requirements listed above.  As shown in Figure 2-2, this

information is compiled in a table.  This table, along with a general statement of obligation and

minimum data availability requirements, would be a convenient format for incorporation into a

facility’s operating permit.  For completed example CAM submittals using this format refer to

Appendix A.
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Monitoring Approach Submittal a

I. Background

A. Emissions unit identification
B. Applicable regulation, emission limits, and monitoring

requirements
C. Control technology description

II . Monitoring Approach

A. General Criteria

1. Performance indicator(s)
2. Indicator range(s) or designated condition(s)

B. Performance Criteria

1. Data representativeness
2. Verification of operational status (new or modified

equipment)
3. QA/QC practices
4. Monitoring frequency and data collection procedures

Justificationa

I. Monitoring approach and indicator

II. Indicator range(s)

A. Compliance test data and indicator data supporting range, or
B. Compliance test plan and schedule, or
C. Rationale and documentation for indicating that ranges can be

established without the need for compliance test data

___________________
aItems in bold are specific elements required by the rule [§ 64.4].

Figure 2-1a.  Outline for monitoring approach submittal and justification.
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Monitoring Approach Submittal a

I. Background

A. Emissions unit identification
B. Applicable regulation, emission limits, and monitoring

requirements
C. Control technology description

II . Monitoring Approach

A. General Criteria

1. Performance indicator(s)
2. Indicator range(s) for COMS used to assure compliance with

a PM standard

B. Performance Criteria

1. Exceedance reporting required by regulation
2. Exceedance period to be used for CAM

Justificationa

I. Monitoring approach and indicator

II. Indicator range(s) for CEMS and PEMS:  reference the most recent
certification test for the monitor

III. Indicator range(s) for COMS used to assure compliance with a PM
standard

A. Compliance test data and indicator data supporting range, or
B. Compliance test plan and schedule, or
C. Rationale and documentation for indicating that ranges can be

established without the need for compliance test data

___________________
aItems in bold are specific elements required by the rule [§ 64.3].

Figure 2-1b.  Outline for monitoring approach submittal and
justification for CEMS, COMS, and PEMS.
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MONITORING APPROACH SUBMITTAL

I. Background

A. Emissions Unit

Description:
(Type of emission point)

Identification:
(Emission point number)

Facility:
(Location)

B. Applicable Regulation, Emission Limits, and Monitoring Requirements

Regulation No.:

Pollutant:  

 

(Emission limit)

Pollutant:  
(Emission limit)

                Monitoring Requirements:

C. Control Technology
(Describe control technology)

 II. Monitoring Approach

The key elements of the monitoring approach are presented in Table 1.

JUSTIFICATION

(Present justification for selection of monitoring approach and indicator range(s).)

Figure 2-2.  Monitoring approach submittal example format.
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TABLE 1.  MONITORING APPROACH

Indicator No. 1 Indicator No. 2

I. Indicator

Measurement Approach

II.  Indicator Range

QIP Threshold (optional)

III. Performance Criteria

A. Data Representativeness

B. Verification  of
Operational Status

C. QA/QC Practices and
Criteria

D. Monitoring Frequency

Data Collection Procedures

Averaging Period

Figure 2-2.  (continued)
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2.2.1  Background

This section of the CAM submittal provides background information on the pollutant-

specific emissions unit to which the submittal applies.  The pollutant-specific emissions unit is

identified and briefly described.  The applicable emission limitation or standard(s) and

pollutant(s) also are identified.  If applicable, any existing monitoring requirements that apply to

the pollutant-specific emissions unit also are described.  Finally, the emissions control

technology for the unit is identified and briefly described. 

2.2.2  Monitoring Approach

This section of a CAM submittal presents a description of the monitoring approach to be

used.  Section 64.3 of the rule specifies design criteria that the monitoring approach must address

to satisfy Part 64.  These criteria are categorized as general criteria, performance criteria, and

special criteria where CEMS, COMS or PEMS are to be used; and are summarized in Table 2-1. 

The description of the monitoring approach must address how each of the applicable design

criteria are satisfied.  Thus, the description should include the following:

1.  General criteria:  performance indicator(s) and indicator range(s);

2.  Performance criteria:  data representativeness, verification of operational status,

QA/QC procedures, and monitoring frequency and data collection procedures; and

3.  Special criteria (if applicable for use of CEMS, COMS, or PEMS):  performance

indicator(s), indicator range(s), performance criteria, and reporting of exceedances.

Each of these elements to be included in the CAM submittal are described in the

following sections.

2.2.2.1  General Criteria:  Performance Indicator(s) and Indicator Range(s)

The monitoring approach must be designed to provide data for one or more indicators of

performance of the control device, any associated capture system, and/or any processes

significant to achieving compliance.  Such indicators can include a measured or predicted

emissions level, such as total hydrocarbon concentration, nitrogen oxides (NOx) concentration,

opacity, or visible emissions; a pollution control device operating parameter, such as temperature

or pressure drop; a process operating parameter, such as temperature or flow; a recordkeeping

item, such as pounds of volatile organic compound per gallon of coating; a work practice

activity, such as records of solvent usage for cleaning activities; recorded findings of inspection

and maintenance activities, such as an internal fabric filter baghouse inspection; or a combination

of these types of indicators.
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TABLE 2-1.  MONITORING DESIGN CRITERIA
Part 64
reference Description

GENERAL CRITERIA

§ 64.3 (a) (1) Must be designed to obtain data for one or more indicators of performance of the control device, any
associated capture system, and processes necessary to assure compliance.

§ 64.3 (a) (2) Must be based on establishing appropriate indicator ranges or designated conditions such that operation
within the ranges provides a reasonable assurance of ongoing compliance with the applicable requirement
over the anticipated range of operations.  Reasonable assurance of compliance will be assessed by
maintaining performance within the indicator range(s) or designated conditions that reflect proper
operation and maintenance of the control device (and associated capture system).

§ 64.3 (a) (3) Ranges may be based on a minimum or maximum value; based on different values for different operating
conditions; expressed as a function of process variables; expressed as maintaining the applicable indicator
in a particular operational status; and established as interdependent between more than one indicator.

PERFORMANCE CRITERIA

§ 64.3 (b) (1) Data Representativeness:  Detector location and installation specifications to provide for obtaining
representative data.

§ 64.3 (b) (2) Verification of Operational Status:  Verification procedures, including installation, calibration, and
operation in accordance with manufacturer's recommendations, to confirm the operational status of the
monitoring prior to the commencement of required monitoring.  

§ 64.3 (b) (3) QA/QC Procedures:  QA/QC practices to ensure continuing validity of data.

§ 64.3 (b) (4) Frequency of Monitoring:  Monitoring frequency, data collection, and averaging period consistent with the
characteristics and typical variability of the emissions unit and commensurate with the time period over
which an exceedance or excursion is likely to occur.  Emissions units with postcontrol PTE >100 percent
of the amount classifying the source as a major source must collect four or more values per hour to be
averaged.  Other emissions units must collect data at least once per 24 hour period.

EVALUATION FACTORS

§ 64.3 (c) Site-specific factors should be considered in designing monitoring to meet § 64.3(a) and (b).  These factors
include:  applicability of existing monitoring procedures; ability of monitoring to account for process and
control device operational variability; reliability and latitude built into control technology; and level of
actual emissions compared to compliance limitation.

SPECIAL CRITERIA FOR USE OF CEMS, PEMS, OR COMS

§ 64.3 (d) (1) CEMS, PEMS, or COMS that are required by other authorities under the Clean Air Act, State, or local law
must be used to satisfy the CAM rule.

§ 64.3 (d) (2) CEMS, PEMS, or COMS that satisfy any of the following monitoring requirements are deemed to satisfy
the general design and performance criteria:  § 51.214 and Appendix P of 40 CFR 51; § 60.13 and
Appendix B of 40 CFR 60; § 63.8 and applicable performance specifications of the applicable subpart of
40 CFR 63; 40 CFR 75; subpart H and Appendix IX of 40 CFR 266; or comparable requirements
established by the permitting authority.

§ 64.3 (d) (3) Must allow for reporting of exceedances (or excursions) consistent with any underlying requirement or
with § 64.3(b)(4), and provide an indicator range consistent with § 64.3(a) for a COMS used to assure
compliance with a PM standard.
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The general criteria also require that the monitoring approach be based on establishing

appropriate ranges for control performance indicators that provide a reasonable assurance of

compliance with the applicable requirement within the anticipated range of operations.  A

reasonable assurance of compliance can be achieved when control device performance is

maintained within the indicator ranges that reflect proper operation and maintenance of the

control device.  Except for CEMS, COMS, and PEMS that provide data in units of the applicable

emissions standard, the CAM submittal must specify the range to be maintained for each

monitored indicator.  The indicator range may be a true range, comprised of upper and lower

limits; (e.g., 3.5 to 5.0 in. w.c. for differential pressure); a single maximum or minimum value

not to be exceeded (e.g., not less than 1650�F for a thermal incinerator temperature); different

values for different operating conditions (e.g., different ranges for high vs. low process load);

expressed as a function of process variables (e.g., maintaining condenser temperatures “x”

degrees below the condensation temperature of the applicable compounds being processed);

expressed as maintaining the applicable indicator in a particular operational status (e.g.,

maintaining the position of a damper controlling gas flow to the atmosphere through a bypass

duct); or established as interdependent between more than one indicator. 

Additional information on selection of operating ranges is presented in Section 2.3. 

2.2.2.2  Performance Criteria

Monitoring approaches used to comply with Part 64 are subject to minimum performance

criteria specified in § 64.3.  Under § 64.6(c) of the rule, these minimum performance criteria are

to be included in the facility’s operating permit.  The minimum criteria assure that the data

generated by the monitoring approach provide valid and sufficient information on the actual

conditions being monitored.  Detailed information that is not necessary to assure the data are

representative need not be included in the facility’s operating permit.  Unnecessary detail in the

permit may restrict a facility from making minor changes to the monitoring approach without

undergoing procedures for a permit revision.  For example, details related to the types of

monitoring devices and recording systems (e.g., specifying a “Type K” thermocouple) may be

left out as long as the minimum accuracy of the monitoring device is specified (e.g.,

thermocouple with a minimum accuracy of ±4�F or ±0.75 percent, whichever is greater).  This

approach allows the owner or operator to change the type of thermocouple without triggering the

need for a permit revision while providing minimum sensor specifications that assure

representative data are obtained.

The performance criteria that are to be addressed by the monitoring approach are as

follows:
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1.  Data Representativeness.  The monitoring approach must include specifications that

provide for obtaining data that are representative of the emissions or parameters being monitored. 

Typically these specifications should include, as a minimum, a brief description of:  (1) detector

location, (2) installation requirements (if applicable), and (3) minimum acceptable accuracy.  For

example, the specifications for a thermocouple used to measure thermal incinerator combustion

chamber temperature could be as follows:

a.  Detector location–exit of thermal incinerator combustion chamber;

b.  Installation requirements–housed in a ceramic protection tube, shielded from flame;

c.  Minimum acceptable accuracy–thermocouple sensor with a minimum accuracy of

±4�F or ±0.75 percent, whichever is greater, and a data recording system with a minimum

resolution of 20�F.

2.  Verification of Operational Status.  For new or modified monitoring equipment, the

monitoring approach must describe the verification procedures that will be used to confirm the

operational status of the monitoring prior to the date by which the owner or operator must

conduct monitoring for compliance with § 64.7.  Verification procedures include procedures for

installation, calibration, and operation of the monitoring equipment, and should be conducted in

accordance with the monitoring equipment manufacturer’s recommendations.

3.  QA/QC Practices.  The monitoring approach must identify the minimum QA/QC

activities that will be used to assure the continuing validity of the data for the purpose of

indicating potential adverse changes in control performance.  Quality control activities are those

routine activities included as a part of normal internal procedures such as periodic calibration

checks (e.g., zero check of manometer), visual inspections by operating staff, routine

maintenance activities (e.g., replacement of filters on COMS purge air system, weekly blowback

purge of manometer lines), or training/certification of staff.  Quality assurance activities are those

activities that are performed on a less frequent basis, typically by someone other than the

person(s) responsible for the normal routine operations.  An example of a QA activity is quarterly

or annual calibration verification/adjustments performed by an instrument technician. 

In developing minimum QA/QC activities for monitoring equipment and instruments the

owner or operator should take into account the calibration and maintenance requirements or

recommendations specified by the instrument manufacturer or supplier.  When establishing

QA/QC activities, the desired precision and accuracy of the data should be considered; e.g., if

greater inaccuracy can be tolerated for the application (i.e, ±20�F rather than ±2�F), less frequent

calibrations and/or less stringent acceptance criteria may be necessary. 

The CAM submittal should include a list of the primary QA/QC activities; their

frequency; and, where appropriate, the acceptable limits.  A tabular summary with brief

explanations, as necessary, generally is sufficient.  A separate, detailed Quality Assurance Plan is
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not required as a part of the CAM submittal.  For example, for a thermocouple, the QA/QC

activities could be specified as follows:

a.  Visual inspection of thermocouple sensor and well (semiannually); and 

b.  Measurement of system accuracy using a thermocouple simulator (calibrated millivolt

source) at the sensor terminal location (semiannually); specified accuracy limit of ±40�F at

1800�F.

4.  Frequency of Monitoring.  The monitoring approach must address specifications for

monitoring frequency, data collection procedures, and if applicable, averaging periods for

discrete data points to be used in determining whether an excursion or exceedance has occurred. 

The monitoring and data collection frequency (including associated averaging periods) must be

designed to obtain data at such intervals that are, as a minimum, consistent with the time period

over which an excursion is likely to occur based on the characteristics and typical variability of

the emissions unit (including the control device and associated capture system).

Part 64 includes minimum acceptable frequency requirements for PSEU’s with the

potential to emit the applicable regulated pollutant, calculated including the effect of control

devices (i.e., postcontrol), in an amount equal to or greater than 100 percent of the major source

threshold level.  For each parameter monitored, emissions units within this category must collect

at least four data points equally spaced over each hour.  The permitting authority may approve

less frequent monitoring, if appropriate, based on information presented by the owner or operator

concerning the data collection mechanisms available for a particular parameter for the particular

PSEU.  Approval of less frequent monitoring is appropriate where frequent monitoring is not

feasible because of the available data collection mechanisms for the parameter (e.g., integrated

raw material or fuel analysis data, noninstrumental measurement of feed rate or visible

emissions, use of a portable analyzer or an alarm sensor).  For other PSEU’s (postcontrol

potential to emit less than 100 percent of the major source threshold), monitoring may be less

frequent but must include some data collection at least once per 24-hour period (e.g., a daily

inspection of a carbon adsorber system in conjunction with a weekly or monthly check of

emissions with a portable analyzer.)

The monitoring approach must specify the monitoring frequency (how often

measurements will be taken and recorded), the data collection procedures (e.g., manual readings

and data logging or use of a data acquisition system), and the data averaging period (if applic-

able) for each parameter.  Examples of monitoring frequency include:  (1) incinerator

temperature at 1-minute intervals, (2) NOx and oxygen (O2) concentration at 15-minute intervals,

(3) differential pressure at 1-hr intervals, and (4) opacity observations for 15 contiguous minutes

per day.  Where the measurement frequency and the recording frequency differ, both should be

specified.  Also, if the proposed parameter indicator will be an average value, the CAM submittal
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must clearly specify the averaging period that will be used to determine that the indicator range is

maintained.  For example:  “The NOx analyzer will measure the concentration at 10-second

intervals, and the average value for each 15-minute period will be recorded.  The 15-minute

values for each clock-hour will be averaged to provide a 1-hour NOx concentration to assess

compliance with the indicator range.”  For monitoring an operating parameter:  “The

thermocouple will measure thermal incinerator combustion chamber temperature at 1-minute

intervals, and the average value for each 1-hour period will be recorded.  The 1-hour values will

be averaged over each 3-hour period to provide a 3-hour temperature to assess compliance with

the indicator range.”  

Data acquisition procedures should indicate the equipment or method and the frequency

at which indicator values are to be recorded.  Examples of data acquisition procedures include:  

(1) 24-hour circular chart--incinerator temperature at 1-minute intervals, (2) electronic data file

via data acquisition system--incinerator temperature at 1-minute intervals, (3) electronic data file

via data acquisition system--15-minute average NOx and O2 CEMS measurements, (4) written

entry on log sheet--hourly differential pressure, and (5) completion of Reference Method 9

visible emission data form--daily opacity observations.

2.2.2.3  Special Criteria for the use of CEMS, COMS, or PEMS

Part 64 specifies that where CEMS, COMS, or PEMS are already required, the

monitoring approach must incorporate such systems.  Therefore, source owners and operators

whose emissions units have had CEMS, COMS, and/or PEMS imposed by underlying

regulations, emissions trading programs, judicial settlements, or through other circumstances

must use those systems when developing a monitoring approach.  The use of these systems in

accordance with general monitoring requirements and performance specifications will be

sufficient for the system to satisfy the Part 64 general and performance criteria discussed above

in Sections 2.2.2.1 and 2.2.2.2.

An exception to this general rule is a COMS used to assure compliance with a particulate

matter standard.  Indicator range(s) need not be specified for CEMS and PEMS that provide data

in units of the applicable emissions standard because the level of the standard is the level at

which an excess emission occurs.  However, when a COMS is used to monitor opacity as an

indicator of compliance with a particulate matter standard, the indicator (opacity) is not in terms

of the standard (gr/dscf, for example) and an indicator range for opacity must be specified in the

CAM submittal.  Consequently, for a source that has both an applicable particulate matter (PM)

standard and a requirement to continuously monitor opacity, if the source chooses opacity as the

indicator (or one of multiple indicators) for PM, it is conceivable (and probable) that the

specified indicator range for PM would be established at a different (lower) level and a different
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averaging time than the opacity emission limit which establishes the excess emission level for

opacity.  It should be emphasized that even in cases where a COMS is required for opacity, the

COMS need not be specified as part of CAM for particulate matter.  Other appropriate indicators

may be selected to satisfy CAM.  The above discussion applies only in cases where a facility

chooses to use a COMS to monitor opacity as an indicator of compliance with a particulate

matter standard.

In addition to addressing performance criteria and indicator range(s) (when applicable),

the owner or operator must present information with the CAM submittal on how the CEMS,

COMS, or PEMS system is designed to allow for reporting of exceedances (or excursions if

applicable to a COMS used to assure compliance with a particulate matter standard).

2.2.3  Justification for Selected Monitoring Approach and Indicator Range(s)

The essence of Part 64 is the requirement that the owner or operator monitor the

indicator(s) of control technology performance necessary to ensure the detection of potential

adverse changes in control performance that affect emissions.  The selection of the monitoring

approach is the responsibility of the owner/operator.  However, as part of the information

provided with the CAM submittal, the owner/operator must submit justification that describes

how the proposed monitoring satisfies the minimum requirements of Part 64.  Essentially, this

means the owner/operator must present justification for the selection of the monitoring approach

(the performance indicator) and the indicator ranges.  The documentation for each of these items

is discussed in the following sections. 

2.2.3.1  Justification for Selected Monitoring Approach and Indicator(s)

The justification should briefly describe how the proposed monitoring approach satisfies

the requirements of Part 64, that is, how the selected monitoring approach and performance

indicator ranges are adequate to:

1.  Demonstrate that the control device and processes significant to achieving compliance

are operated and maintained in accordance with good air pollution practices that will minimize

emissions at least to levels required by all applicable requirements; and

2.  Provide reasonable assurance of compliance with emission limitations for the

anticipated range of operations.

To support the justification the owner/operator may rely on:

1.  Facility or corporate experience with monitoring control device or process operation

performance;



CAM TECHNICAL GUIDANCE DOCUMENT

2.2  ELEMENTS OF A MONITORING APPROACH SUBMITTAL
8/98 2-15

2.  Generally available sources of information (e.g., air pollution engineering manuals,

EPA and permitting authority publications on monitoring, operation, and maintenance of pollu-

tion control devices); or

3.  Regulatory precedents, such as the following:

a.  Presumptively acceptable or required monitoring approaches established by the

permitting authority to achieve compliance with the CAM rule for the particular pollutant-

specific emissions unit;

b.  Continuous emission, opacity, or predictive emission monitoring systems that satisfy

applicable monitoring requirements and performance specifications as specified in the rule

[64.3(d)];

c.  Alternative monitoring methods allowed or approved pursuant to Part 75;

d.  Monitoring included for standards exempt from CAM; and 

e.  Monitoring requirements established in other regulations for the same or similar type

sources (e.g., a monitoring requirement in an NSPS).

Factors to consider in selecting the monitoring approach and indicator(s) of performance are

discussed in Section 2.3.

2.2.3.2  Justification for Selected Indicator Range(s)

For CEMS and PEMS, the indicator range presumptively is the level of the standard.  As

a result, the justification provided with the CAM submittal may simply reference the most recent

certification test for the monitor.  Note that if a COMS is used as the monitoring approach for a

particulate matter standard, justification should be provided for selection of the indicator (i.e.,

opacity) range and averaging time.

Parameter data collected during performance testing and other relevant information, such

as engineering assessments, manufacturers’ design criteria, and historical monitoring data are

used to establish indicator ranges for other monitoring approaches.  The selection of appropriate

indicator ranges is further discussed in Section 2.3.2.

The justification for the selected indicator range(s) should include a summary (tabular or

graphical format) of the data supporting the selected ranges, supplemented by engineering

assessments or control device manufacturer's recommendations, if necessary.  References for the

appropriate compliance test report(s) also should be provided.  If site-specific compliance data

are not available, the documentation must include a test plan and schedule for obtaining such

data.  The test plan should identify the:

1.  Pollutants to be measured and the compliance test methods to be used;

2.  Number and duration of test runs to be conducted;

3.  Proposed process operating conditions during the tests (e.g., percent of full load);
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4.  Proposed control device operating conditions and indicator ranges (e.g., venturi

pressure drop, condenser temperature); 

5.  Process and control device parameters to be monitored during the test and reported;

and

6.  Whether indicator data will be collected over an extended time period and the

process/control device data to be collected concurrently.

As an alternative to providing a compliance test plan, the owner/operator may propose

other information as the basis for the indicator ranges proposed.  However, in such cases, the

documentation provided must demonstrate to the permitting authority's satisfaction that

compliance testing is unnecessary to establish indicator ranges at levels that satisfy Part 64

criteria.

Other information that the owner/operator may consider in selecting operator ranges, in

lieu of compliance test data, in order of preference includes: 

1.  Site-specific data from tests other than compliance tests;

2.  Data from tests performed on similar units at the facility or similar facilities;

3.  Empirical information concerning the assessment of  control technology performance

(e.g., empirical performance information from a scrubber control technology handbook);

4.  Regulatory precedents involving appropriate monitoring of similar emissions units

(e.g., NSPS requirement for same control technology at a similar source); and 

5.  Theoretical considerations based on generally accepted engineering practices (i.e.,

engineering judgement).

If the owner/operator bases the indicator ranges on any of the other types of available

information listed above rather than on site-specific compliance test data, the documentation

must include a concise explanation of the rationale for relying on information other than site-

specific compliance data.  The rationale must demonstrate that compliance testing is not

necessary for the owner/operator to establish operating ranges so that excursions from the

operating ranges can be addressed prior to potential emission exceedances.  Factors to consider in

the rationale for using information other than compliance test data include the ability to establish

the appropriate operating ranges based upon engineering principles, and conservative

assumptions with respect to the emissions variability and the margin of compliance associated

with the emissions unit and control device.
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2.3  SELECTION OF MONITORING APPROACH AND SELECTION OF INDICATOR

RANGE

This section discusses the selection process for determining a monitoring approach that is

acceptable for Part 64 and addresses selection of appropriate ranges for the indicators to be

monitored.

2.3.1  Selection of Monitoring Approach

This section describes a selection process developed to assist facilities with selecting a

monitoring approach.  The basic concepts and principles used to design the State of Virginia

CAM selection process were relied upon in designing this selection process.1  The selection

process itself is not a requirement of Part 64, rather it is a suggested strategy for identifying

appropriate monitoring approaches.  The purpose of the selection process is ultimately to arrive

at the most cost-effective monitoring approach that is consistent with facility operations and

provides sufficient data to indicate proper operation and maintenance of the control device such

that there is a reasonable assurance of compliance with emission limitations or standards.  The

underlying concept of the selection process is to begin with the current monitoring practice used

at a specific emissions unit within a facility, review this practice, and modify the practice when

necessary to comply with the criteria established by Part 64.  The selection process can be broken

down into several steps as illustrated in Figure 2-3 and discussed in the following paragraphs. 

Figure 2-4, the Monitoring Approach Selection Process Worksheet, can be used to assist the

facility with information gathering and decision making throughout the step-by-step selection

process.
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Step 1:  Summarize the current monitoring procedures

If monitoring is currently conducted, the first step in the selection process is to summarize

the current monitoring procedures.  This summary should include information on the affected

emissions unit, the control device used on that unit, the monitoring methods that are currently

used (e.g., manual monitoring, emission calculation procedures, operating parameter monitoring,

PEMS, CEMS), the indicators that are tracked, the reasons for selecting the indicators currently

monitored, the frequency of measurements, and any reporting and recordkeeping procedures.

If no monitoring procedures are currently in place, the owner or operator of the facility

may follow the process of identifying potential monitoring approaches and selecting the most

appropriate as outlined in Steps 4 and 5 of the selection process.

Step 2:  Evaluate the current monitoring procedures

For those facilities with monitoring procedures in place, the next step is to determine if

the design and performance of the current monitoring procedures satisfy the criteria established

by Part 64.  Monitoring design criteria required by Part 64 are discussed in detail in Section 2.2.2

and summarized in Table 2-1 of that section.  If the current monitoring procedures meet these

minimum Part 64 criteria, those procedures may be proposed as the monitoring approach. 

However, in some cases even though the current procedures satisfy Part 64, the facility owner or

operator may have other reasons for proposing a new monitoring approach.  For example, a

facility owner or operator who currently monitors combustion temperature to ensure proper

operation of a thermal incinerator and has addressed all the Part 64 criteria listed in Table 2-1

satisfies Part 64.  This facility owner or operator may choose to propose the current monitoring

procedures (e.g., use of strip chart recorder) or may choose to select a different approach (e.g.,

electronic data recording with hourly averaging) for other reasons.

On the other hand, if the current monitoring procedures fail to address all of the Part 64

criteria (e.g., if QA/QC procedures are not addressed, or if the monitoring frequency and

averaging time are not sufficient to detect a change in control device performance), those

procedures do not satisfy Part 64.  The owner or operator would then be required to determine if

modifications can be made to meet Part 64 criteria (Step 3) or if an alternative monitoring

approach is preferable (step 4).

The rule specifies that if a facility is currently using a CEMS, COMS, or PEMS to

comply with an applicable requirement, this system must also be used to satisfy Part 64.  Special

criteria for the use of CEMS, COMS, and PEMS to satisfy Part 64 are discussed in Section 2.2.2.

Step 3.  Determine if current monitoring procedures can be modified to meet Part 64

criteria

If the current monitoring procedures do not meet Part 64 minimum criteria, but the

procedures can be modified to do so, the owner or operator has two options.  The owner or
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operator can either modify the current monitoring approach to meet the minimum Part 64 criteria

or implement an alternative approach that satisfies all Part 64 requirements (as outlined in

step 4).

If a facility chooses to modify the current approach, the owner or operator determines the

modifications that will be made to satisfy Part 64 and incorporates these modifications along

with the current monitoring practices into the revised monitoring approach.  For example, a

calciner using a wet scrubber to comply with a PM limit has current monitoring procedures that

consist of monitoring pressure drop and liquid flow rate.  To satisfy Part 64, this facility would

need to expand the current monitoring practices to address performance criteria such as data

representativeness and QA/QC procedures associated with the monitoring approach.

If the current monitoring system cannot be modified to meet Part 64 criteria, the owner or

operator must consider alternative approaches, as outlined in step 4.  For example, a facility with

a thermal incinerator may currently monitor whether the burner is operating (flame “on”

indicator).  This indicator is not considered to be an adequate indicator of control device

performance and cannot be modified to meet Part 64.  The facility owner or operator would need

to monitor other parameters that are better indicators of control device performance, such as

combustion chamber temperature with an appropriate monitoring frequency and averaging time. 

Similarly, a medical waste incinerator using a baghouse to control particulate emissions may

currently monitor charge weight, hourly charge rate, and secondary combustion chamber

temperature.  To meet Part 64 requirements, the facility would need to monitor additional

parameters that are indicators of control device performance, such as baghouse pressure drop and

visible emissions. 

Step 4.  Identify potential indicators and/or combinations of indicators to meet

Part 64 criteria

If a facility is not currently monitoring emissions or control device performance or if the

current monitoring approach does not meet the Part 64 criteria and cannot be modified to meet

the criteria, the owner or operator of the facility must select an alternative monitoring approach to

comply with Part 64.  Appendix B presents illustrations of some of the alternative monitoring

approaches applicable to different combinations of control devices, pollutants, and sources. 

Appendix B does not provide an all inclusive list of monitoring techniques and is intended only

as a guide to assist owners/operators with identifying alternative monitoring approaches.  Other

sources of information include monitoring requirements for same or similar sources specified in

Federal, State, and/or local regulations, State guidance, in-house expertise, and manufacturers’

recommendations.  In addition, Chapter 5 provides an annotated bibliography of monitoring

reference materials.
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Using these or other appropriate sources of information as guidance, the owner/operator

of the facility identifies potential monitoring approaches.  The approaches may include

monitoring measured or predicted emissions (such as THC, opacity, or visible emissions);

process and/or control device operating parameters that affect control device performance (such

as production rate or thermal incinerator operating temperature); recorded findings of inspection

and maintenance activities related to maintaining the performance of the control device; or a

combination of these types of indicators.

Step 5:  Select most reasonable approach that meets Part 64 criteria

Of the approaches identified, the owner/operator can select the most reasonable for the

situation.  Factors to be considered in making this determination are described below. 

Considering these factors and others that may be appropriate to each specific emissions unit, the

owner or operator selects and proposes a monitoring approach.

As illustrated in the Monitoring Approach Selection Process Worksheet (Figure 2-2), to

facilitate the selection process the facility could use a pro/con approach.  The factors that are

considered in making a determination can be classified as either a pro or con and assigned a

rating.  Factors that are considered a pro can be assigned a rating of 1 (a weak pro) to 3 (a strong

pro).  Similarly, factors that are considered a con can be assigned a rating of -1 (a weak con) to -3

(a strong con).  The sum of the ratings for each option is a rough measure of reasonableness of

the approach; the higher the value, the more reasonable the option.  For all the options

considered, this sum can be compared to help select the most reasonable option.

Frequency of monitoring.  Monitoring frequency (including data collection and data

averaging periods) should be designed to obtain data at intervals that are consistent with the time

period over which a change in control device performance is likely to be observed.  Data

measurement frequency should be sufficient to allow calculation over averaging periods that are

short enough to observe significant changes in control device performance, and to allow early

detection of problems so that timely corrective action is possible.  At the same time, averaging

periods should not be so short that minor perturbations as a result of normal variations in a

parameter are flagged as exceedances.  Also, for manual measurements, the facility should

consider the frequency of other measurements taken at the plant and try to minimize the number

of times the operator must take readings, while still meeting the minimum frequency

requirements.

Level of confidence.  Level of confidence is a subjective measure of how appropriate the

selected monitoring approach is with respect to ensuring that the control device is operating

properly, and, as a result, there is a reasonable assurance that the emissions unit is in compliance

with the applicable emission limit.  For example, there are numerous options available for

monitoring indicators of performance for a facility that uses a thermal incinerator for volatile
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organic compound (VOC) control.  The indicators that could be monitored include visible

emissions, burner flame on indicator, combustion chamber temperature, carbon monoxide (CO)

emissions measured with a CEMS, and VOC emissions measured with a CEMS.  As shown in

Table 2-2, a level of confidence, although subjective, can be associated with each monitoring

approach.  If the level of confidence in an approach is low, the owner or operator may consider

monitoring other parameters that may be better indicators of control device performance,

increasing the frequency of measurements (if applicable), or selecting more than one indicator to

be monitored.

Equipment needs.  In selecting a monitoring approach, equipment needs also should be

considered.  In addition to investigating the costs of such equipment, the logistics of locating,

installing, and maintaining the equipment, the familiarity of plant personnel with the use of the

equipment, and the use of the equipment on other processes at the facility should also be

considered.  For example, a facility that uses a wet scrubber on a hot exhaust stream may propose

to monitor water flow to the scrubber as an indicator of control device performance.  Because a

water flow meter provides a direct measure of the parameter, it is preferred.  However, in some

cases, measuring outlet temperature as an indicator of water flow to the scrubber may be

adequate and may be easier to maintain.  If the facility owner or operator is currently measuring

temperatures for other processes at the plant, using a thermocouple to monitor temperature is

more straight-forward than introducing a new piece of equipment that plant personnel may not be

familiar with.  Also, water flow meters are more susceptible to malfunctions and require more

frequent inspections to ensure they are operating properly.  However, if the facility owner or

operator is currently using water flow meters, there is likely a program in place for regular

inspection and maintenance of the equipment and the addition of one more flow meter would not

be inconsistent with plant operations.

Costs.  The purpose of the selection process is to arrive at a cost-effective monitoring

option that meets Part 64 criteria.  In evaluating the costs associated with the proposed

monitoring approach, it is recommended that, in addition to determining the capital and operating

costs associated with monitoring, the cost benefit of operating and maintaining the control

equipment in good working condition be considered as well.  The monitoring costs can then be

compared to possible benefits associated with employing better monitoring practices or using

diagnostic systems to monitor the operating condition of the control equipment.
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TABLE 2-2.  LEVEL OF CONFIDENCE

Control device:  Thermal incinerator for VOC control

Indicator Level of confidence

Daily VE for “haze” Low

Auxiliary burner flame on Low

Comb. chamber T, daily Low

Comb. chamber T, once/shift Low to moderate

Comb. chamber T, hourly Moderate to high

Comb. chamber T, continuous (averaged hourly) High

Comb. chamber T, continuous (averaged
hourly); and CO CEMS

Very high

Comb. chamber T, continuous (averaged
hourly); and VOC CEMS

Very high

1.  Production benefits--Improved monitoring may be cost-effective.  In many cases,

improved monitoring provides better process knowledge, which results in increased product

yield.  For example, carbon adsorbers can be used to control solvent emissions and recover

solvent for reuse in a specific process.  Using analyzers to measure inlet and outlet solvent

concentrations as a monitoring approach would benefit the solvent recovery process.  To

maintain high recovery, solvent recovery efficiency can be calculated continuously and corrective

action can be taken when the efficiency falls below a certain level.  The savings gained by

improved solvent recovery may offset the cost of monitoring.

2.  Operation and maintenance (O&M) benefits--Operating and maintaining the control

device in top condition may result in long-term cost savings.  This can be achieved through the

implementation of regular inspections of equipment to ensure that it is operated and maintained

properly.  Diagnostic systems (e.g., bag leak detectors) provide the ability to monitor equipment

condition in real time and to spot trends that predict problems or failures.  This capability may

reduce O&M costs and production losses by making timely maintenance possible and by

avoiding costly production losses, unnecessary maintenance, and equipment failures. 
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2.3.2  Selection of Indicator Range

The Part 64 monitoring approach is designed to provide the owner or operator of an

affected emissions unit with information about the performance of control measures.  Indicator

ranges are critical to the validity of this approach.  The owner or operator establishes appropriate

ranges for selected control device performance indicators such that operating within the

established ranges will provide a reasonable assurance of compliance with applicable

requirements.  Monitoring the indicators allows the owner or operator to identify problems with

the operation and/or maintenance of the control device.  An excursion or exceedance of an

indicator range signals a potential problem with the operation or maintenance of the control

equipment and alerts the owner or operator of the need to determine whether corrective action is

necessary to restore operations to normal conditions.

Parameter data collected during performance testing are key in establishing indicator

ranges that represent good operating conditions.  However, other relevant information, such as

engineering assessments, manufacturers’ design criteria, and historical monitoring data, also may

be used.  For example, engineering specifications for a venturi scrubber installed to control

particulate matter from an affected emissions unit may include design operational ranges for

liquid flow rate and pressure drop across the venturi.  For this example, it is assumed that the

scrubber design conditions are intended to achieve the desired emission reductions for

uncontrolled emission rates that correspond to 120 percent of the affected unit’s process design

rate.  The results of a performance test during which the scrubber is operated within these design

conditions and the process is operated at conditions representative of high load (near 100 percent

design rate) would be used to confirm that operating within the scrubber design conditions

achieves the emission reduction desired and provides a reasonable assurance of compliance

across the anticipated range of process conditions for ongoing operation.

In many cases, historical monitoring data, in addition to parameter data collected during

compliances tests, are useful or even necessary for establishing indicator ranges.  Typically,

compliance tests are of short duration; three 1-hr test runs, for example.  Use of only 3 hours of

parameter data may not be sufficient to fully characterize parameter values during normal

operation.  Specifically, these data may be insufficient to identify normal short-term fluctuations

in the indicator parameters.  Furthermore, if the owner/operator desires to use statistics in

establishing the indicator range, a larger body of data would be necessary.  Historical monitoring

data should be collected during periods of normal operation when the emissions unit and

associated control device are properly operated and maintained.  These data are referred to as the

baseline data.  The baseline data for establishing an indicator range should be collected over a

sufficient period of normal operation such that normal perturbations and ranges can be identified. 

Providing a summary of 1 to 3 months of parameter data in addition to the parameter data
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obtained simultaneously with the compliance test methods is recommended, whether these data

are used to establish the indicator range or not.  If these data are not used to establish the

indicator range, they will serve to verify that the range can be maintained over an extended time

period.

The baseline data, results from performance tests, and other information are evaluated to

establish appropriate indicator ranges.  Several factors impact the choice of data evaluation

procedures and analytical methods used to select appropriate indicator ranges.  These factors

include:  (1) type of data collected (data that are conducive to numeric manipulation such as

averaging vs. data that are not; e.g., continuous temperature or pressure drop measurements vs.

equipment inspections); (2) frequency of measurements (continuously measured data vs.

intermittently measured data; e.g., temperature measured at 1-minute intervals vs. temperature

measured daily); (3) quantity of data that are available for analysis (e.g., temperature

measurements recorded at 1-minute intervals during the compliance test [three, 3-hour runs] vs.

3 months of historical temperature measurements recorded at 1-minute intervals); and

(4) variability among the data (e.g., small variability vs. significant variability).  Considering

these factors, and others that may be appropriate, the facility owner or operator determines an

appropriate data evaluation procedure and establishes an indicator range.

The selected range must meet the following criteria:  (1) the range should be selected

such that parameter data from the most recent performance test, if available, fall within the range;

(2) the range should be indicative of the normal operating range under good operation and

maintenance practices; (3) the range should be sensitive enough such that changes in control

device performance can be identified, yet not so sensitive that minor variations which are a part

of normal operation are continually signaled as potential problems; and (4) the range and

averaging period/data reduction technique should account for routine operating functions at the

facility (e.g., flushing of WESP once per hour causes kV to drop below the normal operating

range for up to 6 minutes per flush).

In addition to establishing indicator range(s), affected facilities may choose to propose

threshold levels that trigger the requirement for a QIP.  Part 64 provides that a QIP may be

required if it is determined that the source owner or operator has failed to meet the obligation of

properly operating and maintaining the source.  For the purpose of determining when a QIP is

needed, Part 64 provides that a threshold level may be set in the facility’s permit, but does not

require it.  Where such a trigger is established, a level of 5 percent of the operating time is

suggested as a potentially appropriate threshold.

Although establishing a threshold level is not required by Part 64, in many cases it may

benefit the facility to propose a threshold level rather than to leave it to the permitting authority

to make a determination of whether the facility is meeting the obligation to properly operate
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and/or maintain the source.  The facility could evaluate historical data to determine how often the

selected indicator range was exceeded during periods of normal operation.  These data could be

used to establish an appropriate threshold level that triggers the need for a QIP.  For example, if

historical monitoring data for a facility indicate that the indicator range was exceeded ten times

in a 6-month period, the threshold could be established at no more than 10 excursions outside the

indicator range during a 6-month reporting period.  This threshold level is based on the number

of excursions identified in a reporting period.  As suggested by Part 64, threshold levels also

could be established based on the duration of excursions as a percentage of operating time.

The selection of indicator ranges and threshold levels are inherently related.  Source

owners may select a broad indicator range thereby avoiding excursions.  The selection of a broad

range would result in a lower number of excursions encountered during the monitoring period

over which data were collected.  As a result, the threshold level selected based on the historical

monitoring data would allow few excursions during a reporting period.  On the other hand, if a

tighter indicator range is selected, the number of excursions encountered during the monitoring

period would be higher and a more lenient threshold level could be established (the threshold

level would allow more excursions from the indicator range).  An indicator range should be

selected that is representative of normal operating conditions and that would allow the owner or

operator to identify potential problems with control device and/or process operation in a timely

manner.  Consequently, it may benefit a facility to establish a tighter range that is more

representative of normal operation such that changes in control device performance can be

observed.  At the same time, the facility could establish a threshold level that allows for

excursions that are considered part of normal operation.

This section is divided into three subsections.  Section 2.3.2.1 presents several factors that

affect the choice of data evaluation procedures for selecting the indicator range; Section 2.3.2.2

presents various general data analysis approaches that could be used in determining an indicator

range; and Section 2.3.2.3 presents a flow chart of a general decision process that might be useful

to a facility when selecting indicator ranges.  This section also presents two examples of the

selection of indicator ranges.  For each example, the procedures for evaluating the data,

determining an appropriate data analysis approach, and selecting the specific indicator range are

outlined.  

2.3.2.1  Data Evaluation Factors to be Considered in Selecting an Indicator Range

2.3.2.1.1  Type of data.  Most measurements are conducive to averaging and other data

manipulations.  As a result, the indicator range may be calculated as a numeric limit.  Some

methods for determining this numeric limit are discussed in Section 2.3.2.3; they include plotting

the data and making a qualitative determination of an acceptable range, calculating an “x”th

percentile, and using other simple statistical methods to determine an acceptable range. 
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Approaches to establishing an indicator range include:  (1) a range never to be exceeded, (2) a

range not to be exceeded over a certain averaging period, (3) a range not to be exceeded for

periods greater than “x” amount of time, or (4) a range not to be exceeded for periods greater

than “x” percent of the operating time.

Some measurements are not conducive to data manipulations that result in a numeric

value.  For example, the results of equipment inspections are either acceptable or are

unacceptable.  Similarly, in some cases a “visible” or “no visible” measurement of emissions is

used.  For these types of data, a “pass/fail” approach is most appropriate for determining when an

exceedance has occurred.  If the facility is not operating within the selected indicator range (e.g.,

if visible emissions are found during the routine VE test or if bag leaks are detected during the

routine equipment inspection), the facility would be required to take corrective action to restore

the emissions unit and control device to normal operating conditions.

2.3.2.1.2  Frequency of measurements.  As discussed in Section 3.3.1, the frequency of

indicator measurements (including data collection and averaging periods) should be adequate to

identify changes in the performance of control equipment in a timely manner.  The averaging

period used in evaluating the data will directly impact the selection of an indicator range.  In

selecting an averaging period, the owner or operator should consider variability among the data

that are a part of normal process and/or control device operation.  An averaging period should be

selected that is long enough to allow this normal variability among the data without identifying

them as exceedances.  At the same time, if the selected averaging period is too long, deviations

from normal operation may not be identified in a timely manner to allow the owner or operator to

take corrective action.  The frequency of measurements should be sufficient to allow calculation

over the selected averaging period and to account for variability among the data.  For example, if

a 3-hour average is selected, measurements can be taken at 1-hour, 15-minute, or 1-minute

intervals and averaged over a 3-hour period.  If the data are fairly consistent, three 1-hour

measurements may be sufficient.  However, if there is significant variability among the data,

1-minute or 15-minute measurement intervals may be more appropriate.

2.3.2.1.3  Amount of data.  The amount of data available for manipulation has a

significant impact on the methods used to analyze the data.  Statistical analyses have little or no

meaning when the data set is limited to a few data points.  If the available data are not sufficient

for statistical methods, the data could be plotted and a qualitative determination of an acceptable

range can be made based on these plots.  However, if the facility owner or operator has a

reasonable amount of data, statistical analyses can be conducted to determine an appropriate

indicator range.  Some methods for analyzing data are presented in Section 2.4.2.2.

2.3.2.1.4  Variability among data.  Variability among the data can range from little or

no variability (very consistent data) to significant variability.  The effect of variability among the
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data on selecting an appropriate averaging period and measurement frequency are discussed

above in Section 2.3.2.1.2.  The amount of variability among the data should also be considered

in selecting an appropriate indicator action level or range.  For data that are fairly consistent with

little or no variability, selecting a narrow indicator range or an indicator level that is fairly close

to the data may be appropriate.  On the other hand, if there is significant variability among the

data, a broader indicator range or an indicator level with a substantial “buffer” may be selected. 

For example, consider a vent condenser where outlet coolant temperature is monitored once

every 2 hours.  Over a 1 month period, the range of values observed is between 5� and 8�C, with

all but two of the data points between 6� and 8�C.  One option for selecting the indicator range

would be to establish a value at the maximum value plus a “buffer” such that significant changes

in operation are evident.  The maximum value observed is 8�C.  Because there is very little

variability among the data, only a small “buffer” is necessary.  The facility could set the

maximum level at 9.  If, for this same example, the range of values observed was larger and the

data points were more evenly scattered within this range, a larger “buffer” could be used to

account for the increased variability.

2.3.2.2  Approaches for Determining Indicator Range

Numerous approaches are available for analyzing the data and selecting an indicator

range.  Some of the more common approaches are identified in this section.  These approaches

are intended only as examples and are not all inclusive.  Other approaches also are acceptable.

1.  Plotting the data and making a qualitative determination of an acceptable range:

a. mean value observed

b. mean value ± a “buffer” (e.g., “x”% of the mean, a set value (±50�F))

c. max/min value observed

d. max/min value ± a “buffer” (e.g., “x”% of the max/min, a set value (±50�F))

2.  Calculating the “x”th percentile:

A range is selected based upon a given percent of the observed data; e.g., the range

encompassing the 10th to 90th percentiles of the observed data.

3.  Conducting other simple statistical methods for cases where sufficient data are

available for analysis:

a. mean value ± standard deviation (or multiple standard deviations)

b. confidence intervals (mean value ±t1-� )s

nwhere:

t1-� is the t-statistic and � is the decimal representation of the confidence level (e.g., for a

90 percent confidence level, t0.1).



CAM TECHNICAL GUIDANCE DOCUMENT

2.3  SELECTION OF MONITORING APPROACH AND SELECTION OF INDICATOR RANGE 
8/98 2-31

4.  Specifying the process for determining the indicator range, instead of specifying an

actual numerical range (e.g., basing the range on the most recent source test, as below):

a. mean value observed during the most recent performance test demonstrating

compliance with the applicable emission limit

b. mean value observed during the most recent performance test demonstrating

compliance with the applicable emission limit ± a “buffer” (e.g. for a thermal

incinerator, “corrective action is triggered by a temperature more than 50�F below the

average temperature during the most recent performance test demonstrating

compliance with the emission limitation for VOC”)

c. max/min value observed during the most recent performance test demonstrating

compliance with the applicable emission limit

d. max/min value observed during the most recent performance test demonstrating

compliance with the applicable emission limit ± a “buffer”

2.3.2.3  Selection Process Flow Chart and Examples

Figure 2-5 presents a flow chart of a typical decision process for selecting an indicator

range.  The first step is to determine whether the measurements are conducive to data

manipulations.  If not, a pass/fail approach, as discussed in Section 2.3.2.1.1, may be used.  If the

data can be manipulated numerically, the facility owner or operator should consider whether

existing regulations establish data reduction techniques that could be used to evaluate the data. 

The facility owner or operator would also determine if the existing regulation establishes

indicator ranges, if these ranges comply with Part 64 criteria, and if these ranges meet the

facility’s needs for establishing performance.  In many cases, a regulation may establish or

suggest data reduction techniques yet not include a range for the selected indicator.  A facility

owner or operator in this situation could use the suggested data reduction techniques to evaluate

the data and determine a range.  If the regulation includes an established indicator range, the

facility owner or operator should determine if the required range meets Part 64 criteria.  If so, this

range may be proposed.  In cases where the regulation does not establish either data reduction

procedures or a range or in cases where the range established by the regulation does not meet

Part  64 criteria, the facility owner or operator should consider the data analysis options discussed

in Section 2.3.2.2 or other approaches believed to be appropriate, and select a range.

The following paragraphs present examples of approaches used to evaluate data and

select appropriate indicator ranges.  The examples address some of the factors that impact the

selection of data reduction and data analysis procedures:  data type, measurement frequency,

amount of available data, and variability among the data.  For each example, the procedures for

evaluating the data, determining an appropriate data analysis approach, and selecting the specific
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indicator range are outlined.  The examples are intended only to address the selection of an

appropriate indicator range for individual operating parameters that are indicators of control

device performance.  These examples are not complete in terms of satisfying Part 64

requirements and are not intended to imply that single parameter monitoring meets Part 64

requirements.  In many cases, monitoring a single parameter may not be sufficient to ensure

proper operation of the control device.

Example 1:  Baghouse pressure drop (limited data)

This example presents an approach used to evaluate available data and select an

appropriate indicator range for a single parameter.  The parameter data to be evaluated in this

example are pressure drop measurements across the pulse-jet baghouse, an indicator of proper

performance of the bag-cleaning cycle.  For a more complete monitoring approach, other

indicators of baghouse performance that could be monitored include periodic visible emissions

observations and periodic inspections.

The bag cleaning cycle is designed to keep the differential pressure across the fabric filter

between 3 and 4 inches of water column (in. w.c.).  When the differential pressure reaches 4 in.

w.c., one row is pulsed.  If, after 15 seconds, the differential pressure is still above 3 in. w.c., a

second row is pulsed.  During the most recent performance test, the pressure drop was recorded

at 15-minute intervals.  Over 6 days, a total of 78 pressure drop readings were taken.  Table 2-3

summarizes the daily minimum, maximum, and average readings.  Figure 2-6 graphically

presents the daily readings.   Although the individual data can be averaged, either on an hourly or

daily basis, because the pressure drop is expected to vary over a range during the normal

operation of the baghouse and cleaning cycle, it makes more sense to track the pressure drop and

assure it remains within the normal operating range rather than calculate an average value. 

 Several options could be used for selecting the actual range including:

1. The minimum and maximum values observed;

2. The “x”th percentile of the observed values; or

3. The minimum and maximum values observed plus a set value.

The observed data set is limited; it includes only 6 days of operation.  Consequently, the

third option was selected--the observed range of values plus a set value as a “buffer.”  The

observed range comprised of the minimum and maximum values observed is 2.3 to 4.2 in. w.c. 

A set value of 0.5 in. w.c. was added to this range to yield a range of 1.8 to 4.7 in. w.c., and this

range was rounded to the nearest 0.5 in. to yield the recommended indicator range of 2.0 to

4.5 in. w.c. 
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Figure 2-6.  Baghouse differential pressure by day.

TABLE 2-3.  BAGHOUSE PRESSURE DROP READINGS

Date Test No. Time
No. of

readings

Daily
minimum

value,
in. w.c.

Daily
maximum

value,
in. w.c.

Daily
average
value,
in w.c.

11/18 1 0918-1840 14 2.6 3.9 3.4

11/19 2 1550-2158 13 2.8 4.1 3.5

11/20 3 1230-2250 14 2.6 4.1 3.5

11/21 4 1230-1750 12 2.3 4.1 3.3

11/22 5 1045-1845 15 3.0 4.2 3.5

11/23 6 0930-1350 10 3.0 3.9 3.4

Average 2.7 4.1 3.4
Number of values: 78
Range of all values: 2.3 -4.2
5th percentile: 2.7
10th percentile: 2.8
90th percentile: 3.9
95th percentile 4.1
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Simply using the minimum and maximum values observed was not done because of the

very limited size of the data set.  A larger data set for establishing indicator ranges is desirable. 

The use of the range comprised of the 5th to 95th percentile (2.7 to 4.1 in. w.c.) was examined,

but this approach does not make sense.  Ten percent of the observed data during the performance

test when the baghouse was properly operating would fall outside the established range.

Example 2: Vent Condenser coolant temperature (extended operating data)

This example presents an approach used to evaluate available data and select appropriate

indicator ranges for two parameters.  The parameter data to be evaluated in this example are inlet

and outlet coolant temperature measurements, which are indicators of condenser performance. 

Other indicators of condenser performance that could be monitored include outlet VOC

concentration and outlet gas temperature.

The vent condenser uses brine solution as the cooling medium.  Temperature limits

specified in the operating permit allow a maximum inlet coolant temperature of 46�F (8�C) and

a maximum outlet coolant temperature of 49�F (9�C).  These maximum inlet and outlet coolant

temperatures were estimated based on the outlet vent gas stream temperature that must be

achieved to condense the pollutants.  The outlet gas stream temperature was calculated using

vapor pressure versus temperature data.  Four months of historical monitoring data for the vent

condenser are available.  These data include monitoring of the inlet and outlet coolant

temperature once every 2 hours.  The facility permit requires monitoring once per day.  A cursory

review of the 4 months of data indicate that the temperature is very constant.  Consequently, only

1 month's data were plotted and reviewed in detail.  Figures 2-7 and 2-8 graphically present time

series plots of the 2-hour readings for the brine supply and brine return temperatures,

respectively.  

Several options could be used for selecting the indicator range, including:

1.  The maximum values observed for the temperatures;

2.  The “x”th percentile of the observed values;

3.  The values observed plus a set amount; or

4.  A calculated design limit.

The indicator ranges were selected based on calculated design limits evaluated in conjunction

with maximum values observed during the month.  For the brine return temperature, the

maximum observed value was 8ºC; the calculated value to achieve compliance is 9ºC. 

Consequently,  the indicator range selected is �9ºC.  For the brine inlet temperature, the

calculated value to achieve compliance is 8ºC.  The range of values observed was between 5�

and 9.5ºC, with the majority of the values between 6� and 8ºC.  During the month, only 3 values

of the 326 recorded values exceeded 8ºC.  Consequently, the indicator range selected is �8ºC,



CAM TECHNICAL GUIDANCE DOCUMENT

2.3  SELECTION OF MONITORING APPROACH AND SELECTION OF INDICATOR RANGE
2-36 8/98

which is consistent with the calculated value to achieve compliance.  A qualitative review of the

data for the remaining 3 months that were not plotted indicates similar results would be obtained.
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Figure 2-7. Recorded brine supply temperature for May.

Figure 2-8. Recorded brine return temperature values for May.



CAM TECHNICAL GUIDANCE DOCUMENT

2.4  QUALITY IMPROVEMENT PLANS
2-38 8/98

2.4  QUALITY IMPROVEMENT PLANS (QIP’s)

A QIP is a written plan that outlines the procedures that will be used to evaluate problems

that affect the performance of control equipment.  The permitting authority or the Administrator

may require a source to develop and implement a QIP after a determination that the source has

failed to use acceptable procedures in responding to an excursion or exceedance.  Also, the rule

provides, but does not require, that the Part 70 or 71 permit may specify an appropriate threshold

level for requiring the implementation of a QIP.  Where a threshold level is used, the rule

recommends the level at which the total duration of excursions or exceedances at the affected

emissions unit is greater than 5 percent of the unit’s total operating time.  The threshold level

may be set at a higher or lower percent or may rely entirely on other criteria that indicate whether

the emissions unit and control device are being operated and maintained properly.  Once

required, the written QIP must be maintained by the owner or operator, and must be available for

inspection upon request.

The QIP is developed in two basic components.  First, an initial QIP would include

evaluation procedures to determine the cause of control device performance problems.  Based on

these findings, the QIP is then modified to include procedures to improve the quality of control

performance.  This second component would include the procedures that will be implemented to

reduce the probability of a recurrence of the problem, and the schedule for making such

improvements.  Depending on the nature of the problem, the modified QIP could include

procedures for conducting one or more of the following, as appropriate:

1.  Improved preventative maintenance practices;

2.  Process operation changes;

3.  Appropriate improvements to control methods; and/or

4.  Other steps appropriate to correct problems affecting control performance.

In conjunction with these procedures, the QIP also may include more frequent or improved

monitoring procedures.

An example QIP has been developed as guidance.  The example is for a baghouse used on

a dry malt milling operation at a brewery.  The example QIP includes a section titled

“Background Information,” which is not required by the rule but is included to provide additional

information about the emissions unit, the control device, the monitoring procedures, and the

excursions or exceedances that have triggered the need for a QIP.  Sections II and III of the

example QIP represent the two components of QIP’s described above and required by the rule.  
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Example Quality Improvement Plan

I. Background Information

The affected emissions unit is the material handling system for the malt mills and ground

malt storage hoppers at XYZ Brewery.  The process stream exhaust is controlled by a pulse-jet

baghouse operated under negative pressure.  The baghouse is a single compartment unit

containing 11 rows with 11 bags per row (121 bags total).  The bag cleaning system is designed

to keep the differential pressure across the fabric filter between 3 and 4 in. w. c.  The facility

currently monitors differential pressure on a daily basis and conducts daily visible emissions

(VE) tests to satisfy CAM requirements.

The facility’s Title V permit for this emissions unit specifies a threshold level for

requiring the implementation of a QIP.  This threshold is defined as the level at which the total

duration of excursions (from the indicator ranges specified in the permit) is greater than 5 percent

of the emission unit’s total operating time during that reporting period.  During this reporting

period, the emissions unit/control device exceeded the 5 percent duration allowed for excursions

from the indicator ranges.  For 5 of the 90 operating days during the reporting period the

baghouse pressure drop was above the high end of the 2.0 to 4.5 in. w.c. indicator range that was

established by the facility for monitoring pursuant to the CAM rule.

II. Initial Investigation Procedures

The initial investigation will be conducted within ___ days of the last excursion that

triggered the need for a QIP.  The initial investigation will include:

1.  Inspection of the baghouse discharge hopper/rotary valve system for blockage;

2.  Inspection of the fan operation;

3.  External inspection of the baghouse for signs of corrosion/air leakage;

4.  Verification of pulse-jet cleaning system operation;

5.  Hourly differential pressure readings until readings are within the established indicator

range; and

6.  Hourly VE inspections until the VE readings are withing the established indicator

range.

Based on the results of this initial investigation, the QIP will be modified to include

procedures for enhancing the current monitoring approach to avoid similar problems in the

future.  These procedures will be described in Section III.
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III.  Modifications to Enhance Current CAM Practices

Based on the results of the initial investigation it was found that ineffective cleaning of

the filter bags resulted in excessively high pressure drop.  The following preventative

maintenance practices will be implemented to prevent similar problems with the cleaning system

in the future:

1.  Check all cleaning system components daily;

2.  Monitor discharge hopper daily to ensure dust is removed as needed;

3.  Check compressed-air lines weekly;

4.  Check bag cleaning sequence weekly; and

5.  Check high-wear parts on cleaning system annually and replace as necessary.

These practices will be implemented on _____ (insert date).
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2.5  REFERENCES

1.  Virginia State Advisory Board on Air  Pollution, Sub-Committee Report on

Compliance Assurance Monitoring (CAM), October 16, 1995.
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3.0  CAM ILLUSTRATIONS

This chapter introduces illustrations of the types of monitoring that generally satisfy the

requirements of the CAM rule.  Sections 3.1 and 3.2 describe the purpose and format of the

illustrations, Section 3.3 presents general information about the illustrations and their use. 

Section 3.4 discusses presumptively acceptable CAM.  The illustrations of CAM are presented in

Appendix B.

3.1  PURPOSE OF ILLUSTRATIONS

The purpose of the illustrations is to give examples of the types of monitoring (i.e.,

indicators or combinations of indicators) that may be used in conjunction with specific types of

emission control methods to provide a reasonable assurance of compliance with emission

limitations.  Each illustration corresponds to a specific combination of pollutant, control method,

and monitoring approach.

The combinations of pollutant and control device type have been designated as

“categories” for organizational purposes.  Table 3-1 provides a list of potential categories of

CAM illustrations.  The control devices listed are based on controls identified in the Aerometric

Information Retrieval System (AIRS) data base; selected control devices and their AIRS

identification codes are given in Table 3-2.  For each illustration category or designation, the list

includes examples of emissions units to which the illustration may apply.  The table also

indicates which illustrations have been drafted to date.  This list of illustrations is not meant to be

all-inclusive.  Emission units with control technologies other than those listed in Table 3-1 may

be subject to CAM, and monitoring approaches other than those addressed in these

nonprescriptive illustrations may be acceptable for satisfying the requirements of Part 64. 

Facilities are encouraged to consider not only the monitoring approaches included in the CAM

illustrations presented but other options that provide a reasonable assurance of compliance.  

The CAM illustrations presented in Appendix B are not meant to be examples of

monitoring approach submittals; CAM submittals are addressed in Chapter 2 and Appendix A of

this document.  A CAM submittal provides all the monitoring information that is required

[§ 64.4] to be submitted to the permitting authority for a PSEU.
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TABLE 3-1.  POTENTIAL CAM ILLUSTRATIONS
Control Pollutant Emissions units Category

Fabric filter PM Furnace, kiln, dryer, incinerator, material processing & handling, industrial
process vents

1 (a,b,c,d,e) *

ESP PM Furnace, kiln, dryer, incinerator, material processing & handling 2 *

Wet ESP PM Insulation mfg. 3

Wet scrubber PM Furnace, kiln, dryer, incinerator, material processing & handling 4 (a)*

Wet scrubber SO2 Combustor 5*

Spray drying SO2 Combustors, furnaces, boilers 6 *

Wet scrubber TRS Smelt dissolving tank, furnace 7

Wet scrubber Fluorides Phosphate fertilizer manufacturing, primary aluminum processing 8

Absorber VOC Polymer mfg., distillation units, air oxidation units, misc. reactors 9

Afterburner PM Saturator, blowing still 10

Thermal incinerator CO FCCU catalyst regeneration, petroleum refining 11 (a,b) * 

Oxidation control SO2 Sulfur recovery, sweetening units 12

Reduction and incineration SO2 Sulfur recovery, sweetening units 13

Combustion TRS Furnaces, combustors 14

Incinerator TRS Smelt dissolving tank, kraft pulp wall processes 15

Thermal incinerator VOC Coating, spraying, printing, polymer mfg., distillation units, wastewater
treatment units, equipment leaks, air oxidation units, misc. SOCMI units

16(a,b,c)*

Catalytic combustor PM Wood heater 17

Catalytic oxidizer VOC Coating, spraying, printing, polymer mfg., distillation units, wastewater
treatment units, equipment leaks, air oxidation units, misc. SOCMI units

18*

Flare CO, VOC EAF, coke oven batteries, misc. SOCMI units 19

Condenser VOC Coating, polymer mfg., distillation units, equipment leaks air oxidation
units, misc. reactors, pharmaceuticals

21*

Gravel bed filter PM Kiln, cooler, dryer 22

Carbon adsorber VOC Coating, spraying, printing, polymer mfg., distillation units, wastewater
treatment units, dry cleaning, degreasing, pharmaceuticals,  leaks

23* 

Cyclone PM Combustors, mineral processing, furnaces, kilns 24 (a,b)*

Gravity collector PM Combustors, mineral processing, furnaces, kilns 25 *

Flue gas desulfurization SO2 Boiler 26

Acid plant neutralization SO2 Furnace 27

Dual absorption system SO2 Sulfuric acid production 28

Dry sorbent injection SO2 Combustor 29

Water injection NOx Turbines 30

Ext. column absorption NOx Nitric acid production 31

Selective cat. reduction NOx Nitric acid production 32(a,b)

*Indicates illustrations already drafted.
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TABLE 3-2.  SELECTED AIRS IDENTIFICATION CODES FOR

CONTROL DEVICES

AIRS 
Code Description of control method

001
002
003

Wet scrubber: High efficiency
Medium efficiency
Low efficiency

004
005
006

Gravity collector: High efficiency
Medium efficiency
Low efficiency

007
008
009

Centrifugal collector: High efficiency
Medium efficiency
Low efficiency

010
011
012

Electrostatic Precipitator (ESP): High efficiency
Medium efficiency
Low efficiency

013 Gas scrubber, general

014
015

Mist eliminator: High Velocity
Low Velocity

016
017
018

Fabric filter: High Temperature
Medium Temperature
Low Temperature

019
020

Catalytic: Afterburner
Heat Exchanger

021
022

Direct flame: Afterburner
Heat Exchanger

023 Flaring

026 Flue gas recirculation

028
032

Injection: Steam or Water 
Ammonia

034
035
036
037
038

Scrubbing: Wellman-Lord/Sodium Sulfate
Magnesium Oxide 
Dual Alkali 
Citrate Process 
Ammonia 

039 Catalytic oxidation-flue gas desulfurization

040 Alkalized alumina vapor space tank

041
042

Limestone injection: Dry
Wet

043
044

Sulfuric acid plant: Contact Process
Double Contact Process

045 Sulfur plant

047 Vapor recovery system

048 Activated carbon adsorption

049 Liquid filtration system
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050
051

Gas absorber column: Packed
Tray Type

052 Spray tower

053
055

Scrubber: Venturi
Impingement plate 

056
057

Dynamic separator: Dry
Wet

058
059
063
064

Filter - Mat or panel
Metal fabric filter screen
Filter: Gravel bed 

Annular ring 

065 Catalytic reduction

066 Molecular sieve

067
068
069
070

Scrubbing: Wet lime slurry
Alkaline fly ash 
Sodium carbonate 
Sodium-alkali 

071 Fluid bed dry scrubber

072
073
074

Condenser: Tube and shell 
Refrigerated 
Barometric 

075
076
077

Cyclone: Single
Multi without fly ash reinjection
Multi with fly ash reinjection

079 Dry electrostatic granular filter

080 Chemical oxidation

081 Chemical reduction

082 Ozonation

083 Chemical neutralization

084 Activated clay adsorption

085 Wet cyclonic separator

086 Water curtain

087 Nitrogen blanket

098 Moving bed dry scrubber

101 High Efficiency Particulate Air (HEPA) Filter

107 Selective Noncatalytic Reduction (SNCR) for NOx



CAM TECHNICAL GUIDANCE DOCUMENT

3.2  FORMAT OF ILLUSTRATIONS 
8/98 3-5

3.2  FORMAT OF ILLUSTRATIONS

Figure 3-1 presents the general format for CAM illustrations and provides a brief

description of the elements that comprise an illustration.
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1. APPLICABILITY

1.1 Control Technology
Type of control device (e.g., wet scrubber) or method to monitor (e.g., work practices).  [The
numbers listed in this section are the AIRS control device identification codes.]

1.2 Pollutants
Primary: The pollutant specified in the applicable requirement for the emissions unit (e.g.,

VOC).
Other: Other pollutants that may be controlled incidentally by the control device or method

(e.g., organic HAP's)

1.3 Process/Emissions Unit
Some examples of types of emission units subject to the applicable requirement (e.g., boiler).

2. MONITORING APPROACH DESCRIPTION

2.1 Indicators Monitored
The indicators of control method performance that are to be monitored to satisfy CAM.  In
many cases, only one indicator (e.g., pressure drop) may be monitored to assure compliance
with the applicable requirement.  In other cases, two or more indicators may be monitored.  

2.2 Rationale for Monitoring Approach
Short justification for the adequacy of the monitoring approach for assuring compliance with the
applicable requirement (e.g., scrubber efficiency increases with pressure drop).

2.3 Monitoring Location
Suggested locations for monitoring the indicator of control technology performance (e.g., across
venturi throat).

2.4 Analytical Devices Required
Examples of the instruments, devices, or other relevant equipment that could be used to perform
the type of monitoring addressed in the illustration (e.g., differential pressure gauges). 
Information on various types of parameter measurement equipment are presented in Chapter 4,
Monitoring Equipment Technical Reference.

2.5 Data Acquisition and Measurement System Operation
For each parameter that is to be monitored, the frequency of monitoring, applicable units of
measurement, and options for recording the monitoring data.

2.6 Data Requirements
Types and amounts of data and other information needed to establish the indicator ranges.

2.7 Specific QA/QC Procedures
Calibration, maintenance and operation of instrumentation that would be required to assure
proper QA/QC for the given monitoring.

2.8 References
Numbered references to the bibliography provided at the end of the CAM illustrations section,
listing those that were used for the illustration and would be useful for generating a CAM plan.

3.  Comments

Additional explanation or comments on the illustration.

Figure 3-1.  CAM illustration format.
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3.3  ILLUSTRATIONS

The CAM illustrations completed to date are presented in Appendix B.  Additional

illustrations will be added to the Appendix as they become available.  The illustrations are

organized by control method, according to the order presented in Table 3-1. 

Section 3.3.1 presents general comments that pertain to the illustrations.

3.3.1  General Information

3.3.1.1  Multiple Monitoring Approaches

For some categories of control device/pollutant combinations, multiple CAM illustrations

have been presented; that is, multiple monitoring approaches have been identified.  The

monitoring approach for a PSEU should be evaluated on a case-by-case basis.  Depending upon

the PSEU, any of the multiple approaches presented (or other approaches not presented) might be

appropriate.  In other cases, because of the specific design and operating conditions of the PSEU,

not all of the approaches presented would be applicable to, or sufficient for, the specific unit.  For

example, for a thermal incinerator used for VOC control on a process where capture efficiency is

not a factor, an illustration that presents monitoring of the temperature of the combustion

chamber as the only parameter monitored might be appropriate.  On the other hand, if the capture

efficiency of the VOC fume is a factor in the control system performance, a monitoring approach

that also incorporates an indicator for monitoring capture efficiency (such as flow) would be

appropriate. 

Also, approaches presented separately in different illustrations can be combined to

establish a complete monitoring approach.  For example, for the fabric filter/PM category,

periodic (daily) visible emission monitoring is presented as a separate illustration of a monitoring

approach.  This monitoring can be combined with other illustrations presented for baghouses,

such as the continuous monitoring of baghouse pressure drop, (or other approaches not

presented) to provide the overall monitoring approach selected for a PSEU for inclusion in a

CAM submittal. 

3.3.1.2  Frequency of Data Recording

For large pollutant specific emission units (i.e., PSEU’s with the potential to emit,

calculated including the effect of control devices, the applicable regulated air pollutant in an

amount equal to or greater than 100 percent of the amount, in tons per year, required for a source

to be classified as a major source), CAM requires the owner or operator to collect four or more

data values equally spaced over each hour and average the values, as applicable, over the

applicable averaging period, for each parameter monitored [§ 64.3(b)(4)(ii)].
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Some of the illustrations presented in Appendix B may indicate a reduced data collection

frequency.  These monitoring approaches may not be acceptable for large units unless approved

by the permitting authority or used in conjunction with the monitoring of other parameters for

which the data collection frequency is at least four times per hour.  However, the permitting

authority may approve a reduced data collection frequency, if appropriate, based on information

presented by the owner or operator concerning the data collection mechanisms available for a

particular parameter for a particular pollutant-specific emissions unit (e.g., integrated raw

material or fuel analysis data, noninstrumental measurement of waste feed rate or visible

emissions, use of a portable analyzer or alarm sensor).
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3.4  PRESUMPTIVELY ACCEPTABLE CAM

Monitoring identified by the Administrator as presumptively acceptable monitoring

satisfies the requirements of the CAM Rule’s Monitoring Design Criteria [§ 64.3].  These

requirements include both general criteria [§ 64.3(a)] and performance criteria [§ 64.3(b)].  

The general criteria set guidelines for: 

(a)  Designing an appropriate monitoring system; and 

(b)  Setting the appropriate parameter range(s).  

The performance criteria require: 

(a)  Data representativeness; 

(b)  A method to confirm the operational status of the monitoring equipment (for new or

modified monitoring equipment only); 

(c)  Quality assurance and quality control procedures; and 

(d)  Specifications for the monitoring frequency and data collection procedure.  

The owner or operator may propose presumptively acceptable monitoring without

additional permit content or justification, except that for new or modified monitoring systems the

owner/operator must submit information on the method to be used to confirm operational status

of the monitoring equipment.

The monitoring requirements for all NSPS and NESHAP in 40 CFR 60 and 40 CFR 61

were reviewed with respect to meeting each of the Part 64 criteria listed above, with the

exception of the criterion for verifying operational status for new systems.  Because this

requirement applies only to new systems, it is not appropriate to include this criterion in the

evaluation of presumptively acceptable monitoring.  Instead the expectation is that an

owner/operator proposing monitoring that involves a new system does need to provide

information on the approach to be used for confirming operational status of a new system even

for presumptively acceptable monitoring.

Table 3-3 lists the rules that incorporate presumptively acceptable monitoring.  The

monitoring approaches presented in the table are presumptively acceptable for the same type of

emissions units for which the monitoring in the cited rules apply, with the caveat that all the

elements of the monitoring approach presented in the rule are incorporated into the monitoring

proposed by the source owner to satisfy CAM (e.g., setting of parameter ranges, frequency of

measurement and data collection, averaging times, and quality assurance/control procedures and

frequency).

Many of the rules that were reviewed have monitoring requirements that satisfy some or

most of the criteria.  An important criterion that is absent in all of the Part 60 and 61 rules is the

establishment of monitoring requirements for capture efficiency, for rules in which capture

efficiency is a factor in determining compliance with the regulation.  Because establishing
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parameters for monitoring capture efficiency, if applicable, is an important criterion of CAM (see

§ 64.3), these regulations were not considered to be presumptively acceptable.  Typically, the

criterion that was not met for many of the other rules was the criterion for quality assurance and

quality control procedures.  Rules that simply stated:  “calibrate according to manufacturer’s

recommendations” were not considered to satisfy the Part 64 QA/QC procedures requirement. 

As a minimum, the frequency of QA/QC procedures or calibrations should be specified.

Rules that are missing only one or two CAM performance criteria (e.g., acceptable

calibration drift or calibration frequency) but are acceptable with respect to all other criteria have

been identified as “Conditionally Presumptively Acceptable Rules” and are listed in Table 3-4. 

This means that information to address the criterion not included in the rule must be included

with the CAM submittal.  For new or modified monitoring equipment, verification procedures to

confirm the operational status of the monitoring also must be included in the CAM submittal.

Rules that require flares to meet 40 CFR 60.18 (general control device requirements)

have been determined to be presumptively acceptable for CAM.  These rules do not specifically

meet all of the Part 64 criteria (specifically, neither the rules nor Part 60.18 establish QA/QC

practices or a frequency of calibration).  Nonetheless, because the required monitoring is limited

to the continuous monitoring of the presence of a pilot flame (yes/no) and because Part 60.18 

stipulates design criteria for flares, the lack of specific QA/QC practices is not considered a

deficiency for this control device/monitoring combination.  If the sensor fails, the lack of a pilot

flame will be indicated and corrective action will be required.

The use of CEMS that provide results in units of the standard for the pollutant of interest

and meet the criteria presented in § 64.3.(d)(2) is presumptively acceptable CAM; specific

regulations utilizing CEMS have not been listed in the table as a matter of convenience.  Note,

however, that rules using continuous VOC monitors have been included because (a) in many

cases, the emission limit is not expressed as a concentration limit (the CEMS does not provide

data in units of the standard), so consideration must be given to whether CAM monitoring design

criteria (e.g., establishing an indicator range and averaging time) are addressed; and (b) some

rules require parameter monitoring or continuous VOC emissions monitoring.
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TABLE 3-3.  PRESUMPTIVELY ACCEPTABLE MONITORINGa

Subpart Source category Emissions unit
Control
device Pollutant Required monitoring

NSPS (40 CFR 60)

VV Equipment leaks of VOC in the
SOCMI

Equipment leaks captured by closed
vent system

Flare VOC Continuous presence of pilot flame

DDD VOC emissions from polymer
industry

Process vents Flare VOC Continuous presence of pilot flame

GGG Equipment leaks of VOC in
petroleum refineries

Equipment leaks captured by closed
vent system

Flare VOC Continuous presence of pilot flame

III SOCMI air oxidation unit processes
with VOC emissions

Reactors and recovery systems Flare VOC Continuous presence of pilot flame

KKK Equipment leaks of VOC from
onshore natural gas processing

Equipment leaks captured by closed
vent system

Flare VOC Continuous presence of pilot flame

NNN VOC emissions from SOCMI
distillation operations

Distillation units Flare VOC Continuous presence of pilot flame, and
indicator of diversion of gas flow from flare

QQQ VOC emissions from petroleum
refinery wastewater systems

Wastewater systems Flare VOC Continuous presence of pilot flame

RRR VOC emissions from SOCMI reactor
processes

Reactor processes  Flare VOC Continuous presence of pilot flame, and
indicator of diversion of gas flow from flare

NESHAP (40 CFR 61)

F Vinyl chloride Ethylene dichloride, vinyl chloride,
and polyvinyl chloride plants 

Flare on
relief valve

VOC Continuous presence of pilot flame

J Equipment leaks of benzene Equipment leaks captured by closed
vent system

Flare Benzene Continuous presence of pilot flame

V Equipment leaks Equipment leaks captured by closed
vent system

Flare VHAP Continuous presence of pilot flame

Y Benzene from benzene storage
vessels

Benzene storage vessels with closed
vent system 

Flare Benzene Continuous presence of pilot flame

BB Benzene emissions from benzene
transfer operations

Tank truck, rail, and marine vessel
loading racks

Flare Benzene Continuous presence of pilot flame

FF Benzene waste operations Chemical manufacturing plants, coke
by-product plants, and petroleum
refineries 

Flare Benzene Continuous presence of pilot flame

aMonitoring is presumptively acceptable only if it complies with all monitoring provisions stipulated in the subpart.
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TABLE 3-4.  CONDITIONALLY PRESUMPTIVELY ACCEPTABLE RULES

Subpart Source category Emissions unit Pollutant Control Required monitoring
Additional conditions to be met (must be
specified in CAM submittal)

NSPS (40 CFR 60)

DDD VOC emissions from
polymer industry

Polymer
manufacturing
processes

VOC Thermal incinerator Temperature (continuous) Specify device calibration frequency

Catalytic incinerator Temperature differential across
catalyst bed (continuous)

Specify device calibration frequency

Boiler/ process heatera Temperature (continuous) Specify device calibration frequency

Carbon adsorber Outlet organics concentration
(continuous)

If monitor does not meet PS 8 or PS 9, specify
device calibration frequency and accuracy

Absorber • Outlet organics concen-
tration (continuous), or

• Temperature (continuous),
and

• Liquid specific gravity
(continuous)

If outlet organics concentration monitored,
If monitor does not meet PS 8 or PS 9,
specify device calibration frequency and
accuracy

If temperature and specific gravity monitored,
Specify device calibration frequency

Condenser • Outlet organics concen-
tration (continuous), or

• Temperature (continuous)

If outlet organics concentration monitored,
If monitor does not meet PS 8 or PS 9,
specify device calibration frequency and
accuracy

If temperature monitored,
Specify device calibration frequency

All Bypass: Flow indicator
downstream of each valve that
would allow bypass (15 min.)
and/or check bypass valves/car
seals monthly.

None
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TABLE 3-4.  (continued)

Subpart Source category Emissions unit Pollutant Control Required monitoring
Additional conditions to be met (must be
specified in CAM submittal)

III SOCMI air oxidation unit
processes VOC emissions

Reactors and
recovery systems

VOC Thermal incinerator • Temperature continuous)
• Bypass: hourly indication of

flow

Specify device calibration frequency

Catalytic incinerator • Temperature differential
across catalyst bed
(continuous)

• Bypass: hourly indication of
flow

Specify device calibration frequency

Boiler/ process heatera • Temperature (continuous)
• Bypass: hourly indication of

flow

Specify device calibration frequency

Carbon adsorber Outlet organics concentration
(continuous)

If monitor does not meet PS 8 or PS 9, specify
device calibration frequency and accuracy

Absorber • Outlet organics
concentration (continuous),
or

• Temperature (continuous),
and

• Liquid specific gravity
(continuous)

If outlet organics concentration monitored,
If monitor does not meet PS 8 or PS 9,
specify device calibration frequency and
accuracy

If temperature and specific gravity monitored,
Specify device calibration frequency

Condenser • Outlet organics
concentration (continuous),
or

• Temperature (continuous)

If outlet organics concentration monitored,
If monitor does not meet PS 8 or PS 9,
specify device calibration frequency and
accuracy

If temperature monitored,
Specify device calibration frequency
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TABLE 3-4.  (continued)

Subpart Source category Emissions unit Pollutant Control Required monitoring
Additional conditions to be met (must be
specified in CAM submittal)

LLL On-shore natural gas
processing:  SO2 emissions

Sweetening units SO2 Incinerator with
oxidation or reduction
system

• Outlet temperature
(continuous

• SO2 concentration

Specify data collection procedures

NNN VOC emissions for
SOCMI distillation
operations

Distillation units VOC Thermal incinerator • Temperature (continuous)
• Bypass: hourly indication of

flow

Specify device calibration frequency

Catalytic incinerator • Temperature differential
across catalyst bed
(continuous)

• Bypass: hourly indication of
flow

Specify device calibration frequency

Boiler/ process heatera • Temperature (continuous)
• Bypass: hourly indication of

flow

Specify device calibration frequency

Carbon adsorber Outlet organics concentration
(continuous)

If monitor does not meet PS 8 or PS 9, specify
device calibration frequency and accuracy

Absorber • Outlet organics concen-
tration (continuous), or

• Temperature (continuous),
and

• Liquid specific gravity
(continuous)

If outlet organics concentration monitored,
If monitor does not meet PS 8 or PS 9,
specify device calibration frequency and
accuracy

If temperature and specific gravity monitored,
Specify device calibration frequency

Condenser • Outlet organics concen-
tration (continuous), or

• Temperature (continuous)

If outlet organics concentration monitored,
  CEMS must meet PS 8 requirements 

If temperature  monitored,
  Specify device calibration frequency
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TABLE 3-4.  (continued)

Subpart Source category Emissions unit Pollutant Control Required monitoring
Additional conditions to be met (must be
specified in CAM submittal)

PPP Wool Fiberglass Insulation
Manufacturing Plants

Rotary spin wool
fiberglass
manufacturing lines

PM WESP • Primary and secondary
current and voltage (4h),

• Inlet water flow rate (4h),
and

• Total solids content of inlet
water (daily)

• Increase monitoring frequency for large units
• Data representativeness criteria (i.e.,

measurement location)
• Data averaging period, if applicable

QQQ VOC emissions from
petroleum refinery
wastewater systems

Oil-water separator
tanks for >16 L/sec,
drain systems

VOC Thermal incinerator Temperature (continuous) Specify device calibration frequency

Catalytic incinerator Temperature differential across
catalyst bed (continuous)

Specify device calibration frequency

Carbon adsorber Outlet organics concentration
(continuous)

If monitor does not meet PS 8 or PS 9, specify
device calibration frequency and accuracy

All Bypass: Flow indicator on vent
stream to control device to
ensure vapors are being routed
to device.

None

RRR VOC emissions from
SOCMI reactor processes

Reactors VOC Thermal incinerator • Temperature (continuous)
• Bypass:  hourly indication of

flow

Specify device calibration frequency

Catalytic incinerator • Temperature across catalyst
bed (continuous)

• Bypass:  hourly indication of
flow

Specify device calibration frequency

Boiler/process heatera • Temperature (continuous)
• Bypass:  hourly indication of

flow

Specify device calibration frequency

Carbon adsorber • Outlet organics concen-
tration (continuous)

If monitor does not meet PS 8, specify device
calibration frequency and accuracy

Adsorber • Outlet organics concen-
tration (continuous), or

• Temperature (continuous),
and

• Liquid specific gravity
(continuous)

If outlet organics concentration monitored,
If monitor does not meet PS 8, specify device
calibration frequency and accuracy

If temperature and specific gravity monitored,
Specify device calibration frequency

Condenser • Outlet organics concen-
tration (continuous), or

• Temperature (continuous),
and

• Liquid specific gravity
(continuous)

If outlet organics concentration monitored,
If monitor does not meet PS 8, specify device
calibration frequency and accuracy

If temperature and specific gravity monitored,
Specify device calibration frequency

NESHAP (40 CFR 61)



C
A

M
 T

E
C

H
N

IC
A

L G
U

ID
A

N
C

E
 D

O
C

U
M

E
N

T

3.4  P
R

E
S

U
M

P
T

IV
E

LY
 A

C
C

E
P

T
A

B
LE

 C
A

M
3-16

8/98

TABLE 3-4.  (continued)

Subpart Source category Emissions unit Pollutant Control Required monitoring
Additional conditions to be met (must be
specified in CAM submittal)

L Benzene from coke by-
product recovery plants

Process vessels,
storage tanks, tar
intercepting sumps

Benzene Thermal incinerator • Temperature (continuous)
• Bypass: Inlet gas flow

indicator (hourly) or outlet
gas flow indicator (15 min.)
or monthly check of locked
bypass valves (e.g., car seal)

Specify device calibration frequency

Catalytic incinerator • Temperature differential
across catalyst bed
(continuous)

• Bypass: Inlet gas flow
indicator (hourly) or outlet
gas flow indicator (15 min.)
or monthly check of locked
bypass valves (e.g., car seal)

Specify device calibration frequency

Regenerative carbon
adsorber

Benzene or organics
concentration (continuous)

If monitor does not meet PS 8 or PS 9, specify
device calibration frequency and accuracy

BB Benzene emissions from
benzene transfer
operations

Tank truck, rail, and
marine vessel loading
racks

Benzene Thermal incinerator Temperature (continuous) Specify device calibration frequency

Catalytic incinerator Temperature differential across
catalyst bed (continuous)

Specify device calibration frequency

Boiler/ process heatera Temperature (continuous) Specify device calibration frequency

Carbon adsorber Outlet organics concentration
(continuous)

If monitor does not meet PS 8 or PS 9, specify
device calibration frequency and accuracy

All Bypass: Flow indicator
downstream of each valve that
would allow bypass (15 min.)
and/or check bypass valves/car
seals monthly.

None
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TABLE 3-4.  (continued)

Subpart Source category Emissions unit Pollutant Control Required monitoring
Additional conditions to be met (must be
specified in CAM submittal)

FF Benzene waste operations Chemical
manufacturing
plants, coke by-
product plants, &
petroleum refineries

Benzene Thermal incinerator Temperature (continuous) Specify device calibration frequency

Catalytic incinerator Temperature differential across
catalyst bed (continuous)

Specify device calibration frequency

Boiler/ process heatera Temperature (continuous) Specify device calibration frequency

Carbon adsorber Outlet organics or benzene
concentration (continuous)

If monitor does not meet PS 8 or PS 9, specify
device calibration frequency and accuracy

Condenser • Outlet organics or benzene
concentration (continuous),
or 

• Outlet temperature
(continuous) and

• Coolant exit temperature
(continuous)

If outlet organics concentration monitored,
If monitor does not meet PS 8 or PS 9,
specify device calibration frequency and
accuracy

If temperatures monitored,
Specify device calibration frequency
Specify device accuracy

All Bypass: Flow indicator every
15 min. or locked bypass valves
(e.g., car seal).

None

aNote that temperature monitoring is only required for boilers or process heaters with a design heat capacity of <150 million Btu/hr (44 MW).
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4.0  TECHNICAL REFERENCE FOR MONITORING EQUIPMENT AND
INSTRUMENTS

4.1  INTRODUCTION

The objective of this section is to provide reference materials for various types of sensors

commonly used to measure process and/or air pollution control equipment operating parameters. 

The owner or operator of a facility may use this chapter as guidance in developing a QA/QC

program.  This section is in no way intended to specify prescriptive QA/QC procedures that must

be used.  Instead, the focus of this section is on (1) identifying the types of sensors commonly

used to monitor a given parameter, and (2) identifying basic calibration techniques that may be

used in the development of an integrated QA/QC program for assuring continued accurate

performance over time.  

This section describes the various types of sensors, the measurement principle(s), other

system components used with the sensor to perform measurements, and basic calibration

techniques for the following measurement systems:

4.2 Temperature

4.3 Pressure

4.4 Flow rate

4.5 pH and conductivity

4.6 Electrical [Reserved]

4.7 Level indicators [Reserved]

4.8 Motion and rotation [Reserved]

For each type of measurement system, the following information is presented:

•  Description of sensor, measurement principle, and measurement system components;

•  Expected accuracy and precision ranges;

•  Calibration techniques;

•  QA/QC procedures; and

•  Additional resources and references.

For each sensor system, descriptions of some of the different types of systems used are

presented, including the operating principles and identification of individual components

requiring QA/QC procedures.  Operating and maintenance procedures and common problems, as

well as calibration techniques and procedures and expected accuracy and precision ranges, are
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included.  Much of this information is drawn from manufacturers' data.  References are provided

at the end of each subsection.

In describing the characteristics and operation of many of the devices covered by this

chapter, some general terms are used.  Because these terms are used throughout the chapter, the

definitions of the more important terms are provided below.

Accuracy:  The closeness of an indicator or reading of a measurement device to the actual

value of the quantity being measured; usually expressed as ± percent of the full scale output or

reading.

Drift :  The change in output or set point value over long periods of time due to such

factors as temperature, voltage, and time.

Hysteresis:  The difference in output after a full cycle in which the input value approaches

the reference point (conditions) with increasing, then decreasing values or vice versa; it is

measured by decreasing the input to one extreme (minimum or maximum value), then to the

other extreme, then returning the input to the reference (starting) value.

Linearity:  How closely the output of a sensor approximates a straight line when the

applied input is linear.

Noise:  An unwanted electrical interference on signal wires.

Nonlinearity:  The difference between the actual deflection curve of a unit and a straight

line drawn between the upper and lower range terminal values of the deflection, expressed as a

percentage of full range deflection.

Precision:  The degree of agreement between a number of independent observations of

the same physical quantity obtained under the same conditions.

Repeatability:  The ability of a sensor to reproduce output readings when the same input

value is applied to it consecutively under the same conditions.  

Resolution:  The smallest detectable increment of measurement.

Sensitivity:  The minimum change in input signal to which an instrument can respond.

Stability:  The ability of an instrument to provide consistent output over an extended

period during which a constant input is applied.

Zero balance:  The ability of the transducer to output a value of zero at the electronic null

point.  

Calibration is the process of adjusting an instrument, or compiling a deviation chart for a

probe, so that its readings can be correlated to the actual value being measured.  Generally,

inaccuracies within a monitoring system are cumulative; therefore, the entire system should be

calibrated when possible.  Many monitoring applications may rely more on repeatability than on

accuracy.  In such cases, documentation takes on added significance when detecting system drift.
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While manual methods may be sufficient for CAM in some instances (e.g., visible

emissions monitoring), electronic measurement of parameters such as temperature, pressure and

flow provides the opportunity to incorporate that monitoring into other systems, such as process

control.  Although not discussed here, centralized control strategies, hierarchical plant-wide

networks of programmable logic controllers (PLC’s), single loop controllers, and PC’s are now

in use for monitoring process parameters.  Many proprietary distributed control systems have

been successfully implemented.  Future control systems will include peer-to-peer networks of

interconnected field devices that improve the reliability of sensor-actuator systems.  Fuzzy logic-

based software can be used to improve control systems efficiency.  Incorporation of improved

system controls can make industrial processes run more smoothly, thus making emissions control

and monitoring easier.
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TABLE 4.2-1  TEMPERATURE MONITORING SYSTEM CHARACTERISTICS1-3

Thermocouple RTD IR thermometer IC sensor Thermistor

Advantages

• Self-powered

• Simple

• Rugged

• Inexpensive

• Many applications

• Wide temperature range

• Fast response

• More stable at
moderate
temperatures

• High levels of
accuracy

• Relatively linear
output signal

• Fast response

• Non-contact

• T < 3000�C

• Less sensitive to
vibration

• Less sensitive to
interference

• Relatively linear

• High output

• Inexpensive

• High output

• Fast

• Two-wire ohms
measurement

Disadvantages

• Nonlinear output signal

• Low voltage

• Reference required

• Accuracy is function of
two separate
measurements

• Least sensitive

• Sensor cannot be
recalibrated

• Least stable

• Expensive

• Self-heating

• Lower temperature
range

• Expensive

• Must be protected

• Affected by
emissivity of target 

• T < 200�C

• Slower response

• Self-heating

• Nonlinear

• Limited
temperature range

• Fragile

• Current source
required

• Self-heating

4.2  TEMPERATURE MEASUREMENT SYSTEMS

4.2.1  Introduction

Temperature measurement can be accomplished using several types of sensing

mechanisms.  Temperature measurement systems generally consist of a sensor, a transmitter, an

external power supply (for some types of systems), and the wiring that connects these

components.  The temperature measurement sensors most commonly used in engineering

applications are thermocouples, resistance temperature detectors (RTD’s), and infrared (IR)

thermometers; these devices are described in detail in the following paragraphs.  Integrated

circuit (IC) temperature transducers and thermistors also are commonly used but have more

limitations than thermocouples, RTD’s, and IR thermometers.  Table 4.2-1 lists some of the

advantages and disadvantages of these types of temperature measuring devices.  

Other types of temperature sensors include bimetallic devices, fluid expansion devices,

and change-of-state devices.  Bimetallic temperature sensors relate temperature to the difference
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in thermal expansion between two bonded strips of different metals.  Fluid expansion devices,

such as the common thermometer, measure temperature as a function of the thermal expansion of

mercury or organic liquid, such as alcohol.  Change-of-state temperature sensors change

appearance when a specific temperature is reached.  One major drawback of these types of

sensors is that they do not readily lend themselves to automatically recording temperatures on a

continuous or periodic basis.

The following paragraphs describe temperature measurement systems that are based on

three types of temperature sensors:  Section 4.2.2 describes thermocouples, Section 4.2.3

describes RTD’s, and IR thermometers are described in Section 4.2.4.  For each type of system,

the system components, operation, accuracy, calibration, and QA/QC procedures are discussed. 

References are listed in Section 4.2.5.

4.2.2  Thermocouples1,2

Due to their simplicity, reliability, and relatively low cost, thermocouples are widely

used.  They are self-powered, eliminating the need for a separate power supply to the sensor. 

Thermocouples are fairly durable when they are appropriately chosen for a given application. 

Thermocouples also can be used in high-temperature applications, such as incinerators.

4.2.2.1  Measurement Principle and Description of Sensor

A thermocouple is a type of temperature transducer that operates on the principle that

dissimilar conductive materials generate current when joined (the Seebeck effect).  Such a device

is made by joining two wires made of different metals (or alloys) together at one end, generating

a voltage eAB when heated, as shown schematically in Figure 4.2-1.

The generated voltage is proportional to the difference between the temperatures of the

measured point and an experimentally determined reference point (block temperature) and is also

dependent on the materials used.  A basic temperature monitoring system using a thermocouple

is made up of the thermocouple, connectors, extension wires, isothermal block (also called

temperature blocks, terminal blocks, or zone boxes), and a voltmeter or transmitter, as shown

schematically in Figure 4.2-2.

This schematic is for a type J iron (Fe)-constantin (Cu-Ni) thermocouple.  As the

thermocouple junction point (J1) is heated or cooled, the resulting voltage can be measured using

a potentiometer or digital voltmeter (DVM), which is calibrated to read in degrees of

temperature.  In practice, a programmed indicator or a combination indicator/controller is used to
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Figure 4.2-1.  The Seebeck effect.1

Figure 4.2-2.  Temperature measurement using a thermocouple.1
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Head

Conduit connection to
control room and/or
read out device

Lead wire

Transition

Sheath

Thermocouple Schematic Diagram

To control room

Head
Transition

Ground wire terminate in head or in sheath

Figure 4.2-3.  Thermocouple assembly.2

convert the signal from voltage to temperature using the appropriate equation for the particular

thermocouple materials and compensation for voltage generated at terminal connection points (J3

and J4).  The temperature of the isothermal terminal block or zone box is measured using a

proportional resistance device (RT) such as an IC detector.  That temperature is used as the

reference temperature, Tref, for determining the temperature being monitored at the thermocouple

junction, J1.

The voltmeter, terminal block, and associated circuitry generally are incorporated into the

system transmitter.  The terminal block may be located in the transmitter adjacent to the process

being monitored or it may be located remotely with the controller or recorder.  In the latter case,

one terminal block can be used for several thermocouples simultaneously.

Figure 4.2-3 depicts a typical thermocouple assembly.  In the figure, the thermocouple

sensor is located inside the sheath.  At the transition, the thermocouple wire from the sensor is

welded or brazed to the extension lead wire, which generally is made of a more flexible material. 

The head consists of a small junction box, which is connected to the conduit through which the

thermocouple wire passes to the controller and recorder.  

A sheath is a closed-end metal tube that protects the sensor from moisture and corrosive-

process environments.  The sheath also provides mechanical protection and flexibility of the

assembly, isolates the thermocouple electronically, and improves the quality and reliability of the

thermocouple.  The sheathed thermocouple is constructed as a single unit.  A commonly used
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type of sheathed thermocouple is the mineral-insulated metal sheathed (MIMS) thermocouple.  In

this device, the thermocouple wires are surrounded with a mineral-based insulating material

(typically, magnesium oxide) within the sheath to provide further protection.  Thermowells also

are used to protect thermocouple sensors.  Thermowells are tubes into which the thermocouple is

inserted.  Thermowells generally are bolted onto the wall of the process vessel, pipe, or duct.  In

some applications, the annular space between the inside wall of the thermowell and the

ethermocouple inserted into the thermowell is filled with a heat transfer fluid to shorten the

response time of the sensor.  Other options for protecting thermocouple sensors include vinyl tips

for use in environments subject to moisture and moderate temperatures, and ceramic fiber

insulation.

Thermocouples have been classified by the Instrument Society of America and the

American National Standards Institute (ANSI), and are available for temperatures ranging from

-200� to 1700�C (-330� to 3100�F).  These standard tolerance thermocouples range in tolerance

from ±0.5 percent to ±2 percent of true temperature.  Table 4.2-2 presents commonly available

thermocouple types and operating ranges.  

Thermocouples must be selected to meet the conditions of the application.  Thermocouple

and extension wires (used to transmit the voltage from the thermocouple to the monitoring point)

are generally specified and ordered by their ANSI letter designations for wire types.  Positive and

negative legs are identified by the letter suffixes P and N, respectively.  General size and type

recommendations are based on length of service, temperature, type of atmosphere (gas or liquid

constituents), and desired response times.  Smaller wire gauges provide faster response but do

not last as long under adverse conditions.  Conversely, larger gauges provide longer service life

but with longer response times.  Thermowells and sheaths are recommended by thermocouple

manufacturers for the extension of thermocouple life.  Instruments used to convert thermocouple

voltage to temperature scales are coded using the same letter designations.  Failure to use

matching thermocouples and instruments will result in erroneous readings.

Type J thermocouples use iron for the positive leg and copper-nickel (constantin) alloys

for the negative leg.  They may be used unprotected where there is an oxygen-deficient

atmosphere, but a thermowell is recommended for cleanliness and generally longer life.  Because

the iron (positive leg) wire oxidizes rapidly at temperatures over 1000�F, manufacturers

recommend using larger gauge wires to extend the life of the thermocouple when temperatures

approach the maximum operating temperature.  

Type K thermocouples use chromium-nickel alloys for the positive leg and copper alloys

for the negative leg.  They are reliable and relatively accurate over a wide temperature range.  It

is a good practice to protect Type K thermocouples with a suitable ceramic tube, especially in

reducing atmospheres.  In oxidizing atmospheres, such as electric arc furnaces, tube protection
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TABLE 4.2-2.  THERMOCOUPLE DESIGNATIONS, RANGES, AND TOLERANCES4

Thermocouple type

Temperature Range

Standard tolerancea
�Celsius �Fahrenheit

B 800 to 1700 1500 to 3100 ±0.5%

Cb 430 to 2300 800 to 4200 ±1%

Db 0 to 2300 32 to 4200 ±4.4�C (±8�F)

E  0 to 900 32 to 1650 ±1.7�C or ±0.5%

Gb 0 to 2300 32 to 4200 ±4.4�C (±8�F)

J (common) 0 to 750 32 to 1400 ±2.2�C or ±0.75%

K (common) 0 to 1250 32 to 2300 ±2.2�C or ±0.75%

Mb -50 to 1400 -60 to 2600 ±0.75%

N 0 to 1250 32 to 2300 ±2.2�C or ±0.75%

Pb 0 to 1400 32 to 2550 ±0.10 mV

R (common) or S 0 to 1450 32 to 2650 ±1.5�C or ±0.25%

T 0 to 350 32 to 660 ±1.0�C or ±0.75%

Cryogenic Ranges

E -200 to 0 -330 to 32 ±1.7�C or ±1%

K -200 to 0 -330 to 32 ±2.2�C or ±2%

T -200 to 0 -330 to 32 ±1.0�C or ±2%

aWhere tolerances are given in degrees and as a percentage, the larger value applies.  Where tolerances are given
in percent, the percentage applies to the temperature measured in degrees Celsius.  For example, the standard
tolerance of Type J over the temperature range 277� to 750�C is ±0.75 percent.  If the temperature being
measured is 538�C, the tolerance is ±0.75 percent of 538, or ±4.0�C.  To determine the tolerance in degrees
Fahrenheit, multiply the tolerance in degrees Celsius by 1.8.  

bNon-ANSI coded materials.
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may not be necessary as long as other conditions are suitable; however, manufacturers still

recommend protection for cleanliness and prevention of mechanical damage.  Type K

thermocouples generally outlast Type J, because the iron wire in a Type J thermocouple oxidizes

rapidly at higher temperatures.

Type N thermocouples use nickel alloys for both the positive and negative legs to achieve

operation at higher temperatures, especially where sulfur compounds are present.  They provide

better resistance to oxidation, leading to longer service life overall.

Type T thermocouples use copper for the positive leg and copper-nickel alloys for the

negative leg.  They can be used in either oxidizing or reducing atmospheres, but, again,

manufacturers recommend the use of thermowells.  These are good stable thermocouples for

lower temperatures.

Types S, R, and B thermocouples use noble metals for the leg wires and are able to

perform at higher temperatures than the common Types J and K.  They are, however, easily

contaminated, and reducing atmospheres are particularly detrimental to their accuracy. 

Manufacturers of such thermocouples recommend gas-tight ceramic tubes, secondary porcelain

protective tubes, and a silicon carbide or metal outer protective tube depending on service

locations.

4.2.2.2  System Components and Operation

Thermocouples are often placed in thermowells built into process equipment to allow

convenient maintenance and to protect the thermocouples.  Optional equipment includes external

reference devices, data acquisition systems using scanners to switch between thermocouples, and

a computer to calculate and display the measured temperatures.  Electronic data logging systems

can be used to store temperature data, and digital systems are often integrated with production

process control.  Manufacturers of thermocouple systems use some standardization in

terminology and connectors, making it easier to make sure that all system parts are compatible.

4.2.2.3  Accuracy

In general, thermocouples are capable of temperature measurement within 1 to 2 percent

of the temperature in degrees Celsius (see Table 4.2-2).  Overall system accuracy depends on the

type of calibrations performed and on the type of signal processing used.

4.2.2.4  Calibration Techniques3,5-7

Thermocouple systems can lose their calibration and should be inspected regularly to

determine the need for replacement of thermocouples, connectors, extension wires, zone boxes,

or voltmeters.  Loss of calibration indicates that something besides the temperature at the



CAM TECHNICAL GUIDANCE DOCUMENT

4.2  TEMPERATURE MEASUREMENT SYSTEMS
8/98 4-11

measured point is affecting the current generated in the system and is causing an erroneous

temperature reading.  Electrical interferences may be present, requiring the use of twisted

extension wires and shielded contacts.  Oxidation also may occur at the thermocouple junction,

changing the composition of the junction and therefore the voltage generated.  Erosion of the

thermocouple by entrained particles can have the same effect.  When possible, final calibration

should be performed under actual electromagnetic, radio frequency, and ambient temperature

conditions.

4.2.2.4.1  Sensor.  Although thermocouple systems can lose their calibrated accuracy,

thermocouples themselves cannot be adjusted.  Once they fail they must be replaced. 

Thermocouple sensors can be obtained with certificates of calibration at multiple points and then

monitored using simple checks for evidence of drift.  Comparative measurement of known

temperatures (e.g., ice point, boiling point, etc.) with an American Society for Testing and

Materials (ASTM) certified mercury thermometer, or even a voltage/current generator, should be

enough to show that the sensor has not deteriorated significantly.  Testing of thermocouples can

be accomplished by measuring known temperatures and using a calibrated voltmeter to compare

performance to the manufacturers’ specifications.  Thermocouple resistance can be checked

using an ohmmeter, giving an indication of thermocouple condition.  Abrupt changes in

thermocouple resistance translate into voltage changes, signaling some type of problem or

failure, such as an open wire, short circuit, changes due to vibration fatigue, or overheating. 

Voltmeters used to check thermocouple resistance must be capable of offset compensation; that

is, compensation for the voltage the thermocouple generates.

4.2.2.4.2  System.  Ideally, calibration should be performed on the system as a whole by

measuring known temperatures at the thermocouple junction and adjusting the voltmeter

accordingly.  System calibration devices typically use either physical or electronically-simulated

comparison methods.  Figure 4.2-4 shows the setup for calibrating a thermocouple system.

First, the instrument should be electronically calibrated according to the procedures (e.g.,

zero and span adjustment) in the manufacturer’s owners manual.  Then, the thermocouple probes

are placed in a device which creates a known reference temperature, traceable to National

Institute for Standards and Technology (NIST) standards.  Simulated temperatures using

standardized voltage sources (such as “electronic ice points”) can also be used.  Decalibration

errors (differences in electrochemical characteristics from original manufacturer design

specifications) may be induced by physical or chemical changes in the thermocouple, making the

task of system calibration more difficult.  Decalibration errors can be caused by the absorption of

atmospheric particles by the thermocouple (thus changing its chemical makeup), by radiation, or

if the metal’s structure is changed by heat annealing or cold-working strain.  Finally, the results

of the calibration efforts must be tabulated, showing the deviations between the thermocouple
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Reference
probe "standard"

5-1/2 digit
digital multimeter

Instrument
under test

Reference
probe

Probe 
under
test

Block
calibrator

Ice point
reference

1234°F

27.773 mV

Figure 4.2-4.  Setup for calibrating temperature measurement systems.1

system readings and known temperatures used in calibrating the system.  The table can then be

used to track changes in system performance and correct readings to actual temperatures.  If the

temperatures measured are within the tolerance (expected “accuracy”) range, calibration is

complete.  

The ASTM provides standard test methods, which can be helpful in calibration.  The

appropriate thermometer can be determined using ASTM Method E 1.  The ASTM Method E

220 specifies the standard method of calibrating thermocouples by comparison techniques, and

the following paragraphs summarize the calibration procedures specified in that standard.  The

ASTM Method E 563 describes the procedure for preparing freezing point reference baths.  The

ASTM Method E 452 gives the standard test method for calibration of refractory metal

thermocouples using an optical pyrometer.  The American Society of Heating, Refrigerating, and

Air-Conditioning Engineers, Inc. (ASHRAE) provides standard methods for temperature

measurement for the ANSI under ANSI/ASHRAE Standard 41.1.  This guide is especially

relevant for gas handling systems such as air pollution control equipment.  

The ASTM E 220, “Standard Method for Calibration of Thermocouples by Comparison

Techniques” covers the calibration of thermocouples using comparison to another, more

accurate, thermometer.  The reference thermometer could be another thermocouple, a liquid-in-

glass thermometer, or an RTD.  The most important consideration is that both the thermocouple

to be calibrated and the reference thermometer are held at approximately the same temperature. 

Air is a poor conducting medium for this kind of comparison; liquid immersion or uniformly

heated metal blocks, tube furnaces, or sand baths are more appropriate.  Platinum resistance

thermometers are the most accurate reference thermometers in stirred liquid baths from
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temperatures of approximately -180� to 630�C (-300� to 1170�F).  Liquid-in-glass thermometers

generally may be used for temperatures ranging from -180� to 400�C (-300� to 750�F), although

special thermometers may be used at even higher temperatures.  Types R and S thermocouples

(24-gauge) can be used for very high temperatures 630� to 1190�C (1170� to 2190�F). 

The general procedure specified in ASTM Method E 220 is to measure the electromotive

force of the thermocouple being calibrated at selected calibration points; the temperature of each

point is measured with a standard thermocouple or other thermometer standard.  The number and

choice of test points will depend upon the type of thermocouple, the temperature range to be

covered, and the accuracy required.  Thermocouples should generally be calibrated at least at

three points or every 100�C (200�F).  For example, if the range of measurement is 0� to 870�C

(32� to 1600�F), the system should be calibrated at 300�, 600�, and 870�C (572�, 1110�, and

1600�F); if the range of measurement is 135� to 245�C (300� to 500�F), the thermocouple

should be calibrated at 135�, 180�, and 245�C (300�, 400�, and 500�F).  If another

thermocouple is used as the reference, very precise comparisons can be made using

potentiometers with reflecting devices on them.  The reflected spots can be focused on a common

scale, which will amplify very small differences.  This procedure is especially useful because it

can be used to test the monitoring system as a whole.  

A useful diagnostic procedure in the event of an unexpected temperature reading is the

“block test.”  Block tests check for proper operation of the voltmeter and isothermal block itself. 

To perform a block test, the thermocouple in question is temporarily short-circuited directly at

the block.  The system should read a temperature very close to that of the block (i.e., room

temperature).  If that is not the case, it is likely that either the thermocouple itself must be

replaced or there is a faulty connector or extension wire in the system prior to the isothermal

block.  Once the system has been repaired, it can be recalibrated.  In systems using redundant

thermocouples, the difference in temperature readings can be monitored, indicating thermocouple

drift or failure.  In particularly harsh applications, scheduled thermocouple replacement may be

the most expedient method for maintaining thermocouple accuracy.

A simpler method of checking thermocouple sensor performance is to install a pair of

thermocouples in close proximity.  The temperature readings on both thermocouples are checked

simultaneously.  As soon as the temperatures diverge, indicating a failure of one or both of the

thermocouples, both are replaced.  Another simple method for checking sensor accuracy is to

insert another thermocouple with lower tolerances adjacent to the thermocouple in question and

compare the temperature readings of the two thermocouples.  The practices described in this

paragraph do not preclude the need to calibrate the transmitter periodically.  Figures 4.2-5 and

4.2-6 illustrate the equipment and connections needed to calibrate a thermocouple transmitter by

means of a thermocouple simulator and an ice bath, respectively. 
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Figure 4.2-6.  Setup for calibrating a thermocouple transmitter using an ice bath.8

Figure 4.2-5.  Setup for calibrating a thermocouple transmitter using a thermocouple simulator.8
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4.2.2.5  Recommended QA/QC Procedures.1,3-5,7,9-10

Proper use and maintenance of thermocouple systems begin with good system design

based on the strengths and weaknesses of various thermocouple types.  Because these sensors

contain sensitive electronics, general good practice includes use of shielded cases and twisted-

pair wire, use of proper sheathing, avoidance of steep temperature gradients, use of large-gauge

extension wire, and use of guarded integrating voltmeters or ohmmeters, which electronically

filter out unwanted signals.  The signal conditioner should be located as close as possible to the

sensor, and twisted copper-wire pairs should be used to transmit the signal to the control station. 

To minimize electromagnetic field interference, sensor system wires should not be located

parallel to power supply cables.  The primary causes of loss of calibration in thermocouples

include the following:

1.  Electric “noise” from nearby motors, electric furnaces, or other such electrically noisy

equipment;

2.  Radio frequency interference from the use of hand-held radios near the instrument;

and

3.  “Ground loops” that result when condensation and corrosion ground the thermocouple

and create a ground loop circuit with another ground connection in the sensing circuit.

Most problems with thermocouples are aggravated by use of the thermocouple to measure

temperatures that approach or exceed their upper temperature limits.  Careful recording of events

that could affect measurements should be kept in a logbook.  Any adjustments or calibrations

should also be recorded.  The logbook should contain the names of individuals performing

maintenance and calibrations as well as defined procedures.  In systems monitoring many

locations, such a log is especially useful for fault diagnosis.

Thermocouples sometimes experience catastrophic failures, which may be preceded by

extreme oscillations or erratic readings.  In such cases, all connections associated with the

thermocouple should be checked for loose screws, oxidation, and galvanic corrosion.  In many

cases, drift may be a more serious problem because it can go unnoticed for long periods of time. 

The most common causes of loss of calibration are excessive heat, work hardening, and

contamination.  Work hardening generally is due to excessive bending or vibration and can be

prevented with properly designed thermowells, insertion lengths, and materials.  Contamination

is caused by chemicals and moisture, which sometimes attack wiring by penetrating sheaths, and

can result in short-circuiting.  A simple test to check for this problem is to disconnect the sensor

at its closest connection and check for electrical continuity between the wires and the sheath

using a multimeter.  If the meter indicates continuity, the sensor should be replaced.  Because the

electromotive force (EMF) produced by thermocouples is so small, electrical noise can severely

affect thermocouple performance.  For that reason, it also is very important that transmitters be
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isolated.  Thermocouples used in the vicinity of electrostatic precipitators must be shielded to

avoid electrical interference.  If the potential electrical interference is high, an RTD or other type

of sensor may be preferred to thermocouples.  With respect to thermocouple and protection tube

selection, the following should be noted:

1.  Type J thermocouples particularly should not be used in applications in which they

might be exposed to moisture because the iron in the thermocouple will rust and deteriorate

quickly;

2.  Type K thermocouples should not be used in the presence of sulfur, which causes the

element to corrode; because cutting oils often contain sulfur, protection tubes should be

degreased before being used; stainless steel sheaths should be used to protect Type K

thermocouples in stacks where SO2 emissions are significant;

3.  Platinum thermocouple elements (Types R, S, or B) should not be used with metal

protection tubes unless the tubes have a ceramic lining because the metal will contaminate the

platinum;

4.  Ceramic, silicon carbide, and composite (metal ceramic, Cerite-II, Cerite-III)

protection tubes are subject to thermal shock and should be preheated prior to inserting in high

temperature process environments; and

5.  Molybdenum- or tantalum-sheathed thermocouples will fail rapidly if placed in

oxidizing atmospheres.

During one study of thermocouple performance, 24 combinations of thermocouple and

sheath material types were tested at temperatures up to 1200�C (2200�F).  The results indicated

that above 600�C (1110�F) thermocouples are affected by complex chemical interactions

between their components; even though wires and sheaths were physically separated, exchange

of constituents occurred.  The study concluded that thermocouples maintain calibration better if

sheath material is similar in composition to thermocouple alloys.  By using similar alloys longer

performance can be expected for sensors subjected to temperatures above 600�C (1110�F), and

the use of similar alloys is essential for temperatures above 1000�C (1830�F).

4.2.2.5.1  Frequency of calibration.7,11-12  Calibration of thermocouple systems should

follow a consistent procedure in order to allow comparisons of performance change over time. 

The recommended frequency of calibration depends largely on site-specific conditions.  The

starting point for determining calibration intervals, according to independent calibration

laboratories, is a search for applicable military specifications.  These specifications are issued by

the procurement arm of the Department of Defense (DOD).  Military Standards (MIL-STD)

define requirements for manufacturers of equipment purchased by the military.  Applicable

standards include MIL-STD-1839A, which lists detailed calibration and measurement

requirements, including frequency, imposed on equipment suppliers by the DOD.  As a result,
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calibration intervals should be available for each component of military-acceptable (specified by

a Military Specification (MIL-SPEC) number) monitoring systems.  Typically, the desired

calibration intervals, as well as accuracy requirements, are part of the MIL-SPEC.  Manufacturers

of commercial items generally supply this information as a Calibration and Measurements

Requirements Summary (CMRS) included in the owner’s manual.

If there is no applicable MIL-SPEC calibration interval and no information can be

obtained from the manufacturer for a particular sensor system, 1 year should be the initial default

calibration interval if there are no moving parts, as is the case for thermocouples; for sensors with

moving parts, the initial calibration period should be 6 months.  More frequent system calibration

cycles may be indicated when thermocouples near the upper range of their temperature

capabilities are used or following prolonged excursions above the recommended maximum

temperature or other events causing suspect temperature readings.  One reference recommends an

initial calibration period of 3 months for Type K thermocouples.  

These default calibration intervals should not be relied on indefinitely; they are the

starting points for a method to determine the maximum calibration period for a particular

installation.  At the end of the manufacturer’s or otherwise determined initial calibration period,

the system should be calibrated and the data obtained should be charted.  If the system is near or

beyond the limit of acceptable accuracy (80 percent of acceptable error), and there were no

process excursions or conditions suspected of causing the decalibration, it can be concluded that

the calibration interval is too long.  In such a case, the system should be recalibrated to the center

of the acceptable band, and the calibration interval should be shortened.  At the end of the second

calibration period, calibration should be checked to determine if the system is drifting.  If the

system is near or beyond the limit of  acceptable accuracy, similar steps should be taken, and the

calibration period should be further shortened.  This process should be continued until the system

is determined to be within the acceptable limit of accuracy at the end of the calibration interval. 

If, at the end of the initial calibration period, the system is determined to be within acceptable

tolerance, recalibration is not necessary, but the results should be recorded and the same

calibration interval should be maintained for another calibration period.  At the end of the second

calibration period, calibration should be checked to determine if the system is drifting.  If the

system measures outside the acceptable band, it can be concluded that it took between one and

two periods to lose calibration, and the calibration interval was acceptable.  In any case, it is

important to maintain a log of calibration checks and the results and actions taken.  Calibration

data should be reviewed annually in order to spot significant deviations from defined procedures

or tolerances.

4.2.2.5.2  Quality control.  A written procedure should be prepared for all instrument

calibrations.  These procedures should include:
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1.  The recommended interval for zero and span checks of each component of the

temperature system.  Readings before and after adjustment should be recorded.

2.  A requirement that each thermocouple and related system components are calibrated in

accordance with manufacturers’ recommended procedures.  Calibrations should be performed at

intervals determined according to the procedures described in Section 4.2.2.5.1.  Readings before

and after adjustment should be recorded; if no adjustments are necessary, that should also be

recorded.

3.  Designation of person(s) to perform the calibrations.  All records should include

identification of the instrument component calibrated, the date of calibration, and the initials of

the person who performed the calibration.

4.2.2.5.3  Quality assurance.  The calibration logs should be reviewed to confirm that

calibrations were completed and performed properly.  The person performing this review and the

review frequency also should be specified.  The written calibration procedures should be

reviewed and updated in the event of any system modifications or instrumentation changes. 

4.2.3  Resistance Temperature Detectors1-4,13

Resistance temperature detectors are attractive alternatives to thermocouples when high

accuracy, stability, and linearity (i.e., how closely the calibration curve resembles a straight line)

of output are desired.  The superior linearity of relative resistance response to temperature allows

simpler signal processing devices to be used with RTD’s than with thermocouples.  Resistance

Temperature Detector’s can withstand temperatures up to approximately 800�C (~1500�F).

4.2.3.1  Measurement Principle and Description of Sensor

Resistance temperature detectors work on the principle that the resistivity of metals is

dependent upon temperature; as temperature increases, resistance increases.  Table 4.2-3 lists the

resistivities of various metals used for RTD’s.  Platinum is usually used, because it is stable at

higher temperatures and provides a near-linear temperature-to-resistance response. 

Since it is a nonreactive precious metal, platinum is also corrosion resistant.  Platinum

wire is generally wound around a glass or ceramic core, then encased for protection.  Platinum or

other metals may also be made into a slurry with glass, screened or otherwise deposited on a

ceramic substrate, and laser-etched.  This device can then be sealed or coated to protect the

element.  This type of RTD is known as a thin-film RTD, and is less expensive than wire-

constructed RTD’s.  Both types of RTD’s are specified by their ice point resistance (R0 at 0�C)

and their temperature coefficient of resistance (the fractional change in element resistance for
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TABLE 4.2-3.  RESISTIVITY OF RTD ELEMENTS6

Metal
Resistivity,

microhm-cm

Relative resistancea (Rt/Ro) at �C

0 100 500 900

Silver 1.50 1.00 1.408 3.150 5.091

Copper 1.56 1.00 1.431 3.210 5.334

Platinum 9.83 1.00 1.353 2.844 4.109

Nickel 6.38 1.00 1.663 5.398 7.156
aRatio of resistance at temperature t (Rt) to resistance at 0�C (Ro).

 each degree Celsius, in ohms per ohm per degree Celsius, [�/�/�C]), or “alpha value (�)” in

order to insure system compatibility.  The alpha value is calculated as follows:

� = (R100 — R0) / (100 × R0)

Many common RTD elements manufactured in the U.S. and Europe have a base

resistance of 100� or 200� at 0�C and � = 0.00385 �/�/�C.  Elements with other alpha values,

such as 0.003916 �/�/�C, are also common in American and Japanese scientific apparatus. 

4.2.3.2  System Components and Operation

Resistance temperature detector systems consist of the detector itself, extension wires, dc

power supply, a Wheatstone Bridge, and an ohmmeter or voltmeter.  In practice, a “transmitter,”

which can be installed near the detector, is often used to integrate the detector output, it produces

a linearized 4 to 20 mA signal, which is converted to temperature units and displayed by the

indicator/controller.  Figure 4.2-7 depicts schematically a typical RTD system, and Figure 4.2-8

illustrates a typical RTD assembly.  The components of the assembly are essentially the same as

those described in Section 4.2.2 for thermocouple assemblies.

Detector elements are often placed in thermowells, which allow temperature monitoring

of closed systems and convenient sensor maintenance.  Measurement errors are caused by

damage to the detector or self-heating.  Damage to detectors is common because they are

somewhat more fragile than thermocouples.  Self-heating is due to the Joule heating caused by

the measurement current sent through the RTD by the ohmmeter.  The typical amount of error

caused by self-heating ranges from ½�C to 1�C per milliwatt (�C/mW) (in free air).  This error is

reduced if the medium being measured is flowing (this effect can be used to construct flow

meters based on thin film RTD’s) or the RTD is immersed in a thermally conductive medium. 

The time it takes for an RTD to return a certain percentage response to a step change in

temperature depends on the thermal conductivity and flow rate of the medium being monitored
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Figure 4.2-7.  Resistance temperature detector (RTD) system schematic.13
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(if any) and can be termed the “time constant” of the RTD.  Time constants are experimentally

determined and provide a basis for comparison of response time between different commercially

available RTD elements.

4.2.3.3  Accuracy

Platinum resistance RTD elements are capable of their best accuracy near ambient

temperatures.  Maximum allowable deviations of ±0.12� (±0.3�C [±0.5�F]) at the freezing point

of water are reported by one manufacturer.  The term “accuracy” as applied to RTD’s often is

defined as the difference in the base resistance of the element from its design specification at one

temperature point; typically 0�C.  Deviations rise to ±0.56� (±1.3�C [±2.3�F]) at -200�C

(-330�F), which is near the lowest temperatures recommended for RTD use.  Deviations rise to

±1.34� (±4.6�C [±8.3�F]) at the maximum recommended temperature of 850�C (1560�F).  Self-

heating errors in flowing air (v = 1m/s) should be less than approximately +0.1�C/mW for glass

elements and up to +0.4�C/mW in flowing air for ceramic elements.  Overall, systems should be

calibrated such that deviation less than ±1 percent of the actual temperature is observed, which is

similar to the accuracy expected of thermocouples.

4.2.3.4  Calibration Techniques3,5-6  

Resistance temperature detector systems can lose their calibration and should be

inspected regularly to determine the need for replacement of RTD elements, probes, connectors,

extension wires, thermowells, power supplies, transmitters, and indicators.  Loss of calibration

indicates that something besides the temperature at the point being measured is affecting the

current difference measured by the system and is causing an erroneous temperature reading. 

Electrical interferences may be present, requiring the use of twisted extension wires and shielded

contacts.  Vibration or exceedance of the upper temperature specification can affect the structure

of the metal in the sensor, causing decalibration.

4.2.3.4.1  Sensor.  Although RTD systems can lose their calibrated accuracy, RTD

elements usually cannot be adjusted (unless the resistivity or the amount of metal in the element

can be changed).  Once RTD’s fail, they must be replaced.  Testing of RTD’s can be

accomplished by measuring known temperatures and using a calibrated voltmeter to compare

performance to manufacturers’ specifications.  Element resistance can be checked using an

ohmmeter, giving an indication of its condition.  Abrupt changes in resistance translate into

changes in current, signaling some type of problem or failure, such as an open wire, a short

circuit, changes due to vibration fatigue, or overheating.  Sensor element resistance can be

checked by comparing the readings to manufacturers’ specifications or to known values, as

presented in Table 4.2-3.
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4.2.3.4.2  System.  Ideally, the system should be calibrated using known standard

temperatures.  Intermediate checks should be made electronically and compared to

manufacturers’ data and calibrations.  System calibration devices typically use either physical or

electronically simulated comparison methods.  Figure 4.2-4 depicts the general setup for

calibrating a temperature measurement system, and Figure 4.2-8 illustrates the setup used to

calibrate an RTD transmitter using a resistance decade box, which is a device that allows one to

simulate resistances with high precision.  When installing RTD’s, the system should be

calibrated and allowed to stabilize at the highest likely service temperature.  When possible, final

calibration should be performed under actual electromagnetic, radio frequency, and ambient

temperature conditions.

Individual parts of the system should be visually inspected for damage and electrically

checked and compared to specifications.  Then the RTD elements or probes are placed in a

device that creates a known reference temperature.  A resistance decade box also can be used to

simulate signals equivalent to calibration temperatures.  Finally, the results of the calibration

efforts must be tabulated, showing the deviations between the system readings and known

temperatures used in calibrating the system.  The table can then be used to track changes in

system performance and correct readings to actual temperatures.  If the temperatures measured

are within the tolerance (expected “accuracy”) ranges, calibration is complete.

The ASTM provides standard test methods, which can be helpful in calibration.  The

appropriate thermometer can be determined using ASTM Method E 1, and ASTM Method E 644

specifies standard methods for verifying the calibration of RTD’s.  As stated in Section 4.2.2,

ASHRAE provides standard methods for temperature measurement for ANSI under

ANSI/ASHRAE Standard 41.1.  

As explained in Section 4.2.2.4.2 for thermocouples, an alternate method of checking the

operation of RTD’s sensors is to install them in pairs; when the temperature readings on the two

RTD’s diverge, both can be replaced.

4.2.3.5  Recommended QA/QC Procedures3,9,13-16  

Resistance temperature detectors sometimes experience catastrophic failures, which may

be preceded by extreme oscillations or erratic readings.  In such cases, all connections associated

with the RTD should be checked for loose screws, oxidation, and galvanic corrosion.  Although

drift is less common in RTD’s than in thermocouples, it still may occur and cause serious

problems because it can go unnoticed for long periods of time.  The most common causes of loss

of calibration are excessive heat, work hardening, and contamination.  Work hardening generally

is due to excessive bending or vibration and can be prevented with properly designed

thermowells, insertion lengths, and materials.  Resistance temperature detector elements are
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particularly sensitive to vibrations.  Contamination is caused by chemicals and moisture, which

sometimes attack wiring by penetrating sheaths, and can result in short-circuiting.  A simple test

to check for this problem is to disconnect the sensor at its closest connection and check for

electrical continuity between the wires and the sheath using a multimeter.  If the meter indicates

continuity, the sensor should be replaced.  

During one study, 47 RTD’s were tested to determine the effects of aging at temperatures

in the range of 0� to 300�C (32� to 572�F).  The test conditions included thermal aging for

18 months, vibration aging for 2 months, high-temperature testing for 2 days at 400�C (750�F),

and thermal cycling for a 2-week period.  The results indicated that most RTD’s maintained their

calibration within ±0.2�C (±0.4�F) for at least 2 years over the temperature range of 0� to 300�C

(32� to 572�F).  

4.2.3.5.1  Frequency of calibration.  Calibration of RTD systems should follow a

consistent procedure, in order to allow comparisons of performance change over time.  The

recommended frequency of calibration depends largely on site-specific conditions.  The

procedures described in Section 4.2.2.5.1 for thermocouple systems can generally be used to

determine the calibration frequency for RTD systems.  

More frequent zero reset and span checks should be performed if deemed necessary by

experience with a particular installation.  More frequent calibration cycles may also be

advantageous if RTD’s are used near the upper range of their specifications or after prolonged

excursions above the recommended maximum temperature.

4.2.3.5.2  Quality control.  A written procedure should be prepared for all instrument

calibrations.  These procedures should include:

1.  The recommended interval for zero and span checks of each component of the

temperature system.  Readings before and after adjustment should be recorded.

2.  A requirement that each RTD sensor and related system components are calibrated in

accordance with manufacturers’ recommended procedures.  Calibrations should be performed at

intervals determined according to the procedures described in Section 4.2.2.5.1.  Readings before

and after adjustment should be recorded; where no adjustments are necessary, that should also be

recorded.

3.  Designation of person(s) to perform the calibrations.  All records should include

identification of the instrument component calibrated, the date of calibration, and the initials of

the person who performed the calibration.

4.2.3.5.3  Quality assurance.  The calibration logs should be reviewed to confirm that

calibrations were completed and performed properly.  The person performing this review and

also the review frequency should be specified.  The written calibration procedures should be

reviewed and updated in the event of any system modifications or instrumentation changes.
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4.2.4  Infrared Thermometry6,17-21

Infrared thermometers are more expensive than thermocouples or RTD’s, but IR

temperature measurement has applications in areas where high electrical interference or

extremely high temperatures exist.  Because the IR sensor is remote from the measurement point,

vibration problems can also be eliminated.  In addition, IR instruments can provide rapid

response to temperature changes. 

4.2.4.1  Measurement Principle and Description of Sensor

All objects with a temperature greater than absolute zero emit IR radiation.  Infrared

radiation is part of the electromagnetic spectrum that extends from wavelengths of approximately

0.75 micrometers (�m), which is just beyond the wavelength of visible light, to more than

1,000 �m.  However, for practical purposes, the IR spectrum generally is considered to range

from wavelengths of 0.75 to 30 �m.  As the temperature of an object increases, the amplitude of

the emitted IR radiation increases, and the wavelength associated with the peak energy shifts

toward the shorter wavelengths.  Below wavelengths of 0.75 �m, the radiation emitted by an

object enters the visible range, and the object begins to glow red. 

An IR thermometer measures the IR emitted by an object and converts the measurement

to the corresponding temperature.  The measurement principle is based on the theoretical

radiation wavelength that would be emitted by an ideal radiator, which is referred to as a

blackbody.  However, real objects (graybodies) emit only a portion of the IR that would be

emitted by a blackbody at the same temperature.  This characteristic is called the emissivity of an

object and is defined as the ratio of the thermal radiation emitted by a graybody to that of a

blackbody at the same temperature.  In addition to temperature, the emissivity of an object is a

function of the object’s surface temperature, surface treatment, and the orientation of the object

to the IR thermometer.  To determine the temperature of an object, an IR thermometer must

compensate for the emissivity of the object.  Because IR thermometers measure the radiation

emitted by an object, they can be used for remote sensing without contacting the object directly. 

4.2.4.2  System Components and Operation

Infrared temperature monitoring systems, (often referred to as pyrometers), consist of an

optical assembly, signal conditioner, recorder (or display), and a power supply.  The optical

assembly includes an aperture, lenses, and optical filters.  The lenses and filters collect the

incoming IR radiation, emitted by the source, and focus it on the detector.  The detector converts

the incoming IR radiation to an electrical signal.  The most common detectors are made of

mercury/cadmium/telluride or indium/antimony.  Silicon, lead sulfide, indium/arsenide, and lead

selenate detectors also are used as well as nonphotosensitive detectors made of thermopiles. 

(Thermopiles are arrays of thermocouples arranged to provide a higher output signal than a single
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Figure 4.2-9.  Infrared temperature measurement system.18

thermocouple.)  Lead sulfide detectors are the most sensitive, indium-based detectors fall in the

mid-range of sensitivity, and thermopile detectors are the least sensitive.

In the signal conditioner, the electric signal from the detector is amplified, thermally

compensated and stabilized, linearized, and converted to a digital signal, which then appears on

the display or is recorded.  A typical system is shown schematically in Figure 4.2-9.  This basic

configuration must be adapted for monitoring different objects or substances within different

temperature ranges and under different conditions.  

A recent development in IR temperature sensing is the IR “thermocouples.”  These

devices have proprietary IR detection systems, which can be used with thermocouple controllers. 

These also are noncontact devices.  When the sensor is aimed at the target object, it converts the

radiation to an electrical signal, which is scaled to the thermocouple characteristics.

Infrared pyrometers generally have faster response times than other types of temperature

measurement devices (on the order of 100 milliseconds to 1 second).  Commercial IR

thermometers generally measure temperatures up to approximately 815�C (1500�F).  However,

high-performance IR thermometers are available that measure temperatures in excess of 2760�C

(5000�F) with response times of 0.5 to 1.5 seconds.  Infrared thermometers are able to monitor

the temperature of vibrating equipment that would fatigue thermocouple wiring or damage

RTD’s, and are able to measure higher temperatures than can be measured by thermocouples or

RTD’s.  Infrared thermometry is also useful in areas where high electrical interference precludes
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use of thermocouples or RTD’s.  However, infrared thermometers are somewhat sensitive, and

must be protected from dirt, dust, flames, and vapors.  Infrared energy can be channeled through

fiber optics, sight tubes, or reflected from front-surfaced mirrors in order to avoid subjecting the

detector to damaging environments.  Water-cooled shells, flame shutters, and explosion-proof

housings also are available for ensuring that the IR system is protected.  By using such

precautions, IR thermometry can be used where corrosion precludes the use of other temperature

measurement devices or where accessibility is difficult.  Signal processor considerations include

choices of analog or digital and control and alarm functions.  

4.2.4.3  Accuracy

Analog IR thermometer systems generally are capable of measurement to within

±1 percent to ±4 percent of the true temperature at distances of 5 to 7 m (15 to 20 ft).  Digital

systems can include electronic compensation for emissivity and linearity, which can allow

calibration to within ±0.1�C at specific temperatures.  

4.2.4.4  Calibration Techniques

Calibration of IR temperature monitoring devices is similar in principle to calibration of

simpler systems.  Targets of known temperature are measured, and the instrumentation is

adjusted to give the same readings.  Since the emissivity of the target directly affects the amount

of IR energy received by the sensor, the emissivity of the target must either be known or

determined.

4.2.4.4.1  Sensor.  Infrared sensors can provide thermocouple, current, or millivolt

outputs.  Calibration is performed to adjust the output to correlate with the correct temperature. 

Digital systems often include internal reference temperature devices, which allow them to self-

calibrate at predetermined intervals.  The results of the calibration cycle are then sent to the PC or

microcomputer that controls the system.

4.2.4.4.2  System.  Blackbody calibration sources are available that use a temperature-

controlled device to present a calibration target of known temperature and emissivity.  A black-

body is defined as a theoretical object that absorbs all energy incident upon it and emits the

maximum amount of energy for a given temperature.  Blackbody devices should be accurate

within 1 to 2 percent of the actual temperature over the range of the instrument to be calibrated.

Another method to calibrate an IR thermometer or pyrometer is to use published standard

emissivity values for various materials.  The emissivity is set to match the published value for the

target material, and the IR system is then calibrated at known temperatures.  Calibration of IR

systems to measure the same target (such as the outlet duct of an incinerator) repeatedly can be
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done by heating a sample of the material to be monitored (duct material) in an oven to the desired

range using an accurate temperature measuring device and measuring its temperature with the IR

pyrometer.  The output of the IR pyrometer can then be adjusted to display the correct tempera-

ture.  For relatively lower temperatures found in most air pollution control equipment, a piece of

masking tape can be stuck to the target and the temperature of the masking tape measured with

the IR pyrometer, using an emissivity setting of 0.95.  The temperature of the target is then

measured, and the emissivity compensator is adjusted until the display shows the correct

temperature.  When the target can be coated, flat black paint or other nonmetallic coating can be

applied to adjust the emissivity to approach 1.0 (the greatest possible emission ratio).  The

known temperature is then measured as before with the emissivity adjustment set to 1.0, and the

temperature reading is reset to the correct value.

4.2.4.5  Recommended QA/QC Procedures

Calibration of IR systems should follow a consistent procedure in order to allow

comparisons of changes in performance over time.  Calibration data should be reviewed annually

in order to spot significant deviations from defined procedures or tolerances.  Because the IR

thermometer must correct for the emissivity of the source, the emissivity setting on the dial must

be routinely checked and adjusted as needed.  Losses in the transmission of IR radiation can be

caused by objects and particles in the line of sight between the source and the IR detector,

resulting in a lower than actual temperature reading. Therefore, it is important that the instrument

lens and any windows in the line of sight are kept clean and maintained as transparent as

possible.  The line of sight also should be routinely checked for other objects that may interfere

with the radiation path.  Background radiation can be transmitted to the IR thermometer if the

target source is a good reflector or transmitter, resulting in a temperature reading that is biased

high.  To overcome such potential problems, the instrument should be placed so that it is out of

the geometric path of background reflections or transmissions.  Alternately, a cool opaque

shielding material can be placed between the background source and the target source.

4.2.4.5.1  Frequency of calibration.  The recommended frequency of calibration

depends largely on site-specific conditions.  The procedures described in Section 4.2.2.5.1 for

thermocouple systems can generally be used to determine the calibration frequency for IR

thermometers systems.  Zero reset and span checks can be performed more often; actual

schedules may depend on operator experience.  More frequent system calibration cycles may be

dictated under certain conditions or should be initiated following events causing suspect

temperature readings. 

4.2.4.5.2  Quality control.  A written procedure should be prepared for all instrument

calibrations.  These procedures could include:
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1.  The recommended interval for zero and span checks of each component of the

temperature system.  Readings before and after adjustment should be recorded.

2.  A requirement that each IR thermometer and related system components are calibrated

in accordance with manufacturers’ recommended procedures.  Calibrations should be performed

at intervals determined according to the procedures described in Section 4.2.2.5.1.  Readings

before and after adjustment should be recorded; where no adjustments are necessary, that should

also be recorded.

3.  Designation of person(s) to perform the calibrations.  All records should include

identification of the instrument component calibrated, the date of calibration, and also the initials

of the person who performed the calibration.

4.2.4.5.3  Quality assurance.  The calibration logs should be reviewed to confirm that

calibrations were completed and performed properly.  The person performing the review and the

review frequency should be specified.  The written calibration procedures should be reviewed

and updated in the event of any system modifications or instrumentation changes.

4.2.5  References for Temperature Measurement

1. Omega Complete Temperature Measurement Handbook and Encyclopedia, Vol. 29,  Omega
Engineering, Inc., Stamford, CT, 1995.

2. B. Grieb, “Temperature Measurement in Process Control,” Advances in Instrumentation and
Control, Proceedings of the Annual Meeting of the Instrument Society of America,
Volume 47, Instrument Society of America, Research Triangle Park, NC, 1992.

3. H. M. Hashemian, and K. M. Peterson, “Accuracy of Industrial Temperature Measurement,”
Advances in Instrumentation and Control, Proceedings of the Annual Meeting of the
Instrument Society of America, Volume 43, Instrument Society of America, Research Triangle
Park, NC, 1988.

4. Temperature Sensors Products Catalog, 1995, Pyromation Inc., Fort Wayne, IN. 

5. ASTM Designation E 220, “Standard Method for Calibration of Thermocouples by
Comparison Techniques,” American Society for Testing and Materials, Philadelphia, PA. 

6. Benedict, R.P., Fundamentals of Temperature, Pressure, and Flow Measurements, 2nd ed.,
John Wiley & Sons, New York, NY, 1977.

7. D. Bivins, Temperature Measurement and Calibration of Type K Thermocouples in High
Temperature Stacks, EMTIC GD-024, U. S. Environmental Protection Agency, Research
Triangle Park, NC, August 24, 1993.
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9. R. J. Rosenberg, “Temperature Measurement on the job site using RTD’s and
Thermocouples,” ISA Transactions, Volume 33, Instrument Society of America, Research
Triangle Park, NC, 1994. 

10. R. L. Anderson et al., “Decalibration of Sheathed Thermocouples,” Temperature:  Its
Measurement and Control, American Institute of Physics, New York, NY, 1992.
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Reber, Stabro Laboratories, Olathe, KS, February 23, 1996. 

13. Johnson, F.L., “Detecting and Preventing RTD Drift,” Sensors, 12(5):64-66, 78, May 1995.

14. Staley, J., “Platinum Thin Films in RTDs and Hot Film Anemometers,” Sensors, 12(9):60-
67, September 1995.

15. T. P. Wang, A. Wells, and D. Bediones, “Accuracy and Repeatability of Temperature
Measurement by RTD’s,” Advances in Instrumentation and Control, Proceedings of the
Annual Meeting of the Instrument Society of America, Volume 44, Instrument Society of
America, Research Triangle Park, NC, 1989.

16. H. M. Hashemian and K. M. Peterson, “Achievable Accuracy and Stability of Industrial
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York, NY, 1992.

17. G. R. Peacock, “Radiation Thermometry:  Temperature Measurement Without Contact,”
Advances in Instrumentation and Control, Proceedings of the Annual Meeting of the
Instrument Society of America, Volume 46, Instrument Society of America, Research Triangle
Park, NC, 1991.

18. C. E. Everest, “Noninvasive Surface Temperature Measurement with Medical Infrared
Thermometer,” Sensors, 2(2), February 1985.

19. S. Glick, “Infrared Temperature Measurement Errors,” Sensors, 5(4), April 1988.

20. F. Laird, “Infrared Temperature Measurement and Imaging,” Sensors, 11(8), August 1994.

21. W. R. Barron, “The Principles of Infrared Thermometry,” Sensors, 9(12), December 1992.
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4.3  PRESSURE MEASUREMENT SYSTEMS1-7

Pressure measuring devices can be classified as those that require no outside source of

power other than the applied pressure that is to be measured and those that require external,

electrical power to operate.  For the purposes of this document, these two groups are referred to

as mechanical devices and electrical devices, respectively.  

Mechanical pressure measurement devices measure pressure by balancing the force

exerted on a unit area against the hydrostatic force applied by a liquid or against the deflection of

an elastic element.  A device that uses a hydrostatic force to measure pressure is referred to as a

manometer.  Devices that measure pressure as a function of the deflection of an elastic element

can be classified according to the type of element as Bourdon, bellows, or diaphragm devices. 

Mechanical dial pressure gauges generally incorporate one of these three types of elastic elements

as the pressure sensor.  

Pressure measurement devices that rely on electrical energy to operate commonly are

referred to as pressure transducers.  Transducers can be defined as devices that receive energy

from one system and transmit the energy, usually in another form, to another system.  In this

sense, the elastic element in a mechanical pressure gauge is a type of transducer because it

transfers the applied pressure through mechanical linkage to a pointer to indicate pressure. 

However, the term pressure transducer is used in this document to pertain only to those devices

that utilize electrical energy.  Several types of pressure transducers are available.  Some of the

most commonly used pressure sensing elements used in pressure transducers include strain

gauges, linear variable differential transformers (LVDT’s), and capacitance transducers.  Other

commonly used pressure transducer types include force balance, potentiometric, variable

reluctance, piezoelectric, and piezoresistive transducers.  Tables 4.3-1 and 4.3-2 present

comparisons of mechanical and electrical pressure measurement devices, respectively.

After a brief discussion of pressure terminology in the following paragraph, some of the

commonly used pressure measurement devices are described.  Mechanical devices are described

first; manometers are addressed in Section 4.3.1, and mechanical dial pressure gauges are

described in Section 4.3.2.  The discussion of pressure gauges includes descriptions of Bourdon,

bellows, and diaphragm elements.  Pressure transducers are described in Section 4.3.3. 

Gauge pressure is the difference between the pressure of a fluid and the surrounding

ambient pressure.  The zero point for gauge pressure is ambient pressure.  Absolute-pressure

gauges use an atmospheric pressure equal to zero as the zero point; subsequently, absolute

pressure is a sum of the ambient pressure and the system pressure.  Negative pressure gauges

measure pressure below atmospheric pressure.  Negative pressure is also called vacuum pressure. 

Compound pressure gauges are able to measure pressure both above (+) and below (-) ambient
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TABLE 4.3-1.  COMPARISON OF MECHANICAL PRESSURE
SENSING ELEMENTS6

Characteristics Bourdon Diaphragm Bellows

Pressure range,
kPa (psi)

83 to 690,000 
(12 to 100,000)

35 to 103 
(5 to 15)

3.4 to 207
(0.5 to 30)

Temperature range,
�C (�F)

-40 to 190
(-40 to +375)

-40 to 190
(-40 to +375)

-40 to 190
(-40 to +375)

Advantages Low cost; field replaceable;
variety of materials for media
and range

Variety of materials for
media and range; field
replaceable; large force

Compact, accurate, field
replaceable

Disadvantages Slow response; large sensor
volume sensitive to shock
and vibration

Limited capacity;
position sensitive in
low ranges

Limited material; may be
position sensitive

pressure.  Differential pressure gauges measure the pressure difference between two points. 

Differential pressure has no reference to ambient pressure or to zero; the ambient pressure will

have the same effect on both points. 

4.3.1  Manometers1,2,8

Simple manometers, also known as piezometers, consist of a vertical open-ended tube in

which the liquid in a pipe or pressure vessel is allowed to rise.  The pressure in the pipe is

proportional to the height to which the liquid rises in the piezometer.  U-tube manometers can be

used to measure the pressure of both liquids and gases by balancing the force exerted on the

mouth of the U-tube against a liquid of known weight, generally water or mercury.  For increased

accuracy when measuring low-gas-pressure heads, manometers filled with two different fluids

are sometimes used.  Figure 4.3-1 illustrates a U-tube manometer.  In the figure, the pressure at

point A in the pipe can be determined by the following relationship:

PA = �m�h - �pL

where:

PA = the pressure at point A;

�m = the specific weight of the manometer fluid;

�h = the rise in elevation of the manometer above point B (which is located at the

interface between the process fluid and the manometer fluid); 

�p = the specific weight of the process fluid; and 

L = the difference in elevation between point A and point B.
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Figure 4.3-1.  U-tube manometer.1

Figure 4.3-2.  Differential manometer.1

Differential manometers are used to measure the difference in pressure between two

points.  Figure 4.3-2 depicts a differential manometer.  In the figure, the difference in pressure

can be determined as:

�P = �m�h

where:

�P = the difference in pressure, and 

�m and �h = as defined previously.

Manometers can be used to make accurate measurements of pressure at specific points

and pressure drop across two points, such as the inlet and outlet of an air pollution control

device.  However, measuring pressure by manometers tends to be labor-intensive and is not

practical in many applications.  Furthermore, manometer measurements do not lend themselves

readily to automated recording.  For these reasons, they generally are not used where frequent or

continuous pressure measurement is required.  Manometers often are used in conjunction with

pitot tubes to measure the difference between impact and static pressure in a gas stream for

velocity determinations or to measure pressure drop.  For gas velocity measurement, the two
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most common pitot tube types are the standard and the S-type.  The standard pitot tube consists

of a small (impact) tube within a larger tube that is positioned so the open end of the smaller tube

faces the gas stream.  Static pressure is measured by holes located radially around the large tube. 

The S-type pitot tube consists of separate impact and static pressure tubes, the ends of which are

oriented 180 degrees relative to each other.  The pitot is positioned so that the impact pressure

tube faces the gas stream.  Differential measurement using pitot tubes also is commonly made in

combination with a Magnehelic™ gauge, which is described in the following section.

Properly designed manometers, which incorporate accurate scales and are constructed to

minimize the effect of capillarity, do not require calibration.  As a result they are often used as

standards for calibrating other types of pressure measuring devices.  Conventional U-tube

manometers are used as pressure standards in the range of 0.025 to 690 kilopascals (kPa) (0.0036

to 100 pounds per square inch [psi]) with a calibration uncertainty of 0.02 to 0.2 percent. 

Specially designed manometers, known as micromanometers, are used as pressure standards to

measure pressure differences in the range of 5.0 x 10-5 to 5.0 kPa (7.0 x 10-6 to 0.72 psi). 

4.3.2  Mechanical Dial Pressure Gauges2-5,8

Mechanical dial pressure gauges are used in a wide variety of applications and offer an

economical solution for noncontinuous or manually recorded pressure measurement.  As

explained previously, mechanical dial pressure gauges incorporate a mechanical sensing element. 

In addition to the type of sensor, pressure gauges are classified according to function, case type,

general type of use, and accuracy.  Classifications by function include standard gauge for

measuring gauge pressure; vacuum gauge for negative pressure; compound gauge for both

positive and negative pressure; duplex gauge for measuring two separate pressure sources;

differential pressure gauge for measuring the difference in pressure between two points; retard

gauge, in which a portion of the gauge scale, usually the upper portion, is compressed to allow a

larger range of full scale; and suppressed scale gauge, in which pressure is indicated only

between two values, a lower limit and an upper limit. 

Classification of pressure gauges by case type is based on size, which ranges from 3.8 to

40.6 cm (1.5 to 16 in.); method of mounting; location of connection; and case construction.  The

pressure gauge classifications by use include commercial, industrial, process, and test gauges. 

Classification by accuracy is described in Section 4.3.2.3.  The classifications of mechanical dial

pressure gauges by element type include Bourdon, bellows, and diaphragm.  These types of

sensing elements are described in detail in Section 4.3.2.2.

The ANSI has published standards for mechanical dial pressure gauges, titled Gauges -

Pressure Indicating Dial Type - Elastic Element under ANSI B 40.1 and ANSI B 40.1M-1979. 

Table 4.3-3 lists commonly available pressure gauges and their typical measurement ranges.
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TABLE 4.3-3.  PRESSURE GAUGES COMMONLY AVAILABLE3

Element Application
Minimum range
(commonly supplied)

Maximum range
(commonly supplied)

Bourdon Pressure 0-12 psi 0-60,000 psi

Vacuum 0-30 in. Hg vac 0-30 in. Hg vac

Compound 30 in. Hg-0-15 psi 30 in. Hg vac-0-300 psi

Bellows Pressure 0-1 in. Hg 0-100 psi

Vacuum 0-1 in. Hg vac 0-30 in. Hg vac

Compound Any total span of more than
1 in. Hg

Any total span of less than
100 psi

Metallic diaphragm Pressure 0-10 in. H2O 0-10 psi

Vacuum 0-10 in. H2O 0-30 in. Hg vac

Compound Any total span of more than
10 in. H2O

30 in. Hg vac-0-10 psi

4.3.2.1  Measurement Principle and Description of Sensor

Mechanical dial pressure gauges use an elastic chamber to detect the pressure.  As the

pressure changes, the elastic chamber moves.  This movement is converted into proportional

motion and transferred to the pointer.  The pointer’s position gives a reading of the pressure

measurement using a calibrated scale located immediately behind the pointer. 

4.3.2.2  System Components and Operation

The components of a mechanical dial pressure gauge consist of one or two sensing

elements; a linkage that transfers the movement of the sensor to a geared sector and pinion; a

needle connected to the pinion; a scale to indicate the pressure; a stem, which is connected to the

pressure vessel or conduit; and a case.  Figure 4.3-3 depicts these basic components.

Most mechanical dial pressure gauges use either a bourdon tube, bellows, or diaphragm to

measure pressure.  The following paragraphs describe each of these types of sensing elements.

4.3.2.2.1  Bourdon elements.  Bourdon tubes are produced in four basic designs.  The

most commonly used type of Bourdon element consists of a narrow tube with elliptical cross

section that is bent into a circular arc, as shown in Figure 4.3-3.  This design is referred to as the

C-shaped Bourdon.  Other Bourdon designs include spiral, helix, or twisted tubes.  The fitting

end of the tube (shown at the bottom in the figure) is open to the process fluid; the free end of the

tube is sealed and connected by linkage to the gauge pointer or needle.  When pressure is applied

to the gauge, the tube tends to straighten, thereby actuating the pointer to read the corresponding

pressure on the scale.  

Bourdons are springs reacting to the force of pressure.  The tubing material type, wall

thickness, and length vary greatly to allow for a broad range of applications and accuracy. 
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Figure 4.3-3.  Bourdon-tube pressure gauge.4

Bourdon-tube gauges are reliable if not subjected to excessive pulsations in pressure or external

shock.  To dampen the effect of pulsations, some gauges are designed with fluid-filled cases.  

4.3.2.2.2  Bellows elements.  In a bellows-type pressure gauge, the applied pressure

pushes against a miniature thin-walled bellows, forcing the bellows to move as shown in

Figure 4.3-4.  The bellows movement is transferred to a pointer.  Brass is the material most often

used for bellows elements.  A coil spring added to the bellows reduces fatigue and stress. 

Bellows most commonly are used for low-pressure measurements. 

4.3.2.2.3  Diaphragm elements.  For mechanical dial gauges, diaphragms typically are

made from thin metallic material joined to form small capsules.  Figure 4.3-5 illustrates a

diaphragm-type pressure gauge.  Diaphragm elements work well in low-pressure applications and

for absolute-pressure gauges. 

A Magnehelic™ gauge is a special type of diaphragm-based pressure gauge commonly

used with pitot tubes for gas velocity measurements.  Magnehelic™ gauges also are commonly

used to measure differential pressure across air pollution control devices.  The Magnehelic™ uses

a proprietary magnetic linkage to translate the deflection of the diaphragm to the movement on

the pointer.
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Figure 4.3-4.  Bellows-type pressure gauge.4
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Figure 4.3-5.  Diaphragm-type pressure gauge.4

4.3.2.3  Accuracy3,9

The accuracy of the pressure gauge is generally represented as a percentage of the gauge’s

range.  A pressure gauge with the range of 0 to 250 psi with an accuracy of 1 percent would have

a maximum error of 2.5 psi. 

A wide range of accuracies are available for pressure gauges.  The ANSI classifies the

accuracies into seven grades as shown in Table 4.3-4.  Increasing accuracy of the pressure gauge

also increases the cost of the gauge.  Grade B gauges are manufactured in the largest quantities

and considered as the commercial class; common uses include water pumps, paint sprayers, and

air compressors.  Grade 2A gauges are used in petroleum, chemical, and industrial processes and

are commonly referred to as process gauges.  Grade A and 2A gauges often are used to measure

the pressure drop across air pollution control devices.  Grade 3A and 4A gauges, which are

referred to as test gauges, have lighter moving parts and smaller bearings than do gauges of other

grades, resulting in reduced friction and increased sensitivity to small pressure changes. 

Grade 4A gauges also incorporate temperature-compensating linkages to minimize calibration

shifts due to dimensional changes of the gauge components. 
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TABLE 4.3-4.  PRESSURE GAUGE CLASSIFICATIONS3

Grade

Permissible error ±% of span

First 25% Middle 50% Last 25%

4A 0.1 0.1 0.1

3A 0.25 0.25 0.25

2A 0.5 0.5 0.5

A 2.0 1.0 2.0

B 3.0 2.0 3.0

C 4.0 3.0 4.0

D 5.0 5.0 5.0

4.3.2.4  Calibration Techniques3-4

The required accuracy, the type of gauge, and the operating conditions help to determine

the frequency of calibration required.  Operating conditions such as vibration, pulsating pressure,

and corrosion affect the useful life of the pressure gauge.  Lower-grade gauges, such as Grade B,

are usually inexpensive enough that it is more economical to replace the gauge than to repair and

recalibrate it. 

Calibrating a pressure gauge involves applying a controlled pressure source to the

pressure gauge and comparing it to a pressure standard of known accuracy.  Controlled pressure

sources include air pressure, vacuums, and hydraulic pressure.  Pressure standards include

precision mercury-column manometers, precision  test gauges, and deadweight testers, which use

standard weights mounted on a piston to apply specific pressure values to the pressure gauge. 

Deadweight testers generally are used for higher pressures (4.1 to 103 MPa [600 to 15,000 psi]).

For the actual calibration, the pressure standard is placed in-line with the gauge to be

calibrated.  A tee is placed as close as possible to the gauge to be calibrated.  After the system has

been proven to be leak tight, the controlled pressure is applied.  The pressure gauge and the

pressure standard are compared at incremental pressures for the entire range of the pressure

gauge.  From this comparison, the error of the pressure gauge can be determined.  Figures 4.3-6

and 4.3-7 illustrate the setups for calibrating pressure gauges using precision manometers and

deadweight testers, respectively.

Calibration can be checked using a tee in the pressure line to perform a zero check by

nulling to the atmosphere and an operating pressure check by connecting the gauge to a

calibrated reference meter or manometer.
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4.3.2.5  Recommended QA/QC Procedures3-4,10  

Those parts of the pressure monitoring system requiring special attention include the

bellows, bourdon tubes, springs, and other interior components, all of which are subject to

damage and corrosion.  Before installation, it is important to check that the pressure gauge is to

be used for its intended purpose.  The conditions most detrimental to pressure gauges are

pulsating pressure, vibration, and internal and external corrosion.  Steps also should be taken to

ensure that pressure gauges are not subjected to excessive pressure or temperature extremes. 

According to one manufacturer of air pollution control devices, gauges for measuring pressure

drop across a control device generally should be calibrated or replaced quarterly.

4.3.2.5.1  Quality control.  Inspection and calibrations of the pressure gauge should be

made and recorded at periodic intervals.  As stated in Section 4.3.2.4, the frequency of these

events depends on the operating conditions, required accuracy, and the type of gauge.  

The gauge manufacturer can best recommend at what interval these inspection and

calibrations should occur with regard to specific operating conditions for the gauge.  Calibration

measurements should be recorded both before and after any adjustments are made to the pressure

gauge.  Calibration records should identify the instrument calibrated, date of calibration, person

that performed the calibration, and the measurements observed.  

Inspections should visually check that the pressure gauge appears to be operating

normally.  An inspection log will provide a record to ensure that inspections take place at

recommended intervals and can help identify potential problems with pressure gauges.  Quick

checks include possible leaks, no dial reading, and excessive vibration.

4.3.2.5.2  Quality assurance.  Quality assurance should include review of recorded

pressure measurements, calibration records, and inspection log.  The QA should be performed by

a person not involved with regular measurements or calibrations of the pressure gauge. 

4.3.3  Pressure Transducer3-5,7

As explained in the introduction to Section 4.3, the term pressure transducer in this

document refers to devices that convert pressure to electrical signals, which then are displayed

and/or recorded as pressure measurements.  Thus, pressure transducers include the sensor, power

supply, output signal conditioner, and the associated electronic circuitry.  Pressure transducers

can be made using many different types of pressure elements and sensing systems.  Among the

types of pressure transducers in use are strain gauges, LVDT’s, capacitance, force balance,

potentiometric, variable reluctance, piezoelectric, and piezoresistive transducers.

Different types of pressure-monitoring systems are available, including those using

millivolt output, amplified voltage output, and current loop output transducers.  Millivolt systems

use small sensors remote from the signal-conditioning device.  Amplified voltage systems
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Figure 4.3-6.  Setup for calibrating a pressure gauge using mercury column manometer.2

Figure 4.3-7.  Setup for calibrating a pressure gauge using a deadweight tester.2
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employ sensor-contained amplifiers in order to overcome electromagnetic interferences.  Current

loop systems have built-in transmitters, allowing long runs of direct-wire connection between the

sensor and the signal processor.  Selection of pressure-sensing elements depends on the pressure

range to be monitored, temperature, and the advantages and disadvantages of specific devices.

4.3.3.1  Measurement Principle and Description of Sensor  

4.3.3.1.1  Strain gauge transducers.3-5,8,11  Strain gauge transducers operate on the

principal that the electrical resistance in a metal (usually in the form of a fine wire or foil)

changes when it is elastically deformed due to an applied stress.  The change in resistance results

in an electrical output signal, which varies proportionally to compressive or tensile strain

(compression or expansion of the diaphragm).  Strain gauge transducers use several sensor

designs, the most common of which are the bonded foil, unbonded metallic filament, thin film,

and the diffused semiconductor strain gauges.  Diffused semiconductor strain gauges are also

referred to as piezoresistive pressure transducers and are described in Section 4.3.1.4.  The other

types of strain gauge transducers are described in the following paragraphs.

In a bonded strain gauge transducer, four strain gauges are bonded to the diaphragm in a

Wheatstone bridge configuration, as shown in Figure 4.3-8.  When the diaphragm is subjected to

pressure, two opposing strain gauges (e.g., R1 and R3 in the figure) are put into tension, and the

other two gauges (i.e., R2 and R4 in the figure) undergo compression and there will be a

potential difference in voltage across terminals B and D.  The Wheatstone bridge arrangement

has the advantage that it compensates for strain induced by changes in temperature because the

ratio of R1 to R4 remains the same as the ratio of R2 to R3.  Figure 4.3-9 depicts a bonded strain

gauge pressure transducer. 

In an unbonded strain gauge transducer, one or more filaments of resistance wire are

stretched between supporting insulators.  The supports are either attached directly to an elastic

element or are attached by means of an insulating coupling.  When the sensing element is

displaced, the filament length changes, causing a change in resistance.  Thin-film strain gauge

transducers use a metallic or semiconductor film for the resistance elements. 

4.3.3.1.2  Capacitance transducers.3,5,12  Capacitance transducers consist of two parallel

conducting plates placed a short distance apart and operate on the principle that the capacitance

 between plates varies with their separation distance.  As the diaphragm, which acts as one of the

conducting plates, deflects under the applied pressure, the distance to the other conducting plate

decreases, resulting in a change in the charge between plates.  Figure 4.3-10 depicts a capacitance

transducer. 
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Figure 4.3-8.  Wheatstone bridge.3

Figure 4.3-9.  Strain gauge pressure transducer.5
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Figure 4.3-10.  Capacitance pressure transducer.5

Diaphragms in capacitance transducers can be fabricated of stainless steel, ceramics, or

other chemically nonreactive materials.  Capacitance elements generally produce a stronger

electrical signal than strain gauge elements generate, and less signal amplification is required

with capacitance transducers.  However, because capacitance transducer diaphragms undergo less

movement than strain gauge diaphragms, small dimensional changes due to temperature are more

critical for this type of transducer.

4.3.3.1.3  LVDT’s.3-5  Linear variable differential transformers convert small motions to

electrical signals when a magnetic core moves between a primary and two secondary wire coils. 

A constant ac voltage is applied to the primary coil.  The secondary coils are in opposition so that

the signal induced  in one is 180 degrees out of phase with the signal in the other secondary coil. 

When the metallic core is moved from the zero position, the voltage in the secondary coils

becomes unbalanced and an electronic signal is induced in the leads.  Figure 4.3-11 depicts an

LVDT pressure transducer.

4.3.3.1.4  Other types of pressure transducers.  The following paragraphs briefly

describe some of the other commonly used types of pressure transducers. 

Force Balance.  In a force balance transducer, a mechanical pressure sensor moves one

end of a balance beam, which generates an inductive or reluctive signal that is amplified and

converted to pressure units.

Potentiometric.  A potentiometric pressure transducer uses a mechanical pressure element

such as a bellows to drive the wiper arm of a potentiometer and an ammeter to measure the
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Figure 4.3-11.  Linear variable differential transformer (LVDT).4

change in circuit current resistance resulting from the change in pressure on the bellows.  The

amount of change is then correlated to the change in pressure, and the ammeter may be calibrated

in units of pressure. 

Variable Reluctance.  In a variable reluctance transducer, two coils with equivalent

impedances are wired in series with a magnetically permeable stainless steel diaphragm mounted

between them.  When pressure is applied, the diaphragm deflects, and the magnetic flux density

in one coil changes.  The induction in the coil changes and the resulting output signal is

proportional to the applied pressure.

Piezoelectric.  The principle behind the piezoelectric transducer is that certain crystals,

such as quartz or polycrystalline ceramics, generate an electric charge when strained.  In a

piezoelectric transducer, thin crystal wafers are stacked in series (positive side to negative side). 

One side of the stacked wafers is in contact with a diaphragm, and an electrical connection is

made on the other side of the crystal stack.  As pressure is applied, the crystal wafers are

compressed, and a charge proportional to the pressure is generated.

Piezoresistive.  Piezoresistive transducers are a variation of the bonded strain gauge

transducer.  In a piezoresistive transducer, strain-sensitive resistors are implanted or diffused into

silicon wafers and connected in a Wheatstone bridge configuration.  A diaphragm is then created

by etching or grinding the silicon wafer.  As pressure is applied, the resistors are strained, causing

an imbalance across the Wheatstone bridge proportional to the applied pressure.
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4.3.3.2  System Components and Operation

Pressure transducer monitoring systems consist of pressure transducers, a power supply,

and a signal processor with an output device such as a meter, controller, or recorder.

4.3.3.3  Accuracy

Initial accuracy of general purpose pressure transducers ranges from approximately

0.05 percent to 1.5 percent of true pressure.  Good sensor system calibration and compensation

results in an error of less than 2 percent of scale.  Strain gauge pressure transducers respond

quickly and have virtually infinite resolution.  Linear variable differential transformers exhibit

good linearity with extremely high resolution. 

4.3.3.4  Calibration Techniques

Pressure transducer systems must be calibrated for sensitivity, zero balance, nonlinearity,

hysteresis, and thermal pressure coefficient.  Sensitivity calibration is done by adjusting bridge

resistance by adding fixed resistors or adjusting potentiometers to produce output calibrated to a

known pressure source.  Zero balance is also calibrated using potentiometers or fixed resistors to

adjust the bridge resistance.  Zero balance is affected by temperature, so it should be adjusted at

operating temperature of the equipment or by using a calibrated temperature chamber. 

Nonlinearity and hysteresis can be compensated for using equations programmed into a

microprocessor-controlled signal-conditioning device or transmitter.  Thermal effects on

sensitivity may be difficult to compensate for and require the use of a calibrated pressure source

and temperature chamber.

A simple calibration check can be performed using a tee in the pressure line to perform a

zero check by nulling to the atmosphere and an operating pressure check by connecting the gauge

to a calibrated reference meter or manometer.

4.3.3.4.1  Sensor.  Pressure transducers can usually be returned to the manufacturer for

recalibration and scaling.  Calibrating a pressure sensor involves applying a controlled pressure

source to the pressure sensor and comparing it to a pressure standard of known accuracy. 

Controlled pressure sources include air pressure, vacuums, and hydraulic pressure.  Pressure

standards include deadweight testers, precision test gauges, and manometers.  

4.3.3.4.2  System.  Pressure transducer systems can be calibrated in the field using a

series of pressure manifolds.  A tee is placed as close as possible to the gauge to be calibrated. 

After the system has been demonstrated to be leak tight, the controlled pressure is applied.  The

pressure gauge and the pressure standard are compared at incremental pressures for the entire

range of the pressure gauge.  From this comparison, the error of the pressure sensor can be

determined, allowing adjustments to be made.
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Specifications and tests of potentiometric pressure transducers are standardized by the

ANSI and the Instrument Society of America (ISA) in standard ISA-S37.6.  This guide specifies

calibration procedures, gives examples of recordkeeping sheets, and contains bibliographic

references.  The ISA-S37.3 standard gives similar specifications and tests for strain gauge

pressure transducers.  The ISA-S37.6 standard is intended to be a guide for technical personnel at

user facilities as well as a guide for manufacturers.  It provides standard practices for specifying,

calibrating, and testing performance characteristics of potentiometric pressure transducers.  This

group includes absolute pressure transducers, differential pressure transducers, and gauge

pressure transducers.  Many types of measurement errors and other terminology are defined.  

The basic equipment required for acceptance tests and calibrations consists of a pressure

source, an “excitation” (voltage) source, and an output voltmeter.  The combined errors or

uncertainties of the measuring system made up of these three components should be less than

20 percent of the acceptable error of the system being tested and should be traceable to NIST

standards.  A pressure medium similar to the one intended to be measured by the monitoring

system should be used.  The pressure source should be capable of producing 125 percent of the

full scale of the transducer.  These pressure sources are typically air or oil piston devices, which

are measured using a precision dial gauge or mercury manometer.  Voltage sources can be

batteries or electronically regulated power supplies with current-limiting devices.  The output-

indicating device or voltmeter/ratiometer may be analog or digital.

Calibration and testing is to be performed at ordinary room conditions.  The procedure is

summarized as follows:  

1.  Visually inspect for defects and other mechanical problems.

2.  Use a precision ohmmeter to measure transduction element resistance; verify the

number of potentiometric elements or taps, and check electrical connections.

3.  Use a megohmmeter to measure the insulation resistance between all the element

terminals or leads connected in parallel and the case (ground pin) at 50 V unless another voltage

is specified.

4.  Verify the dielectric withstand voltage, using a sinusoidal ac voltage test with all the

transduction element terminals paralleled and tested to case and ground pin.  

5.  Connect the transducer to the pressure source, the power supply, and indicating

instrument (readout).  After allowing adequate warmup, leak check the setup.  Once leak check is

passed, recheck the electrical connections for correctness and impedance.  Run two or more

complete calibration cycles, generating at least 11 data points (pressures).  Record the readout at

each pressure in both the ascending and descending directions (increasing and decreasing

pressures).  From these readings, determine the endpoints, full scale output, linearity, hysteresis

(or combine linearity and hysteresis), friction error, and repeatability.
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6.  For differential pressure transducers, perform a three-point (e.g., 10, 50, and

90 percent) calibration cycle at both the minimum and maximum specified reference pressures,

to establish reference pressure error.

4.3.3.5  Recommended QA/QC Procedures4-5,7,11-12  

Those parts of the pressure monitoring system requiring special attention include the

diaphragms of the pressure transducers, which are subject to damage and corrosion, and the

electronic calibration of the signal processor, which can drift over time.  

Subjecting pressure transducers to pressures beyond their design limits is a common

problem.  Manufacturers typically specify a normal operating pressure range and a proof

pressure; exceeding the proof pressure generally results in a permanent calibration shift. 

Exposing pressure transducers to temperatures above or below the specified operating ranges also

can degrade the stability of the instrument or result in permanent calibration shifts.  Excess

vibration is another cause of transducer stability degradation.  

Sensors and transmitters, as well as data acquisition systems, are all adversely affected by

harsh environments.  The more sensitive the sensor, the more susceptible to corrosion, heat

decalibration, and other problems.  Picking the correct sensor requires some determination of its

operating environment.  Sensors that will be exposed to moisture, the outdoors, a hazardous

(explosive) environment, temperature extremes, shock, or vibration must be manufactured to

withstand those conditions; or they will not give reliable service.  If the sensor system will be

exposed to strong electrical interference that can be characterized, sensor manufacturers can

incorporate electromagnetic interference filters in the design.  It is always recommended to use

twisted-wire pairs for transmission of sensor outputs because of all the interference generated by

walkie-talkies, motor brushes, static discharges, and general electrical activity in the vicinity of

the instrument.  Most of the time, shielding is not required for pressure transmitter wire because

the signal is strong enough to prevail.  Wire size is not that critical; 18 gauge is generally

adequate unless the wires are very long.  Because electrical excitation is required by all electronic

pressure transducer elements, the quality and strength of electrical power supplied can impact

performance.

Corrosion-resistant coatings and putties can be used to protect transducer diaphragms. 

High-precision voltage and current-calibrating devices are used to check and recalibrate signal

processors according to manufacturers’ specifications.

4.3.3.5.1  Frequency of calibration.13-14  Calibration of pressure transducer systems

should follow a consistent procedure in order to allow comparisons of performance change over

time.  The recommended frequency of calibration depends largely on site-specific conditions. 

The starting point for determining calibration intervals, according to independent calibration
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laboratories, is a search for applicable military specifications.  These specifications are issued by

the procurement arm of the Department of Defense.  Military Standards define requirements for

manufacturers of equipment the military purchases.  Applicable standards include

MIL-STD-1839A, which lists detailed calibration and measurement requirements, including

frequency, imposed on equipment suppliers by the Department of Defense.  As a result,

calibration intervals should be available for each component of military-acceptable (specified by

a MIL-SPEC number) monitoring systems.  Typically, the desired calibration intervals, as well as

accuracy requirements, are part of the MIL-SPEC.  Manufacturers of commercial items generally

supply this information as a CMRS included in the owner’s manual.

If there is no applicable MIL-SPEC calibration interval and no information can be

obtained from the manufacturer for a particular sensor system, 6 months is the initial default

calibration interval if there are moving parts, as is the case for pressure transducers.  More

frequent system calibration cycles may be indicated when using transducers outside the

recommended operating pressure and temperature ranges.

These default calibration intervals should not be relied on indefinitely; they are the

starting points for a method to determine the maximum calibration period for a particular

installation.  At the end of the manufacturer’s or otherwise determined initial calibration period,

the system should be calibrated, and the data obtained should be charted.  If the system is near or

beyond the limit of acceptable accuracy (80 percent of acceptable error) and there were no

process excursions or conditions suspected of causing the decalibration, it can be concluded that

the calibration interval is too long.  In such a case, the system should be recalibrated to the center

of the acceptable band, and the calibration interval should be shortened.  At the end of the second

calibration period, calibration should be checked to determine if the system is drifting.  If the

system is near or beyond the limit of acceptable accuracy, similar steps should be taken, and the

calibration period should be further shortened.  This process should be continued until the system

is determined to be within the acceptable limit of accuracy at the end of the calibration interval.  

If, at the end of the initial calibration period, the system is determined to be within acceptable

tolerance, recalibration is not necessary, but the results should be recorded, and the same

calibration interval should be maintained for another calibration period.  At the end of the second

calibration period, calibration should be checked to determine if the system is drifting.  If the

system measures outside the acceptable band, it can be concluded that it took between one and

two periods to lose calibration, and the calibration interval was acceptable.  In any case, it is

important to maintain a log of calibration checks and the results and actions taken.  Calibration

data should be reviewed at least annually in order to spot significant deviations from defined

procedures or tolerances.
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4.3.3.5.2  Quality control.  A written procedure could be prepared for all instrument

calibrations.  These procedures could include:

1.  The recommended interval for zero and span checks of each component of the

pressure measurement system.  Readings before and after adjustment should be recorded.

2.  A requirement that each pressure transducer and its related system components be

calibrated in accordance with manufacturers’ recommended procedures.  Calibrations should be

performed at intervals determined according to the procedures described in Section 4.3.3.5.1. 

Readings before and after adjustment should be recorded; if no adjustments are necessary, that

also should be recorded in the log.

3.  Designation of person(s) to perform the calibrations.  All records should include

identification of the instrument component calibrated, the date of calibration, and the initials of

the person who performed the calibration.

4.3.3.5.3  Quality assurance.  The calibration logs can be reviewed to confirm that

calibrations were completed and performed properly.  The person performing this review and the

review frequency also should be specified.  The written calibration procedures should be

reviewed and updated in the event of any system modifications or instrumentation changes.
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4.4  FLOW RATE MEASUREMENT SYSTEMS

4.4.1  Introduction

The need for quantifying fluids (i.e., liquids or gases) flowing through closed conduits

(i.e., pipes) is widespread; and flow measurements have been conducted for about a hundred

years.  In an industrial setting, these flow measurements serve two main purposes:  (1) as a

means to account for fluid commodities (e.g., fluid product usage or production); and (2) as the

basis for controlling processes and manufacturing operations (e.g., steam flow to a turbine and

scrubber slurry flow).  Additionally, in recent years, the flow rates of certain fluids have been

correlated to process emission rates of air contaminants.

Considering the wide diversity in the nature of the fluids to be measured, the range of

flow-measurement applications is vast.  Additionally, the need to measure a wide range of flow

rates has added to the expanse of measurement technology.  No flow rate measurement

technology is universal to all applications.

Flow rate measurement technology can be classified a variety of ways.  For the purposes

of this document, flow meters have been classified as either energy extractive or energy additive,

either direct determination or indirect determination, and either velocity or mass rate.  In general,

most flow rate determining devices measure a physical principal (e.g., pressure drop across a

restriction, momentum transfer to a propeller, heat transfer, or wave formation by a blunt object

inserted in the fluid) and infer the fluid flow rate using a mathematical relationship.  This section

on flow rate measurement will present each technology for determining fluid flow (e.g.,

differential pressure, positive displacement, and ultrasonic), and the various techniques within a

technology will be discussed.  For each type of flow measurement device, the system

components, operation, accuracy, calibration, and QA/QC procedures are discussed.  Table 4.4-1

presents a comparison of the flow measurement devices described in this section.  

4.4.2  Differential Pressure Flow Measurement Devices1

Differential pressure flow meters, or head meters, represent one of the most commonly

used flow meter technologies.  Their versatility, cost, and simplicity make them attractive for

many applications.  Differential pressure devices can be applied to virtually all low viscosity

liquid flow measurement applications, as well as to most gas flow rate measurement applications.

Differential pressure devices utilize empirical correlations to quantify the relationship

between the change in pressure and the volumetric flow through a carefully specified restriction

in a pipe or duct.  These devices do not measure the mass, velocity, or volume directly; instead
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TABLE 4.4-1.  COMPARISON OF FLOW MEASUREMENT DEVICES1-10

Type of flow
meter

Type of
measure-
ment 

Liquid, gas,
or both

Applicable pipe
diameter Applicable flow rate

Straight pipe
requirementsa Net pressure loss Accuracy Restrictions

Venturi tube Volumetric Both 5 to 120 cm
(2 to 48 in.)

Limited to �4:1 flow range 6 to 20 D up
2 to 40 D down

10 to 20% of �P
depending on �

±0.75% flow rate w/o
calibration

Eliminate swirl and
pulsations

Flow nozzle Volumetric Both 7.6 to 60 cm
(3 to 24 in.)

Limited to �4:1 flow range 6 to 20 D up
2 to 4 D down

30 to 85% of �P
depending on �

±1.0% flow rate w/o
calibration

Eliminate swirl and
pulsations

Orifice plate Volumetric Both 1.3 to 180 cm
(½ to 72 in.)

Limited to �4:1 flow range 6 to 20 D up
2 to 4 D down

Slightly more than
flow nozzle

±0.6% flow rate w/o
calibration

Eliminate swirl and
pulsations

Magnetic Velocity Liquid (not
petroleum)

0.25 to 250 cm
(0.1 to 96 in.)

0.0008 to 9,500 L/min
(0.002 to 2,500 gal/min)

None None ±1% flow rate Conductive liquid, not for
gas

Nutating disk Volumetric Liquid 1.3 to 5 cm
(½ to 2 in.)

7.5 to 600 L/min
(2 to 160 gal/min)

None ±0.5% flow rate Household water meter;
low maximum flow rate

Oscillating piston Volumetric Liquid 1.3 to 5 cm
(½ to 2 in.)

2.8 to 600 L/min
(0.75 to 160 gal/min.)
Maximum of 4.3 to
480 m3/hr (150 to
17,000 ft3/hr)

None ±0.5% flow rate Household water meter;
low maximum flow rate

Bellows gas Volumetric Gas Maximum of 4.3 to
480 m3/hr (150 to
17,000 ft3/hr)

None Used for commercial and
domestic gas service

Lobed impeller Volumetric Both 3.8 to 60 cm
(1½ to 24 in.)

30 to 68,000 L/min
(8 to 18,000 gal/min)

None Low ±0.2% flow rate Best used at high flow
rates

Slide-vane rotary Volumetric Liquid Up to 40 cm
(Up to 16 in.)

None ±0.1 to 0.2% flow
rate

Retracting-vane
rotary

Volumetric Liquid Up to 10 cm
(Up to 4 in.)

None ±0.1 to 0.2% flow
rate

Helical gear Volumetric Liquid 3.8 to 25 cm
(1½ to 10 in.)

19 to 15,000 L/min
(5 to 4,000 gal/min)

None Low ±0.1 to 0.2% flow
rate

High viscous liquids only

Turbine Volumetric Both 0.64 to 60 cm
(¼ to 24 in.)

190,000 L/min
(50,000 gal/min)
65 scmm (230,000 scfm)

10 D up
5 D down

34 to 41 kPa @
6.1 m/sec
(5 to 6 psi @
20 ft/sec) water
flow

±0.5% flow rate Straightening vanes 
Do not exceed maximum
flow

Vortex shedding Velocity Both 2.5 to 30 cm
(1 to 12 in.)

0.30 to 6.1 m/sec
(1 to 20 ft/sec)
11 to 19,000 L/min
(3 to 5,000 gal/min)

10 to 20D up
5D down

34 to 41 kPa @
6.1 m/sec
(5 to 6 psi @
20 ft/sec) water
flow

±1% flow rate
(liquid)
±2% flow rate (gas)

Straightening vanes 

Vortex precession Velocity Gas 2.5 to 20 cm
(1 to 8 in.)

0.30 to 6.1 m/sec
(1 to 20 ft/sec)

10 to 20D up
5D down

5x more than
shedder

±2% flow rate Straightening vanes
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TABLE 4.4-1.  (continued)

Type of flow
meter

Type of
measure-
ment 

Liquid, gas,
or both

Applicable pipe
diameter Applicable flow rate

Straight pipe
requirementsa Net pressure loss Accuracy Restrictions

Fluidic oscillating Velocity Liquid 2.5 to 10 cm
(1 to 4 in.)

Up to 6.1 m/sec
(20 ft/sec)

6D up
2D down

34 to 41 kPa @
6.1 m/sec
5 to 6 psi @
20 ft/s water flow

±1.25 to 2% flow
rate

Carefully determine
minimum flow rate

TOF ultrasonic Velocity Both >0.32 cm
(>� in.)

Minimum 0.03 m/sec
(0.1 ft/sec)

10 to 30D up
5 to 10D down

None ±0.5 to 10% full
scale

Need clean fluid

Doppler
ultrasonic

Velocity Liquid >0.32 cm
(>� in.)

Minimum 0.15 m/s
(0.5 ft/sec); 0.38 L/min
(0.1 gal/min)

Yes None As low as 1% flow
rate

Fluid must have sufficient
particles or bubbles

Thermo-
anemometer 

Velocity
(mass)

Gas >5 cm
(>2 in.)

8 to 10D up
3D down

Very low +2% flow rate Critically positioned
probes
Highly fluid composition
dependent

Colorimetric Velocity
(mass)

Gas >5 cm
(>2 in.)

8 to 10D up
3D down

Low ±4% flow rate

Corrolis mass Mass flow Both
limited gas 

0.16 to 15 cm
(1/16 to 6 in.)

Definitive max. + min. flow
rate

None High ±0.2 to 0.4% flow
rate

Pressure drop across flow
meter cannot exceed max.
system pressure drop

Rotameter Velocity Both 1.3 to 10 cm
(½ to 4 in.)

Up to 750 L/min
(200 gal/min for liquid);
unlimited for gas

None Low ±1 to 2% full scale Must be mounted
vertically

    aD = pipe diameters (e.g., 6D = 6 pipe diameters).
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the flow rate is inferred by comparison to flow meters that have been carefully tested under

laboratory conditions.

4.4.2.1  Measurement Principal1

If a constriction is placed in a closed channel carrying a stream of fluid, an increase in

velocity will occur, and hence an increase in kinetic energy, at the point of the constriction. 

From an energy balance, as given by Bernoulli’s theorem, a corresponding reduction in pressure

must occur.  The rate of discharge from the constriction can be determined from the change in

pressure, the area available for the flow at the constriction, the density of the fluid, and the 

coefficient of discharge.  The coefficient of discharge is defined as the ratio of the actual flow to

the theoretical flow.

4.4.2.2  System Components and Operation1-5  

Three types of differential pressure flow devices are commonly used in industrial

applications:  (1) Herschel-type venturi tubes, (2) flow nozzles, and (3) orifice plates. 

Figures 4.4-1, 4.4-2, and 4.4-3 present diagrams of the venturi tube, flow nozzle, and orifice

plate, respectively.  These devices are described in the following paragraphs.  A fourth type of

differential pressure flow device, the pitot tube, typically is not used for continuous

measurements of fluid flow in industrial applications.  Therefore, a discussion of the pitot tube is

not presented.  

4.4.2.2.1  Venturi tubes.  The venturi tube consists of a converging cone, venturi throat,

and diffuser.  The inlet section to the venturi tube consist of a converging cone that has an

included angle of roughly 21 degrees (�).  The converging cone is joined by a smooth curve to a

short cylindrical section called the venturi throat.  Another smooth curve joins the throat to the

diffuser, which consists of a cone with an included angle of roughly 7� to 8�.  The diffuser

recovers most of the pressure normally lost by an orifice plate. 

The venturi tube can be used to measure fluid flow in pipes with diameters of

approximately 5 to 120 centimeters (cm) (2 to 48 inches [in.]).  The venturi has the following

advantages over the orifice plate:

1.  Handles more flow while imposing less permanent pressure loss--approximately

60 percent greater flow capacity;

2.  Can be used with fluids containing a higher percentage of entrained solids; and

3.  Has greater accuracy over a wider flow rate range.

4.4.2.2.2  Flow nozzles.  The flow nozzle is similar to the venturi tube in that it has a

throat; the primary difference is that the flow nozzle does not include a long converging cone and
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Figure 4.4-1.  Venturi tube.2

P1 P2

Flow

Figure 4.4-2.  Flow nozzle.1
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Radius tops

Flow
D1 Orifice

Figure 4.4-3.  Orifice plate.1

diffuser.  Flow nozzles are generally selected for high temperature, pressure, and velocity

applications (e.g., measuring steam flow).

Flow nozzles, which can be used to measure fluid flow in pipes with diameters of

approximately 7.6 to 61 cm (3 to 24 in.), have the following advantages:

1.  Net pressure loss is less than for an orifice plate (although the net pressure loss is

much greater than the loss associated with venturi tubes), and

2.  Can be used in fluids containing solids that settle. 

Flow nozzles have the following disadvantages:

1.  More expensive than orifice plates, and

2.  Limited to moderate pipe sizes.

4.4.2.2.3  Orifice plates.  Orifice plates can be used to measure fluid flow in pipes with

diameters of approximately 1.3 to 180 cm (0.5 to 72 in.).  Orifice plates operate on the same

principle as the venturi tube and the flow nozzle, but their design is quite different.  An orifice

plate consists of a square-edged or sharp-edged, thin opening in a metallic plate attached to a

handle.  The opening is of a predetermined size and shape and is machined to tight tolerances. 

The key dimensional information is usually stamped in the upstream side of the plate handle. 

The presence of the handle gives the orifice plate the appearance of a paddle.  The opening in an

orifice plate is either:

1.  Concentric, with a circular center hole;

2.  Eccentric, with an eccentric circular hole at the top (liquids) or bottom (gases) of the

plate; or

3.  Segmental, with a semicircular hole at the top (liquids) or bottom (gases) of the plate.
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TABLE 4.4-2.  ADVANTAGES AND DISADVANTAGES OF ORIFICE 
PLATE FLOW METERS

Advantages Disadvantages

Low cost

Available in numerous materials of
construction

Can be used with a wide range of pipe sizes

Characteristics are well known and predictable
from years of applicable experience

High net pressure loss--30 to 85 percent of the
differential reading, depending on the opening to
pipe diameter ratio (�)

Tendency to clog; not useful for slurries or
entrained particles

Flow range limited to about 3:1 

Characteristics tend to change with time due to
erosion and corrosion of the opening
Accuracy is dependent upon care during installation.

The differential pressure readings for an orifice plate are obtained from a pair of pressure taps,

which are located in one of the following configurations:

1.  Corner taps, which consist of static holes drilled as close as possible to the orifice

plate, one in the upstream flange and one in the down-stream flange;

2.  Radius taps, which consist of static holes located 1 pipe diameter upstream and

0.5 pipe diameters down-stream from the plate;

3.  Pipe taps, which are static holes located 2.5 pipe diameters upstream and 8 pipe

diameters downstream from the plate;  

4.  Flange taps, which consist of static holes located 2.5 cm (1 in.) upstream and 2.5 cm

(1 in.) downstream of the plate; and

5.  Vena contract, which are static holes located 0.5 to 2 pipe diameters upstream and at

the minimum pressure point downstream from the plate.  Corner taps and flange taps are

advantageous because the pressure points can be tapped in the plate carrying the orifice.  Pipe

taps give the lowest differential pressure.  Table 4.4-2 summarizes the advantages and

disadvantages of orifice plate flow meters.

4.4.2.3  Accuracy5-7

Precision machining has led to increased accuracy of differential pressure flow meters. 

Typically, these devices meet ASME accuracy requirements without laboratory calibration.  Each

of the accuracy levels presented below can be increased, if needed, with laboratory calibration.

Venturi tube: ±0.75 percent of flow rate  

Flow nozzle: ±1.0 percent of flow rate  

Orifice plate:  ±0.6 percent of flow rate.
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4.4.2.4  Calibration Techniques5  

4.4.2.4.1  Sensor.  Differential pressure flow meters are inferential devices, so the

physical condition of the throat, nozzle, or bore should be checked to ensure that dimensions are

within tolerance.  The most critical of these is the bore of the orifice plate.  In addition, the

appropriate ASME method for calibration should be used for calibration of these devices.  For

example, ASME MFC-3M-1989 could be used for venturi tubes, flow nozzles, and orifice plates.

4.4.2.4.2  System.  The differential pressure transmitter can be calibrated by simulating

inputs to the transmitter and making the required zero and span adjustments if the calibration

error is outside the acceptable performance standard.  Another system calibration that can be

performed involves the determination of the energy or mass balance of fluid flow to process

operations.  If fluid flow energy or mass agrees (balances) within the performance specifications

to actual production rates or heat input, then the flow rate system can be assumed to be in

calibration.  Additionally, comparisons of recent energy or mass balances to past data can be

made.

4.4.2.5  Recommended QA/QC Procedures

Differential pressure flow measurement devices are extremely sensitive to swirling flow

or abnormal velocity distributions caused by disturbances (e.g., pipe bends) upstream or

downstream of the device.  The presence of swirling flow and abnormal velocity distributions

can be reduced or eliminated with sufficient straight piping or installing flow straighteners. 

Table 4.4-2 shows the recommended upstream and downstream disturbance distances from

differential pressure meter orifices or nozzles.  

Table 4.4-3 indicates the recommended locations both with and without straightening

vanes.  The criteria for straightening vanes (a set of smaller pipes arranged in a honeycomb

configuration installed inside the fluid pipe) are as follows:

dv < Dp/4 and lv > 8dv

where:

dv = diameter of each straightening vane pipe;

Dp = fluid pipe diameter; and

lv = length of each straightening vane pipe.

The presence of fluid flow pulsations caused by piston pumps, reciprocating equipment,

and the like will cause differential pressure readings to be high.  Such pulsations in the

differential pressure readings can be dampened in order to stabilize differential pressure readings

for controlling process operations; however, doing so will not produce more accurate flow rate

measurements.  The most effective approach to minimizing the effect of fluid flow pulsations is

to install a dampening chamber near the pulsating or reciprocating equipment.
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TABLE 4.4-3.  LOCATIONS OF ORIFICES AND NOZZLES RELATIVE
TO PIPE FITTINGS1

Type of fitting
upstream

D2
a

___
D1

Distance, upstream fitting to
orifice

Distance,
vanes to
orifice

Distance,
nearest

downstream
fitting from

orifice

Without
straightening

vanes

With
straightening

vanes

Single 90-deg. ell, tee,
or cross used as ell

0.2
0.4
0.6
0.8

6
6
8

20
10
12 8

2

4

2 short-radius 90-deg.
ells in form of “S”

0.2
0.4
0.6
0.8

7
8

13
25

8
10
15

6
11 4

2 long- or short-radius
90-deg. ells in
perpendicular planes

0.2
0.4
0.6
0.8

15
18
25
40

9
10
11
13

5
6
7
9

2

Contraction or
enlargement

0.2
0.4
0.6
0.8

8
9

10
15

Vanes have no
advantage

2

Globe valve or stop
check

0.2
0.4
0.6
0.8

9
10
13
21

9
10
10
13

5
6
6
9

2

Gate valve, wide open,
or plug cocks

0.2
0.4
0.6
0.8

6
6
8

14

Same as globe valve 2

4
aDistances in pipe diameters, D1, D2.

For best results, the proper device (i.e., venturi, nozzle, orifice) should be selected based

on expected fluid temperature, pressure, density, velocity, percent of solids or entrained particles, 

viscosity, amount of straight pipe, and pipe size.  Additionally, the proper differential pressure

device and appropriate measurement range should be chosen.

The piping at least four diameters upstream and two diameters downstream of the device

should have a smooth finish, free of mill scale, holes, bumps, grooves, pits, seam distortions, and

the like.  The pipe inside diameter should not depart from the average by more than 0.33 percent. 

Inside pipe distortions should be corrected by filling in, grinding, or filing.

In liquid flow applications, insulating or heat tracing the differential pressure lines will

help ensure accuracy of the system measurements by preventing the liquid in the pressure lines

from freezing.  In some installations in which the differential pressure lines are subject to

clogging, it may be necessary to install a purge system on the differential pressure lines to keep
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them clean.  In addition, the differential pressure lines should be checked periodically for

leakage.

Orifice plate bore wear can be detected by a slow reduction of indicated flow rate with

time.  If the measured flow rate diverges from the expected flow rate over time, the orifice plate

should be removed and inspected for bore wear, encrustation, or material buildup on the square

edge of the orifice plate bore.  Bore wear results in a measured flow rate that is lower than actual,

and material buildup results in a measured flow rate that is higher than the actual flow rate.

4.4.2.5.1  Frequency of calibration.  Calibration of differential pressure flow monitoring

devices should follow a consistent pattern to allow for comparison of performance changes over

time.  The recommended frequency of calibration depends largely on site-specific conditions and

facility standard operating procedures.  Moreover, specific regulations may require a specific

calibration frequency (e.g., annually).  In general, calibration frequency should be within the

manufacturer's recommendations.  The above calibration intervals should not be relied on

indefinitely; they are starting points.  At the end of the initial calibration period, the system

should be calibrated or examined, as appropriate, and the data obtained should be charted.  If the

system is near or beyond the limit of accuracy (80 percent of acceptable error) and no process

excursions or conditions are suspected of causing the loss of calibration, the calibration interval

probably is too long.  In such a case, the system should be recalibrated to the center of the

acceptance band, and the calibration interval should be shortened.  At the end of the second

calibration period, calibration should be checked to determine if the system is drifting.  If the

system is near or beyond the limit of acceptable accuracy, similar steps should be taken, and the

calibration period should be further shortened.  This process should be repeated until the system

is within the acceptable limit of accuracy at the end of the calibration interval.  If, at the end of

the initial calibration period, the system is determined to be within acceptable tolerance,

adjustment is not necessary.  The results should be recorded and the same calibration interval

should be maintained for another calibration period.  A log of all calibration check results should

be maintained at the facility.  Any corrective actions or adjustments should be recorded. 

Calibration data should be reviewed annually in order to spot significant deviations from defined

procedures or tolerances.

4.4.2.5.2  Quality control.  Written procedures should be prepared for instrument

calibrations.  These procedures should include:

1.  The recommended interval for zero and span calibration checks of the differential

pressure transducer (Readings before and after adjustment should be recorded.);

2.  The reference zero and span values to be applied;

3.  Step-by-step written procedures;



CAM TECHNICAL GUIDANCE DOCUMENT

4.4  FLOW RATE MEASUREMENT SYSTEMS
4-62 8/98

4.  Blank field calibration forms (Records should include identification of the instrument

component calibrated, the date of calibration, and initials of the person who performed the

calibration.);

5.  Designation of responsibility to perform the calibration (i.e., name of person(s) or

position);

6.  Designation of person to whom to report any failed calibration; and

7.  Place to store calibration results.

4.4.2.5.3  Quality assurance.  The calibration logs should be reviewed to confirm that

calibrations were completed and performed properly.  The person performing this review and the

frequency of review should be specified.  The written calibration procedures should be reviewed

and updated to reflect any changes (e.g., system modifications or instrument changes). 

4.4.3  Magnetic Flow Meters2,4

Magnetic flow meters are effective for monitoring the flow rate of fluids that present

difficult handling problems, such as corrosive acids, rayon viscose, sewage, rock and acid

slurries, sand and water slurries, paper pulp stock, rosin size, detergents, bleaches, dyes,

emulsions, tomato pulp, milk, soda, and beer.  Magnetic flow meters mainly are applicable to

liquids that have a conductivity of 0.1 microsiemens per centimeter or greater.  They are not

applicable to petroleum products or gases.

4.4.3.1  Measurement Principal4

The basis of the magnetic flow meter is Faraday's Law of Electromagnetic Induction.  In

summary, a voltage induced in a conductor (i.e., the fluid flowing in the conduit) moving in a

magnetic field is proportional to the velocity of the conductor.  This relationship can be

expressed mathematically as follows:

E = C × B × D × v

where:

E = induced voltage;

C = constant;

B = magnetic flux density; 

D = diameter of conduit; and

v = velocity of fluid.

4.4.3.2  System Components and Operation2,4-5

Two different types of magnetic flow meters are used in industrial applications; the

difference between the two is the type of current used to generate the magnetic field.  Alternating
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Magnet coil

Figure 4.4-4.  Magnetic flow meter.5

current (ac) magnetic flow meters excite the flowing fluid with an ac electromagnetic field. 

Direct current (dc), or pulsed, magnetic flow meters excite the flowing fluid with a pulsed dc

electromagnetic field.  Figure 4.4-4 presents a diagram of a magnetic flow meter.  Direct current

magnetic flow meters are more common than ac magnetic flow meters.

In principle, the fluid flowing through the pipe passes through the magnetic field.  This

action generates a voltage that is linearly proportional to the average velocity in the plane of the

lectrodes.  If the velocity profile changes due to swirl or helical flow patterns, the total measured

velocity is unaffected as long as the velocity profile across the pipe is symmetrical. 

Nonsymmetrical flow profiles may cause flow rate measurement errors of several percent.

In operation, the magnetic coils create a magnetic field that passes through the flow tube

and into the process fluid.  When the conductive fluid flows through the flow meter, a voltage is

induced between the electrodes, which are in contact with the process fluid and isolated

electrically from the pipe walls by a nonconductive liner to prevent a short circuit in the electrode

signal voltage.  Grounding is required for magnetic flow meters to shield the relatively low

voltage signal that is measured at the electrodes from the relatively high common-mode

potentials that may be present in the fluid.  If the pipe is conductive and comes in contact with

the flow meter, the flow meter should be grounded to the pipe both upstream and downstream of

the flow meter.  If the pipe is constructed of a nonconductive material, such as plastic, or a
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conductive material that is insulated from the process fluid, such as plastic-lined steel pipe,

grounding rings should be installed in contact with the liquid.

Magnetic flow meters can be used in pipes that range in diameter from 0.25 to 240 cm

(0.1 to 96 in.).  Magnetic flow meters are available for flow rates in the range of 0.008 liters per

minute (L/min) (0.002 gallons per minute [gal/min]) to 570,000 L/min (150,000 gal/min).  Since

magnetic flow meters do not place an obstruction in the pipe, the devices do not cause a loss in

fluid pressure.  Also, straight pipe requirements do not apply to this flow monitor device. 

Magnetic flow meters are insensitive to density and viscosity and can measure flow in both

directions.  In addition, because they cause no obstructions, magnetic flow meters often are used

to measure the flow rate of slurries.

4.4.3.3  Accuracy2

If all components of a magnetic flow metering system are calibrated as a unit, system

accuracies of ±0.5 percent of flow rate are possible.  However, normal accuracy specifications

are ±1.0 percent of flow rate.  Higher accuracy systems match the primary flow meter with a

transmitter in the factory.

4.4.3.4  Calibration Techniques5

Calibration of the electronics can be accomplished with a magnetic flow meter calibrator

or by electronic means.  Magnetic flow meter calibrators are precision instruments that inject the

output signal of the primary flow meter into the transmitter, which effectively checks and

calibrates all of the electronic circuits.  An alternate calibration method, although not as accurate,

is to make adjustments based upon test signals injected into the transmitter, circuit test

measurements, or thumbwheel switches according to manufacturer's specifications.

Calibration of an ac magnetic flow meter must be performed at zero flow with the flow

meter full of fluid.  Zero adjustments to compensate for noise that may be present in the system

also must be made with the flow meter full of fluid.  Pulsed dc magnetic flow meters do not

require this zero compensation for noise in the system because the flow signal is extracted

regardless of the zero shifts that may occur due to noise.

4.4.3.5  Recommended QA/QC Procedures5

Magnetic flow meters can be affected adversely by electrode coating, liner damage, and

electronic failure.  Alternating current magnetic flow meters are most susceptible to

nonconductive electrode coating, which causes a calibration shift due to changes in the

conductivity that the electrodes sense.  Device manufacturers should be consulted about electrode

cleaning methods that do not require removal or replacement of the flow meter.  If this is a
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continual problem, an ultrasonic cleaner may be added or the ac flow meter could be replaced

with a dc flow meter.  Liner damage generally requires that the flow meter be replaced or sent

back to the manufacturer for overhaul.  Finally, most dc flow meters have a reference signal that

checks about 90 percent of the electronic circuits.  The reference signal can be used to check for a

suspected malfunction.

The following recommended spare parts should be maintained:  assortment of electrodes,

liner, flow tube, and electronic components.

4.4.3.5.1  Frequency of calibration.  Calibration of magnetic flow meters should follow

a consistent pattern to allow for comparison of performance changes over time.  The

recommended frequency of calibration depends largely on site-specific conditions and facility

standard operating procedures.  Moreover, specific regulations may require a specific calibration

frequency (e.g., annually).  In general, calibration frequency should be within the manufacturer’s

recommendations.  These calibration intervals should not be relied on indefinitely; they are

starting points.  At the end of the initial calibration period, the system should be calibrated or

examined, as appropriate, and the data obtained should be charted.  If the system is near or

beyond the limit of accuracy (80 percent of acceptable error) and no process excursions or

conditions are suspected of causing the decalibration, the calibration interval probably is too

long.  In such a case, the system should be recalibrated to the center of the acceptance band, and

the calibration interval should be shortened.  At the end of the second calibration period,

calibration should be checked to determine if the system is drifting.  If the system is near or

beyond the limit of acceptable accuracy, similar steps should be taken, and the calibration period

should be further shortened.  This process should be repeated until the system is within the

acceptable limit of accuracy at the end of the calibration interval.  If, at the end of the initial

calibration period, the system is determined to be within acceptable tolerance, adjustment is not

necessary.  The results should be recorded and the same calibration interval should be maintained

for another calibration period.  A log of all calibration check results should be maintained at the

facility.  Any corrective actions or adjustments should be recorded.  Calibration data should be

reviewed annually in order to spot significant deviations from defined procedures or tolerances.

4.4.3.5.2  Quality control.  Written procedures should be prepared for instrument

calibrations.  These procedures should include the following:

1.  The recommended interval for zero and span calibration checks of the electronics, and

the recommended interval for reference (internal) signal electronics checks (Readings before and

after any adjustment should be recorded.);

2.  The reference zero and span values to be applied;

3.  Step-by-step written procedures;
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4.  Blank field calibration forms (Records should include identification of the instrument

component calibrated, the date of calibration, and initials of the person who performed the

calibration.);

5.  Designation of responsibility to perform the calibration (i.e., name of person(s) or

position);

6.  Designation of person to whom to report any failed calibration; and

7.  Place to store calibration results.

4.4.3.5.3  Quality assurance.  The calibration logs should be reviewed to confirm that

calibrations were completed and performed properly.  The person performing this review and the

frequency of review should be specified.  The written calibration procedures should be reviewed

and updated to reflect any changes (e.g., system modifications or instrument changes). 

4.4.4  Positive Displacement Flow Meters

Positive displacement meters generally measure velocity as a function of how the fluid

being measured produces a motion or rotation to a piston or vane.  Examples of positive

displacement meters used for measuring gas flow include vane anemometers, turbine meters, and

propeller meters.  These devices consist of blades, propellers, or cups, mounted on a rotating

shaft; velocity is measured as a function of rotational speed of the shaft induced by the gas flow.  

4.4.4.1  Measurement Principal5

Positive displacement type flow meters repeatedly entrap a known quantity of fluid as it

passes through the flow meter.  The number of times the fluid is entrapped is counted, and

therefore the quantity of fluid passed through the flow meter is known.  Because the

measurements by a positive displacement meter are independent of time (a positive displacement

of the meter occurs for each quantity or volume of fluid), positive displacement flow meters

measure total flow and can be classified as volume meters. 

4.4.4.2  System Components and Operation2,4

Seven types of positive displacement flow meters are commonly used.  Four of these can

be classified as rotating positive displacement flow meters:  lobed-impeller meters, slide-vane

rotary flow meters, retracting vane rotary flow meters, and helical gear flow meters.  The other

three types of positive displacement flow meters are nutating disk meters, oscillating disk meters,

and bellows gas meters.  Nutating-disk meters and oscillating piston meters generally are used as

household water meters and can be used to measure flow rates up to a maximum of about

760 L/min (200 gal/min).  The bellows gas meter is widely used in commercial and domestic

natural gas service and has a maximum flow capacity range of 68 to 7,950 L/min (18 to
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2,100 gal/min).  For industrial applications, rotating positive displacement flow meters are the

most commonly used type of positive displacement flow meter.  The following paragraphs

describe these flow measurement devices in greater detail.

4.4.4.2.1  Lobed-impeller meters.  Lobed-impeller meters contain two fixed position

rotors that revolve inside a cylindrical housing.  The measuring chamber is formed by the walls

of the cylinder and the surface of one half of one rotor.  When the rotor is in the vertical position,

a specific volume of fluid is contained in the measuring compartment.  As the impeller turns, due

to a slight differential pressure between the inlet and outlet ports, the measured volume is

discharged through the bottom of the meter.  This action occurs four times for a full revolution,

with the impeller rotating the opposite direction at a speed proportional to the volume of the

fluid.  Figure 4.4-5 depicts a lobed-impeller flow meter.

Lobed-impeller meters can be used to measure fluid flow in pipes with diameters of

approximately 3.8 to 61 cm (1.5 to 24 in.)  Measurable maximum flow rates range from 30 to

66,000 L/min (8 to 17,500 gal/min).  Table 4.4-4 summarizes the advantages and disadvantages

of lobed-impeller flow meters.  

4.4.4.2.2  Slide-vane rotary flow meters.  Slide-vane rotary flow meters contain a

cylindrical rotor that revolves on ball bearings around a central shaft and stationary cam.  As

fluid flows against an extended blade, the resulting rotation of the rotor and action of the cam

cause the blades to act as cam followers, creating measuring chambers that measure fluid

throughput.  Figure 4.4-6 depicts a slide-vane rotary flow meter.

Slide-vane rotary flow meters can be used to measure fluid flow in pipes with diameters

of up to 41 cm (16 in.).  This type of flow measurement device can be used in temperatures to

204�C (400�F) and pressures up to 3,450 kPa (500 [psi]).  Slide-vane rotary flow meters are

characterized by high accuracy, but have the following limitations:

1.  High costs;

2.  Limited flow rate range--from 5:1 to 10:1; and

3.  Moving parts that are subject to wear.

4.4.4.2.3  Retracting vane rotary flow meters.  In retracting vane rotary flow meters,

the vanes are jointed.  As fluid enters the meter, it is deflected downward against the extended

blade, causing rotation of the measuring element.  Retracting vane rotary flow meters can be used

to measure fluid flow in pipes with diameters up to four inches, at fluid temperatures up to

204�C (400�F) and pressures up to 6,200 kPa (900 psi).  As is the case for slide-vane rotary flow

meters, retracting vane rotary meters are characterized by high accuracy, but have the following

limitations:
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Figure 4.4-5.  Lobed-impeller flow meter.2

TABLE 4.4-4.  ADVANTAGES AND DISADVANTAGES OF LOBED-IMPELLER
FLOW METERS

Advantages Disadvantages

Can be used at relatively high temperatures (204�C
[400�F]) and pressure (8,200 kPa [1,200 psi])

Low net pressure loss

Available in numerous materials of construction
No upstream or downstream pipe diameter
requirements

Applicable for gases and a wide range of light to
viscous liquids

Wide range of flow rates

Susceptible to damage from entrained vapors

Larger sizes are bulky and heavy

High cost

Moving parts subject to wear

Best used at high flow rates because of possible
slippage at low flow rates
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Figure 4.4-6.  Slide-vane rotary flow meter.2
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Figure 4.4-7.  Retracting vane rotary flow meter.4

1.  High costs;

2.  Limited flow rate range--from 5:1 to 10:1; and

3.  Moving parts that are subject to wear.  

Figure 4.4-7 depicts a retracting vane rotary flow meter. 

4.4.4.2.4  Helical gear flow meters.  Helical gear meters use two radially-pitched helical

gears to continually entrap liquid as it passes through the flow meter, causing the rotors to rotate
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Figure 4.4-8. Helical gear flow meter.11

in a longitudinal plane.  Flow is proportional to the rotational speed of the gears.  System

components include the rotor, bearings, and sensing system.  Magnetic or optical sensing systems

monitor the speed of the gears.  In a magnetic sensor, the gear teeth are sensed by a magnetic

pickup and amplified.  An optical sensor uses a magnetically driven, optically encoded disc. 

Rotation of the disc is sensed by an optical pickup that senses a pulse each time a portion of a

revolution occurs.  Figure 4.4-8 depicts a helical gear flow meter.

Helical gear meters can be used to measure highly viscous liquid flow in pipes with

diameters of approximately 3.8 to 25 cm (1.5 to 10 in.).  Measurable flow rates range from 19 to

15,100 L/min (5 to 4,000 gal/min).  Table 4.4-5 summarizes the advantages and disadvantages of

helical gear flow meters.  

4.4.4.3  Accuracy4,5

The following accuracies apply to the four rotating positive displacement flow meters:

Lobed-impeller:  ±0.2 percent of flow rate  

Slide-vane rotary:  ±0.2 percent of flow rate  

Retracting vane rotary:  ±0.2 percent of flow rate

Helical gear:  ±0.2 to 0.4 percent of flow rate.

4.4.4.4  Calibration Techniques5

4.4.4.4.1  Sensor.  The meter constant (K-factor), which establishes the relationship

between the frequency output of the flow meter, the volumetric flow, and the output of the

converter, is fixed by design and cannot be calibrated.
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TABLE 4.4-5.  ADVANTAGES AND DISADVANTAGES OF HELICAL 
GEAR FLOW METERS

Advantages Disadvantages

Applicable to highly viscous liquids

Low net pressure loss

Good accuracy

Moving parts subject to wear

Only applicable to liquids

4.4.4.4.2  System.  To calibrate positive displacement flow meter systems, a frequency

signal that corresponds to the output of the primary flow meter device at a known flow is injected

into the converter so as to verify operation of the converter and set zero and span.  Another

system calibration that can be performed involves energy or mass balance calculation of fluid

flow to process operations; if fluid flow energy or mass agrees (balances) within the performance

specifications to actual production rates or heat input, the flow rate measurement system can be

assumed to be in calibration.  Additionally, comparisons of recent energy or mass balances to

past data can be made.

4.4.4.5  Recommended QA/QC Procedures5

Positive displacement flow meters are subject to deterioration due to wear, corrosion,

exposure to a dirty liquid, and abrasion.  Pluggage can occur if the flow meter is exposed to a

dirty liquid.  Excessive slippage usually results from corrosion or abrasion.  Line cleaning before

commissioning a new unit is recommended.  Additionally, the meter should not be exposed to

steam, which is often used to clean pipes.  The following recommended spare parts should be

maintained:  rotor, sensor, bearings, and electronic components.

4.4.4.5.1  Frequency of calibration.  Calibration of the positive displacement flow meter

converter should follow a consistent pattern to allow for comparison of performance changes

over time.  If slippage is suspected, appropriate procedures should be undertaken, and the meter

should be sent back to the manufacturer for repair.  The recommended frequency of calibration

depends largely on site-specific conditions and facility standard operating procedures.  Moreover,

specific regulations may require a specific calibration frequency (e.g., annually).  In general,

calibration frequency should be within the manufacturer’s recommendations.  These calibration

intervals should not be relied on indefinitely; they are starting points.  At the end of the initial

calibration period, the system should be calibrated or examined, as appropriate, and the data

obtained should be charted.  If the system is near or beyond the limit of accuracy (80 percent of

acceptable error) and no process excursions or conditions are suspected of causing the
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decalibration, the calibration interval probably is too long.  In such a case, the system should be

recalibrated to the center of the acceptance band, and the calibration interval should be shortened. 

At the end of the second calibration period, calibration should be checked to determine if the

system is drifting.  If the system is near or beyond the limit of acceptable accuracy, similar steps

should be taken, and the calibration period should be further shortened.  This process should be

repeated until the system is within the acceptable limit of accuracy at the end of the calibration

interval.  If, at the end of the initial calibration period, the system is determined to be within

acceptable tolerance, adjustment is not necessary.  The results should be recorded and the same

calibration interval should be maintained for another calibration period.  A log of all calibration

check results should be maintained at the facility.  Any corrective actions or adjustments should

be recorded.  Calibration data should be reviewed annually in order to spot significant deviations

from defined procedures or tolerances.

4.4.4.5.2  Quality control.  Written procedures should be prepared for instrument

calibrations.  These procedures should include:

1.  The recommended interval for zero and span calibration checks of the converter

(Readings before and after adjustment should be recorded.);

2.  The reference zero and span values to be applied;

3.  Step-by-step written procedures;

4.  Blank field calibration forms (Records should include identification of the instrument

component calibrated, the date of calibration, and initials of the person who performed the

calibration.);

5.  Designation of responsibility to perform the calibration (i.e., name of person(s) or

position);

6.  Designation of person to whom to report any failed calibration; and 

7.  Place to store calibration results.

4.4.4.5.3  Quality assurance.  The calibration logs should be reviewed to confirm that

calibrations were completed and performed properly.  The person performing this review and the

frequency of review should be specified.  The written calibration procedures should be reviewed

and updated to reflect any changes (e.g., system modifications or instrument changes). 

4.4.5  Turbine Flow Meters

4.4.5.1  Measurement Principal

Unlike positive displacement flow meters, which physically capture a discrete volume of

fluid, turbine flow meters infer the total quantity of flow from the reaction of the fluid on the

turbine flow meter.
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Figure 4.4-9.  Turbine flow meter.2

4.4.5.2  System Components and Operation2,4-5

A turbine flow meter consists of a rotating device (i.e., rotor) that is positioned in the

flow stream in such a manner that the rotational velocity of the rotor is proportional to the fluid

velocity and hence the flow through the device.  The flowing fluid reaction with the turbine

blades imparts a force to the blade surface and sets the rotor in motion.  The steady-state speed is

proportional to the fluid velocity.

The rotor speed may be transmitted through the meter housing by a mechanical shaft,

with magnetic coupling to an external shaft, or through a suitable gland in the housing.  In

another type of turbine flow meter design, a signal is generated by means of a magnetic pickup

coil, consisting of a permanent magnet with coil windings, mounted in close proximity to the

rotor but external to the fluid channel.

Like some other flow rate monitoring devices, the turbine meter is sensitive to swirling

and perturbed flows.  Therefore, all turbine flow meters use a section of straightening vanes

upstream of the rotor to ensure that the fluid entering the rotor is free from swirl.  Standard

requirements for turbine flow meters are 10 diameters of straight pipe upstream and 5 diameters

of straight pipe downstream of the rotor with straightening vanes.

Turbine flow meters for measuring gas flow are characterized by a central hub that is

larger than the hub in turbine flow meters used for liquid flow measurement.  A diagram of the

turbine flow meter is presented in Figure 4.4-9.  Other turbine flow meter designs are the paddle

wheel, propeller, and tangential turbine.



CAM TECHNICAL GUIDANCE DOCUMENT

4.4  FLOW RATE MEASUREMENT SYSTEMS
4-74 8/98

TABLE 4.4-6.  ADVANTAGES AND DISADVANTAGES OF TURBINE 
FLOW METERS

Advantages Disadvantages

Sensitive to fluctuations in flow and can more
accurately detect changes in fluid velocity

Rotor stoppage does not totally block the flow of
fluid as would be the case for positive displacement
flow meters

Available for a wide range of flow rates

Exhibit a larger amount of slip than do positive
displacement flow meters

Contain many moving parts

Require straight pipe and flow straightening vanes

Cannot operate at flows greater than recommended;
overspinning the rotor can destroy the bearings

Turbine flow meters can be used to measure fluid flow in pipes with diameters of

approximately 0.64 to 61 cm (0.25 to 24 in.).  The turbine flow meter can measure liquid flow

rates from 0.23 to 189,000 L/min (0.06 to 50,000 gal/min) and gas flow rates from (100 to

230,000 standard cubic feet per minute [scfm]).  Table 4.4-6 summarizes the advantages and

disadvantages of turbine flow meters.

4.4.5.3  Accuracy5

Although the trend in flow rate measurement has been toward flow meters than have few

or no moving parts, the turbine flow meter often is used when high accuracy is desired.  The

accuracy of liquid-flow turbine flow meters is approximately ±0.5 percent over a 10 to 1 flow

rate range.  Accuracy typically is not as high in turbine flow meters used for gas flow

applications.

4.4.5.4  Calibration Techniques5

4.4.5.4.1  Sensor.  The primary flow meter device is factory calibrated.

4.4.5.4.2  System.  Turbine transmitter calibration is performed by adjustment to properly

interpret the frequency output of the primary device.  Zero and span adjustments are made by

simulating the frequency that the primary device would transmit at zero flow or maximum flow

and adjusting the transmitter output as appropriate.  

Another system calibration that can be performed involves energy or mass balance

calculation of fluid flow to process operations.  If fluid flow energy or mass agrees (balances)

within the performance specifications to actual production rates or heat input, the flow rate

system can be assumed to be in calibration.  Additionally, comparisons of recent energy or mass

balances to past data can be made.
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4.4.5.5  Recommended QA/QC Procedures5

Turbine flow meters should not be subject to sudden surges of liquid flow, such as the

starting of a pump or opening of a valve when the flow meter or piping is empty.  Diagnosis of

sensor failure, as opposed to rotor, bearing, or electronic failure, is important in order to avoid

unnecessary work.  Sensor failure should be suspected when flow is known to exist in the pipe

but zero flow is indicated at the transmitter output.  In such cases, the transmitter should be

checked in the same manner as performance of a span calibration.  If the transmitter functions

electrically, then the fault likely lies in the rotor, the bearing, or the sensing element.

Bearing wear can be detected by applying a low flow of fluid to the turbine and checking

for rotor drag.  Excessive wear can cause the rotor to eventually stop rotating and fail completely. 

The following recommended spare parts should be maintained:   rotor, sensor, bearings, and

electronic components (transmitter).

4.4.5.5.1  Frequency of calibration.  Calibration of the turbine flow meter transmitter

should follow a consistent pattern to allow for comparison of performance changes over time.  If

slippage or bearing wear is suspected, appropriate procedures should be undertaken to correct the

problem.  The recommended frequency of calibration depends largely on site-specific conditions

and facility standard operating procedures.  Moreover, specific regulations may require a specific

calibration frequency (e.g., annually).  In general, calibration frequency should be within the

manufacturer's recommendations.  These calibration intervals should not be relied on

indefinitely; they are starting points.  At the end of the initial calibration period, the system

should be calibrated or examined, as appropriate, and the data obtained should be charted.  If the

system is near or beyond the limit of accuracy (80 percent of acceptable error) and no process

excursions or conditions are suspected of causing the decalibration, the calibration interval

probably is too long.  In such a case, the system should be recalibrated to the center of the

acceptance band, and the calibration interval should be shortened.  At the end of the second

calibration period, calibration should be checked to determine if the system is drifting.  If the

system is near or beyond the limit of acceptable accuracy, similar steps should be taken, and the

calibration period should be further shortened.  This process should be repeated until the system

is within the acceptable limit of accuracy at the end of the calibration interval.  If, at the end of

the initial calibration period, the system is determined to be within acceptable tolerance,

adjustment is not necessary.  The results should be recorded and the same calibration interval

should be maintained for another calibration period.  A log of all calibration check results should

be maintained at the facility.  Any corrective actions or adjustments should be recorded. 

Calibration data should be reviewed annually in order to spot significant deviations from defined

procedures or tolerances.
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4.4.5.5.2  Quality control.  Written procedures should be prepared for instrument

calibrations.  These procedures should include:

1.  The recommended interval for zero and span calibration checks of the transmitter

(Readings before and after adjustment should be recorded.);

2.  The reference zero and span values to be applied;

3.  Step-by-step written procedures;

4.  Blank field calibration forms (Records should include identification of the instrument

component calibrated, the date of calibration, and initials of the person who performed the

calibration.);

5.  Designation of responsibility to perform the calibration (i.e., name of person(s) or

position);

6.  Designation of person to whom to report any failed calibration; and

7.  Place to store calibration results.

4.4.5.5.3  Quality assurance.  The calibration logs should be reviewed to confirm that

calibrations were completed and performed properly.  The person performing this review and the

frequency of review should be specified.  The written calibration procedures should be reviewed

and updated to reflect any changes (e.g., system modifications or instrument changes). 

4.4.6   Vortex Formation Flow Meters

4.4.6.1  Measurement Principal

Vortex formation flow meters detect vortices in the fluid flow downstream of their

generation.

4.4.6.2  System Components and Operation2,5

Vortex formation flow meters can be classified based on design as either vortex shedding

or vortex precession.  In a vortex shedding device, vortex generation is induced by the means of a

blunt, typically flat-faced, body placed perpendicular to the flowing fluid.  As fluid passes the

vortex generating element, the sharp corners cause a fixed point of fluid separation that forms a

shear layer.  At a specific distance downstream, the fluid in the shear layer breaks down into

well-formed vortices.  These vortices are formed and shed with a frequency that is linearly

proportional to the fluid velocity.  Sensing of the vortices is accomplished either by sensing the

fluctuating pressure in the wake of the vortex generator or by sensing local velocity fluctuations

around the body.  Figure 4.4-10 depicts a vortex shedding flow meter.
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Figure 4.4-10.  Vortex shedding flow meter.2

Vortex shedding flow meters are generally comprised of the following three basic parts: 

a vortex generating element, a sensor to convert vortex energy into electrical pulses, and a

transmitter.  The primary differences in vortex shedding flow meter designs are the shape of the

generating element and the type of sensor used.

Vortex shedding flow meters are applicable to low viscosity liquids and to pressurized

gases with sufficiently high densities and momentum to operate the flow meter.

In a vortex precession flow meter, the fluid entering the meter is forced into a swirl

condition along the axis of flow by swirl-blade, guide vanes.  The swirl is a vortex filament that

is produced continuously, rather than periodically as is the case for shed vortices.  At the exit of

the swirl blades, the flow is contracted and expanded in a venturi-like passage, causing the vortex

filament to adopt a helical path.  The helical path results in a precession-like motion of the vortex

filament at a fixed downstream station.  A sensor placed at the downstream station relays the

frequency of precession, which is linearly proportional to flow rate.  Vortex precession flow

meters are comprised of the following parts:  swirl blades and deswirl blades, a vortex filament, a

sensor, and a transmitter.  The vortex precession flow meter is basically obsolete, and has yielded

to the shedder device.  A vortex precession flow meter is depicted in Figure 4.4-11.

Vortex formation flow meters can be used to measure fluid flow in pipes that range in

diameters from 2.5 to 30 cm (1 to 12 in.) for shedding devices and from 2.5 to 20 cm (1 to 8 in.)

for precession devices.  The linear flow rate range for a vortex shedding flow meter is 20 to 1 for

liquid and 100 to 1 for gases with the minimum flow rate of approximately 60 scfm.  The applic-

able liquid flow rate range (for the shedding device) is 11 to 18,900 L/min (3 to 5,000 gal/min). 
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Figure 4.4-11.  Vortex precession flow meter.2

The vortex precession flow meter is applicable only to gases with a flow rate range comparable

to the vortex shedding flow meter.

Vortex formation flow meters are sensitive to swirling flow.  Typical straight pipe

requirements to reduce the amount of swirl in the fluid are 10 to 20 pipe diameters upstream and

5 diameters downstream.  Tables 4.4-7 and 4.4-8 summarize the advantages and disadvantages of

vortex shedding and vortex precession flow meters, respectively.

4.4.6.3  Accuracy8  

The accuracy of vortex formation flow meters is approximately ±1 percent of flow rate

for liquid applications and ±2 percent of flow rate for gas applications. 

4.4.6.4  Calibration Techniques5  

4.4.6.4.1  Sensor.  The primary flow meter device is factory calibrated.

4.4.6.4.2  System.  Calibration of the vortex formation transmitter is performed by

injecting frequency signals into the transmitter and making the appropriate adjustments.  This

allows verification of the thumbwheel adjustments as well as fine adjustment of the zero and

span analog circuit.  Another possible system calibration involves energy or mass balance

calculation of fluid flow to process operations.  If fluid flow energy or mass agrees (balances)

within the performance specifications to actual production rates or heat input, the flow rate 



CAM TECHNICAL GUIDANCE DOCUMENT

4.4  FLOW RATE MEASUREMENT SYSTEMS
8/98 4-79

TABLE 4.4-7.  ADVANTAGES AND DISADVANTAGES OF VORTEX 
SHEDDING FLOW METERS

Advantages Disadvantages

No moving parts

Insensitive to density changes

Linear over a wide velocity
range

Sensitive to upstream flow disturbances

Pulsed signal output

Limited pipe diameters

Somewhat high net pressure loss (35 to 50 percent of the differential pressure)

TABLE 4.4-8.  ADVANTAGES AND DISADVANTAGES OF VORTEX
PRECESSION FLOW METERS

Advantages Disadvantages

No moving parts

Insensitive to density changes

Continuous output

Linear over a wide velocity
range

Sensitive to upstream flow disturbances

High net pressure loss (five times higher than for the vortex shedding device)

Limited pipe diameters

Limited to gas applications only

system can be assumed to be in calibration.  Additionally, comparisons of recent energy or mass

balances to past data can be made.

4.4.6.5  Recommended QA/QC Procedures5

Vortex shedding flow meters do not require zero adjustment.  The span adjustment is

typically performed with field changeable links or thumbwheel switches.  When an analog output

is used, both zero and span of the analog circuit should be performed.  Normal shedder wear

usually has no effect on the performance of the instrument.  The following recommended spare

parts should be maintained:  sensor, shedder, and electronic components (transmitter).

4.4.6.5.1  Frequency of calibration.  Calibration of the flow meter transmitter should

follow a consistent pattern to allow for comparison of performance changes over time.  The

recommended frequency of calibration depends largely on site-specific conditions and facility

standard operating procedures.  Moreover, specific regulations may require a specific calibration

frequency (e.g., annually).  In general, calibration frequency should be within the manufacturer's

recommendations.  These calibration intervals should not be relied on indefinitely; they are

starting points.  At the end of the initial calibration period, the system should be calibrated or

examined, as appropriate, and the data obtained should be charted.  If the system is near or

beyond the limit of accuracy (80 percent of acceptable error) and no process excursions or
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conditions are suspected of causing the decalibration, the calibration interval probably is too

long.  In such a case, the system should be recalibrated to the center of the acceptance band, and

the calibration interval should be shortened.  At the end of the second calibration period,

calibration should be checked to determine if the system is drifting.  If the system is near or

beyond the limit of acceptable accuracy, similar steps should be taken, and the calibration period

should be further shortened.  This process should be repeated until the system is within the

acceptable limit of accuracy at the end of the calibration interval.  If, at the end of the initial

calibration period, the system is determined to be within acceptable tolerance, adjustment is not

necessary.  The results should be recorded and the same calibration interval should be maintained

for another calibration period.  A log of all calibration check results should be maintained at the

facility.  Any corrective actions or adjustments should be recorded.  Calibration data should be

reviewed annually in order to spot significant deviations from defined procedures or tolerances.

4.4.6.5.2  Quality control.  Written procedures should be prepared for instrument

calibrations.  These procedures should include:

1.  The recommended interval for zero and span calibration checks of the transmitter

(Readings before and after adjustment should be recorded.);

2.  The reference zero and span values to be applied;

3.  Step-by-step written procedures;

4.  Blank field calibration forms (Records should include identification of the instrument

component calibrated, the date of calibration, and initials of the person who performed the

calibration.);

5.  Designation of responsibility to perform the calibration (i.e., name of person(s) or

position);

6.  Designation of person to whom to report any failed calibration; and

7.  Place to store calibration results.

4.4.6.5.3  Quality assurance.  The calibration logs should be reviewed to confirm that

calibrations were completed and performed properly.  The person performing this review and the

frequency of review should be specified.  The written calibration procedures should be reviewed

and updated to reflect any changes (e.g., system modifications or instrument changes). 

4.4.7  Fluidic Oscillating Flow Meters

4.4.7.1  Measurement Principal2,5

The operation of fluidic flow meters is based on the Coanda Effect, which causes a liquid

to attach itself to a surface, and fluidics, which is typified by feedback action of the liquid on

itself.
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Side wall Sensor

Control port Feedback passage

Stage 1 Stage 2

Figure 4.4-12.  Fluidic oscillating flow meter.2

4.4.7.2  System Components and Operation2,5  

When flow is initiated, the flowing stream attaches itself to one of the two sidewalls in

the flow meter (i.e., by means of the Coanda Effect).  A small portion of the flow is diverted

through a recycle, feedback passage to a control port.  The feedback flow, acting on the main

flow, diverts the main flow to the opposite side wall where the feedback action is repeated on the

opposite side of the flow meter.  A continuous self-induced oscillating flow results between the

meter body side walls.  As the main flow oscillates between the side walls, the velocity of the

flow in the feedback passages cycles between zero and a maximum velocity.  The feedback

passages thereby contain a region of substantial flow rate change where the frequency of the

oscillating fluid is detectable by a thermal sensor.  The oscillating frequency is linearly

proportional to the fluid velocity.

The main components of the fluidic oscillating flow meter are:  the feedback passage,

side wall, control port, and sensor.  A diagram of the fluidic oscillating flow meter is presented in

Figure 4.4-12.  The figure shows both stages of flow through this type of flow meter.  Fluidic

oscillating flow meters can be used to measure liquid flow in pipes with a diameter range of 2.5

to 10 cm (1 to 4 in.), with a maximum velocity of 4.6 to 7.6 meter per second (m/sec) (15 to

25 feet per second [ft/sec]).  The application of fluidic oscillating flow meters is limited to

liquids with less than 2 percent solids such as acids, bases, water, fuel oils, and chemicals,

provided the Reynolds number is greater than the minimum for flow meter operation (typically

500 to 3,000).  Table 4.4-9 summarizes the advantages and disadvantages of fluidic oscillating

flow meters.



CAM TECHNICAL GUIDANCE DOCUMENT

4.4  FLOW RATE MEASUREMENT SYSTEMS
4-82 8/98

TABLE 4.4-9.  ADVANTAGES AND DISADVANTAGES OF FLUIDIC
OSCILLATING FLOW METERS

Advantages Disadvantages

Lower installed cost compared to more traditional
techniques

Insensitive to density changes

Accurate over a wide velocity range (up to 50:1)

Operates at velocities up to 4.6 to 7.6 m/s (15 to
25 ft/sec)

Sensitive to upstream flow disturbances (suggest
following orifice installation practices)

Pulsed signal output

Limited pipe diameters

Applicable only to liquids

4.4.7.3  Accuracy5

Fluidic oscillating flow meters have accuracy statements that range from ±1.25 to

2.0 percent of flow rate.

4.4.7.4  Calibration Techniques5  

4.4.7.4.1  Sensor. The primary flow meter device is factory calibrated.

4.4.7.4.2  System.  Calibration of the electronics is performed by adjusting the zero with

no flow through the flow meter and adjusting the span by injecting a frequency signal that

simulates the maximum flow.  Another system calibration that can be performed involves energy

or mass balance calculation of fluid flow to process operations.  If fluid flow energy or mass

agrees (balances) within the performance specifications to actual production rates or heat input,

the flow rate system can be assumed to be in calibration.  Additionally, comparisons of recent

energy or mass balances to past data can be made.

4.4.7.5  Recommended QA/QC Procedures5

If the liquid has a tendency to coat the thermal sensor, the sensor should be cleaned

regularly.  If sporadic operation of the flow meter occurs, the sensor is probably coated.  A

deflection type sensor usually does not suffer from coating effects.  The recommended spare

parts that should be maintained include the sensor and electronic circuit boards.

4.4.7.5.1  Frequency of calibration.  Calibration of the flow meter transmitter should

follow a consistent pattern to allow for comparison of performance changes over time.  The

recommended frequency of calibration depends largely on site-specific conditions and facility

standard operating procedures.  Moreover, specific regulations may require a specific calibration

frequency (e.g., annually).  In general, calibration frequency should be within the manufacturer's

recommendations.  These calibration intervals should not be relied on indefinitely; they are

starting points.  At the end of the initial calibration period, the system should be calibrated or
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examined, as appropriate, and the data obtained should be charted.  If the system is near or

beyond the limit of accuracy (80 percent of acceptable error) and no process excursions or

conditions are suspected of causing the decalibration, the calibration interval probably is too

long.  In such a case, the system should be recalibrated to the center of the acceptance band, and

the calibration interval should be shortened.  At the end of the second calibration period,

calibration should be checked to determine if the system is drifting.  If the system is near or

beyond the limit of acceptable accuracy, similar steps should be taken, and the calibration period

should be further shortened.  This process should be repeated until the system is within the

acceptable limit of accuracy at the end of the calibration interval.  If, at the end of the initial

calibration period, the system is determined to be within acceptable tolerance, adjustment is not

necessary.  The results should be recorded and the same calibration interval should be maintained

for another calibration period.  A log of all calibration check results should be maintained at the

facility.  Any corrective actions or adjustments should be recorded.  Calibration data should be

reviewed annually in order to spot significant deviations from defined procedures or tolerances.

4.4.7.5.2  Quality control.  Written procedures should be prepared for instrument

calibrations.  These procedures should include:

1.  The recommended interval for zero and span calibration checks of the transmitter

(Readings before and after adjustment should be recorded.);

2.  The reference zero and span values to be applied;

3.  Step-by-step written procedures;

4.  Blank field calibration forms (Records should include identification of the instrument

component calibrated, the date of calibration, and initials of the person who performed the

calibration.);

5.  Designation of responsibility to perform the calibration (i.e., name of person(s) or

position);

6.  Designation of person to whom to report any failed calibration; and

7.  Place to store calibration results.

4.4.7.5.3  Quality assurance.  The calibration logs should be reviewed to confirm that

calibrations were completed and performed properly.  The person performing this review and the

frequency of review should be specified.  The written calibration procedures should be reviewed

and updated to reflect any changes (e.g., system modifications or instrument changes). 
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4.4.8  Ultrasonic Flow Meters

Ultrasonic flow meters can be applied to pipes of all sizes.  Since the flow meter element

is virtually the same independent of the pipe diameter, this technology has economic advantages

over other flow meter technologies in large pipe applications.

4.4.8.1  Measurement Principal2

Electrical energy excites a piezoelectric crystal type of material to a state of mechanical

resonance.  As the crystal resonates, a sound wave, traveling at the speed of sound of the media,

is generated.  Ultrasonic flow meters determine flow rate based on the characteristics of the

sound wave generated by the crystal.  Piezoelectric crystals are placed either in contact with the

fluid (wetted transducers) or mounted on the outside of the pipe containing the fluid (clamp-on

transducers).

4.4.8.2  System Components and Operation2,5  

Two types of ultrasonic flow meters are available:  time-of-flight (TOF) and Doppler.  In

TOF ultrasonic flow meters, sound waves are introduced into the flowing fluid, one wave

traveling with the flow and one wave traveling against the flow.  The difference in transit time of

the waves is proportional to the fluid flow rate, because the sound wave is accelerated when

traveling with the flow and slowed when traveling against the flow.  Therefore, if the sound wave

velocity of the fluid (speed of sound) is known, the transit distance is known, and time difference

is known, then the fluid flow rate can be determined.  Time-of-flight ultrasonic flow meters can

be classified as one of the following:  axial transmission, multibeam (transverse or longitudinal)

contra-propagating, cross beam, sing around, and reflected beam.  Figure 4.4-13 depicts a TOF

ultrasonic flow meter.

In wetted transducer TOF meter setups, a 45� transmission angle normally is chosen to

save on needed pipe length while optimizing amplitude of the velocity vector along the sound

path.  Time-of-flight ultrasonic flow meters require a clean fluid so that sound pulses are not

diverted (reflected) from the intended path.  Any velocity profile change outside the transmission

path is not felt by the sonic beam.  Therefore, for greater accuracy, multiple beams may be used. 

To avoid swirling flow, straight runs of 10 to 30 pipe diameters upstream and 5 to 10 diameters

downstream are required.

The basis of operation of Doppler ultrasonic flow meters is that, when an ultrasonic beam

is projected into an inhomogeneous fluid, some acoustic energy is backscattered toward the

transducer.  Because the fluid is in motion relative to the fixed transducer, the scattered sound

moving with the fluid is received by the transducer at a different frequency than the frequency at
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Figure 4.4-13. Time of flight ultrasonic flow meter.2



CAM TECHNICAL GUIDANCE DOCUMENT

4.4  FLOW RATE MEASUREMENT SYSTEMS
4-86 8/98

Flow

Single transducer

Flow

Tandem-dual transducer

Separated same-side
dual transducer

Separated opposite-side
dual transducer

Figure 4.4-14.  Doppler ultrasonic flow meter transducer arrangements.2

which it was sent.  The difference between the outgoing and incoming frequencies is directly

proportional to the fluid flow rate.  

Most common Doppler flow meter configurations use the clamp-on arrangement, and

several manufacturers offer portable clamp-on Doppler ultrasonic flow meters for field

measurements.  To operate well, Doppler ultrasonic flow meters require sufficient particles or

bubbles in the fluid to reflect signals toward the sensor.  Performance is affected by velocity

profile changes because the receivers normally detect multiple frequencies, low frequencies from

particles near the wall and high frequencies from particles in the center of the pipe.  Signal

processing techniques are used to weight each frequency to arrive at an integrated velocity.  If

particle concentration varies, severe errors may be incurred.  Performance also is affected by

particle concentration distribution. 

Ultrasonic flow meters are comprised of the following basic parts:  the transducer,

receiver, timer, and temperature sensor.  Figure 4.4-14 depicts some of the transducer

arrangements used in Doppler ultrasonic flow meters.  Ultrasonic flow meters can be used to

measure fluid flow in pipes with a diameter greater than 0.32 cm (0.125 in.) with a minimum

flow rate of approximately 0.38 L/min (0.1 gal/min).  Time-of-flight ultrasonic flow meters are

applicable to liquids and gases flowing at velocities greater than 0.03 m/sec (0.1 ft/sec).  Doppler

ultrasonic flow meters are applicable only to liquids flowing at a velocity greater than 0.15 m/sec

(0.5 ft/sec).  Tables 4.4-10 and 4.4-11 summarize the advantages and disadvantages of TOF and

Doppler type ultrasonic flow meters, respectively.
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TABLE 4.4-10.  ADVANTAGES AND DISADVANTAGES OF 
TIME-OF-FLIGHT ULTRASONIC FLOW METERS

Advantages Disadvantages

Device does not protrude into the fluid

No moving parts

Wide range of pipe diameters

Low-velocity detection limit

Sensitive to upstream flow disturbances

Fluid must be relatively clean

Must compensate for speed of sound changes in the fluid

Need long length of straight pipe.

TABLE 4.4-11.  ADVANTAGES AND DISADVANTAGES OF DOPPLER
ULTRASONIC FLOW METERS

Advantages Disadvantages

Ease of installation for clamp-on devices

Wide range of pipe diameters

Low-velocity detection limit

Sensitive to upstream flow disturbances

Performance is highly variable--uncertainty of the depth of
penetration, the velocity profile, or fluid composition changes
can result in errors of greater than 30 percent

Requires entrained gases or particles in the fluid
Limited to liquid applications only

4.4.8.3  Accuracy2,5

Generally, wetted transducer devices are considered more accurate than clamp-on

devices.  Additionally, TOF ultrasonic flow meters are usually more accurate than doppler

ultrasonic flow meters.  The accuracy of TOF ultrasonic flow meters ranges from ±0.5 to

10 percent of full scale.  The accuracy of Doppler ultrasonic flow meters can be as low as

1 percent of flow rate.

4.4.8.4  Calibration Techniques5

Calibration of ultrasonic flow meters is performed by electronically simulating the signals

that would be present under flow conditions and making the necessary adjustments to the

transmitter.  Another possible system calibration involves energy or mass balance calculation of

fluid flow to process operations.  If fluid flow energy or mass agrees (balances) within the

performance specifications to actual production rates or heat input, the flow rate system can be

assumed to be in calibration.  Additionally, comparisons of recent energy or mass balances to

past data can be made.
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4.4.8.5  Recommended QA/QC Procedures

The intensity of the ultrasonic signal should be checked periodically to ensure it is within

manufacturer's specifications.  The following recommended spare parts should be maintained: 

transducer, and mounting hardware such as gaskets or O-rings.

4.4.8.5.1  Frequency of calibration.  Calibration of the flow meter transmitter should

follow a consistent pattern to allow for comparison of performance changes over time.  The

recommended frequency of calibration depends largely on site-specific conditions and facility

standard operating procedures.  Moreover, specific regulations may require a specific calibration

frequency (e.g., annually).  In general, calibration frequency should be within the manufacturer’s

recommendations.  These calibration intervals should not be relied on indefinitely; they are

starting points.  At the end of the initial calibration period, the system should be calibrated or

examined, as appropriate, and the data obtained should be charted.  If the system is near or

beyond the limit of accuracy (80 percent of acceptable error) and no process excursions or

conditions are suspected of causing the decalibration, the calibration interval probably is too

long.  In such a case, the system should be recalibrated to the center of the acceptance band, and

the calibration interval should be shortened.  At the end of the second calibration period,

calibration should be checked to determine if the system is drifting.  If the system is near or

beyond the limit of acceptable accuracy, similar steps should be taken, and the calibration period

should be further shortened.  This process should be repeated until the system is within the

acceptable limit of accuracy at the end of the calibration interval.  If, at the end of the initial

calibration period, the system is determined to be within acceptable tolerance, adjustment is not

necessary.  The results should be recorded and the same calibration interval should be maintained

for another calibration period.  A log of all calibration check results should be maintained at the

facility.  Any corrective actions or adjustments should be recorded.  Calibration data should be

reviewed annually in order to spot significant deviations from defined procedures or tolerances.

4.4.8.5.2  Quality control.  Written procedures should be prepared for instrument

calibrations.  These procedures should include:

1.  The recommended interval for zero and span calibration checks of the transmitter

(Readings before and after adjustment should be recorded.);

2.  The reference zero and span values to be applied;

3.  Step-by-step written procedures;

4.  Blank field calibration forms (Records should include identification of the instrument

component calibrated, the date of calibration, and initials of the person who performed the

calibration.);

5.  Designation of responsibility to perform the calibration (i.e., name of person(s) or

position);
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6.  Designation of person to whom to report any failed calibration; and

7.  Place to store calibration results.

4.4.8.5.3  Quality assurance.  The calibration logs should be reviewed to confirm that

calibrations were completed and performed properly.  The person performing this review and the

frequency of review should be specified.  The written calibration procedures should be reviewed

and updated to reflect any changes (e.g., system modifications or instrument changes).

4.4.9  Thermal Flow Meters

Thermal flow meters measure flow rate either by monitoring the cooling action of the

flow on a heated body placed in the flow or by the transfer of heat energy between two points

along the flow path.  Since thermal flow meter output is dependent upon thermal (not physical)

properties of the fluid, it is applicable to fluids that are not dense enough to be sensed by

technologies that use mechanical devices.

4.4.9.1  Measurement Principal2  

The general equation for determining the amount of heat given up by a heated sensor to a

fluid in terms of the current supplied and the resistance can be expressed as:

q = 0.24I2R

where:

q = amount of heat released;

I = current supplied; and 

R = resistance.

In terms of fluid properties and fluid velocity:

q = (ts � tg)[Ct + (2�dCv�V)1/n]

where:

ts = sensor operating temperature;

tg = fluid temperature;

Ct = thermal conductivity of fluid;

Cv = thermal capacity (specific heat at constant volume for a gas;

� = density of fluid;

d = diameter of wire;

V = velocity of fluid; and

n = usually close to 2.

When considering thermal balance in a flowing system, assuming the absorption of heat by

anything other than the flowing fluid (i.e., pipe wall) is negligible, the flow rate can be

determined by the difference between two temperature readings as:
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q = �VCp(tb � ta)

where:

Cp = thermal capacity (specific heat at constant pressure for a gas);

tb = temperature of fluid before the heater; and

ta = temperature of fluid after the heater.

4.4.9.2  System Components and Operation.2

Two types of thermal class flow meters are available:  thermal anemometers (thermo-

anemometers) and calorimetric flow meters.  Thermo-anemometers measure flow rate by

monitoring the cooling action of the flow on a heated body placed in the flow.  The thermo-

element may be held at a constant temperature or variable temperatures (constant current).  Rate

of flow is measured by the variation in the magnitude of the current for an element with its

resistance (temperature) held constant or by the variation in the element resistance for a supplied

current of constant magnitude.  Constant temperature circuits are used more often because they

have the following advantages over constant current circuits:

1.  Superior performance in both noise level and frequency response;

2.  Compatibility with complex frequency characteristics of hot-film probes;

3.  Increased probe life;

4.  Prevention of sensor burnout due to velocity changes;

5.  Linearization of constant-current system is not possible; and 

6.  Easy temperature compensation.

Thermo-anemometers can be either a hot-wire anemometer or a hot film anemometer.  In

hot-wire anemometers, the thermo-element is a fine metal wire (0.00038 cm [0.00015 in.] in

diameter) made of tungsten with a thin platinum coating on the surface.  The thin, metal wire

element is connected as one of the arms of a balanced measuring bridge.  In hot-film

anemometers, the thermo-element consists of a metallic film made of alumina or quartz

deposited on a vitreous or ceramic substrate (usually platinum).  Hot-film anemometers come in

a variety of shapes such as wires, wedges, cones, and flat surfaces.  Figure 4.4-15 depicts four of

these shapes.

The hot-film probe has the following advantages over the hot-wire probe:

1.  More rugged;

2.  Less susceptible to accumulation of foreign materials;

3.  Easier to clean;

4.  Better frequency response over a wider frequency range; and 

5.  Adapted to a variety of probe shapes.
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Figure 4.4-15.  Thermo-anemometers in various shapes.2
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Figure 4.4-16.  Calorimetric flow meter (heated grid).2

However, in some applications, a hot-wire probe is superior.  Other important characteristics of

thermo-anemometers are as follows: 

1.  Inherently mass flow sensitive;

2.  Highly dependent upon fluid composition; and

3.  Probe output is nonlinear in terms of current or voltage, requiring a linearizing circuit.

Calorimetric flow meters work on the principle of heat transfer by the flow of fluid.  A

calorimetric flow meter consists of three elements:  a temperature measurement device upstream

of a heater; a heater; and a temperature measurement device downstream of a heater.  The flow

rate is determined by the difference in the two temperature readings.  As is the case for thermo-

anemometers, calorimetric flow meters are inherently sensitive to mass flow.  However, unlike

thermo-anemometers, calorimetric flow meters are linearly proportional to heat transfer. 

Figure 4.4-16 is a diagram of a calorimetric flow meter.

Calorimetric flow meters operate by one of three techniques:

1.  Devices that draw constant power to the heater with simultaneous measurement of the

amount of heat transferred to the flow;

2.  Devices that heat the flow to a constant temperature with simultaneous measurement

of the energy supplied to the heater; or

3.  Devices that vary the heater temperature sinusoidally with time; in these, the flow rate

is measured by the signal phase shift at the sensor compared to the input signal at the heater.

Thermal flow meters can be used to measure fluid flow in pipes with diameters of 5.1 cm

(2 in.) or larger.  Thermal flow meters are applicable to fluids that have known heat capacities,

that is, mostly gases, with very limited liquid applications because of heat transfer problems. 
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TABLE 4.4-12.  ADVANTAGES AND DISADVANTAGES OF THERMAL 
FLOW METERS

Advantages Disadvantages

No moving parts

Low net pressure loss

Accurate over a wide flow range (300 to 1) 

Can be used on a variety of pipe sizes

Require temperature and pressure compensation

Require temperature and pressure measurement devices

Point measurements require critically positioned probes

Mostly applicable to gases

Require straight pipe upstream of the device

Thermal flow meters are susceptible to swirling flow and require straight pipe sections of 8 to

10 diameters upstream and 3 diameters downstream of the device.  Table 4.4-12 summarizes the

advantages and disadvantages of thermal flow meters.

4.4.9.3  Accuracy.2  

Thermo-anemometer accuracy ranges from ±1.5 to 2 percent of flow rate.  Calorimetric

flow meter accuracy is approximately ±4 to 5 percent of flow rate.

4.4.9.4  Calibration Techniques.9  

Calibration is done by the manufacturer and cannot be adjusted unless correction factors

are applied to the output.  Sensors are calibrated in an NIST- traceable wind tunnel in air and

referenced to standard temperature and pressure.  When calibrating thermal flow meters,

electronic zero and span calibrations of the transmitter should be checked by injecting the

appropriate signal level to the transmitter input points.  Another system calibration that can be

performed involves energy or mass balance calculation of fluid flow to process operations.  If

fluid flow energy or mass agrees (balances) within the performance specifications to actual

production rates or heat input, then the flow rate system can be assumed to be in calibration. 

Additionally, comparisons of recent energy or mass balances to past data can be made.

4.4.9.5  Recommended QA/QC Procedures

Routine maintenance should include a program to keep the thermally conductive surfaces

clean.  Additionally, replaceable sensor tips enhance repair of failed sensors.  The following

recommended spare parts should be maintained:  replaceable probes or entire flow meter

assembly, and electronic circuit boards.

4.4.9.5.1  Frequency of calibration.  Calibration of the flow meter transmitter should

follow a consistent pattern to allow for comparison of performance changes over time.  The
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recommended frequency of calibration depends largely on site-specific conditions and facility

standard operating procedures.  Moreover, specific regulations may require a specific calibration

frequency (e.g., annually).  In general, calibration frequency should be within the manufacturer's

recommendations.  These calibration intervals should not be relied on indefinitely; they are

starting points.  At the end of the initial calibration period, the system should be calibrated or

examined, as appropriate, and the data obtained should be charted.  If the system is near or

beyond the limit of accuracy (80 percent of acceptable error) and no process excursions or

conditions are suspected of causing the decalibration, the calibration interval probably is too

long.  In such a case, the system should be recalibrated to the center of the acceptance band, and

the calibration interval should be shortened.  At the end of the second calibration period,

calibration should be checked to determine if the system is drifting.  If the system is near or

beyond the limit of acceptable accuracy, similar steps should be taken, and the calibration period

should be further shortened.  This process should be repeated until the system is within the

acceptable limit of accuracy at the end of the calibration interval.  If, at the end of the initial

calibration period, the system is determined to be within acceptable tolerance, adjustment is not

necessary.  The results should be recorded and the same calibration interval should be maintained

for another calibration period.  A log of all calibration check results should be maintained at the

facility.  Any corrective actions or adjustments should be recorded.  Calibration data should be

reviewed annually in order to spot significant deviations from defined procedures or tolerances.

4.4.9.5.2  Quality control.  Written procedures should be prepared for instrument

calibrations.  These procedures should include:

1.  The recommended interval for zero and span calibration checks of the transmitter

(Readings before and after adjustment should be recorded.);

2.  The reference zero and span values to be applied;

3.  Step-by-step written procedures;

4.  Blank field calibration forms (Records should include identification of the instrument

component calibrated, the date of calibration, and initials of the person who performed the

calibration.);

5.  Designation of responsibility to perform the calibration (i.e., name of person(s) or

position); and 

6.  Designation of person to whom to report any failed calibration; and

7.  Place to store calibration results.

4.4.9.5.3  Quality assurance.  The calibration logs should be reviewed to confirm that

calibrations were completed and performed properly.  The person performing this review and the

frequency of review should be specified.  The written calibration procedures should be reviewed

and updated to reflect any changes (e.g., system modifications or instrument changes). 
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4.4.10  Mass Flow Meters (Coriolis)5

A Coriolis mass flow meter consists of a U-shaped tube that deflects or vibrates as the

fluid flows through it.  The operation of this type of mass flow meter is based on the conservation

of angular momentum as it applies to the Coriolis acceleration of a fluid.  Coriolis acceleration is

that tangential force experienced when one walks radially outward on a rotating platform.  The

force is only experienced when one changes position in relation to the center of rotation.

4.4.10.1  Measurement Principal10  

As fluid enters the U-shaped tube, it is forced to take on the vertical movement of the

vibrating tube.  When the tube is moving upward, the fluid flowing into the meter resists being

forced up by pushing down on the tube.  Having been forced upward, the fluid flowing out of the

meter resists having its vertical motion decreased by pushing up on the tube.  The two opposing

forces on the tube cause it to twist.  The amount of twist is directly proportional to the mass rate

of fluid flowing through the tube.

4.4.10.2  System Components and Operation5  

A mass flow meter consists of a vibrating U-shaped tube in which the Coriolis

acceleration is created and measured.  In place of the rotational motion described above, the inlet

and outlet of the tube are held fixed while the tube is vibrated sinusoidally about an axis formed

between the inlet and outlet, typically by a magnetic device located in the bend.  In most devices,

magnetic sensors located on each side of the flow tube measure the respective velocities, which

change as the tube twists.  Newer models have two U-shaped tubes to measure fluid flow.

Coriolis mass flow meters have specific minimum and maximum operating flow rates. 

High-temperature sensors can operate up to 430�C (800�F).  The pressure drop across the flow

meter cannot exceed the maximum allowable pressure drop that the total system will accept,

otherwise the fluid will not flow into the U-tube.  A diagram of a Coriolis mass flow meter is

presented in Figure 4.4-17.

Mass flow meters can be used to measure fluid flow in pipes with a diameter range of

0.16 to 15 cm (0.0625 to 6 in.).  Coriolis mass flow meters are generally used in the following

liquid applications: harsh chemicals, low to medium viscosity, foods, slurries, and blending

systems.  Gas applications are somewhat limited since the density of low-pressure gases is

usually too low to accurately operate the flow meter.  Typically, thin walled tubes are used for

gas applications.  However, when applicable, the mass flow meter eliminates the need for

pressure and temperature compensation and the hardware necessary to implement these

functions.  Table 4.4-13 summarizes the advantages and disadvantages of Coriolis mass flow

meters. 
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Drive assembly
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(A)  Single U-tube design

Flow

Flow

U-shaped
parallel flow
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(B)  Dual U-tube design

Figure 4.4-17.  Coriolis mass flow meter.5

TABLE 4.4-13.  ADVANTAGES AND DISADVANTAGES OF CORIOLIS 
MASS FLOW METERS

Advantages Disadvantages

Have no Reynolds number constraints

Applicable to virtually any liquid

Excellent accuracy

Not affected by swirling flow; therefore, no need for straight pipe

No need for temperature compensation

Provide direct mass flow measurement

Limited applicability to gases

Relatively expensive

High-net pressure loss
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4.4.10.3  Accuracy5

Coriolis mass flow meters have an accuracy of 0.2 to 0.4 percent of flow rate (within

±28�C [±50�F] of calibrated temperature) to a mass flow rate of 0.45 kilogram per hour (kg/hr)

(1 pound per hour [lb/hr]).  

4.4.10.4  Calibration Techniques5  

Zero and span calibration of most flow meters is performed digitally under zero flow

conditions at operating temperature.  Variations of more than about 28�C (50�F) from the

temperature at which the zero adjustment was performed result in reduced accuracy.  Another

possible system calibration involves energy or mass balance calculation of fluid flow to process

operations.  If fluid flow energy or mass agrees (balances) within the performance specifications

to actual production rates or heat input, the flow rate system can be assumed to be in calibration. 

Additionally, comparisons of recent energy or mass balances to past data can be made.

4.4.10.5  Recommended QA/QC Procedures5

Excessive coating of the inside of the tube can cause the tube to become restricted.  This

will result in a loss of accuracy if the flow is less than the minimum accurately measurable flow

of the flow meter.  The recommended spare parts that should be maintained include sensors and

electronic circuit boards.

4.4.10.5.1  Frequency of calibration.  Calibration of the flow meter transmitter should

follow a consistent pattern to allow for comparison of performance changes over time.  The

recommended frequency of calibration depends largely on site-specific conditions and facility

standard operating procedures.  Moreover, specific regulations may require a specific calibration

frequency (e.g., annually).  In general, calibration frequency should be within the manufacturer's

recommendations.  These calibration intervals should not be relied on indefinitely; they are

starting points.  At the end of the initial calibration period, the system should be calibrated or

examined, as appropriate, and the data obtained should be charted.  If the system is near or

beyond the limit of accuracy (80 percent of acceptable error) and no process excursions or

conditions are suspected of causing the decalibration, the calibration interval probably is too

long.  In such a case, the system should be recalibrated to the center of the acceptance band, and

the calibration interval should be shortened.  At the end of the second calibration period,

calibration should be checked to determine if the system is drifting.  If the system is near or

beyond the limit of acceptable accuracy, similar steps should be taken, and the calibration period

should be further shortened.  This process should be repeated until the system is within the

acceptable limit of accuracy at the end of the calibration interval.  If, at the end of the initial

calibration period, the system is determined to be within acceptable tolerance, adjustment is not
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necessary.  The results should be recorded and the same calibration interval should be maintained

for another calibration period.  A log of all calibration check results should be maintained at the

facility.  Any corrective actions or adjustments should be recorded.  Calibration data should be

reviewed annually in order to spot significant deviations from defined procedures or tolerances.

4.4.10.5.2  Quality control.  Written procedures should be prepared for instrument

calibrations.  These procedures should include:

1.  The recommended interval for zero and span calibration checks of the transmitter

(Readings before and after adjustment should be recorded.);

2.  The reference zero and span values to be applied;

3.  Step-by-step written procedures;

4.  Blank field calibration forms (Records should include identification of the instrument

component calibrated, the date of calibration, and initials of the person who performed the

calibration.);

5.  Designation of responsibility to perform the calibration (i.e., name of person(s) or

position);

6.  Designation of person to whom to report any failed calibration; and

7.  Place to store calibration results.

4.4.10.5.3  Quality assurance.  The calibration logs should be reviewed to confirm that

calibrations were completed and performed properly.  The person performing this review and the

frequency of review should be specified.  The written calibration procedures should be reviewed

and updated to reflect any changes (e.g., system modifications or instrument changes). 

4.4.11  Rotameters5

Rotameters can be classified as a type of area flow meter.  In the past, rotameters were

one of the mainstays in flow meter technology because they provide economical local readouts

and control of gases and nonviscous liquids.  Although rotameters have been displaced to some

degree by other technologies, the rotameter has maintained its place in some applications due to

its design simplicity and its ability to be tailored to each application by careful selection of its

components.

4.4.11.1  Measurement Principal5

Rotameters operate on the principle of generating a condition of dynamic balance within

the flow meter, in which a float is positioned in accordance with the flow through the flow meter. 

The float remains in dynamic balance when the sum of the forces acting on the float are zero. 

Therefore, when the weight of the float less the weight of the fluid that it displaces is equal to the

upward force on the float due to fluid velocity, the float is in dynamic balance.
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Outlet

Scale

Active element

Conical glass tube

Figure 4.4-18.  Rotameter.12

4.4.11.2  System Components and Operation1,4,5  

A rotameter consists of a plummet, or “float,” which is free to move up or down within a

slightly tapered tube, with the small end down.  Fluid enters the lower end of the tube and causes

the float to rise until the annular area between the float and the wall of the tube is such that the

pressure drop across the constriction is just sufficient to support the float.  The tapered tube,

which typically is made of glass, is etched with a near linear scale on which the position of the

float may be visually noted as an indication of flow.  Rotameters are available with pneumatic,

electric, and electronic transmitters for actuating remote recorders, integrators, and automatic

flow controllers.  A diagram of a rotameter is presented in Figure 4.4-18.  Rotameters can be

used to measure fluid flow in pipes with a diameter range of 1.3 to 10 cm (0.5 to 4 in.).  Liquid

flow measurement range is approximately 0.19 to 760 L/min (0.05 to 200 gal/min) for liquids

with a viscosity less than about 30 centipoise.  Gas flow measurement is virtually unlimited

depending on float material.  Rotameters require no straight runs of pipe upstream or downstream

of the meter.  Pressure losses are consistent over the flow range.  Table 4.4-14 summarizes the

advantages and disadvantages of rotameters. 
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TABLE 4.4-14.  ADVANTAGES AND DISADVANTAGES OF ROTAMETERS

Advantages Disadvantages

Easily equipped with magnetic, electronic,
induction, or mercury-switch transmitters

Viscosity-immune bobs are available

Several rotameters mounted side-by-side provide
convenient flow comparisons

Relatively low cost

Handle a wide variety of corrosive materials

No need for straight pipe

Extremely effective for low flows

Must be mounted vertically

Limited to relatively small pipe sizes and capacities

Relatively low temperature and pressure limits

Sensitive to fluid temperature changes

4.4.11.3  Accuracy.5  

Rotameters have an accuracy of ±1 to 2 percent of full scale from 10 to 100 percent of the

calibrated range.  Some rotameters can be calibrated to ±0.5 percent of full scale.

4.4.11.4  Calibration Techniques.5  

Rotameter system transmitters can be calibrated for zero and span by manipulating the

float to the zero and full scale positions and making the necessary zero and span adjustments. 

The scale on a rotameter can be calibrated to the exact metering fluid by utilizing a bubble flow

calibrator at several values along the scale.  The results of the bubble calibration can be used to

generate a calibration curve.  Generally, rotameter calibration scales are for a specific gas (e.g.,

air, nitrogen, etc.) at standard temperature and pressure.  Therefore, some correction to actual

conditions is required for accurate measurements. 

Another possible system calibration involves energy or mass balance calculation of fluid

flow to process operations.  If fluid flow energy or mass agrees (balances) within the

performance specifications to actual production rates or heat input, the flow rate system can be

assumed to be in calibration.  Additionally, comparisons of recent energy or mass balances to

past data can be made.

4.4.11.5  Recommended QA/QC Procedures5  

Periodic cleaning of the flow tube is required to prevent a buildup on the inside of the

tube.  If a residue builds up on the inside of the tube, the float will stick and a reduction of

accuracy will occur.  The following recommended spare parts should be maintained:  metering

tube, floats, and electronic circuit boards.
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4.4.11.5.1  Frequency of calibration.  Calibration of the flow meter transmitter should

follow a consistent pattern to allow for comparison of performance changes over time.  The

recommended frequency of calibration depends largely on site-specific conditions and facility

standard operating procedures.  Moreover, specific regulations may require a specific calibration

frequency (e.g., annually).  In general, calibration frequency should be within the manufacturer’s

recommendations.  These calibration intervals should not be relied on indefinitely; they are

starting points.  At the end of the initial calibration period, the system should be calibrated or

examined, as appropriate, and the data obtained should be charted.  If the system is near or

beyond the limit of accuracy (80 percent of acceptable error) and no process excursions or

conditions are suspected of causing the decalibration, the calibration interval probably is too

long.  In such a case, the system should be recalibrated to the center of the acceptance band, and

the calibration interval should be shortened.  At the end of the second calibration period,

calibration should be checked to determine if the system is drifting.  If the system is near or

beyond the limit of acceptable accuracy, similar steps should be taken, and the calibration period

should be further shortened.  This process should be repeated until the system is within the

acceptable limit of accuracy at the end of the calibration interval.  If, at the end of the initial

calibration period, the system is determined to be within acceptable tolerance, adjustment is not

necessary.  The results should be recorded and the same calibration interval should be maintained

for another calibration period.  A log of all calibration check results should be maintained at the

facility.  Any corrective actions or adjustments should be recorded.  Calibration data should be

reviewed annually in order to spot significant deviations from defined procedures or tolerances.

4.4.11.5.2  Quality control.  Written procedures should be prepared for instrument

calibrations.  These procedures should include:

1.  The recommended interval for zero and span calibration checks of the transmitter

(Readings before and after adjustment should be recorded.);

2.  The reference zero and span values to be applied;

3.  Step-by-step written procedures;

4.  Blank field calibration forms (Records should include identification of the instrument

component calibrated, the date of calibration, and initials of the person who performed the

calibration.);

5.  Designation of responsibility to perform the calibration (i.e., name of person(s) or

position);

6.  Designation of person to whom to report any failed calibration; and 

7.  Place to store calibration results.

4.4.11.5.3  Quality assurance.  The calibration logs should be reviewed to confirm that

calibrations were completed and performed properly.  The person performing this review and the
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frequency of review should be specified.  The written calibration procedures should be reviewed

and updated to reflect any changes (e.g., system modifications or instrument changes). 

4.4.12  References for Flow Measurement

1. Perry, R.H. (ed.), Perry’s Chemical Engineers’ Handbook, 6th ed., McGraw-Hill, New
York, NY, 1984.

 2. DeCarlo, J. P., Fundamentals of Flow Measurement, Instrument Society of America,
Research Triangle Park, NC, 1984.

 3. Product literature, Badger Meter, Inc., Industrial Products Division, Milwaukee, WI.

 4. Considine, D.M. (ed.), Van Nostrand’s Scientific Enclyclopedia, 5th edition, Van Nostrand
Reinhold, New York, NY, 1976.

 5. Spitzer, D.W., Industrial Flow Measurement, Instrument Society of America, Research
Triangle Park, NC, 1990.

 6. Product literature, Catalogue No. 70, Flow-Lin Corporation, Arlington, TX.

 7. Product literature, Catalogue No. 60, Flow-Lin Corporation, Arlington, TX.

 8. Product literature, Form VT-106.1, Universal Flow Monitors, Inc., Hazel Park, MI, 1995.

 9. Product information, Kurz Instruments, Inc., Monterey, CA

10. Product literature, Micro Motion, Boulder, CO.

11. Product Information, McCrometer, Helmet, CA.

12. Roberson, J. A., and C. T. Crowe, Engineering Fluid Mechanics, Houghton Mifflin
Company, Boston, MA, 1975.
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4.5  pH AND CONDUCTIVITY MEASUREMENT SYSTEMS

4.5.1  pH Monitoring

A pH measurement system consists of three components:  a pH sensing electrode, the pH

meter, which is an amplifier for translating the signal, and a reference electrode.  A pH sensing

electrode is a small battery displaying a voltage that varies depending upon the pH of the solution

in which it is immersed.  The reference electrode is also a battery, but unlike the pH sensing

electrode, its voltage does not vary with the pH of the solution.  In a pH measurement system, the

pH electrode delivers a varying voltage to the pH meter while the reference electrode delivers a

constant voltage to the meter.  Although a pH measurement system consists of both types of

electrodes, some electrodes, known as combination electrodes, are designed to incorporate both

functions.  

Selecting the appropriate pH and reference electrodes for the application for which it is to

be used is critical to proper pH measurement.  Section 4.5.1.1 presents a discussion on selecting

the proper electrodes for a particular application.  Section 4.5.1.2 describes the different types of

pH measurement stations, Section 4.5.1.3 presents a discussion of pH control system

components, and Section 4.5.1.4 presents a discussion on electrode maintenance, and

Section 1.1.5 discusses calibration procedures.

4.5.1.1  Electrode Selection1,2

The factors to be evaluated in selection of pH sensing and reference electrodes include

where the electrodes will be used, for example, in the laboratory or in an industrial process

environment, the accuracy required, the components in the sample, and the pH of the sample. 

The key variables in electrode selection are:  (1) combination or electrode pair, (2) gel-filled or

refillable, (3) reference electrode configuration, and (4) body construction.  

4.5.1.1.1  Combination electrodes or electrode pair.  In a combination electrode, the

reference electrode surrounds the glass pH electrode.  Combination electrodes are used for most

laboratory and industrial applications because they are easier to use than electrode pairs. 

Combination electrodes can be used to monitor smaller volumes and are also more convenient in

areas where access is restricted.  One drawback with combination electrodes is that the pH

measuring system has to be equipped with a temperature compensation system for accurate

measurements.  As discussed later, the output of a pH electrode is temperature sensitive.  This

sensitivity is magnified in a combination electrode.  Combination electrodes are also not suitable

for use with colloidal suspensions, samples containing iodides, samples with high solids content,

viscous solutions, specific ion determinations, and high purity water.  Electrode pairs should be

used for these applications.  
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4.5.1.1.2  Gel-filled or refillable electrodes.  Gel-filled electrodes require little or no

maintenance.  Most gel-filled electrodes have polymer bodies and are therefore very durable. 

Refillable electrodes require greater maintenance and are less durable.  As the name suggests,

they have to be refilled with electrolyte solution periodically.  The body of refillable electrodes is

typically made of glass.  However, refillable electrodes are more accurate (+ 0.01 pH unit) than

gel-filled electrodes (+ 0.05 pH unit) and have a longer life span (typically more than 1 year) than

gel-filled electrodes (6 months to 1 year).  Gel-filled electrodes are typically used in industrial

environments; because of their durability and lower maintenance requirements refillable

electrodes are used primarily for laboratory applications because of their accuracy.

4.5.1.1.3  Reference electrode configuration.  The reference electrode consists of three

primary parts:  an internal element, electrolytic filling solution, and a permeable junction through

which the filling solution flows.  The internal element may be a silver wire coated with silver

chloride, that is, an Ag/AgCl electrode, or a platinum wire covered with a mixture of mercuric

chloride, commonly referred to as calomel (Hg2Cl2).  Silver chloride electrodes are used for most

laboratory and industrial applications.  However, some samples react with the silver in the

Ag/AgCl electrode.  For example, strong reducing agents can reduce the silver ion to silver

metal, thereby silverplating the junction.  Calomel electrodes should be used for solutions

containing proteins, sulfide or heavy metal ions, or strong reducing agents.  However, calomel

electrodes should not be used for applications in which the electrode will be exposed to

temperatures above 65�C (150�F) because the electrode breaks down at higher temperatures.

Junction type is also an important factor in selecting a reference electrode.  The function

of the liquid junction is to allow small quantities of the filling solution from the reference

electrode to leak into the sample being measured.  The four most common forms of junctions are

ceramic or other frit material, a fibrous material such as quartz, sleeve junctions, and double

junctions.

The fritted junctions are usually white and consist of small particles pressed closely

together.  The filling solution moves through the open cells between the particles.  The flow rate

across the surface of the material is variable because the size of the cells is variable.  In general,

fritted junctions clog relatively easily and should not be used with samples containing small

particulate that may clog the junction.

There are two basic types of fibrous material junctions, those with woven fibers and those

with straight fibers.  The cells of the woven fiber junctions vary in size because of the structure

of the woven material.  As with the fritted junctions, this leads to variability in flow rate across

the junction.  The flow rate is high where the fibers are loosely woven and low where the fibers

are more tightly woven.  Straight fiber junctions made of quartz are preferable to the woven fiber

junctions.  These junctions have straight fibers of quartz laid next to each other.  The filling
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solution passes uniformly through the straight channels between the fibers.  The junctions made

of straight fibrous material are easier to clean and are better for dirty samples.

A sleeve junction is similar to a fritted junction in that some areas of the junction have a

higher flow rate than other areas.  However, the sleeve junction has a much higher flow rate than

the fritted material junction and is easier to clean.  Because of the high flow rate, sleeve junction

electrodes are suitable for dirty viscous samples.  They also provide better precision than other

junction types.   

Double junctions are required for applications in which the electrolytic filling solution

and the sample solution should not come in contact.  Contact between the filling solution and

sample solution can cause precipitation of salts with low solubility, precipitation of the

potassium chloride or silver chloride in the filling solutions as a result of the diffusion of water or

organic solvent from the sample solution, and contamination of the sample solution by the

reference filling solution.  To prevent this contact an electrolyte bridge is inserted between the

reference electrode and the sample solution.

4.5.1.1.4  Body construction.  Polymer body electrodes are more durable than glass body

electrodes and are used more often for field or industrial applications.  Electrodes with glass

bodies are most often used for laboratory applications.  Glass body electrodes are also the best

choice for solutions containing proteins and other compounds with high surface tension, highly

corrosive materials, and organics that might attack a polymer body.  Samples with a very high

pH, >12, require a special glass to minimize error caused by sodium ions.  This special glass can

be used over the entire pH scale, but it has a higher resistance than the standard glass used in

most glass electrodes. 

4.5.2  pH Measurement Stations2

There are three types of measurement stations that are typically used for inline process pH

measurement:  immersion electrode assemblies, built-in electrode assemblies, and flow-through

electrode assemblies.  Figure 4.5.1 shows a diagram of the three types of inline electrode

assemblies and an offline laboratory measurement.  In addition, pH measurements of a solution

can be done offline by withdrawing a sample at a sample vent and taking the sample to the pH

meter.

4.5.2.1  Immersion Electrode Assemblies 

These electrode assemblies are used for measuring the pH of a sample in open vessels.  In

order to compensate for the hydrostatic pressure resulting from the immersion of the electrodes

below the surface of the sample, the vessel containing the electrolyte must be raised.  The

reference electrode can also be installed in the electrolyte reservoir.  Contact with the sample
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Application of electrode assemblies.  A in line, B in line with bypass, C on line, D offline.

Figure 4.5-1.  Applications for electrode assemblies.

solution is made via a tube with a separator.  However, a reservoir is unnecessary if the assembly

is equipped with a sealed reference electrode.  Immersion electrode assemblies are often mounted

loose, so they can be deflected by strong currents.  The electrode assemblies are moved from

their holders for maintenance, which should be conducted at least every 4 weeks.  

4.5.2.2  Built-In Electrode Assemblies

Built-in electrode assemblies are used in closed containers.  These have a mounting plate

similar to that used for an immersion assembly or a screw adaptor fitted with a male or female

thread.  Built-in electrode assemblies that are installed in the side of the vessel should have an

angle of at least 15 degrees to ensure that the reference electrolyte and internal buffer will collect

in the lower portions of the electrodes.  The head of the built-in electrode must be made of

material compatible with the material used for the piping and vessel.  Enamel electrodes are often

used to ensure compatibility.  Because it is not possible to remove the electrode for maintenance

during normal operations if the vessel is pressurized or the site is below the sample solution, an

exchangeable unit should be available at all times in case removal is necessary.
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Measurement of the pH of an extract of a solvent, from Shinskey (7-13), (a) flow through cell,
(b) inlet for organic solvent, (e) inlet for water, (d) outlet for organic solvent, (e) outlet for
aqueous solution, h1 static lead of organic solvent, h2 static head of aqueous solution, R stirrer.

Figure 4.5-2.  Extraction electrode assembly.

4.5.2.3  Flow-Through Electrode Assemblies

Flow-through electrode assemblies are typically used for vessels with an inflow and side

outflow.  For most applications, flow-through units are the easiest to maintain.  The electrode

assemblies are mounted in pipelines, and the sample solution flows past them.  The assemblies

may be straight-through or angled.  The sample should pass freely after the electrode so that

pressure compensation is unnecessary.  If a flow-through electrode assembly is used in a closed

system, a bypass is needed.  The electrode then can be removed for maintenance by closing the

valves without having to remove the electrode housing.  One potential problem with horizontal

flow-through units is that impurities in sample streams with sediment or floating particles can

settle out.  Therefore, the units must be cleaned out regularly.  Flow-through electrode assemblies

can be used with piping up to 25 mm.  If the diameter of the piping is larger than 25 mm, the

assembly should be equipped with a bypass.  In addition, pressure compensation should be used

if the outflow from the unit is not free.

Flow-through units are also useful for pH measurements in nonaqueous solutions. 

Although most pH measurements are done in aqueous solutions, a facility may need to know

whether a solvent contains excess acid or base.  An extraction electrode assembly with a flow-

through cell is needed for these applications.  With extraction electrode assemblies, the solvent is

extracted with water, which preferentially absorbs the inorganic acids and bases.  The pH of the

aqueous solution is then monitored.  Figure 4.5.2 depicts an extraction electrode assembly.
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Section through a pressure chamber electrode assembly, (a) combination electrode, (b) fitting
shank d = 19 or 25 mm, (c) sleeve, nut (d) support, (e) viewing glass, (f) pressurization
connection.

Figure 4.5-3.  Pressurized chamber electrode assembly.

4.5.2.4  Pressurized Chamber Electrode Assemblies

Pressurized chamber electrode assemblies may be built-in assemblies or flow-through

assemblies.  They should be used when the pressure is greater than 300 kPa (3 bar).  Figure 4.5.3

shows a sectional view of a pressurized chamber electrode assembly.  In order to conserve space,

combination electrodes are typically used with pressurized assemblies.  The electrolyte reserve is

stored in the enlarged stem.  The assembly can be constructed in a range of lengths for built-in

assemblies in pressurized vessels.  It can also be used as a flow-through assembly when it is

installed as a T-piece.  Pressurized electrode assemblies can be used at pressures greater than

1 Mpa, but the unit must be enclosed in steel casing for these applications.  

4.5.3  pH Control Systems1

For some industrial processes, monitoring the pH is all that is required.  In other

processes, parameters may be adjusted if the pH is not within the expected range, but the focus of

these is not on achieving a particular pH.  Some industrial processes, however, based on

achieving a particular pH or maintaining a specific pH.  This section focuses on selecting the

appropriate pH control system for different types of processes that may require pH control.
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BATCH PROCESSING (System A)

INPUT
(DISCONTINUOUS)

CHEMICAL
TO BE ADDED

PUMP OR
SOLENOID VALVE

ANALYZER
CONTROLLER

OUTPUT
(DISCONTINUOUS)

pH
SENSOR

REACTOR TANK

Figure 4.5-4.  pH control system for batch process.

There are three basic types of pH control systems:  batch processing system, continuous

system with tank, and continuous system with on-line control.

4.5.3.1  Batch Processing System

This is a simple system in which the process solution is pumped into a tank until it is full,

the solution is agitated and mixed, chemical is added to the solution until the desired pH is

reached, and the solution flows out or is pumped out of the tank.  A relay controller is used to

turn the chemical addition pump on and off.  Figure 4.5.4 presents an example diagram of a batch

processing system.  

While not essential, it is desirable to have a level sensing device to monitor the amount of

fluid in the tank and to signal when the tank is full or empty.  The sensing device should also

shut off operation of the mixer and pH controller when the solution is not at the proper level.  It

is important to note that the system will not reach equilibrium immediately.  After the chemical

addition, there will be some delay before the pH stabilizes and can be accurately measured.  The

actual time period before equilibrium is reached will depend upon the mixing system.  The faster

the mixing, the sooner the system will reach equilibrium and the pH of the system will stabilize.

4.5.3.2  Continuous System with Tank

Unlike the batch processing system, the continuous system with tank allows for

continuous input.  Level control and monitoring is not as important as it is with the batch system

because the tank outlet can be of sufficient size to make tank overflow unlikely.  A pump or an

on/off valve controls chemical additions.  The sizing of the control element is critical.  In some
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cases, two control elements are needed.  For example, one valve  delivers the chemical used to

adjust the pH at a higher rate when the pH is at a particular level and another valve delivers the

chemical at a lower rate when the pH approaches the desired endpoint.  Again, good mixing is

critical with this type of system.  The mixer should not be undersized.  

4.5.3.3  Continuous System with On-Line Control

This system is used for pH control of a process sample moving through a pipe.  The

system consists of a pH sensor, an analyzer/controller for receiving input from the pH sensor and

converting this to a signal that controls the valve or pump regulating chemical additions, and a

static mixer.  The static mixer provides good mixing quickly.  Chemicals are injected just

upstream of the mixer and the pH sensor is just downstream of the mixer.  With a good mixer,

the delay time, that is, the time between when the chemical is added to the sample and the pH

sensor can detect the change in pH, should not be more than a few seconds.  

4.5.4  Operation and Maintenance of the pH Measuring System1,2

Proper operation and maintenance of the pH measuring system is just as important in

achieving accurate pH measurements as selecting the correct electrode and assembly.  In

particular, care and maintenance of the electrodes is critical.  More than 80 percent of the errors

encountered in pH measurements are due to electrode problems.  Of these electrode problems,

most are associated with the reference electrode.  

4.5.4.1  Operation, Maintenance and Troubleshooting of the Reference Electrode

Reference electrodes contain a reference half-cell consisting of a sealed glass tube

surrounding a piece of wire that is immersed in a mixture of crystals.  For a silver chloride

electrode, the wire is silver and the crystals are silver chloride.  For a calomel electrode, the wire

is platinum and the crystals are Hg2Cl2.  The end of the glass tube is sealed with a wad of cotton,

glass wool, or a frit.  In order to provide electrical continuity, the crystals must be wet. 

Therefore, the glass tube and the body of the reference electrode are filled at the factory with a

potassium chloride solution.  Before shipment, the electrode is sealed at the filling hole and the

junction.  

The filling solution in the reference electrode completes the circuit with the pH electrode. 

Before using the reference electrode, the filling hole should be unsealed so that the filling

solution can flow into the sample and complete the circuit.  The filling hole should remain open

as long as the reference electrode is in the sample solution.  When not in use, the reference

electrode should be stored at all times in an acidic solution with a low salt content.  These
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solutions are available commercially or they can be made by adjusting a potassium chloride

solution to a pH of 4.0.

Typically, the first sign that there is a problem with the reference electrode is a long

stabilization time.  The pH reading may vary for some time before finally reaching a stable point. 

The increased stabilization time may be caused by changes in temperature, reactions taking place

in the sample, a sample that is not well mixed, or by absorption of CO2 from the reference

electrode.  However, the most likely causes are that the reference electrode is not compatible

with the sample or the reference electrode is faulty.  Usually,  it is possible to determine if the

problem is with the electrode or if the long stabilization time is caused by other factors such as a

change in temperature.  If you move a hand quickly toward and then away from the electrode and

the pH reading changes significantly in response to the hand movement and then reverses when

the hand is retracted, it is likely the reference electrode is either partially blocked or defective.  If

the drift continues as before when you move your hand toward and away from the electrode, the

problem is probably with the sample.  

While moving a hand towards and away from the reference electrode is one method of

determining if a reference electrode is faulty, there are two other methods that can better predict a

problem with the reference electrode.  Both of these methods involve the use of a magnetic

stirrer.  If stirring the sample with a magnetic stirrer causes unstable readings, then turn the stirrer

off.  If the reading changes significantly (0.1 to 0.2 pH units), there is a problem with the

reference electrode.  Another check can be done with the stirrer operating.  If the pH readings

fluctuate with the stirrer on and turning the stirrer down to a slower speed reduces the

fluctuations, the problem is probably with the reference electrode.

If the pH readings drift continuously without ever stabilizing, the problem may be a

completely blocked reference electrode or it may be an electrical problem.  For example, the

electrode may not properly connected to the meter, the wires within the reference or pH

electrodes may be broken, the lead wire from the pH or reference electrode may be broken, or

there may be an open circuit within the meter.  The easiest and quickest way to determine if the

problem is with the electrodes or the meter is to replace each of the electrodes.  Another method

is to use a wire, paper clip, or shorting plug, to short between the reference electrode input and

the pH electrode input on the meter.  If shorting the electrode inputs eliminates the drift,

substituting the pH electrode and then the reference electrode if necessary should identify which

electrode is the open circuit.  

If the reference electrode dries out, there is no pH reading even though the pH electrode

may be operating correctly.  When the body of the electrode dries out, the fluid in the half-cell

tube leaks out through the junction at the end of the tube. There is then no continuity through the

crystals.  To prevent the electrode from drying out, it should be stored in solution at all times. 
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However, a dry electrode can be restored and reused.  In order to properly restore the electrode

and avoid an air bubble in the tube, the electrode should be filled with filling solution, the

junction plugged, and the electrode body evacuated with a laboratory aspirator.  The vacuum

should be  maintained until no more bubbles emerge from the end of the inner glass tube.  When

the inner glass tube is free of air, the vacuum should be slowly released.  The filling solution will

then be drawn into the tube and will saturate the crystals.  

In some cases, the reference electrode contains the correct amount of filling solution, but

the filling hole is completely blocked.  If the filling hole is blocked, the filling solution cannot

flow into the sample.  The electrode will not establish a consistent electrical connection with the

sample, and the pH readings will vary considerably.  If the filling hole is partially blocked, the

solution may not flow into the sample at the proper rate.  In addition, sample ions will migrate

into the junction and establish new potentials.  These voltages will be measured by the system

and interpreted as changing pH readings.

Just as it is possible to restore a reference electrode that has dried out, it is also possible in

many cases to restore a blocked or partially blocked reference electrode.  There are a series of

increasingly severe procedures that may be tried  to restore an electrode to proper function. 

These procedures are presented below.

1.  The first and easiest method to try to restore the electrode is simply soaking the

junction in a solution of ten percent potassium chloride and 90 percent distilled or deionized

water.  This helps to dissolve the crystals at the end of the electrode.  The reference electrode

should be filled with filling solution and then soaked in the potassium chloride solution that has

been slightly warmed.  The electrode should soak at least 20 minutes.

2.  The junction of silver chloride electrode often becomes clogged with silver chloride. 

Ammonium hydroxide can be used to remove the silver chloride.  The first step is to remove the

filling solution from the reference electrode.  Next, immerse the end of the electrode (do not put

ammonia inside the electrode) in the concentrated ammonia for 10 to 20 minutes.  Remove the

electrode,  rinse the outside and inside of the electrode thoroughly with deionized or distilled

water.  Finally, refill the electrode with filling solution.

3.  Protein can also cause a problem with the reference electrode if it penetrates the

junction.  The protein can be removed by soaking the electrode in 8 M urea for about 2 hours.  As

with the concentrated ammonia, the electrode should be rinsed well after soaking.  Also, empty

and rinse the filling solution and refill with fresh filling solution.

4.  The reference electrode can also be cleaned with a vacuum.  Connect a piece of

flexible tubing to an aspirator at one end, to the reference electrode at the other end, and turn on

the water.  This should draw the filling solution through the junction and remove any obstruction.



CAM TECHNICAL GUIDANCE DOCUMENT

4.5  pH AND CONDUCTIVITY MEASUREMENT SYSTEMS
8/98 4-113

5.  Boiling the junction may remove obstructions that are not removed using any of the

other methods.  However, this method should only be used for silver chloride reference

electrodes.  As mentioned previously, calomel breaks down at about 65�C (150�F), so a calomel

reference electrode should not be boiled.  A silver chloride electrode can be immersed in boiling

water for up to 30 seconds.  Even with a silver chloride electrode, however, boiling the junction

should be one of the last measures attempted because the glass may break.

While it is possible to restore a damaged reference electrode, proper operation and

maintenance can make such measures unnecessary.  The electrode should always be used in a

vertical position.  If the electrode is horizontal, the filling solution will leak out.  Between

samples, the electrode should be rinsed with distilled or deionized water.  After rinsing, the end

of the electrode should be blotted with lint free paper.  Wiping the electrode can result in static

charges that will cause variable pH readings.  For accurate readings, the level of filling solution

should be higher than the level of the sampling solution.  In general, the electrode should be kept

at least two thirds full of filling solution.  With these simple measures, the reference electrode

should last for several years.

Although these manual cleaning procedures work well for laboratory situations, they are

not as suitable for online pH measurements.  Although the electrodes used for online pH

monitoring of a process can be removed and cleaned using these procedures, this requires either

an interruption in the process or, a more likely scenario, an interruption in data gathering.  For

online pH monitoring, automatic cleaning systems are preferred.

Although the focus of manual cleaning of the electrodes is on removing contaminants and

deposits from the electrode, the focus of automatic cleaning systems is frequent cleaning to

prevent the deposits from ever forming.  This can be done using hydraulic, chemical, or

mechanical cleaning.

Because deposition of contaminants on the electrode is a greater problem with stagnant

solutions, one of the simplest methods of preventing such deposits is to install the electrode in a

region of high flow velocity and preferably in a turbulent zone.  If flow through the area to be

monitored is slow, a baffle plate can be installed to create turbulence.  If the sample solution

contains small particles or fibers, the electrode assembly should be installed at an angle to the

flow so that the particles and fibers will not be trapped.  

Chemical cleaning uses a variety of chemicals, including hydrochloric acid, detergents,

and caustic soda.  There are several methods that can be used for on-line chemical cleaning.  The

first is a bypass system with an additional feed line.  Cleaning solution can be directed to the

electrode by rotating a valve.  This method is simple, but chemical consumption can be high.  A

rinsing jet or ring is more economical than a bypass system.  With this system, solvent and

rinsing agent are applied in the presence of the sample.  The cleaning fluid is applied at regular
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intervals, from one to several hours, and rinsing only requires a fraction of a minute.  A small

pump is used to raise the pressure and force the cleaning fluid through the sample solution.  A

spring-loaded valve prevents the cleaning fluid from leaking out when the pH is being

determined.  During cleaning, the recorder is switched off so that inaccurate readings are not

recorded.  

Mechanical cleaning has the advantage that pH monitoring is not interrupted during

cleaning. A rotating brush or a wiper is typically used, and an electric motor drives the brush or

wiper.  Although mechanical cleaning is effective for soft precipitates, hard crystals scratch the

tube  and fatty deposits are not removed but merely smeared over the electrode.  Because the

moving parts are immersed in the sample stream, mechanical cleaning of corrosive sample

streams is not advised.  The sample stream will corrode the moving parts.

4.5.4.2  Maintenance of the pH Sensing Electrode1-3  

Before a new electrode or an older electrode that has been stored dry is used, it should be

hydrated in a suitable solution.  The electrode should first be soaked for at least 24 hours in a

dilute solution of hydrochloric acid.  After rinsing with distilled water, the electrode should then

be soaked for at least 12 hours in a buffer with a pH value between 4 and 8.     

With earlier glass electrodes, which were less stable than the electrodes used today, it was

necessary to keep the pH electrode immersed in an aqueous solution to maintain proper function. 

Newer formulations are more stable and do not require immersion.  However, to avoid surface

contamination of the electrode, it is still a good idea to keep the pH electrode covered or

immersed in a liquid.  Contamination on the surface of the electrode can cause a barrier between

the ions in solution and the surface of the glass.  This barrier leads to inaccurate pH readings. 

Storing the pH electrode in liquid prevents airborne contaminants from settling on the electrode

and forming this barrier.  The storage solution should be somewhat acidic so that the

contaminants in the pH glass are exchanged out for hydrogen ions, thereby keeping the electrode

more sensitive to pH.  The slightly acidic potassium chloride solution used as the filling solution

for the reference electrode is a good solution for storing the pH electrode.

The pH electrode should be checked periodically to ensure that it has the required

responsiveness and sensitivity.  In general, an electrode is in good working order if the response

is fast (<1 minute), the response during stirring is stable, and the sensitivity as determined from

buffers is better than 95 percent.  This last indicator of electrode performance can be tested using

a series of standard buffers.  The measured pH of the buffers is plotted versus the output in

millivolts (mV).  The resulting plot should be a straight line that approximates the theoretical

slope.  If the slope falls to approximately 95 percent of the theoretical slope, the electrode should

be discarded or regenerated.  In some cases, the electrode can be regenerated with hydrofluoric
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acid.  However, this process shortens the life of the electrode and should only be used as a last

resort.   

4.5.4.3  Maintenance of the Combination Electrode1,2  

Most combination electrodes are based on a silver chloride reference half-cell.  These

electrodes should not be soaked in any solution that will cause precipitation of the silver in the

junction of the electrode.  Solutions of low chloride concentration can cause precipitation of the

silver and should not be used for electrode storage.  Solutions of high chloride concentration can

reduce the electrode’s sensitivity to hydrogen ion.  Therefore, when storing a combination

electrode overnight or for a weekend, the electrode should be stored in air with the protective cap

over the end of the electrode and the filling hole covered.  For longer term storage, the filling

solution should be removed from the electrode and the electrode stored completely dry.

4.5.5  Calibration of the pH Meter1,2 

Proper operation and maintenance of the pH and reference electrodes are critical

components of accurate pH measurements.  The other critical component is calibration of the pH

meter.  Meter calibration in the laboratory is  a simple and straightforward process that should be

done routinely.  Online calibration of the electrode assemblies that are used for continuous pH

monitoring can be more difficult.  The basic procedures are the same for laboratory and online

calibration, but to avoid having to take the pH electrodes offline for calibration, self calibration

systems are required. 

4.5.5.1  Laboratory Calibrations

The pH meter should be calibrated at least once every 8-hour shift.  Standard buffer

solutions used for calibration can be prepared in the laboratory, but they are also available

commercially, usually in three pH values, 4.00, 7.00, and 10.00.  The buffers should be stored in

tightly sealed containers away from heat and poured just before calibration.  Only fresh samples

of buffer should be used for a calibration.  

The calibration can be one point, two point, or multipoint, with multipoint calibrations

providing the most accurate pH readings.  However, two point calibrations are the most common

and are sufficient for most applications.  One point calibrations are often useful for quick,

intermediate checks during the day.  

A two point calibration uses two buffers.  One of the buffers should have a pH value of

7.00 and the other should be closest to the value anticipated for the sample.  For example, if the

sample is acidic, the buffer with a pH value of 4.00 should be used.  If the sample is basic, the



CAM TECHNICAL GUIDANCE DOCUMENT

4.5  pH AND CONDUCTIVITY MEASUREMENT SYSTEMS
4-116 8/98

buffer with a value of 10.00 should be used.  Actual calibration procedures vary according to  pH

meter.  However, the following is a summary of the basic steps for a two point calibration:  

1.  Set the temperature setting on the meter to the temperature of the buffers, typically

room temperature or 25�C.   If  meter is equipped with automatic temperature compensation,

make sure it is activated before calibrating.

2.  Turn the pH meter to “pH” or to “ATC” if automatic temperature compensation is

available.  

3.  Place the clean electrodes into the container of fresh pH 7.00 buffer.

4.  Adjust the pH reading to 7.00 using either the “zero offset,” “standardized,” or “set”

knob.

5.  Rinse the electrodes with distilled or deionized water.

6.  Place the electrodes in the second buffer (with a pH value of 4.00 or 10.00).

7.  Adjust the pH reading to display the correct value using either the “slope,” “calibrate,”

or “gain” knob. 

The basic procedure is the same for a one point calibration and a multiple point

calibration.  For a one point calibration, use the buffer that is closest in value to the expected pH

of the sample.  For a multiple point calibration, calculate the calibration curve using the least

squares method.  

Many pH meters in use today are controlled by microprocessors.  These pH meters are

able to calculate the pH directly from the calibration and sample results using the appropriate

equations and the stored results obtained from the calibration solution.  Typically, only one

calibration solution, one with a pH near that of the sample, is needed.  A 7.00 buffer is not

required.  

4.5.5.2  Temperature Compensation

As discussed earlier, the output of the pH electrode will vary with temperature.  The

amount of variation depends upon the temperature and the pH of the solution.  There are only

two scenarios in which this variation does not occur.  If the pH of the solution is 7.0, no matter

the temperature of the solution, there is no temperature error.  Likewise, there is no temperature

error if the sample solution is at ambient temperature, 25�C (78�F).  For all other scenarios, the

temperature error can be calculated as follows:

0.03 pH error/pH unit/10�C (18�F) 

The error factor calculated using this equation is added to the pH reading in some cases

and subtracted from the reading in other cases.  Table 4.5-1 demonstrates how to use the error

factor for calculating the correct pH.
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TABLE 4.5-1.  USING THE ERROR FACTOR TO CALCULATE pH CORRECTED
FOR TEMPERATURE

Solution temperature

pH Above 25�C Below 25�C

Above 7 Subtract error factor Add error factor

Below 7 Add error factor Subtract error factor

The need for temperature compensation is based on the accuracy required for a particular

application and the pH and temperature of the sample solution.  To determine whether or not

temperature compensation is required for a particular operation, use the equation to develop the

error factor for the operation and compare this value to the accuracy required.  If the error factor

is greater than the target accuracy value, temperature compensation should be used.  For

example, if the error factor is 0.1 and the target accuracy value for the operation is +0.01,

temperature compensation is required.

Temperature compensation can be done with an automatic or manual compensator. 

Automatic temperature compensation should be used if the temperature of the sample solution

fluctuates.  If the temperature of sample is fairly stable and only varies a few degrees, a manual

compensator can be used.  If an automatic temperature compensator is used, it should always be

located with the electrodes.  During calibration, the compensator should be in the buffer with the

electrodes.  With a manual compensator, the temperature should be adjusted to the same

temperature of the sample solution or buffer. 

4.5.5.3  Self Calibration Systems for Online pH Measurements

Online calibration of the electrode assemblies used for continuous pH monitoring as

discussed earlier is typically more difficult than calibration in the laboratory.  In order to avoid

having to disassemble the electrodes and remove them to the laboratory for calibration, some

electrode assemblies are equipped with a self calibration system.  The type of calibration system

depends upon the type of electrode assembly that is used.  

There are two types of calibration systems used for immersion electrode assemblies.  One

option is to surround the electrode assembly with a porous plastic membrane.  During routine pH

measurement, the membrane is flush with the electrode.  The sample penetrates the porous

membrane to the electrodes.  For calibration, the system is equipped with an inlet and an outlet

for the buffer solution.  During calibration, the buffer solution is fed through the inlet and forced

through the membrane.  The membrane expands and forms a pocket around the electrode for the

buffer solution.  Another self calibration system used with immersion electrode assemblies uses

air pressure to displace the sample solution during calibration.  
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The self calibration system using air pressure is also used for built-in electrode

assemblies.  The cylinder with the electrodes has an upper and lower position.  One is used for

monitoring and one for calibrations.  Compressed air moves the cylinder into the upper or lower

position.  For calibrations, the cylinder is lowered into a chamber containing buffer solution.  

Self calibration systems were first used for flow-through electrode assemblies.  A four-

way ball valve acts as the flow-through electrode assembly with the electrode mounted in the

bore.  The system converts from measurement mode to calibration mode by rotating the valve

90�.

4.5.6  Conductivity Measurement1,2,4

The ability of a solution to conduct electricity is called conductance and its reciprocal is

called resistance.  As electrolytes, for example, salts, bases, and acids, are added to a solution of

pure water, the conductance increases and the resistance decreases.  A conductivity measurement

system measures the conductance of a solution with a sensor that is immersed in the solution.

For strong acids and bases, pH values are not very meaningful indicators of the

concentration.  The measurement uncertainty is large because pH is a logarithmic scale. 

Conductivity measurements are more suitable than pH measurements for producing accurate and

reproducible estimates of the concentrations of free acids and bases because the relationship

between conductivity and concentration is almost linear over a range of concentrations.  Because

of this relationship, conductivity measurements are often used to determine the total dissolved

solids content of water samples.    

The standard unit for conductivity measurement in the past has been mho/centimeter

(mho is the reciprocal of ohm).  This conductivity value can then be converted to a total

dissolved solids concentration value (in parts per million) using a standard conversion chart.  The

mho/cm unit is now being replaced with an interchangeable unit of measurement called the

Siemen/cm.  Conductivity is expressed in millionths of a Siemen, that is microSiemens/cm. 

Many conductivity meters provide the option of conductivity measurements in each measurement

unit.

4.5.6.1  Conductivity Sensors

There are two primary types of conductivity sensors, contacting-type sensors and

electrodeless-type sensors.  The contacting type sensor consists of two electrodes that are

insulated from each other.  The electrodes may be made of 316 stainless steel, titanium-

palladium alloy or graphite and are specifically sized and spaced to provide a known cell

constant.  The spacing of the electrodes is critical and is an important factor in selecting a

conductivity sensor.  A sensor with the electrodes placed closely together is used for solutions
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with low conductivity and a sensor with the electrodes further apart is used for solutions with

high conductivity.  Because all contacting-type sensors cannot be used for all solutions, it is

important to have some idea of the conductivity of the solution before purchasing a sensor. 

There are sensors available that cover multiple ranges and can therefore be used for samples with

low conductivity and high conductivity, but these sensors are typically more expensive than those

designed for a specific range of conductivity.  Some of the meters equipped to measure multiple

conductivity ranges automatically select the most suitable range for maximum resolution.

Electrodeless-type sensors induce an alternating current in a closed loop of solution and

measure the magnitude to determine the conductivity.  Electrodeless-type sensors eliminate some

of the problems associated with contacting-type sensors.  Polarization, oily fouling, process

coating or nonconducting chemical plating, all of which can affect the performance of contact-

type sensors, do not affect the performance of electrodeless-type sensors unless the fouling is

excessive.

The temperature of the solution can have a dramatic effect on the conductivity of the

solution.  The conductivity may vary as much as four percent per degree centrigrade, and the

conductivity of common solutions may vary from 1 to 3 percent per degree centigrade. 

Therefore, no matter what type of sensor is used, the conductivity meter should be equipped with

automatic temperature compensation.

4.5.6.2  Conductivity Meters

As with pH meters, there are many conductivity meters available.  They range from small

pocket-sized meters that can be used for a selected conductivity measuring range to micro-

processor controlled meters that are set up for as many as five conductivity measuring ranges. 

Some meters are suitable only for laboratory measurements and others are suitable for industrial

applications.  Conductivity sensors, like pH measuring systems, are available in flow-through,

submersion, and insertion mounting styles for continuous in-line conductivity measurements of a

process stream.  Flow-through sensors are threaded on the electrode end of the body and

submersion sensors are threaded on the cable end.  Convertible style sensors are threaded on both

ends so that they can be used for flow-through or submersion applications.  The conductivity

sensors are equipped with an integral temperature sensor to automatically adjust conductivity

values to a 25�C reference.    

4.5.6.3  Meter Calibration

The calibration process for a conductivity meter is similar to that for a pH meter.  As with

the pH meter calibration, the standard solutions used for calibration should have a conductivity

similar to that of the sample.  Standard solutions covering a wide range of conductivity values are



CAM TECHNICAL GUIDANCE DOCUMENT

4.5  pH AND CONDUCTIVITY MEASUREMENT SYSTEMS
4-120 8/98

available commercially.  Some meters that provide multiple units of measurement, for example,

ppm, total dissolved solids, mho/cm, allow the operator to choose the measurement unit and

create a specific calibration curve for that unit by measuring up to four concentration standards.  

As with the buffer solutions used to calibrate pH meters, the standard solutions for

calibration of the conductivity meter should be stored in closed containers and poured fresh each

time the meter is calibrated.  Both the standard calibration solution and the sample are easily

contaminated by air.  Process samples that are not analyzed inline, that is, samples that are

collected from the process stream for analysis, should be analyzed immediately to avoid

contamination.  

4.5.7  References for pH and Conductivity Measurement

1. The pH and Conductivity Handbook.  Omega Engineering, Inc., Stamford, CT 1995.

2. Galster, Helmuth.  pH Measurement, VCH Press, New York, NY, 1991.

3. Linder, Peter; Ralph Torrington, David Williams, Analysis Using Glass Electrodes.  Open
University Press, Milton Keynes, England.  1984.

4. Maguire, John (ed.), Handbook of Industrial Water Conditioning, Betz Laboratories, 
Trevose, PA, 1980.

4.6  ELECTRICAL
(Reserved)

4.7  LEVEL INDICATOR
(Reserved)

4.8  MOTION AND ROTATION
(Reserved)
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5.0  ANNOTATED BIBLIOGRAPHY

This bibliography lists each of the documents used to develop the guidance materials

presented in Chapters 2 through 4 and Appendix B of this document.  The entries are listed in

alphabetical order and are formatted as they are in each section reference list.  Additional

documents are listed that provide useful information on the subjects discussed in this document. 

In addition to the bibliographical information presented, keywords and phrases are provided for

each of the listed documents.  The complete list of keywords used is provided in Table 5.1.

TABLE 5.1 LIST OF KEYWORDS

Adsorber

Afterburner, direct flame

Afterburner, catalytic

Baghouse

Calibration methods

Centrifugal collector

Conductivity measurement 

Continuous emission monitoring system (CEMS)

Continuous opacity monitoring system (COMS)

Control device, other

Data acquisition system (DAS)

Electrical energy measurement

Electrostatic precipitator (ESP)

Electrostatic precipitator, wet (WESP)

Fabric filter

Flare 

Flow measurement 

Flow meter, gas

Flow meter, liquid

Flow meter, mass

Gravity collector

Incinerator, catalytic

Incinerator, thermal

Level measurement

Monitoring frequency

Monitoring parameters

Operation and maintenance (O&M)

pH measurement

Predictive emission monitoring system (PEMS)

Pressure gauge

Pressure transducer

Pressure measurement, other devices

Resistance temperature detector (RTD)

State/local agency monitoring and permit

guidelines

Temperature measurement

Temperature measurement device, other

Thermocouple

Vapor recovery system

Venturi scrubber

Wet scrubber, gaseous

Wet scrubber, PM

Work practice
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Air Pollution Engineering Manual, Buonicore and Davis, Eds., Air and Waste Management Association,
Van Nostrand Reinhold, New York, NY, 1992.
Summary:  This document is a fundamental and practical source of information on air pollution
control.  It includes chapters on control technologies used for gaseous pollutants (i.e., absorption,
adsorption, condensation, and incineration), particulates (i.e., cyclones and inertial separators, wet
scrubbers, electrostatic precipitators, and fabric filters), fugitive emissions, and control of odors.  For
each control technology, the manual includes a description of the equipment, design and performance
equations, recommended operation and maintenance procedures, and suggestions for maintaining and
improving the equipment performance.  The manual also includes chapters on specific industries,
including combustion sources, waste incineration sources, evaporative loss sources, surface coating,
graphic arts, chemical process industry, food and agriculture industry, metallurgical industry, mineral
products industry, pharmaceutical industry, petroleum industry, wood processing industry, treatment
and land disposal, and groundwater and soil treatment processes.  These chapters include a process
description, a characterization of the air emissions, and a discussion of the techniques used to control
these emissions.
Keywords:  Adsorber; afterburner, catalytic; afterburner, direct flame; baghouse; centrifugal
collector; control ; electrostatic precipitator, wet (WESP); electrostatic precipitator (ESP); fabric
filter; flare; incinerator, catalytic; incinerator, thermal; operation and maintenance (O&M); pressure
measurement, other devices; temperature measurement; venturi scrubber; wet scrubber, gaseous; wet
scrubber, PM.
CAM Guidance Document chapter/section:  Appendix B

Allocca, J. and A. Stewart, Transducers:  Theory and Application, Reston Publishing Company, Reston,
VA, 1984. 
Summary:  This book contains complete and detailed information on pressure, temperature, and flow
transducers. It includes chapters on background information, strain gage transducers, LVDT’s,
capacitive transducers, piezoelectric transducers, potentiometric transducers, RTD’s, thermocouples,
thermistors, photo tubes, photomultiplier tubes, photoconductive cells, photovoltaic cells, lasers,
fiberoptics, environmental and biomedical transducers, position sensing transducers, transducer
interfacing systems, and smoke detectors. The authors use a considerable number of comparisons of
instrument types, drawings, and some mathematical information.  The book was used for a
comparison of electrical pressure measurement devices, for information on QA/QC procedures for
pressure transducers, and for general information on pressure transducers.
Keywords:  Pressure guage; pressure transducer; pressure measurement, other devices; control
devices, temperature measurement; resistance temperature detector (RTD);  thermocouple;
temperature measurement ; electrical energy measurement; flow measurement; flow meter, gas; flow
meter, liquid; flow meter, mass.
CAM Guidance Document chapter/section:  4.3

Alternative Control Technology Document - Organic Waste Process Vents, EPA-450/3-91-007, U.S.
Environmental Protection Agency, Office of Air Quality Planning and Standards, Research Triangle
Park, NC, December, 1990.
Summary: This EPA document contains information to address VOC emissions from process vents
on waste management units that are exempted from the Resource Conservation and Recovery Act
(RCRA) process vent standards.  The technologies regulated by the RCRA process vent standards are
the most common ones used with exempted process vents, and the non-regulated units are a
significant contributor to total air emissions from waste management unit process vents.  The
document includes technical information for State and local agencies to use in emission-reduction
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planning. The information in this document will allow planners to identify process vent emission
sources, identify available control options, and evaluate VOC reduction and control costs.  The
emission control techniques discussed include vapor recovery control techniques, such as adsorption
and absorption, and combustion control devices, such as flares and thermal incinerators.
Keywords:  Adsorber; flare; incinerator, catalytic; incinerator, thermal; vapor recovery system;
control .
CAM Guidance Document chapter/section:  Appendix B

Anderson, R.L., et al., Decalibration of Sheathed Thermocouples, Temperature:  Its Measurement and
Control, American Institute of Physics, New York, NY, 1992.
Summary:  This document summarizes the results of tests conducted on 24 combinations of
thermocouples and sheaths material types at temperatures up to 1200�C.  Conclusions are that
thermocouples maintain calibration better if sheath material is similar in composition to thermocouple
alloys.  Using similar sheath and thermocouple materials provides significantly longer performance
for thermocouples subjected to temperatures greater than 600�C, and is essential for thermocouples
subjected to temperatures greater than 1000�C.
Keywords:  Temperature measurement; thermocouple.
CAM Guidance Document chapter/section:  4.2

APTI Course SI:412, Baghouse Plan Review, Student Guidebook, EPA 450/2-82-005, U. S. 
Environmental Protection Agency, Office of Air Quality Planning and Standards, Research Triangle
Park, NC, April 1982.
Summary: This document is the student manual designed to familiarize technical personnel with the
steps for evaluating a fabric filter used to control particulate emissions.  Used with a slide/tape
program and a final exam, this is a course of study for persons responsible for reviewing plans for
installations of baghouses. The document covers the following areas: fabric filtration operations and
baghouse components, fabric filter material, bag cleaning, baghouse design, baghouse operation and
maintenance, industrial applications, and a review exercise.  This manual contains straightforward
descriptions and clear, well-drawn diagrams.
Keywords: Baghouse; fabric filter.
CAM Guidance Document chapter/section: Appendix B

APTI Course 413, Control of Particulate Emissions, Student Manual, EPA 450/2-80-066, U. S.
Environmental Protection Agency, Research Triangle Park, NC, October 1981.
Summary: This Student Manual is to be used in conducting APTI Course 413 “Control of Particulate
Emissions” in conjunction with the Instructor’s Guide (EPA 450/2-80-066) and the Student Workbook
(EPA 450/2-80-067).  This manual supplements the course lecture material, presenting detailed
discussions on particulate emission control equipment.  The major topics include: Basic Gas
Properties, Particle Dynamics, Particle Sizing, Settling Chambers, Cyclones, Electrostatic
Precipitators, Fabric Filters, and Wet Collectors.  This manual will assist the reader in evaluating
plans for particulate emission control systems and in conducting plan reviews.
Keywords: Electrostatic precipitator, wet (WESP); fabric filter.
CAM Guidance Document chapter/section: Appendix B

ASTM Designation E 220, “Standard Method for Calibration of Thermocouples by Comparison
Techniques,” American Society for Testing and Materials, Philadelphia, PA.
Summary:  This document describes a protocol for calibrating  thermocouples by comparing the
reading from the subject thermocouple to the reading for a more accurate thermometer, which is
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maintained at the same temperature.  The procedure involves measuring the electromotive force of the
thermocouple being calibrated at selected calibration points.  The number and selection of calibration
points depend on the type of thermocouple, the temperature range to which it is subjected, and the
accuracy required. 
Keywords:  Calibration methods; temperature measurement; thermocouple.   
CAM Guidance Document chapter/section:  4.2

Barron, W.R., “The Principles of Infrared Thermometry”, Sensors, 9(12), December 1992.
Summary:  This article is an in-depth discussion of infrared thermometry including design elements,
single- and dual-wavelength thermometry, and reasons for the value of understanding the theory.
Keywords:  Temperature measurement; temperature measurement .
CAM Guidance Document chapter/section:  4.2 

Benedict, R.P., Fundamentals of Temperature, Pressure, and Flow Measurements, John Wiley and Sons,
New York, NY, 1977
Summary:  This document provides detailed information on the history, principles of operation, and
calibration methods for a wide variety of temperature, pressure, and flow measurement devices.
Keywords:  Calibration methods; flow measurement; flow meter, gas; flow meter, liquid; flow meter,
mass; pressure guage; pressure transducer; pressure measurement, other devices; resistance
temperature detector; temperature measurement; thermocouple; temperature measurement .
CAM Guidance Document chapter/section:  4.2, 4.3

Brunner, C. R., Incineration Systems, Government Institutes, Rockville, MD, 1982.
Summary:  This book focuses on incineration system design.  It includes a discussion of regulations
applicable to incineration, analytical methods for systems design, and the various types of incinerators
currently in use.
Keywords:  Incinerator, catalytic; incinerator, thermal.
CAM Guidance Document chapter/section:  Appendix B

Calvert, S., and H. M. Englund, Eds., Handbook of Air Pollution Technology, John Wiley and Sons, New
York, NY, 1984.
Summary:  This handbook includes chapters on control technologies used for gaseous pollutants (i.e.,
absorption, adsorption, condensation, chemical reaction, and combustion) and particulates (i.e.,
scrubbers, filters, electrostatic precipitators, and mechanical collectors).   For each control technology,
the manual includes a description of the operating principles, applications, design, equipment, and
potential problems.  The handbook also includes chapters on specific industries (including typical
emissions and control techniques used to control these emissions), sampling and analysis, and air
pollution standards and regulations.
Keywords:  Adsorber; afterburner, direct flame; afterburner, catalytic; baghouse;  centrifugal
collector; continuous emission monitoring system; electrostatic precipitator (ESP); electrostatic
precipitator, wet (WESP); fabric filter; flare; gravity collector; incinerator, catalytic; incinerator,
thermal; wet scrubber, gaseous; wet scrubber, PM.
CAM Guidance Document chapter/section:  Appendix B

Combustion Emissions Technical Resource Document (CTRED), USEPA Solid Waste and Emergency
Response (5305), EPA 530-R-94-014, May 1994.
Summary:  To be completed.
Keywords:  To be completed.  
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CAM Guidance Document chapter/section:  Appendix B

Considine, D. M., Ed., Van Nostrand’s Scientific Encyclopedia, 5th edition, Van Nostrand Reinhold.
Summary:  This document lists the advantages and disadvantages of many of the flow meters
described in this chapter.  This document also lists the measurement accuracy and applicable pipe
diameters of many of the flow meters described in this chapter.
Keywords:  Flow measurement; flow meter, gas; flow meter, liquid; flow meter, mass.
CAM Guidance Document chapter/section:  4.4

DeCarlo, J. P., Fundamentals of Flow Measurement, Chapters 2, 6, 8, and 9, Instrument Society of
America, Research Triangle Park, NC.
Summary:  This document describes the classification of flow meters and contains information on
principles of operation, orifice plates, turbine flow meters, vortex flow meters, magnetic flow meters,
ultrasonic flow meters, thermal flow meters, and mass flow meters.
Keywords:  Flow measurement; flow meter, gas; flow meter, liquid; flow meter, mass.
CAM Guidance Document chapter/section:  4.4

Draft Alternative Control Technology Document -- PM-10 Emissions from the Wood Products Industry:
Particleboard, Oriented Strandboard, and Waferboard Manufacturing, U.S. Environmental
Protection Agency, September 1992.
Summary:  This document discusses particulate control techniques for dryers, boilers, hot presses,
and sanders in particleboard, OSB, and waferboard manufacturing.  Control of fugitive emissions
from storage piles is also discussed.  Control technologies examined include wet ESP’s, electrified
filter beds (EFB’s), fabric filters, dry ESP’s, wet scrubbers, and multiclones.  Environmental impacts
and cost analyses for the various control options for each emission point are presented.
Keywords: baghouse; centrifugal collector; electrostatic precipitator, wet (WESP); electrostatic
precipitator (ESP); fabric filter; venturi scrubber; wet scrubber, PM
CAM Guidance Document chapter/section: Appendix B

Engineering Handbook for Hazardous Waste Incineration, Office of Research and Development, U. S.
Environmental Protection Agency, Cincinnati, OH, November, 1980.
Summary:  To be completed.
Keywords:  To be completed.  
CAM Guidance Document chapter/section:  4.3

Everest, C.E., “Noninvasive Surface Temperature Measurement with Medical Infrared Thermometer,”
Sensors, 2(2), February, 1995.
Summary:  This article contains a discussion of a small, hand-held, noncontact, infrared
thermometer, which will make precision surface measurements at low temperatures.
Keywords:  Temperature measurement; temperature measurement .
CAM Guidance Document chapter/section:  4.2

Galster, Helmuth, pH Measurement, VHC Press, New York, NY, 1991.
Summary:  This book presents an overview of pH measurement stations and how to select and install
the proper station for different types of streams.  It also includes information on electrode selection,
operation and maintenance of the pH measurement system, and calibration procedures.  
Keywords:  Calibration methods; operation and maintenance (O&M); pH measurement.  
CAM Guidance Document chapter/section:  4.5
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Generic Permit Conditions Pertaining to Monitoring, Georgia State Pollution Control Agency GDNR.
Summary:  These generic permit conditions were developed by the Georgia Industrial Source
Monitoring Program for use in Synthetic Minor operating permits with the aim of producing a
consistent, stable, enforceable, speedy permit application and issuance process.  The document
outlines permit conditions to be used on all permits, when performance testing is to be required, and
when performance test methods must be included in the permit. It also discusses notification
reporting, and recordkeeping.  Specific permit conditions pertaining to parameter monitoring and
recordkeeping are listed for several control methods and source classifications.  Control methods
include absorbers, incinerators, enclosures, condensers, baghouses, and flares.  Source categories
include fuel burning equipment and stone crushing operations.  The monitoring requirements given in
this document are not to replace any applicable NSPS, NESHAP, or SIP monitoring requirement to
which the source may be subject.
Keywords:  State/local agency monitoring and permit guidelines; monitoring parameters.
CAM Guidance Document chapter/section:  Appendix B

Glick, S., “Infrared Temperature Measurement Errors,” Sensors, 5(4), April, 1988.
Summary:  The discussion in this article includes temperature errors due to object emissivity,
transmission loses, background interference; and some solutions.
Keyword:  Temperature measurement.
CAM Guidance Document chapter/section:  4.2

Grieb, B., Temperature Measurement in Process Control, Advances in Instrumentation and Control,
Proceedings of the Annual Meeting of the Instrument Society of America, Volume 47, Instrument
Society of America, Research Triangle Park, NC, 1992. 
Summary:  The article provides a comprehensive overview of thermocouples and RTD’s, including
(in Appendix A of the paper) a comparison of the advantages and disadvantages of each.  It also
includes detailed illustrations of  sensor components. 
Keywords:  Temperature measurement; thermocouple; resistance temperature detector (RTD).
CAM Guidance Document chapter/section:  4.2

Harland, P. Ed.,  Pressure Gauge Handbook, Marcel Dekker, Inc., New York, NY.
Summary:  This document provides an overview of the fundamentals of pressure measurement and
pressure gauges.  The components, operation, maintenance, and calibration of various types of
pressure gauges are described.  The document also provides general information on pressure
transducers.
Keywords:  Pressure guage; pressure transducer; calibration methods; operation and maintenance
(O&M).
CAM Guidance Document chapter/section:  4.3

Hashemian, H. M., and K. M. Peterson, Accuracy of Industrial Temperature Measurement, Advances in
Instrumentation and Control, Proceedings of the Annual Meeting of the Instrument Society of
America, Volume 43, Instrument Society of America, Research Triangle Park, NC, 1988. 
Summary:  The article presents a good overview of the use and applicability of thermocouples and
RTD’s for temperature measurement in industry; compares thermocouples and RTD’s with respect to
applicability, performance, and costs; and  makes recommendations on calibrating at industrial
installations.
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Keywords:  Temperature measurement; thermocouple; resistance temperature detector (RTD).
CAM Guidance Document chapter/section:  4.2

 Hashemian, H. M., and K. M. Peterson, Achievable Accuracy and Stability of Industrial RTD's,
Temperature:  Its Measurement and Control, American Institute of Physics, New York, NY, 1992.  
Summary:  This document presents results of tests on  47 RTD's to determine the effects of aging at
temperatures in the range of 0�to 300�C.  Tests were conducted for thermal aging, vibration aging,
high temperature application, and thermal cycling.  The conclusion was that RTD's generally keep
calibration to within ±0.2�C for at least 2 years over the temperature range of 0� to 300�C.  
Keywords:  Temperature measurement; resistance temperature detector (RTD).
CAM Guidance Document chapter/section:   4.2

Hesketh, H. E., and K. C. Schifftner, Wet Scrubbers, A Practical Handbook, Lewis Publishers, Inc.,
Chelsea, MI, 1986.
Summary:  This book discusses wet scrubber types, applications, design, and maintenance and
control issues.  Calculations for vapor-liquid equilibrium, pressure drop, velocity, and other
parameters are also discussed, and example calculations are given.  The relationships of pressure drop,
particle size, and particle concentration in the incoming gas stream to control efficiency are examined.
Keywords: venturi scrubber; wet scrubber, gaseous; wet scrubber, PM
CAM Guidance Document chapter/section: Appendix B

Jennings, M. S., et al., Catalytic Incineration for Control of Volatile Organic Compound Emissions,
Noyes Publications, Park Ridge, NJ, 1985.
Summary:  This book describes and evaluates the use of catalytic incinerators for the control of
industrial VOC emissions.  It includes a description of how catalytic incineration is applied to the
control of industrial VOC emissions and assesses the overall performance, applicability, and costs as
compared to alternate VOC control technologies.  It also describes the results of case studies, which
gathered actual performance data through a field testing program on existing operating industrial
catalytic incinerators.  The types of sources that typically use catalytic incinerators are also described
in the book.
Keywords:  Incinerator, catalytic; operation and maintenance (O&M).
CAM Guidance Document chapter/section:  Appendix B

Johnson, F. L., “Detecting and Preventing RTD Drift,” Sensors, 12(5):64-66, 78, May, 1995.
Summary:  This article contains a discussion of RTD drift and procedures for preventing drift.
Keywords:  Calibration methods; resistance temperature detector; temperature measurement;
thermocouple.
CAM Guidance Document chapter/section:  4.2

Laird, F., “Infrared Temperature Measurement and Imaging,” Sensors, 11(8), August, 1994 .
Summary:  This article is an overview of IR temperature measurement with detailed explanations of
emissivity, IR imaging systems, and applications.
Keywords:  Temperature measurement; temperature measurement device.
CAM Guidance Document chapter/section:  4.2

Le, D. H. and S. Loth, “Ensuring Strain Gauge Pressure Transducer Stability,” Sensors, 5(7), July, 1988
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Summary:  This article is an in-depth discussion of instability in pressure transducers, which ‘can
invalidate pressure accuracy by contributing an unknown error component to the measurement. 
Attention to design, testing, and calibration can optimize instrument stability.’
Keywords:  Calibration methods, pressure transducer.  
CAM Guidance Document chapter/section:  4.3

Linder, Peter, Ralph Torrington, and David Williams, Analysis Using Glass Electrodes, Open University
Press, Milton Keynes, England, 1984.
Summary:  This book presents background information on pH measurements using glass electrodes. 
The book includes a presentation on the pH scale and what it means, and a discussion of operation and
maintenance of pH measurement systems.
Keywords:  Calibration methods; operation and maintenance; pH measurement.
CAM Guidance Document chapter/section:  4.5 

Lonergan, S., “Specifying Transducers for an Industrial Environment,” Engineered Systems, Business
News Publishing Company, August, 1994.
Summary:  This article discusses stresses, including vibration, electronic noise, corrosion, and
temperature fluctuations, that degrade accuracy and cause failure in pressure transducers. Solutions
that lie in transducer designs, strain gage technology, and capacitive sensing are explored.
Keywords:  Pressure transducer. 
CAM Guidance Document chapter/section:  4.3

Maguire, John, Ed., Handbook of Industrial Water Conditioning, Betz Laboratories, Trevose, PA, 1980.
Summary:  This reference provides background information on conductivity measurements, including
how to measure the conductivity of a water stream and how conductivity measurements are used in
assessing water quality and determining solids content.
Keywords:  Conductivity measurement.
CAM Guidance Document chapter/section:  4.5

Model 444RL, Temperature Transmitter Owner's Manual, Rosemount, Inc., Eden Prairie, MN, Product
literature.
Summary:  This product manual contains a discussion of temperature transmitter design and
calibration.  It also includes wiring, block, parts, and circuit diagrams. 
Keywords:  Calibration methods; resistance temperature detector; temperature measurement;
thermocouple.
CAM Guidance Document chapter/section:  4.2

North Carolina Department of Environment, Health, and Natural Resources, Division of Air Quality,
Final Testing, Monitoring, Reporting, and Recordkeeping (TMRR) Approach.
Summary:  This document consists of a series of 6 examples to assist NCDEM permit writers in
writing permit conditions regarding TMRR.  The examples are as follows:

• PM from boiler controlled with packed bed scrubber
• PM from boiler controlled with multiclone
• SO2 from generic coal combustion sources
• VE from boiler with multiclone
• VOC from miscellaneous sources
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Examples are short (half page each) and most are for work practices rather than parameter monitoring. 
No additional guidance is provided, and the only control device parameter monitoring presented is for
monitoring pressure drop and liquid flow rate for packed bed scrubbers.
Keywords:  Monitoring parameters; State/local agency monitoring and permit guidelines; wet-
scrubber, PM; work practice.  
CAM Guidance Document chapter/section:  Not referenced.

Ohio EPA, Ohio EPA Engineering Guide No.  65, Ohio EPA, Division of Air Pollution Control.
Summary:  This document, which is in question-and-answer format, was written to assist State permit
and Title V applicants, as well as agency permit reviewers regarding the types of sources that should
develop a monitoring, recordkeeping, and reporting (MRR) program to ensure continuous compliance;
also provides guidance on what  constitutes a reasonable and adequate program.  The types of
emissions units for which an MRR program should be established are described in tables by pollutant . 
The tables also reference the Ohio State Air Resource System (STARS) library of terms and conditions
and list the types of limitations sources may be subject to, such as operating or production caps, that
require an MRR program.  The document provides guidance on how to determine if a source that is
not listed in the tables must develop an MRR program.  Examples also are presented.
Keywords:  State/local agency monitoring and permit guidelines; monitoring frequency; monitoring
parameters.
CAM Guidance Document chapter/section:  Not referenced.

Ohio EPA, The “STARS” Library of Terms and Conditions for Permits to Install, Title V Permits, and
State Permits to Operate, Version 3.0, Ohio EPA, Division of Air Pollution Control, November 1996.
Summary:  “STARS” stands for State Air Resources System. This document is a compilation of
common terms and conditions which are used by the Division of Air Pollution Control (DAPC) in
preparing permits to install, Title V permits, and State permits to operate.  The first section contains
general terms and conditions which are required for Title V permits and State permits to operate.  The
second section contains common terms and conditions for emission units which will be used in the
permits.  Monitoring, recordkeeping, and reporting requirements are given for specific emission
sources, as well as requirements for CEMS certification and required parameter monitoring for control
devices.  Compliance methods and testing requirements are also discussed, as are ambient air quality
and visible particulate emission standards.
Keywords:  State/local agency monitoring and permit guidelines; monitoring parameters; monitoring
frequency; operation and maintenance (O&M); adsorber; baghouse; continuous emission monitoring
system (CEMS); continuous opacity monitoring system (COMS); control; fabric filter; flare;
incinerator, thermal; incinerator, catalytic;  venturi scrubber; wet scrubber, gaseous; wet scrubber,
PM.
CAM Guidance Document chapter/section:  Not referenced.

Ohio EPA’s Operating and Maintenance (O&M) Guidelines for Air Pollution Control Equipment, for
Ohio EPA, Columbus, OH, by Environmental Quality Management, Inc., Cincinnati, OH, February
1993.
Summary:  This document presents discussions of operation and maintenance (O&M) procedures for
air pollution control equipment commonly used in Ohio.  Proper O&M minimizes pollutant emissions,
reduces equipment malfunction, ensures equipment reliability, and aids in continued compliance with
air pollution regulations and Ohio’s permit requirements.  The document focuses on eight types of air
pollution control equipment: mechanical collectors; fabric filters, including dry scrubbers;
electrostatic precipitators, both wet and dry; carbon adsorbers; incinerators, thermal and catalytic;



CAM TECHNICAL GUIDANCE DOCUMENT

5.0  ANNOTATED BIBLIOGRAPHY
5-10 8/98

flares; wet scrubbers; and condensers. There is a general description for each equipment type. Also
wherever appropriate, there are guidelines for monitoring; inspection, operation, and maintenance
procedures; example inspection forms; discussions and tables of major problems or malfunctions; and
overviews of operator training and spare parts needs.
Keywords:  Adsorber; baghouse; electrostatic precipitator (ESP); electrostatic precipitator, wet
(WESP); fabric filter; flare; incinerator, catalytic; incinerator, thermal; vapor recovery system; venturi
scrubber; wet scrubber, gaseous; wet scrubber, PM; control .
CAM Guidance Document chapter/section:  Appendix B

Omega Complete Temperature Measurement Handbook and Encyclopedia, Vol. 29.  Omega
Engineering, Inc., Stamford, CT, 1995.
Summary: This book gives information on temperature sensing devices and their associated
instrumentation manufactured by Omega Engineering, Inc.  Data acquisition systems and calibration
equipment are also discussed.  The book also includes a technical reference section that includes
information on thermistors, RTD’s, monolithic temperature sensors, thermocouples, and standard wire
errors.
Keywords: temperature measurement; thermocouple; resistance temperature detector (RTD);
temperature measurement .
CAM Guidance Document chapter/section:  4.2

Operation and Maintenance Manual for Fabric Filters, U. S. Environmental Protection Agency, 
EPA/625/1-86/020, June 1986.
Summary:  This manual focuses on the operation and maintenance (O&M) of typical fabric filters. 
The manual includes a discussion of the basic theory and design of fabric filters.  It also presents the
purpose, goals, and role of performance monitoring as a major element in an O&M program
(including key performance indicators and their measurement) and covers instrumentation, data
acquisition, and record keeping methods useful in optimizing fabric filter system performance.  The
use of performance monitoring in evaluating the control system performance and discovering and
correcting causes of poor performance is also discussed.  The manual also presents guidelines for
general O&M practices and procedures for use in improving and sustaining fabric filter performance
and reliability, and it provides step-by-step procedures and techniques for conducting inspections of
the systems and their components.  
Keywords:  Baghouse; fabric filter; monitoring parameters; operation and maintenance (O&M).
CAM Guidance Document chapter/section:  Appendix B

Operation and Maintenance Manual for Electrostatic Precipitators, U. S. Environmental Protection
Agency, EPA/625/1-85/017, Office of Research and Development, Research Triangle Park, NC,
September 1985.
Summary:  This manual discusses the operation and maintenance (O&M) of typical electrostatic
precipitators (ESP’s).  The manual includes a discussion of the basic theory and principles of
electrostatic precipitation; performance monitoring as a major element in an O&M program and the
use of performance monitoring in evaluating the control system performance and discovering and
correcting causes of poor performance; guidelines for general O&M practices, including proper
startup/shutdown procedures, normal operating practices, and schedules for inspection of equipment
and for performing preventive maintenance; and common problems encountered in ESP control
systems.  
Keywords:  Electrostatic precipitator (ESP); monitoring frequency; monitoring parameters; operation
and maintenance (O&M).



CAM TECHNICAL GUIDANCE DOCUMENT

5.0 ANNOTATED BIBLIOGRAPHY
8/98 5-11

CAM Guidance Document chapter/section:  Appendix B

Oregon Department of Environmental Quality, Air Quality Division, Compliance Monitoring Guidance
Document–Discussion Draft, May 11, 1994.
Summary:  This document proposes guidance for Title V and Title VII compliance monitoring.  A
step-by-step compliance monitoring development process is described.  The document includes five
tables that provide guidance on appropriate compliance monitoring.  These tables include lists of
monitoring required by Oregon Administrative Rules, monitoring guidance for the most commonly
encountered industries in Oregon, compliance monitoring guidance for PM and gaseous emissions,
and recommendations for determining compliance with visible emissions limits.
Keywords:  State/local agency monitoring and permit guidelines.
CAM Guidance Document chapter/section:  Not referenced.

Organic Chemical Manufacturing, Volume 4:  Combustion Control Devices, EPA-450/3/80/027
Summary:  To be completed.
Keywords:  To be completed.
CAM Guidance Document chapter/section:  Appendix B

Peacock, G. R., Radiation Thermometry:  Temperature Measurement Without Contact, Advances in
Instrumentation and Control, Proceedings of the Annual Meeting of the Instrument Society of
America, Volume 46, Instrument Society of America, Research Triangle Park, NC, 1991. 
Summary:  This document provides good overview of infrared (IR) thermometers, describes recent
developments in the technology, and presents summary of advantages and disadvantages of IR
thermometry.
Keywords:  Temperature measurement; temperature measurement .
CAM Guidance Document chapter/section:  4.2

Perry, R. H. and C. H. Chilton, Eds., Chemical Engineers' Handbook, Fifth and Sixth Editions, McGraw-
Hill Book Company, New York, N.Y., 1973
Summary:   This document contains detailed information on venturi tubes, flow nozzles, and orifice
plate flow meters.  Specifically, this document describes the location of the pressure taps for an orifice
plate and describes flow loss due to the pressure drop across these three types of flow meters.  The
document includes background information on chemical engineering arranged in 25 areas including
heat-transfer equipment, gas absorption, liquid-gas systems, and process control. 135 authors
contributed to this readable text.  This is a good, basic reference.
Keywords:  Adsorber; baghouse; centrifugal collector; conductivity measurement; control; electrical
energy measurement; fabric filter; flow measurement; flow meter, gas; flow meter, liquid; flow meter,
mass; gravity collector; incinerator, thermal; level measurement; operation and maintenance (O&M);
pH measurement; pressure gauge; pressure measurement, other devices; pressure transducer;
resistance temperature detector (RTD); temperature measurement; temperature measurement ;
thermocouple; vapor recovery system; venturi scrubber; wet scrubber, gaseous; wet scrubber, PM.
CAM Guidance Document chapter/section:  4.2, 4.3, 4.4

Product literature, Badger Meter, Inc., Industrial Products Division, Milwaukee, WI.
Summary:  This product literature contains application specific information (e.g., applicable pipe
diameters and measurement accuracy) for orifice plates, venturi tubes, flow nozzles, ultrasonic flow
meters, and turbine flow meters.
Keywords:  Flow measurement; flow meter, gas; flow meter, liquid; flow meter, mass.
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CAM Guidance Document chapter/section:  4.4

Product literature, Catalogue No. 60, Flow-Lin Corporation, Arlington, TX. 
Summary:  This product literature presents application specific design specifications and
measurement accuracy of a flow nozzle flow meter.
Keywords:  Flow measurement; flow meter, gas; flow meter, liquid.  
CAM Guidance Document chapter/section:  4.4

Product literature, Catalogue No. 70, Flow-Lin Corporation, Arlington, TX.
Summary:  This product literature presents application specific design specifications and
measurement accuracy of a venturi tube flow meter.
Keywords:  Flow measurement; flow meter, gas; flow meter, liquid.
CAM Guidance Document chapter/section:  4.4

Product literature, Form VT-106.1, Universal Flow Monitors, Inc., Hazel Park, MI, 1995.
Summary:  This product literature presents application specific design specifications and
measurement accuracy of a vortex flow meter.
Keywords:  Flow measurement; flow meter, gas; flow meter, liquid.
CAM Guidance Document chapter/section:  4.4

Product information, Kurz Instruments, Inc., Monterey, CA.
Summary:  This product information presents application specific design specifications,
measurement accuracy, and calibration of thermal flow meters.
Keywords:  Flow measurement; flow meter, gas.
CAM Guidance Document chapter/section:  4.4

Product information, McCrometer, Helmet, CA.
Summary:  This product information contains the line drawing of a helical gear flowmeter used in
Figure 4.4-8.
Keywords:   Flow measurement; flow meter, liquid.
CAM Guidance Document chapter/section:  4.4

Product literature, Micro Motion, Boulder, CO.
Summary:  This product literature presents a description of the principle of operation, specific
applications for this device, measurement accuracy, and specification for a mass flow meter.
Keywords:  Flow measurement; flow meter, gas; flow meter, liquid; flow meter, mass.
CAM Guidance Document chapter/section:  4.4

Protocol for Determining the Daily Volatile Organic Compound Emission Rate of Automobile and Light-
Duty Truck Topcoat Operations, EPA-450/3-88-018, U.S. Environmental Protection Agency, Office
of Air Quality Planning and Standards, Research Triangle Park, NC, December, 1988.
Summary: This document, the EPA/Auto Protocol, is an important, useful tool that was developed
jointly by EPA and the auto industry to provide EPA Regions, States, local permitting agencies, and
the industry with a sound method for determining the compliance status of assembly plant painting
operations. The document has been used to demonstrate compliance with RACT, NSPS, and LAER
emission limits for topcoat and spray primer/surfacer coating lines. The following are significant
elements of the Auto Protocol: recordkeeping requirements, procedures and example forms for the
compliance determination; various directions, discussion “notes”, and coating line layouts that can be
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used in the compliance determination; daily VOC emission rate calculations, and other example
calculations supporting the compliance determination; and bake oven control device destruction
efficiency and control credit procedures.  Many of these elements are applicable to other coating
operations as well.
Keywords: State/local agency monitoring and permit guidelines.
CAM Guidance Document chapter/section:  Appendix B

Roberson, J. A., and C. T. Crowe, Engineering Fluid Mechanics, Houghton Mifflin Company, Boston,
MA, 1975. 
Summary:  This reference was used for background information on pressure sensors and for drawings
of a manometer and a rotameter.
Keywords:  Flow measurement; flow meter, gas; flow meter, liquid.
CAM Guidance Document chapter/section:  4.3, 4.4

Rosenberg, Robert J. , “Temperature Measurement on the job site using RTD's and Thermocouples,” ISA
Transactions, Volume 33, Instrument Society of America, Research Triangle Park, NC, 1994.
Summary:  This article discusses the factors that affect calibration of RTD's and thermocouples on
the job site, including electric “noise” from nearby motors and electrical equipment, radio frequency
interference, and ground loops; an presents recommendations on how to minimize these decalibrating
factors.  
Keywords:  Temperature measurement; thermocouple; resistance temperature detector (RTD).
CAM Guidance Document chapter/section:  4.2

Spitzer, D. W., Industrial Flow Measurement, Instrument Society of America, Research Triangle Park,
NC. 
Summary:  Chapters 6, 7, 10-15, 18-22, and 24 of this document provide a good description of flow
meter maintenance, calibration, and spare parts.  Also, this document provides a good principle of
operation description of most of the flow meters discussed in this chapter.
Keywords:  Flow measurement; flow meter, gas; flow meter, liquid; flow meter, mass.
CAM Guidance Document chapter/section:  4.4

Staley, J., “Platinum Thin Films in RTDs and Hot Film Anemometers ,” Sensors, 12(9):60-67,
September, 1995.
Summary:  This article contains a discussion of platinum thin films in RTD’s and anemometers, self
heating, and the ways packaging and support structures affect behavior.
Keywords:  Resistance temperature detector; temperature measurement; temperature measurement ;
thermocouple. 
CAM Guidance Document chapter/section:  4.2

Tandeske, D., Pressure Sensors, Selection and Application, Marcel Dekker, Inc., New York, NY
Summary:  This book features a comprehensive overview of pressure sensors. It includes background
basics; classifications; descriptions; drawings; and mathematical explanations of Boyle’s law, the
pressure-temperature law, the combined gas law, and types of flow. There is also background
information on mechanical dial pressure gauges.  The book was used primarily for information and
drawings of pressure transducers (in this document, pressure measurement devices that convert
pressure to electrical signals).  Pressure transducers described by Tandeske include strain gage
sensors, LVDT’s, capacitance transducers, piezoresistive transducers. He also discusses QA/QC
issues and sensor specifications.



CAM TECHNICAL GUIDANCE DOCUMENT

5.0  ANNOTATED BIBLIOGRAPHY
5-14 8/98

Keywords:  Calibration methods; pressure gauge; pressure transducer; pressure measurement, other
devices.
CAM Guidance Document chapter/section:  4.3

The Flow and Level Handbook, Omega Engineering, Inc., Stamford, CT, 1995.
Summary:  This book contains a great variety of flow and level measurement equipment with
specifications, a glossary, and background information.
Keywords:  Calibration methods; conductivity measurement; level measurement; monitoring
parameters; pressure device; control ; pH measurement; pressure guage; data acquisition system; flow
measurement; flow meter, gas; flow meter, liquid; flow meter, mass; temperature measurement;
thermocouple; temperature measurement .
CAM Guidance Document chapter/section:   Not referenced. 

The pH and Conductivity Handbook, Omega Engineering, Inc., Stamford, CT, 1995.
Summary:  This handbook presents an overview of pH and conductivity measurement techniques. 
The handbook has sections on selecting the proper pH measurement equipment for a sample stream,
proper operation and maintenance of the pH measurement system, and calibration procedures.  The
handbook also includes information on conductivity measurement systems and a catalog of pH and
conductivity measurement systems sold by the company.
Keywords:  Calibration methods; conductivity measurement; operation and maintenance (O&M); pH
measurement.
CAM Guidance Document chapter/section:  4.5

Temperature Measurement and Calibration of Type K Thermocouples in High Temperature Stacks, D.
Bivins, EMTIC, GD-024.
Summary:  This document provides guidelines on the use and limitations of Type K thermocouples in
high temperature stationary source stacks.  Calibration methods are identified and recommended
calibration frequencies are specified.  The document also provides information on thermocouple drift.
Keywords:  Calibration methods; temperature measurement; thermocouple.
CAM Guidance Document chapter/section:  4.2

Temperature Sensors Products Catalog, 1995, Pyromation Inc., Fort Wayne, IN.
Summary:  This group of loose pages contains specifications and some drawings of thermocouples,
RTDs, and related instruments and devices.
Keywords:  Resistance temperature detector (RTD); thermocouple; temperature measurement ;
temperature measurement.
CAM Guidance Document chapter/section:  4.2 

U. S. Environmental Protection Agency, Control Techniques for Particulate Emissions from Stationary
Sources--Volume 1, EPA-450/3-81-005a, September 1982.
Summary:  This document presents technical information on particulate emissions and control
techniques, including mechanical collectors, electrostatic precipitators, fabric filters, wet scrubbers,
and incinerators.  Discussions include the operating principles, control effectiveness, and maintenance
requirements for these control techniques.
Keywords:  Electrostatic precipitator (ESP); fabric filter; gravity collector; incinerator, catalytic;
incinerator, thermal; operation and maintenance (O&M); wet scrubber, PM. 
CAM Guidance Document chapter/section:  Appendix B
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Virginia State Advisory Board on Air Pollution, Sub-Committee Report on Compliance Assurance
Monitoring (CAM), October 16, 1995.
Summary:  This report largely describes a general methodology for determining the most appropriate
method of monitoring an emissions unit based on the required monitoring, significance of the unit,
current monitoring practices, and cost of various monitoring options.  According to the methodology,
the significance of an emissions unit is determined by rating the emissions unit according to four
criteria and calculating the numeric average of the four ratings.  The rating criteria are:   type of
applicable requirement, percent of potential-to-emit (PTE) for the emissions unit to the PTE for the
facility as a whole, percent of PTE to major cutoff, and compliance margin.  Appendix A of this
document provides a fairly extensive list of monitoring options for a variety of generic emissions units
and control devices.
Keywords:  State/local agency monitoring and permit guidelines; monitoring parameters; adsorber;
baghouse; electrostatic precipitator (ESP); fabric filter; flare; incinerator, catalytic; incinerator,
thermal; wet scrubber, gaseous; wet scrubber, PM; control 
CAM Guidance Document chapter/section:  2.5

Wang, T.P., A. Wells, and D. Bediones, “Accuracy and Repeatability of Temperature  Measurement by
RTDs,” Advances in Instrumentation and Control, Proceedings of the Annual Meeting of the
Instrument Society of America, Volume 44, Instrument Society of America, Research Triangle Park,
NC, 1989
Summary:  Tested 19 RTD's at moderate temperatures (200�C).  Initial accuracy of all within ASTM
Grade B specification; all but 3 within Grade A specs.  Cycled all RTD's to 200�C.  As a group,
tended to stabilize after 3 calibration cycles.  
• Recommended stabilizing at highest likely service temperature before putting into service.
• No significant differences in calibration as function of form (thin film or wire wound) platinum

purity, 4-wire RTD's seemed to perform better than 3-wire in some cases.
Keywords:  Calibration methods; resistance temperature detector (RTD), temperature measurement.
CAM Guidance Document chapter/section:  4.2

Wisconsin Air Permit Compliance Demonstration Guidance, Wisconsin Department of Natural
Resources, 1994
Summary:  This document is intended as a supplement to the Wisconsin Air Pollution Permit
Application Instruction Booklet.  It consists of 15 pages of text and copies of the Wisconsin Air
Pollution Permit Application forms, which include Compliance Demonstration forms. The
introduction to the document states that the permit program includes the following five components
related to compliance: compliance demonstration, compliance status with applicable requirements,
compliance plan, compliance certification, and a monitoring data reporting schedule.  These
components are related to specific application forms. The document outlines the types of monitoring
that may be used to demonstrate compliance, including monitoring of control system parameters.
Keywords:  State/local agency monitoring and permit guidelines.
CAM Guidance Document chapter/section:  Appendix B

1994 Product Catalogue, Dwyer Instruments, Inc., Chicago, IL, 1993, Product literature.
Summary:  This document contains descriptions and drawings of a variety of pressure guages, flow
meters, and level switches.  It was used specifically for its description of manometers.
Keywords:  Flow measurement; level measurement; pressure guage; pressure measurement, other
devices; control .
CAM Guidance Document chapter/section:  4.3
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PREFACE

This revision to Appendix A of the Compliance Assurance Monitoring (CAM) Technical
Guidance incorporates into a single document the example CAM submittals initially published in
Appendix A (August 1998) and final versions of the draft submittals published in Supplements 1 and 2
(September 2000).  The original publication date for the final version of each submittal has been retained
in the footer of the submittal. 
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INTRODUCTION

The example compliance assurance monitoring (CAM) approach submittals presented in
this Appendix are based upon “case studies” of the current monitoring approaches in use at
actual facilities and historical data obtained from the monitoring system.  The development
process for these examples included:  (1) identifying facilities which currently monitor control
device parameters, had long-term monitoring data available for review, had conducted a
performance/compliance test, and were willing to participate, (2) obtaining information on the
monitoring approach and monitoring data from the facility, (3) reviewing and analyzing the
monitoring approach and data, (4) discussing the information with plant personnel and, in some
cases, conducting a site visit, and (5) preparing an example monitoring approach submittal from
the information.

The basic approach used was to evaluate the monitoring conducted by the facility against
CAM general (design) and performance criteria.  A monitoring approach submittal based upon
the facility’s current monitoring, modified as necessary to comply with CAM requirements, was
then drafted.  If sufficient information was available to evaluate alternative approaches (e.g.,
different indicators, indicator ranges, or data averaging periods), alternative approaches also
were investigated.  Note that the resulting examples are not necessarily the only acceptable
monitoring approaches for the facility or similar facilities; they are simply examples of
approaches used by particular facilities.  The owner or operator of a similar facility may propose
a different approach that satisfies part 64 requirements.  Also, the permitting authority may
require additional monitoring.

One purpose of this appendix is to provide nonprescriptive examples of monitoring
approaches that meet the CAM submittal requirements for the specific cases studied.  Each
example monitoring submittal contains background information (including identification of the
pollutant specific emissions unit), a description of the monitoring approach, and the rationale for
selecting the indicators and indicator ranges.  Several of the examples also contain quality
improvement plan (QIP) thresholds for particular indicators.  The QIP is an optional tool for
States and is not required to be included in the facility’s permit or CAM submittal.  These
examples represent the level of detail recommended by EPA, but States may develop their own
guidance as to the level of detail (more or less) required in CAM monitoring approach
submittals. 
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,ï %DFNJURXQG

7KLVýLVýDýFRDWLQJýIDFLOLW\ýWKDWýSHUIRUPVýSRO\HVWHUýILOPýFRDWLQJýDQGýSDSHUýOLQHUýFRDWLQJýZLWKýVROYHQW
EDVHGýFRDWLQJVïýý7KUHHýFRDWHUVýDUHýRSHUDWHGýDWýWKHýIDFLOLW\ïýý(PLVVLRQVýIURPýWKHýWKUHHýFRDWHUVýDUHýYHQWHGýWR
WKHýWKHUPDOýLQFLQHUDWRUïýý(PLVVLRQVýIURPýPL[LQJñýFRDWLQJñýDQGýGU\LQJýRSHUDWLRQVýDUHýYHQWHGýWRýWKLV
LQFLQHUDWRUâýVRPHýPL[LQJýYHVVHOVýFDQýDOVRýEHýYHQWHGýWRýRWKHUýR[LGL]HUVïýý$ýWRWDOýRIýëæýVRXUFHVýDUH
FRQQHFWHGýWRýWKHýWKHUPDOýLQFLQHUDWRUï

,,ï 5DWLRQDOHýIRUý6HOHFWLRQýRIý3HUIRUPDQFHý,QGLFDWRUV

7KHýLQFLQHUDWRUýFKDPEHUýWHPSHUDWXUHýZDVýVHOHFWHGýEHFDXVHýLWýLVýLQGLFDWLYHýRIýWKHýWKHUPDO
LQFLQHUDWRUýRSHUDWLRQýõFRPEXVWLRQýRFFXUULQJýZLWKLQýWKHýFKDPEHUôïýý,IýWKHýFKDPEHUýWHPSHUDWXUHýGHFUHDVHV
VLJQLILFDQWO\ñýFRPSOHWHýFRPEXVWLRQýPD\ýQRWýRFFXUïý

,WýKDVýEHHQýVKRZQýWKDWýWKHýFRQWUROýHIILFLHQF\ýDFKLHYHGýE\ýDýWKHUPDOýLQFLQHUDWRUýLVýDýIXQFWLRQýRIýLWV
RSHUDWLQJýWHPSHUDWXUHñýRUýRXWOHWýWHPSHUDWXUHïýý%\ýPDLQWDLQLQJýWKHýRSHUDWLQJýWHPSHUDWXUHýDWýRUýDERYHýD
PLQLPXPñýDýOHYHOýRIýFRQWUROýHIILFLHQF\ýFDQýEHýH[SHFWHGýWRýEHýDFKLHYHGïýý$WWDFKPHQWýìýSUHVHQWV
LQIRUPDWLRQýIURPýWKHýOLWHUDWXUHýRQýLQFLQHUDWRUýFRQWUROýHIILFLHQF\ýDVýDýIXQFWLRQýRIýWHPSHUDWXUHï

7KHýZRUNýSUDFWLFHýFRPSULVHGýRIýDQýDQQXDOýLQVSHFWLRQýDQGýWXQLQJýRIýWKHýLQFLQHUDWRUýEXUQHUýZDV
VHOHFWHGýEHFDXVHýDQýLQVSHFWLRQýYHULILHVýHTXLSPHQWýLQWHJULW\ýDQGýSHULRGLFýWXQLQJýZLOOýPDLQWDLQýSURSHU
EXUQHUýRSHUDWLRQýDQGýHIILFLHQF\ïýý,QýDGGLWLRQñýDýGDLO\ýREVHUYDWLRQýRIýWKHýEXUQHUýIODPHýVHOHFWHGýWRýPRQLWRU
SURSHUýRSHUDWLRQýRIýWKHýEXUQHUýõEOXHýIODPHôýLVýDSSURSULDWHï

>6XIILFLHQWýLQIRUPDWLRQýUHJDUGLQJýE\SDVVýRIýWKHýFRQWUROýGHYLFHýLVýQRWýDYDLODEOHïýý7KHýGDPSHUýRQýWKH
E\SDVVýOLQHñýRUýSXUJHýOLQHñýRQýHDFKýFRDWHUýPXVWýEHýFORVHGýGXULQJýFRDWLQJýSURFHVVýRSHUDWLRQýWRýHQVXUHýWKDW
WKHýYHQWýVWUHDPýLVýURXWHGýWRýWKHýWKHUPDOýLQFLQHUDWRUï@

,,,ï 5DWLRQDOHýIRUý6HOHFWLRQýRIý,QGLFDWRUý5DQJHV

7KHýVHOHFWHGýLQGLFDWRUýUDQJHýIRUýWKHýLQFLQHUDWRUýFKDPEHUýWHPSHUDWXUHýLVý¦JUHDWHUýWKDQýìèíí()ýDWýDOO
WLPHVï§ýý:KHQýDQýH[FXUVLRQýRFFXUVýFRUUHFWLYHýDFWLRQýZLOOýEHýLQLWLDWHGñýEHJLQQLQJýZLWKýDQýHYDOXDWLRQýRIýWKH
RFFXUUHQFHýWRýGHWHUPLQHýWKHýDFWLRQýUHTXLUHGýWRýFRUUHFWýWKHýVLWXDWLRQïýý)XUWKHUPRUHñýLIýWKHýGXUDWLRQýRIýD
WHPSHUDWXUHýH[FXUVLRQýH[FHHGVýìíýPLQXWHVñýWKHýFRDWLQJýOLQHýRSHUDWLRQýZLOOýEHýFXUWDLOHGïýý$OOýH[FXUVLRQV
ZLOOýEHýGRFXPHQWHGýDQGýUHSRUWHGïý7KHýVHOHFWHGý4,3ýWKUHVKROGýOHYHOýLVýVL[ýH[FXUVLRQVýSHUýVHPLDQQXDO
UHSRUWLQJýSHULRGý>VHHý127(ýê@ïýý7KLVýOHYHOýLVýOHVVýWKDQýíïíèýSHUFHQWýRIýWKHýSURFHVVýRSHUDWLQJýWLPHýõEDVHG
RQýëñåííýRSHUDWLQJýKRXUVôïýý,IýWKHý4,3ýWKUHVKROGýLVýH[FHHGHGýLQýDýVHPLDQQXDOýUHSRUWLQJýSHULRGñýDý4,3ýZLOO
EHýGHYHORSHGýDQGýLPSOHPHQWHGïýý7KLVý4,3ýWKUHVKROGýLVýVXSSRUWHGýE\ýçðPRQWKVýRIýPRQLWRULQJýGDWD
IROORZLQJýWKHýSHUIRUPDQFHýWHVWïý

7KHýDLUýSROOXWLRQýFRQWUROýSHUPLWýLVVXHGýE\ýWKHý6WDWHýDJHQF\ýVSHFLILHVýWKDWýWKHýLQFLQHUDWRUýPXVWýEH
GHVLJQHGýWRýRSHUDWHýZLWKýDýPLQLPXPýRSHUDWLQJýWHPSHUDWXUHýRIýìèíí()ýPHDVXUHGýDWýWKHýFHQWHUýRIýWKH
LQFLQHUDWRUýFKDPEHUïýý$WWDFKPHQWýìýLQGLFDWHVýWKDWýDýWKHUPDOýLQFLQHUDWRUýLVýH[SHFWHGýWRýDFKLHYHýäèýSHUFHQW
RUýJUHDWHUýGHVWUXFWLRQýHIILFLHQF\ýõ'5(ôýDWýWKLVýWHPSHUDWXUHïýý7KHýSHUPLWýUHTXLUHPHQWýLVýäèýSHUFHQWý'5(ïý
7KHýLQFLQHUDWRUýHPSOR\VýDýWHPSHUDWXUHýFRQWUROOHUýWKDWýPDLQWDLQVýWKHýGHVLUHGýFKDPEHUýWHPSHUDWXUHýE\
XVLQJýDýQDWXUDOýJDVðILUHGýDX[LOLDU\ýEXUQHUâýWKHýWHPSHUDWXUHýFRQWUROOHUýLVýVHWýWRýPDLQWDLQýDýWHPSHUDWXUHýRIýDW
OHDVWýìèíí()ïý
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5HYLHZýRIýKLVWRULFDOýPRQLWRULQJýGDWDýIRUýDýçðPRQWKýSHULRGýõ-XO\ð'HFHPEHUýìääêôýLQGLFDWHVýWKDW
ìèíí()ýFDQýEHýPDLQWDLQHGýRQýDýURXWLQHýEDVLVýZLWKýVRPHýH[FXUVLRQVïýý7KHýKLVWRULFDOýPRQLWRULQJýGDWDýIRU
WHPSHUDWXUHýLQGLFDWHýWKDWýQRUPDOýORDGLQJýWRýWKHýLQFLQHUDWRUýZLOOýUHVXOWýLQýFKDPEHUýWHPSHUDWXUHVýRIýìèíí()
DQGýKLJKHUýORDGLQJVýWRýWKHýGHYLFHýZLOOýUHVXOWýLQýSHULRGVýRIýKLJKHUýRSHUDWLQJýWHPSHUDWXUHVýIRUýVKRUW
GXUDWLRQVñýVXFKýDVýGXULQJýWKHýSHUIRUPDQFHýWHVWïýý7KHýKLVWRULFDOýPRQLWRULQJýGDWDýLQGLFDWHýWKDWýWKHýLQGLFDWRU
UDQJHýZDVýH[FHHGHGýVHYHQýWLPHVýLQýWKHýçðPRQWKýSHULRGâýWZRýRIýWKHýH[FXUVLRQVýZHUHýPRPHQWDU\ïý

7KHýSHUIRUPDQFHýWHVWýFRQILUPVýDFFHSWDEOHýSHUIRUPDQFHýRIýWKHýLQFLQHUDWRUâýWKHýLQFLQHUDWRUýDFKLHYHG
WKHýUHTXLUHGý'5(ýRIýäèýSHUFHQWïýý'XULQJýWKHýSHUIRUPDQFHýWHVWñýWKHýLQFLQHUDWRUýZDVýRSHUDWLQJýZLWKýD
WHPSHUDWXUHýRIýDWýOHDVWýìèíí()ýõLQýWKHýUDQJHýRIýìèéí(ýWRýìåíí()ôïýý'XULQJýWKHýSHUIRUPDQFHýWHVWVýWKH
LQFLQHUDWRUýWHPSHUDWXUHýZDVýJHQHUDOO\ýQHDUHUýìæíí()ýWKDQýìèíí()ïýý7KHýKLJKHUýWHPSHUDWXUHVýGXULQJýWKH
SHUIRUPDQFHýWHVWýRFFXUUHGýEHFDXVHýWKHýIDFLOLW\ýZDVýRSHUDWHGýQHDUýWKHýPD[LPXPýSURGXFWLRQýUDWHýZLWK
KLJKHUý92&ýORDGLQJVýWRýFKDOOHQJHýWKHýLQFLQHUDWRUýZLWKýPD[LPXPý92&ýORDGLQJïýý7KHýKLJKHUýRSHUDWLQJ
WHPSHUDWXUHVýGXULQJýWKHýSHUIRUPDQFHýWHVWýDUHýQRWýWKHýUHVXOWýRIýDýFKDQJHýLQýRSHUDWLRQýRIýWKHýLQFLQHUDWRU
õLïHïñýFKDQJLQJýWKHýEXUQHUýVHWýSRLQWýWHPSHUDWXUHôïý

7KHýSHUIRUPDQFHýWHVWýRIýWKHýWKHUPDOýLQFLQHUDWRUýZDVýFRQGXFWHGýLQý2FWREHUýìääêýXVLQJý(3$
5HIHUHQFHý0HWKRGýëèïýý7KUHHýWHVWýUXQVýõìýKRXUýHDFKôýZHUHýFRQGXFWHGýZLWKýììýRXWýRIýëæýVRXUFHVýRSHUDWLQJ
DQGýYHQWLQJýWRýWKHýLQFLQHUDWRUâýWKLVýQXPEHUýRIýRSHUDWLQJýVRXUFHVýLVýFRQVLGHUHGýQRUPDOïýý'XULQJýWKH
SHUIRUPDQFHýWHVWñýWKHýFKDPEHUýWHPSHUDWXUHýZDVýPHDVXUHGýFRQWLQXRXVO\ýDQGýUHFRUGHGýRQýDýFLUFXODUýFKDUW
õ$WWDFKPHQWýëôïý

7KHýWRWDOýK\GURFDUERQýõ7+&ôýHPLVVLRQýOLPLWýLVýìèéýSRXQGVýSHUýKRXUýõOEîKUôâýWKLVýOLPLWýZDVýPHWïý
7KHýIDFLOLW\öVýRSHUDWLQJýSHUPLWýUHTXLUHVýäèýSHUFHQWýUHGXFWLRQýIURPýWKHýWKHUPDOýLQFLQHUDWRUïýý'XULQJýWKH
SHUIRUPDQFHýWHVWñýWKHýWKHUPDOýLQFLQHUDWRUýDFKLHYHGýDýGHVWUXFWLRQýHIILFLHQF\ýRIýJUHDWHUýWKDQýäèýSHUFHQWýIRU
DOOýWKUHHýUXQVýõäèïéñýäèïèñýDQGýäæïåôâýDYHUDJHý'5(ýIRUýWKHýWKUHHýWHVWýUXQVýLVýäçïëýSHUFHQWôï

7KHýSURGXFWLRQýUDWHýGXULQJýWKHýSHUIRUPDQFHýWHVWýZDVýUHSUHVHQWDWLYHýRIýKLJKHVWý92&ýORDGLQJýWRýWKH
LQFLQHUDWRUïýý'XULQJýWKHýSHUIRUPDQFHýWHVWñýWKHý92&ýLQSXWýFDOFXODWHGýIURPýFRDWLQJýXVDJHýDQGýFRQWHQWýZDV
;;;ýOEîKUý>IDFLOLW\ýUHTXHVWHGýFRDWLQJýXVDJHýQRWýEHýSUHVHQWHG@ïýý%\ýFRPSDULVRQñýIRUýWKHýçýPRQWKýSHULRG
IRUýZKLFKýPRQLWRULQJýGDWDýZHUHýUHYLHZHGñýWKHýDYHUDJHý92&ýORDGLQJýWRýWKHýV\VWHPýZKHQýDOOýWKUHHýFRDWHUV
ZHUHýRSHUDWLQJýõFDOFXODWHGýDVýWKHýVXPýRIýWKHýDYHUDJHý92&ýLQSXWýUDWHñýOEîKUñýRIýHDFKýFRDWHUôýZDV
åíýSHUFHQWýRIýWKHýDPRXQWýGXULQJýWKHýSHUIRUPDQFHýWHVWï

127(ýìãýý&2ýPRQLWRULQJýDOVRýLVýDýUHTXLUHPHQWýLQýWKHýIDFLOLW\©VýSHUPLWâýKRZHYHUñýIRUýWKHýSXUSRVHV
RIýWKLVýH[DPSOHý&$0ý3ODQñý&2ýPRQLWRULQJýZDVýQRWýVHOHFWHGýDVýDQýLQGLFDWRUïýý6HHý&$0ýSODQý1Rïý$ïìEï

127(ýëãýý6XEPLWWDOýRIýSURSRVHGýGDWDýDYDLODELOLW\ýLVýRSWLRQDOâýLWýLVýQRWýDýUHTXLUHPHQWýRIýDý&$0
VXEPLWWDOï
 
        NOTE 3:  Submittal of a QIP threshold is optional; it is not a requirement of a CAM submittal. 
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$WWDFKPHQWýìïýý'LUHFWðIODPHýDIWHUEXUQHUýHIILFLHQF\ýDVýDýIXQFWLRQýRIýWHPSHUDWXUHï
$LUý3ROOXWLRQý(QJLQHHULQJý0DQXDOñý&KDSWHUýèýðý&RQWUROý(TXLSPHQWýIRUý*DVHVýDQGý9DSRUVï
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$WWDFKPHQWýëïýý7HPSHUDWXUHýFKDUWýGXULQJý2FWREHUýìääêýSHUIRUPDQFHýWHVWï
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7KHUPDOý,QFLQHUDWRUýIRUý92&ý&RQWUROãýý)DFLOLW\ý$ýðý([DPSOHýìE

,ï %DFNJURXQG

$ï (PLVVLRQVý8QLW

'HVFULSWLRQã &RDWHUýìñý&RDWHUýëñýDQGý&RDWHUýê
,GHQWLILFDWLRQã 6WDFNý1Rïý;;;îý&Wïý<<<<<
6WDFNýGHVLJQDWLRQã ,QFLQHUDWRU
$3&ý3ODQWý,'ý1Rï ;;;;;
)DFLOLW\ã )DFLOLW\ý$

$Q\WRZQñý86$

%ï $SSOLFDEOHý5HJXODWLRQñý(PLVVLRQý/LPLWñýDQGý0RQLWRULQJý5HTXLUHPHQWV

5HJXODWLRQý1Rïã 3HUPLW
5HJXODWHGýSROOXWDQWýõ36(8ôã 92&
(PLVVLRQýOLPLWã äèýSHUFHQWýUHGXFWLRQ
0RQLWRULQJýUHTXLUHPHQWVýLQýSHUPLWã &RQWLQXRXVO\ýPRQLWRUýFKDPEHUýWHPSHUDWXUH

&RQWLQXRXVO\ýPRQLWRUý&2ýFRQFHQWUDWLRQ

&ï &RQWUROý7HFKQRORJ\ã 7KHUPDOýR[LGL]HU

,,ï 0RQLWRULQJý$SSURDFK

7KHýNH\ýHOHPHQWVýRIýWKHýPRQLWRULQJýDSSURDFKñýLQFOXGLQJýWKHýLQGLFDWRUVýWRýEHýPRQLWRUHGñýLQGLFDWRU
UDQJHVñýDQGýSHUIRUPDQFHýFULWHULDýDUHýSUHVHQWHGýLQý7DEOHý$ïìEðìïýý

1RWHýWKDWýWKLVý&$0ýVXEPLWWDOýLVýLQWHQGHGýDVýDQýH[DPSOHýRIýPRQLWRULQJýWKHýRSHUDWLRQýRIýWKH
LQFLQHUDWRUýDQGýGRHVýQRWýDGGUHVVýFDSWXUHýHIILFLHQF\ïýý&DSWXUHýHIILFLHQF\ýLVýDýFULWLFDOýFRPSRQHQWýRIýWKH
RYHUDOOýFRQWUROýHIILFLHQF\ýRIýWKHýDLUýSROOXWLRQýFRQWUROýV\VWHPñýDQGýLQGLFDWRUVýRIýWKHýSHUIRUPDQFHýRIýWKH
FDSWXUHýV\VWHPýVKRXOGýEHýLQFRUSRUDWHGýLQWRýWKHýPRQLWRULQJýDSSURDFKïý+RZHYHUñýVXIILFLHQWýLQIRUPDWLRQ
ZDVýQRWýDYDLODEOHýIURPýWKLVýFDVHýVWXG\ýWRýLQFOXGHýPRQLWRULQJýRIýWKHýFDSWXUHýV\VWHPýSHUIRUPDQFHï

,,,ï 'DWDý$YDLODELOLW\ý>127(ýì@

7KHýPLQLPXPýGDWDýDYDLODELOLW\ýIRUýHDFKýVHPLDQQXDOýUHSRUWLQJýSHULRGñýGHILQHGýDVýWKHýQXPEHUýRI
KRXUVýIRUýZKLFKýPRQLWRULQJýGDWDýDUHýDYDLODEOHýGLYLGHGýE\ýWKHýQXPEHUýRIýKRXUVýGXULQJýZKLFKýWKHýSURFHVV
RSHUDWHGýõWLPHVýìííôýZLOOýEHã

&KDPEHUýWHPSHUDWXUHã äíýSHUFHQW
2XWOHWý&2ýFRQFHQWUDWLRQã äèýSHUFHQW

7KHýGDWDýDYDLODELOLW\ýGHWHUPLQDWLRQýGRHVýQRWýLQFOXGHýSHULRGVýRIýFRQWUROýGHYLFHýVWDUWýXSýDQGýVKXWýGRZQïý
)RUýDQýKRXUýWRýEHýFRQVLGHUHGýDýYDOLGýKRXUýRIýPRQLWRULQJýGDWDñýDýPLQLPXPýRIýéèýPLQXWHVýRIýGDWDýPXVWýEH
DYDLODEOHï
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,ï %DFNJURXQG

7KLVýIDFLOLW\ýSHUIRUPVýSRO\HVWHUýILOPýFRDWLQJýDQGýSDSHUýOLQHUýFRDWLQJýZLWKýVROYHQWýEDVHGýFRDWLQJVïý
7KUHHýFRDWHUVýDUHýRSHUDWHGïýý(PLVVLRQVýIURPýWKHýWKUHHýFRDWHUVýDUHýYHQWHGýWRýWKHýWKHUPDOýLQFLQHUDWRUïý
(PLVVLRQVýIURPýPL[LQJñýFRDWLQJñýDQGýGU\LQJýRSHUDWLRQVýDUHýYHQWHGýWRýWKLVýLQFLQHUDWRUâýVRPHýPL[LQJ
YHVVHOVýFDQýDOVRýEHýYHQWHGýWRýRWKHUýR[LGL]HUVïýý$ýWRWDOýRIýëæýVRXUFHVýDUHýFRQQHFWHGýWRýWKHýWKHUPDO
LQFLQHUDWRUï

,,ï 5DWLRQDOHýIRUý6HOHFWLRQýRIý3HUIRUPDQFHý,QGLFDWRUV

7KHýLQFLQHUDWRUýFKDPEHUýWHPSHUDWXUHýZDVýVHOHFWHGýEHFDXVHýLWýLVýLQGLFDWLYHýRIýWKHýWKHUPDO
LQFLQHUDWRUýRSHUDWLRQýõFRPEXVWLRQýRFFXUULQJýZLWKLQýWKHýFKDPEHUôïýý,IýWKHýFKDPEHUýWHPSHUDWXUHýGHFUHDVHV
VLJQLILFDQWO\ñýFRPSOHWHýFRPEXVWLRQýPD\ýQRWýRFFXUïý

,WýKDVýEHHQýVKRZQýWKDWýWKHýFRQWUROýHIILFLHQF\ýDFKLHYHGýE\ýDýWKHUPDOýLQFLQHUDWRUýLVýDýIXQFWLRQýRIýLWV
RSHUDWLQJýWHPSHUDWXUHñýRUýRXWOHWýWHPSHUDWXUHïýý%\ýPDLQWDLQLQJýWKHýRSHUDWLQJýWHPSHUDWXUHýDWýRUýDERYHýD
PLQLPXPñýDýOHYHOýRIýFRQWUROýHIILFLHQF\ýFDQýEHýH[SHFWHGýWRýEHýDFKLHYHGïýý$WWDFKPHQWýìýSUHVHQWV
LQIRUPDWLRQýIURPýWKHýOLWHUDWXUHýRQýLQFLQHUDWRUýFRQWUROýHIILFLHQF\ýDVýDýIXQFWLRQýRIýWHPSHUDWXUHï

7KHý&2ýFRQFHQWUDWLRQýDWýWKHýRXWOHWýRIýWKHýWKHUPDOýLQFLQHUDWRUýLVýDQýLQGLFDWRUýRIýLQFRPSOHWH
FRPEXVWLRQïýý6LJQLILFDQWýLQFUHDVHVýLQý&2ýLQGLFDWHýWKDWýFRPEXVWLRQýHIILFLHQF\ýKDVýGHFUHDVHGýDQG
FRUUHFWLYHýDFWLRQýVKRXOGýEHýWDNHQï

>6XIILFLHQWýLQIRUPDWLRQýUHJDUGLQJýE\SDVVýRIýWKHýFRQWUROýGHYLFHýLVýQRWýDYDLODEOHïýý7KHýGDPSHUýRQýWKH
E\SDVVýOLQHñýRUýSXUJHýOLQHñýRQýHDFKýFRDWHUýPXVWýEHýFORVHGýGXULQJýFRDWLQJýSURFHVVýRSHUDWLRQýWRýHQVXUHýWKDW
WKHýYHQWýVWUHDPýLVýURXWHGýWRýWKHýWKHUPDOýLQFLQHUDWRUï@

,,,ï 5DWLRQDOHýIRUý6HOHFWLRQýRIý,QGLFDWRUý5DQJHV

$ï 7KHUPDOý,QFLQHUDWRUý7HPSHUDWXUH

7KHýVHOHFWHGýLQGLFDWRUýUDQJHýIRUýWKHýLQFLQHUDWRUýFKDPEHUýWHPSHUDWXUHýLVý¦JUHDWHUýWKDQýìèíí()ýDWýDOO
WLPHVï§ýý:KHQýDQýH[FXUVLRQýRFFXUVýFRUUHFWLYHýDFWLRQýZLOOýEHýLQLWLDWHGñýEHJLQQLQJýZLWKýDQýHYDOXDWLRQýRIýWKH
RFFXUUHQFHýWRýGHWHUPLQHýWKHýDFWLRQýUHTXLUHGýWRýFRUUHFWýWKHýVLWXDWLRQïýý)XUWKHUPRUHñýLIýWKHýGXUDWLRQýRIýD
WHPSHUDWXUHýH[FXUVLRQýH[FHHGVýìíýPLQXWHVñýWKHýFRDWLQJýOLQHýRSHUDWLRQýZLOOýEHýFXUWDLOHGïýý$OOýH[FXUVLRQV
ZLOOýEHýGRFXPHQWHGýDQGýUHSRUWHGïýý7KHýVHOHFWHGý4,3ýWKUHVKROGýOHYHOýLVýVL[ýH[FXUVLRQVýSHUýVHPLDQQXDO
UHSRUWLQJýSHULRGýõVHHý127(ýëôïýý7KLVýOHYHOýLVýOHVVýWKDQýíïíèýSHUFHQWýRIýWKHýSURFHVVýRSHUDWLQJýWLPHýõEDVHG
RQýëñåííýRSHUDWLQJýKRXUVôïýý,IýWKHý4,3ýWKUHVKROGýLVýH[FHHGHGýLQýDýVHPLDQQXDOýUHSRUWLQJýSHULRGñýDý4,3ýZLOO
EHýGHYHORSHGýDQGýLPSOHPHQWHGïýý7KLVý4,3ýLVýVXSSRUWHGýE\ýçýPRQWKVýRIýPRQLWRULQJýGDWDýIROORZLQJýWKH
SHUIRUPDQFHýWHVWïý

7KHýDLUýSROOXWLRQýFRQWUROýSHUPLWýLVVXHGýE\ýWKHý6WDWHýDJHQF\ýVSHFLILHVýWKDWýWKHýLQFLQHUDWRUýPXVWýEH
GHVLJQHGýWRýRSHUDWHýZLWKýDýPLQLPXPýRSHUDWLQJýWHPSHUDWXUHýRIýìèíí()ýPHDVXUHGýDWýWKHýFHQWHUýRIýWKH
LQFLQHUDWRUýFKDPEHUïýý$WWDFKPHQWýìýLQGLFDWHVýWKDWýDýWKHUPDOýLQFLQHUDWRUýLVýH[SHFWHGýWRýDFKLHYHýäèýSHUFHQW
RUýJUHDWHUýGHVWUXFWLRQýHIILFLHQF\ýõ'5(ôýDWýWKLVýWHPSHUDWXUHïýý7KHýSHUPLWýUHTXLUHPHQWýLVýäèýSHUFHQWý'5(ïý
7KHýLQFLQHUDWRUýHPSOR\VýDýWHPSHUDWXUHýFRQWUROOHUýWKDWýPDLQWDLQVýWKHýGHVLUHGýFKDPEHUýWHPSHUDWXUHýE\



&$0ý7(&+1,&$/ý*8,'$1&(ý'2&80(17
$ïìEïýý7+(50$/ý,1&,1(5$725ý)25ý92&ý&21752/

A.1b-4                                                                                                                                                                      8/98 $ ðë íåîäå

XVLQJýDýQDWXUDOýJDVðILUHGýDX[LOLDU\ýEXUQHUâýWKHýWHPSHUDWXUHýFRQWUROOHUýLVýVHWýWRýPDLQWDLQýDýWHPSHUDWXUHýRIýDW
OHDVWýìèíí()ïý

5HYLHZýRIýKLVWRULFDOýPRQLWRULQJýGDWDýIRUýDýçðPRQWKýSHULRGýõ-XO\ýWRý'HFHPEHUýìääêôýLQGLFDWHVýWKDW
ìèíí()ýFDQýEHýPDLQWDLQHGýRQýDýURXWLQHýEDVLVýZLWKýVRPHýH[FXUVLRQVïýý7KHýKLVWRULFDOýPRQLWRULQJýGDWDýIRU
WHPSHUDWXUHýLQGLFDWHýWKDWýQRUPDOýORDGLQJýWRýWKHýLQFLQHUDWRUýZLOOýUHVXOWýLQýFKDPEHUýWHPSHUDWXUHVýRIýìèíí()
DQGýKLJKHUýORDGLQJVýWRýWKHýGHYLFHýZLOOýUHVXOWýLQýSHULRGVýRIýKLJKHUýRSHUDWLQJýWHPSHUDWXUHVýIRUýVKRUW
GXUDWLRQVñýVXFKýDVýGXULQJýWKHýSHUIRUPDQFHýWHVWïýý7KHýKLVWRULFDOýPRQLWRULQJýGDWDýLQGLFDWHýWKDWýWKHýLQGLFDWRU
UDQJHýZDVýH[FHHGHGýVHYHQýWLPHVýLQýWKHýçðPRQWKýSHULRGâýWZRýRIýWKHýH[FXUVLRQVýZHUHýPRPHQWDU\ïý

7KHýSHUIRUPDQFHýWHVWýFRQILUPVýDFFHSWDEOHýSHUIRUPDQFHýRIýWKHýLQFLQHUDWRUâýWKHýLQFLQHUDWRUýDFKLHYHG
WKHýUHTXLUHGý'5(ýRIýäèýSHUFHQWïýý'XULQJýWKHýSHUIRUPDQFHýWHVWñýWKHýLQFLQHUDWRUýZDVýRSHUDWLQJýZLWKýD
WHPSHUDWXUHýRIýDWýOHDVWýìèíí()ýõLQýWKHýUDQJHýRIýìèéí(ýWRýìåíí()ôïýý'XULQJýWKHýSHUIRUPDQFHýWHVWVýWKH
LQFLQHUDWRUýWHPSHUDWXUHýZDVýJHQHUDOO\ýQHDUHUýìæíí()ýWKDQýìèíí()ïýý7KHýKLJKHUýWHPSHUDWXUHVýGXULQJýWKH
SHUIRUPDQFHýWHVWýRFFXUUHGýEHFDXVHýWKHýIDFLOLW\ýZDVýRSHUDWHGýQHDUýWKHýPD[LPXPýSURGXFWLRQýUDWHýZLWK
KLJKHUý92&ýORDGLQJVýWRýFKDOOHQJHýWKHýLQFLQHUDWRUýZLWKýPD[LPXPý92&ýORDGLQJïýý7KHýKLJKHUýRSHUDWLQJ
WHPSHUDWXUHVýGXULQJýWKHýSHUIRUPDQFHýWHVWýDUHýQRWýWKHýUHVXOWýRIýDýFKDQJHýLQýRSHUDWLRQýRIýWKHýLQFLQHUDWRU
õLïHïñýFKDQJLQJýWKHýEXUQHUýVHWýSRLQWýWHPSHUDWXUHôïý

7KHýSHUIRUPDQFHýWHVWýRIýWKHýWKHUPDOýLQFLQHUDWRUýZDVýFRQGXFWHGýLQý2FWREHUýìääêýXVLQJý(3$
5HIHUHQFHý0HWKRGýëèïýý7KUHHýWHVWýUXQVýõìýKRXUýHDFKôýZHUHýFRQGXFWHGýZLWKýììýRXWýRIýëæýVRXUFHVýRSHUDWLQJ
DQGýYHQWLQJýWRýWKHýLQFLQHUDWRUâýWKLVýQXPEHUýRIýRSHUDWLQJýVRXUFHVýLVýFRQVLGHUHGýQRUPDOïýý'XULQJýWKH
SHUIRUPDQFHýWHVWñýWKHýFKDPEHUýWHPSHUDWXUHýZDVýPHDVXUHGýFRQWLQXRXVO\ýDQGýUHFRUGHGýRQýDýFLUFXODUýFKDUW
õ$WWDFKPHQWýëôïý

7KHý7+&ýHPLVVLRQýOLPLWýLVýìèéýSRXQGVýSHUýKRXUýõOEîKUôâýWKLVýOLPLWýZDVýPHWýGXULQJýWKHýWHVWïýý7KH
IDFLOLW\öVýRSHUDWLQJýSHUPLWýUHTXLUHVýäèýSHUFHQWýUHGXFWLRQýIURPýWKHýWKHUPDOýLQFLQHUDWRUïýý'XULQJýWKH
SHUIRUPDQFHýWHVWñýWKHýWKHUPDOýLQFLQHUDWRUýDFKLHYHGýDýGHVWUXFWLRQýHIILFLHQF\ýRIýJUHDWHUýWKDQýäèýSHUFHQWýIRU
DOOýWKUHHýUXQVýõäèïéñýäèïèñýDQGýäæïåôâýWKHýDYHUDJHý'5(ýIRUýWKHýWKUHHýWHVWýUXQVýLVýäçïëýSHUFHQWïýý7KHýDYHUDJH
RXWOHWý&2ýFRQFHQWUDWLRQýIRUýHDFKýRIýWKHýWKUHHýSHUIRUPDQFHýWHVWýUXQVýZDVýëïêñýìíïëñýDQGýìïçýSSPYGï

7KHýSURGXFWLRQýUDWHýGXULQJýWKHýSHUIRUPDQFHýWHVWýZDVýUHSUHVHQWDWLYHýRIýKLJKHVWý92&ýORDGLQJýWRýWKH
LQFLQHUDWRUïýý'XULQJýWKHýSHUIRUPDQFHýWHVWñýWKHý92&ýLQSXWýFDOFXODWHGýIURPýFRDWLQJýXVDJHýDQGýFRQWHQWýZDV
;;;ýOEîKUý>IDFLOLW\ýUHTXHVWHGýFRDWLQJýXVDJHýQRWýEHýSUHVHQWHG@ïýý%\ýFRPSDULVRQñýIRUýWKHýçðPRQWKýSHULRG
IRUýZKLFKýPRQLWRULQJýGDWDýZHUHýUHYLHZHGñýWKHýDYHUDJHý92&ýORDGLQJýWRýWKHýV\VWHPýZKHQýDOOýWKUHHýFRDWHUV
ZHUHýRSHUDWLQJýõFDOFXODWHGýDVýWKHýVXPýRIýWKHýDYHUDJHý92&ýLQSXWýUDWHñýOEîKUñýRIýHDFKýFRDWHUôýZDV
åíýSHUFHQWýRIýWKHýDPRXQWýGXULQJýWKHýSHUIRUPDQFHýWHVWï

%ï 2XWOHWý&2ý&RQFHQWUDWLRQV

7KHýVHOHFWHGýLQGLFDWRUýUDQJHýIRUýWKHýìðKRXUýDYHUDJHý&2ýFRQFHQWUDWLRQýLVý¦OHVVýWKDQýèíýSSPYGñýDV
PHDVXUHGï§ýý:KHQýDQýH[FXUVLRQýRFFXUVýFRUUHFWLYHýDFWLRQýZLOOýEHýLQLWLDWHGñýEHJLQQLQJýZLWKýDQýHYDOXDWLRQýRI
WKHýRFFXUUHQFHýWRýGHWHUPLQHýWKHýDFWLRQýUHTXLUHGýWRýFRUUHFWýWKHýVLWXDWLRQïýý$OOýH[FXUVLRQVýZLOOýEH
GRFXPHQWHGýDQGýUHSRUWHGïýý7KHýVHOHFWHGý4,3ýWKUHVKROGýOHYHOýLVýìéýH[FXUVLRQVýSHUýVHPLDQQXDOýUHSRUWLQJ
SHULRGïýý7KLVýOHYHOýLVýOHVVýWKDQýíïèýSHUFHQWýRIýWKHýSURFHVVýRSHUDWLQJýWLPHýõEDVHGýRQýëñåííýRSHUDWLQJýKRXUVôïý
,IýWKHý4,3ýWKUHVKROGýLVýH[FHHGHGýLQýDýVHPLDQQXDOýUHSRUWLQJýSHULRGñýDý4,3ýZLOOýEHýGHYHORSHGýDQG
LPSOHPHQWHGïýý7KLVý4,3ýLVýVXSSRUWHGýE\ýêýPRQWKVýRIýPRQLWRULQJýGDWDýIROORZLQJýWKHýSHUIRUPDQFHýWHVWïý
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5HYLHZýRIýKLVWRULFDOýPRQLWRULQJýGDWDýIRUýDýêðPRQWKýSHULRGýõ6HSWHPEHUýWKURXJKý'HFHPEHUýìääêô
LQGLFDWHVýWKDWýWKHýèíýSSPYGý&2ýFRQFHQWUDWLRQýOLPLWýFDQýEHýPDLQWDLQHGýRQýDýURXWLQHýEDVLVýZLWKýVRPH
H[FXUVLRQVïýý7KHýKLVWRULFDOýPRQLWRULQJýGDWDýLQGLFDWHýWKDWýWKHýLQGLFDWRUýUDQJHýZDVýH[FHHGHGýHLJKWýWLPHVýLQ
WKHýêðPRQWKýSHULRGïýý%DVHGýXSRQýWKHVHýKLVWRULFDOýGDWDñýWKHýWKUHVKROGýIRUýH[FXUVLRQVýLVýQRýPRUHýWKDQ
ìéýH[FXUVLRQVýDERYHýèíýSSPYGýLQýDýçðPRQWKýSHULRGýõLïHïñýæýH[FXUVLRQVýSHUýTXDUWHUôïý

7KHýSHUIRUPDQFHýWHVWýFRQGXFWHGýLQý2FWREHUýìääêýLVýGLVFXVVHGýDERYHýLQýVHFWLRQý,,,ï$ïýý7KHý&2
FRQFHQWUDWLRQVýZHUHýZHOOýXQGHUýWKHýèíýSSPYGýOLPLWýõPHDVXUHGý&2ôýIRUýDOOýWKUHHýUXQVýGXULQJýWKHýWHVWï

127(ýìãýý6XEPLWWDOýRIýSURSRVHGýGDWDýDYDLODELOLW\ýLVýRSWLRQDOâýLWýLVýQRWýDýUHTXLUHPHQWýRIýDý&$0ýVXEPLWWDOï

127(ýëãýý6XEPLWWDOýRIýDý4,3ý7KUHVKROGýLVýRSWLRQDOâýLWýLVýQRWýDýUHTXLUHPHQWýRIýDý&$0ýVXEPLWWDOï
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$WWDFKPHQWýìïýý'LUHFWðIODPHýDIWHUEXUQHUýHIILFLHQF\ýDVýDýIXQFWLRQýRIýWHPSHUDWXUHï
$LUý3ROOXWLRQý(QJLQHHULQJý0DQXDOñý&KDSWHUýèýðý&RQWUROý(TXLSPHQWýIRUý*DVHVýDQGý9DSRUVï
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$WWDFKPHQWýëïýý7HPSHUDWXUHýFKDUWýGXULQJý2FWREHUýìääêýSHUIRUPDQFHýWHVWï
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(;$03/(ý&203/,$1&(ý$6685$1&(ý021,725,1*ã
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,ï %DFNJURXQG

$ï (PLVVLRQVý8QLW

'HVFULSWLRQã )&&8ýFDWDO\VWýUHJHQHUDWRU
,GHQWLILFDWLRQã
)DFLOLW\ã )DFLOLW\ý%

$Q\WRZQñý86$

%ï $SSOLFDEOHý5HJXODWLRQñý(PLVVLRQý/LPLWVñýDQGý0RQLWRULQJý5HTXLUHPHQWV

5HJXODWLRQý1Rïã éíý&)5ýçíý6XESDUWý-
5HJXODWHGýSROOXWDQWãýý 3DUWLFXODWHýPDWWHU
(PLVVLRQýOLPLWýõSDUWLFXODWHýPDWWHUôã ìýOEîìñíííýOEýFRNHýEXUQHG
0RQLWRULQJýUHTXLUHPHQWVã &RNHýEXUQýUDWHñýDLUýEORZHUýUDWHñýQXPEHUýRIýYHQWXULV

RQOLQHýõSHUPLWô
>1RWHãý$OWKRXJKý6XESDUWý-ýUHTXLUHVýDý&206ñýWKLV
DOWHUQDWHýPRQLWRULQJýDSSURDFKýZDVýDSSURYHGýE\ýWKH
6WDWHýSHUPLWWLQJýDXWKRULW\ýDQGýLVýUHIOHFWHGýLQýWKH
IDFLOLW\©VýSHUPLWï@

&ï &RQWUROý7HFKQRORJ\ã

)RXUýSDUDOOHOýYHQWXULýVFUXEEHUV

,,ï 0RQLWRULQJý$SSURDFK

7KHýNH\ýHOHPHQWVýRIýWKHýPRQLWRULQJýDSSURDFKýIRUýSDUWLFXODWHýPDWWHUñýLQFOXGLQJýWKHýLQGLFDWRUVýWRýEH
PRQLWRUHGñýLQGLFDWRUýUDQJHVñýDQGýSHUIRUPDQFHýFULWHULDýDUHýSUHVHQWHGýLQý7DEOHý$ïëðìïý
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-867,),&$7,21

,ï %DFNJURXQG

7KHýSROOXWDQWýVSHFLILFýHPLVVLRQVýXQLWýLVýSDUWLFXODWHýPDWWHUýIURPýWKHýFDWDO\VWýUHJHQHUDWRUýRIýDýIOXLG
FDWDO\WLFýFUDFNLQJýXQLWýõ)&&8ôïýý7KHýFDWDO\VWýUHJHQHUDWRUýLVýHTXLSSHGýZLWKýDýZHWýJDVýVFUXEEHUïýý7KH
FDWDO\VWýUHJHQHUDWRUýH[KDXVWýJDVHVýSDVVýWKURXJKýIRXUýSDUDOOHOýYHQWXULýVFUXEEHUVïýý7KHVHýVFUXEEHUVýDUHýWKH
SULPDU\ýFRQWUROýGHYLFHVýIRUýSDUWLFXODWHýPDWWHUýHPLVVLRQVïýý$IWHUýSDVVLQJýWKURXJKýWKHýVFUXEEHUVñýWKHýRII
JDVHVýSDVVýWKURXJKýDýVHSDUDWLQJýYHVVHOýDQGýDýVSUD\ýJULGýSULRUýWRýEHLQJýYHQWHGýWRýWKHýDWPRVSKHUHïýý7KH
HPLVVLRQýXQLWýLVýUHJXODWHGýXQGHUýéíý&)5ýçíý6XESDUWý-ðð1636ýIRUýSHWUROHXPýUHILQHULHVïýý7KHýPRQLWRULQJ
DSSURDFKýLVýUHIOHFWHGýDVýDýVSHFLILFýSHUPLWýFRQGLWLRQýLQýWKHýDLUýSHUPLWïýý%DVHGýRQýWKHýSROOXWDQWýVSHFLILF
HPLVVLRQVýXQLWýGHVLJQñýE\SDVVýRIýWKHýFRQWUROýGHYLFHýLVýQRWýSRVVLEOHï

,,ï 5DWLRQDOHýIRUý6HOHFWLRQýRIý3HUIRUPDQFHý,QGLFDWRUV

7KHýIROORZLQJýSDUDPHWHUVýZLOOýEHýPRQLWRUHGã

ðýý/LTXLGðWRðJDVýõ/î*ôýUDWLRâý
ðýý6FUXEEHUýH[KDXVWýWHPSHUDWXUHâýDQGý
ðýý&RNHýEXUQýUDWHï

7KHýOLFHQVRUýRIýWKHýZHWýVFUXEEHUýSURYLGHGýDýJUDSKýUHODWLQJýWKHýQXPEHUýRIýRSHUDWLQJýVFUXEEHUV
UHTXLUHGýWRýPDLQWDLQýWKHýGHVLJQýOLTXLGýWRýJDVýUDWLRñýWRýWKHý)&&8ýUHJHQHUDWRUýDLUýEORZHUýUDWHïýý7KH
UHJHQHUDWRUýDLUýUDWHýDQGýWKHýQXPEHUýRIýYHQWXULVýLQýRSHUDWLRQýDUHýDQýLQGLUHFWýPHDVXUHýRIýOLTXLGýWRýJDVýUDWLRñ
ZKLFKýLVýDQýLQGLFDWRUýRIýVFUXEEHUýSHUIRUPDQFHïýý7KHýUHJHQHUDWRUýDLUýUDWHýDQGýWKHýQXPEHUýRIýYHQWXULVýLQ
RSHUDWLRQýDUHýPRQLWRUHGýWRýHQVXUHýWKDWýWKHVHýOLPLWDWLRQVýDUHýPHWï

$OWKRXJKýWKHýDLUýSHUPLWýRQO\ýUHTXLUHVýPRQLWRULQJýRIýFRNHýEXUQýUDWHñýDLUýEORZHUýUDWHñýDQGýQXPEHUýRI
YHQWXULVýRQOLQHñý/î*ýUDWLRýDQGýVFUXEEHUýH[KDXVWýWHPSHUDWXUHýZHUHýDGGHGýWRýWKHýPRQLWRULQJýDSSURDFKýLQ
HDUO\ýìääæýDVýIXUWKHUýLQGLFDWRUVýRIýFRQWUROýGHYLFHýSHUIRUPDQFHïýý7KHý/î*ýUDWLRýLVýGHWHUPLQHGýE\
PHDVXULQJýVFUXEEHUýZDWHUýIORZýUDWHýDQGýFRPSDULQJýLWýWRýWKHýUHJHQHUDWRUýDLUýEORZHUýUDWHïýý,QýDGGLWLRQñýWKH
VFUXEEHUýWHPSHUDWXUHýLVýPRQLWRUHGýGRZQVWUHDPýRIýWKHýVSUD\ýJULGïýý7KHýVFUXEEHUýH[KDXVWýJDVýWHPSHUDWXUH
ZDVýVHOHFWHGýEHFDXVHýLWýLVýLQGLFDWLYHýRIýVFUXEEHUýRSHUDWLRQýDQGýDGHTXDWHýZDWHUýIORZïýý:LWKýWKHýVFUXEEHU
ZDWHUýRIIñýWKHýVFUXEEHUýH[KDXVWýWHPSHUDWXUHýZRXOGýEHýQRWLFHDEO\ýKLJKHUï

7KHýFRNHýEXUQýUDWHýLVýDQýLQGLFDWLRQýRIýWKHý30ýORDGLQJýWRýWKHýVFUXEEHUï

,,,ï 5DWLRQDOHýIRUý6HOHFWLRQýRIý,QGLFDWRUý5DQJHV

$VýPHQWLRQHGýDERYHñýDýJUDSKýUHODWLQJýWKHýUHJHQHUDWRUýDLUýEORZHUýUDWHýWRýWKHýQXPEHUýRIýYHQWXULV
QHFHVVDU\ýWRýPDLQWDLQýWKHýGHVLJQý/î*ýUDWLRñýZDVýSURYLGHGýE\ýWKHýOLFHQVRUýRIýWKHýVFUXEEHUïýý7KLVýJUDSKñ
SUHVHQWHGýLQý)LJXUHý$ïëðìñýVKRZVýWKDWýDWýUHJHQHUDWRUýDLUýUDWHVýRIýOHVVýWKDQýìííýNVFIPýDWýOHDVWýWZR
VFUXEEHUVýPXVWýEHýRSHUDWLQJýWRýPDLQWDLQýWKHýGHVLJQý/î*ýUDWLRïýý$WýUHJHQHUDWRUýDLUýUDWHVýRIýJUHDWHUýWKDQýRU
HTXDOýWRýìííýNVFIPýWRýOHVVýWKDQýìêçýNVFIPñýDWýOHDVWýWKUHHýVFUXEEHUVýPXVWýEHýRSHUDWLQJïýý$WýDLUýUDWHVýRI
JUHDWHUýWKDQýìêçýNVFIPýDOOýIRXUýVFUXEEHUVýPXVWýEHýRSHUDWLQJïýý7KHýIDFLOLW\ýPRQLWRUVýWKHýUHJHQHUDWRUýDLU
UDWHýDQGýWKHýQXPEHUýRIýYHQWXULVýLQýRSHUDWLRQýWRýHQVXUHýWKDWýWKHVHýOLPLWDWLRQVýDUHýPHWï

7KHýLQGLFDWRUýUDQJHýIRUý/î*ýUDWLRýLVýEDVHGýRQýUHVXOWVýRIýDý-DQXDU\ýìääçýSHUIRUPDQFHýWHVWýDQG
KLVWRULFDOýGDWDïýý7KUHHýìðKUýWHVWýUXQVýZHUHýFRQGXFWHGýDQGýWKHýDYHUDJHýPHDVXUHGý30ýHPLVVLRQVýZHUH
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A.2-4 $ ðê í åîäå

íïæåýOEý30îìñíííýOEýFRNHýEXUQHGñýZKLFKýLVýEHORZýWKHýìýOEîìñíííýOEý30ýHPLVVLRQýOLPLWïýý'XULQJýWKH
SHUIRUPDQFHýWHVWñý/î*ýUDWLRýZDVýPHDVXUHGýDQGýUHFRUGHGýFRQWLQXRXVO\ñýFRQFXUUHQWýZLWKýHDFKýRIýWKHýìðKRXU
WHVWýUXQVïýý7KHýDYHUDJHý/î*ýUDWLRýIRUýWKHýWKUHHýìðKRXUýWHVWýUXQVýZDVýæïìïýý+RXUO\ý/î*ýUDWLRýGDWDýIRUýDýêð
PRQWKýSHULRGýõ2FWREHUýWKURXJKý'HFHPEHUýìääçôýIROORZLQJýWKHýSHUIRUPDQFHýWHVWýZHUHýUHGXFHGýWRýWKUHHð
KRXUýDYHUDJHVýDQGýHYDOXDWHGýWRýGHWHUPLQHýZKHWKHUýWKHý/î*ýUDWLRýGXULQJýQRUPDOýRSHUDWLRQýZDVýDERYHýWKH
PLQLPXPýOHYHOýVHOHFWHGýEDVHGýRQýWKHý-DQXDU\ýìääçýSHUIRUPDQFHýWHVWýGHPRQVWUDWLQJýFRPSOLDQFHïý
)LJXUHý$ïëðëýJUDSKLFDOO\ýSUHVHQWVýWKHVHýGDWDïýý'XULQJýWKHýêðPRQWKýSHULRGñýWKHýêðKRXUýDYHUDJHý/î*ýUDWLR
UDQJHGýIURPýåïèýWRýìéïäñýDQGýDYHUDJHGýììïéñýVKRZLQJýFRQVLVWHQWýRSHUDWLRQýDWýDý/î*ýUDWLRýDERYHýWKHýOHYHO
ZKHUHýFRPSOLDQFHýZDVýGHPRQVWUDWHGïýý7KHýLQGLFDWRUýUDQJHýVHOHFWHGýLVýDýPLQLPXPý/î*ýUDWLRýRIýåïýý1Rý4,3
WKUHVKROGýKDVýEHHQýHVWDEOLVKHGï

7KHýPD[LPXPýVFUXEEHUýRXWOHWýWHPSHUDWXUHýZDVýVHOHFWHGýEDVHGýRQýGDWDýREWDLQHGýGXULQJýD
SHUIRUPDQFHýWHVWýFRQGXFWHGýDWýWKHýIDFLOLW\ýDQGýKLVWRULFDOýGDWDïýý7KHýVFUXEEHUýH[KDXVWýJDVýWHPSHUDWXUHV
GXULQJýWKHýWHVWýDYHUDJHGýìéé()ïýý+RXUO\ýVFUXEEHUýRXWOHWýWHPSHUDWXUHýGDWDýRYHUýDýêðPRQWKýSHULRGýõ2FWREHU
WKURXJKý'HFHPEHUýìääçôýZHUHýUHGXFHGýWRýêðKRXUýDYHUDJHVýDQGýDUHýVKRZQýLQý)LJXUHý$ïëðêïýý6FUXEEHU
RXWOHWýWHPSHUDWXUHVýGXULQJýWKLVýêðPRQWKýSHULRGýJHQHUDOO\ýUDQJHGýIURPýìêë(ýWRýìèí()ñýDQGýDYHUDJHG
ìêæïè()ïýý$VýVHHQýLQý)LJXUHý$ïëðêñýDýVLJQLILFDQWýGURSýLQýWHPSHUDWXUHýRFFXUUHGýRYHUýDýëéðKRXUýSHULRGïý
'XULQJýWKLVýëéðKRXUýSHULRGñýWKHýWKHUPRFRXSOHýZDVýUHDGLQJýDPELHQWýWHPSHUDWXUHVýEHFDXVHýLWýKDGýEHHQ
UHPRYHGýIURPýLWVýKRXVLQJýIRUýWHVWLQJýSXUSRVHVïýý7KHVHýDPELHQWýUHDGLQJVýZHUHýQRWýLQFOXGHGýLQýWKH
HYDOXDWLRQýRIýWKHýGDWDï

7KHýVHOHFWHGýLQGLFDWRUýUDQJHýIRUýVFUXEEHUýRXWOHWýWHPSHUDWXUHýLVýOHVVýWKDQýìçè()ïýý7KLVýUDQJHýZDV
VHOHFWHGýE\ýDGGLQJýDýìèýSHUFHQWýEXIIHUýWRýWKHýDYHUDJHýWHPSHUDWXUHýGHPRQVWUDWHGýGXULQJýWKHýSHUIRUPDQFH
WHVWýõìéé()ôýWRýDFFRXQWýIRUýYDULDELOLW\ýDPRQJýWKHýGDWDâýWKHýêðPRQWKVýRIýPRQLWRULQJýGDWDýLQGLFDWHýWKDWýWKLV
WHPSHUDWXUHýRSHUDWLQJýUDQJHýFDQýEHýDFKLHYHGýFRQVLVWHQWO\ïýý1RýORZHUýDFWLRQýOHYHOýLVýQHFHVVDU\ïýý1Rý4,3
WKUHVKROGýKDVýEHHQýHVWDEOLVKHGï

7RýGDWHñýFRPSOLDQFHýKDVýEHHQýGHPRQVWUDWHGýDWýDýFRNHýEXUQýUDWHýRIýèèïèýWKRXVDQGýõ0ôýOEîKUïýý7KH
SHUIRUPDQFHýWHVWýGDWDýREWDLQHGýLQý-DQXDU\ýRIýìääçýLQGLFDWHýWKDWýZKLOHýRSHUDWLQJýDWýDýFRNHýEXUQýUDWHýRI
èèïèý0OEîKUýõDYHUDJHýRIýWKUHHýìðKRXUýUXQVôýWKHýHPLVVLRQVýXQLWýZDVýLQýFRPSOLDQFHýZLWKýWKHý30ýHPLVVLRQ
OLPLWïýý7KHýLQGLFDWRUýUDQJHýLVýHVWDEOLVKHGýDVýOHVVýWKDQýèçý0OEîKUïýý,IýRSHUDWLRQýDWýDýKLJKHUýFRNHýEXUQýUDWHýLV
SODQQHGñýDGGLWLRQDOýWHVWLQJýZLOOýEHýFRQGXFWHGýWRýGHPRQVWUDWHýFRPSOLDQFHýZLWKýDOOýHPLVVLRQýOLPLWDWLRQVýDW
WKHýKLJKHUýEXUQýUDWHïýý1Rý4,3ýWKUHVKROGýKDVýEHHQýVHWýIRUýWKLVýLQGLFDWRUï

:KHQýDQýH[FXUVLRQýRIýDQ\ýRIýWKHýLQGLFDWRUýUDQJHVýRFFXUVýFRUUHFWLYHýDFWLRQýZLOOýEHýLQLWLDWHGñ
EHJLQQLQJýZLWKýDQýHYDOXDWLRQýRIýWKHýRFFXUUHQFHýWRýGHWHUPLQHýWKHýDFWLRQýUHTXLUHGýWRýFRUUHFWýWKHýVLWXDWLRQïý
$OOýH[FXUVLRQVýZLOOýEHýGRFXPHQWHGýDQGýUHSRUWHGï
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)LJXUHý$ïëðëïýý/LTXLGýWRý*DVý5DWLRVýõêðKRXUýDYHUDJHVôýIRUý2FWREHUð'HFHPEHUýìääçï

)LJXUHý$ïëðêïýý6FUXEEHUý2XWOHWý7HPSHUDWXUHVýõêðKRXUýDYHUDJHVôýIRUý2FWREHUð'HFHPEHUýìääçï
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¦7KLVýSDJHýLQWHQWLRQDOO\ýOHIWýEODQNï§
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åîäå A.3-1$ ðê æ

(;$03/(ý&203/,$1&(ý$6685$1&(ý021,725,1*ã
&21'(16(5ý)25ý92&ý&21752/ðð)$&,/,7<ý&

,ï %DFNJURXQG

$ï (PLVVLRQVý8QLW

'HVFULSWLRQã 6WRUDJHýWDQN
,GHQWLILFDWLRQã 7ðëííðæ
)DFLOLW\ã )DFLOLW\ý&

$Q\WRZQñý86$

%ï $SSOLFDEOHý5HJXODWLRQñý(PLVVLRQý/LPLWñýDQGý0RQLWRULQJý5HTXLUHPHQWV

5HJXODWLRQý1Rïã éíý&)5ýçêñý6XESDUWý*ý>1RWHýì@
5HJXODWHGýSROOXWDQWýõ36(8ôã 92&
(PLVVLRQýOLPLWã äèýSHUFHQWýUHGXFWLRQ
0RQLWRULQJýUHTXLUHPHQWVã &RQWLQXRXVO\ýPRQLWRUýRXWOHWýYHQWýWHPSHUDWXUHï

&ï &RQWUROý7HFKQRORJ\ã 7ZRýUHIULJHUDWHGýFRQGHQVHUV

,,ï 0RQLWRULQJý$SSURDFK

7KHýNH\ýHOHPHQWVýRIýWKHýPRQLWRULQJýDSSURDFKýIRUý92&ñýLQFOXGLQJýWKHýLQGLFDWRUVýWRýEHýPRQLWRUHGñ
LQGLFDWRUýUDQJHVñýDQGýSHUIRUPDQFHýFULWHULDñýDUHýSUHVHQWHGýLQý7DEOHý$ïêðìï
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7$%/(ý$ïêðìïýý021,725,1*ý$3352$&+

,ï ,QGLFDWRU 2XWOHWýYHQWýWHPSHUDWXUH

0HDVXUHPHQWý$SSURDFK 7KHýRXWOHWýYHQWýWHPSHUDWXUHýLVýPRQLWRUHGýZLWKýDýWKHUPRFRXSOHï

,,ïýý ,QGLFDWRUý5DQJH $QýH[FXUVLRQýLVýGHILQHGýDVýDýGDLO\ýDYHUDJHýFRQGHQVHUýRXWOHW
WHPSHUDWXUHýRIýJUHDWHUýWKDQýðçí()ïýý([FXUVLRQVýWULJJHUýDQýLQVSHFWLRQñ
FRUUHFWLYHýDFWLRQñýDQGýDýUHSRUWLQJýUHTXLUHPHQWï

,,,ï 3HUIRUPDQFHý&ULWHULD

$ï 'DWDý5HSUHVHQWDWLYHQHVVD

7KHýVHQVRUýLVýLQVWDOOHGýDWýWKHýRXWOHWýYHQWýRIýWKHýFRQGHQVHUýVXIILFLHQWO\
FORVHýõZLWKLQýëýIHHWôýWRýWKHýFRQGHQVHUýWRýSURYLGHýDýUHSUHVHQWDWLYH
RXWOHWýWHPSHUDWXUHïýý7KHýPLQLPXPýDFFXUDF\ýLVý�é()ï

%ï 9HULILFDWLRQýRIý2SHUDWLRQDO
6WDWXV

1î$

&ï 4XDOLW\ý$VVXUDQFHýDQG
&RQWUROý3UDFWLFHV

$QQXDOýFDOLEUDWLRQýLVýSHUIRUPHGãýýõìôýRQýWKHýWKHUPRFRXSOHýE\
PHDVXULQJýWKHýYROWDJHýJHQHUDWHGýDQGýõëôýRQýWKHýWUDQVPLWWHUýE\
DWWDFKLQJýDýFDOLEUDWRUýWRýWKHýLQSXWýRIýWKHýWUDQVPLWWHUñýJHQHUDWLQJýD
YROWDJHñýDQGýFKHFNLQJýWKHýFRUUHVSRQGLQJýRXWSXWýRIýWKHýWUDQVPLWWHUï

'ï 0RQLWRULQJý)UHTXHQF\ 7HPSHUDWXUHýLVýPHDVXUHGýFRQWLQXRXVO\ï

'DWDý&ROOHFWLRQý3URFHGXUHV ìèðPLQXWHýGDWDýSRLQWVýDUHýVHQWýWRýWKHý'&6ï

$YHUDJLQJý3HULRG +RXUO\ýDYHUDJHVýRIýIRXUýìèðPLQXWHýWHPSHUDWXUHýUHDGLQJVýDUH
FDOFXODWHGýIRUýWUDFNLQJýRIýWKHýRXWOHWýWHPSHUDWXUHïýý$ýGDLO\ýDYHUDJHýRI
DOOýìèðPLQXWHýWHPSHUDWXUHýUHDGLQJVýLVýUHFRUGHGýIRUýFRPSOLDQFH
SXUSRVHVï

D9DOXHVýOLVWHGýIRUýDFFXUDF\ýVSHFLILFDWLRQVýDUHýVSHFLILFýWRýWKLVýH[DPSOHýDQGýDUHýQRWýLQWHQGHGýWR
ýýSURYLGHýWKHýFULWHULDýIRUýWKLVýW\SHýRIýPHDVXUHPHQWýGHYLFHýLQýJHQHUDOï
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-867,),&$7,21

,ï %DFNJURXQG

7KHýSROOXWDQWýVSHFLILFýHPLVVLRQVýXQLWýõ36(8ôýLVýWKHýSURSLRQDOGHK\GHýVWRUDJHýWDQNýõIL[HG
URRIôïýý7KHýVWRUDJHýWDQNýFDSDFLW\ýLVýìæêñíííýJDOORQVïýý(PLVVLRQVýIURPýWKHýSURSLRQDOGHK\GH
VWRUDJHýWDQNýDUHýYHQWHGýWRýWZRýUHIULJHUDWHGýFRQGHQVHUVïýý7KHýSURSLRQDOGHK\GHýHPLVVLRQVýDUH
YHQWHGýWRýRQHýRIýWKHýWZRýFRQGHQVHUVýDWýDOOýWLPHVâýRQHýFRQGHQVHUýLVýRQOLQHýZKLOHýWKHýRWKHUýLV
GHIURVWLQJýRQýDýéðKRXUýF\FOHïýý7KHýFRQGHQVHUVýDUHýXVHGýWRýUHGXFHý92&ýHPLVVLRQVïýý0D[LPXP
XQFRQWUROOHGýHPLVVLRQVýIURPýWKLVýWDQNýDUHýHVWLPDWHGýWRýYDU\ýIURPýìèéýOEîKUýLQýWKHýZLQWHUýWR
ìæèýOEîKUýLQýWKHýVXPPHUïýý%DVHGýRQýWKHýGHVLJQýRIýWKHý36(8ñýE\SDVVýRIýWKHýFRQWUROýGHYLFHýFDQQRW
RFFXUï

,,ï 5DWLRQDOHýIRUý6HOHFWLRQýRIý3HUIRUPDQFHý,QGLFDWRUVý

5HGXFWLRQýRIýWKHýHPLVVLRQVýIURPýVWRUDJHýWDQNVýLVýUHTXLUHGâýWKHVHýHPLVVLRQVýDUHýUHGXFHGýZLWK
DýUHIULJHUDWHGýFRQGHQVHUïýý0RQLWRULQJýRIýWKHýRXWOHWýYHQWýWHPSHUDWXUHýLQGLFDWHVýWKHýOHYHOýRI
FRQGHQVDWLRQýRFFXUULQJýLQýWKHýFRQGHQVHUïýý2XWOHWýYHQWýWHPSHUDWXUHýLVýDýJRRGýLQGLFDWRUýRIýWKH
RSHUDWLRQýRIýWKHýFRQGHQVHUýEHFDXVHýWKHýFRQFHQWUDWLRQýRIýWKHýRXWOHWýYHQWýVWUHDPýFDQýEHýGHWHUPLQHG
EDVHGýRQýWHPSHUDWXUHýRIýWKHýVWUHDPýDQGýYDSRUýSUHVVXUHýHTXLOLEULXPýGDWDïýý7RýDFKLHYHýWKHýRXWOHW
FRQFHQWUDWLRQñýWKHýRXWOHWýYHQWýWHPSHUDWXUHýPXVWýEHýPDLQWDLQHGýEHORZýDýFHUWDLQýOHYHOýõLïHïñýD
PD[LPXPýWHPSHUDWXUHôïýý,IýWKHýRXWOHWýYHQWýWHPSHUDWXUHýLQFUHDVHVýDERYHýWKHýPD[LPXP
WHPSHUDWXUHýOLPLWñýFRQGHQVDWLRQýRIýWKHýFRPSRQHQWVýWRýWKHýOHYHOýH[SHFWHGýZLOOýQRWýRFFXUïýý$Q
LQFUHDVHýLQýRXWOHWýYHQWýWHPSHUDWXUHýLQGLFDWHVýDýUHGXFWLRQýRIýSHUIRUPDQFHýRIýWKHýFRQGHQVHUï

,,,ï 5DWLRQDOHýIRUý6HOHFWLRQýRIý,QGLFDWRUý5DQJHV

7KHýLQGLFDWRUýUDQJHýZDVýHVWDEOLVKHGýEDVHGýXSRQýHQJLQHHULQJýFDOFXODWLRQVýDQGýKLVWRULFDO
PRQLWRULQJýGDWDïýý7KHýHPLVVLRQýVWDQGDUGýUHTXLUHVýDýäèýSHUFHQWýUHGXFWLRQýHIILFLHQF\ïýý0D[LPXP
HPLVVLRQýFRQGLWLRQVýIRUýWKLVýWDQNýDUHýGXULQJýWDQNýORDGLQJýDWýWKHýKLJKHVWýDPELHQWýWHPSHUDWXUHýWKH
WDQNýH[SHULHQFHVýõVXPPHUýFRQGLWLRQVôïýý(QJLQHHULQJýFDOFXODWLRQVýZHUHýXVHGýWRýHVWDEOLVKýWKH
UHTXLUHGýFRQGHQVHUýYHQWýWHPSHUDWXUHýWRýDFKLHYHýDýäèýSHUFHQWýUHGXFWLRQýXQGHUýWKHVHýFRQGLWLRQVïý
7KHýWHPSHUDWXUHýRIýWKHýYDSRUýLQýWKHýWDQNýDQGýDWýWKHýLQOHWýWRýWKHýFRQGHQVHUýZHUHýDVVXPHGýWRýEH
DPELHQWïýý7KHýWDQNýYDSRUýZDVýDVVXPHGýWRýEHýDWýDWPRVSKHULFýSUHVVXUHïýý7KHýFRQFHQWUDWLRQýRI
SURSLRQDOGHK\GHýLQýWKHýYDSRUýõFDOFXODWHGýEDVHGýRQýWKHýYDSRUýSUHVVXUHýRIýSURSLRQDOGHK\GHýDW
DPELHQWýFRQGLWLRQVôýDQGýWKHýILOOýUDWHýGXULQJýWDQNýORDGLQJýZHUHýXVHGýWRýGHWHUPLQHýWKHýPD[LPXP
XQFRQWUROOHGýHPLVVLRQýUDWHïýý7KHýHPLVVLRQVýDWýDýäèýSHUFHQWýUHGXFWLRQýHIILFLHQF\ýZHUHýFDOFXODWHGñ
DQGýWKHýFRUUHVSRQGLQJýWHPSHUDWXUHýQHHGHGýWRýDFKLHYHýWKHýDOORZHGýSURSLRQDOGHK\GHýFRQFHQWUDWLRQ
õYDSRUýSUHVVXUHôýZDVýGHWHUPLQHGïýýý7KHýPD[LPXPýDOORZHGýRXWOHWýYHQWýWHPSHUDWXUHýZDV
GHWHUPLQHGýWRýEHýæ�)ïýý7KHýRXWOHWýYHQWýWHPSHUDWXUHýPXVWýEHýPDLQWDLQHGýDWýWKLVýWHPSHUDWXUHýRU
ORZHUýWRýDFKLHYHýäèýSHUFHQWýUHGXFWLRQýLQýWKHýVXPPHUïýý8QGHUýZLQWHUýFRQGLWLRQVñýDýäèýSHUFHQW
UHGXFWLRQýLVýDFKLHYHGýDWýDQýRXWOHWýYHQWýWHPSHUDWXUHýRIýðèí�)ïýý1RýORZHUýOLPLWýWRýWKHýLQGLFDWRU
UDQJHýLVýQHFHVVDU\ïýý1RýSHUIRUPDQFHýWHVWýKDVýEHHQýSHUIRUPHGýRQýWKHýFRQWUROýGHYLFHñýDQGýQRýWHVWýLV
SODQQHGï
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,QýDGGLWLRQýWRýWKHýHQJLQHHULQJýFDOFXODWLRQVýSHUIRUPHGñýPRQLWRULQJýGDWDýZHUHýUHYLHZHGýWR
GHWHUPLQHýZKHWKHUýWKHýFRQGHQVHUýWHPSHUDWXUHýFRXOGýEHýPDLQWDLQHGýGXULQJýQRUPDOýRSHUDWLRQýRI
WKHýVWRUDJHýWDQNýDQGýFRQGHQVHUïýý6L[ýZHHNVýRIýPRQLWRULQJýGDWDýIRUýRXWOHWýYHQWýWHPSHUDWXUHV
õ$SULOýëêýWKURXJKý-XQHýêñýìääæôýKDYHýEHHQýFROOHFWHGýDQGýUHYLHZHGïýý7KHVHýRXWOHWýYHQW
WHPSHUDWXUHýGDWDýLQFOXGHýKRXUO\ýDYHUDJHýWHPSHUDWXUHVýIRUýSHULRGVýZKHQýWKHýFRQGHQVHUVýZHUH
RQOLQHýõLïHïñýRIIOLQHýF\FOHVñýODVWLQJýéýKRXUVýHDFKñýDUHýQRWýLQFOXGHGýRQýWKHýJUDSKôïýý)LJXUHý$ïêðì
SUHVHQWVýWKHVHýGDWDïýý'XULQJýWKHýçðZHHNýSHULRGñýWKHýKRXUO\ýDYHUDJHýRXWOHWýYHQWýWHPSHUDWXUHVýZKLOH
RQOLQHýUDQJHGýIURPðåè(ýWRýðçé()ïýý'DLO\ýDYHUDJHýWHPSHUDWXUHVýZKLOHýRQOLQHýIRUýWKHýçðZHHNýSHULRG
UDQJHGýIURPðåí(ýWRýðæå()ïýý7KHýGDLO\ýDYHUDJHýWHPSHUDWXUHVýDUHýVKRZQýLQý)LJXUHý$ïêðëïýý7KH
FRQGHQVHUýZDVýFRQVLVWHQWO\ýRSHUDWLQJýZLWKýERWKýKRXUO\ýDQGýGDLO\ýDYHUDJHýRXWOHWýYHQWýWHPSHUDWXUHV
EHORZýWKHýPD[LPXPýWHPSHUDWXUHýGHWHUPLQHGýLQýFDOFXODWLRQVïýý'DWDýIRUýìèðPLQXWHýWHPSHUDWXUH
UHDGLQJVýZHUHýDOVRýDYDLODEOHýIRUýéýGD\VýIRUýERWKýWKHýRQOLQHýDQGýRIIOLQHýF\FOHVýIRUýERWKýFRQGHQVHUVïý
7ZRýGD\VýRIýìèðPLQXWHýUHDGLQJVýDUHýVKRZQýLQý)LJXUHý$ïêðêñýDQGýéýGD\VýRIýìèðPLQXWHýUHDGLQJVýDUH
VKRZQýLQý)LJXUHý$ïêðéïýý7KHýìèðPLQXWHýUHDGLQJVýUDQJHýIURPýDSSUR[LPDWHO\ýðåä(ýWRýðææ()ï

7KHýVHOHFWHGýLQGLFDWRUýUDQJHýLVý¦DýGDLO\ýDYHUDJHýWHPSHUDWXUHýRIýOHVVýWKDQýðçíý�)ï§ýý7KLV
UDQJHýZDVýVHOHFWHGýE\ýWDNLQJýWKHýKLJKHVWýGDLO\ýDYHUDJHýREVHUYHGýWHPSHUDWXUHýYDOXHýõðæå�)ôýGXULQJ
WKHýçðZHHNýSHULRGýIRUýZKLFKýPRQLWRULQJýGDWDýZHUHýDYDLODEOHýõ$SULOýWKURXJKý-XQHôýDQGýDGGLQJýD
ëíýSHUFHQWýEXIIHUïýý$WýWKHýVHOHFWHGýLQGLFDWRUýUDQJHñýWKHýFRQGHQVHUýZLOOýVWLOOýEHýRSHUDWLQJýZHOO
EHORZýWHPSHUDWXUHýUHTXLUHGýWRýDFKLHYHýFRPSOLDQFHýõðèí�)ôïýý:KHQýDQýH[FXUVLRQýRFFXUVñ
FRUUHFWLYHýDFWLRQýZLOOýEHýLQLWLDWHGñýEHJLQQLQJýZLWKýDQýHYDOXDWLRQýRIýWKHýRFFXUUHQFHýWRýGHWHUPLQH
WKHýDFWLRQýUHTXLUHGýWRýFRUUHFWýWKHýVLWXDWLRQïýý$OOýH[FXUVLRQVýZLOOýEHýGRFXPHQWHGýDQGýUHSRUWHGïýý1R
4,3ýWKUHVKROGýKDVýEHHQýVHOHFWHGï

127(ýìãýý7KLVýVRXUFHýLVýH[HPSWýIURPý&$0ýEHFDXVHýéí&)5çêñý6XESDUWý*ýZDVýSURSRVHGýDIWHU
1RYHPEHUýìèñýìääíïýý1RQHWKHOHVVñýDý&$0ýSODQýZDVýSUHSDUHGýIURPýLQIRUPDWLRQýDQGýGDWD
REWDLQHGýIURPýWKLVýIDFLOLW\ýDVýDQýH[DPSOHýRIýDýPRQLWRULQJýDSSURDFKýDQGýWKHýVHOHFWLRQýRIýDQ
LQGLFDWRUýUDQJHïý
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(;$03/(ý&203/,$1&(ý$6685$1&(ý021,725,1*ã
6&58%%(5ý)25ý92&ý&21752/ðð)$&,/,7<ý'

,ï %DFNJURXQG

$ï (PLVVLRQVý8QLW

'HVFULSWLRQã 3URFHVVýWDQNV
,GHQWLILFDWLRQã %ðêèëðìñý9HQWý$
)DFLOLW\ã )DFLOLW\ý'

$Q\WRZQñý86$

%ï $SSOLFDEOHý5HJXODWLRQñý(PLVVLRQý/LPLWýDQGý0RQLWRULQJý5HTXLUHPHQWV

5HJXODWLRQý1Rïã 3HUPLW
5HJXODWHGýSROOXWDQWýõ36(8ô 92&
(PLVVLRQýOLPLWã ääýSHUFHQWýUHGXFWLRQ
0RQLWRULQJýUHTXLUHPHQWVã &RQWLQXRXVO\ýPRQLWRUýZDWHUýIORZýUDWHï

&ï &RQWUROý7HFKQRORJ\ã 3DFNHGýEHGýVFUXEEHU

,,ï 0RQLWRULQJý$SSURDFK

7KHýNH\ýHOHPHQWVýRIýWKHýPRQLWRULQJýDSSURDFKýIRUý92&ñýLQFOXGLQJýWKHýLQGLFDWRUVýWRýEH
PRQLWRUHGñýLQGLFDWRUýUDQJHVñýDQGýSHUIRUPDQFHýFULWHULDñýDUHýSUHVHQWHGýLQý7DEOHý$ïéðìï
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7$%/(ý$ïéðìïýý021,725,1*ý$3352$&+
3HUPLWý,QGLFDWRUý1Rïýì

,ï ,QGLFDWRU :DWHUýIORZýUDWH

0HDVXUHPHQWý$SSURDFK 7KHýZDWHUýIORZýUDWHýLVýPRQLWRUHGýZLWKýDQýRULILFHýSODWHýDQG
GLIIHUHQWLDOýSUHVVXUHýJDXJHï

,,ï ,QGLFDWRUý5DQJH $QýH[FXUVLRQýLVýGHILQHGýDVýDýGDLO\ýDYHUDJHýVFUXEEHUýZDWHU
IORZýUDWHýRIýOHVVýWKDQýìïëýJDOîPLQïýý([FXUVLRQVýWULJJHUýDQ
LQVSHFWLRQñýFRUUHFWLYHýDFWLRQñýDQGýDýUHSRUWLQJýUHTXLUHPHQWï

,,,ï 3HUIRUPDQFHý&ULWHULD

$ï 'DWDý5HSUHVHQWDWLYHQHVVD

7KHýRULILFHýSODWHýLVýLQVWDOOHGýLQýWKHýVFUXEEHUýZDWHUýLQOHWýOLQHïý
7KHýPLQLPXPýDFFXUDF\ýLVý�ýíïíèýJDOîPLQï

%ï 9HULILFDWLRQýýRIý2SHUDWLRQDOý6WDWXV 1$

&ï 4XDOLW\ý$VVXUDQFHýDQGý&RQWURO
3UDFWLFHV

:HHNO\ý]HURýDQGýTXDUWHUO\ýXSVFDOHýSUHVVXUHýFKHFNýRI
WUDQVPLWWHUï

'ï 0RQLWRULQJý)UHTXHQF\ 0HDVXUHGýFRQWLQXRXVO\ï

'DWDý&ROOHFWLRQý3URFHGXUHV 5HFRUGHGýRQFHýSHUýPLQXWHï

$YHUDJLQJý3HULRG +RXUO\ýDYHUDJHVýRIýçíýìðPLQXWHýIORZýUDWHVýDUHýFDOFXODWHGïý
$ýGDLO\ýDYHUDJHýRIýDOOýKRXUO\ýUHDGLQJVýLVýFDOFXODWHGýDQG
UHFRUGHGï

D9DOXHVýOLVWHGýIRUýDFFXUDF\ýVSHFLILFDWLRQVýDUHýVSHFLILFýWRýWKLVýH[DPSOHýDQGýDUHýQRWýLQWHQGHGýWRýSURYLGHýWKHýFULWHULDýIRU
ýýWKLVýW\SHýRIýPHDVXUHPHQWýGHYLFHýLQýJHQHUDOï
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-867,),&$7,21

,ï %DFNJURXQG

7KHý36(8ýLQFOXGHVýWKHýWDQNVýLQýWKHýDFHWLFýDQK\GULGHýGHSDUWPHQWïýý(PLVVLRQVýIURPýVHYHQ
WDQNVýDUHýYHQWHGýWRýDýSDFNHGýEHGýZDWHUýVFUXEEHUïýý6L[ýRIýWKHVHýWDQNVýDUHýEDWFKýILOOHGýDQGýRQHýLV
FRQWLQXRXVO\ýILOOHGïýý7KHýVFUXEEHUýLVýXVHGýWRýUHGXFHý92&ýHPLVVLRQVïýý0D[LPXPýHPLVVLRQVýIURP
WKHVHýWDQNVýDUHýêäýOEîKUïýý%DVHGýRQýWKHý36(8ýGHVLJQñýE\SDVVýRIýWKHýFRQWUROýGHYLFHýLVýQRWýSRVVLEOHï

,,ï 5DWLRQDOHýIRUý6HOHFWLRQýRIý3HUIRUPDQFHý,QGLFDWRUVý

7KHýHPLVVLRQVýIURPýWKHýSURFHVVýWDQNVýDUHýFRQWUROOHGýXVLQJýDýSDFNHGýEHGýZDWHUýVFUXEEHU
XVLQJýRQFHðWKURXJKýZDWHUïýý7KHýSHUIRUPDQFHýLQGLFDWRUýVHOHFWHGýLVýOLTXLGýIORZýWRýWKHýVFUXEEHUïýý7R
DFKLHYHýWKHýUHTXLUHGýHPLVVLRQýUHGXFWLRQñýDýPLQLPXPýZDWHUýIORZýUDWHýPXVWýEHýVXSSOLHGýWRýDEVRUE
WKHýJLYHQýDPRXQWýRIý92&ýLQýWKHýJDVýVWUHDPñýJLYHQýWKHýVL]HýRIýWKHýWRZHUýDQGýKHLJKWýRIýWKHýSDFNHG
EHGïýý7KHý/î*ýUDWLRýLVýDýNH\ýRSHUDWLQJýSDUDPHWHUýRIýWKHýVFUXEEHUïýý,IýWKHý/î*ýUDWLRýGHFUHDVHV
EHORZ]ýWKHýPLQLPXPñýVXIILFLHQWýPDVVýWUDQVIHUýRIýWKHýSROOXWDQWýIURPýWKHýJDVýSKDVHýWRýWKHýOLTXLG
SKDVHýZLOOýQRWýRFFXUïýý7KHýPLQLPXPýOLTXLGýIORZýUHTXLUHGýWRýPDLQWDLQýWKHýSURSHUý/î*ýUDWLRýDWýWKH
PD[LPXPýJDVýIORZýDQGýYDSRUýORDGLQJýWKURXJKýWKHýVFUXEEHUýFDQýEHýGHWHUPLQHGïýý0DLQWDLQLQJýWKLV
PLQLPXPýOLTXLGýIORZñýHYHQýGXULQJýSHULRGVýRIýUHGXFHGýJDVýIORZñýZLOOýHQVXUHýWKHýUHTXLUHGý/î*ýUDWLR
LVýDFKLHYHGýDWýDOOýWLPHVïý

,,,ï 5DWLRQDOHýIRUý6HOHFWLRQýRIý,QGLFDWRUý5DQJHV

7KHýPLQLPXPýZDWHUýIORZýLVýEDVHGýRQýHQJLQHHULQJýFDOFXODWLRQVýXVLQJý$63(1�

SURJUDPPLQJýDQGýKLVWRULFDOýGDWDïýý&RPSXWHUýVLPXODWLRQýõPRGHOLQJôýRIýWKHýVFUXEEHUýV\VWHPýZDV
SHUIRUPHGýIRUýWKHýPD[LPXPýJDVýIORZýUDWHýDQGý92&ýORDGLQJýWRýWKHýVFUXEEHUâýWKHýZDWHUýIORZýUDWH
QHFHVVDU\ýIRUýDFKLHYLQJýFRQWUROýDWýWKLVýJDVýIORZýUDWHýZDVýGHWHUPLQHGïýý7KHýVFUXEEHUýZDVýPRGHOHG
XVLQJýDQýHTXLOLEULXPðEDVHGýGLVWLOODWLRQýPHWKRGýDQGýWZRýLGHDOýVWDJHVýZHUHýDVVXPHGïýý,GHDO
EHKDYLRUýRIýWKHýJDVýSKDVHýZDVýDVVXPHGâýOLTXLGýSKDVHýDFWLYLW\ýFRHIILFLHQWVýZHUHýHVWLPDWHGýIURPýDQ
LQðKRXVHýYDSRUðOLTXLGýHTXLOLEULDýGDWDýEDVHýõSDUDPHWHUVýUHJUHVVHGýIURPýDFWXDOýYDSRUðOLTXLG
HTXLOLEULDýGDWDýDQGý81,)$&ôýXVLQJýWKHý:LOVRQýHTXDWLRQVýIRUýELQDU\ýV\VWHPVïýý7KHýPLQLPXP
ZDWHUýIORZýUDWHýWRýWKHýVFUXEEHUýõFDOFXODWHGýEDVHGýRQýPD[LPXPý92&ýHPLVVLRQVýDQGýJDVýIORZýUDWHô
ZDVýGHWHUPLQHGýWRýEHýìïìýJDOîPLQïýý7KHýZDWHUýIORZýUDWHýWRýWKHýVFUXEEHUýPXVWýEHýPDLQWDLQHGýDWýWKLV
OHYHOýRUýKLJKHUýWRýDFKLHYHýääýSHUFHQWýHPLVVLRQýUHGXFWLRQïý

0RQLWRULQJýGDWDýZHUHýUHYLHZHGýWRýGHWHUPLQHýWKHýPLQLPXPýVFUXEEHUýZDWHUýIORZýUDWH
PDLQWDLQHGýGXULQJýQRUPDOýRSHUDWLRQýRIýWKHýSURFHVVýWDQNVýDQGýVFUXEEHUïýý'DLO\ýDYHUDJHýGDWDýIRUýD
çíðGD\ýSHULRGýõ-DQXDU\ýìæýWKURXJKý0DUFKýìæñýìääæôýZHUHýUHYLHZHGïýý7KHýGDLO\ýDYHUDJHýIORZýUDWH
UDQJHVýIURPýìïìåýWRýìïêäýJDOîPLQýZLWKýäèýSHUFHQWýRIýWKHýYDOXHVýHTXDOýWRýRUýJUHDWHUýWKDQ
ìïëýJDOîPLQâýLIýYDOXHVýJUHDWHUýWKDQýìïìèýDUHýURXQGHGýWRýìïëñýWKHQýìííýSHUFHQWýRIýWKHýGDLO\ýDYHUDJHV
DUHýHTXDOýWRýRUýJUHDWHUýWKDQýìïëýJDOîPLQïýý$WWDFKPHQWýìýOLVWVýWKHýGDLO\ýDYHUDJHýYDOXHVýIRUýWKH
çíðGD\ýSHULRGïýý+RXUO\ýDYHUDJHýGDWDýIRUýDýêíðGD\ýSHULRGýõý)HEUXDU\ýìæýWKURXJKý0DUFKýìæôýýDOVR
ZHUHýUHYLHZHGïýý7KHýKRXUO\ýDYHUDJHVýIRUýWKLVýSHULRGýUDQJHýIURPýìïìäýWRýìïëìïýý7KHýVFUXEEHUýKDV
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EHHQýFRQVLVWHQWO\ýRSHUDWHGýZLWKýERWKýWKHýKRXUO\ýDQGýGDLO\ýDYHUDJHýZDWHUýIORZýUDWHýHTXDOýWRýRU
JUHDWHUýWKDQýìïëýJDOîPLQï

7KHýVHOHFWHGýLQGLFDWRUýUDQJHýLVýDýPLQLPXPýGDLO\ýDYHUDJHýZDWHUýIORZýUDWHýRIýìïëýJDOîPLQ
õGHILQHGýDVýJUHDWHUýWKDQýìïìèýJDOîPLQôïýý:KHQýDQýH[FXUVLRQýRFFXUVýFRUUHFWLYHýDFWLRQýZLOOýEH
LQLWLDWHGñýEHJLQQLQJýZLWKýDQýHYDOXDWLRQýRIýWKHýRFFXUUHQFHýWRýGHWHUPLQHýWKHýDFWLRQýUHTXLUHGýWR
FRUUHFWýWKHýVLWXDWLRQïýý$OOýH[FXUVLRQVýZLOOýEHýGRFXPHQWHGýDQGýUHSRUWHGïýý7KHýLQGLFDWRUýUDQJHýZDV
VHOHFWHGýE\ýHVWDEOLVKLQJýWKHýH[FXUVLRQýOHYHOýDWýWKHýPLQLPXPýZDWHUýIORZýUDWHýWKDWýKDVýEHHQ
HVWDEOLVKHGýDVýWKHýRSHUDWLRQDOýOHYHOýDQGýKDVýEHHQýFRQVLVWHQWO\ýPDLQWDLQHGýDWýDOOýWLPHVýDVýLQGLFDWHG
E\ýëýPRQWKVýRIýPRQLWRULQJýGDWDïýý7KLVýZDWHUýIORZýUDWHýLVýDERYHýWKHýPLQLPXPýOHYHOýõìïìýJDOîPLQô
QHFHVVDU\ýWRýDFKLHYHýFRPSOLDQFHýGXULQJýPD[LPXPýJDVýIORZýDQGý92&ýORDGLQJýWRýWKHýVFUXEEHUñýDV
HVWDEOLVKHGýWKURXJKýPRGHOLQJïýý$ýGDLO\ýDYHUDJHñýUDWKHUýWKDQýDQýKRXUO\ýDYHUDJHñýZDVýVHOHFWHGýIRU
WKHýLQGLFDWRUýUDQJHýEHFDXVHýWKHýKLVWRULFDOýGDWDýLQGLFDWHýWKDWýWKHýIORZýUDWHýLVýYHU\ýFRQVWDQWýZLWK
OLWWOHýKRXUO\ýYDULDWLRQïýý&RQVHTXHQWO\ñýWKHýGDLO\ýDYHUDJHýLVýDýVXIILFLHQWýLQGLFDWRUýRIýSHUIRUPDQFHïý
1RýSHUIRUPDQFHýWHVWýKDVýEHHQýFRQGXFWHGýRQýWKHýVFUXEEHUï
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'DLO\ýDYHUDJHýZDWHUýIORZýWRý9HQWý$ýVFUXEEHUýLQýJDOîPLQï



&$0ý7(&+1,&$/ý*8,'$1&(ý'2&80(17
$ïéýý6&58%%(5ý)25ý92&ý&21752/

A.4-6 $ ðè ë åîäå

¦7KLVýSDJHýLQWHQWLRQDOO\ýOHIWýEODQNï§



CAM TECHNICAL GUIDANCE DOCUMENT
A.4B  PACKED BED SCRUBBER FOR VOC CONTROL OF A BATCH PROCESS

6/02                                                                                                                                                                         

A.4b  PACKED BED SCRUBBER FOR VOC CONTROL OF 
A BATCH PROCESS – FACILITY Q



This page intentionally left blank



CAM TECHNICAL GUIDANCE DOCUMENT
A.4B  PACKED BED SCRUBBER FOR VOC CONTROL OF A BATCH PROCESS

6/02 A.4b-1

EXAMPLE COMPLIANCE ASSURANCE MONITORING:
PACKED BED SCRUBBER FOR VOC CONTROL – FACILITY Q

I. Background

A. Emissions Unit

Description: Batch mixers and tanks used in a chemical
process

Identification: Scrubber B-67-2

Facility: Facility Q
Anytown, USA

B. Applicable Regulation, Emissions Limit, and Monitoring Requirements

Regulation: Permit, State regulation

Emissions limit:
    VOC: 3.6 pounds per hour

Monitoring requirements: Inlet water flow, acetic acid concentration in
scrubber underflow

C. Control Technology Packed bed scrubber

II. Monitoring Approach

The key elements of the monitoring approach for VOC are presented in Table A.4b-1.  The
selected indicators of performance are the scrubber inlet water flow rate and the acetic acid
concentration in the scrubber water underflow.  The scrubber inlet water flow rate is measured
continuously and recorded twice daily.  The scrubber water underflow is sampled twice daily; 
the acetic acid concentration of each sample is determined by titration.  
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MONITORING APPROACH JUSTIFICATION

I. Background

The pollutant specific emissions unit (PSEU) consists of process equipment in the cellulose
esters division controlled by a packed bed scrubber.  The process consists of batch mixers that
are used to convert cellulose into cellulose ester.  Each mixer may be started at a different time
and may be used to make several batches per day.  While in the mixers, the intermediate product
is dissolved in acetic acid.  The ester solution is transferred to storage tanks before being pumped
into the next step in the process.  A vent system collects the vapors from the mixers and tanks
and a fan operated at constant speed pulls the vapors through the vent lines and into the scrubber. 
It is not possible for the gas to bypass the scrubber.  The VOC load to the scrubbers in this
division primarily consists of acetic acid (and other carboxylic acids).

The scrubber is 4 feet in diameter and has about 8 feet of 2-inch packing.  Fresh water is
sprayed at the top of the packing at 4 to 6 gpm; water from the underflow is recirculated to the
middle of the scrubber.  The normal exit gas flow rate is approximately 1800 acfm.

II. Rationale for Selection of Performance Indicators

A packed bed scrubber is used to reduce VOC emissions from part of a chemical
manufacturing process.  Both batch mixers and process tanks are vented to this scrubber.  The
processes in this area of the facility are mostly semi-batch operations, so the production rate at
any one time varies.  Therefore, it is difficult to relate the production rate to the VOC load
vented to this scrubber.

To comply with the applicable emission limit, a minimum water flow rate must be supplied
to the scrubber to absorb a given amount of VOC in the gas stream, given the size of the tower
and height of the packed bed.  The liquid to gas (L/G) ratio is a key operating parameter of the
scrubber.  If the L/G ratio decreases below the minimum, sufficient mass transfer of the pollutant
from the gas phase to the liquid phase will not occur.  The minimum liquid flow required to
maintain the proper L/G ratio at the maximum gas flow and vapor loading through the scrubber
can be determined.  Maintaining this minimum liquid flow, even during periods of reduced gas
flow, will help ensure that the required L/G ratio is achieved at all times.  The concentration of
acetic acid in the scrubber underflow can be related to the water flow rate and acetic acid
emissions, based on emissions test results and process modeling.

III. Rationale for Selection of Indicator Ranges

The indicator ranges were selected based on engineering calculations using ASPEN®

process modeling software, emissions test data, and historical data.  Computer modeling of the
scrubber system was performed for the maximum allowable VOC concentration in the scrubber
exhaust; the inlet water flow rate necessary for achieving adequate control was determined for
several concentrations of acetic acid in the underflow.  The scrubber efficiency was calculated
using data obtained from emissions testing.  The scrubber was modeled using an equilibrium-
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Figure A.4b-1.  Compliance curve.

based distillation method and ideal behavior of the gas phase was assumed; liquid phase activity
coefficients were estimated from a Wilson parameter fit of vapor-liquid equilibria data.  It was
assumed that the control device delivers three actual stages of counter-current mass transfer with
a recycle stream pumped from the effluent to the center of the column to ensure adequate
distribution of the liquid over the packing.  The engineering model was calibrated for accuracy
using the results of source testing conducted while at normal operating conditions.

Figure A.4b-1 is a plot of the modeled
operating conditions (inlet water flow and
scrubber underflow acetic acid concentration)
necessary to maintain compliance.  The line
represents the operating conditions at maximum
allowable emissions (3.6 lb VOC/hr); the
scrubber’s VOC emissions are below the limit
when the scrubber is operated at conditions that
fall below this line.  For example, operating at a
scrubber water flow rate of 4 gpm with an acetic
acid concentration in the scrubber underflow of
12 percent provides a margin of compliance with
the permitted VOC emission rate.  The selected
indicator ranges for inlet water flow and
underflow acetic acid concentration were chosen
based on the compliance curve and normal
operating conditions.  The indicator range
(acceptable operating range) is defined as any
operating condition where the scrubber inlet
water flow is greater than 4 gpm and the scrubber underflow acetic acid concentration is less
than 10 percent.

The 4 gpm level was chosen because it is the lower end of the preferred operating range. 
The 10 percent value was chosen because it is less than any point on the compliance curve (see
Figure A.4b-1), and the 1997 historical data show that all measured concentration data were less
than 8.4 percent (typical values were between 2 and 6 percent).  When an excursion occurs
(scrubber inlet water flow of less than 4 gpm and/or scrubber underflow acetic acid
concentration of greater than 10 percent), corrective action will be initiated, beginning with an
evaluation of the occurrence to determine the action required to correct the situation.  All
excursions will be documented and reported.

The scrubber typically operates at a water flow rate of 4 to 6 gpm.  Figure A.4b-2 shows
scrubber water flow data collected in 1997.  The range for the 1997 data is 3 to 9.5 gpm; the
mean scrubber water flow rate was 5.3 gpm.  There are four values less than 4 gpm, indicating
four excursions.  The bulk of the data falls between 5 and 6 gpm.  Corrective action typically is
taken (the flow is increased) when the scrubber water flow begins to fall below 5 gpm in order to
avoid an excursion.
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Figure A.4b-2.  1997 scrubber water flow rate data.
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Figure A.4b-3.  1997 underflow acetic acid 
concentration data.

Historical data from 1997 show the acetic acid concentration in the underflow is typically
less than 6 percent.  Figure A.4b-3 shows scrubber underflow acetic acid concentration data for
1997.  The maximum concentration was 8.4 percent, which is within the CAM indicator range. 
The mean concentration was 3.9 percent.  The values decrease toward the end of the year
because production was decreased due to
temporary changes in the market for a key
product.  This further verifies the
correlation between the acid concentra-
tion in the underflow and the VOC load to
the scrubber.  Because historical data
show that the scrubber routinely operates
within the indicator range, there is not
much variability in the data during typical
production periods, and the post-control
emissions from this scrubber are below
the major source threshold, the water flow
rate and acid concentration are recorded
only twice daily.

An emissions test was conducted on
this scrubber in December 1994.  An
acetic acid sampling train validated using
EPA Method 301 was used to measure
acetic acid emissions and EPA Methods 1
through 4 were used to determine vent gas
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Figure A.4b-4.  1997 underflow acetic acid concentration vs. scrubber water flow.
(2 measurements per day)

volumetric flow rates.  The permitted emission limit is 3.6 lb VOC/hr.  The average emissions
during testing were 0.2 lb/hr, well below the emissions allowed for this scrubber.  The inlet
water flow rate was 5 gpm and the average scrubber underflow acetic acid concentration was
5 percent.  The test parameters and measured emissions and underflow concentration were used
in the ASPEN® computer model to calculate the efficiency of the scrubber.  The model was then
used with that same efficiency to generate the compliance curve in Figure A.4b-1.

Figure A.4b-4 shows the underflow acetic acid concentration versus the scrubber water
flow rate for 1997.  There were four excursions in 1997; the flow rate was less than 4 gpm
during those excursions, but the underflow acid concentration was always less than 10 percent.
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0RQLWRULQJýGDWDýZHUHýUHYLHZHGýWRýGHWHUPLQHýZKHWKHUýWKHýFRQWUROýHIILFLHQF\ýLVýPDLQWDLQHG
GXULQJýQRUPDOýRSHUDWLRQýRIýWKHýSURFHVVýDQGýFDUERQýDGVRUEHUïýý7KHýDYHUDJHýUHFRYHU\ýHIILFLHQF\ýSHU
RQOLQHýF\FOHýDQGýWKHýDYHUDJHýGDLO\ýHIILFLHQF\ýIRUýDýìçðGD\ýSHULRGýõ0D\ýçýWRý0D\ýëìñýìääæôýZHUH
UHYLHZHGýIRUýFDUERQýEHGýìëâýDýWRWDOýRIýìåìýF\FOHVýIRUýEHGýìëýZHUHýFRPSOHWHGýLQýWKHVHýìçýGD\Vïý
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7KHýF\FOHýHIILFLHQF\ýGDWDýDUHýSUHVHQWHGýLQý)LJXUHý$ïèðìïýý7KHýDYHUDJHýF\FOHýHIILFLHQF\ýUDQJHG
IURPýäèïèýWRýäçïçýSHUFHQWïýý

7KHýXSSHUýDQGýORZHUýFRQWUROýOLPLWVýõêýVWDQGDUGýGHYLDWLRQVôýDUHýäçïéýDQGýäèïåýSHUFHQWñ
UHVSHFWLYHO\ïýý'XULQJýWKLVýìçðGD\ýSHULRGýWKHýVHOHFWHGýLQGLFDWRUýUDQJHýRIýäèïèýSHUFHQWýõLGHQWLILHGýDV
WKHý¦ORZHUýVSHFLILFDWLRQ§ýLQý)LJXUHý$ïèðìôýZDVýH[FHHGHGýRQFHâýLïHïñýRQHýH[FXUVLRQýRFFXUUHGïý

7KHýGDLO\ýDYHUDJHýHIILFLHQFLHVýDUHýSUHVHQWHGýLQý)LJXUHý$ïèðëïýý7KHýGDLO\ýDYHUDJHýHIILFLHQFLHV
UDQJHGýIURPýäèïåýWRýäçïêýSHUFHQWïýý'XULQJýWKLVýìçðGD\ýSHULRGñýWKHýFDUERQýDGVRUEHUýEHGýZDV
FRQVLVWHQWO\ýRSHUDWLQJýZLWKýDýUHFRYHU\ýHIILFLHQF\ýJUHDWHUýWKDQýRUýHTXDOýWRýäèýSHUFHQWïý

1RýSHUIRUPDQFHýWHVWýKDVýEHHQýFRQGXFWHGýRQýWKLVýFRQWUROýGHYLFHýDQGýDýSHUIRUPDQFHýWHVWýLV
QRWýSODQQHGýIRUýWKHýSXUSRVHýRIýHVWDEOLVKLQJýWKHýLQGLFDWRUýUDQJHïýý7KHýFRQWUROýHIILFLHQF\ýLV
GHWHUPLQHGýEDVHGýXSRQýWKHýUHODWLYHýPHDVXUHPHQWýRIýWKHýLQOHWýDQGýRXWOHWýFRQFHQWUDWLRQVïýý

7KHýPRQLWRUVýDUHýFDOLEUDWHGýPRQWKO\ýXVLQJýFDOLEUDWLRQýVWDQGDUGVýFRPSULVHGýRIýWKHýVLQJOH
92&ýSUHVHQWýLQýWKHýH[KDXVWýVWUHDPïýý0RQWKO\ýFDOLEUDWLRQVýZHUHýIRXQGýWRýEHýVXIILFLHQWýEDVHGýRQ
FDOLEUDWLRQýGULIWýGDWDýFROOHFWHGýRYHUýDýìý\HDUýSHULRGïýý7KHVHýGDWDýLQGLFDWHýWKDWýFDOLEUDWLRQýUHDGLQJV
DUHýFRQVLVWHQWýIURPýPRQWKýWRýPRQWKýDQGýUDUHO\ýGULIWýE\ýPRUHýWKDQý�ëïèýSHUFHQWýRIýWKHýVSDQýYDOXHï
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)LJXUHý$ïèðëï
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,ï %DFNJURXQG

$ï (PLVVLRQVý8QLW
'HVFULSWLRQã 'U\ý'U\HUVýìðé
,GHQWLILFDWLRQã éíìñýéíêñýéíçñýéíæ
)DFLOLW\ã )DFLOLW\ý+

$Q\WRZQñý86$

%ï $SSOLFDEOHý5HJXODWLRQýDQGý(PLVVLRQý/LPLW

5HJXODWLRQý1Rïã 2$5ýêéíðëìñýSHUPLW
(PLVVLRQýOLPLWVã
ýý3DUWLFXODWHýPDWWHUã íïëýJUîGVFIýõêýKRXUýDYHUDJHô
0RQLWRULQJýUHTXLUHPHQWVã 6FUXEEHUýH[KDXVWýWHPSHUDWXUH

&ï &RQWUROý7HFKQRORJ\

:HWýVFUXEEHU

,,ï 0RQLWRULQJý$SSURDFK

7KHýNH\ýHOHPHQWVýRIýWKHýPRQLWRULQJýDSSURDFKýDUHýSUHVHQWHGýLQý7DEOHý$ïåðìïýý
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021,725,1*ý$3352$&+ý-867,),&$7,21

,ï %DFNJURXQG

7KHýSROOXWDQWðVSHFLILFýHPLVVLRQýXQLWVýDUHýWKHýIRXUýGU\ýGU\HUVýõILQLVKýGU\HUVôýZKLFKýGU\ýZRRG
FKLSVïýý7KHýGU\HUVýDUHý+HLOýWKUHHýSDVVýKRUL]RQWDOýURWDU\ýGUXPýGU\HUVñýDQGýEXUQýQDWXUDOýJDVýRU
GLVWLOODWHýIXHOýRLOýRUýUHFHLYHýKHDWýLQGLUHFWO\ýIURPýWKHýERLOHUVýYLDýVWHDPïýý'U\HUVý1RïýìýDQGý1RïýëýDUH
IDFHýPDWHULDOýGU\HUVâýGU\HUVý1RïýêýDQGý1RïýéýDUHýFRUHýPDWHULDOýGU\HUVïýý7KHýPDLQýZRRGýVSHFLHV
GULHGýLVý'RXJODVýILUïýý:RRGýHQWHULQJýWKHýGU\HUVýPD\ýUDQJHýIURPýìíýWRýëíýSHUFHQWýPRLVWXUHýDQG
H[LWýZLWKýéýWRýçýSHUFHQWýPRLVWXUHýSULRUýWRýSDUWLFOHERDUGýSURGXFWLRQïýý7KHýGU\HUýH[KDXVWýVWUHDPVýDUH
FRQWUROOHGýE\ý$PHULFDQý$LUý)LOWHUýZHWýVFUXEEHUVïýý7KHýVFUXEEHUýZDWHUýLVýILOWHUHGýDQGýUHF\FOHGï

,,ï 5DWLRQDOHýIRUý6HOHFWLRQýRIý3HUIRUPDQFHý,QGLFDWRUV

7KHýVFUXEEHUýH[KDXVWýJDVýWHPSHUDWXUHýZDVýVHOHFWHGýEHFDXVHýLWýLVýLQGLFDWLYHýRIýVFUXEEHU
RSHUDWLRQýDQGýDGHTXDWHýZDWHUýIORZïýý:KHQýWKHýZDWHUýIORZýUDWHýLVýVXIILFLHQWñýFRQWDFWýEHWZHHQýWKH
H[KDXVWýJDVýDQGýWKHýVFUXEEHUýZDWHUýFDXVHVýWKHýWHPSHUDWXUHýRIýWKHýH[KDXVWýJDVýWRýGURSïýý7KH
WHPSHUDWXUHýUDQJHýRIýWKHýH[KDXVWýJDVýVWUHDPýGXULQJýQRUPDOýRSHUDWLRQýZDVýGHWHUPLQHGïýý:LWKýWKH
VFUXEEHUýZDWHUýRIIñýWKHýVFUXEEHUýH[KDXVWýLVýDSSUR[LPDWHO\ýêí()ýKRWWHUýWKDQýQRUPDOïýý:KHQýWKH
GU\HUVýDQGýVFUXEEHUVýDUHýVKXWýGRZQýIRUýPDLQWHQDQFHýRUýFOHDQLQJñýWKHýWHPSHUDWXUHVýGURSï

7KHýVFUXEEHUýZDWHUýLVýILOWHUHGýDQGýUHF\FOHGñýZLWKýDýIL[HGýDPRXQWýRIýEORZGRZQýDQGýPDNHXS
ZDWHUïýý&KHFNLQJýWKHýILOWHUýHQVXUHVýSDUWLFXODWHýLVýEHLQJýUHPRYHGýIURPýWKHýUHF\FOHGýZDWHUïýý([FHVV
SDUWLFXODWHýLQýWKHýVFUXEEHUýZDWHUýZLOOýUHGXFHýFRQWUROýHIILFLHQF\ïýý$Q\ýKROHVýRUýGHJUDGDWLRQýRIýWKH
ILOWHUýZLOOýEHýGLVFRYHUHGýGXULQJýWKHýZHHNO\ýLQVSHFWLRQï

7KHýGU\HUýH[KDXVWýZLOOýRQO\ýE\SDVVýLWVýDVVRFLDWHGýVFUXEEHUýLIýWKHýVFUXEEHUýLVýVKXWýGRZQýIRU
PDLQWHQDQFHýZKLOHýWKHýSURFHVVýLVýRSHUDWLQJïýý7KHVHýSHULRGVýDUHýGRFXPHQWHGýDQGýUHSRUWHGï

,,,ï 5DWLRQDOHýIRUý6HOHFWLRQýRIý,QGLFDWRUý5DQJH

7KHýVHOHFWHGýLQGLFDWRUýUDQJHýIRUýVFUXEEHUýH[KDXVWýWHPSHUDWXUHýLVýOHVVýWKDQýìèí()ïýý$Q
H[FXUVLRQýLVýGHILQHGýDVýDQ\ýSHULRGýGXULQJýZKLFKýWKHýVFUXEEHUýH[KDXVWýWHPSHUDWXUHýH[FHHGVýìèí()
IRUýPRUHýWKDQýçýPLQXWHVñýFRQWLQXRXVO\ïýý:KHQýDQýH[FXUVLRQýRFFXUVñýFRUUHFWLYHýDFWLRQýZLOOýEH
LQLWLDWHGñýEHJLQQLQJýZLWKýDQýHYDOXDWLRQýRIýWKHýRFFXUUHQFHýWRýGHWHUPLQHýWKHýDFWLRQýUHTXLUHGýWR
FRUUHFWýWKHýVLWXDWLRQïýý$OOýH[FXUVLRQVýZLOOýEHýGRFXPHQWHGýDQGýUHSRUWHGïýý7KHýOHYHOýIRUýWKHýH[KDXVW
WHPSHUDWXUHýZDVýVHOHFWHGýEDVHGýXSRQýWKHýGDWDýREWDLQHGýGXULQJýQRUPDOýVFUXEEHUýRSHUDWLRQýDQGýWKH
SHUIRUPDQFHýWHVWïýý([DPLQDWLRQýRIýRSHUDWLQJýGDWDýVKRZýWKDWýWKHýVFUXEEHUýRXWOHWýWHPSHUDWXUH
LQFUHDVHVýVOLJKWO\ýDVýWKHýDPELHQWýWHPSHUDWXUHýLQFUHDVHVýGXULQJýWKHý\HDUïýý'XULQJýQRUPDOýRSHUDWLRQñ
RXWOHWýWHPSHUDWXUHVýDSSURDFKýìèí()ýGXULQJýWKHýVXPPHUýPRQWKVñýDQGýWKLVýYDOXHýZDVýVHOHFWHGýDV
WKHýXSSHUýLQGLFDWRUýOHYHOýõVHHý)LJXUHý$ïåðìýIRUýDýW\SLFDOýVXPPHUýGD\©VýVFUXEEHUýH[KDXVW
WHPSHUDWXUHVôïýý1RýORZHUýLQGLFDWRUýOHYHOýLVýQHFHVVDU\ïýý

7KHýPRVWýUHFHQWýSHUIRUPDQFHýWHVWýXVLQJýFRPSOLDQFHýWHVWýPHWKRGVýõ2'(4ý0HWKRGýæýIRU
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SDUWLFXODWHôýZDVýFRQGXFWHGýDWýWKLVýIDFLOLW\ýRQý$SULOýäðììñýìääçïýý7KUHHýWHVWýUXQVýZHUHýFRQGXFWHG
RQýHDFKýRIýWKHýIRXUýGU\ýGU\HUVïýý'XULQJýWHVWLQJñýWKHýPHDVXUHGý30ýHPLVVLRQVýUDQJHGýIURPýíïíëéýWR
íïíèéýJUîGVFIïýý'XULQJýVRXUFHýWHVWLQJñýWKHýVFUXEEHUýH[KDXVWýJDVýWHPSHUDWXUHVýUDQJHGýIURPýäå(ýWR
ìëå()ñýDQGýGU\ýGU\HUýVFUXEEHUýH[KDXVWVýZHUHýIRXQGýWRýEHýZHOOýEHORZýWKHýFRPSOLDQFHýOLPLWýIRU
SDUWLFXODWHýHPLVVLRQVïýý'U\HUýH[KDXVWýWHPSHUDWXUHVýUDQJHGýIURPýìéä(ýWRýìçë()ñýêíýWRýéíýGHJUHHV
KRWWHUýWKDQýWKHýVFUXEEHUýH[KDXVWïýý'XULQJýWKHýHPLVVLRQVýWHVWVñýWKHýVFUXEEHUýH[KDXVWýJDV
WHPSHUDWXUHVýZHUHýPHDVXUHGýFRQWLQXRXVO\ñýDQGýçðPLQXWHýDYHUDJHVýZHUHýFKDUWHGïýý7KHýFRPSOHWH
WHVWýUHVXOWVýýDUHýGRFXPHQWHGýLQýWKHýWHVWýUHSRUWýGDWHGý$SULOýìääçïýý'XULQJýWKHýSHUIRUPDQFHýWHVWñýWKH
PHDVXUHGýSDUWLFXODWHýHPLVVLRQVýZHUHýZHOOýXQGHUýWKHýHPLVVLRQýOLPLWDWLRQýRIýíïëýJUîGVFIï

7KUHHýPRQWKVýRIýRSHUDWLQJýGDWDýõ2FWREHUýWKURXJKý'HFHPEHUýìääçôýZHUHýUHYLHZHGñýZKLFK
LQFOXGHýGU\ýGU\HUýVFUXEEHUýWHPSHUDWXUHýDODUPýGDWDñýPDLQWHQDQFHýORJýERRNýHQWULHVñýDQG
WHPSHUDWXUHýJUDSKVýIRUýWKRVHýGD\VýRQýZKLFKýDODUPVýRFFXUUHGïýý7KHýVFUXEEHUýWHPSHUDWXUHýDODUP
ZDVýDFWLYDWHGýRQýéýGD\VýRXWýRIýWKHýêðPRQWKýRSHUDWLQJýSHULRGýIRUýZKLFKýGDWDýZHUHýFROOHFWHGïýý2QH
DODUPýZDVýFDXVHGýGXHýWRýDýGDWDýSURFHVVRUýPDOIXQFWLRQñýZKLOHýWKHýRWKHUVýZHUHýFDXVHGýE\ýODFNýRI
ZDWHUýIORZýWRýWKHýVFUXEEHUýRUýH[FHVVýWHPSHUDWXUHýGXULQJýVKXWGRZQï

%DVHGýRQýWKHýSHUIRUPDQFHýWHVWýGDWDýDQGýDýUHYLHZýRIýKLVWRULFDOýGDWDñýWKHýVHOHFWHGý4,3
WKUHVKROGýIRUýWKHýZHWýVFUXEEHUýH[KDXVWýJDVýWHPSHUDWXUHýLVýVL[ýH[FXUVLRQVýLQýDýçðPRQWKýUHSRUWLQJ
SHULRGýõ1RWHãýý(VWDEOLVKLQJýDýSURSRVHGý4,3ýWKUHVKROGýLQýWKHýPRQLWRULQJýVXEPLWWDOýLVýRSWLRQDOôïý
7KLVýOHYHOýLVýOHVVýWKDQýìýSHUFHQWýRIýWKHýVFUXEEHUýRSHUDWLQJýWLPHïýý,IýWKHý4,3ýWKUHVKROGýLVýH[FHHGHG
LQýDýVHPLDQQXDOýUHSRUWLQJýSHULRGñýDý4,3ýZLOOýEHýGHYHORSHGýDQGýLPSOHPHQWHGïý
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,ï %DFNJURXQG

$ï (PLVVLRQVý8QLW

'HVFULSWLRQã *UHHQý'U\HUVý1Rïýìý÷ýë
,GHQWLILFDWLRQã ëíêñýëíè
)DFLOLW\ã )DFLOLW\ý,

$Q\WRZQñý86$

%ï $SSOLFDEOHý5HJXODWLRQñý(PLVVLRQý/LPLWVñýDQGý0RQLWRULQJý5HTXLUHPHQWV

5HJXODWLRQý1Rïã 2$5ýêéíðëìñýSHUPLW
(PLVVLRQýOLPLWVýã
ýý3DUWLFXODWHý0DWWHUã íïëýJUîGVFIýõ1Rïýìôý

íïìýJUîGVFIýõ1RïýëôýõêðKRXUýDYHUDJHô
0RQLWRULQJýUHTXLUHPHQWVã :(63ýVHFRQGDU\ýYROWDJH

&ï &RQWUROý7HFKQRORJ\
:HWýHOHFWURVWDWLFýSUHFLSLWDWRUýõ:(63ôï

,,ï 0RQLWRULQJý$SSURDFK

7KHýNH\ýHOHPHQWVýRIýWKHýPRQLWRULQJýDSSURDFKýDUHýSUHVHQWHGýLQý7DEOHý$ïäðìïýý
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7$%/(ý$ïäðìïýý021,725,1*ý$3352$&+

,ï ,QGLFDWRU

0HDVXUHPHQWý$SSURDFK

:(63ýYROWDJHï

7KHý:(63ýYROWDJHýLVýPHDVXUHGýXVLQJýDýYROWPHWHUï

,,ï ,QGLFDWRUý5DQJH $QýH[FXUVLRQýLVýGHILQHGýDVýDýYROWDJHýOHVVýWKDQýêíýN9ýIRUýPRUH
WKDQýçýPLQXWHVñýFRQWLQXRXVO\ïýý([FXUVLRQVýWULJJHUýDQýLQVSHFWLRQñ
FRUUHFWLYHýDFWLRQñýDQGýDýUHSRUWLQJýUHTXLUHPHQWï

4,3ý7KUHVKROGD 6L[ýH[FXUVLRQVýLQýDýçðPRQWKýUHSRUWLQJýSHULRGï

,,,ï 3HUIRUPDQFHý&ULWHULDý

$ï 'DWDý5HSUHVHQWDWLYHQHVVE

7KHýYROWPHWHUýLVýSDUWýRIýWKHý:(63ýGHVLJQýDQGýLVýLQFOXGHGýLQýWKH
WUDQVIRUPHUîUHFWLILHUýVHWïýý,WýKDVýDýPLQLPXPýDFFXUDF\ýRIýòìýN9ï

%ï 9HULILFDWLRQýRIý2SHUDWLRQDOý6WDWXV 1$

&ï 4$î4&ý3UDFWLFHVýDQGý&ULWHULD &RQILUPýYROWPHWHUý]HURýZKHQýXQLWýQRWýRSHUDWLQJýõDWýOHDVWýVHPLð
DQQXDOO\ôï

'ï 0RQLWRULQJý)UHTXHQF\ 0HDVXUHGýFRQWLQXRXVO\ï

'DWDý&ROOHFWLRQý3URFHGXUHV 5HFRUGHGýDVýDýçðPLQXWHýDYHUDJHï

$YHUDJLQJý3HULRG çðPLQXWHýDYHUDJHï

D1RWHãýý7KHý4,3ýLVýDQýRSWLRQDOýWRROýIRUý6WDWHVâý4,3ýWKUHVKROGVýDUHýQRWýUHTXLUHGýLQýWKHý&$0ýVXEPLWWDOï
E9DOXHVýOLVWHGýIRUýDFFXUDF\ýVSHFLILFDWLRQVýDUHýVSHFLILFýWRýWKLVýH[DPSOHýDQGýDUHýQRWýLQWHQGHGýWRýSURYLGHýWKHýFULWHULDýIRU
ýýWKLVýW\SHýRIýPHDVXUHPHQWýGHYLFHýLQýJHQHUDOï
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,ï %DFNJURXQG

7KHýSROOXWDQWðVSHFLILFýHPLVVLRQýXQLWVýDUHýJUHHQýGU\HUVý1RïýìýDQGý1Rïýëïýý7KHýGU\HUVýDUH
WKUHHýSDVVýKRUL]RQWDOýURWDU\ýGUXPýGU\HUVñýZLWKýGLUHFWýKHDWýVRXUFHVýRIýVDQGHUGXVWñýQDWXUDOýJDVñ
GLVWLOODWHýIXHOýRLOñýERLOHUýIOXHýJDVñýRUýDQ\ýFRPELQDWLRQýWKHUHRIïýý*UHHQýGU\HUý1RïýìýZDV
PDQXIDFWXUHGýE\ý+HLOýDQGýJUHHQýGU\HUý1RïýëýZDVýPDQXIDFWXUHGýE\ý:HVWHFý$PHULFDïýý*UHHQýZRRG
VKDYLQJVýDUHýGULHGýLQýWKHVHýGU\HUVýEHIRUHýPL[LQJýZLWKýGU\ýZRRGýVKDYLQJVýDQGýGU\LQJýLQýWKHýGU\
GU\HUVïýý:RRGýHQWHULQJýWKHýJUHHQýGU\HUVýPD\ýUDQJHýIURPýëèýWRýèíýSHUFHQWýPRLVWXUHýDQGýH[LWýZLWK
ìèýWRýëíýSHUFHQWýPRLVWXUHïýý7KHýJUHHQýGU\HUýH[KDXVWýVWUHDPVýDUHýHDFKýFRQWUROOHGýE\ýDý*HRHQHUJ\
:(63ï

,,ï 5DWLRQDOHýIRUý6HOHFWLRQýRIý3HUIRUPDQFHý,QGLFDWRU

,QýDý:(63ñýHOHFWULFýILHOGVýDUHýHVWDEOLVKHGýE\ýDSSO\LQJýDýGLUHFWðFXUUHQWýYROWDJHýDFURVVýDýSDLU
RIýHOHFWURGHVãýýDýGLVFKDUJHýHOHFWURGHýDQGýDýFROOHFWLRQýHOHFWURGHïýý3DUWLFXODWHýPDWWHUýDQGýZDWHU
GURSOHWVýVXVSHQGHGýLQýWKHýJDVýVWUHDPýDUHýHOHFWULFDOO\ýFKDUJHGýE\ýSDVVLQJýWKURXJKýWKHýHOHFWULFýILHOG
DURXQGýHDFKýGLVFKDUJHýHOHFWURGHýõWKHýQHJDWLYHO\ýFKDUJHGýHOHFWURGHôïýý7KHýQHJDWLYHO\ýFKDUJHG
SDUWLFOHVýDQGýGURSOHWVýWKHQýPLJUDWHýWRZDUGýWKHýSRVLWLYHO\ýFKDUJHGýFROOHFWLRQýHOHFWURGHVïýý7KH
SDUWLFXODWHýPDWWHUýLVýVHSDUDWHGýIURPýWKHýJDVýVWUHDPýE\ýUHWHQWLRQýRQýWKHýFROOHFWLRQýHOHFWURGHïý
3DUWLFXODWHýLVýUHPRYHGýIURPýWKHýFROOHFWLRQýSODWHVýE\ýDQýLQWHUPLWWHQWýVSUD\ýRIýZDWHUïýý7KHý:(63
YROWDJHýZDVýVHOHFWHGýDVýDýSHUIRUPDQFHýLQGLFDWRUýEHFDXVHýWKHýYROWDJHýGURSVýZKHQýDýPDOIXQFWLRQñ
VXFKýDVýJURXQGHGýHOHFWURGHVñýRFFXUVýLQýWKHý:(63ïýý:KHQýWKHýYROWDJHýGURSVñýOHVVýSDUWLFXODWHýLV
FKDUJHGýDQGýFROOHFWHGï

7KHýGU\HUýH[KDXVWýZLOOýE\SDVVýLWVýDVVRFLDWHGý:(63ýLIýWKHý:(63ýLVýVKXWýGRZQýZKLOHýWKH
SURFHVVýLVýRSHUDWLQJïýý7KHVHýSHULRGVýDUHýGRFXPHQWHGýDQGýUHSRUWHGï

,,,ï 5DWLRQDOHýIRUý6HOHFWLRQýRIý,QGLFDWRUý5DQJH

7KHýVHOHFWHGýLQGLFDWRUýOHYHOýLVýDýYROWDJHýRIýJUHDWHUýWKDQýêíýN9ïýý$QýH[FXUVLRQýLVýGHILQHGýDV
DQ\ýSHULRGýGXULQJýZKLFKýWKHýYROWDJHýLVýOHVVýWKDQýêíýN9ýIRUýPRUHýWKDQýçýPLQXWHVñýFRQWLQXRXVO\ïý
:KHQýDQýH[FXUVLRQýRFFXUVñýFRUUHFWLYHýDFWLRQýZLOOýEHýLQLWLDWHGñýEHJLQQLQJýZLWKýDQýHYDOXDWLRQýRIýWKH
RFFXUUHQFHýWRýGHWHUPLQHýWKHýDFWLRQýUHTXLUHGýWRýFRUUHFWýWKHýVLWXDWLRQïýý$OOýH[FXUVLRQVýZLOOýEH
GRFXPHQWHGýDQGýUHSRUWHGïýý

7KHýLQGLFDWRUýUDQJHýIRUýWKHý:(63ýYROWDJHýZDVýVHOHFWHGýEDVHGýXSRQýWKHýOHYHOýPDLQWDLQHG
GXULQJýQRUPDOýRSHUDWLRQýDQGýGXULQJýWKHýSHUIRUPDQFHýWHVWïýý7KHýQRUPDOýRSHUDWLQJýYROWDJHýLVýVHWýDW
WKHýKLJKHVWýOHYHOýDFKLHYDEOHýZLWKRXWýKDYLQJýDQýH[FHVVLYHýVSDUNýUDWHïýý%DVHGýRQýILHOGýH[SHULHQFHñ
YROWDJHýOHYHOVýOHVVýWKDQýêíýN9ýGXULQJýQRUPDOýRSHUDWLRQýUHVXOWýLQýXQDFFHSWDEOHýRSDFLW\ýUHDGLQJVïý
'XULQJýDEQRUPDOýRSHUDWLRQýRUýDýPDOIXQFWLRQýõVXFKýDVýJURXQGHGýHOHFWURGHVôñýWKHý:(63ýN9ýOHYHOV
DUHýDSSUHFLDEO\ýORZHUýWKDQýQRUPDOýRSHUDWLRQDOýOHYHOVïýý$ýWLPHýLQWHUYDOýRIýçýPLQXWHVýZDVýFKRVHQýWR
DFFRXQWýIRUýWKHýURXWLQHýëðPLQXWHýIOXVKýF\FOHVýWKHý:(63©VýXQGHUJRñýZKLFKýFDXVHýWKHýYROWDJHýWR
GURSýEHORZýêíýN9ïýý'DWDýREWDLQHGýGXULQJýWKHýPRVWýUHFHQWýSHUIRUPDQFHýWHVWýFRQILUPHGýWKHýXQLW
ZDVýLQýFRPSOLDQFHýZLWKýWKHýSDUWLFXODWHýPDWWHUýHPLVVLRQVýOLPLWïýý'XULQJýWHVWLQJñýWKHý:(63©V
RSHUDWHGýZLWKýYROWDJHVýLQýWKHýUDQJHýRIýêéýWRýéèýN9ï

7KHýPRVWýUHFHQWýSHUIRUPDQFHýWHVWýXVLQJýFRPSOLDQFHýWHVWýPHWKRGVýõ2'(4ý0HWKRGýæýIRU
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UXQVýZHUHýFRQGXFWHGýRQýHDFKýGU\HUïýý'XULQJýWKLVýWHVWñýWKHýPHDVXUHGý30ýHPLVVLRQVýUDQJHGýIURP
íïííäýWRýíïíìêýJUîGVFIïýý9LVLEOHýHPLVVLRQýRSDFLW\ýREVHUYDWLRQVýZHUHýFRQGXFWHGýGXULQJýWKH
SDUWLFXODWHýWHVWLQJïýý$OOýYLVLEOHýHPLVVLRQVýREVHUYDWLRQVýGXULQJýWKHýSHUIRUPDQFHýWHVWýZHUHýíýWR
èýSHUFHQWýRSDFLW\ýõQRýUHDGLQJýH[FHHGHGýWKHýSHUPLWýOLPLWýRIýëíýSHUFHQWôïýý'XULQJýWKHýHPLVVLRQV
WHVWVñýWKHý:(63ýYROWDJHVýZHUHýPHDVXUHGýFRQWLQXRXVO\ñýDQGýçðPLQXWHýDYHUDJHVýZHUHýFKDUWHGïý
'XULQJýWKHýSHUIRUPDQFHýWHVWñýWKHýPHDVXUHGýSDUWLFXODWHýHPLVVLRQVýZHUHýZHOOýEHORZýWKHýHPLVVLRQ
OLPLWDWLRQVýõíïëýJUîGVFIýIRUýJUHHQýGU\HUý1RïýìýDQGýíïìýJUîGVFIýIRUýJUHHQýGU\HUý1Rïýëôïýý7KH
FRPSOHWHýWHVWýUHVXOWVýDUHýGRFXPHQWHGýLQýWKHýWHVWýUHSRUWïýý

,QGLFDWRUýGDWDýIRUýWKHýSHULRGýRIý2FWREHUýWKURXJKý'HFHPEHUýRIýìääçýKDYHýEHHQýUHYLHZHGïý
7KHVHýGDWDýLQFOXGHýçðPLQXWHýDYHUDJHý:(63ýYROWDJHýJUDSKVýDQGýFRSLHVýRIýHQWULHVýLQýWKHýORJERRN
XVHGýWRýUHFRUGýHTXLSPHQWýPDOIXQFWLRQVýDQGýPDLQWHQDQFHïýý9ROWDJHýH[FXUVLRQVýUHVXOWLQJýLQýDQ
DODUPýRFFXUUHGýWZRýWLPHVýGXULQJýWKHýêðPRQWKýSHULRGýRQýWKHý:(63ýRQýGU\HUý1Rïýìïýý2QHýDODUP
ZDVýWKHýUHVXOWýRIýUHF\FOHýZDWHUýRYHUIORZýDQGýRQHýZDVýWKHýUHVXOWýRIýDýIXOOý(ðWXEHýFKDPEHUïýý9ROWDJH
H[FXUVLRQVýUHVXOWLQJýLQýDQýDODUPýRFFXUUHGýWKUHHýWLPHVýGXULQJýWKHýêðPRQWKýSHULRGýRQýWKHý:(63ýRQ
GU\HUý1RïýëâýRQFHýEHFDXVHýWKHýUHF\FOHýZDWHUýV\VWHPýZDVýSOXJJHGñýRQFHýGXHýWRýDýUHF\FOHýIORZ
ZDUQLQJñýDQGýRQFHýEHFDXVHýéýSUREHVýZHUHýPLVDOLJQHGïýý1RUPDOýRSHUDWLRQýZDVýLQýWKHýUDQJHýRIýéíý
WRýèíýN9ñýH[FHSWýGXULQJýWKHýVKRUWýIOXVKýF\FOHVïýý%DVHGýRQýWKHýGDWDýFROOHFWHGñýWKHýLQGLFDWRUýOHYHOýRI
êíýN9ýLVýDGHTXDWHï

%DVHGýRQýDýUHYLHZýRIýKLVWRULFDOýGDWDñýWKHý4,3ýWKUHVKROGýHVWDEOLVKHGýIRUýWKHý:(63ýYROWDJHýLV
VL[ýH[FXUVLRQVýLQýDýçðPRQWKýUHSRUWLQJýSHULRGïýý7KLVýOHYHOýLVýOHVVýWKDQýìýSHUFHQWýRIýWKHý:(63
RSHUDWLQJýWLPHïýý,IýWKHý4,3ýWKUHVKROGýLVýH[FHHGHGýLQýDýVHPLDQQXDOýUHSRUWLQJýSHULRGñýDý4,3ýZLOOýEH
GHYHORSHGýDQGýLPSOHPHQWHGïýýõ1RWHãýý6XEPLWWLQJýDýSURSRVHGý4,3ýWKUHVKROGýZLWKýWKHýPRQLWRULQJ
DSSURDFKýLVýQRWýUHTXLUHGïô
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EXAMPLE COMPLIANCE ASSURANCE MONITORING
WET ELECTROSTATIC PRECIPITATORS (WESP) FOR PM CONTROL –  FACILITY P

I. Background

A. Emissions Unit

Description: Steam-heated dryers used in plywood
manufacturing

Identification: Veneer Dryers 1-6 (EU2)

APCD ID: WESP 1, WESP 2

Facility: Facility P
Anytown, USA

B. Applicable Regulation and Emission Limit

Regulation No.: Permit, State Regulation

Emission limits:
    Particulate Matter (PM): 0.3 lb/1,000 ft2 (MSF) dried (3/8-inch thickness

basis)

Monitoring Requirements: Monitor WESP secondary voltage, quench inlet
temperature, and WESP outlet temperature.

C. Control Technology Wet electrostatic precipitator

II. Monitoring Approach

The key elements of the monitoring approach are presented in Table A.9b-1.  The selected
indicators of performance are:  WESP secondary voltage, quench inlet temperature, and WESP
outlet temperature.  The selected indicator ranges are based on hourly average values. 
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MONITORING APPROACH JUSTIFICATION

I. Background

The pollutant-specific emissions units (PSEU) are the two WESPs that control six veneer
dryers.  The dryers are longitudinal, steam-heated dryers manufactured by Coe and Moore and
are used in the manufacture of plywood.  Veneer is introduced into the dryer either manually or
using automated veneer sheet feeders.  The dried veneer sheets pass through a moisture detector
as they exit the dryer where any sheets not meeting moisture specifications are marked and
sorted for redrying.  Dry veneer sheets are coated with mixed glue and formed into panels.

Two WESPs, also referred to as E-tubes, remove particulate matter from the dryer exhaust. 
WESP No. 1 serves dryers Nos. 1, 5, and 6 and WESP No. 2 serves dryers Nos. 2, 3, and 4.

II. Rationale for Selection of Performance Indicators

A WESP is designed to operate at a relatively constant voltage.  A significant decrease in
voltage is indicative of a change in operating conditions that could lead to an increase in
emissions.  Low voltage can indicate electrical shorts or poor contacts that require maintenance
or repair of electrical components.  However, the regular flush cycles the WESPs undergo to
remove the particulate from the collection surfaces may also cause drops in voltage of short
duration.  These brief voltage drops are part of the normal operation of the WESP.

Monitoring gas stream temperature can provide useful information about the performance
of a WESP.  Quench inlet temperature primarily is an indication that the inlet gas stream is not
so hot that a fire may develop in the duct work or WESP.  In addition, the gas stream needs to be
cooled in order for some of the pollutants to condense.  The WESP outlet temperature indicates
that the gas stream has been sufficiently saturated to provide for efficient particle removal, and
that the water spray prior to the WESP inlet is functioning.  High outlet temperatures could be
the result of plugged nozzles, malfunctioning pumps, or broken or plugged piping.

III. Rationale for Selection of Indicator Ranges

The selected indicator ranges are given below:

Secondary voltage: $35 kV
Quench inlet temperature: #375°F
Stack outlet temperature: #175°F

An excursion is defined as (1) an hourly average voltage less than 35 kV; (2) an hourly average
quench inlet temperature greater than 375/F; or (3) an hourly average WESP outlet temperature
greater than 175/F.  When an excursion occurs, corrective action will be initiated beginning with
an evaluation of the occurrence to determine the action required to correct the situation.  All
excursions will be documented and reported.  An hourly average was chosen to account for the
intermittent flush cycles the WESPs undergo that cause the voltage to drop temporarily.
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Figure A.9b-1.  October 1997 hourly average
secondary voltage (WESP No. 1).

The indicator level for the WESP voltage was selected based upon the level maintained
during normal operation.  Typical operating voltages range from 35 to 55 kV.  During the most
recent performance test, the voltage ranged from 35 to 54 kV and the PM emissions were below
allowable levels.  An indicator level at the low end of the normal operating range was selected
(35 kV).  During a malfunction (such as an electrical short), the WESP voltage levels are
appreciably lower than normal operational levels.  The voltage also drops for a short period
during the normal flush cycles that are performed every few hours to clean the tube surface
where particulate is collected.  Figure A.9b-1 displays the hourly average WESP secondary
voltage during October 1997 for WESP No. 1.

The indicator levels for the quench inlet and WESP outlet gas temperatures also were
selected based on levels maintained during normal operation.  High temperatures may indicate a
fire in the dryer or ductwork or a lack of water flow to the WESP.  Temperature action levels
were selected that are slightly higher than normal operating temperatures.  If the water flow to
the WESP is lost, the WESP outlet temperature will begin to approach the inlet temperature,
which is much higher than 175/F.  Figures A.9b-2 and A.9b-3 display the hourly average quench
inlet and WESP outlet temperature during October 1997 for WESP No. 1. 
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Figure A.9b-2.  October 1997 Hourly Average Quench Inlet Temperature
(WESP No. 1)
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Figure A.9b-3.  October 1997 Hourly Average WESP Outlet Temperature
(WESP No. 1)
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Indicator data for December 1995 to January 1996 and for October 1997 through
December 1997 were reviewed.  These data included hourly average WESP secondary voltage,
quench inlet temperature, and WESP outlet temperature measurements.  The maximum hourly
average quench inlet temperature for WESP No. 1 was 336/F, while the maximum for WESP
No. 2 was 352/F.  The maximum hourly average stack outlet temperature for WESP No. 1 was
151/F, while the maximum stack outlet temperature for WESP No. 2 was 178/F.  The average
monthly voltages ranged from 47 to 51 kV for WESP No. 1 and from 40 to 46 kV for WESP
No. 2.

Data obtained during the most recent performance test (October 1996) confirmed the unit
was in compliance.  During this test, the average measured PM emissions were 0.19 lb/MSF
dried for WESP No. 1 and 0.21 lb/MSF dried for WESP No. 2.  The measured particulate
emissions were below the emission limitation of 0.3 lb/MSF dried (3/8-inch thickness basis). 
The WESP operating parameters during the performance test are summarized in Table A.9b-2.

TABLE A.9b-2.  WESP OPERATING PARAMETERS DURING THE MOST RECENT
PERFORMANCE TEST

WESP
No. Run

Production,
ft2/hr

Particulate,
lb/MSF dried

(3/8-inch basis)
WESP voltage,

kV
Quench inlet

T (/F)
WESP outlet,

T (/F)

1 1 22,760 0.24 54 317 134

2 23,419 0.17 54 318 134

3 23,075 0.17 -- -- --

Average 23,085 0.19 54 318 134

2 1 23,899 0.24 35 328 147

2 32,238 0.17 38 332 143

3 26,897 0.20 40 331 147

Average 27,678 0.21 38 330 146
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UHSODFHPHQWïýý7KHýEDJVýDUHýW\SLFDOO\ýFKDQJHGý\HDUO\ïýý7KLVýLQGLFDWRUýLVýDOVRýXVHGýWRýPRQLWRUýIRU
E\SDVVýRIýWKHýFRQWUROýGHYLFHïýý,IýWKHýSUHVVXUHýGURSýIDOOVýEHORZýìýLQïý+ë2ýGXULQJýQRUPDOýSURFHVV
RSHUDWLRQñýWKHýSRVVLELOLW\ýRIýE\SDVVýLVýLQYHVWLJDWHGïýý1Rý4,3ýWKUHVKROGýKDVýEHHQýVHOHFWHGýIRUýWKLV
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EXAMPLE COMPLIANCE ASSURANCE MONITORING
ELECTRIFIED FILTER BED (EFB) FOR PM CONTROL – FACILITY K

I. Background

A. Emissions Unit

Description: Natural gas-fired dryers used in plywood
manufacturing

Identification: Veneer Dryer 1, Veneer Dryer 2

Facility: Facility K
Anytown, USA

B. Applicable Regulation, Emission Limit, and Monitoring Requirements

Regulation: Permit, State regulation

Emission Limits:
    Particulate matter (PM): 0.30 lb/1000 ft2 (MSF) dried (3/8-inch thickness

basis), 4.1 lb/hr

Monitoring Requirements: EFB inlet temperature, EFB voltage, and EFB
ionizer current.

C. Control Technology EFB

II. Monitoring Approach

The key elements of the monitoring approach are presented in Table A.11-1.  The selected
indicators of performance are:  EFB inlet temperature, voltage, and ionizer current.  The selected
indicator ranges are based upon hourly average values. 
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MONITORING APPROACH JUSTIFICATION

I. Background

The pollutant-specific emissions unit (PSEU) consists of two natural gas direct-fired veneer
dryers controlled by an EFB.  Dryer 1 is manufactured by Moore and has one zone and four
decks.  Dryer 2 is manufactured by Coe and has two zones and five decks.  The dryers are used
in the manufacture of plywood.

II. Rationale for Selection of Performance Indicators

Wood dryer exhaust streams contain dry PM, products of combustion and pyrolysis, and
aerosols formed by the condensation of hydrocarbons volatilized from the wood chips.  Since
some of the pollutants from the dryers are in a gas phase at the normal dryer exhaust temperature
of 250/ to 300/F, these pollutants must be condensed in order to be collected by the EFB.  The
gas stream is cooled to a temperature of about 180/F by the evaporative gas cooler that precedes
the EFB, using a water mist.  The pollutants condense into fine liquid droplets and are carried
into the EFB.  The EFB ionizer gives the particles in the gas stream an electrical charge.  The
high voltage electrode in the gravel bed creates charged regions on the gravel.  As the gas passes
through the bed, the charged particles are removed from the gas and transferred to the surface of
the bed.  Liquid and dust continuously build up on the gravel surface; the liquid slowly travels
through the bed and is allowed to drip into the drain outlet in the bottom of the unit.  The gravel
is periodically replaced (about one-third of the gravel is replaced each month).

Factors that affect emissions from wood dryers include wood species, dryer temperature,
dryer residence time, dryer loading rate, and previous drying history of the wood.  The rate of
hydrocarbon aerosol formation (from vaporizing the extractable portion of the wood) is lower at
lower dryer temperatures.  Small increases in dryer temperature can produce relatively large
increases in the PM emission rate.  If particles are held in the dryer too long, the surfaces can
volatilize; if these emissions are released into the ambient air, a visible blue haze can result.

The CAM indicators selected are EFB inlet temperature, EFB voltage, and EFB ionizer
current.  The EFB must be maintained at the proper temperature to allow collection of the
hydrocarbon aerosol and particulate matter from the dryer.  The EFB inlet temperature is
monitored to indicate the gas stream was cooled to the proper temperature range before entering
the EFB and that the bed is operating at the proper temperature.  Information from the EFB
manufacturer indicates that high EFB temperatures (e.g., temperatures in excess of 200/F) may
result in excess stack opacity, as will low gravel levels (a low gravel level may cause insufficient
PM collection).  The voltage on the gravel and the current on the ionizer must be maintained so
negatively charged particles in the exhaust gas are attracted to positively charged regions on the
gravel bed.  An adequate ionizer current level indicates the corona is charging the particles in the
gas stream.  The bed voltage level indicates the intensity of the electric field in the bed.  A drop
in voltage or current could indicate a malfunction, such as a short or a buildup of dust or
hydrocarbon glaze on the ionizer or the gravel.  A short in the bed will show as high current with
little or no voltage.  A foreign object in the gravel bed which bridges the gap between the
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electrode and grounded louvers can short the bed, as can a cracked electrical insulator.  The
bed’s PM collection efficiency increases as the voltage and current increase within the unit’s
operating range.

The parameters selected for monitoring are consistent with technical information on the
operation, maintenance, and emissions for EFB’s and dryers provided in EPA’s September 1992
draft Alternative Control Technology (ACT) document for PM-10 emissions from the wood
products industry.  These parameters also were recommended by the manufacturer as parameters
to monitor to ensure proper operation of the EFB unit.

III. Rationale for Selection of Indicator Ranges

Indicator data for June through August were collected and reviewed.  These data include
EFB cooler inlet and outlet temperature, bed temperature, bed voltage, and ionizer current
measurements.  No indicator ranges are specified in the current operating permit, but the permit
does state that the EFB bed temperature shall not exceed 145/F when pine veneer is being dried. 
Based on the manufacturer’s recommendations, historical data, and data obtained during source
testing, the following indicator ranges were selected:

EFB bed inlet temperature: <170/F
(<145/F when drying pine veneer)

EFB bed voltage: >8 kV
EFB ionizer current: >2 mA

An excursion is defined as an hourly average of any parameter which is outside the
indicator range.  When an excursion occurs, corrective action will be initiated beginning with an
evaluation of the occurrence to determine the action required to correct the situation.  All
excursions will be documented and reported.

Figure A.11-1 shows the hourly average EFB inlet temperature for June.  The permit
requires that the EFB bed temperature be less than 145/F while drying pine veneer.  The EFB
inlet temperature is used as a surrogate for bed temperature.  During normal operation, the
typical inlet temperature was 160 to 165/F when drying species other than pine.  There were
short periods of operation at 130 to 140/F when drying pine veneer, and lower temperatures that
indicate the dryers were not operating (e.g., on Fridays during the routine maintenance
shutdown).  Similar operating ranges were observed for July and August.  The maximum hourly
average EFB inlet temperatures for June, July, and August  were 174/F, 173/F, and 176/F,
respectively.  The manufacturer recommends maintaining the EFB at a temperature of 160 to
180/F.  Therefore, based on this recommendation and on normal operating conditions, the
indicator range chosen was an hourly average inlet temperature less than 170/F (less than 145/F
when drying pine veneer).  If the EFB inlet temperature exceeds 170/F (145/F when drying
pine), corrective action will be initiated.

Figure A.11-2 shows the hourly average EFB voltage for June.  From Figure A.11-2, it can
be observed that the EFB typically operates in the range of 10 to 15 kV.  Some short periods of
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Month
Mean hourly average

current, mA

June 2.8

July 2

August 2

Average 2.3

Month
Mean hourly average

voltage, kV

June 12.4

July 11.6

August 10.9

Average 11.6

operation occur from 5 to 10 kV.  The mean hourly voltages for June, July, and August are given
below.  These statistics do not include data from periods during which the EFB was not
operating and the voltage was recorded as 1.0 or zero.  (For example, the EFB is shut down
every Friday for maintenance.)  

The manufacturer’s recommended bed voltage range is 5 to 10 kV.  The average voltages
during the 1992, 1993, and 1996 performance tests were 6.7 kV, 11 kV, and 14 kV, respectively. 
Based on all data reviewed, greater than 8 kV was chosen as the indicator range for the hourly
average EFB bed voltage.  If the hourly average bed voltage drops below 8 kV during periods of
normal operation (excludes shutdown periods), corrective action will be initiated.

Figure A.11-3 shows the hourly average EFB ionizer current for the month of June.  From
Figure A.11-3 it can be seen that the EFB typically operates at an ionizer current in the range of
2 to 5 mA.  The mean hourly average currents for June, July, and August are shown below.  In
addition, the manufacturer’s recommended range is 2 to 4 mA.  Therefore, the indicator range
chosen was an hourly average current greater than 2 mA.  If the hourly average ionizer current
drops below 2 mA during normal operation (excludes shutdown periods), corrective action will
be initiated.

Emissions test results and indicator data are presented below for the 1992, 1993, and 1996
performance tests.  The 1992 and 1993 tests were conducted while drying pine; the 1996 test was
conducted while drying Douglas fir.  The EFB is subject to a PM emission limitation of
0.30 lb/MSF (4.1 lb/hr).  Both limits were met during all three performance tests.
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Figure A.11-1.  June EFB inlet temperature (hourly average).

Year

PM
emissions,

gr/dscf

PM
emissions,

lb/MSF

PM
emissions,

lb/hr
Average voltage,

kV
Average ionizer

current, mA

Average EFB
inlet

temperature, /F

1992 0.016 0.16 1.5 6.7 4.9 153

1993 0.015 0.22 2.0 10.8 2.8 154

1996 0.02 0.30 1.1 14 1.4 189
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Figure A.11-2.  June EFB bed voltage (hourly average).
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Figure A.11-3.  June EFB ionizer current (hourly average).
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WKHýEDJKRXVHýH[KDXVWýGXFWïýý7KHýWULERHOHFWULFýVLJQDOýLVýGLUHFWO\
SURSRUWLRQDOýWRýWKHýDPRXQWýRIýSDUWLFXODWHýLQýWKHýH[KDXVWýLIýIDFWRUVýVXFKýDV
YHORFLW\ýDQGýSDUWLFOHýVL]HýUHPDLQýUHODWLYHO\ýFRQVWDQWï

%ï 9HULILFDWLRQýRIý2SHUDWLRQDO
6WDWXV

1$

&ï 4$î4&ý3UDFWLFHVýDQG
&ULWHULD

7KHýWULERHOHFWULFýSUREHýLVýLQVSHFWHGýSHULRGLFDOO\ýõDWýOHDVWýPRQWKO\ôýIRU
GXVWýEXLOGXSïýý7KHýPRQLWRUýKDVýDQýDXWRPDWLFýLQWHUQDOýFDOLEUDWLRQýIXQFWLRQ
IRUýWKHýHOHFWURQLFVï

'ï 0RQLWRULQJý)UHTXHQF\ 7KHýWULERHOHFWULFýVLJQDOýLVýPRQLWRUHGýFRQWLQXRXVO\ï

'DWDý&ROOHFWLRQý3URFHGXUHV 2QHýKRXUýRIýGDWDýDUHýGLVSOD\HGýRQýWKHýPRQLWRUýLQýWKHýFRQWUROýURRPýDW
ëýVHFRQGýLQWHUYDOVïýý:KHQýDQýDODUPýRFFXUVýõVLJQDOýRYHUýæíýSHUFHQWýIRU
ìèýVHFRQGVôñýLWýLVýORJJHGýHOHFWURQLFDOO\ïýý6L[ðPLQXWHýDYHUDJHVýDOVRýDUH
DUFKLYHGýRQýWKHýFRPSXWHUýQHWZRUNýDVýDýKLVWRULFDOýGDWDýUHFRUGï

$YHUDJLQJý3HULRG 1RQHï
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,ï %DFNJURXQG

7KHýEDJKRXVHýFRQWUROVýHPLVVLRQVýIURPýDýFHUDPLFýILEHUERDUGýIHOWLQJýSURFHVVýDQGýDýSURGXFWLRQ
OLQHýLQýWKHýVSXQýILEHUýDUHDýWKDWýLVýXVHGýWRýPDQXIDFWXUHýFHUDPLFýILEHUýEODQNHWVýXVHGýIRUýLQVXODWLRQïý
7KHýUDZýPDWHULDOýõNDROLQôýLVýWUDQVIHUUHGýWRýPHOWLQJýIXUQDFHVýWKDWýDUHýKHDWHGýXVLQJýHOHFWULFýFXUUHQWïý
7KHýOLTXLGýPHOWýVWUHDPýIORZVýIURPýWKHýERWWRPýRIýWKHýIXUQDFHýDQGýLVýVSXQýLQWRýILEHUýLQýWKH
FROOHFWLRQýFKDPEHUýDQGýIRUPHGýLQWRýDýILEHUýPDWýRQýDýFRQYH\RUýWUDYHOLQJýEHORZýWKHýFKDPEHUïý
1HHGOLQJýLVýXVHGýWRýORFNýWKHýILEHUVýWRJHWKHUýDQGýDQýRYHQýGULHVýWKHýEODQNHWïýý7KHýEODQNHWýWKHQ
SDVVHVýRYHUýDýFRROLQJýWDEOHýDQGýLVýFRROHGýE\ýWKHýSDVVDJHýRIýDLUýWKURXJKýWKHýEODQNHWïýý,WýLVýWKHQ
WULPPHGýWRýVL]HýDQGýSDFNDJHGïýý'XVWýHPLVVLRQýSRLQWVýGXFWHGýWRýWKHýEDJKRXVHýLQFOXGHýWKHýERDUG
IHOWLQJýSURFHVVýDQGýFRROLQJýWDEOHï

7KHýSURFHVVýVWUHDPýH[KDXVWýLVýFRQWUROOHGýE\ýDýSXOVHðMHWýEDJKRXVHýRSHUDWHGýXQGHUýQHJDWLYH
SUHVVXUHïýý7KHýFRQWUROOHGýDLUýVWUHDPýLVýDWýDPELHQWýFRQGLWLRQVïýý7KHýEDJKRXVHýZDVýPDQXIDFWXUHGýE\
6O\ýDQGýLVýDýVLQJOHýFRPSDUWPHQWýEDJKRXVHýFRQWDLQLQJýìçýURZVýDQGýDýWRWDOýRIýìæçýEDJVïýý7KHýDLU
IORZýWKURXJKýWKHýEDJKRXVHýLVýDSSUR[LPDWHO\ýìëñíííýGVFIPïýý$LUýIORZýWKURXJKýWKHýV\VWHPýLV
PDLQWDLQHGýE\ýDýVLQJOHýLQGXFHGðGUDIWýIDQýGRZQVWUHDPýRIýWKHýEDJKRXVHïýý7KHýFOHDQHGýJDVýLV
H[KDXVWHGýIURPýDýëéðLQFKýZLGHýUHFWDQJXODUýGXFWïýý7KHýEDJKRXVHýUHVLGXHýLVýFRQWLQXRXVO\
GLVFKDUJHGýIURPýWKHýFROOHFWLRQýKRSSHUýLQWRýDýELQýE\ýDýVFUHZýIHHGHUïý

,,ï 5DWLRQDOHýIRUý6HOHFWLRQýRIý3HUIRUPDQFHý,QGLFDWRUV

7KHýEDJýOHDNýPRQLWRUýRSHUDWHVýXVLQJýWKHýSULQFLSOHVýRIýIULFWLRQDOýHOHFWULILFDWLRQ
õWULERHOHFWULFLW\ôýDQGýFKDUJHýWUDQVIHUïýý$VýSDUWLFOHVýLQýWKHýEDJKRXVHýH[KDXVWýJDVýVWUHDPýFROOLGH
ZLWKýWKHýVHQVRUýURGýPRXQWHGýRQýWKHýLQVLGHýRIýWKHýH[KDXVWýGXFWñýDQýHOHFWULFDOýFKDUJHýLVýWUDQVIHUUHGñ
JHQHUDWLQJýDýVPDOOýFXUUHQWýWKDWýLVýPHDVXUHGýDQGýDPSOLILHGýE\ýWKHýWULERHOHFWULFýPRQLWRUïýý7KH
SURFHVVLQJýHOHFWURQLFVýDUHýFRQILJXUHGýWRýSURGXFHýDýFRQWLQXRXVýRXWSXWýDQGýDQýDODUPýDWýDýVSHFLILHG
OHYHOïýý

7KHýVLJQDOýSURGXFHGýE\ýWKHýWULERHOHFWULFýPRQLWRUýLVýJHQHUDOO\ýSURSRUWLRQDOýWRýWKHýSDUWLFXODWH
PDVVýIORZñýEXWýFDQýEHýDIIHFWHGýE\ýFKDQJHVýLQýDýQXPEHUýRIýIDFWRUVñýVXFKýDVýKXPLGLW\ñýH[KDXVWýJDV
YHORFLW\ñýDQGýSDUWLFOHýVL]Hïýý+RZHYHUñýLQýEDJKRXVHýDSSOLFDWLRQVñýWKHVHýIDFWRUVýDUHýQRWýH[SHFWHGýWR
YDU\ýFRQVLGHUDEO\ýGXULQJýQRUPDOýRSHUDWLRQïýý7KHUHIRUHñýDQýLQFUHDVHýLQýWKHýWULERHOHFWULFýVLJQDO
LQGLFDWHVýDQýLQFUHDVHýLQýSDUWLFXODWHýHPLVVLRQVýIURPýWKHýEDJKRXVHï

3XOVHðMHWýEDJKRXVHýILOWHUVýDUHýFOHDQHGýXVLQJýDýEXUVWýRIýDLUñýZKLFKýGLVORGJHVýWKHýILOWHUýFDNH
IURPýWKHýEDJVýDQGýFDXVHVýDýPRPHQWDU\ýLQFUHDVHýLQýSDUWLFXODWHýHPLVVLRQVýXQWLOýWKHýILOWHUýFDNH
EXLOGVýXSýDJDLQïýý7KHýWULERHOHFWULFýPRQLWRUýFDQýEHýFRQILJXUHGýZLWKýDýVKRUWýõRUýQRôýDYHUDJLQJýWLPH
WRýGLVSOD\ýWKHýEDJKRXVHýFOHDQLQJýF\FOHýDFWLYLW\ýDQGýPRQLWRUýLQFUHDVHVýLQýDýSDUWLFXODUýURZ©V
FOHDQLQJýSHDNñýRUýZLWKýDýORQJýVLJQDOýDYHUDJLQJýSHULRGýWRýGHWHFWýDQýRYHUDOOýLQFUHDVLQJýWUHQGýLQýWKH
EDJKRXVH©VýHPLVVLRQVïýý7UHQGVýLQýWKHýFOHDQLQJýSHDNVýDUHýPRQLWRUHGýDQGýKLJKýFOHDQLQJýSHDNVýWKDW
PD\ýLQGLFDWHýOHDNLQJýRUýEURNHQýEDJVýUHTXLULQJýPDLQWHQDQFHýWULJJHUýDQýDODUPï
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%\SDVVýRIýWKHýFRQWUROýGHYLFHýZLOOýRQO\ýRFFXUýLIýWKHýEDJKRXVHýIDQýLVýQRWýRSHUDWLQJïýý,QýWKLV
FDVHñýWKHýWULERHOHFWULFýVLJQDOýZRXOGýEHý]HURï

,,,ï 5DWLRQDOHýIRUý6HOHFWLRQýRIý,QGLFDWRUý5DQJHV

$QýH[FXUVLRQýLVýGHILQHGýDVýDýWULERHOHFWULFýPRQLWRUýVLJQDOýJUHDWHUýWKDQýæíýSHUFHQWýRIýVFDOHýIRU
ìèýVHFRQGVïýý:KHQýDQýH[FXUVLRQýRFFXUVñýFRUUHFWLYHýDFWLRQýZLOOýEHýLQLWLDWHGñýEHJLQQLQJýZLWKýDQ
HYDOXDWLRQýRIýWKHýRFFXUUHQFHýWRýGHWHUPLQHýWKHýDFWLRQýUHTXLUHGýWRýFRUUHFWýWKHýVLWXDWLRQïýý$OO
H[FXUVLRQVýZLOOýEHýGRFXPHQWHGýDQGýUHSRUWHGïýý

7KHýWULERHOHFWULFýPRQLWRULQJýV\VWHPýKDVýWKHýFDSDELOLW\ýIRUýGXDOýDODUPVãýýDQýHDUO\ýZDUQLQJ
DODUPýDQGýDýEURNHQýEDJýDODUPïýý7KHýHDUO\ýZDUQLQJýDODUPýLVýVHWýMXVWýDERYHýWKHýQRUPDOýFOHDQLQJ
SHDNýKHLJKWýõéíýSHUFHQWýRIýVFDOHôïýý7KHýEURNHQýEDJýDODUPýZDVýVHWýE\ýLQMHFWLQJýGXVWýLQWRýWKHýFOHDQ
DLUýSOHQXPýRIýWKHýEDJKRXVHýDQGýQRWLQJýWKHýVLJQDOýOHYHOýMXVWýEHIRUHýWKHýSRLQWýDWýZKLFKýYLVLEOH
HPLVVLRQVýZHUHýREVHUYHGýDWýWKHýEDJKRXVHýH[KDXVWýõæíýSHUFHQWýRIýVFDOHôïýý$ýìèðVHFRQGýGHOD\ýWLPH
LVýDOVRýXVHGñýVRýWKHýDODUPýZRQ©WýDFWLYDWHýGXHýWRýVKRUWýVSLNHVýWKDWýDUHýQRWýDVVRFLDWHGýZLWKýWKH
FOHDQLQJýF\FOHýDQGýGRýQRWýLQGLFDWHýEURNHQýEDJVýõHïJïñýDýVKRUWýVSLNHýGXHýWRýDýVPDOOýDPRXQWýRI
SDUWLFXODWHýWKDWýDFFXPXODWHVýRQýWKHýGXFWýZDOOýDQGýWKHQýEUHDNVýIUHHôï

7KHýPRVWýUHFHQWýSHUIRUPDQFHýWHVWýXVLQJý(3$ý0HWKRGýèýZDVýFRQGXFWHGýRQý$SULOýëëðëéñ
ìääæïýý7KUHHý0HWKRGýèýWHVWýUXQVýõRQHýëéíðPLQXWHñýRQHýêåéðPLQXWHñýDQGýRQHýëååðPLQXWHýUXQô
ZHUHýFRQGXFWHGñýRQHýWHVWýSHUýGD\ïýý7KHýDYHUDJHýPHDVXUHGý30ýHPLVVLRQVýZHUHýH[WUHPHO\ýORZãý
íïíìýOEîKUïýý'XULQJýWKHýHPLVVLRQVýWHVWVñýWKHýWULERHOHFWULFýVLJQDOýZDVýUHFRUGHGýFRQWLQXRXVO\ýDWýD
ìðVHFRQGýIUHTXHQF\ïýý)LJXUHý$ïìëðìýVKRZVýWKHýWULERHOHFWULFýVLJQDOýIRUýìýKRXUýGXULQJý5XQýëïýý7KH
VKDUSýSHDNVýUHSUHVHQWýWKHýEULHIýLQFUHDVHýLQýHPLVVLRQVýLPPHGLDWHO\ýIROORZLQJýWKHýEDJKRXVH
FOHDQLQJýF\FOHñýEHIRUHýWKHýILOWHUýFDNHýEXLOGVýXSýDJDLQïýý$OOýFOHDQLQJýSHDNVýVKRZQýRQýWKLVýJUDSKýDUH
OHVVýWKDQýêèýSHUFHQWýRIýVFDOHñýZKLFKýLVýEHORZýERWKýDODUPýOHYHOVïýý7KHUHýZDVýRQHýPRPHQWDU\ýVSLNH
WKDWýFRXOGýQRWýEHýH[SODLQHGïýý7KHýDODUPVýZHUHýQRWýDFWLYDWHGýGXULQJýWKHýHPLVVLRQýWHVWLQJýDQGýWKH
HPLVVLRQVýZHUHýEHORZýWKHýHPLVVLRQýOLPLWýRIýíïêèýOEîKUï

0RQLWRULQJýGDWDýIRUýDýSHULRGýRIýDSSUR[LPDWHO\ýëýPRQWKVýõ-DQXDU\ýëäýðý$SULOýëñýìääæôýZHUH
UHYLHZHGñýLQFOXGLQJýçðPLQXWHýDYHUDJHýDUFKLYHGýWULERHOHFWULFýVLJQDOýGDWDýDQGýWKHýHOHFWURQLFýDODUP
ORJïýý5HYLHZýRIýWKHVHýGDWDýLQGLFDWHGýWKDWýWKHýHDUO\ýZDUQLQJýDODUPýZDVýDFWLYDWHGýHLJKWýWLPHVýDQG
WKHýEURNHQýEDJýDODUPýZDVýDFWLYDWHGýRQFHýõLïHïñýWKHUHýZDVýRQHýH[FXUVLRQôïýý%DVHGýRQýDOOýGDWD
UHYLHZHGñýWKHýVHOHFWHGýLQGLFDWRUýDQGýLQGLFDWRUýOHYHOýDSSHDUVýWRýEHýDSSURSULDWHýIRUýWKLVýIDFLOLW\ï
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¦7KLVýSDJHýLQWHQWLRQDOO\ýOHIWýEODQNï§
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(;$03/(ý&203/,$1&(ý$6685$1&(ý021,725,1*ã
)$%5,&ý),/7(5ý)25ý30ý&21752/ýððý)$&,/,7<ý0

,ï %DFNJURXQG

$ïýý(PLVVLRQVý8QLW

'HVFULSWLRQã 3ULPDU\ýQRQIHUURXVýVPHOWLQJýDQGýUHILQLQJ
$3&'ý,'ã ìæð'&ðííìñýìæð'&ðííë
)DFLOLW\ã )DFLOLW\ý0

$Q\WRZQñý86$

%ïýý$SSOLFDEOHý5HJXODWLRQñý(PLVVLRQý/LPLWVñýDQGý0RQLWRULQJý5HTXLUHPHQWV

5HJXODWLRQã 3HUPLWâý2$5ýêéíðíëèðíéìèñýêéíðíëìðííêí
(PLVVLRQýOLPLWVã
ýý2SDFLW\ã ëíýSHUFHQW
ýý3DUWLFXODWHýPDWWHUã íïëýJUîGVFI
0RQLWRULQJýUHTXLUHPHQWVã 9LVLEOHýHPLVVLRQVýõ9(ôñýSUHVVXUHýGURSñýIDQ

DPSHUDJHñýLQVSHFWLRQýDQGýPDLQWHQDQFHýSURJUDP

&ïýý&RQWUROý7HFKQRORJ\ã

5HYHUVHðDLUýEDJKRXVHVýRSHUDWHGýXQGHUýQHJDWLYHýSUHVVXUH

,,ï 0RQLWRULQJý$SSURDFK

7KHýNH\ýHOHPHQWVýRIýWKHýPRQLWRULQJýDSSURDFKýDUHýSUHVHQWHGýLQý7DEOHý$ïìêðìïýý
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,ï %DFNJURXQG

3ULPDU\ýQRQIHUURXVýPHWDOýVPHOWLQJýDQGýUHILQLQJýRSHUDWLRQVýLQFOXGHýPLQLQJâýGU\LQJâ
FUXVKLQJñýVFUHHQLQJñýDQGýUHMHFWLQJâýFDOFLQLQJýDQGýPHOWLQJâýUHILQLQJâýFDVWLQJâýDQGýRWKHUýRSHUDWLRQVïý
7KHýRUHýLVýGULHGýWRýUHPRYHýPRVWýRIýWKHýIUHHýPRLVWXUHïýý7KHýGULHGýRUHýLVýWKHQýFDOFLQHGýWRýUHPRYH
WKHýUHPDLQLQJýIUHHýPRLVWXUHýDQGýDýSRUWLRQýRIýWKHýFKHPLFDOO\ðFRPELQHGýPRLVWXUHïýý$ýSRUWLRQýRIýWKH
LURQýLVýUHGXFHGñýXVLQJýFDUERQïýý7KHýRUHýLVýWKHQýPHOWHGýDQGýUHGXFHGïýý7KHýUHILQHGýPHWDOýLVýFDVWýLQWR
LQJRWVýRUýVKRWñýDVýUHTXHVWHGýE\ýWKHýFXVWRPHUïýý

7KHýPRQLWRULQJýDSSURDFKýRXWOLQHGýKHUHýDSSOLHVýWRýPHOWýIXUQDFHýEDJKRXVHVý1RVïýìýDQGýëïý
7KHVHýEDJKRXVHVýFRQWUROýGXVWýIURPýIRXUýëêý0:ýHOHFWULFýPHOWýIXUQDFHVýõ1RVïýìýWKURXJKýéôýDQG
WZRýURWDU\ýNLOQVïýý7KH\ýDUHý,&$ýUHYHUVHðDLUýEDJKRXVHVýZLWKýìëýFRPSDUWPHQWVýDSLHFHâýHDFK
FRPSDUWPHQWýFRQWDLQVýìëåýEDJVïýý$LUýIORZýWKURXJKýHDFKýEDJKRXVHýLVýPDLQWDLQHGýE\ýWZRýLQGXFHGð
GUDIWýYDULDEOHýVSHHGýIDQVýGRZQVWUHDPýRIýHDFKýEDJKRXVHïýý7KHýFDSDFLW\ýRIýHDFKýEDJKRXVHýLV
ëæèñíííýDFIPï

,,ï 5DWLRQDOHýIRUý6HOHFWLRQýRIý3HUIRUPDQFHý,QGLFDWRUV

9LVLEOHýHPLVVLRQVýõRSDFLW\ôýZDVýVHOHFWHGýDVýDýSHUIRUPDQFHýLQGLFDWRUýEHFDXVHýLWýLVýLQGLFDWLYH
RIýJRRGýRSHUDWLRQýDQGýPDLQWHQDQFHýRIýWKHýEDJKRXVHïýý:KHQýWKHýEDJKRXVHýLVýRSHUDWLQJýRSWLPDOO\ñ
WKHUHýZLOOýEHýOLWWOHýYLVLEOHýHPLVVLRQVýIURPýWKHýH[KDXVWïýý,QýJHQHUDOñýDQýLQFUHDVHýLQýYLVLEOHýHPLVVLRQV
LQGLFDWHVýUHGXFHGýSHUIRUPDQFHýRIýWKHýEDJKRXVHýõHïJïñýORRVHýRUýWRUQýEDJVôïýý7KHVHýHPLVVLRQVýXQLWV
KDYHýDQýRSDFLW\ýVWDQGDUGýRIýëíýSHUFHQWïýý$ýçðPLQXWHý0HWKRGýäýREVHUYDWLRQýLVýSHUIRUPHGýGDLO\ï

7KHýSUHVVXUHýGURSýWKURXJKýWKHýEDJKRXVHýLVýPRQLWRUHGýFRQWLQXRXVO\ïýý$QýLQFUHDVHýLQ
SUHVVXUHýGURSýFDQýLQGLFDWHýWKDWýWKHýFOHDQLQJýF\FOHýLVýQRWýIUHTXHQWýHQRXJKñýFOHDQLQJýHTXLSPHQWýLV
GDPDJHGñýRUýWKHýEDJVýDUHýEHFRPLQJýEOLQGHGïýý'HFUHDVHVýLQýSUHVVXUHýGURSýPD\ýLQGLFDWHýVLJQLILFDQW
KROHVýDQGýWHDUVýRUýPLVVLQJýEDJVïýý+RZHYHUñýRSDFLW\ýLVýDýPXFKýPRUHýVHQVLWLYHýLQGLFDWRUýRIýKROHV
DQGýWHDUVýWKDQýSUHVVXUHýGURSï

*RRGýRSHUDWLRQýRIýWKHýIDQýLVýHVVHQWLDOýIRUýPDLQWDLQLQJýWKHýUHTXLUHGýDLUýIORZýWKURXJKýWKH
EDJKRXVHïýý7KHýIDQýDPSVýVHWWLQJýLVýVHOHFWHGýWRýEHýKLJKýHQRXJKýWRýGUDZýWKHýDLUýUHTXLUHGýWRýFROOHFW
WKHýGXVWýIURPýWKHýIRXUýPHOWLQJýIXUQDFHVýDQGýWZRýURWDU\ýNLOQVïýý([FHVVýJDVýYHORFLW\ýFDQýFDXVH
VHHSDJHýRIýGXVWýSDUWLFOHVýWKURXJKýWKHýGXVWýFDNHýDQGýIDEULFïýý)DQýDPSHUDJHýLVýDQýLQGLFDWRUýRI
SURSHUýIDQýRSHUDWLRQýDQGýDGHTXDWHýDLUýIORZýWKURXJKýWKHýEDJKRXVHýõWKHýH[KDXVWýJDVýLVýQRW
E\SDVVLQJýWKHýEDJKRXVHôï

,PSOHPHQWDWLRQýRIýDýEDJKRXVHýLQVSHFWLRQýDQGýPDLQWHQDQFHýõ,î0ôýSURJUDPýSURYLGHV
DVVXUDQFHýWKDWýWKHýEDJKRXVHýLVýLQýJRRGýUHSDLUýDQGýRSHUDWLQJýSURSHUO\ïýý2QFHýSHUýGD\ñýSURSHU
RSHUDWLRQýRIýWKHýFRPSUHVVRUýLVýYHULILHGýWRýHQVXUHýWKDWýWKHýEDJVýDUHýEHLQJýFOHDQHGïýý3URSHU
RSHUDWLRQýRIýWKHýFOHDQLQJýF\FOHýIDFLOLWDWHVýJDVýIORZýWKURXJKýWKHýEDJKRXVHýDQGýWKHýUHPRYDOýRI
SDUWLFXODWHñýDQGýDOVRýKHOSVýSUHYHQWýEOLQGLQJýRIýWKHýILOWHUýEDJVïýý2SHUDWLRQýDWýORZýSUHVVXUHVýFDQ
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UHVXOWýLQýLQDGHTXDWHýFOHDQLQJñýHVSHFLDOO\ýQHDUýWKHýERWWRPVýRIýWKHýEDJVïýý2WKHUýLWHPVýRQýWKHýGDLO\
,î0ýFKHFNOLVWýLQFOXGHýWKHýGXVWýSXPSñýLQGXFHGðGUDIWýIDQVñýUHYHUVHýDLUýIDQñýGXVWýVFUHZVñýURWDU\
IHHGHUVñýELQVñýFOHDQLQJýF\FOHýRSHUDWLRQñýOHDNýFKHFNñýDQGýFRPSDUWPHQWýLQVSHFWLRQýIRUýEDGýEDJVï

,,,ïýý5DWLRQDOHýIRUý6HOHFWLRQýRIý,QGLFDWRUý5DQJHV

7KHýLQGLFDWRUýUDQJHýIRUýRSDFLW\ýLVýDýçðPLQXWHýDYHUDJHýRSDFLW\ýRIýOHVVýWKDQýëíýSHUFHQWïýý7KLV
LQGLFDWRUýUDQJHýZDVýVHOHFWHGýEDVHGýRQýWKHýIDFLOLW\©VýSHUPLWýUHTXLUHPHQWVýDQGýKLVWRULFDOýRSHUDWLQJ
GDWDïýý5HYLHZýRIýGDWDýFROOHFWHGýLQý0D\ýìääæýLQGLFDWHýDQýDYHUDJHýRSDFLW\ýRIýìíïäýSHUFHQWýõçð
PLQXWHýDYHUDJHôýIRUýEDJKRXVHý1RïìñýZLWKýçðPLQXWHýGDLO\ýDYHUDJHýUHDGLQJVýUDQJLQJýIURPýëïäýWR
ìäïåýSHUFHQWïýý)RUýEDJKRXVHý1RïýëñýWKHýDYHUDJHýZDVýììïèýSHUFHQWñýZLWKýçðPLQXWHýDYHUDJHýUHDGLQJV
UDQJLQJýIURPýêïìýWRýìåïåýSHUFHQWïýý7KHýçðPLQXWHýDYHUDJHýLVýPDGHýXSýRIýREVHUYDWLRQVýWDNHQýDW
ìèðVHFRQGýLQWHUYDOVï

7KHýLQGLFDWRUýUDQJHýIRUýEDJKRXVHýSUHVVXUHýGURSýLVýDýSUHVVXUHýGURSýEHWZHHQýèýDQG
ìèýLQïý+ë2ïýý7KLVýUDQJHýZDVýVHOHFWHGýEDVHGýRQýKLVWRULFDOýGDWDýREWDLQHGýGXULQJýQRUPDOýRSHUDWLRQïý
7KHýSUHVVXUHýGURSýLVýW\SLFDOO\ýDURXQGýìíýWRýììýLQïý+ë2ïýý$ýUHYLHZýRIýGDWDýFROOHFWHGýGXULQJý$SULO
DQGý0D\ýRIýìääæýVKRZýDýUDQJHýRIýDERXWýäýWRýìéýLQïý+ë2ïýý7KHýLQGLFDWRUýUDQJHýVHOHFWHGýIRUýWKHýIDQ
DPSHUDJHýLVýDQýDPSHUDJHýJUHDWHUýWKDQýìííïýý7KLVýUDQJHýZDVýVHWýEDVHGýRQýWKHýOHYHOýPDLQWDLQHG
GXULQJýQRUPDOýRSHUDWLRQïýý7KHýIDQýLVýRSHUDWHGýDWýDýKLJKýHQRXJKýVHWWLQJýWRýGUDZýWKHýUHTXLUHGýDLUýIRU
GXVWýFROOHFWLRQýIURPýWKHýIRXUýIXUQDFHVýDQGýWZRýURWDU\ýNLOQVïýý,WýW\SLFDOO\ýRSHUDWHVýLQýWKHýìííýWR
ìèæýDPSýUDQJHñýZLWKýDQýDYHUDJHýRIýìëèýDPSVïýý:KHQýDýSUREOHPýZLWKýWKHýEDJKRXVHýLVýGHWHFWHG
GXULQJýDQýLQVSHFWLRQñýWKHýSUREOHPýLVýUHFRUGHGýRQýWKHýLQVSHFWLRQýORJýDQGýFRUUHFWLYHýDFWLRQýLV
LQLWLDWHGýLPPHGLDWHO\ï

7KHýPRVWýUHFHQWýSHUIRUPDQFHýWHVWýXVLQJýFRPSOLDQFHýWHVWýPHWKRGVýõ50ýèôýZDVýFRQGXFWHGýRQ
-XO\ýåðäñýìääæïýý'XULQJýWKLVýWHVWñýWKHýDYHUDJHýPHDVXUHGý30ýHPLVVLRQVýZHUHýíïíåíýJUîGVFIýIRU
EDJKRXVHý1RïýìýDQGýíïíèêýJUîGVFIýIRUýEDJKRXVHý1RïýëýõERWKýZHUHýEHORZýWKHýFRPSOLDQFHýOLPLWýRI
íïëýJUîGVFIôïýý2SDFLW\ýREVHUYDWLRQVýGXULQJýWHVWLQJýDYHUDJHGýìæýSHUFHQWýIRUýERWKýEDJKRXVHVïýý7KH
FRPSOHWHýWHVWýUHVXOWVýDUHýGRFXPHQWHGýLQýWKHýWHVWýUHSRUWïýý3ULRUýWRýWKHýSHUIRUPDQFHýWHVWñýDQ
LQVSHFWLRQýRIýWKHýEDJKRXVHýZDVýSHUIRUPHGýWRýHQVXUHýWKDWýLWýZDVýLQýJRRGýZRUNLQJýRUGHUñýZLWKýQR
OHDNVýRUýEURNHQýEDJVïý
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$ï (PLVVLRQVý8QLW

'HVFULSWLRQã :RRGý)LEHUý'U\HU
,GHQWLILFDWLRQã 'U\HUý1Rïýê
)DFLOLW\ã )DFLOLW\ý1

$Q\WRZQñý86$

%ï $SSOLFDEOHý5HJXODWLRQñý(PLVVLRQý/LPLWñýDQGý0RQLWRULQJý5HTXLUHPHQWV

5HJXODWLRQã 2$5ýêéíðêíðíëì
(PLVVLRQýOLPLWã
ýý3DUWLFXODWHýPDWWHUã íïèèýOEîìñíííýVTIWýGULHGýRUýìèïèýOEîKUýWRWDOý30ýOLPLW

IRUýDOOýVRXUFHVýDWý0')ýSODQWñýH[FOXGLQJýERLOHUñýWUXFN
GXPSñýDQGýVWRUDJHýDUHDVï

0RQLWRULQJýUHTXLUHPHQWVã 3UHVVXUHýGURSýDFURVVýZHWýVFUXEEHUñýVFUXEEHUýLQOHW
DQGýRXWOHWýWHPSHUDWXUHï

&ï &RQWUROý7HFKQRORJ\

:HWýVFUXEEHU

,,ï 0RQLWRULQJý$SSURDFK

7KHýNH\ýHOHPHQWVýRIýWKHýPRQLWRULQJýDSSURDFKýDUHýSUHVHQWHGýLQý7DEOHý$ïìéðìïýý
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7KHýSROOXWDQWðVSHFLILFýHPLVVLRQýXQLWýLVýDýZRRGýILEHUýGU\HUýGHQRWHGýDVýWKHýIDFHýV\VWHPýDQG
XVHGýLQýWKHýPDQXIDFWXUHýRIýPHGLXPýGHQVLW\ýILEHUERDUGïýý)LEHUýIURPýWKHýGU\HUýLVýUHPRYHGýE\ýDýORZ
HQHUJ\ýF\FORQHïýý7KHýH[KDXVWýIURPýWKHýF\FORQHýLVýGXFWHGýWRýWKHýVFUXEEHUïýý,QýWKHýODVWýëíýIHHWýRIýWKH
GXFWñýZDWHUýLVýVSUD\HGýLQWRýWKHýDLUýVWUHDPïýý7KHýHPLVVLRQVýWKHQýHQWHUýWKHýVFUXEEHUñýZKHUHýEDIIOLQJ
UHPRYHVýWKHýVXVSHQGHGýZDWHUýGURSOHWVïýý7KHýWHPSHUDWXUHýGURSýDFURVVýWKHýVSUD\ýVHFWLRQýDQGýWKH
SUHVVXUHýGURSýEHWZHHQýWKHýLQOHWýWRýWKHýVSUD\ýVHFWLRQýDQGýWKHýVFUXEEHUýGLVFKDUJHýDUHýPRQLWRUHGï

,,ï 5DWLRQDOHýIRUý6HOHFWLRQýRIý3HUIRUPDQFHý,QGLFDWRUV

3UHVVXUHýGURSýZDVýVHOHFWHGýDVýDýSHUIRUPDQFHýLQGLFDWRUýEHFDXVHýLWýLQGLFDWHVýWKHýZDWHUýOHYHOýLQ
WKHýVFUXEEHUïýý0DLQWDLQLQJýDQýDGHTXDWHýZDWHUýIORZýLQVXUHVýDGHTXDWHýSDUWLFXODWHýUHPRYDOïýý$ýKLJK
SUHVVXUHýGURSýLQGLFDWHVýWKHýZDWHUýOHYHOýLQýWKHýVFUXEEHUýLVýWRRýKLJKïýý8VXDOO\ñýKLJKýZDWHUýOHYHO
SUREOHPVýDUHýFDXVHGýE\ýDýPDOIXQFWLRQýRIýWKHýVFUXEEHUýZDWHUýOHYHOýFRQWUROOHUïýý$ýORZýSUHVVXUH
GURSýLVýFDXVHGýE\ýDýORVVýRIýZDWHUýLQýWKHýVFUXEEHUï

7HPSHUDWXUHýZDVýVHOHFWHGýEHFDXVHýDýWHPSHUDWXUHýGURSýDFURVVýWKHýVFUXEEHUýLQGLFDWHVýWKDWýWKH
ZDWHUýVSUD\VýDUHýRSHUDWLQJïýý$ýORVVýRIýWHPSHUDWXUHýGLIIHUHQWLDOýLQGLFDWHVýOLWWOHýRUýQRýZDWHUýLVýEHLQJ
DSSOLHGýWRýWKHýH[KDXVWýJDVýVWUHDPñýZKLFKýLQýWXUQýFDXVHVýOLWWOHýSDUWLFXODWHýWRýEHýUHPRYHGýIURPýWKH
H[KDXVWïýý7KHýPRVWýFRPPRQýFDXVHýRIýZDWHUýORVVýLVýSOXJJHGýQR]]OHVýGXHýWRýZRRGýILEHUVýLQýWKH
UHF\FOHGýZDWHUï

%\SDVVýRIýDýVFUXEEHUýRQO\ýRFFXUVýLIýWKHýVFUXEEHUýLVýVKXWýGRZQýGXULQJýSURFHVVýRSHUDWLRQïý
7KHýGU\HUýLVýWKHQýFRQWUROOHGýRQO\ýE\ýWKHýF\FORQHïýý7KHVHýSHULRGVýDUHýGRFXPHQWHGýDQGýUHSRUWHGï

,,,ï 5DWLRQDOHýIRUý6HOHFWLRQýRIý,QGLFDWRUý5DQJHV

7KHýVHOHFWHGýLQGLFDWRUýUDQJHýIRUýWKHýVFUXEEHUýH[KDXVWýJDVýWHPSHUDWXUHýLVýOHVVýWKDQýìèí()
õìýKRXUýDYHUDJHôïýý7KHýVHOHFWHGýLQGLFDWRUýUDQJHýIRUýVFUXEEHUýSUHVVXUHýGURSýLVýOHVVýWKDQýçïèýLQïý+ë2ïý
7KHUHýLVýQRýORZHUýOLPLWýIRUýWKHýSUHVVXUHýGURSñýVLQFHýDýKLJKýH[KDXVWýWHPSHUDWXUHýZLOOýLQGLFDWHýDýORVV
RIýZDWHUýIORZïýý:KHQýDQýH[FXUVLRQýRFFXUVñýFRUUHFWLYHýDFWLRQýZLOOýEHýLQLWLDWHGñýEHJLQQLQJýZLWKýDQ
HYDOXDWLRQýRIýWKHýRFFXUUHQFHýWRýGHWHUPLQHýWKHýDFWLRQýUHTXLUHGýWRýFRUUHFWýWKHýVLWXDWLRQïýý$OO
H[FXUVLRQVýZLOOýEHýGRFXPHQWHGýDQGýUHSRUWHGï

7KHýLQGLFDWRUýOHYHOVýIRUýWKHýVFUXEEHUýSUHVVXUHýGURSýDQGýLQOHWýDQGýH[KDXVWýJDVýWHPSHUDWXUHV
DUHýEDVHGýRQýQRUPDOýVFUXEEHUýRSHUDWLRQýDQGýSHUIRUPDQFHýWHVWýUHVXOWVïýý'XULQJýVRXUFHýWHVWLQJñýWKH
VFUXEEHUýZDVýRSHUDWLQJýXQGHUýQRUPDOýFRQGLWLRQVýDQGýWKHýDYHUDJHýVFUXEEHUýH[KDXVWýJDV
WHPSHUDWXUHýZDVýìêë�)ïýý:LWKýQRýZDWHUýIORZLQJýWKURXJKýWKHýVFUXEEHUñýWKHýH[KDXVWýWHPSHUDWXUH
ZRXOGýEHýDERXWýêíýGHJUHHVýKRWWHUïýý7KHUHIRUHñýWKHýH[KDXVWýWHPSHUDWXUHýOLPLWýZDVýVHWýDWýìèí�)ïý
'XULQJýWKHýPRVWýUHFHQWýSHUIRUPDQFHýWHVWñýWKHýDYHUDJHýSUHVVXUHýGURSýZDVýèïæýLQïý+ë2ï
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7KHýPRVWýUHFHQWýSHUIRUPDQFHýWHVWýXVLQJýFRPSOLDQFHýWHVWýPHWKRGVýõ2'(4ý0HWKRGýæýIRU
SDUWLFXODWHôýZDVýFRQGXFWHGýDWýWKLVýIDFLOLW\ýRQý1RYHPEHUýëíðëìñýìääçïýý7KUHHýWHVWýUXQVýZHUH
FRQGXFWHGýRQýWKHýILEHUýGU\HUïýý'XULQJýWHVWLQJñýWKHýPHDVXUHGý30ýHPLVVLRQVýIURPý'U\HUý1Rïýê
DYHUDJHGýíïííåýJUîGVFIýõêïçýOEîKUôïýý'XULQJýWKHýFRPSOLDQFHýWHVWýWKHýVFUXEEHUýH[KDXVWýSDUWLFXODWH
HPLVVLRQVýZHUHýEHORZýWKHýSHUPLWýOLPLWýRIýìèïèýOEîKUïýý'XULQJýWKHýHPLVVLRQVýWHVWñýWKHýSUHVVXUHýGURS
DQGýWKHýVFUXEEHUýLQOHWýDQGýRXWOHWýWHPSHUDWXUHVýZHUHýPHDVXUHGýFRQWLQXRXVO\ïýý7KHýFRPSOHWHýWHVW
UHVXOWVýDUHýGRFXPHQWHGýLQýWKHýWHVWýUHSRUWïý

)LJXUHVý$ïìéðìýDQGý$ðìéïëýVKRZýDYHUDJHýKRXUO\ýWHPSHUDWXUHýDQGýGLIIHUHQWLDOýSUHVVXUHýGDWD
IRUýVFUXEEHUý1RïýêýIRUýWKHýPRQWKýRIý$XJXVWýìääæïýý7KHýGLSVýLQýWKHýGLIIHUHQWLDOýSUHVVXUHýDQGýWKH
WHPSHUDWXUHVýLQGLFDWHýSHULRGVýZKHQýWKHýVFUXEEHUýZDVýQRWýRSHUDWLQJïýý)LJXUHý$ïìéðìýVKRZVýWKDW
WKHýIDFLOLW\ýGLGýQRWýH[FHHGýWKHýPD[LPXPýRXWOHWýWHPSHUDWXUHýOLPLWýRIýìèí�)ñýDQGýWKHýLQOHW
WHPSHUDWXUHýH[FHHGHGýWKHýRXWOHWýWHPSHUDWXUHýGXULQJýSHULRGVýRIýVFUXEEHUýRSHUDWLRQïýý7KHýDYHUDJH
KRXUO\ýVFUXEEHUýLQOHWýWHPSHUDWXUHýZDVýìèæ�)ñýZLWKýDýPD[LPXPýKRXUO\ýLQOHWýWHPSHUDWXUHýRIýìåä�)ñ
DQGýWKHýDYHUDJHýVFUXEEHUýRXWOHWýWHPSHUDWXUHýZDVýìëä�)ñýZLWKýDýPD[LPXPýKRXUO\ýRXWOHW
WHPSHUDWXUHýRIýìéë�)ïýý7KHýDYHUDJHýWHPSHUDWXUHýGLIIHUHQWLDOýZDVýëå�)ïýý)LJXUHý$ïìéðëýVKRZVýWKDW
WKHýIDFLOLW\ýGLGýQRWýH[FHHGýWKHýPD[LPXPýSUHVVXUHýGURSýGXULQJýWKHýPRQWKýRIý$XJXVWïýý7KHýDYHUDJH
GLIIHUHQWLDOýSUHVVXUHýZDVýéïèýLQïý+ë2ýGXULQJýWKHýPRQWKýRIý$XJXVWñýZLWKýDýPD[LPXPýRIýçýLQïý+ë2ï
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EXAMPLE COMPLIANCE ASSURANCE MONITORING
CONTROL DEVICE (BOILER) BYPASS – FACILITY R

I. Background

A. Emissions Unit

Description: APCD (boiler) bypass valve

Identification: East and West boilers

Facility: Facility R
Anytown, USA

B. Applicable Regulation, Emissions Limit, and Bypass Monitoring Requirements

Regulation: Permit, State regulation

Emissions Limits:
    CO: 200 ppm

Monitoring Requirements: Temperature downstream of bypass valve.

C. Control Device

Two boilers in parallel.

II. Monitoring Approach

The key elements of the bypass monitoring approach are presented in Table A.16-1.  The
selected indicators are the temperatures in the horizontal and vertical portions of the bypass line
downstream of the boiler bypass valve.  The temperatures are measured continuously;
instantaneous temperature values are recorded every 15 minutes.

Note: This compliance assurance monitoring example is presented as an illustration of one
approach to monitoring for control device bypass.  The example presents only the
parameters monitored to ensure the control device is not being bypassed.  Parameters to
ensure the control device is operating properly also are monitored, but are not discussed
in this example.
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TABLE A.16-1.  BYPASS MONITORING APPROACH
I. Indicator Vertical and horizontal bypass line temperatures

Measurement Approach Thermocouples downstream of bypass valve.

II. Indicator Range An excursion is defined as a vertical line temperature of
greater than 550/F or a horizontal line temperature of greater
than 250/F.  An excursion shall trigger an inspection,
corrective action as necessary, and a reporting requirement.

III. Performance Criteria
A. Data Representativeness

Gas temperature is measured using thermocouples in two
locations downstream of the bypass valve, prior to the
common exhaust stack.  The minimum accuracy of the
thermocouples is 2.2/C (±4/F) or ±0.75 percent of the
temperature measured in /C, whichever is greater.

B. Verification of Operational Status NA

C. QA/QC Practices and Criteria The thermocouples are checked annually with a redundant
temperature sensor.  Acceptance criteria:  ±15/F of the
measured value.

D. Monitoring Frequency The temperatures are measured and recorded every
15 minutes.

Data Collection Procedures The temperatures are recorded by the computer control
system every 15 minutes.

Averaging period None.



CAM TECHNICAL GUIDANCE DOCUMENT
A.16  CONTROL DEVICE (BOILER) BYPASS

6/02 A.16-3

Figure A.16-1.  Process schematic.

MONITORING APPROACH JUSTIFICATION

I. Background

The FCCU regenerator flue gas contains approximately 10 percent CO by volume, and is
referred to as “CO gas.”  The CO gas is routed to two tangentially-fired boilers (East and West)
in parallel, designed with sufficient residence time, turbulence, and temperature to fully combust
the CO to CO2.  The exhaust from each boiler enters a common stack, where an emission limit of
200 ppm CO must be met.  The FCCU regenerator is equipped with piping that enables the CO
gas to bypass the boilers and flow directly to the common stack.  Use of the bypass line is
essential for the safe operation of the boilers during startup and shutdown periods.  The piping is
equipped with a butterfly valve.  The position of this valve is monitored by the computer control
system, and is kept fully closed during normal operation.  The operators routinely pack the valve
with ceramic fiber insulation to prevent leaks.  A process schematic is shown in Figure A.16-1.
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II. Rationale for Selection of Performance Indicator

Although the bypass valve position is computer-controlled, it has a tendency to leak if not
tightly packed with insulation.  Therefore, the operators need an indicator to detect leakage of
the valve that might cause excess CO emissions.  Testing was performed to determine the effect
of boiler load on CO emissions.  The results showed the boilers emitted negligible CO regardless
of operating load.  The effect of a leaky valve on CO emissions (measured in the stack) and the
gas temperature downstream of the bypass valve then was examined.  The results showed that as
the amount of valve leakage increases and the CO concentration in the common stack increases,
the temperature downstream of the valve also increases because of the high temperature of the
CO gas (the temperature of the CO gas upstream of the valve is approximately 960/F). 
Therefore, the selected indicator of a leaky or open bypass valve is the temperature downstream
of the bypass valve.

III. Rationale for Selection of Indicator Range

A test program was conducted to determine the relationship between the gas temperature
downstream of the bypass valve and the CO emissions.  The gas temperature in the bypass line
and the CO concentration in the common stack were measured at baseline conditions (no
leakage) and for eight different leak conditions.  Temperature was measured at two locations: the
vertical section of the bypass line (19 feet downstream of the valve) and the horizontal section of
the bypass line (47 feet downstream of the valve).  During normal conditions, when the CO level
in the common stack was less than 50 ppm, the temperature in the vertical section was roughly
410/F, while the temperature in the horizontal section was 110/F. 

To induce leakage of the valve, the valve was opened 5 percent on day 1 and 3 percent on
day 2, and immediately closed.  The packing material broke loose during each opening.  On
inducing the leaks, the temperature downstream of the valve rose quickly and eventually reached
a stable temperature.  To evaluate the effect of adding packing to the valve on downstream
temperatures and CO levels in the common stack, the valve was progressively packed with
ceramic fiber insulation and allowed to stabilize.  The level of CO in the stack and the
downstream temperatures decreased with the amount of insulation added.

For each of the seven test runs or conditions, multiple data points were collected and
recorded for the temperatures and the CO concentrations.  Rather than calculating the average 
as the representative value for each run as is traditionally done with performance test data, a
percentile measure was determined from the data for each run.  The percentile value for
temperature and for CO concentration were selected independently.  All of the temperature
readings for the run were ranked from lowest to highest, and the value that coincides with the
5th percentile for all of the temperature readings for that run was selected.  Then, all of the CO
concentration readings for the run were ranked lowest to highest, and the value that coincides
with the 95th percentile for all of the CO concentration readings for that run was selected.  These
percentile values were selected to represent the test run instead of an average value.  Table A.16-
2 shows a summary of the readings for each test condition or run; both the average values and
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the percentile values are shown.  Table A.16-2 shows data for the vertical duct temperature,
horizontal duct temperature, and CO concentration for each test condition.

Figures A.16-2 and A.16-3 show the relationship between CO emissions and the gas
temperature at the horizontal and vertical locations.  The 5th percentile temperature readings
reflect levels at the lower end of the range for each condition that can alert the boiler operator to
bypass valve leakage.  Conversely, since the CO levels varied during each test condition, the
95th percentile CO levels for each test condition were selected to be conservative (on the high
side).  For added confidence, indicator ranges were developed for both measurement locations (it
is expected that the two thermocouples will not fail at the same time).  Based on the data
collected during testing, an excursion is defined as a vertical duct temperature of greater than
550/F or a horizontal duct temperature of greater than 250/F.  An excursion will trigger an
inspection, corrective action as necessary, and a reporting requirement.
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TABLE A.16-2. SUMMARY OF TEMPERATURE AND CO EMISSIONS LEVELS DURING TEST CONDITIONS

Condition
Test Period
(minutes)

Vertical Temperature Readings
(°F)

Horizontal Temperature
Readings (°F)

CO Level (ppmvd at 50%
excess air)

Average 5th Percentile Average 5th Percentile Average 95th Percentile

Baseline -- Normal operation, minimal leakage 222 410 405 112 109 39.5 44.5

Open1 -- Open/close bypass valve to force leakage
(day 2)

8 Transient Data Period

Leak -- Monitoring period following valve
open/close

98 683 641 463 426 351 358

Pack1 -- Monitoring period after one tube of
packing was injected into valve

10 Transient Data Period

Pack2 -- Monitoring period after a second tube of
packing was injected

57 676 671 453 449 229 230

Pack3 -- Monitoring period after a third tube of
packing was injected

1084 634 629 341 307 169 191

Pack 45 -- Monitoring period after a fourth and
fifth tube of packing was injected

176 482 443 179 160 30.0 35.7

Open 2 -- Close/open bypass valve to force leakage
a second time (day 3)

9 Transient Data Period

Leak 2 -- Monitoring period following valve
open/close #2

105 641 604 443 411 242 248

Pack1X -- Monitoring period after one tube of
packing was injected into valve after Leak 2

20 Transient Data Period

Pack 2X -- Monitoring period after a second tube
of packing was injected into valve after Leak2

122 588 577 397 389 123 127
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Figure A.16-2.  CO Level (95th Percentile) in the Common Stack vs. Horizontal Temperature 
Measurement (5th Percentile).

Figure A.16-3.  CO Level (95th Percentile) in the Common Stack vs. Vertical Temperature 
Measurement (5th Percentile).
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EXAMPLE COMPLIANCE ASSURANCE MONITORING
VENTURI SCRUBBER FOR PM CONTROL:  FACILITY S

I. Background

A. Emissions Unit

Description: Wood-fired boiler
Identification: Boiler A
Facility: Facility S

Anytown, USA

B. Applicable Regulation, Emissions Limit, and Monitoring Requirements

Regulation:  State regulation (Federally enforceable)

Emissions Limit:
  Particulate Matter (PM): Determined using the following equation:

P = 0.5 *(10/R)0.5

where:
P = allowable weight of emissions of fly ash and/or other PM in

lb/mmBtu.

  R = heat input of fuel-burning equipment in mmBtu/hr based on
the measured percent of O2 and volumetric flow rate.

The State rule also specifies that the opacity of visible emissions cannot be
equal to or greater than 20 percent, except for one 6-minute period per
hour of not more than 27 percent.

Monitoring Requirements:  Continuous Opacity Monitoring System (COMS)

C. Control Technology

Venturi scrubber

II. Monitoring Approach

The key elements of the monitoring approach are presented in Table A.17-1.  The
indicators of performance are the boiler exhaust O2 concentration (a measure of excess air level)
and the differential pressure across the scrubber venturi. 



TABLE A.17-1.  MONITORING APPROACH
Indicator No. 1 Indicator No. 2

I. Indicator Exhaust gas oxygen concentration Scrubber differential pressure

Measurement Approach O2 monitor Differential pressure transducer.

II. Indicator Range An excursion is defined as an hourly boiler
exhaust O2 concentration of less than 11 or
greater than 16 percent.  Excursions trigger
an inspection, corrective action, and a
reporting requirement.

An excursion is defined as a 1-hour average
differential pressure below 10.0 inches of
water.  Excursions trigger an inspection,
corrective action, and a reporting
requirement.

III. Performance Criteria
A.  Data Representativeness

The O2 monitor is located in the boiler
exhaust.

The differential pressure transducer
monitors the static pressures upstream and
downstream of the scrubber’s venturi
throat.

B.  Verification of Operational Status NA NA                                    

C.  QA/QC Practices and Criteria Daily zero and span checks.  Adjust when
drift exceeds 0.5 percent O2.

Quarterly comparison to a U-tube
manometer.  Acceptance criteria is
0.5 in. w.c.

D.  Monitoring Frequency Measured continuously. Measured continuously.

Data Collection Procedures 1-minute averages are computed and
displayed.  The PC then computes and stores
a 1-hour average using the 1-minute
averages.

1-minute averages are computed and
displayed.  The PC then computes and
stores a 1-hour average using the 1-minute
averages.

Averaging period 1-hour. 1-hour.
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MONITORING APPROACH JUSTIFICATION

I. Background

The pollutant-specific emissions unit (PSEU) is PM from a wood-fired boiler.  Particulate
matter in the boiler’s exhaust stream is controlled by a venturi scrubber.  A COMS is required by
the applicable State rule.  However, water droplets in the boiler exhaust will interfere with the
COMS measurements and consequently make the use of a COMS impractical.  An alternative
monitoring program utilizing parametric monitoring has been proposed.  The monitoring
approach includes continuous monitoring of the wood-fired boiler’s excess air, the steam
production rate, and the differential pressure across the scrubber’s venturi throat.

II. Rationale for Selection of Performance Indicators 

The operating conditions for this type of source (wood-fired boiler) can have a significant
impact on the amount of particulate emissions created.  Furthermore, for a venturi scrubber, the
inlet particulate matter loading to the scrubber will have an impact on the emissions level from
the scrubber (i.e., emissions from the scrubber are expected to increase as the loading to the
scrubber increases for the same scrubber operating conditions).  Site-specific emissions test data
confirm these expectations.  Therefore, indicators of performance of both the control device and
process were selected for this source.

The scrubber differential pressure was selected as the indicator of control device
performance.  The differential pressure is proportional to the water flow and air flow through the
scrubber venturi throat and is an indicator of the energy across the scrubber and the proper
operation of the scrubber within established conditions.

Excess air levels can have a significant impact on boiler performance.  Excess air is
defined as that air exceeding the theoretical amount necessary for combustion.  Insufficient
excess air will result in incomplete combustion and an increase in emissions.  A minimum of
about 50 percent excess air is necessary for combustion of wood or bark fuels.  Provision of too
much excess air causes the furnace to cool and also can result in incomplete combustion. 
Therefore, the proper excess air level is important for proper operation of the boiler.  The percent
oxygen in the exhaust gas stream is an indicator of the excess air level (0 percent oxygen would
equal 0 percent excess air, 8 percent oxygen is approximately 50 percent excess air, and
12 percent oxygen is approximately 100 percent excess air). 
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III. Rationale for Selection of Indicator Ranges

Baseline information on the relationship among process operating conditions, control
device operating conditions, and emissions was necessary to establish the indicators and ranges.  
A series of test runs was performed at several different boiler operating conditions because
parametric monitoring is being proposed as an alternative to COMS.

Emissions tests were performed to establish a basis for indicator ranges that correspond to
compliance with the PM emissions limit.  A set of nine test runs was performed on the boiler at
three different levels of steam generation (three test runs were performed at each steam
generation level).  Emissions sampling was based on EPA Methods 1 through 5 (40 CFR 60,
Appendix A).  The results of the first series of emissions tests indicated a problem meeting the
emissions limits at the lower load level; the lack of a means to control excess air levels during
boiler operation was suspected as the cause of the excess emissions.   A second series of tests
were performed a year later after automatic boiler control equipment was installed.  The second
series of tests also was comprised of nine runs at three operating loads.  The results of these
18 tests were used in selecting the indicator ranges.  The results of these tests are presented and
discussed in the following paragraphs.

Figure 1 graphically presents the excess air level versus the nominal boiler load (steam
generation rate) for the tests.  During the first series of tests, before automatic boiler controls
were added, the boiler operated at a very high level of excess air (over 500 percent) at the low-
level operating load, at a high level of excess air (over 200 percent) at the mid level operating
load, and below 200 percent at the high-level operating load.  Without the automatic boiler
controls, the same amount of air was being introduced to the boiler regardless of the operating
load (wood feed rate), resulting in a significant increase in excess air levels as wood feed rate
decreased.  After the automatic controls were added, the excess air was maintained at lower
levels for the low-level and mid-level load conditions (less than 300 percent and 200 percent,
respectively). 

 The results of the two test series are summarized in Table A.17-2.  Three test runs were
performed at each steam generation rate.
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 TABLE A.17-2.  TEST RESULTSa

Nominal steam
generation rate

(lb/hr)
Venturi differential
pressure (in. H2O)

Boiler
exhaust O2

(%)

Particulate
emissions

(lb/MMBtu)

Allowable
particulate
emissions

(lb/MMBtu)

Series 1:
(Before Boiler
Control
Modifications)

25,000 15.6 18.1 0.73 0.25

40,000 22.9 16.2 0.43 0.21

60,000 22.2 12.6 0.06 0.16

Series 2:
(After Boiler
Control
Modifications)

33,000 12.0 15.5 0.07 0.25

52,000 12.1 13.9 0.06 0.21

77,000 12.0 13.0 0.05 0.17
a All values are 3-run averages.

At the first level of steam generation (25,000 lb/hr), the amount of excess air ranged from
544 percent to 752 percent by volume.  The particulate emissions rate ranged from 0.528 to
1.12 lb/MMBtu.  The maximum allowable emissions ranged from 0.23 to 0.27 lb/MMBtu.  The
maximum allowable emissions varies because it is based on the heat input rate.  The allowable
emissions rate was exceeded for all three test runs.  The second set of test runs was performed at
a nominal steam generation level of 40,000 lb/hr.  The amount of excess air ranged from 244 to
830 percent.  The particulate emissions rate ranged from 0.21 to 0.82 lb/MMBtu.  The maximum
allowable emissions ranged from 0.17 to 0.28 lb/MMBtu.  The maximum allowable emissions
rate was exceeded for all three test runs.  The third set of test runs was operated at a nominal
steam generation level of 60,000 lb/hr.  The steam generation level actually ranged from
60,000-70,000 lb/hr but dropped below 50,000 lb/hr midway through the third of the three tests
performed.  The amount of excess air for these three test runs ranged from 123 to 188 percent. 
The particulate emissions rate ranged from 0.05 to 0.06 lb/MMBtu.  The maximum allowable
emissions ranged from 0.15 to 0.17 lb/MMBtu.  The boiler was well within the maximum
allowable emissions rate for all three test runs. 

For the test series conducted after the addition of automatic controls, at the first level of
steam generation (33,000 lb/hr nominal), the amount of excess air ranged from 255 to
341 percent by volume (15 to 16 percent oxygen).  The particulate emissions rate ranged from
0.062 to 0.081 lb/MMBtu.  The maximum allowable emissions ranged from 0.23 to
0.29 lb/MMBtu.  The particulate emissions were less than the allowable emissions rate for all
three test runs.  The second set of test runs was performed at a nominal steam generation level of
77,000 lb/hr.  The amount of excess air ranged from 128 to 194 percent (12 to 14 percent
oxygen).  The particulate emissions rate ranged from 0.045 to 0.057 lb/MMBtu.  The maximum
allowable emissions ranged from 0.16 to 0.18 lb/MMBtu.  The particulate emissions were less
than the allowable emissions rate for all three test runs.  The third set of test runs was performed
at a nominal steam generation level of 52,000 lb/hr.  The amount of excess air for these three test
runs ranged from 196 to 223 percent (13 to 14 percent oxygen).  The particulate emissions rate
ranged from 0.056 to 0.067 lb/MMBtu.  The maximum allowable emissions ranged from 0.20 to
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0.21 lb/MMBtu.  The boiler operated within the maximum allowable emissions rate for all three
test runs.  

Figure 2 presents the particulate emissions rate versus boiler load for the two test series. 
Figures 3 and 4 present the particulate emissions rate versus excess air and boiler exhaust
oxygen level, respectively.  The test results show that during the first test series the emissions
increase significantly as the excess air increases.  The allowable emissions limit was exceeded at
the low- and mid-level operating loads.  The results of the second test series conducted after
automatic boiler controls were added also show a relationship among the excess air level, boiler
load, and particulate emissions rates.  However, the particulate emissions rates were well within
the allowable emissions rates for all test runs at all load conditions.  Note that the performance of
the system (boiler and venturi scrubber) was significantly better during the second series of tests
when the automatic boiler controls were being used to control air levels even though the venturi
scrubber was operating at a lower pressure drop (12 versus 22 in. w.c.). 

The indicator selected for monitoring boiler operation is exhaust gas oxygen concentration.
The selected indicator range for the boiler exhaust gas oxygen is greater than 12 and less than
16 percent O2 (one-hour average).  The indicator range was chosen based upon the 1-hr test run
averages for the January 1999 test data.  During these tests, the average oxygen concentration
was maintained between 12 and 16 percent.  The oxygen concentration is measured
continuously.   An excursion triggers an inspection, corrective action, and a reporting
requirement.  The selected range will promote maximum efficiency and provide a reasonable
assurance that the boiler is operating normally.

The indicator range selected for monitoring venturi scrubber operation is a pressure
differential of greater than 10 in. w.c. (one-hour average).  An excursion triggers an inspection,
corrective action, and a reporting requirement.  The differential pressure is measured several
times per minute.  A one-minute average is calculated, and an hourly average is calculated from
the one-minute averages.  The selected indicator range was chosen by examining the
January 1999 test data.  During these tests, the differential pressure was maintained between 10
and 15 in. w.c.   The measured particulate emissions limit during these tests at all three boiler
loads was approximately one third of the allowable emissions rate (large margin of compliance). 
Therefore, a differential pressure of greater than 10 in. w.c. was selected as the indicator range.
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Figure 2:  Particulate Emissions vs. Steam Flow Rate
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Figure 1:  Excess Air vs. Steam Flow Rate
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Figure 4:  Particulate Emissions vs. Exhaust Oxygen Level
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Figure 3:  Particulate Emissions vs. Excess Air
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EXAMPLE COMPLIANCE ASSURANCE MONITORING
CARBON ADSORBER FOR VOC CONTROL – FACILITY T

I. Background

A. Emissions Unit

Description: Loading Rack

Identification: LR-1

APCD ID: SRU-1

Facility: Facility T
Anytown, USA

B. Applicable Regulation, Emission Limit, and Monitoring Requirements

Regulation: Permit

Emission Limits:
    VOC: 0.67 lb/1,000 gallons transferred

(80 mg/L transferred)

Monitoring Requirements: Monitor carbon adsorber outlet VOC
concentration, monitor position of APCD
bypass valve, conduct a leak detection and
repair program.

C. Control Technology:

Carbon adsorber.

II. Monitoring Approach

The key elements of the monitoring approach are presented in Table A.18-1.  The carbon
adsorber outlet VOC concentration in percent by volume as propane is continuously monitored. 
The selected indicator range is based on a 1-hour rolling average concentration.  Periodic leak
checks of the vapor recovery unit also are conducted and the position of the carbon adsorber
bypass valve is monitored to ensure bypass of the control device is not occurring.

Note:  Facility T also monitors parameters related to the vapor tightness of connections and tank
trucks and other parameters of the vapor recovery system, but this example focuses on the
monitoring performed on the carbon adsorber.
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TABLE A.18-1.  MONITORING APPROACH
Indicator No. 1 Indicator No. 2

I. Indicator Outlet VOC concentration (percent). Equipment leaks.

Measurement Approach Breakthrough detector (NDIR analyzer). Monthly leak check of vapor recovery system.

II. Indicator Range An excursion is defined as an hourly average outlet VOC
concentration of 4 percent by volume (as propane) or greater. 
When this level is reached or exceeded, the loading rack will
be shut down via an automated interlock system.  An
excursion will trigger an investigation, corrective action, and a
reporting requirement.

An excursion is defined as detection of a leak
greater than or equal to 10,000 ppm (as methane)
during normal loading operations.  An excursion
will trigger an investigation, corrective action, and a
reporting requirement.  Leaks will be repaired
within 15 days.

III. Performance Criteria
A. Data

Representativeness

The analyzer is located at the carbon adsorber outlet. A handheld monitor is used to check for leaks in the
vapor collection system during loading operations.

B. Verification of
Operational Status

NA NA

C. QA/QC Practices and
Criteria

Daily zero/span drift.  Adjust if drift is greater than 2.5 percent
of span.

Follow procedures in 40 CFR 60, Appendix A,
Method 21.

D. Monitoring
Frequency 

The outlet VOC concentration is monitored every 2 minutes. Monthly.

Data Collection
Procedures

The data acquisition system (DAS) collects the outlet VOC
concentration every 2 minutes and calculates a rolling 1-hour
average.  Periods when breakthrough is detected and the
interlock system shuts down the loading rack also are
recorded.

Records of inspections, leaks found, leaks repaired.

Averaging period 1 hour (rolling). None.

APCD Bypass Monitoring: A pressure gauge on the vapor header line is used to detect if the relief valve is open.  The valve opens if the pressure
reaches 18 inches H2O.  The DAS records the instantaneous pressure reading every 2 minutes.

 



CAM TECHNICAL GUIDANCE DOCUMENT
A.18  CARBON ADSORBER FOR VOC CONTROL

6/02 A.18-3

E K
V C
L

=
×
× 106

MONITORING APPROACH JUSTIFICATION

I. Background

The pollutant specific emissions unit (PSEU) is a vacuum regenerative carbon adsorber
used to reduce VOC emissions from a gasoline loading rack.  (Note: This facility is not a major
source of HAP emissions and is not subject to 40 CFR 63, Subpart R, or 40 CFR 60,
Subpart XX.)  The maximum throughput of the loading rack is 43,000,000 gallons per month,
and the facility operates 24 hours per day, 7 days per week.  

The carbon adsorber has two identical beds, one adsorbing while the other is desorbing on
a 15-minute cycle.  Carbon bed regeneration is accomplished with a combination of high vacuum
and purge air stripping which removes previously adsorbed gasoline vapor from the carbon and
restores the carbon's ability to adsorb vapor during the next cycle.  The vacuum pump extracts
concentrated gasoline vapor from the carbon bed and discharges into a separator.  Non-
condensed gasoline vapor plus gasoline condensate flow from the separator to an absorber
column which functions as the recovery device for the system.  In the absorber, the hydrocarbon
vapor flows up through the absorber packing where it is liquefied and subsequently recovered by
absorption.  Gasoline product from a storage tank is used as the absorbent fluid.  The recovered
product is simply returned along with the circulating gasoline back to the product storage tank  A
small stream of air and residual vapor exits the top of the absorber column and is recycled to the
on-stream carbon bed where the residual hydrocarbon vapor is re-adsorbed.

II. Rationale for Selection of Performance Indicators

A non-dispersive infrared (NDIR) analyzer is used to monitor the carbon adsorber outlet
VOC concentration in percent by volume as propane and ensure breakthrough is not occurring. 
This monitor provides a direct indicator of compliance with the VOC limit since it continuously
measures the outlet VOC concentration in percent.  An interlock system is used to shut down
loading operations when an excursion occurs.

A monthly leak inspection program also is performed to ensure that the vapors released
during loading are captured and conveyed to the vapor recovery unit.  A handheld monitor is
used to detect leaks in the vapor collection system.  The position of the vapor recovery unit’s
relief valve is monitored to ensure the control device is not bypassed.

III. Rationale for Selection of Indicator Ranges

The indicator range for the breakthrough detector was selected based on engineering
calculations.  The VOC emission rate can be expressed as follows (see 40 CFR 60.503):
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Figure A.18-1.  A typical day’s concentration data.

where:
E = emission rate of VOC, mg/L
V = volume of air/vapor mixture exhausted, scm
C = concentration of VOC, ppm
L = volume loaded, L
K = density of calibration gas, 1.83x106 mg/scm for propane

Assuming 100 percent displacement of all vapors into the vapor recovery unit (e.g., if
300,000 L are loaded, 300,000 L of vapor pass through the unit) and assuming that breakthrough
is occurring, it may be conservatively assumed that V is equal to L (V is actually less than L if
the carbon adsorber is operating properly).  Converting the volume displaced/exhausted
(300,000 L) to cubic meters (300 scm) and substituting 300 scm for V, 80 mg/L for E, and
1.83x106 mg/scm for K gives C equal to 43,700 ppm, or 4.4 percent.  Therefore, the indicator
range for the outlet VOC concentration is 4 percent (rolling hourly average), to provide a
reasonable assurance of compliance with the VOC limit of 80 mg/L loaded.  If the hourly
average outlet VOC concentration reaches or exceeds 4 percent, the unit will be shut down and
loading prevented via an automated interlock system.  All excursions will be documented and
reported.  Figure A.18-1 presents both 2-minute instantaneous (dotted line) and hourly average
(solid line) outlet VOC concentration data for a typical day’s operation.  The outlet VOC
concentration typically is less than 0.5 percent as propane.
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The most recent performance test conducted showed that the average hydrocarbon
emissions were 10.37 mg/liter loaded.  The average outlet concentration was 0.37 percent
propane by volume, and the unit’s efficiency was 98.6 percent.

For the second indicator, an excursion is defined as detection of a leak greater than or equal
to 10,000 ppm (as methane) during normal loading operations.  This is the limit established by
the applicable requirement.  If a leak is detected, corrective action will be initiated, and the leak
will be repaired within 15 days.  All excursions will be documented and reported.

Comment:  During the review period, one commenter suggested setting an internal warning
level for the bypass line pressure.  For safety reasons, the bypass valve on the inlet APCD line is
set to release at 18” w.c.  With respect to APCD bypass, the CAM rule only requires that a
facility monitor the bypass so that bypass events can be corrected immediately and reported. 
Consequently, establishing an indicator range at a level less than the release pressure is not
required.  However, if a facility wants to take extra precautions to avoid bypass events, it could
establish a warning at a lower pressure, such as the 15” w.c., which would allow them to initiate
corrective action before a bypass event, as suggested by this commenter.
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INTRODUCTION

The examples in section A.19 were developed based on data collected during an EPA
study of particulate matter (PM) continuous emissions monitoring systems (CEMS).  Data were
collected over a period of several months for three PM CEMS installed on a coal-fired boiler. 
Higher than normal PM concentrations were generated during testing by installing a baghouse
bypass line and adjusting a butterfly valve on that line.  Examples A.19a and A.19b present two
approaches to the use of PM CEMS for CAM using data from one of the PM CEMS evaluated. 
The first example uses the procedures of proposed Performance Specification 11
(December 2001) to calibrate the PM CEMS over an extended range of PM concentrations.  This
approach provides a reasonable assurance of compliance over the extended operating range,
establishes the indicator level near the high end of the demonstrated operating range, and allows
the source flexibility to operate within the extended range without an excursion.

The second example uses a limited amount of test data collected with the APCD
operating normally (i.e., no generation of increased emissions utilizing the APCD bypass) to
calibrate the PM CEMS.  During normal operation there is a large margin of compliance with the
emissions limit.  However, the indicator range is based on a smaller data set collected over a
narrower range of operation.  Consequently, the indicator range for an excursion is established at
a lower value, near the normal operating range.  This approach results in less operating
flexibility but lower emissions testing costs because testing is only performed at normal
operating conditions.

Details on the PM CEMS evaluation are contained in the report series, “Evaluation of
Particulate Matter (PM) Continuous Emission Monitoring Systems (CEMS),” Volumes 1-5,
prepared by Midwest Research Institute for the U. S. Environmental Protection Agency’s
Emissions Measurement Center.  The EPA contact is Mr. Dan Bivins at (919) 541-5244, or
bivins.dan@epa.gov.
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EXAMPLE COMPLIANCE ASSURANCE MONITORING:
BAGHOUSE FOR PM CONTROL – FACILITY V

I. Background

A. Emissions Unit

Description: 375 mmBtu/hr coal-fired boilers

Identification: Boilers 1 and 2

Facility: Facility V
Anytown, USA

B. Applicable Regulation, Emissions Limit, and Monitoring Requirements

Regulation: 40 CFR 60, Subpart Da
Permit

Emissions Limits:
    PM: 0.02 lb/mmBtu

Monitoring Requirements: A baghouse inspection and maintenance program is
performed and a PM continuous emissions monitoring
system (CEMS) is used as an additional indicator of
compliance with the PM limit.  [Note:  A COMS is
used to assure compliance with the opacity limit and
NOx and SO2 CEMS are used to assure compliance with
the NOx and SO2 limits, but that monitoring is not
addressed here.]

C. Control Technology:

Both boilers have a pulse jet fabric filter to control particulate emissions from the boiler
and the lime slurry spray dryer (used for flue gas desulfurization) that follows each boiler.  The
boilers exhaust to a common stack.

II. Monitoring Approach

The key elements of the monitoring approach for PM are presented in Table A.19a-1.  The
selected performance indicators are the signal from a PM CEMS and a baghouse inspection and
maintenance program.
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TABLE A.19a-1.  MONITORING APPROACH
Indicator No. 1 Indicator No. 2

I. Indicator PM concentration. Bag condition.

Measurement
Approach

A light scattering device is installed at a representative location
downstream of the baghouse.

The inspection and maintenance program includes a
semi-annual internal inspection of the baghouse and
analysis of representative bag samples and bi-annual
bag replacement.

II. Indicator Range An excursion is defined as an hourly average PM concentration
greater than 13 mg/acm.  Excursions trigger an inspection,
corrective action, and a reporting requirement.

An excursion is defined as failure to perform the semi-
annual inspection and bi-annual bag replacement. 
Excursions trigger an inspection, corrective action, and
a reporting requirement.

III. Performance Criteria
A. Data

Representativeness

The light scattering instrument is located where a representative
sample can be obtained in the baghouse exhaust.  The amount of
light reflected back at the optical sensor is proportional to the
amount of particulate present in the exhaust.  A field test was
performed to correlate the monitor’s response to PM concentration
measured by Method 17.

Baghouse inspected visually for deterioration and bag
samples taken to determine bag condition and remaining
bag life.

B. Verification of
Operational Status

Initial correlation test conducted August 1999. NA

C. QA/QC Practices
and Criteria

Daily drift checks, quarterly absolute calibration audit (ACA), and
annual response calibration audit (RCA).  Daily zero/span drift
cannot exceed 4 percent of the upscale value for 5 consecutive
days or more than 8 percent of the upscale value in any one day. 
The ACA involves challenging the PM CEMS with an audit
standard at three operating levels, per Performance Specification
(PS) 11. The RCA involves gathering simultaneous CEMS
response and manual Reference Method data over a range of
operating conditions, per PS 11.

Trained personnel perform inspections and
maintenance.

D.  Monitoring
Frequency 

Continuous. Varies.



(TABLE A.19a-1.  Continued)

Indicator No. 1 Indicator No. 2

Data Collection
Procedures

The data acquisition system (DAS) collects a data point every
second.  The 1-second data are reduced to a 1-minute, a
15-minute, and then a 3-hour average PM emissions rate.  The
3-hour average data are archived for at least 5 years.

Results of inspections and maintenance activities
performed are recorded in baghouse maintenance log.

Averaging period 3-hour. NA
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MONITORING APPROACH JUSTIFICATION

I. Background

Two 375 mmBtu/hr traveling-grate, stoker-fired boilers are operated at this facility.  Each
boiler is rated at a nominal steam flow of 275,000 pounds per hour at 950/F and 1,540 psig.  The
boilers are fired with bituminous coal that averages 13,000 Btu per pound.  The boilers were
constructed in 1990 and are subject to 40 CFR 60, Subpart Da.

The boilers include mechanical separators in the boiler back-pass section for cinder
collection and re-injection into the furnace area.  A separate dust collector is located after the air
heater section for heavy fly ash collection.  The ash from the traveling grate is collected at the
front of the boiler for removal to the ash storage silos.

Each boiler is equipped with a dry flue gas desulfurization (FGD) system for SO2 control
and a pulse jet fabric filter for PM control.  The FGD uses a motor-driven atomizer to spray a
lime slurry mixture into the gas path to neutralize acid mists from the boiler gas.  The particulate
from the slurry injection and the fine fly ash from the combustion process are collected in the
baghouse.  The FGD is designed to reduce the average sulfur dioxide concentration by at least
90 percent.  The baghouse is designed to collect at least 99 percent of the total particulate in the
boiler gas.  Exhaust from both baghouses is routed to a common stack that exhausts to the
atmosphere.

II. Rationale for Selection of Performance Indicators

The performance indicators selected are the signal from a PM CEMS and baghouse
inspections.  The PM CEMS is a light-scattering device that detects particulate matter in the
baghouse exhaust by reading the back-scattered light from a collimated, near-infrared (IR) light
emitting diode (LED).  Because this instrument measures in the near-IR range, the sensitivity to
changes in particle size is minimal and the response to particles in the 0.1 to 10 :m range is
nearly constant.  Preventive maintenance is performed on the baghouse to ensure it continues to
operate properly and that the bags are in good condition.

III. Rationale for Selection of Indicator Ranges

The unit’s PM limit is 0.02 lb/mmBtu, which corresponds to approximately 17 mg/acm. 
For the light scattering device signal, an excursion is defined as a PM concentration of greater
than 13 mg/acm.  At this level, the upper tolerance interval is just below the emissions limit and
the unit still has a small margin of compliance.  Therefore, corrective action will be initiated
when the PM CEMS shows the unit is at approximately 75 percent of the emissions limit. 
Figure A.19a-1 shows a typical day’s worth of data while operating at peak load.  The PM
monitor’s signal is normally 2 to 4 mg/acm.  Comparing the 1-minute data on a 1-hr, 3-hr, and
daily average basis showed that the averaging period made no difference in this case.  A 3-hr
averaging period was selected as representative.
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Figure A.19a-1.  Light scattering monitor data for a typical day.

A total of 12 Method 17 test runs performed with paired sampling trains at varying PM
concentrations were used to develop the relationship between the PM concentration in the
baghouse exhaust and the monitor signal.  Each test run was one hour in duration.  Emissions,
boiler load, opacity, and PM CEMS data from the test program are presented in Table A.19a-2. 
A baghouse bypass line and butterfly valve were installed for the purpose of generating higher
than normal PM concentrations to calibrate the PM CEMS.  Figure A.19a-2 shows the
correlation curve developed during the initial testing, with the upper and lower confidence and
tolerance limits calculated per proposed Performance Specification 11.  The relationship is a
linear equation with an R2 of 0.96.  The confidence interval (CI) is the interval within which one
would predict the calibration relationship lies with 95 percent confidence.  The tolerance interval
(TI) is the interval within which 75 percent of the data are expected to lie with 95 percent
confidence.
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Figure A.19a-2.  PM CEMS Correlation Curve.

TABLE A.19a-2.  PM CEMS INITIAL CORRELATION TEST DATA

Parameter

Test Run

1 2 3 4 5 6 7 8 9 10 11 12

Steam
flow,
1,000 lb/hr

271 281 283 282 280 284 281 281 281 285 268 281

Method 17
result,
mg/acm1

11.6 13.9 14.5 3.03 2.68 3.20 16.3 10.5 9.42 15.4 8.76 18.7

PM CEMS
response,
mA

9.60 10.0 10.5 5.87 5.78 6.00 12.0 9.45 8.97 13.2 9.57 14.5

Opacity, % 3.72 4.51 5.27 3.71 3.54 3.92 4.01 4.22 4.14 4.25 4.11 5.39
1The Method 17 result is the average of sampling train A and sampling train B.
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EXAMPLE COMPLIANCE ASSURANCE MONITORING:
BAGHOUSE FOR PM CONTROL – FACILITY V

I. Background

A. Emissions Unit

Description: 375 mmBtu/hr coal-fired boilers

Identification: Boilers 1 and 2

Facility: Facility V
Anytown, USA

B. Applicable Regulation, Emissions Limit, and Monitoring Requirements

Regulation: 40 CFR 60, Subpart Da
Permit

Emissions Limits:
    PM: 0.02 lb/mmBtu

Monitoring Requirements: A baghouse inspection and maintenance
program is performed and a PM continuous
emissions monitoring system (CEMS) is used as
an additional indicator of compliance with the
PM limit.  [Note:  A COMS is used to assure
compliance with the opacity limit and NOx and
SO2 CEMS are used to assure compliance with
the NOx and SO2 limits, but that monitoring is
not addressed here.]

C. Control Technology:

Both boilers have a pulse jet fabric filter to control particulate emissions from the boiler
and the lime slurry spray dryer (used for flue gas desulfurization) that follows each boiler.  The
boilers exhaust to a common stack.

II. Monitoring Approach

The key elements of the monitoring approach for PM are presented in Table A.19b-1.  The
selected performance indicators are the signal from a PM CEMS and a baghouse inspection and
maintenance program.
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TABLE A.19b-1.  MONITORING APPROACH
Indicator No. 1 Indicator No. 2

I. Indicator PM CEMS response. Bag condition.

Measurement Approach A light scattering type PM CEMS is installed at a representative location
downstream of the baghouse.

The inspection and maintenance program includes a
semi-annual internal inspection of the baghouse and
analysis of representative bag samples and bi-annual bag
replacement.

II. Indicator Range An excursion is defined as an hourly average PM CEMS response greater
than 7.5 mA.  Excursions trigger an inspection, corrective action, and a
reporting requirement.

An excursion is defined as failure to perform the semi-
annual inspection and bi-annual bag replacement. 
Excursions trigger an inspection, corrective action, and a
reporting requirement.

III. Performance Criteria
A. Data

Representativeness

The PM CEMS is located where a representative sample can be obtained
in the baghouse exhaust.  An increase in the PM CEMS signal indicates
an increase in the PM concentration.  A field test was performed to
compare the PM CEMS response to PM concentration measured by
Method 17.

Baghouse inspected visually for deterioration and bag
samples taken to determine bag condition and remaining
bag life.

B. Verification of
Operational Status

Initial verification test consisting of 3 test runs. NA

C. QA/QC Practices and
Criteria

Daily drift checks and quarterly absolute calibration audit (ACA).  Daily
zero/upscale drift cannot exceed 4 percent of the upscale value for 5
consecutive days or more than 8 percent of the upscale value in any one
day.  The ACA involves challenging the PM CEMS with an audit
standard at three operating levels, per PS 11.

Trained personnel perform inspections and maintenance.

D. Monitoring Frequency Continuous. Varies.

Data Collection
Procedures

The data acquisition system (DAS) collects a data point every 5 seconds. 
Those 5-second data are reduced to a 1-minute, a 15-minute, and then a
3-hour average PM CEMS response.  The 3-hour average data are
archived for at least 5 years.

Results of inspections and maintenance activities
performed are recorded in baghouse maintenance log.

Averaging period 3-hour. NA
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MONITORING APPROACH JUSTIFICATION

I. Background

Two 375 mmBtu/hr traveling-stoker grate, coal-fired boilers are operated at this facility. 
Each boiler is rated at a nominal steam flow of 275,000 pounds per hour at 950/F and 1,540 psig. 
The boilers are fired with bituminous coal that averages 13,000 Btu per pound.  The boilers were
constructed in 1990 and are subject to 40 CFR 60, Subpart Da.

The boilers include mechanical separators in the boiler back-pass section for cinder
collection and re-injection into the furnace area.  A separate dust collector is located after the air
heater section for heavy fly ash collection.  The ash from the traveling grate is collected at the
front of the boiler for removal to the ash storage silos.

Each boiler is equipped with a dry flue gas desulfurization (FGD) system for SO2 control
and a pulse jet fabric filter for PM control.  The FGD uses a motor-driven atomizer to spray a
lime slurry mixture into the gas path to neutralize acid mists from the boiler gas.  The particulate
from the slurry injection and the fine fly ash from the combustion process are collected in the
baghouse.  The FGD is designed to reduce the average sulfur dioxide concentration by at least
90 percent.  The baghouse is designed to collect at least 99 percent of the total particulate in the
boiler gas.  Exhaust from both baghouses is routed to a common stack that exhausts to the
atmosphere.

II. Rationale for Selection of Performance Indicators

The performance indicators selected are the signal from a PM CEMS and baghouse
inspections.  The PM CEMS is a light-scattering device that detects particulate matter in the
baghouse exhaust by reading the back-scattered light from a collimated, near-infrared (IR) light
emitting diode (LED).  Because this instrument measures in the near-IR range, its sensitivity to
changes in particle size is minimized and its response to particles in the 0.1 to 10 :m range is
nearly constant.  Preventive maintenance is performed on the baghouse to ensure it continues to
operate properly and that the bags are in good condition.

III. Rationale for Selection of Indicator Ranges

The boiler’s PM limit is 0.02 lb/mmBtu, which corresponds to approximately 17 mg/acm. 
Three Reference Method (Method 17) test runs performed with paired sampling trains were
conducted while operating the boiler at full load.  These test data were used to develop the
relationship between the PM concentration in the baghouse exhaust and the PM CEMS signal. 
Emissions, load, and PM CEMS data from the test program are presented in Table A.19b-2. 
Figure A.19b-1 shows a graphical representation of the PM CEMS response versus particulate
concentration for the 3 test runs and the indicator range developed based on that data.  The linear
correlation was forced through the zero point (4 mA).  The data showed that when the PM
CEMS readings were at or below 6 mA, the PM concentration was less than 3.5 mg/acm, well
below the 
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Figure A.19b-1.  PM CEMS Calibration Curve and Indicator Range.

TABLE A.19b-2.  PM CEMS RESPONSE VALIDATION TEST DATA

Parameter

Test Run

1 2 3

Steam flow, 1,000 lb/hr 282 280 284

Method 17 result, mg/acm1 3.03 2.68 3.20

PM CEMS response, mA 5.87 5.78 6.00
1The Method 17 result is the average of sampling train A and sampling train B.

PM limit (see Figure A.19b-1).  Figure A.19b-2 shows a typical day’s worth of 15-minute
average PM CEMS data while operating at peak load.  The PM monitor’s signal normally is less
than 6 mA.  Based on the limited test data available and the source’s low variability and large
margin of compliance, the upper limit of the indicator range was set at 125 percent of the highest
measured value.  Therefore, for the PM CEMS, an excursion is defined as an hourly average PM
CEMS response greater than 7.5 mA (corresponds to a predicted PM concentration of
5.5 mg/acm, about one-third of the PM limit).
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EXAMPLE COMPLIANCE ASSURANCE MONITORING
SCRUBBER FOR SO2 CONTROL – FACILITY W

I. Background

A. Emissions Unit

Description: Pulp Mill Blow Cyclone Vent

Identification: PU2 - EP003

Facility: Facility W
Anytown, USA

B. Applicable Regulation, Emission Limit, and Monitoring Requirements

Regulation: State regulation and permit

Emission Limits:
        SO2: 94 percent control

Monitoring Requirements: Scrubber liquid pH, liquid flow

C. Control Technology: Wet scrubber to remove SO2 from the digester
system blow cyclone gases.

II. Monitoring Approach

The key elements of the monitoring approach are presented in Table A.20-1.  The selected
performance indicators are the scrubber liquid pH and the scrubber liquid flow.
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TABLE A.20-1.  MONITORING APPROACH
Indicator No. 1 Indicator No. 2

I. Indicator Scrubber liquid pH. Scrubber liquid flow.

Measurement Approach The scrubber liquid pH is measured
using a pH sensor.

The scrubber liquid flow is measured
using a magnetic flow tube element.  

II. Indicator Range An excursion is defined as an hourly
scrubber pH value less than 9.0.  An
excursion shall trigger an inspection,
corrective action as necessary, and a
reporting requirement.

An excursion is defined as an hourly
scrubber liquid flow value less than
175 gpm.  An excursion shall trigger an
inspection, corrective action as
necessary, and a reporting requirement.

III. Performance Criteria
A. Data

Representativeness

The scrubber liquid pH sensor is
located in the scrubber liquid
recirculation line.

The scrubber liquid flow rate sensor is
located on the scrubber liquid
recirculation line.

B. Verification of
Operational Status

Calibration of the pH sensor
conducted by comparison with
laboratory measurements of the
scrubber recirculation fluid.

Factory calibration of the magnetic
flow tube element before installation. 
Check the unit when installed to verify
correct electrical output.

C. QA/QC Practices
and Criteria

Monitoring equipment and process
downtime is recorded in a log.  The
pH meter is checked for accuracy
(±0.2 pH units) monthly.  The pH
sensor is calibrated weekly.

Monitoring equipment and process
downtime is recorded in a log.  The
flow sensor is calibrated quarterly. 

D. Monitoring
Frequency 

The scrubber liquid pH is measured
continuously.

The scrubber liquid flow is measured
continuously.

Data Collection
Procedures

The operator records scrubber liquid
pH once per hour on the scrubber
operating log.

The operator records scrubber liquid
flow once per hour on the scrubber
operating log.

Averaging period None.  The pH is recorded once per
hour.

None.  The liquid flow rate is recorded
once per hour.
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MONITORING APPROACH JUSTIFICATION

I. Background

The pollutant specific emissions unit is a wet scrubber that is used to remove residual SO2
from the digester system blow cyclone gases.  The vapor flows out of the top of the blow cyclone
into the bottom of the wet scrubber.  The scrubbing liquid is a weak sodium carbonate (Na2CO3)
solution.  This liquid enters the top of the scrubber through a distribution header to ensure the
scrubber packing is uniformly wetted.  The liquid flow rate is approximately 200 gallons per
minute.  The gas flows through the packed column and through a mesh pad mist eliminator to
remove entrained sodium carbonate solution and then exits through the top of the scrubber to the
atmosphere.  The scrubber is constructed of a fiber-reinforced plastic (FRP) material that has
chemical resistance properties suitable for this application.

An overflow nozzle in the scrubber maintains the liquid level at the bottom of the scrubber. 
A small amount of fresh sodium carbonate solution is added to the recirculation flow as the
solution is discharged;  the discharged solution is returned to the sulfur burner absorption tower
as an input in the production of cooking liquor used to digest wood chips in the pulping process.

II. Rationale for Selection of Performance Indicators

To ensure compliance with the applicable emissions limit, a minimum scrubbing liquid
flow rate must be supplied to the scrubber to absorb a given amount of SO2 in the gas stream,
given the size of the tower and height of the packed bed.  The liquid to gas (L/G) ratio is a key
operating parameter of the scrubber.  If the L/G ratio decreases below the minimum, sufficient
mass transfer of the pollutant from the gas phase to the liquid phase will not occur.  The
minimum liquid flow required to maintain the proper L/G ratio at the maximum gas flow and
vapor loading through the scrubber can be determined.  Maintaining this minimum liquid flow,
even during periods of reduced gas flow, will ensure that the required L/G ratio is achieved at all
times.

As the pH of the scrubbing liquid decreases, the concentration gradient between the liquid
and gas decreases, and less SO2 is absorbed.  The chemical equation that describes the primary
scrubbing action is as follows:

SO2 + Na2CO3  6 Na2SO3 + CO2

It is important to maintain a minimum pH of the scrubbing liquid to drive this equation.

III. Rationale for Selection of Indicator Ranges

Because the wet scrubber is a new installation at this facility, indicator ranges for the
scrubber liquid pH and flow rate have been developed based on the manufacturer’s design and
operating guidelines, the chemistry of the reaction products, and previous experience operating
this scrubber on a similar application at another facility.  The selected range for scrubber liquid
pH is greater than 9.0, to ensure the reaction favors creation of the sodium sulfite (Na2SO3)
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compound.  This compound is subsequently utilized in the pulping process as an active cooking
chemical.  An excursion occurs and is documented if an hourly value is less than 9.0.  The
selected indicator range for scrubber liquid flow is greater than 175 gallons per minute.  If an
hourly value is less than 175 gallons per minute, an excursion occurs and is documented.  Hourly
readings are sufficient to ensure proper operation of the control device as operating experience
with this scrubber has shown that the pH and flow do not vary appreciably over the course of a
day (see Figure 1).  In addition, since this unit is not a large CAM source (post-control emissions
are less than the major source threshold), continuous monitoring is not required.

After data on these parameters are collected for 6 months and the operators have become
familiar with the new scrubber system, a performance test will be conducted to verify that the
removal efficiency standard can be met while operating within the selected indicator ranges. 
The performance test will be conducted at conditions that are representative of the operating
conditions that prevailed during the previous 6-month period.  The indicator ranges will be re-
evaluated at that time.

Comment:  During the review period, one commenter suggested that this example is not
complete and sufficient data to establish indicator ranges were not available.  We believe this
example is appropriate.  State agencies are likely to receive CAM submittals, which propose
indicator ranges based upon limited historical data or data from similar sources before
performance testing has been conducted or additional historical monitoring data can be collected. 
The CAM rule, 40 CFR part 64, paragraphs 64.4(d) and (e) discuss the submittal of a schedule to
obtain additional information, as is shown in this example.  The draft (or final) permit can be
written to accommodate a revision to the indicator range based upon the performance test results.
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Figure 1.  Typical scrubber flow rate and pH.
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A.24  CARBON ADSORBER FOR VOC CONTROL--FACILITY EE
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EXAMPLE COMPLIANCE ASSURANCE MONITORING
CARBON ADSORBER FOR VOC CONTROL:  FACILITY EE

I. Background

A. Emissions Unit

Description: Loading Rack
Identification: LR-1
APCD ID: VRU-1
Facility: Facility EE

Anytown, USA

B. Applicable Regulation, Emission Limit, and Monitoring Requirements

Regulation: Permit, State regulation
Emission Limits:
 VOC: 45 mg/liter of product loaded
Monitoring Requirements: Monitor vacuum profile during carbon bed regeneration

cycle, monitor for APCD bypass, test the carbon
periodically, and conduct an inspection and
maintenance program and a leak detection and repair
program.

C. Control Technology: Carbon adsorber.

II. Monitoring Approach

The key elements of the monitoring approach are presented in Table A.24-1.  The amount
of time the regenerating carbon bed remains at or below -27 inches of Hg is monitored to ensure
the bed has been fully regenerated.  An inspection and maintenance program, including annual
testing of the carbon activity, is conducted to verify proper operation of the vapor recovery unit
(VRU).  Periodic leak checks of the vapor recovery unit also are conducted and the carbon
adsorber bypass valve is monitored to ensure bypass of the control device is not occurring.

Note:  Facility EE also monitors parameters related to the vapor tightness of connections and
tank trucks and other parameters of the vapor recovery system, but this example focuses on the
monitoring performed on the carbon adsorber.
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TABLE A.24-1.  MONITORING APPROACH
Indicator No. 1 Indicator No. 2 Indicator No. 3

I. Indicator Regeneration cycle vacuum. 
Specifically, the time the
regenerating carbon bed remains at
or below -27 inches Hg.

Documentation of inspection and maintenance
program and annual carbon testing.

Equipment leaks.

Measurement
Approach

Pressure transmitter. Proper VRU operation is verified by performing
periodic inspections and maintenance.  Daily
checks include verification of gasoline flow, purge
air flow, cycle time, valve timing, and operating
temperatures.  Annual checks include carbon
testing and pump and motor maintenance.

Monthly leak check of vapor
recovery system.

II. Indicator Range An excursion occurs when the
regenerating carbon bed remains at
or below -27 inches Hg for less than
2.5 minutes.  When an excursion
occurs, the loading rack will be shut
down via an automated interlock
system.  An excursion will trigger an
investigation, corrective action, and a
reporting requirement.

An excursion occurs if the inspection or annual
carbon test is not performed or documented or if
corrective action is not initiated within 24 hours to
correct any problems identified during the
inspection of the unit or carbon testing.  An
excursion will trigger an investigation, corrective
action, and a reporting requirement.

An excursion is defined as detection
of a leak greater than or equal to
10,000 ppm (as methane) during
normal loading operations.  An
excursion will trigger an
investigation, corrective action, and a
reporting requirement.  Leaks will be
repaired within 15 days.

III. Performance
Criteria
A.  Data
Representativeness

The pressure during the regeneration
cycle is measured in the vacuum
pump suction line.  The minimum
accuracy of the pressure transmitter
is ±1.0 percent.

VRU operation verified visually by trained
personnel using documented inspection and
maintenance procedures.  Representative carbon
sample obtained from both beds.

A handheld monitor is used to check
for leaks in the vapor collection
system during loading operations.

B.  Verification of
Operational Status

NA NA NA

C.  QA/QC
Practices and
Criteria

Pressure transmitter is calibrated
annually.

Personnel are trained on inspection and
maintenance procedures and proper frequencies.

Follow procedures in 40 CFR 60,
Appendix A, Method 21.

D.  Monitoring
Frequency 

Continuously during each
regeneration cycle.

Varies.  Carbon testing performed annually. Monthly.
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Data Collection
Procedures

The data acquisition system (DAS)
records the pressure profile during
each regeneration cycle.  Periods
when the interlock system shuts
down the loading rack also are
recorded.

Results of inspections and any maintenance
necessary are recorded in VRU operating log. 
Results of carbon testing are maintained onsite.

Records of inspections, leaks found,
leaks repaired.

Averaging period None. None. None.

APCD Bypass
Monitoring:

The pressure in the VRU vapor line is monitored with a pressure transmitter to ensure bypass of the control device is not occurring. 
If the pressure in the VRU vapor line exceeds 18 inches of water, the safety relief valve opens and bypass occurs.  All instances of
control device bypass are recorded.
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MONITORING APPROACH JUSTIFICATION

I. Background

The pollutant specific emissions unit (PSEU) is a vacuum regenerative carbon adsorber
used to reduce VOC emissions from the loading of petroleum products (heating oil, diesel fuel,
and gasoline).  (Note: This facility is not a major source of HAP emissions and is not subject to
40 CFR 63, Subpart R, “National Emission Standards for Gasoline Distribution Facilities” or
40 CFR 60, Subpart XX, “Standards of Performance for Bulk Gasoline Terminals.”)

The carbon adsorber has two identical beds, one adsorbing while the other is desorbing on
a 15-minute cycle.  Carbon bed regeneration is accomplished with a combination of high vacuum
and purge air stripping which removes previously adsorbed gasoline vapor from the carbon and
restores the carbon's ability to adsorb vapor during the next cycle.  The vacuum pump extracts
concentrated gasoline vapor from the carbon bed and discharges into a separator.  Non-
condensed gasoline vapor plus gasoline condensate flow from the separator to an absorber
column which functions as the recovery device for the system.  In the absorber, the hydrocarbon
vapor flows up through the absorber packing where it is liquefied and subsequently recovered by
absorption.  Gasoline product from a storage tank is used as the absorbent fluid.  The recovered
product is returned along with the circulating gasoline back to the product storage tank  A small
stream of air and residual vapor exits the top of the absorber column and is recycled to the on-
stream carbon bed where the residual hydrocarbon vapor is re-adsorbed.

II. Rationale for Selection of Performance Indicators

The carbon adsorber system was custom-designed specifically for this installation based on
the maximum expected loading and types of products loaded.  The carbon beds and vacuum
pump were sized appropriately.  The vacuum profile during regeneration is an important variable
in the performance of the VRU.  If the carbon bed is overloaded, the time to achieve certain
vacuum levels will be longer, and the bed will not be fully regenerated during the 15-minute
cycle.  Monitoring of the vacuum profile during regeneration, coupled with regular inspection
and maintenance activities (including, daily verification of proper valve timing, cycle time,
gasoline flow, and purge air flow) and annual testing of a carbon sample from each bed, serves to
verify that the VRU is operating properly and provide a reasonable assurance of compliance.

A monthly leak inspection program is performed to ensure that the vapors released during
loading are captured and conveyed to the VRU.  A handheld monitor is used to detect leaks in
the vapor collection system.  The VRU’s relief valve in the VRU vapor line also is monitored to
ensure the control device is not bypassed.  Bypass occurs when the pressure in the vapor line
exceeds the safe limit.
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III. Rationale for Selection of Indicator Ranges

An engineering analysis was performed based on the worst case loading conditions
expected.  That analysis shows that if the regenerating carbon bed stays at or below -27 in Hg for
at least 2.5 minutes the bed will be properly regenerated and will have the capacity to meet the
VOC emissions limit under worst case loading conditions.  Therefore, an excursion occurs when
the regenerating bed does not stay at or below -27 in. Hg for at least 2.5 minutes.  The expected
vacuum profile during heavy loading is presented in Table A.24-2.  All excursions will be
documented and reported.  An interlock system is used to shut down loading operations when an
excursion occurs.  Typical operating data show that the beds stay at or below -27 in. Hg for more
than 5 minutes of the regeneration cycle, as shown in Table A.24-3.

The most recent performance test showed emissions of 3.8 mg/liter of gasoline loaded, less
than 10 percent of the VOC limit.  The unit’s efficiency was calculated as 99.99 percent.  The
exhaust concentration equivalent of 45 mg/L loaded calculated at the time of the performance
test was approximately 33,100 ppmv VOC.  Table A.24-4 shows exhaust VOC concentration
data for both beds collected over a period of several weeks using a portable VOC analyzer.  The
data show the carbon adsorber operated well under the VOC emission limit.

TABLE A.24-2.  WORST-CASE MODELED VACUUM
PROFILE (HEAVIEST LOADING)

Minute Inches Hg Vacuum

1 14.0

2 19.6

3 22.3

4 24.3

5 25.0

6 25.3

7 25.6

8 26.0

9 26.2

10 26.5

11 26.8

12 27.0

13 27.3

13:30 27.5

14-15 At 13:30, the bed is re-pressurized.
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TABLE A.24-3.  TYPICAL VACUUM PROFILE DURING
REGENERATION CYCLE

Bed 1 Bed 2

Minute Inches Hg Vacuum Minute Inches Hg Vacuum

1 12.5 1 10

2 20.5 2 18

3 24 3 23

4 25 4 26

5 26 5 27.5

6 26.5 6 27.6

7 26.8 7 27.6

8 27 8 27.7

9 27.1 9 27.8

10 27.1 10 27.8

11 27.2 11 27.9

12 27.3 12 27.9

13 27.4 13 28

14 At 13:30, the bed
is re-pressurized.

14 At 13:30, the bed
is re-pressurized.

15 15

TABLE A.24-4.  SAMPLE WEEKLY EXHAUST
VOC CONCENTRATION DATA

Week Bed 1 (ppmv) Bed 2 (ppmv)

1 6,000 6,500

2 4,800 5,200

3 7,900 5,100

4 8,450 6,240

5 9,000 6,450

6 9,500 11,000

7 9,110 7,500

8 10,000 8,000

9 12,000 9,500

10 8,000 6,500
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For the second indicator, an inspection and maintenance program is conducted, following
documented procedures.  This program is performed by terminal operators and contracted
maintenance personnel.  The results of all inspections and any maintenance performed are
recorded in the VRU operating log.  An excursion is defined as failure to conduct or document
the required inspections or maintenance activities or failure to initiate corrective action within
24 hours to correct any problems identified during the inspection.  All excursions will be
documented and reported.

For the third indicator, an excursion is defined as detection of a leak greater than or equal
to 10,000 ppm (as methane) during normal loading operations.  If a leak is detected, corrective
action will be initiated, and the leak will be repaired within 15 days.  All excursions will be
documented and reported.  Control device bypass also is monitored.  Bypass occurs when the
pressure in the VRU vapor line exceeds 18 inches of water and the safety relief valve opens.  All
instances of control device bypass are recorded.

Comment:  For regenerative carbon absorbers, an annual carbon activity check provides the
facility with information on the condition and activity of the carbon.  An alternative to periodic
carbon activity checks would be periodic checks of the outlet VOC concentration using a
portable monitor, or periodic (e.g., annual) Method 25A tests.

Furthermore, if an additional level of confidence in the monitoring approach were desired
(e.g., if the unit had a small margin of compliance with the VOC limit), one option would be to
require more frequent periodic (e.g., quarterly) monitoring of the carbon bed outlet concentration
with a portable VOC analyzer in lieu of the annual carbon testing.

Comment:  During the review period, one commenter suggested setting an internal warning
level for the bypass line pressure.  For safety reasons, the bypass valve on the inlet APCD line is
set to release at 18” w.c.  With respect to APCD bypass, the CAM rule only requires that a
facility monitor the bypass so that bypass events can be corrected immediately and reported. 
Consequently, establishing an indicator range at a level less than the release pressure is not
required.  However, if a facility wants to take extra precautions to avoid bypass events, it could
establish a warning at a lower pressure, such as the 15” w.c., which would allow them to initiate
corrective action before a bypass event, as suggested by this commenter.
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EXAMPLE COMPLIANCE ASSURANCE MONITORING
ELECTROSTATIC PRECIPITATOR (ESP) FOR PM CONTROL:  FACILITY FF

I. Background

A. Emissions Unit

Description: Coal-fired boilers

Identification: B001, B002, B003

APCD ID: ESP1, ESP2, ESP3

Facility: Facility FF
Anytown, USA

B. Applicable Regulation, Emissions Limit, and Monitoring Requirements

Regulation: Permit, State regulation

Emissions Limits:
 PM: 0.137 lb/mmBtu

Current monitoring 
requirements: None.

  
C. Control Technology: Electrostatic precipitator.

II. Monitoring Approach

The key elements of the monitoring approach, including the indicators to be monitored,
indicator ranges, and performance criteria are presented in Table A.25-1.  Secondary voltage and
current are monitored in each field and the total power input to each ESP is determined.
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TABLE A.25-1.  MONITORING APPROACH
I. Indicator ESP secondary voltage and current are measured for each field to determine

the total power to each ESP.

Measurement Approach The secondary voltage is measured using a voltmeter and the secondary current
is measured using an ammeter.  The total power (P) input to the ESP is the sum
of the products of the secondary voltage (V) and current (I) in each field.  (P =
V1I1 + V2I2)

II. Indicator Range An excursion is defined as a total power input less than 15 kW.  Excursions
trigger an inspection, corrective action, and a reporting requirement.

III. Performance Criteria
A. Data

Representativeness

The voltage and current are measured using the instrumentation the
manufacturer provided with the ESP.

B. Verification of
Operational Status

NA

C. QA/QC Practices and
Criteria

Confirm the meters read zero when the unit is not operating.

D. Monitoring Frequency The secondary voltage and current are measured once each hour and used to
calculate the total power input once each hour.

Data Collection
Procedures

The 3-hr average total power input is calculated and recorded.

Averaging period 3-hr.

MONITORING APPROACH JUSTIFICATION

I. Background

There are three 2-field ESP’s controlling three coal-fired boilers (the emissions from each
boiler are controlled by one ESP).  The pollutant-specific emission unit is each ESP used to
control PM emissions from a boiler.  Boiler Nos. 1 and 3 are rated at 120,000 pounds of steam
per hour and Boiler No. 2 is rated at 50,000 pounds of steam per hour.  The three boilers are not
subject to any New Source Performance Standards (NSPS).  Boiler No. 1 typically operates from
December through February, Boiler No. 2 typically operates from March through November, and
Boiler No. 3 typically operates from December through March.  The boilers normally are not
operated at full capacity, but all emissions tests have been performed at or near full load.  These
units are not “large” CAM sources (their post-control PM emissions are less than 100 tons per
year) so continuous monitoring  is not required.

II. Rationale for Selection of Performance Indicators

In an ESP, electric fields are established by applying a direct-current voltage across a pair
of electrodes, a discharge electrode and a collection electrode.  Particulate matter suspended in
the gas stream is electrically charged by passing through the electric field around each discharge
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electrode (the negatively charged electrode).  The negatively charged particles then migrate
toward the positively charged collection electrodes.  The particulate matter is separated from the
gas stream by retention on the collection electrode.  Particulate is removed from the collection
plates by shaking or rapping the plates.

As a general rule, ESP performance improves as total power input increases.  This
relationship is true when particulate matter and gas stream properties (such as PM concentration,
size distribution, resistivity, and gas flow rate) remain stable and all equipment components
(such as rappers, plates, wires, hoppers, and transformer-rectifiers) operate satisfactorily.  In an
ESP with many fields, the power distribution also plays a key role in the performance of the
ESP.  In this case, however, measurement of total power input is acceptable because the ESP has
only two fields.

The secondary voltage drops when a malfunction, such as grounded electrodes, occurs in
the ESP.  When the secondary voltage drops, less particulate is charged and collected.  Also, the
secondary voltage can remain high but fail to perform its function if the collection plates are not
cleaned, or rapped, appropriately.  If the collection plates are not cleaned, the current drops. 
Thus, since the power is the product of the voltage and the current, monitoring the power input
will provide a reasonable assurance that the ESP is functioning properly.  In other words,
problems that would be detected by monitoring other parameters individually also will be
manifested in the power input. 

III. Rationale for Selection of Indicator Ranges

The total power input to the ESP is the sum of the products of the secondary voltage and
secondary current for each field.  An excursion is defined as a 3-hr. average total power input
less than 15 kW.  When an excursion occurs, corrective action will be initiated, beginning with
an evaluation of the occurrence to determine the action required to correct the situation.  All
excursions will be documented and reported.

The indicator range for the total power was selected based upon the level indicated from
recent operation.  The facility records parameter data once each hour.  The normal operating
voltage is set at the highest level achievable without having an excessive spark rate.  Based on
field experience, power levels less than 5 kW during normal operation result in opacity readings
that approach 20 percent (typically the opacity of the ESP exhaust is less than 5 percent).  During
abnormal operation or malfunction, the ESP power levels are appreciably lower than normal
operational levels.  Table A.25-2 shows that during normal operating conditions, the total ESP
power input for boiler No. 2 typically is between 18 and 22 kW.  If one field in the ESP goes out
of service, the total power input drops below 15 kW.  [Note:  Historically, the facility has
monitored ESP operating parameters but has not recorded the data.  Several days of historical
data were recorded manually by the facility specifically to provide representative data to EPA for
development of this CAM submittal; the facility provided a 1-hr reading for every other hour in
its data set.  The data shown in Table A.25-2 are instantaneous hourly readings and are not
averages.]
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The opacity normally is below 5 percent.  The opacities were measured using a continuous
opacity monitor installed in the boiler exhaust stack; however, the equipment does not meet the
criteria in 40 CFR 60, Appendix B, Performance Specification 1.  Therefore, it is not used for
compliance monitoring.  In addition, compliance with the boiler’s 20 percent opacity limit would
not necessarily indicate compliance with the PM limit, and continuous opacity monitoring is not
required of this source.

TABLE A.25-2.  BOILER NO. 2 NORMAL OPERATING CONDITIONS

Time
Total ESP Power

(kW)
Boiler Load

(lb/hr)
Opacity,
percent

1:00 AM 21 46,000 1.9

3:00 AM 21 47,000 2.0

5:00 AM 18 50,000 1.9

7:00 AM 18 47,000 2.0

9:00 AM 21 46,000 1.9

11:00 AM 22 44,000 1.7

1:00 PM 21 44,000 1.7

3:00 PM 20 44,000 2.1

5:00 PM 21 46,000 1.9

7:00 PM 21 50,000 1.9

9:00 PM 21 47,000 2.0

11:00 PM 21 46,000 1.9

The PM emissions measured during the most recent performance tests are between 4 and
22 percent of the emissions limit (0.137 lb/mmBtu); each ESP has a large margin of compliance
with the PM limit.  Table A.25-3 presents data from the past six performance tests.

Because no monitoring data are available for Boilers No. 1 and 3, the current indicator
ranges for Boilers No. 1 and 3 have been selected based on monitoring data for a similar source
(Boiler No. 2).  After data on power have been collected for six months, the indicator range for
Boilers No. 1 and 3 will be reevaluated based on the monitoring data for each individual boiler.

Comment:  In this example, we set the indicator range based on the performance test data and
the historical monitoring data.  Each of the units is operating at less than approximately
20 percent of the emission limit and therefore has a large margin of compliance.  Because the
units have this large margin of compliance, we set the indicator range using the historical
monitoring data as well.  An alternative to this approach is to base the indicator range solely on
the performance test; for example, set the range based on 90 percent of the 3-hr average from the
performance test.  This would also be correct, although somewhat more stringent.
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Comment:  Total secondary power would not be an adequate indicator for a large multi-field
ESP.  Monitoring for an ESP with many fields becomes more complicated because emissions are
highly dependent on how each field is performing. With multiple fields, monitoring should be
based on the secondary power parameter for each separate field.  Total secondary power
provides a reasonable assurance of compliance when the ESP has only a few fields (e.g., two
fields) and when the emissions unit has a large margin of compliance.

TABLE A.25-3.  PERFORMANCE TEST DATA

Boiler
No. Test Date

Average PM
Emission Rate

(lb/mmBtu)
Percent of Allowable

PM Emissions Rate (%)
Average load
(lb steam/hr)

Capacity
(lb steam/hr)

1 1997 0.030 21.9 115,500 120,000

1 1991 0.013 9.5 114,500 120,000

2 1997 0.020 14.6 47,600 50,000

2 1994 0.017 12.4 51,800 50,000

2 1991 0.006 4.4 51,400 50,000

3 1994 0.015 10.9 120,900 120,000
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EXAMPLE COMPLIANCE ASSURANCE MONITORING
FLUE GAS RECIRCULATION FOR NOX CONTROL: FACILITY HH

I. Background

A. Emissions Unit

Description: 187 mmBtu/hr boiler

Identification: Unit 026

Facility: Facility HH
Anytown, USA

B. Applicable Regulation, Emissions Limit, and Monitoring Requirements

Regulation: 40 CFR 60, Subpart Db; State regulation

Emissions Limits:
 NOx: 0.20 lb/mmBtu

Monitoring Requirements: NOx predictive emissions monitoring system (PEMS),
position of flue gas recirculation damper

  
C. Control Technology: Flue gas recirculation (FGR)

II. Monitoring Approach

The key elements of the monitoring approach, including the indicators to be monitored,
indicator ranges, and performance criteria are presented in Table A.27-1.  The parameters
monitored are the exhaust gas oxygen concentration, fuel flow, and the FGR damper position.
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TABLE A.27-1.  MONITORING APPROACH
Indicator No. 1 Indicator No. 2 Indicator No. 3

I. Indicator Fuel flow rate Boiler exhaust O2 concentration FGR damper position

Measurement Approach The hourly fuel flow rate is monitored as an
input to the PEMS model.1   Fuel heat content
is obtained from the fuel supplier. (Steam
output is used to predict heat input if fuel flow
data are unavailable.)

The boiler exhaust gas O2
concentration, used as a check of
the boiler operating condition, is
measured at the boiler outlet.

The position of the FGR damper is
determined by the notch indicator.

II. Indicator Range An excursion is defined as predicted NOx
emissions greater than 0.05 lb/mmBtu (rolling
30-day average).  Excursions trigger an
inspection, corrective action, and a reporting
requirement.

An excursion is defined as a
boiler exhaust oxygen
concentration greater than 3.3
percent (rolling 30-day average). 
Excursions trigger an inspection,
corrective action, and a reporting
requirement.

An excursion occurs when the FGR
damper is closed further than
4 notches from the bottom. 
Excursions trigger an inspection,
corrective action, and a reporting
requirement.

III. Performance Criteria
A.  Data
Representativeness

Fuel oil flow rate is measured with a positive
displacement flow meter with a minimum
accuracy of ±0.5 percent of the flow rate.  The
natural gas flow rate is measured with an
orifice plate flow meter with a minimum
accuracy of ±1 percent of the flow rate.

The in-situ O2 monitor has a
minimum accuracy of <2 percent
calibration error to zero and
upscale reference gases.

The FGR damper position is checked
visually by an operator.

B.  Verification of
Operational Status

NA NA NA

C.  QA/QC Practices
and Criteria

Annual calibration of fuel flow meters
(acceptance criteria:  ±1 percent).
Annual relative accuracy test of the PEMS
(acceptance criteria:  <20 percent).
Data availability criteria:  75 percent of the
operating hours and the operating days.

Weekly zero and upscale
calibration of O2 monitor.

None.

D.  Monitoring
Frequency 

Fuel flow rate is monitored continuously.  The
NOx emission rate is calculated hourly and
daily using the PEMS model.

The boiler exhaust O2
concentration is monitored
continuously.

The position of the FGR damper is
checked by an operator on a daily
basis.
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Data Collection
Procedures

The data acquisition system (DAS) records the
hourly and 30-day rolling NOx emission rates
calculated using the PEMS model.

The DAS records the exhaust gas
O2 concentration hourly.

The position of the FGR damper is
recorded daily in the boiler operating
log.

Averaging period Fuel flow rate:  Hourly.
NOx emission rate:  Hourly and 30-day rolling.

Hourly and 30-day rolling. NA.

1 PEMS algorithm:

heat input, mmBtu/hr = fuel flow rate * fuel heat content

For heat input values equal to or greater than 45 mmBtu/hr:
NOx, lb/hr = 0.0002 * (heat input, mmBtu/hr)2 + 0.0101 * (heat input, mmBtu/hr) + 0.8985
NOx, lb/mmBtu = (NOx, lb/hr) / (mmBtu/hr)

For heat input values less than 45 mmBtu/hr:
NOx, lb/hr = 0.0379 * (heat input, mmBtu/hr)
NOx, lb/mmBtu = (NOx, lb/hr) / (mmBtu/hr)
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MONITORING APPROACH JUSTIFICATION

I. Background

The pollutant specific emissions unit is a 187 mmBtu/hr boiler fired with fuel oil and
natural gas.  The boiler is equipped with low-NOx burners and FGR and is subject to 40 CFR 60,
Subpart Db.  A PEMS is used in lieu of a continuous emissions monitoring system (CEMS) to
calculate NOx emissions.  The parameters monitored for this PEMS are based on this specific
application.  Other PEMS might be designed to monitor different combinations of operating
parameters to meet the accuracy criteria.

II. Rationale for Selection of Performance Indicators

A properly designed, operated, and validated PEMS provides accurate emissions data. 
This PEMS was developed from data collected over a 30-day period.  An additional 75-day
PEMS/CEMS comparison was conducted to verify the validity of the PEMS model.  During the
75-day test, measured NOx emissions averaged 2.8 lb/hr and predicted emissions averaged
3.0 lb/hr.

The limits on boiler exhaust O2 concentration and the FGR damper position are to ensure
the boiler operates within the operating envelope used during the PEMS development.  A
definite correlation exists between boiler O2 and NOx.  As the combustion process is starved for
air (i.e., fuel rich with low O2) the combustion temperature is lower and the amount of NOx
produced is lower.  During the PEMS development, the position of the FGR damper was found
to have an impact on NOx emissions.  The position of the FGR damper is an indication of the
amount of air recirculated to the primary combustion zone.  As the damper is moved toward the
closed position, the NOx emissions increase.

III. Rationale for Selection of Indicator Ranges

For the NOx emission rate, an excursion is defined as predicted NOx emissions greater than
0.05 lb/mmBtu (rolling 30-day average).  This boiler is operated with a large margin of
compliance and the indicator range is set at 25 percent of the NOx emissions limit so corrective
action may be taken before the 0.20 lb/mmBtu emission limit is exceeded.  During the 30-day
emission test, the average NOx emission rate was 0.0373 lb/mmBtu and no single hourly average
exceeded 0.05 lb/mmBtu or 9.34 lb/hr.

For the boiler exhaust oxygen concentration, an excursion is defined as a concentration
greater than 3.3 percent (rolling 30-day average).  Since, during the 30-day development and
75-day verification periods, the average O2 did not exceed 3.3 percent (except for startup and
shutdown), the assumption that the PEMS maintains its accuracy at O2 levels below 3.3 percent
is reasonable.  For the FGR damper, an excursion occurs when the FGR damper is closed further
than 4 notches from the bottom.  Because the FGR damper was set at notch position 4 during the
PEMS development testing, the FGR damper must be closed no further than that position in
order to maintain the accuracy of the PEMS.  If the FGR damper is closed further than notch 4,
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less flue gas will be returned to the boiler and the PEMS will predict NOx emissions that are
lower than the actual emissions.
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1RïýììDïýý7+(50$/ý,1&,1(5$725ý)25ý&2ý&21752/ ï ï ï ï ï ï ï ï ï ï ï ï ï ï %ðëí
1RïýììEïýý7+(50$/ý,1&,1(5$725ý)25ý&2ý&21752/ ï ï ï ï ï ï ï ï ï ï ï ï ï ï %ðëì
1RïýìçDïýý7+(50$/ý,1&,1(5$725ý)25ý92&ý&21752/ ï ï ï ï ï ï ï ï ï ï ï ï ï %ðëê
1RïýìçEïýý7+(50$/ý,1&,1(5$725ý)25ý92&ý&21752/ ï ï ï ï ï ï ï ï ï ï ï ï %ðëè
1RïýìçFïýý7+(50$/ý,1&,1(5$725ý)25ý92&ý&21752/ ï ï ï ï ï ï ï ï ï ï ï ï ï %ðëæ

%ïç &$7$/<7,&ý2;,',=(56 ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï %ðëä
1Rïýìåïý&$7$/<7,&ý2;,',=(5ý)25ý92&ý&21752/ ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï %ðêì

%ïæ )/$5(6 ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï %ðêê

%ïå &21'(16(56 ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï %ðêé
1RïýëìDïýý&21'(16(5ý)25ý92&ý&21752/ ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï %ðêè
1RïýëìEïýý&21'(16(5ý)25ý92&ý&21752/ ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï %ðêç

%ïä (/(&75,),('ý),/7(5ý%('6 ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï %ðêå

%ïìí &$5%21ý$'625%(56 ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï %ðêä
1RïýëêDïýý&$5%21ý$'625%(5ý)25ý92&ý&21752/ ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï %ðéí



7$%/(ý2)ý&217(176ý)25ý$33(1',;ý%ýõFRQWLQXHGô
3DJH

&$0ý7(&+1,&$/ý*8,'$1&(ý'2&80(17
7$%/(ý2)ý&217(176ý)25ý$33(1',;ý%

%ðLL åîäå

%ïìì &<&/21(6 ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï %ðéì
1RïýëéDïýý&<&/21(ý)25ý30ý&21752/ ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï %ðéë
1RïýëéEïýý&<&/21(ý)25ý30ý&21752/ ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï %ðéé
1Rïýëèïýý*5$9,7<ý&2//(&725ý)25ý30ý&21752/ ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï %ðéç

%ïìë 27+(5ý62ëý&21752/6 ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï %ðéå

%ïìê 12;ý&21752/6 ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï %ðéä
1RïýêëDïýý6(/(&7,9(ý&$7$/<7,&ý5('8&7,21ý)25ý12[ý&21752/ ï ï ï %ðèí
1RïýêëEïýý6(/(&7,9(ý&$7$/<7,&ý5('8&7,21ý)25ý12[ý&21752/ ï ï %ðèì

%ïìé 5()(5(1&(6ý)25ý&$0ý,//8675$7,216 ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï ï %ðèë



&$0ý7(&+1,&$/ý*8,'$1&(ý'2&80(17
%ïìýý)$%5,&ý),/7(56

åîäå %ðì

%ïìýý)$%5,&ý),/7(56ìðç

)DEULFýILOWHUVñýIUHTXHQWO\ýUHIHUUHGýWRýDVýEDJKRXVHVñýDUHýW\SLFDOO\ýXVHGýWRýFRQWUROýSDUWLFXODWH
PDWWHUýHPLVVLRQVýLQýH[KDXVWýJDVýVWUHDPVïýý&HUWDLQýJDVHVýPD\ýDOVRýEHýUHPRYHGýWKURXJK
LQWHUDFWLRQVýZLWKýWKHýGXVWýOD\HUïýý)DEULFýILOWHUVýDUHýQRUPDOO\ýXVHGýZKHUHýDýKLJKýFRQWUROýHIILFLHQF\
LVýUHTXLUHGýDQGýZKHUHýH[KDXVWýJDVýVWUHDPVýFRQGLWLRQVýDUHýZLWKLQýWKHýOLPLWDWLRQVýRIýIDEULFýILOWHU
RSHUDWLRQïýý7KHVHýOLPLWDWLRQVýDUHýKLJKýPRLVWXUHñýKLJKýWHPSHUDWXUHVñýDQGýH[KDXVWýJDVýFRQVWLWXHQWV
WKDWýDWWDFNýWKHýIDEULFýRUýKLQGHUýWKHýFOHDQLQJýSURFHVVýõVXFKýDVýVWLFN\ýSDUWLFXODWHôïý

7KUHHýW\SHVýRIýEDJKRXVHVýõSXOVHðMHWñýUHYHUVHðDLUñýDQGýVKDNHUôýDUHýLQýFRPPRQýXVHñ
FDWHJRUL]HGýE\ýWKHýPHWKRGýXVHGýIRUýILOWHUýFOHDQLQJïýý9DULRXVýIDEULFýILOWHUýPDWHULDOVýFDQýEHýXVHGýLQ
HDFKýW\SHñýGHSHQGLQJýRQýWHPSHUDWXUHñýFRUURVLYHQHVVýDQGýPRLVWXUHýFRQWHQWýRIýWKHýJDVýVWUHDPñýDV
ZHOOýDVýGLPHQVLRQDOýVWDELOLW\ýDQGýFRVWýRIýWKHýVHOHFWHGýPDWHULDOïýý,PSRUWDQWýGHVLJQýSDUDPHWHUVýIRU
EDJKRXVHVýDUHýWKHýJDVðWRðFORWKýõ*î&ôýUDWLRýõIWêýSHUýPLQXWHýJDVîIWëýIDEULFôñýZKLFKýLVýVRPHZKDW
GHSHQGHQWýRQýSDUWLFOHýVL]HýDQGýJUDLQýORDGLQJñýDVýZHOOýDVýRSHUDWLQJýWHPSHUDWXUHVýDQGýWKHýFOHDQLQJ
PHFKDQLVPïýý0LQLPXPýRSHUDWLQJýWHPSHUDWXUHýLVýHVSHFLDOO\ýLPSRUWDQWýZKHUHýDFLGýJDVHVýDUH
H[SHFWHGýWRýEHýSUHVHQWýLQýWKHýJDVýVWUHDPñýZKLOHýFOHDQLQJýPHFKDQLVPVýDQGýPD[LPXPýWHPSHUDWXUH
PD\ýGLFWDWHýWKHýW\SHýRIýFORWKýWKDWýFDQýEHýXVHGï

(DFKýW\SHýRIýEDJKRXVHýSUHVHQWVýGLIIHUHQWýPDLQWHQDQFHýDQGýPRQLWRULQJýFKDOOHQJHVýWRýWKH
IDFLOLW\ýRSHUDWRUVñýSDUWLFXODUO\ýLQýUHODWLRQýWRýFOHDQLQJýPHFKDQLVPVýDQGýEDJýPDWHULDOVïýý(IIHFWLYH
FOHDQLQJýLVýGHVLUDEOHýLQýRUGHUýWRýPDLQWDLQýDýORZýSUHVVXUHðGURSýDFURVVýWKHýEDJKRXVHñýZKLFKýVDYHV
HQHUJ\ïýý7KLVýPXVWýEHýEDODQFHGñýKRZHYHUñýDJDLQVWýWKHýLQFUHDVHGýSDUWLFXODWHýUHPRYDOýHIILFLHQF\
ZKLFKýIROORZVýEXLOGXSýRIýDýGXVWýOD\HUýRQýWKHýIDEULFïýý

ìïýý3XOVHðMHWýV\VWHPVýXVHýDýEODVWýRIýKLJKðSUHVVXUHýõçíýWRýìëíýSVLôýDLUýWRýEDFNýIOXVKýWKHýEDJVï
7KLVýFDQýEHýDFFRPSOLVKHGýZLWKýWKHýEDJKRXVHýRQðOLQHïýý0RLVWXUHýDQGýRLOýSUHVHQWýLQýSODQWýDLUýPXVW
EHýUHPRYHGñýRUýSRWHQWLDOýEDJýEOLQGLQJýFDQýUHVXOWýIURPýFDNLQJýSDUWLFXODWHïýý(TXLSPHQWýPXVWýEH
DEOHýWRýZLWKVWDQGýWKHýUHSHDWHGýVWUHVVýRIýWKHýSXOVHVï

ëïýý5HYHUVHðDLUýV\VWHPVýXVHýDýORQJHUñýJHQWOHUýEDFNýIOXVKýRIýORZðSUHVVXUHýDLUýõDýIHZýLQFKHV
ZDWHUýFROXPQôýWRýFOHDQýWKHýEDJVïýý&OHDQLQJýDLUýLVýSURYLGHGýWRýHDFKýFRPSDUWPHQWýE\ýDýVHSDUDWHñ
VPDOOHUýIDQýDQGýGXFWýV\VWHPïýý6LQFHýWKHýFOHDQLQJýLVýDWýORZýSUHVVXUHñýHDFKýFRPSDUWPHQWýPXVWýEH
HIIHFWLYHO\ýLVRODWHGýIURPýWKHýJDVýVWUHDPýGXULQJýWKHýFOHDQLQJýF\FOHï

êïýý0DQ\ýGLIIHUHQWýVKDNLQJýVFKHPHVýKDYHýEHHQýLQWURGXFHGïýý6KDNHUýV\VWHPVýPXVWýDOVRýEH
WDNHQýRIIðVWUHDPýIRUýFOHDQLQJñýZKLFKýLVýDFFRPSOLVKHGýE\ýDýPHFKDQLVPýZKLFKýYLJRURXVO\ýVKDNHV
WKHýEDJVïý&RPELQDWLRQýUHYHUVHýDLUîVKDNHUýV\VWHPVýDUHýDOVRýLQýXVHï

éïýý6RQLFýKRUQVýKDYHýEHHQýGHYHORSHGýZKLFKýDXJPHQWýUHYHUVHðDLUýDQGýVKDNHUýFOHDQLQJïý
$FRXVWLFýYLEUDWLRQýLQýWKHýUDQJHýRIýìèíýWRýèèíý+]ýDWýìëíýWRýìéíýG%ýKHOSVýGLVORGJHýSDUWLFOHVýGXULQJ
WKHýUHJXODUýFOHDQLQJýF\FOHï

2SDFLW\ýLVýWKHýW\SLFDOýPHWKRGýXVHGýIRUýEDJKRXVHýSHUIRUPDQFHýPRQLWRULQJâýDýFRQWLQXRXV
RSDFLW\ýPRQLWRUýPD\ýEHýXVHGñýRUýRSDFLW\ýõ0HWKRGýäôýRUýYLVLEOHýHPLVVLRQVýõVLPLODUýWRý0HWKRGýëëô
REVHUYDWLRQVýPD\ýEHýPDGHýE\ýSODQWýSHUVRQQHOïýý7ULERHOHFWULFýPRQLWRUVñýOLJKWýVFDWWHULQJýPRQLWRUVñ
EHWDýJDXJHVñýRUýDFRXVWLFýPRQLWRUVýPD\ýDOVRýEHýXVHGïýý3DUDPHWHUýPRQLWRULQJýXVXDOO\ýLQFOXGHV



&$0ý7(&+1,&$/ý*8,'$1&(ý'2&80(17
%ïìýý)$%5,&ý),/7(56

%ðë åîäå

SUHVVXUHýGURSñýVRPHWLPHVýLQýFRQMXQFWLRQýZLWKýH[KDXVWýJDVýWHPSHUDWXUHïýý$QýLQFUHDVHýLQýSUHVVXUH
GURSýPD\ýLQGLFDWHýEOLQGLQJýRIýWKHýIDEULFïýý$ýGHFUHDVHýLQýWHPSHUDWXUHýPD\ýLQGLFDWHýLQOHDNDJHýRI
RXWVLGHýDLUñýZKLFKýPD\ýFRROýWKHýH[KDXVWýJDVýVWUHDPýEHORZýLWVýGHZýSRLQWýõLPSRUWDQWýLIýFRQGHQVLEOH
HPLVVLRQVýDUHýLQYROYHGôïýý7HPSHUDWXUHýH[FXUVLRQVýPD\ýGDPDJHýWKHýILOWHUýEDJVïýý2WKHUýSDUDPHWHUV
WKDWýPD\ýEHýPRQLWRUHGýLQFOXGHýJDVýIORZýUDWHñýSXOVHýMHWýFRPSUHVVHGýDLUýSUHVVXUHVñýDQGýUHYHUVHýDLU
FOHDQLQJýF\FOHýVWDWLFýSUHVVXUHýGURSï

&RPPRQýEDJKRXVHýSUREOHPVýDQGýPDOIXQFWLRQVýLQFOXGHãýEURNHQýRUýZRUQýEDJVâýEOLQGLQJýRI
WKHýILOWHUýPHGLDâýIDLOXUHýRIýWKHýFOHDQLQJýV\VWHPâýOHDNVýLQýWKHýV\VWHPýRUýEHWZHHQýILOWHUýEDJýDQGýWXEH
VKHHWâýUHHQWUDLQPHQWýRIýGXVWâýZHWWLQJýRIýWKHýEDJVâýSOXJJLQJýRIýPDQRPHWHUýOLQHVâýPDOIXQFWLRQýRI
GDPSHUVýRUýPDWHULDOýGLVFKDUJHýHTXLSPHQWâýDQGýORZýIDQýVSHHGïýý7KHýIROORZLQJýLOOXVWUDWLRQVýSUHVHQW
FRPSOLDQFHýDVVXUDQFHýPRQLWRULQJýRSWLRQVýIRUýIDEULFýILOWHUVã

ìDã 'DLO\ýREVHUYDWLRQVýRIýYLVLEOHýHPLVVLRQVýõ9(ôýRUýRSDFLW\ýXVLQJý50ýäýRUýPRGLILHG
50ýëëï

ìEã &RQWLQXRXVýLQVWUXPHQWDOýPRQLWRULQJýRIýRSDFLW\ýXVLQJý&206ýRUýRWKHUýDQDO\WLFDO
GHYLFHï

ìFã 0RQLWRULQJýSUHVVXUHýGURSýDFURVVýEDJKRXVHï
ìGã )DEULFýILOWHUýFRQGLWLRQýPRQLWRULQJï
ìHã 8VHýRIýDýEDJýOHDNýGHWHFWLRQýPRQLWRUï



&$0ý7(&+1,&$/ý*8,'$1&(ý'2&80(17
%ïìýý)$%5,&ý),/7(56

åîäå %ðê

&$0ý,//8675$7,21
1RïýìDïýý)$%5,&ý),/7(5ý)25ý30ý&21752/

ìï $33/,&$%,/,7<

ìïì &RQWUROý7HFKQRORJ\ãýý)DEULFýILOWHUýõEDJKRXVHôý>íìçñýíìæñýíìå@ï
$OVRýDSSOLFDEOHýWRýRWKHUý30ýFRQWUROýGHYLFHV

ìïë 3ROOXWDQWV
3ULPDU\ã 3DUWLFXODWHýPDWWHUýõ30ñý30ðìíô
2WKHUã 7R[LFýKHDY\ýPHWDOV

ìïê 3URFHVVî(PLVVLRQVýXQLWVãýý,QGXVWULDOýSURFHVVýYHQWVýDQGýIXHOýFRPEXVWLRQýXQLWV

ëï 021,725,1*ý$3352$&+ý'(6&5,37,21

ëïì ,QGLFDWRUVý0RQLWRUHGãýý2SDFLW\ýRIýHPLVVLRQVýRUýYLVLEOHýHPLVVLRQVýõ9(ôï
ëïë 5DWLRQDOHýIRUý0RQLWRULQJý$SSURDFKãýý&KDQJHVýLQýRSDFLW\ýDQGýFKDQJHVýLQý9(

REVHUYDWLRQVýLQGLFDWHýSURFHVVýFKDQJHVñýFKDQJHVýLQýEDJKRXVHýHIILFLHQF\ñýRUýOHDNVï
ëïê 0RQLWRULQJý/RFDWLRQãýý3HUý50ýäýõRSDFLW\ôýRUý50ýëëýõ9(ôýUHTXLUHPHQWVï
ëïé $QDO\WLFDOý'HYLFHVý5HTXLUHGãýý7UDLQHGýREVHUYHUýXVLQJý50ýäýRUýYLVLEOHîQRýYLVLEOH

HPLVVLRQVýREVHUYDWLRQýWHFKQLTXHVýõ50ýëëðOLNHôï
ëïè 'DWDý$FTXLVLWLRQýDQGý0HDVXUHPHQWý6\VWHPý2SHUDWLRQ

� )UHTXHQF\ýRIýPHDVXUHPHQWãýý'DLO\ýRUýDVýZHDWKHUýSHUPLWV
� 5HSRUWLQJýXQLWVãýý3HUFHQWýRSDFLW\ýRUýYLVLEOHîQRýYLVLEOHýHPLVVLRQV
� 5HFRUGLQJýSURFHVVãýý2EVHUYHUVýFRPSOHWHýRSDFLW\ýRUý9(ýREVHUYDWLRQýIRUPVýDQGýORJ

LQWRýELQGHUýRUýHOHFWURQLFýGDWDýEDVHýDVýDSSURSULDWHï
ëïç 'DWDý5HTXLUHPHQWV

� %DVHOLQHý9(ýREVHUYDWLRQVýFRQFXUUHQWýZLWKýHPLVVLRQýWHVWýRUýKLVWRULFDOýSODQWýUHFRUGV
RIýRSDFLW\ýREVHUYDWLRQVïýõ1RýGDWDýDUHýQHHGHGýLIýLQGLFDWRUýLVý¦DQ\ýYLVLEOH
HPLVVLRQVï§ô

ëïæ 6SHFLILFý4$î4&ý3URFHGXUHVãýý,QLWLDOýWUDLQLQJýRIýREVHUYHUýSHUý50ýäýRUý50ýëëñýVHPLð
DQQXDOýUHIUHVKHUýWUDLQLQJýSHUý50ýäñýLIýDSSOLFDEOH

ëïå 5HIHUHQFHVãýýìñýëñýêñýéñýè

êïýý&200(176

êïì $OWKRXJKý50ýëëýDSSOLHVýWRýIXJLWLYHýVRXUFHVñýWKHýYLVLEOHîQRýYLVLEOHýHPLVVLRQ
REVHUYDWLRQýWHFKQLTXHVýRIý50ýëëýFDQýEHýDSSOLHGýWRýGXFWHGýHPLVVLRQVïýý)RUýVLWXDWLRQV
ZKHUHýQRýYLVLEOHýHPLVVLRQVýDUHýWKHýQRUPñýDýWHFKQLTXHýIRFXVHGýWRZDUGVýLGHQWLI\LQJýD
FKDQJHýLQýSHUIRUPDQFHýDVýLQGLFDWHGýE\ýDQ\ýYLVLEOHýHPLVVLRQýLVýDýXVHIXOýDQGýHIIHFWLYH
WHFKQLTXHïýý7KHýXVHýRIýWKHýYLVLEOHîQRýYLVLEOHýHPLVVLRQVýWHFKQLTXHýUHGXFHVýWKHýQHHGýIRU
RQVLWHýFHUWLILHGý50ýäýREVHUYHUVï

êïë )RUýODUJHýSROOXWDQWýVSHFLILFýHPLVVLRQýXQLWVýõSRVWýFRQWUROýSRWHQWLDOýWRýHPLWýHTXDOýWRýRU
JUHDWHUýWKDQýìííýSHUFHQWýRIýWKHýDPRXQWýUHTXLUHGýIRUýDýVRXUFHýWRýEHýFODVVLILHGýDVýDýPDMRU
VRXUFHôñý&$0ýUHTXLUHVýWKHýRZQHUýRUýRSHUDWRUýWRýFROOHFWýIRXUýRUýPRUHýGDWDýYDOXHV



&$0ý7(&+1,&$/ý*8,'$1&(ý'2&80(17
%ïìýý)$%5,&ý),/7(56

%ðé åîäå

HTXDOO\ýVSDFHGýRYHUýHDFKýKRXUñýXQOHVVýWKHýSHUPLWWLQJýDXWKRULW\ýDSSURYHVýDýUHGXFHG
IUHTXHQF\ïýý7KHUHIRUHñýWKLVýPRQLWRULQJýDSSURDFKýPD\ýQRWýEHýDFFHSWDEOHýIRUýODUJH
HPLVVLRQýXQLWVýXQOHVVýXVHGýLQýFRQMXQFWLRQýZLWKýRWKHUýDSSURSULDWHýSDUDPHWHUýPRQLWRULQJ
IRUýZKLFKýGDWDýDUHýUHFRUGHGýDWýOHDVWýIRXUýWLPHVýHDFKýKRXUâýHïJïñýEDJKRXVHýSUHVVXUHýGURSñ
DLUýIORZñýWHPSHUDWXUHïýýõ6HHý6HFWLRQýêïêïìïëïô



&$0ý7(&+1,&$/ý*8,'$1&(ý'2&80(17
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åîäå %ðè

&$0ý,//8675$7,21
1RïýìEïýý)$%5,&ý),/7(5ý)25ý30ý&21752/

ìïýý$33/,&$%,/,7<

ìïì &RQWUROý7HFKQRORJ\ãýý)DEULFýILOWHUýõEDJKRXVHôý>íìçñýíìæñýíìå@âýDOVRýDSSOLFDEOHýWRýRWKHU
30ýFRQWUROýGHYLFHV

ìïë 3ROOXWDQWV
3ULPDU\ã 3DUWLFXODWHýPDWWHUýõ30ñý30ðìíô
2WKHUã 7R[LFýKHDY\ýPHWDOV

ìïê 3URFHVVî(PLVVLRQVýXQLWVãýý,QGXVWULDOýSURFHVVýYHQWVýDQGýIXHOýFRPEXVWLRQýXQLWV

ëï 021,725,1*ý$3352$&+ý'(6&5,37,21

ëïì ,QGLFDWRUVý0RQLWRUHGãýý2SDFLW\
ëïë 5DWLRQDOHýIRUý0RQLWRULQJý$SSURDFKãýý$QýLQFUHDVHýýLQýRSDFLW\ýLQGLFDWHVýSURFHVV

FKDQJHVñýFKDQJHVýLQýEDJKRXVHýHIILFLHQF\ñýRUýOHDNVï
ëïê 0RQLWRULQJý/RFDWLRQãýý([KDXVWýJDVýRXWOHW
ëïé $QDO\WLFDOý'HYLFHVý5HTXLUHGãýý2SDFLW\ýPHWHUýRUý&206ýDVýDSSURSULDWHýIRUýJDVýVWUHDP
ëïè 'DWDý$FTXLVLWLRQýDQGý0HDVXUHPHQWý6\VWHPý2SHUDWLRQ

� )UHTXHQF\ýRIýPHDVXUHPHQWãýý2QFHýSHUýVKLIWýLIýLQVWUXPHQWVýUHDGýPDQXDOO\ñýRU
FRQWLQXRXVO\ýUHFRUGHGýRQýVWULSýFKDUWýRUýGLJLWDOýGDWDýDFTXLVLWLRQýV\VWHP
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� %DVHOLQHýSUHVVXUHýGURSýPHDVXUHPHQWVýDQGýFOHDQLQJýF\FOHýFRQFXUUHQWýZLWK
HPLVVLRQýWHVWñýRUýKLVWRULFDOýSODQWýUHFRUGVýRQýSUHVVXUHýGURSýPHDVXUHPHQWV

ëïæ 6SHFLILFý4$î4&ý3URFHGXUHVãýý&DOLEUDWHñýPDLQWDLQýDQGýRSHUDWHýLQVWUXPHQWDWLRQýXVLQJ
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ëïæ 6SHFLILFý4$î4&ý3URFHGXUHVãýý&DOLEUDWHñýPDLQWDLQñýDQGýRSHUDWHýLQVWUXPHQWDWLRQýXVLQJ
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RUýSRRUýOLTXLGýGLVWULEXWLRQï

ëïê 0RQLWRULQJý/RFDWLRQãýý$FURVVýLQOHWýDQGýRXWOHWýGXFWV
ëïé $QDO\WLFDOý'HYLFHVý5HTXLUHGãýý'LIIHUHQWLDOýSUHVVXUHýWUDQVGXFHUñýGLIIHUHQWLDOýSUHVVXUH

JDXJHñýPDQRPHWHUVñýRUýDOWHUQDWLYHýPHWKRGVîLQVWUXPHQWDWLRQâýVHHý6HFWLRQýéïêýIRU
LQIRUPDWLRQýRQýVSHFLILFýW\SHVýRIýLQVWUXPHQWVï

ëïè 'DWDý$FTXLVLWLRQýDQGý0HDVXUHPHQWý6\VWHPý2SHUDWLRQ
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� &DOLEUDWHñýPDLQWDLQýDQGýRSHUDWHýLQVWUXPHQWDWLRQýXVLQJýSURFHGXUHVýWKDWýWDNHýLQWR
DFFRXQWýPDQXIDFWXUHU©VýVSHFLILFDWLRQVï

ëïå 5HIHUHQFHVãýýåñýäñýìé

êïýý&200(176

êïì 'DWDý&ROOHFWLRQý)UHTXHQF\ãýý)RUýODUJHýHPLVVLRQýXQLWVñýDýPHDVXUHPHQWýIUHTXHQF\ýRI
RQFHýSHUýKRXUýZRXOGýQRWýEHýDGHTXDWHâýFROOHFWLRQýRIýIRXUýRUýPRUHýGDWDýSRLQWVýHDFKýKRXU
LVýUHTXLUHGïýýõ6HHý6HFWLRQýêïêïìïëïô
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õJHQHUDOôý>íìê@ñýJDVýFROXPQýDEVRUEHUýõSDFNHGýRUýWUD\ýW\SHôý>íèíñýíèì@

ìïë 3ROOXWDQWV
3ULPDU\ã 62ë
2WKHUã $FLGýJDVHV

ìïê 3URFHVVî(PLVVLRQVý8QLWãýý&RPEXVWRUV

ëï 021,725,1*ý$3352$&+ý'(6&5,37,21

ëïì ,QGLFDWRUVý0RQLWRUHGãýý6FUXEEHUýOLTXLGýS+ýDQGýOLTXLGýIORZýUDWH
ëïë 5DWLRQDOHýIRUý0RQLWRULQJý$SSURDFKãýýS+ýOHYHOýDQGýOLTXLGýIORZýUDWHýLQGLFDWLYHýRIýSURSHU

RSHUDWLRQýIRUýUHPRYDOýRIý62ëýDQGýRWKHUýDFLGýJDVHVýIURPýH[KDXVWýVWUHDP
ëïê 0RQLWRULQJý/RFDWLRQãýýS+ýDWýVFUXEEHUýOLTXRUýLQOHWâýOLTXLGýIORZýUDWHýDWýSXPSýGLVFKDUJH

RUýDWýVFUXEEHUýOLTXRUýLQOHW
ëïé $QDO\WLFDOý'HYLFHVý5HTXLUHGãýýS+ýPHWHUýIRUýS+âýOLTXLGýIORZýPHWHUñýSXPSýGLVFKDUJH

SUHVVXUHýJDXJHñýRUýRWKHUýGHYLFHýIRUýOLTXLGýIORZâýVHHý6HFWLRQýéïéýIRUýLQIRUPDWLRQýRQ
VSHFLILFýW\SHVýRIýLQVWUXPHQWVï

ëïè 'DWDý$FTXLVLWLRQýDQGý0HDVXUHPHQWý6\VWHPý2SHUDWLRQ
� )UHTXHQF\ýRIýPHDVXUHPHQWãýý+RXUO\ñýLIýPDQXDOO\ýUHDGñýRUýFRQWLQXRXVO\ñýLIýE\

DXWRPDWLFýV\VWHPâýGDLO\ýFDOFXODWLRQýRIýTXDQWLW\ýRIý62ëýUHPRYHGýEDVHG
� 5HSRUWLQJýXQLWVãýýS+ýXQLWVýIRUýS+ñýFXELFýIHHWýSHUýPLQXWHýõIWêîPLQôýIRUýOLTXLGýIORZ
� 5HFRUGLQJýSURFHVVãýý2SHUDWRUVýSHULRGLFDOO\ýREVHUYHýJDJHVýDQGýORJýGDWDñýRU

UHFRUGHGýDXWRPDWLFDOO\ýRQýVWULSýFKDUWýRUýGLJLWDOýGDWDýDFTXLVLWLRQýV\VWHPý
ëïç 'DWDý5HTXLUHPHQWV

� %DVHOLQHýS+ýDQGýOLTXLGýIORZýUDWHýFRQFXUUHQWýZLWKýHPLVVLRQýWHVW
ëïæ 6SHFLILFý4$î4&ý3URFHGXUHV

� &DOLEUDWHñýPDLQWDLQýDQGýRSHUDWHýLQVWUXPHQWDWLRQýXVLQJýSURFHGXUHVýWKDWýWDNHýLQWR
DFFRXQWýPDQXIDFWXUHU©VýVSHFLILFDWLRQVï

ëïå 5HIHUHQFHVãýýäñýìé

êï &200(176

êïì 'DWDý&ROOHFWLRQý)UHTXHQF\ãýý)RUýODUJHýHPLVVLRQýXQLWVñýDýPHDVXUHPHQWýIUHTXHQF\ýRI
RQFHýSHUýKRXUýZRXOGýQRWýEHýDGHTXDWHâýFROOHFWLRQýRIýIRXUýRUýPRUHýGDWDýSRLQWVýHDFKýKRXU
LVýUHTXLUHGïýýõ6HHý6HFWLRQýêïêïìïëïôý
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ìïë 3ROOXWDQWV

3ULPDU\ãý 6XOIXUýR[LGHVýõ62[ô
2WKHUã

ìïê 3URFHVVî(PLVVLRQVýXQLWVãýý&RPEXVWRUVñýIXUQDFHVñýERLOHUV

ëï 021,725,1*ý$3352$&+ý'(6&5,37,21

ëïì 3DUDPHWHUVýWRýEHý0RQLWRUHGãýý3UHVVXUHýGURSñýDONDOLýVROXWLRQýFRQFHQWUDWLRQýDQGýIORZýUDWH
ëïë 5DWLRQDOHýIRUý0RQLWRULQJý$SSURDFKãýý3UHVVXUHýGURSýLVýLQGLFDWLYHýRIýSURSHUýIXQFWLRQLQJ

RIýVSUD\ýGU\HUïýý5HPRYDOýRIýDFLGýJDVýFRPSRQHQWVýLVýGHSHQGHQWýRQýDYDLODELOLW\ýRI
DGHTXDWHýDONDOLýDVýLQGLFDWHGýE\ýVOXUU\ýDONDOLQLW\ýDQGýIORZýUDWHï

ëïê 0RQLWRULQJý/RFDWLRQãýý3UHVVXUHýGURSýPHDVXUHGýDFURVVýLQOHWýDQGýRXWOHWýRIýVSUD\ýGU\HUïý
$ONDOLýFRQFHQWUDWLRQýPHDVXUHGýDWýVOXUU\ýKHDGHUýDQGýUHFLUFXODWLRQýSXPSýGLVFKDUJHïý
6OXUU\ýIORZýUDWHýDWýVOXUU\ýKHDGHUï

ëïé $QDO\WLFDOý'HYLFHVý5HTXLUHGãýý'LIIHUHQWLDOýSUHVVXUHýJDXJHVñýLQðOLQHýS+ýPHWHUVñýLQðOLQH
IORZýPHWHUVñýRWKHUýPHWKRGVýDQGýLQVWUXPHQWDWLRQýDVýDSSURSULDWHâýVHHý6HFWLRQVýéïê
õ3UHVVXUHôñýéïéýõ)ORZôñýDQGýéïèýõS+ýDQGý&RQGXFWLYLW\ôýIRUýDGGLWLRQDOýLQIRUPDWLRQýRQ
GHYLFHVï

ëïè 'DWDý$FTXLVLWLRQýDQGý0HDVXUHPHQWý6\VWHPý2SHUDWLRQ
� )UHTXHQF\ýRIýPHDVXUHPHQWãýý+RXUO\ýSUHVVXUHýGURSñýS+ýPHDVXUHPHQWVýDQGýIORZâ

RUýPRQLWRUHGýFRQWLQXRXVO\ýE\ýGLVWULEXWHGýFRQWUROýV\VWHPýõ'&6ôýRUýVLPLODUýPHDQVïý
$XWRPDWLFýDODUPýDFWLYDWHGýZKHQýS+ýRUýIORZýIDOOVýEHORZýLQGLFDWRUýUDQJHï

� 5HSRUWLQJýXQLWVãýý,QFKHVýRIýZDWHUýFROXPQýõLQïýZïFïôýRUýSRXQGVýSHUýVTXDUHýLQFK
õSVLôâýDONDOLýFRQFHQWUDWLRQýLQýS+ýXQLWVâýIORZýLQýJDOîKUï

� 5HFRUGLQJýSURFHVVãýý2SHUDWRUVýWDNHýUHDGLQJVýDQGýORJýPDQXDOO\ñýRUýDXWRPDWLFDOO\
RQýVWULSýFKDUWýUHFRUGHUýRUýGLJLWDOýGDWDýDFTXLVLWLRQýV\VWHPïýý$ODUPýDFWLYDWLRQ
LQFLGHQWVýPDQXDOO\ýUHFRUGHGýLQýORJýERRN

ëïç 'DWDý5HTXLUHPHQWV
� +LVWRULFDOýRSHUDWLQJýGDWDýRQýIORZýDQGýS+ýWRýJLYHýDGHTXDWHýZDUQLQJýWRýDYRLG

QRQFRPSOLDQFHýHYHQWV
ëïæ 6SHFLILFý4$î4&ý3URFHGXUHVãýý&DOLEUDWLRQñýPDLQWHQDQFHñýDQGýRSHUDWLRQýRIýSUHVVXUH

WUDQVGXFHUVñýJDXJHVñýIORZýPHWHUVñýDQGýS+ýVHQVRUVýXVLQJýSURFHGXUHVýWKDWýWDNHýLQWR
DFFRXQWýPDQXIDFWXUHU©VýVSHFLILFDWLRQV

ëïå 5HIHUHQFHVãýýäñýìé
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êïì 'DWDý&ROOHFWLRQý)UHTXHQF\ãýý)RUýODUJHýHPLVVLRQýXQLWVñýDýPHDVXUHPHQWýIUHTXHQF\ýRI
RQFHýSHUýKRXUýZRXOGýQRWýEHýDGHTXDWHâýFROOHFWLRQýRIýIRXUýRUýPRUHýGDWDýSRLQWVýHDFKýKRXU
LVýUHTXLUHGïýýõ6HHý6HFWLRQýêïêïìïëïôýý
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7KHUPDOýR[LGL]HUVýRUýWKHUPDOýLQFLQHUDWRUVýDUHýFRPEXVWLRQýV\VWHPVýWKDWýFRQWUROý92&ñý&2ñ
DQGýYRODWLOHý+$3ýE\ýFRPEXVWLQJýWKHPýWRýFDUERQýGLR[LGHýõ&2ëôýDQGýZDWHUïýý7KHýGHVLJQýRIýDQ
LQFLQHUDWLRQýV\VWHPýLVýGHSHQGHQWýRQýWKHýSROOXWDQWýFRQFHQWUDWLRQýLQýWKHýZDVWHýJDVýVWUHDPñýW\SHýRI
SROOXWDQWñýSUHVHQFHýRIýRWKHUýJDVHVñýOHYHOýRIýR[\JHQñýDQGýVWDELOLW\ýRIýSURFHVVHVýYHQWHGýWRýWKH
V\VWHPïýý,PSRUWDQWýGHVLJQýIDFWRUVýLQFOXGHýUHVLGHQFHýWLPHýõVXIILFLHQWýWLPHýIRUýWKHýFRPEXVWLRQ
UHDFWLRQýWRýRFFXUôñýWHPSHUDWXUHýõDýWHPSHUDWXUHýKLJKýHQRXJKýWRýLJQLWHýWKHýZDVWHðDX[LOLDU\ýIXHO
PL[WXUHôñýDQGýWXUEXOHQFHýõWXUEXOHQWýPL[LQJýRIýWKHýDLUýDQGýZDVWHðIXHOôïýý7LPHñýWHPSHUDWXUHñ
WXUEXOHQFHñýDQGýVXIILFLHQWýR[\JHQýFRQFHQWUDWLRQýJRYHUQýWKHýFRPSOHWHQHVVýRIýWKHýFRPEXVWLRQ
UHDFWLRQïýý2IýWKHVHñýRQO\ýWHPSHUDWXUHýDQGýR[\JHQýFDQýEHýVLJQLILFDQWO\ýFRQWUROOHGýDIWHU
FRQVWUXFWLRQïýý7LPHýDQGýWXUEXOHQFHýDUHýIL[HGýE\ýLQFLQHUDWRUýGHVLJQýDQGýIORZýUDWHýFDQýEHýFRQWUROOHG
RQO\ýRYHUýDýOLPLWHGýUDQJHï

7KHýUDWHýDWýZKLFKý92&ýFRPSRXQGVýDQGý&2ýDUHýR[LGL]HGýLVýJUHDWO\ýDIIHFWHGýE\
WHPSHUDWXUHâýWKHýKLJKHUýWKHýWHPSHUDWXUHýWKHýIDVWHUýWKHýR[LGDWLRQýUHDFWLRQýSURFHHGVïýý%HFDXVHýLQOHW
JDVýFRQFHQWUDWLRQVýDUHýZHOOýEHORZýWKHýORZHUýH[SORVLYHýOLPLWýõ/(/ôýWRýSUHYHQWýSUHLJQLWLRQ
H[SORVLRQVñýWKHýJDVýPXVWýEHýKHDWHGýZLWKýDX[LOLDU\ýIXHOýDERYHýWKHýDXWRLJQLWLRQýWHPSHUDWXUHïý
7KHUPDOýGHVWUXFWLRQýRIýPRVWýRUJDQLFVýRFFXUVýDWýFRPEXVWLRQýWHPSHUDWXUHVýEHWZHHQýåíí()ýDQG
ëííí()ïýý5HVLGHQFHýWLPHýLVýHTXDOýWRýWKHýLQFLQHUDWRUýFKDPEHUýYROXPHýGLYLGHGýE\ýWKHýWRWDOýIORZýRI
IOXHýJDVHVýõZDVWHýJDVýIORZñýDGGHGýDLUñýDQGýSURGXFWVýRIýFRPEXVWLRQôïýý$ýUHVLGHQFHýWLPHýRIýíïëýWR
ëïíýVHFRQGVñýDýOHQJWKðWRðGLDPHWHUýUDWLRýRIýëýWRýêýIRUýWKHýFKDPEHUýGLPHQVLRQVñýDQGýDQýDYHUDJHýJDV
YHORFLW\ýRIýìíýWRýèíýIHHWýSHUýVHFRQGýDUHýFRPPRQïýý7XUEXOHQFHñýRUýJRRGýPL[LQJñýLVýQHFHVVDU\ýWR
HQVXUHýWKDWýDOOýZDVWHýDQGýIXHOýFRPHýLQýFRQWDFWýZLWKýR[\JHQïýý%HFDXVHýìííýSHUFHQWýWXUEXOHQFHýLV
QRWýDFKLHYHGñýH[FHVVýDLUîR[\JHQýLVýDGGHGýõDERYHýVWRLFKLRPHWULFýRUýWKHRUHWLFDOýDPRXQWôýWRýHQVXUH
FRPSOHWHýFRPEXVWLRQï

1RUPDOýRSHUDWLRQýRIýDýWKHUPDOýLQFLQHUDWRUýVKRXOGýLQFOXGHýDýIL[HGýRXWOHWýWHPSHUDWXUHñýRUýDQ
RXWOHWýWHPSHUDWXUHýDERYHýDýPLQLPXPýOHYHOïýý$ýYDULHW\ýRIýRSHUDWLQJýSDUDPHWHUVýWKDWýPD\ýEHýXVHG
WRýLQGLFDWHýJRRGýRSHUDWLRQýLQFOXGHãýLQOHWýDQGýRXWOHWý92&ýFRQFHQWUDWLRQñýRXWOHWýLQFLQHUDWRU
WHPSHUDWXUHñýDX[LOLDU\ýIXHOýLQSXWñýIXHOýSUHVVXUHýõPDJQHKHOLFýJDXJHôñýIDQýFXUUHQWýõDPPHWHUôñýLQOHW
ZDVWHýJDVýWHPSHUDWXUHýWRýKHDWýH[FKDQJHUñýRXWOHWýZDVWHýJDVýWHPSHUDWXUHýIURPýKHDWýH[FKDQJHUñ
RXWOHWýFDUERQýPRQR[LGHýFRQFHQWUDWLRQñýDQGýRXWOHWýR[\JHQýFRQFHQWUDWLRQïýý&RPPRQýPRQLWRULQJ
SDUDPHWHUVýIRUýWKHUPDOýLQFLQHUDWRUVýLQFOXGHýPRQLWRULQJýRIýLQFLQHUDWRUýFRPEXVWLRQýWHPSHUDWXUHñ
ZDVWHýJDVýIORZñýIDQýFXUUHQWñýDQGýRXWOHWý&2ýFRQFHQWUDWLRQïýý6HYHUDOýGLIIHUHQWýDSSURDFKHVýWR
FRPSOLDQFHýDVVXUDQFHýPRQLWRULQJýIRUýWKHUPDOýLQFLQHUDWRUVýDUHýSUHVHQWHGýLQýWKHýIROORZLQJ
LOOXVWUDWLRQVã

&2ã
ììDãýý&RQWLQXRXVýFRPEXVWLRQýFKDPEHUýWHPSHUDWXUHýPRQLWRULQJýDQGýDQQXDOýEXUQHU

LQVSHFWLRQï
ììEãýý&RQWLQXRXVýRXWOHWý&2ýFRQFHQWUDWLRQýPRQLWRULQJï
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92&ã
ìçDãýý&RQWLQXRXVýFRPEXVWLRQýFKDPEHUýWHPSHUDWXUHýPRQLWRULQJýDQGýDQQXDOýEXUQHU

LQVSHFWLRQï
ìçEãýý&RQWLQXRXVýFRPEXVWLRQýFKDPEHUýWHPSHUDWXUHñýDQQXDOýEXUQHUýLQVSHFWLRQñýDQG

H[KDXVWýJDVýIORZýUDWHýPRQLWRULQJï
ìçFãýý&RQWLQXRXVýFRPEXVWLRQýFKDPEHUýWHPSHUDWXUHýPRQLWRULQJýDQGýFRQWLQXRXVýRXWOHWý&2

FRQFHQWUDWLRQýPRQLWRULQJï
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FRQWUROOLQJý&2ýHPLVVLRQVýE\ýFRPEXVWLRQ
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ëï 021,725,1*ý$3352$&+ý'(6&5,37,21

ëïì 3DUDPHWHUVýWRýEHý0RQLWRUHGãýý&RPEXVWLRQýFKDPEHUýWHPSHUDWXUHýDQGýDQQXDOýEXUQHU
LQVSHFWLRQ

ëïë 5DWLRQDOHýIRUý0RQLWRULQJý$SSURDFKã
� &RPEXVWLRQýFKDPEHUýWHPSHUDWXUHãýý/RZýWHPSHUDWXUHýLQGLFDWHVýSRWHQWLDOýIRU

LQVXIILFLHQWýGHVWUXFWLRQýRIý&2ï
� $QQXDOýEXUQHUýLQVSHFWLRQãýý0DLQWDLQýSURSHUýEXUQHUýRSHUDWLRQýDQGýHIILFLHQF\ï

ëïê 0RQLWRULQJý/RFDWLRQãýý2XWOHWýRIýFRPEXVWLRQýFKDPEHU
ëïé $QDO\WLFDOý'HYLFHVý5HTXLUHGãýý7KHUPRFRXSOHVñýRUýRWKHUýWHPSHUDWXUHýPHDVXUHPHQW

GHYLFHâýVHHý6HFWLRQýéïëýIRUýDGGLWLRQDOýLQIRUPDWLRQýRQýGHYLFHVï
ëïè 'DWDý$FTXLVLWLRQýDQGý0HDVXUHPHQWý6\VWHPý2SHUDWLRQ

� )UHTXHQF\ýRIýPHDVXUHPHQWãýý+RXUO\ýRUýUHFRUGHGýFRQWLQXRXVO\ýRQýVWULSýFKDUWýRU
GLJLWDOýGDWDýDFTXLVLWLRQýV\VWHP

� 5HSRUWLQJýXQLWVãýý'HJUHHVý)DKUHQKHLWýRUý&HOVLXVýõ()ñý(&ô
� 5HFRUGLQJýSURFHVVãýý2SHUDWRUVýWDNHýUHDGLQJVýDQGýORJýGDWDýPDQXDOO\ñýRU

DXWRPDWLFDOO\ýUHFRUGHGýRQýGLJLWDOýGDWDýDFTXLVLWLRQýV\VWHPï
ëïç 'DWDý5HTXLUHPHQWVãýý%DVHOLQHýWHPSHUDWXUHýPHDVXUHPHQWVýFRQFXUUHQWýZLWKýHPLVVLRQ

WHVWñýKLVWRULFDOýSODQWýUHFRUGVýRIýWHPSHUDWXUHñýRUýPDQXIDFWXUHU©VýGDWDýDQGýUHFRPPHQGHG
RSHUDWLQJýUDQJHVï

ëïæ 6SHFLILFý4$î4&ý3URFHGXUHVãýý&DOLEUDWHñýPDLQWDLQñýDQGýRSHUDWHýWKHUPRFRXSOHVýXVLQJ
SURFHGXUHVýWKDWýWDNHýLQWRýDFFRXQWýPDQXIDFWXUHU©VýVSHFLILFDWLRQVï

ëïå 5HIHUHQFHVãýýìñýëñýêñýé

êï &200(176

êïì 'DWDý&ROOHFWLRQý)UHTXHQF\ãýý)RUýODUJHýHPLVVLRQýXQLWVñýDýPHDVXUHPHQWýIUHTXHQF\ýRI
RQFHýSHUýKRXUýZRXOGýQRWýEHýDGHTXDWHâýFROOHFWLRQýRIýIRXUýRUýPRUHýGDWDýSRLQWVýHDFKýKRXU
LVýUHTXLUHGïýýõ6HHý6HFWLRQýêïêïìïëïôý
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DIWHUEXUQHUVýZLWKýRUýZLWKRXWýKHDWýH[FKDQJHUVý>íëìñýíëë@ñýERLOHUVñýRUýVLPLODUýGHYLFHVýIRU
FRQWUROOLQJý&2ýHPLVVLRQVýE\ýFRPEXVWLRQ

ìïë 3ROOXWDQWV
3ULPDU\ã &DUERQýPRQR[LGHýõ&2ô
2WKHUã 9RODWLOHýRUJDQLFýFRPSRXQGVýõ92&©Vô

ìïê 3URFHVVî(PLVVLRQVýXQLWVãýý)OXLGýFDWDO\WLFýFUDFNLQJýXQLWýõ)&&8ôýFDWDO\VWýUHJHQHUDWRUVâ
SHWUROHXPýUHILQLQJ

ëï 021,725,1*ý$3352$&+ý'(6&5,37,21

ëïì ,QGLFDWRUVý0RQLWRUHGãýý2XWOHWýJDVýFDUERQýPRQR[LGHýFRQFHQWUDWLRQ
ëïë 5DWLRQDOHýIRUý0RQLWRULQJý$SSURDFKãýý3URYLGHVýGLUHFWýLQGLFDWRUýRIý&2ýHPLVVLRQVïý
ëïê 0RQLWRULQJý/RFDWLRQãýý&RPEXVWLRQýFKDPEHUýRXWOHW
ëïé $QDO\WLFDOý'HYLFHVý5HTXLUHGãýý1RQGLVSHUVLYHýLQIUDUHGýõ1',5ôýDQDO\]HUýRUýRWKHU

PHWKRGVýRUýLQVWUXPHQWDWLRQï
ëïè 'DWDý$FTXLVLWLRQýDQGý0HDVXUHPHQWý6\VWHPý2SHUDWLRQ

� )UHTXHQF\ýRIýPHDVXUHPHQWãýý+RXUO\ñýLIýLQVWUXPHQWVýUHDGýPDQXDOO\âýFRQWLQXRXVO\ñ
LIý&(06

� 5HSRUWLQJýXQLWVãýý3DUWVýSHUýPLOOLRQýE\ýYROXPHýõSSPYôñýGU\ýEDVLV
� 5HFRUGLQJýSURFHVVãýý2SHUDWRUVýWDNHýUHDGLQJVýDQGýORJýPDQXDOO\ñýRUýUHFRUGHG
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ëïè 'DWDý$FTXLVLWLRQýDQGý0HDVXUHPHQWý6\VWHPý2SHUDWLRQã
� )UHTXHQF\ýRIýPHDVXUHPHQWãýý+RXUO\ñýRUýUHFRUGHGýFRQWLQXRXVO\ýRQýVWULSýFKDUWýRU

GLJLWDOýGDWDýDFTXLVLWLRQýV\VWHPï
� 5HSRUWLQJýXQLWVãýý'HJUHHVý)DKUHQKHLWýRUý&HOVLXVýõ()ñý(&ô
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ëïç 'DWDý5HTXLUHPHQWVã

� %DVHOLQHýLQFLQHUDWLRQýWHPSHUDWXUHýPHDVXUHPHQWVýDQGýRXWOHWý92&ýFRQFHQWUDWLRQýRU
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� )UHTXHQF\ýRIýPHDVXUHPHQWãýý+RXUO\ñýRUýUHFRUGHGýFRQWLQXRXVO\ýRQýVWULSýFKDUWýRU
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&DWDO\WLFýR[LGL]HUVýDUHýR[LGDWLRQýV\VWHPVýõVLPLODUýWRýWKHUPDOýLQFLQHUDWRUVôýWKDWýFRQWURO
92&ïýý&DWDO\WLFýR[LGL]HUVýXVHýDýFDWDO\VWýWRýSURPRWHýWKHýR[LGDWLRQýRIý92&©VýWRýFDUERQýGLR[LGH
DQGýZDWHUýõLïHïñýLQFUHDVHýWKHýNLQHWLFýUDWHôïýý&DWDO\WLFýR[LGL]HUýFRQWUROýGHYLFHVýDUHýFRPPRQýLQ
VXUIDFHýFRDWLQJýLQGXVWULHVï

7KHýGHVLJQýRIýWKHýLQFLQHUDWLRQýV\VWHPýLVýGHSHQGHQWýRQýWKHýSROOXWDQWýFRQFHQWUDWLRQñýW\SHýRI
SROOXWDQWñýSUHVHQFHýRIýRWKHUýJDVHVñýOHYHOýRIýR[\JHQñýDQGýVWDELOLW\ýRIýSURFHVVHVýYHQWHGýWRýWKH
V\VWHPïýý,PSRUWDQWýGHVLJQýIDFWRUVýIRUýFDWDO\WLFýR[LGL]HUVýLQFOXGHýUHVLGHQFHýWLPHýõVXIILFLHQW
UHVLGHQFHýWLPHýLQýWKHýFDWDO\VWýEHGýIRUýWKHýR[LGDWLRQýUHDFWLRQýWRýRFFXUôñýWHPSHUDWXUHýõDQýRSHUDWLQJ
WHPSHUDWXUHýKLJKýHQRXJKýWRýR[LGL]HýWKHýZDVWHýJDVýRQýWKHýFDWDO\VWôñý92&ýFRQFHQWUDWLRQýDQG
VSHFLHVñýFDWDO\VWýFKDUDFWHULVWLFVñýDQGýWKHýSUHVHQFHýRIýSRLVRQVýRUýPDVNLQJýDJHQWVýLQýWKHýZDVWHýJDVïýý
7LPHñýWHPSHUDWXUHñýWXUEXOHQFHñýDQGýWKHýSUHVHQFHýRIýVXIILFLHQWýR[\JHQýJRYHUQýWKHýFRPSOHWHQHVVýRI
WKHýFRPEXVWLRQýUHDFWLRQïýý2IýWKHVHñýRQO\ýWKHýR[\JHQýDQGýWKHýWHPSHUDWXUHýFDQýEHýVLJQLILFDQWO\
FRQWUROOHGýDIWHUýFRQVWUXFWLRQïýý7LPHýDQGýWXUEXOHQFHýDUHýIL[HGýE\ýLQFLQHUDWRUýGHVLJQýDQGýIORZýUDWH
FDQýEHýFRQWUROOHGýRQO\ýRYHUýDýOLPLWHGýUDQJHï

7KHýUDWHýDWýZKLFKý92&ýFRPSRXQGVýDUHýR[LGL]HGýLVýJUHDWO\ýDIIHFWHGýE\ýWHPSHUDWXUHâýWKH
KLJKHUýWKHýWHPSHUDWXUHýWKHýIDVWHUýWKHýR[LGDWLRQýUHDFWLRQýSURFHHGVïýý7KHýRSHUDWLQJýWHPSHUDWXUH
QHHGHGýWRýDFKLHYHýDýSDUWLFXODUý92&ýHIILFLHQF\ýGHSHQGVýRQýWKHýVSHFLHVýRIýSROOXWDQWVñ
FRQFHQWUDWLRQñýDQGýWKHýFDWDO\VWýW\SHïýý(DFKýSROOXWDQWýKDVýDýWHPSHUDWXUHýZKLFKýPXVWýEHýUHDFKHGýWR
LQLWLDWHýWKHýFDWDO\WLFýR[LGDWLRQýUHDFWLRQïýý7KHýLQLWLDWLRQýWHPSHUDWXUHýLVýDOVRýGHSHQGHQWýRQýWKHýW\SH
RIýFDWDO\VWïýý7KHýXVHýRIýWKHýFDWDO\VWýDOORZVýWKHýFRPEXVWLRQýUHDFWLRQýWRýRFFXUýDWýDýORZHU
WHPSHUDWXUHýWKDQýWKHýDXWRLJQLWLRQýWHPSHUDWXUHïýý&DWDO\WLFýR[LGL]HUVýRSHUDWHýEHWZHHQýçèí()ýDQG
ìííí()ï

7KHýFDWDO\VWýVXSSRUWýDQGýEHGýJHRPHWU\ýLQIOXHQFHýWKHýVL]HýDQGýVKDSHýRIýWKHýFDWDO\VWýEHG
FKDPEHUýDQGýDIIHFWVýWKHýSUHVVXUHýGURSýDFURVVýWKHýEHGïýý7KHýFDWDO\VWýW\SLFDOO\ýODVWVýëýWRýèý\HDUVïý
7KHUPDOýDJLQJýRYHUýWKHýOLIHWLPHýRIýWKHýFDWDO\VWýDQGýSDUWLFXODWHVýDQGýFDWDO\VWýSRLVRQVýLQýWKHýLQOHW
JDVýVWUHDPVýUHGXFHýWKHýFDWDO\VW©VýDELOLW\ýWRýSURPRWHýWKHýR[LGDWLRQýUHDFWLRQýE\ýPDVNLQJýDQG
FRDWLQJýWKHýFDWDO\VWýDQGýSUHYHQWLQJýFRQWDFWýEHWZHHQý92&ýDQGýWKHýFDWDO\VWýVXUIDFHï

7XUEXOHQFHñýRUýJRRGýPL[LQJñýLVýQHFHVVDU\ýWRýHQVXUHýWKDWýDOOýZDVWHýDQGýIXHOýFRPHýLQýFRQWDFW
ZLWKýR[\JHQïýý*RRGýWXUEXOHQFHýH[SRVHVýWKHýIXHOýDQGýSROOXWDQWVýWRýR[\JHQýLQýDýUDSLGýPDQQHUñ
SURPRWLQJýUDSLGýFRPEXVWLRQïýý%HFDXVHýìííýSHUFHQWýWXUEXOHQFHýLVýQRWýDFKLHYHGñýH[FHVVýDLUîR[\JHQ
LVýDGGHGýõDERYHýVWRLFKLRPHWULFýRUýWKHRUHWLFDOýDPRXQWôýWRýHQVXUHýFRPSOHWHýFRPEXVWLRQïýý)RU
FDWDO\WLFýR[LGL]HUVñýJRRGýPL[LQJýRIýWKHýZDVWHýJDVýDQGýR[\JHQýSURPRWHVýXQLIRUPýR[LGDWLRQýLQýWKH
FDWDO\VWýEHGýDQGýDYRLGVýORFDOL]HGýKHDWLQJýRIýEHGýVHFWLRQVï

1RUPDOýRSHUDWLRQýRIýDýFDWDO\WLFýR[LGL]HUýVKRXOGýLQFOXGHýDýIL[HGýLQOHWýWHPSHUDWXUHýDQG
VRPHýLQFUHDVHýLQýRXWOHWýWHPSHUDWXUHïýý$ýWKHUPRFRXSOHýLVýSODFHGýDWýWKHýLQOHWýWRýWKHýFDWDO\VWýEHGýWR
PHDVXUHýWKHýWHPSHUDWXUHýRIýWKHýSUHKHDWHGýZDVWHýJDVýVWUHDPïýý$ýWKHUPRFRXSOHýDWýWKHýRXWOHWýWRýWKH
FDWDO\VWýEHGýFKDPEHUýPHDVXUHVýWHPSHUDWXUHâýWKLVýWKHUPRFRXSOHýLVýFRQQHFWHGýWRýDýFRQWUROOHUýWKDW
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PDLQWDLQVýWKHýGHVLUHGýFDWDO\VWýEHGýFKDPEHUýWHPSHUDWXUHýE\ýDOWHULQJýWKHýUDWHýRIýDX[LOLDU\ýIXHOïýý$
YDULHW\ýRIýRSHUDWLQJýSDUDPHWHUVýWKDWýPD\ýEHýXVHGýWRýLQGLFDWHýJRRGýRSHUDWLRQýLQFOXGHãýýRXWOHWý92&
FRQFHQWUDWLRQñýWHPSHUDWXUHýSULRUýWRýFDWDO\VWýEHGñýWHPSHUDWXUHýDIWHUýFDWDO\VWýEHGñýRXWOHWýZDVWHýJDV
WHPSHUDWXUHýIURPýKHDWýH[FKDQJHUñýSUHVVXUHýGURSýDFURVVýR[LGL]HUýVHFWLRQVýõSUHKHDWñýFDWDO\VWýEHGñ
KHDWýH[FKDQJHUôñýýDX[LOLDU\ýIXHOýLQSXWñýRXWOHWýFDUERQýPRQR[LGHýFRQFHQWUDWLRQñýDQGýRXWOHWýR[\JHQ
FRQFHQWUDWLRQï

7KHýPRVWýFRPPRQýPRQLWRULQJýIRUýFDWDO\WLFýR[LGL]HUVýIRUýLQGLFDWRUVýRIýQRUPDOýR[LGL]HU
RSHUDWLRQýDQGýKHDWýUHFRYHU\ýýLQFOXGHVýWKHýLQOHWýZDVWHýJDVýWHPSHUDWXUHñýWKHýFDWDO\VWýEHG
WHPSHUDWXUHñýWKHýRXWOHWýJDVýWHPSHUDWXUHñýDQGýRXWOHWý&2ýFRQFHQWUDWLRQïýý7HPSHUDWXUHýULVHýDFURVV
WKHýEHGýLVýDOVRýDQýLQGLFDWLRQýRIý92&ýHIILFLHQF\ïýý2QHýDSSURDFKýWRýFRPSOLDQFHýDVVXUDQFH
PRQLWRULQJýIRUýFDWDO\WLFýR[LGL]HUVýLVýSUHVHQWHGýLQýWKHýIROORZLQJýLOOXVWUDWLRQã

ìåãýý&RQWLQXRXVýSUHKHDWýFKDPEHUýWHPSHUDWXUHýõLïHïñýLQOHWýWRýWKHýFDWDO\VWýEHGôýDQGýRXWOHWýJDV
WHPSHUDWXUHýPRQLWRULQJïý
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3ULPDU\ã 9RODWLOHýRUJDQLFýFRPSRXQGVýõ92&©Vô
2WKHUã +LJKýPROHFXODUýZHLJKWýRUJDQLFýFRPSRXQGV

ìïê 3URFHVVî(PLVVLRQVý8QLWãýý&RDWLQJñýVSUD\LQJñýSULQWLQJñýSRO\PHUýPDQXIDFWXULQJñ
GLVWLOODWLRQýXQLWVñýZDVWHZDWHUýWUHDWPHQWýXQLWVñýDLUýR[LGDWLRQýXQLWVñýSHWUROHXPýUHILQLQJñ
PLVFHOODQHRXVý62&0,ýXQLWV

ëï 021,725,1*ý$3352$&+ý'(6&5,37,21

ëïì 3DUDPHWHUVýWRýEHý0RQLWRUHGãýý&DWDO\VWýLQOHWýDQGýRXWOHWýJDVýVWUHDPýWHPSHUDWXUHV
ëïë 5DWLRQDOHýIRUý0RQLWRULQJý$SSURDFK

& &DWDO\VWýLQOHWýJDVýWHPSHUDWXUHãýý$OORZVýGHWHUPLQDWLRQýRIýWHPSHUDWXUHýRIýJDV
IORZLQJýLQWRýFDWDO\VWýEHGýWRýHQVXUHýEHGýLVýPDLQWDLQHGýZLWKLQýGHVLJQýWHPSHUDWXUH
UDQJH

& &DWDO\VWýRXWOHWýJDVýWHPSHUDWXUHãýý,QGLFDWLRQýWKDWýFRPEXVWLRQýLVýRFFXUULQJýRQýWKH
FDWDO\VWýEHGñýDOORZVýIRUýFDOFXODWLRQýRIýWHPSHUDWXUHýGLIIHUHQWLDOýDFURVVýEHGï

ëïê 0RQLWRULQJý/RFDWLRQãý
& ,QOHWýJDVýWHPSHUDWXUHãýý3UHKHDWýFKDPEHUýRXWOHW
& 2XWOHWýJDVýWHPSHUDWXUHãýý&DWDO\VWýEHGýRXWOHW

ëïé $QDO\WLFDOý'HYLFHVý5HTXLUHG
� ,QOHWýDQGýRXWOHWýWHPSHUDWXUHVãýý7KHUPRFRXSOHVñý57'©VñýRUýDOWHUQDWLYH

PHWKRGVîLQVWUXPHQWDWLRQýDVýDSSURSULDWHýIRUýVSHFLILFýJDVýVWUHDPï
ëïè 'DWDý$FTXLVLWLRQýDQGý0HDVXUHPHQWý6\VWHPý2SHUDWLRQ

� )UHTXHQF\ýRIýPHDVXUHPHQWãýý+RXUO\ýLIýPDQXDOO\ýUHDGñýRUýUHFRUGHGýFRQWLQXRXVO\
RQýVWULSýFKDUWýRUýGDWDýDFTXLVLWLRQýV\VWHPâýFRQWLQXRXVO\ýLIý&(06ï

� 5HSRUWLQJýXQLWVãýý'HJUHHVý)DKUHQKHLWýRUý&HOVLXVýõ()ñý(&ô
� 5HFRUGLQJýSURFHVVãýý2SHUDWRUVýWDNHýUHDGLQJVýDQGýPDQXDOO\ýORJýGDWDñýRUýUHFRUGHG

DXWRPDWLFDOO\ýRQýVWULSýFKDUWýRUýGLJLWDOýGDWDýDFTXLVLWLRQýV\VWHPï
ëïç 'DWDý5HTXLUHPHQWV

� %DVHOLQHýFDWDO\VWýLQOHWýDQGýRXWOHWýJDVýWHPSHUDWXUHVýRU
� +LVWRULFDOýSODQWýUHFRUGVýRQýFDWDO\VWýLQOHWýDQGýRXWOHWýJDVýWHPSHUDWXUHVï

ëïæ 6SHFLILFý4$î4&ý3URFHGXUHVãýý
& &DOLEUDWHñýPDLQWDLQýDQGýRSHUDWHýLQVWUXPHQWDWLRQýXVLQJýSURFHGXUHVýWKDWýWDNHýLQWR

DFFRXQWýPDQXIDFWXUHU©VýVSHFLILFDWLRQVï
ëïå 5HIHUHQFHVãýìñýëñýêñýéñýìèñýìçý



&$0ý7(&+1,&$/ý*8,'$1&(ý'2&80(17
%ïçýý&$7$/<7,&ý2;,',=(56

%ðêë åîäå

êï &200(176

êïì 'DWDý&ROOHFWLRQý)UHTXHQF\ãýý)RUýODUJHýHPLVVLRQýXQLWVñýDýPHDVXUHPHQWýIUHTXHQF\ýRI
RQFHýSHUýKRXUýZRXOGýQRWýEHýDGHTXDWHâýFROOHFWLRQýRIýIRXUýRUýPRUHýGDWDýSRLQWVýHDFKýKRXU
LVýUHTXLUHGïýýõ6HHý6HFWLRQýêïêïìïëïôý
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7KHýUHTXLUHPHQWVýIRUýIODUHVýFRQWDLQHGýLQý�ýçíïìåýõJHQHUDOýFRQWUROýGHYLFHýUHTXLUHPHQWVô
KDYHýEHHQýGHVLJQDWHGýDVýSUHVXPSWLYHO\ýDFFHSWDEOHýPRQLWRULQJýIRUý&$0ýE\ýWKHý(3$ïý
6HFWLRQýçíïìåýUHTXLUHVýWKDWýIODUHVýEHýRSHUDWHGýZLWKýDýSLORWýIODPHýSUHVHQWýDWýDOOýWLPHVýDQGýWKDWýWKH
SUHVHQFHýRIýWKHýIODUHýSLORWýIODPHýEHýPRQLWRUHGýXVLQJýDýWKHUPRFRXSOHýRUýHTXLYDOHQWýGHYLFHýWR
GHWHFWýWKHýSUHVHQFHýRIýDýSLORWýIODPHïýý6HFWLRQýçíïìåýDOVRýVWDWHVýWKDWýIODUHVýVKDOOýEHýGHVLJQHGýIRUýDQG
RSHUDWHGýZLWKýQRýYLVLEOHýHPLVVLRQVñýH[FHSWýIRUýSHULRGVýQRWýWRýH[FHHGýDýWRWDOýRIýèýPLQXWHVýLQýDQ\
ëýFRQVHFXWLYHýKRXUVñýDVýGHWHUPLQHGýE\ý0HWKRGýëëïýý7KHUHýLVýQRýIUHTXHQF\ýRIýPRQLWRULQJýVSHFLILHG
IRUý0HWKRGýëëýREVHUYDWLRQVñýKRZHYHUýõLïHïñý�ýçíïìåýGRHVýQRWýUHTXLUHýURXWLQHýPRQLWRULQJýRIý9(ôïý
2ZQHUVýRUýRSHUDWRUVýPD\ýSURSRVHýSUHVXPSWLYHO\ýDFFHSWDEOHýPRQLWRULQJýZLWKRXWýDGGLWLRQDO
MXVWLILFDWLRQñýH[FHSWýWKDWýõìôýIRUýQHZýRUýPRGLILHGýPRQLWRULQJýV\VWHPVñýWKHýRZQHUîRSHUDWRUýPXVW
VXEPLWýLQIRUPDWLRQýRQýWKHýPHWKRGýWRýEHýXVHGýWRýFRQILUPýRSHUDWLRQDOýVWDWXVýRIýWKHýPRQLWRULQJ
HTXLSPHQWýDQGñýõëôýXQOHVVýVSHFLILFDOO\ýVWDWHGýRWKHUZLVHýE\ýDQýDSSOLFDEOHýUHTXLUHPHQWñýWKH
RZQHUîRSHUDWRUýPXVWýPRQLWRUýLQGLFDWRUVýWRýGHWHFWýDQ\ýE\SDVVýRIýWKHýFRQWUROýGHYLFHñýLIýVXFKýE\SDVV
FDQýRFFXUñýDVýUHTXLUHGýLQý�ýçéïêõDôõëôïýý6XESDUWVý111ñý555ñýDQGý:::ýRIý3DUWýçíýDOUHDG\
UHTXLUHýPRQLWRULQJýRIýDQýLQGLFDWRUýRIýGLYHUVLRQýRIýJDVýIORZýIURPýWKHýIODUHï
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'LIIHUHQWýDSSURDFKHVýWRýFRPSOLDQFHýDVVXUDQFHýPRQLWRULQJýIRUýFRQGHQVHUVýDUHýSUHVHQWHGýLQ
WKHýIROORZLQJýLOOXVWUDWLRQVã

ëìDãýý&RQWLQXRXVýRXWOHWýJDVýWHPSHUDWXUHýPRQLWRULQJï
ëìEãýý&RQWLQXRXVýLQOHWýFRRODQWýWHPSHUDWXUHýDQGýRXWOHWýFRRODQWýWHPSHUDWXUHýPRQLWRULQJï
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3ULPDU\ã 9RODWLOHýRUJDQLFýFRPSRXQGVýõ92&©Vô
ìïê 3URFHVVî(PLVVLRQVý8QLWãýý&RDWLQJñýSRO\PHUýPDQXIDFWXULQJñýGLVWLOODWLRQýXQLWVñ

HTXLSPHQWýOHDNVñýDLUýR[LGDWLRQýXQLWVñýPLVFHOODQHRXVýUHDFWRUVñýSKDUPDFHXWLFDOV

ëï 021,725,1*ý$3352$&+ý'(6&5,37,21

ëïì 3DUDPHWHUVýWRýEHý0RQLWRUHGãýý2XWOHWýJDVýWHPSHUDWXUH
ëïë 5DWLRQDOHýIRUý0RQLWRULQJý$SSURDFKãýý&RQGHQVHUýRSHUDWLQJýWHPSHUDWXUHýDIIHFWVýUHPRYDO

HIILFLHQF\âýDQýLQFUHDVHýLQýRSHUDWLQJýWHPSHUDWXUHýGHFUHDVHVýUHPRYDOýHIILFLHQF\
ëïê 0RQLWRULQJý/RFDWLRQãýý2XWOHWýYHQWýRIýFRQGHQVHU
ëïé $QDO\WLFDOý'HYLFHVý5HTXLUHGãýý7KHUPRFRXSOHVñý57'©VñýRUýDOWHUQDWLYH

PHWKRGVîLQVWUXPHQWDWLRQýDVýDSSURSULDWHýIRUýVSHFLILFýJDVýVWUHDPýRUýVSHFLILFýHTXLSPHQW
GHVLJQâýVHHý6HFWLRQýéïëýõ7HPSHUDWXUHôýIRUýDGGLWLRQDOýLQIRUPDWLRQýRQýGHYLFHVï

ëïè 'DWDý$FTXLVLWLRQýDQGý0HDVXUHPHQWý6\VWHPý2SHUDWLRQ
� )UHTXHQF\ýRIýPHDVXUHPHQWãýý+RXUO\ñýRUýUHFRUGHGýFRQWLQXRXVO\ýRQýVWULSýFKDUWýRU

GDWDýDFTXLVLWLRQýV\VWHPï
� 5HSRUWLQJýXQLWVãýý'HJUHHVý)DKUHQKHLWýRUý&HOVLXVýõ()ñý(&ô
� 5HFRUGLQJýSURFHVVãýý2SHUDWRUVýWDNHýUHDGLQJVýDQGýPDQXDOO\ýORJýGDWDñýRUýUHFRUGHG

DXWRPDWLFDOO\ýRQýVWULSýFKDUWýRUýGLJLWDOýGDWDýDFTXLVLWLRQýV\VWHPï
ëïç 'DWDý5HTXLUHPHQWV

� %DVHOLQHýRXWOHWýJDVýWHPSHUDWXUHýPHDVXUHPHQWVýDQGýRXWOHWý92&ýFRQFHQWUDWLRQ
PHDVXUHPHQWVâý

� &DOFXODWLRQVýLQGLFDWLQJýRXWOHWýWHPSHUDWXUHýQHFHVVDU\ýWRýDFKLHYHýFRPSOLDQFHâýRU
� +LVWRULFDOýSODQWýUHFRUGVýRQýRXWOHWýJDVýWHPSHUDWXUHýPHDVXUHPHQWVï

ëïæ 6SHFLILFý4$î4&ý3URFHGXUHVãýý
& &DOLEUDWHñýPDLQWDLQýDQGýRSHUDWHýLQVWUXPHQWDWLRQýXVLQJýSURFHGXUHVýWKDWýWDNHýLQWR

DFFRXQWýPDQXIDFWXUHU©VýVSHFLILFDWLRQVï
ëïå 5HIHUHQFHVãýìñýë

êï &200(176

êïì 'DWDý&ROOHFWLRQý)UHTXHQF\ãýý)RUýODUJHýHPLVVLRQýXQLWVñýDýPHDVXUHPHQWýIUHTXHQF\ýRI
RQFHýSHUýKRXUýZRXOGýQRWýEHýDGHTXDWHâýFROOHFWLRQýRIýIRXUýRUýPRUHýGDWDýSRLQWVýHDFKýKRXU
LVýUHTXLUHGïýýõ6HHý6HFWLRQýêïêïìïëïôý
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HTXLSPHQWýOHDNVñýDLUýR[LGDWLRQýXQLWVñýPLVFHOODQHRXVýUHDFWRUVñýSKDUPDFHXWLFDOV

ëï 021,725,1*ý$3352$&+ý'(6&5,37,21

ëïì ,QGLFDWRUVý0RQLWRUHGãýý,QOHWýDQGýRXWOHWýFRRODQWýWHPSHUDWXUH
ëïë 5DWLRQDOHýIRUý0RQLWRULQJý$SSURDFKãýý&RQGHQVHUýRSHUDWLQJýWHPSHUDWXUHýDIIHFWVýUHPRYDO

HIILFLHQF\âýDQýLQFUHDVHýLQýRSHUDWLQJýWHPSHUDWXUHýGHFUHDVHVýUHPRYDOýHIILFLHQF\
ëïê 0RQLWRULQJý/RFDWLRQãýý)URQWýDQGýUHDUýHQGýKHDGV
ëïé $QDO\WLFDOý'HYLFHVý5HTXLUHGãýý7KHUPRFRXSOHVñý57'©VýñýRUýDOWHUQDWLYH

PHWKRGVîLQVWUXPHQWDWLRQýDVýDSSURSULDWHýIRUýVSHFLILFýJDVýVWUHDPýRUýVSHFLILFýHTXLSPHQW
GHVLJQâýVHHý6HFWLRQýéïëýõ7HPSHUDWXUHôýIRUýDGGLWLRQDOýLQIRUPDWLRQýRQýGHYLFHVï

ëïè 'DWDý$FTXLVLWLRQýDQGý0HDVXUHPHQWý6\VWHPý2SHUDWLRQ
� )UHTXHQF\ýRIýPHDVXUHPHQWãýý+RXUO\ñýRUýUHFRUGHGýFRQWLQXRXVO\ýRQýVWULS

FKDUWýRUýGLJLWDOýGDWDýDFTXLVLWLRQýV\VWHP
� 5HSRUWLQJýXQLWVãýý'HJUHHVý)DKUHQKHLWýRUý&HOVLXVýõ()ñý(&ô
� 5HFRUGLQJýSURFHVVãýý2SHUDWRUVýWDNHýUHDGLQJVýDQGýORJýGDWDýPDQXDOO\ñýRUýUHFRUGHG

DXWRPDWLFDOO\ýRQýVWULSýFKDUWýRUýGLJLWDOýGDWDýDFTXLVLWLRQýV\VWHPï
ëïç 'DWDý5HTXLUHPHQWVã

� %DVHOLQHýFRRODQWýWHPSHUDWXUHýPHDVXUHPHQWVýH[KDXVWýJDVýPHDVXUHPHQWVýDQGýRXWOHW
92&ýFRQFHQWUDWLRQýPHDVXUHPHQWVýFRQFXUUHQWýZLWKýHPLVVLRQýWHVWâý

� &DOFXODWLRQVýLQGLFDWLQJýRXWOHWýWHPSHUDWXUHýQHFHVVDU\ýWRýDFKLHYHýFRPSOLDQFHñ
EDVHOLQHýRXWOHWýJDVýWHPSHUDWXUHýPHDVXUHPHQWVýFRQFXUUHQWýZLWKýFRRODQW
WHPSHUDWXUHýPHDVXUHPHQWVâýRU

� +LVWRULFDOýSODQWýUHFRUGVýRQýFRRODQWýWHPSHUDWXUHýPHDVXUHPHQWVïý
ëïæ 6SHFLILFý4$î4&ý3URFHGXUHVã

� $QQXDOýSURFHVVýUHYLHZýWRýGHWHUPLQHýSURFHVVýRUýPDWHULDOVýFKDQJHVýWKDWýFRXOGýDIIHFW
WKHýLQLWLDOýGHWHUPLQDWLRQýRIýFRQGHQVDWLRQýSDUDPHWHUV

� &DOLEUDWHñýPDLQWDLQýDQGýRSHUDWHýLQVWUXPHQWDWLRQýXVLQJýSURFHGXUHVýWKDWýWDNHýLQWR
DFFRXQWýPDQXIDFWXUHU©VýVSHFLILFDWLRQVï

ëïå 5HIHUHQFHVãýýìñýë
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7KHýIROORZLQJýLOOXVWUDWLRQýSUHVHQWVýRQHýDSSURDFKýWRýFRPSOLDQFHýDVVXUDQFHýPRQLWRULQJýIRU
FDUERQýEHGýDGVRUEHUVýXVHGýWRýFRQWUROý92&ã

ëêDãýý0RQLWRULQJýRXWOHWý92&ýFRQFHQWUDWLRQï
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3ULPDU\ã 1LWURJHQý2[LGHVýõ12[ô
2WKHUã +12êñý1+ê

ìïê 3URFHVVî(PLVVLRQýXQLWVãýý1LWULFýDFLGýSURGXFWLRQýXQLWVñýJODVVýPDQXIDFWXULQJñ
DFU\ORQLWULOHýSURFHVVñýPXQLFLSDOýZDVWHýFRPEXVWRUVñýVWHHOýUHKHDWLQJîDQQHDOLQJ
IXUQDFHVñýERLOHUV

ëï 021,725,1*ý$3352$&+ý'(6&5,37,21

ëïì ,QGLFDWRUVý0RQLWRUHGãýý&DWDO\VWýGHDFWLYDWLRQñýUHVLGXDOý1+êýFRQFHQWUDWLRQýLQýIOXH
JDVýõ1+êýVOLSýFDXVHVýDPPRQLXPýVXOIDWHýIRXOLQJýRIýWKHýFDWDO\VWôïýý7KHýIXHOýVXOIXU
FRQWHQWýDOVRýKDVýDQýLPSDFWýRQýFDWDO\VWýIRXOLQJï

ëïë 5DWLRQDOHýIRUý0RQLWRULQJý$SSURDFKãýý6&5ýSURYLGHVýGHVLJQHGý12[ýUHGXFWLRQýXQWLO
IRXOLQJýRFFXUVïýý)RXOLQJýRIýWKHýFDWDO\VWýLVýFDXVHGýE\ýDPPRQLXPýVXOIDWHýVDOWVñýWKH
IRUPDWLRQýRIýZKLFKýFDQýEHýDYRLGHGýE\ýOLPLWLQJýDPPRQLDýVOLSýDQGýOLPLWLQJýIXHO
VXOIXUýFRQWHQWï

ëïê 0RQLWRULQJý/RFDWLRQãýý1+êýPRQLWRUHGýDWýRXWOHWýGXFWýRIýFDWDO\WLFýFRQYHUWHUïý
ëïé $QDO\WLFDOý'HYLFHVý5HTXLUHGãýý1+êý&(06ýõRWKHUýPHWKRGVýDQGýLQVWUXPHQWVýPD\

EHýXQLWðVSHFLILFôï
ëïè 'DWDý$FTXLVLWLRQýDQGý0HDVXUHPHQWý6\VWHPý2SHUDWLRQ

� )UHTXHQF\ýRIýPHDVXUHPHQWãýý1+êýPRQLWRUHGýFRQWLQXRXVO\ñýPDLQWDLQ
UHFRUGVýRIýIXHOýVXOIXUýFRQWHQWï

� 5HSRUWLQJýXQLWVãýý&(06ýRXWSXWýLVýSDUWVýSHUýPLOOLRQýE\ýYROXPHýõSSPYôý1+êñ
IXHOýVXOIXUýFRQWHQWýLQýSHUFHQWýE\ýZHLJKWïýý

� 5HFRUGLQJýSURFHVVãýý&(06ýUHVXOWVýDUHýUHFRUGHGýDXWRPDWLFDOO\ýRQýVWULS
FKDUWýUHFRUGHUýRUýGLJLWDOýGDWDýDFTXLVLWLRQýV\VWHPâýIXHOýVXOIXUýFRQWHQW
PDQXDOO\ýUHFRUGHGýLQý6&5ýPDLQWHQDQFHýORJï

ëïç 'DWDý5HTXLUHPHQWV
� %DVHOLQHý1+êýFRQFHQWUDWLRQýUHFRUGVýDQGýVDPSOLQJýGDWDýFRQFXUUHQWýZLWK

HPLVVLRQýWHVWâýRU
� +LVWRULFDOýSODQWýUHFRUGVýRIýSURGXFWLRQýUDWHVýLQýWHUPVýRIýìííøýDFLGñýDFLG

VWUHQJWKñýKRXUVýRIýRSHUDWLRQñýDQGýFRUUHVSRQGLQJý1+êýFRQFHQWUDWLRQVâýDQG
� +LVWRULFDOýSODQWýUHFRUGVýRIýIXHOýVXOIXUýFRQWHQW

ëïæ 6SHFLILFý4$î4&ý3URFHGXUHV
� &DOLEUDWHñýPDLQWDLQýDQGýRSHUDWHýLQVWUXPHQWDWLRQýXVLQJýSURFHGXUHVýWKDWýWDNH

LQWRýDFFRXQWýPDQXIDFWXUHU©VýVSHFLILFDWLRQVâýDQG
� $QQXDOýUHGHWHUPLQDWLRQýRIýFRQYHUVLRQýIDFWRU

ëïå 5HIHUHQFHVãý
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ìï $LUý3ROOXWLRQý(QJLQHHULQJý0DQXDOñý%XRQLFRUHýDQGý'DYLVñý(GVïñý$LUýDQGý:DVWH
0DQDJHPHQWý$VVRFLDWLRQñýìääëï

ëï 2KLRý(3$©Vý2SHUDWLQJýDQGý0DLQWHQDQFHýõ2÷0ôý*XLGHOLQHVýIRUý$LUý3ROOXWLRQý&RQWURO
(TXLSPHQWñýIRUý2KLRý(3$ñý&ROXPEXVñý2+ýE\ý(QYLURQPHQWDOý4XDOLW\ý0DQDJHPHQWñý,QFïñ
&LQFLQQDWLñý2+ñý)HEUXDU\ýìääêï

êï *HQHULFý3HUPLWý&RQGLWLRQVý3HUWDLQLQJýWRý0RQLWRULQJñý*HRUJLDý6WDWHý3ROOXWLRQý&RQWURO
$JHQF\ñý*'15ï

éï &RPEXVWLRQý(PLVVLRQVý7HFKQLFDOý5HVRXUFHý'RFXPHQWýõ&75('ôñý86(3$ý6ROLGý:DVWH
DQGý(PHUJHQF\ý5HVSRQVHýõèêíèôñý(3$ýèêíð5ðäéðíìéñý0D\ýìääéï

èï $37,ý&RXUVHý6,ãéìëñý%DJKRXVHý3ODQý5HYLHZñý6WXGHQWý*XLGHERRNñý(3$ýéèíîëðåëðííèñ
8ïý6ïý(QYLURQPHQWDOý3URWHFWLRQý$JHQF\ñý5HVHDUFKý7ULDQJOHý3DUNñý1&ñý$SULOýìäåëï

çï 2SHUDWLRQýDQGý0DLQWHQDQFHý0DQXDOýIRUý)DEULFý)LOWHUVñý(3$îçëèîìðåçîíëíñý8ïý6ï
(QYLURQPHQWDOý3URWHFWLRQý$JHQF\ñý5HVHDUFKý7ULDQJOHý3DUNñý1&ñý-XQHýìäåçï

æï 2SHUDWLRQýDQGý0DLQWHQDQFHý0DQXDOýIRUý(OHFWURVWDWLFý3UHFLSLWDWRUVñý8ïý6ïý(QYLURQPHQWDO
3URWHFWLRQý$JHQF\ñý(3$îçëèîìðåèîíìæñý6HSWHPEHUýìäåèï

åï &RQWUROý7HFKQLTXHVýIRUý3DUWLFXODWHý(PLVVLRQVýIURPý6WDWLRQDU\ý6RXUFHV¤9ROXPHýìñý8ïý6ï
(QYLURQPHQWDOý3URWHFWLRQý$JHQF\ñý(3$ðéèíîêðåìðííèDñý6HSWHPEHUýìäåëï

äï &DOYHUWñý6ïýDQGý+ïý0ïý(QJODQGñý(GVïñý+DQGERRNýRIý$LUý3ROOXWLRQý7HFKQRORJ\ñý-RKQý:LOH\
DQGý6RQVñýìäåéï

ìíï &OHDQý$LUý$FWýDQGý$PHQGPHQWVýWKURXJKý3/ýìíìðèéäñýìääí

ììï éíý&)5ýçíñý5HYLVHGýDVýRIý-XO\ýìñýìääéï

ìëï :LVFRQVLQý$LUý3HUPLWý&RPSOLDQFHý'HPRQVWUDWLRQý*XLGDQFHñý:LVFRQVLQý'HSDUWPHQWýRI
1DWXUDOý5HVRXUFHVñýìääéï

ìêï 'UDIWý$OWHUQDWLYHý&RQWUROý7HFKQRORJ\ý'RFXPHQW¤30ðìíý(PLVVLRQVýIURPýWKHý:RRG
3URGXFWVñý,QGXVWU\âý3DUWLFOHERDUGñý2ULHQWHGý6WUDQGERDUGñýDQGý:DIHUERDUG
0DQXIDFWXULQJñý8ïý6ïý(QYLURQPHQWDOý3URWHFWLRQý$JHQF\ñý6HSWHPEHUýìääëï
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åîäå %ðèê

ìéï :LVFRQVLQý$LUý3HUPLWý&RPSOLDQFHý'HPRQVWUDWLRQý*XLGDQFHñý:LVFRQVLQý'HSDUWPHQWýRI
1DWXUDOý5HVRXUFHVñýìääéïýý+HVNHWKñý+ïý(ïñýDQGý.ïý&ïý6FKLIIWQHUñý:HWý6FUXEEHUVãýý$
3UDFWLFDOý+DQGERRNñý/HZLVý3XEOLVKHUVñý,QFïñý&KHOVHDñý0,ñýìäåçï

ìèï %UXQQHUñý&ïý5ïñý,QFLQHUDWLRQý6\VWHPVñý*RYHUQPHQWý,QGXVWULHVñý,QFïñý5RFNYLOOHñý0'ïýýìäåëï
ìçï
ìæï -HQQLQJVñý0ïý6ïñý.URKPñý%HUU\ñý3DOD]]RORñý3DUNVñýDQGý)LGOHUýõ5DGLDQý&RUSRUDWLRQôñ

&DWDO\WLFý,QFLQHUDWLRQýIRUý&RQWUROýRIý9RODWLOHý2UJDQLFý&RPSRXQGý(PLVVLRQVñý1R\HV
3XEOLFDWLRQVñý3DUNý5LGJHñý1HZý-HUVH\ïýýìäåèï

ìåï 3URWRFROýIRUý'HWHUPLQLQJýWKHý'DLO\ý9RODWLOHý2UJDQLFý&RPSRXQGý(PLVVLRQý5DWHýRI
$XWRPRELOHýDQGý/LJKWð'XW\ý7UXFNý7RSFRDWý2SHUDWLRQVñýý(3$ðéèíîêðååðíìåñý8ïý6ï
(QYLURQPHQWDOý3URWHFWLRQý$JHQF\ñý2IILFHýRIý$LUý4XDOLW\ý3ODQQLQJýDQGý6WDQGDUGVñ
5HVHDUFKý7ULDQJOHý3DUNñý1&ñý'HFHPEHUñýìäååï

ìäï éíý&)5ýçìðåíñý5HYLVHGýDVýRIý-XO\ýìñýìääéï

ëíï $OWHUQDWLYHý&RQWUROý7HFKQRORJ\ý'RFXPHQWð2UJDQLFý:DVWHý3URFHVVý9HQWVñ
(3$ðéèíîêðäìðííæñý8ïý6ïý(QYLURQPHQWDOý3URWHFWLRQý$JHQF\ñý5HVHDUFKý7ULDQJOHý3DUNñ
1&ï

ëìï 2UJDQLFý&KHPLFDOý0DQXIDFWXULQJñý9ROXPHýéãýý&RPEXVWLRQý&RQWUROý'HYLFHVñ
(3$ðéèíîêîåíðíëæñý8ïý6ïý(QYLURQPHQWDOý3URWHFWLRQý$JHQF\ñý5HVHDUFKý7ULDQJOHý3DUNñý1&ï

ëëï $37,ý&RXUVHýéìêñý&RQWUROýRIý3DUWLFXODWHý(PLVVLRQVñý6WXGHQWý0DQXDOñý(3$ýéèíîëðåíðíççñ
8ïý6ïý(QYLURQPHQWDOý3URWHFWLRQý$JHQF\ñý5HVHDUFKý7ULDQJOHý3DUNñý1&ñý2FWREHUýìäåìï
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