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Forward

Optical Remote Sensing (ORS) technologies have been available since the late 1980s. In the
early days of this technology, there were many who saw the potential of these new instruments
for environmental measurements and how this technology could be integrated into emissions
and ambient air monitoring for the measurement of flux. However, the monitoring community
did not embrace ORS as quickly as anticipated. Several factors contributing to delayed ORS use

were:

e Cost: The cost of these instruments made it prohibitive to purchase, operate and

maintain.

e Utility: Since these instruments were perceived as “black boxes.” Many instrument
specialists were wary of how they worked and how the instruments generated the

values.

e Ease of use: Many of the early instruments required a well-trained spectroscopist who
would have to spend a large amount of time to setup, operate, collect, validate and

verify the data.

e Data Utilization: Results from path integrated units were different from point source

data which presented challenges for data use and interpretation.

Over the years, the air monitoring community has come to accept both the challenges and
overall utility of ORS technologies and applications. The emissions monitoring community and
monitored sources have been employing ORS for several years and are using these technologies
to answer questions that traditional instrumentation could not address. In addition, ORS
technology has been applied to ambient and fenceline monitoring, including near-roadway
monitoring. Therefore, application of ORS technology has an expanding place with other air

measurement tools.



The EPA staff and other scientists and engineers in the monitoring community recognized that a
compilation of ORS material was needed to encourage wider use and understanding of ORS.
Questions on how instruments generate data and how an agency or source validates and verifies
data are universal, whether the instrument is optically remote or an extractive instrument on
site or within the stack. With this in mind, the EPA developed this Handbook to assist the “non-
spectroscopist” in understanding and using data and information generated by ORS. This

Handbook is divided into five sections:

e Section 1: Discusses what ORS means and how this technology can be used. It also has
several tables that have a “crosswalk” between the different technologies and their use

(i.e., techniques).

e Section 2: Describes the different technologies or “hardware” that are currently

available that are considered “optically remote.”

e Section 3: Explains how to use the “hardware” with different techniques and how to

calculate emission flux.

e Section 4: Discusses the “other” data that needs to be collected to understand and

better validate and verify the ORS data.

e Section 5: Provides a very brief overview of how to validate and verify this data once it

is collected.



Disclaimer of Endorsement

Mention of, or referral to, commercial products or services and/or links to non-EPA internet sites
does not imply official EPA endorsement of, or responsibility for opinions, ideas, data, or

products presented at those locations, or guarantee the validity of the information provided.

Mention of commercial products/services and non-EPA websites is provided solely as a
reference to information on topics related to environmental protection that may be useful to

EPA staff and the public.
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1.0 Introduction

This document is intended as an introductory handbook for those planning to use or review remote
emissions measurement and monitoring approaches for emission sources or for data users building
their expertise about current information concerning the technologies and application in these
types of measurements. For the purposes of this handbook, “remote measurement” is defined as
any measurement of air emissions conducted away from the point or area where the pollutant is
released. This definition includes optical remote sensing (ORS), as well as other approaches such as
those coupling point measurements with a mobile measurement platform. As the nation’s air
quality management programs evolve, we need more measurements of non-point or unvented
sources, often referred to as fugitive sources or fugitive emissions. Remote measurement
technologies offer approaches that have been otherwise unavailable to measure emissions from

these challenging sources.

The information presented in this document is written to be generally informative, as well as more
“user friendly” than technical papers or review articles found in the open literature (i.e., peer
reviewed literature and articles in periodicals that are available on the internet). Practical
information is provided for those who need to understand the principles behind the use of
spectroscopy or other remote measurement technologies, but who may not be trained in these
technologies and their applications. This document is intended to aid readers in understanding the
uses and limitations of data generated by remote measurement approaches. In this document, you
will find discussion of the practical uses and operation of remote sensing equipment and
applications of these and other technologies to produce emissions data. Some of the complex

technical information has been provided in summary form with illustrations.
1.1 Purpose of the Handbook

The purpose of this handbook is to describe the primary remote measurement technologies and
current approaches to use these technologies. This handbook also describes how potential users
can assess the applicability of remote measurements and the resulting data to their emissions

measurement needs. We designed this handbook for EPA, state, local, and tribal measurement
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project leads, measurement contractors, industry managers planning measurements to create
emission factors, and those reviewing test plans and test reports. When the term “measurement” is
used in this handbook, it is referring to short-term studies (e.g., emission fluxes assessment). The

term monitoring is used for long-term studies (i.e. spatial and temporal trend assessment).

Optical remote measurement techniques are most typically designed and used to measure
concentrations and, when paired with meteorological data, allow calculation of mass fluxes of
pollutants downwind of fugitive and non-point emission sources. Optical remote techniques
provide opportunities to measure sources that are not conducive to measurement using more
traditional stack testing or single point ambient techniques. Actual application, however, needs to

be determined on a case-by-case basis.

This handbook describes the more prevalent and technologically demonstrated open-path, cell-
based, and point measurement technologies used to make remote measurements and it provides a
background for the application of remote measurement techniques for emissions measurements.
Viable applications for qualitative and quantitative measurements of constituents in air are also
described as examples of different ways remote measurement technologies can be applied to
meet measurement and monitoring requirements. Quantitative emissions data from remote
measurements may then be used for multiple purposes including possible development of
emission factors, evaluation of exposure levels, compliance with ambient regulatory limits, and
identification of sources of air pollution. Examples of several pollutant detection and quantification
methods are provided to show the focus of current monitoring applications. Applications of ORS
are relatively new, but maturing rapidly. For example, Differential Optical Absorption (DOAS) and
Fourier Transform Infrared (FTIR) systems have been commercially available since the early 1990s.
These earlier instruments, although designed for both background ambient and higher stationary
source emission-related monitoring applications, have mostly been employed to measure
stationary and fugitive source emissions. Some of the more technical information have been
simplified, and illustrations have been updated and clarified to make them more understandable.

Internet links and references have been added throughout the document to allow the reader to
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quickly research more detailed information.

1.2 Contents and Overview of the Handbook

This handbook discusses remote measurement technologies, applications of those technologies,
ancillary data necessary to use the remote measurement data, potential issues with using remote
measurement data for emission factors development, models, and other atmospheric process
needs. Each chapter contains information that is split into two areas. The first area focuses only on
the technologies including the specific hardware, scientific principles, how the pollutant
concentrations are measured, pollutant and performance capabilities. The second area discusses

the current vendors of the instrument or technology, general strengths and limitations.
What’s New?

This is the second iteration of this handbook, which was first posted in 2011. Since that first writing,
this handbook has several new chapters that appear in this edition. Below, is a list of the new

features and chapters that appear in this edition:

e Decision tables that illustrate techniques and technology. These are based on ease of use,

cost and time frame and quality assurance concerns;

e Chapter 2.5 has been rewritten to include Optical Gas Imaging. This section was limited to a

description of Thermal Infrared Camera technology;

e Chapter 2.7 discusses ORS instrumentation that can measure PM, with size ranges to the

UFPs up to PM1o.

e Chapter 3.6 and 3.7 describes Other Test Methods (OTM) 33 and 33a which describe

Geospatial Measurements of Air Pollution, Remote Emission Quantifications;
e Chapter 3.8, Hyperspectral Monitoring;

e Chapter 3.9, Fenceline Passive Sampling — Method 325 A/B;



ORS Handbook
Section 1.0
Page 1-4

e Chapter 3.10, Method to Quantify Particulate Matter Emissions from Windblown Dust;

e Chapter 3.11, Determination of Emissions from Open Source by Plume Profiling, and;

e Chapter 3.12 Method to Quantify Road Dust Particulate Matter Emissions from Vehicular

Travel on Paved and Unpaved Roads.

Numerous figures and diagrams are scattered within these new sections that illustrate the

techniques and technology that are utilized.

Structure of the Handbook

This second edition addresses how the technologies can and are being used to measure and monitor
stationary source emissions including measuring mass emissions flux, monitoring emissions
concentrations, detecting fugitive emissions leaks and measuring PM from remote sources. The
handbook also includes examples of remote measurement projects and readily available test

reports.

Section 1.0 introduces the handbook including background information that is necessary to
understand the more detailed sections to follow. In this section you will also find a description of
the EPA Quality System (QS) and how it can be used to create a data collection system that gathers
data of sufficient quality for its intended use. The Measurement Quality Objectives (MQQOs) in
Section 1.6 will be useful to organizations planning remote measurement programs. The tables will

help users to quickly review the requirements of a particular program.

Section 2.0 provides an overview of the remote measurement detection technologies that are
currently available for remotely measuring pollutant emissions concentrations. Included in this
overview are discussions of FTIR, Tunable Diode Laser (TDL), UV-DOAS, and LIDAR (both gas and PM)
spectroscopy technologies. In addition, qualitative ORS technologies including Thermal Infrared
Imaging are described. Each of these technology descriptions includes information on the basic

principles of operation, the pollutants that can be monitored, typical quality control (QC) and quality
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assurance (QA) for the technology, strengths, limitations, example vendors, and applications.

Section 3.0 describes the predominant remote measurement applications used to deploy the
detection technologies addressed on Section 2.0 and to quantify emissions concentrations and flux
measurements. This section also describes how the different technologies are applied to
measurement methods, which is an extremely important section in this handbook. The application
descriptions briefly summarize the activity and explain how the application is verified or validated in
field tests, and details typical QA/QC associated with the application. Section 3.0 also describes
siting considerations or information. Each application in Section 3.0 includes a table of strengths
and limitations that must be considered during the planning, implementation, and interpretation of
field study results. Applications covered in Section 3.0 include RPM using EPA Other Test Method 10
(OTM-10), Differential Absorption LIDAR (DIAL), Tracer Dilution Correlation (TDC), Solar Occultation
Flux (SOF), and bLS emissions modeling. Section 3.0 provides examples of how these applications
are used in fugitive emissions and area source emissions flux and concentration measurement, site
remediation, plant fenceline monitoring, fugitive leak detection, and ambient air measurement. In

addition, several methods have been added that quantify large area and mobile generated PM.

Section 4.0 presents the ancillary measurements and data that may be needed for each ORS
application. Ancillary data is defined as meteorological measurements, industrial process
information and source activity necessary to translate ORS results generated from the detection
technique and measurement application combinations described in Sections 2.0 and 3.0,

respectively, into emission data that meet project specific data quality objectives.

Section 5.0 addresses various methods to validate and verify remote measurement data.
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1.3 Stationary Sources and Emissions Points
Stationary sources are one of the major contributors of pollution to the atmosphere. They are
fixed-site (i.e., stationary), producers of air pollution such as power plants, chemical plants, oil
refineries, manufacturing facilities, and other industrial facilities. Air pollution from stationary
sources is produced by two primary activities: (1) stationary combustion of fuel such as coal, oil,
wood, or natural gas, and (2) pollutant losses from industrial processes. Examples of industrial
processes include petroleum wells, refineries, chemical manufacturing facilities, coating

operations and smelters.

Figure 1-1. Types and Sources of Air Pollution

How the EPA defines emission points from stationary sources vary between EPA programs. An
emission point is the specific place or piece of equipment from which a pollutant is emitted.
Stationary sources, such as a facility or factory may have many possible emission points. Air
pollutants can be emitted from smokestacks, storage tanks, equipment leaks, process wastewater
handling/treatment areas, loading and unloading facilities, and process vents. These sources release

various types of pollutants which are discussed in Section 1.4.
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Ducted or Vented Emissions

A process vent is basically an opening where substances (mostly in gaseous form) are “vented” into

the atmosphere. Common process vents in a chemical plant are distillation columns and oxidation

vents, for example.

Figure 1-2. Example of a Ducted Stationary Source Stack
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Historically, ducted or vented stationary source emissions have been measured in the ducts or
stacks before release into the atmosphere. These sources are also often referred to as point
sources because the final release of emissions can be traced to a single or multiple defined duct or
stack exhaust. Ducted sources permit emission stream parameters, such as flow rates,
temperature, pressure, and other physical characteristics, to be recorded within the accuracy

requirements for end data use because they are confined under relatively steady conditions.

Area or Fugitive Emissions Sources

Those stationary facilities or activities whose individual air emissions do not qualify them as point
sources are called area (e.g., a landfill) or fugitive sources (e.g., leaking valves at a gas or oil
processing plant). Area and fugitive sources are often collections of a multitude of minor sources
with individually small emissions that are impractical to consider as separate point sources. Area
sources, including fugitive emissions, are those emissions that could not reasonably pass through a
stack, chimney, vent, or other ducted line that could easily be characterized with conventional
point source or stack sampling methods. Measurement of emissions from these sources
traditionally requires total enclosure techniques, or a combination of point measurements and

modeling using upwind-downwind or exposure-profiling methods.

Area sources represent numerous facilities and activities, including various unintended or irregular
emissions. Fugitive and area sources may release small amounts of a given pollutant individually,
but collectively can release significant amounts of a pollutant. For example, dry cleaners, vehicle
refinishing, animal feeding operations and gasoline storage facilities do not typically qualify as point

sources, but collectively, the various emissions from these sources are classified as area sources.*

Fugitive emissions from storage tanks are due to pollutants that can leak through the roofs and
through tank openings when liquids expand or cool because of outdoor temperature changes. In
addition, air pollutants can escape during the filling and emptying of a storage tank. Air pollution is

also produced when wastewater containing volatile chemicals comes in contact with the air.
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Both stationary point source and fugitive/area source emissions measurements have traditionally
been performed using single point sampling that accumulates and integrates sampled gas for a set
period of time followed by analysis for target components. Continuous point source instrumental
methods have also been applied to stationary source emissions and area source measurements.
Instrumental methods collect samples from a single point and provide information on the
concentration of a target component of interest over relatively small increments of time. A critical
issue with traditional air measurements is collection and reporting of data from a single point that is
assumed to be representative of the air or emission being monitored. This assumption is verifiable
when ducts or stacks are sampled but much less certain for area source and ambient

measurements.
1.4 Why Remote Measurement?

Fugitive emissions are emissions not contained or caught by a capture system and are often caused
by equipment leaks, evaporative processes, and windblown disturbances. These emissions may
occur from breaks or small cracks in seals, tubing, valves, or pipelines, as well as when lids or caps
on equipment or tanks have not been properly closed or tightened. When natural gas escapes via
fugitive emissions, methane, volatile organic compounds (VOCs), and any other contaminants in
the gas (e.g., hydrogen sulfide) are released to the atmosphere. Other examples of area sources

with significant fugitive emissions include landfills or waste lagoons.?
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Figure 1-3. Example of Potential Fugitive Source

Area and fugitive emissions sources are especially challenging to monitor because the pollutants of
interest are not contained within a duct or stack before release. The development of emission
factors for area sources is equally difficult due to the measurement challenges. In contrast,
stationary stack emissions and their related emission factors’ determination are easier to measure
and determine. Over the past 20 years, remote measurement approaches, including ORS methods,
have been improving technologically and gaining greater use as an emissions estimation tool,
especially for stationary area sources and some on-road/near-road mobile sources. A significant
number of remote measurement activities have been performed for open area sources such as
landfills, wastewater treatment plant ponds, agricultural waste, wastewater lagoons, oil and gas
field production sites, waste ponds for mining operations, and ambient fenceline concentrations

surrounding large chemical and refinery facilities.
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Figure 1-4. Examples of Ducted and Fugitive Sources

These types of sources are prime candidates for the application of remote measurement

techniques because the ORS technology and techniques are small, mobile, do not take lengthy setup

time and can return data quickly to the staff collecting the data and to the operators of the

facilities.

Criteria Pollutant Gases, HAPs and GHGs

The measurement technologies and approaches addressed in this handbook are focused on five

groups of pollutants currently regulated or on the regulatory horizon under the Clean Air Act.

These four groups are:

e criteria pollutants,

e hazardous air pollutants (HAPs)

e greenhouse gases (GHGs),
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e ozone-depleting substances, and
e Particulate Matter (PM).

Gaseous criteria pollutants are those inorganic pollutants (e.g., carbon monoxide, sulfur oxides,
nitrogen oxides and ozone) that are commonly found all over the United States. The EPA uses
these “criteria pollutants” as indicators of air quality. Each of the criteria pollutants is discussed in

detail below.3

Carbon monoxide (CO) is a colorless, odorless gas formed when carbon in fuel is not burned
completely. Motor vehicle exhaust contributes about 60 percent of all CO emissions nationwide.
Other sources of CO emissions include industrial processes (such as metals processing and chemical

manufacturing), residential wood burning, and natural sources such as forest fires.

Sulfur oxides (SOx) are colorless gases formed when fuel containing sulfur, such as coal and oil, is
burned, and when gasoline is extracted from oil or metals are extracted from ore. Sulfur dioxide

(SOZ) is the criteria pollutant that is the indicator of SO concentrations in the ambient air. Other
X

sources of SO2 are industrial facilities that derive their products from raw materials like metallic

ore, coal, and crude oil, or that burn coal or oil to produce process heat. Examples are petroleum
refineries, cement manufacturing, sulfuric acid plants, and metal processing facilities. Also,
locomotives, large ships, and some non-road diesel equipment currently burn high sulfur fuel and

release SO2 emissions into the air in large quantities.

Nitrogen oxides (NOy), is the generic term used to describe the sum of nitric oxide (NO), nitrogen

dioxide (NOZ)’ which is a criteria pollutant, and other oxides of nitrogen. NOX isa group of highly
reactive gases that play a major role in the formation of ozone. NOX form when fuel is burned at
high temperatures, as in a combustion process. The primary sources of NOX are motor vehicles,

electric utilities, and other industrial, commercial, and residential sources that burn fuels.

Ozone (03) is a gas composed of three oxygen atoms. It is a unique criteria pollutant in that it is
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exclusively a secondary pollutant. It is not usually emitted directly into the air, but at ground level

is created by a chemical reaction between NOX and VOCs in the presence of heat and sunlight. O3

has the same chemical structure whether it occurs miles above the earth or at ground level and can

I”

be “useful” or “damaging” to the environment depending on its location in the atmosphere. Useful

O occurs naturally in the stratosphere and forms a layer that protects life on earth from the sun’s
3

harmful rays or ultraviolet radiation. Inthe earth’s lower atmosphere, or troposphere, ground-

level 03 is considered damaging or destructive. 03 is the most prevalent chemical found in

photochemical air pollution, or smog. 3

HAPs or air toxics are those pollutants that are known or suspected to cause cancer, respiratory
problems or other serious health effects, or are thought to have adverse environmental or
ecological effects. The presence of HAPs in the air can be more localized than criteria pollutants
and the highest levels are usually found close to the emission sources. Examples of air toxics
include benzene, found in gasoline; mercury from coal combustion; perchloroethylene from some
dry-cleaning facilities; and methylene chloride used as a solvent by many industries. Most air toxics
originate from man-made sources including mobile sources (e.g., cars, trucks, construction
equipment), stationary sources (e.g., factories, refineries, power plants), and indoor sources (e.g.,

some buildings materials and cleaning solvents).?

GHGs are those compounds that enhance the retention of the sun’s heating of the earth. Clouds
and a natural layer of atmospheric gases absorb a portion of earth’s heat and prevent it from
escaping into space. This keeps our planet warm enough for life and is known as the natural
“greenhouse effect.” Scientific evidence shows that the greenhouse warming effect is being
increased by the release of certain gases into the atmosphere that cause the earth’s temperature
to rise. This rise in temperature caused by greenhouse gases is called “global climate change.”

Carbon dioxide (COZ)’ methane (CHa), nitrous oxide (N;0), sulfur hexafluoride (SFs), ammonium

trifluoride (NFs), and hydro and per-fluorinated compounds, are the major compounds contributing

to global climate change. CO, emissions account for about 81 percent of greenhouse gases

2
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released in the United States and are largely due to the combustion of fossil fuels in electric power
generation, motor vehicles, and industries. Methane emissions, which result from agricultural
activities, landfills, and other sources, are the next largest contributors to greenhouse gas

emissions in the United States and worldwide>

Ozone-depleting substances are compounds such as chlorofluorocarbons (CFCs), halons, carbon

tetrachloride, methyl bromide, and methyl chloroform. The stratosphere contains a layer of O, gas

3

that protects living organisms from harmful Ultraviolet-B (UV-B) radiation from the sun which has
been linked to many harmful effects, including various types of skin cancer, cataracts, and harm to

crops, materials, and marine life.®

Particulate matter (PM) has been shown to be deleterious to humans and the environment. In the

early days of the EPA, the Agency created a NAAQS standard for total suspended particulate matter
(TSP). The size cut was approximately 50 um. However, research in the 1980 through the 1990 led

the agency to adopt a smaller cut size: aerodynamic size of less than 10 um (PM10). Some particles,
such as dust, dirt, soot, or smoke, are large or dark enough to be seen with the naked eye. Others

are so small they can only be detected using an electron microscope. These include:

e PMyo: inhalable particles, with diameters that are generally 10 micrometers and smaller;

e PMy;s : fine inhalable particles, with diameters that are generally 2.5 micrometers and

smaller; and

e UFP: ultrafine Particle. These are extremely fine inhalable particles that are generally in the

less than 100 nanometer (nm) range.

As stated above, PM comes in many sizes and shapes and can be made up of hundreds of different
chemicals. Some are emitted directly from a source, such as construction sites, unpaved roads,
fields, smokestacks or fires. Most particles form in the atmosphere as a result of complex

reactions of chemicals such as sulfur dioxide and nitrogen oxides, which are pollutants emitted from

power plants, industries and automobiles.



ORS Handbook
Section 1.0
Page 1-15
1.5 Knowledge and Advancement of Remote Sensing to Emissions Measurement

There are four major sensing approaches that will be described in more detail in later sections of

this handbook. They include the following:

Active. Open-path ORS techniques typically use optical telescopes to transmit and receive

energy beams, such as UV, infrared (IR), or visible wavelength range.

e Passive. Open-path ORS techniques receive light energy from pollutants activated by an
external uncontrolled source such as combustion gases (e.g., Passive FTIR radiation) or the

sun (e.g., Solar Occultation and mobile DOAS).

e Backscatter. ORS techniques use energy reflected from pollutants after activation froma
controlled source of light energy (e.g., Differential Absorption Light Detection and Ranging

(DIAL/LIDAR) systems).

e Mobile. Measurement methods do not have to be optically based. However, optical
technologies have been engineered to be rugged enough to allow stable operation from a
moving vehicle. Typically, these optical techniques sample the gas and PM into a confined
cell while moving along a path to be measured (e.g., cavity ringdown, white cell and FTIR

tracer release systems, particle counters and filter based systems).

Active

ORS techniques use the light generated under controlled conditions from one of many sources
including heated glow bars for IR light, quartz lamps filled with deuterium or xenon gas, or laser
light. The light energy is broadcast over relatively long distances (up to 1,000 meters) in an open-
air setting. A simplified schematic of an open-path ORS technique to measure emissions from an
open source is provided in Figure 1-4. In general, open-path ORS test methods involve the
transmission of an energy beam across a path (straight line or two- dimensional plane) located
downwind of the emission source to be measured (e.g., wastewater lagoon). The pollutant

concentration along the line or plane is determined by evaluating certain qualities of the energy
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beam (e.g., the amount of light absorbed) after it has passed through the sample path and is
captured by a receiver. Chemical compound reference spectra and computational algorithms are
used to translate the instrument signal into a pollutant path-integrated concentration (e.g., parts
per billion (ppb) benzene per meter). Additionally, a mathematical calculation routine, combined
with meteorological data (wind speed, wind direction) collected during the sampling event, is
needed to convert the ORS instrument output (e.g., a path-integrated concentration or a flux
measurement) to an emission flux rate (e.g., milligrams per second). Open-path ORS methods can
be designed and applied in several different ways to capture area source emissions in both vertical
and horizontal planes. The predominant measurement applications that use ORS technologies in
the open-path mode include line of sight monitoring, Radial Plume Mapping’ (RPM), and Backward

Lagrangian Stochastic (bLS) Modeling.

Figure 1-5. Block Diagram of a bi-static ORS

Passive

Passive techniques use the same technology as active without the need for a controlled source of

energy. The PFTIR technique is an example of this technology. PFTIR can be used to measure
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infrared spectra in air at elevated temperatures because hot gases emit radiation with the same
infrared signature as their absorption spectrum. Hot gases above the flame zone in an industrial
flare contain combustion products such as CO,, CO, and vapor phase organic material resulting from
products of incomplete combustion. For example, hot gases emitted by the flare can be identified

and quantified using the radiant FTIR absorption measurements.

The primary difference that must be considered between optical remote infrared absorption (e.g.,
FTIR) and hot gas radiance measurements using PFTIR is the temperature dependence of the FTIR
spectral measurements. The results of PFTIR are both temperature and concentration dependent.
Knowing the source temperature at the location where the gas concentrations are measured is

necessary to quantify the compounds of interest.

Backscatter

Open-path optical measurement approaches used in this handbook refer to the use of Light LIDAR
technology. DIAL is an application of LIDAR using powerful lasers directed into the atmosphere to
measure reflected light energy from aerosols, dust, and gases. The DIAL measurement is achieved
by the direct impingement of the laser beam on these materials and its subsequent reflection and
scattering. Because the target substances vary in concentration along the axis (optical path) of the
transmitted beam, the receiving telescope equipment analyzes the strength of the returning
(reflected) beam continually during its reception.c The reflected beam strength is reduced from the
original transmission strength by a measurable amount that is proportional to the concentration of

the target matter.

LIDAR technology can also be deployed to measure PM. LIDARs that operate in the Raman and
Rayleigh size ranges (i.e., wavelengths in the nanometer to micrometer range) can be utilized to
measure the amount of backscatter from particles in the UFP range up to PMio. These instruments

are discussed in Section 2.7.
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Mobile

Optical monitoring approaches use optical techniques to measure gas samples pumped into
measurement cells where pressure and temperature are controlled. Unlike stationary monitoring
techniques, mobile optical techniques allow the user to move along and between the emission
plumes generated by area or fugitive sources. A tracer ratio application of mobile monitoring can
be used to simulate emissions from a source through the release of a tracer gas at or near the
center of the area source with subsequent measurement of the tracer and emission compound(s)
concentrations downwind of the source. Measurements must be conducted at a distance from the
source that is sufficient for the plume (e.g., from a landfill or wastewater lagoon) and tracer gas to
be well mixed and close enough that emission plume is measurable well above background

concentrations. These distances can range from 1 to 5 km to achieve proper mixing.®

In addition to measurements of gases, PM plume measurements techniques have become available
using the current technology, such as the fast version of particle counter that are now on the
market. These devices, used in conjunction with probes and plenums, can measure PM on roads

instantaneously.

Advantages Over Closed Path Techniques

Although open-path ORS techniques have been used for 20 years and are well-established, they are
constantly improving and gaining use to characterize and quantify pollutant emissions from sources
that are not conducive to traditional point source testing methods, such as large area sources.
Improvements often include changes to technologies that improve detection limits or the types of
compounds detected. For large area sources, ORS methods have distinct advantages when
compared with traditional single point measurement techniques, such as photo-ionization
detectors (PID), PID/flame ionization detectors (FID), Summa canisters, various sorbent methods,
and flux boxes. Specific advantages and disadvantages of the ORS measurement technologies and
applications are addressed in Chapters 2 and 3 of this Handbook. The advantages of ORS

applications should be determined on a case-by case-basis tailored to specific measurement goals



ORS Handbook
Section 1.0
Page 1-19

and objectives. Some of the general ORS advantages are as follows:

e More likely to identify emissions “hot spots” because measurements are collected over a

large area,

¢ Achieve better spatial and temporal emissions resolution,

¢ No sample shipping costs,

e Perform direct, measurement-based emission calculations, and

Represent personal exposure better than fixed point monitoring.

Some general issues that require consideration when ORS methods are used include the following:

Costly initial sampling instrumentation investment,

Experienced manpower and higher site preparation cost more to deploy,

Dependent on weather conditions (e.g., heavy rain, fog, dust), and

Dependent on chemical interferences (e.g., water, oxygen, 03 and COZ).

As the use of open-path ORS technologies to quantify emissions from area sources has advanced,
the desire to use ORS data in the development of atmospheric models and to support air quality
standards has increased. However, use of remote sensing presents some challenging issues.
Classical point measurement technologies and their associated results are typically based on the
size of the stack or leak, flow data, moisture, bulk gas molecular weight and stack pollutants to be
measured. Performance tests for emission masses are usually snapshots of short duration and not
continuous. Using ORS data, unlike point sources wherein emissions measurements are typically
straightforward, a more critical evaluation of the ORS method application, the emission mechanism
of the source, and the source activity is needed of the emissions developer to ensure that the

resulting data provides an accurate representation of average emissions from the source. While
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developing emission factors from optical remote technology applications is beyond the scope of this
document, it is the aim of the handbook to provide the technology background, application
examples, and quality information for optical remote measurements that can assist all data users to
develop emission results comparable to those routinely generated by traditional point source

testing methods.
1.6 General Discussion of the EPA Quality System

The EPA recently issued new guidance on its Quality Program (QP) policy. The document, “EPA

Quality Program Policy”? states that this policy:

e Recognizes existing policies and procedures as the foundation of an Agency-wide Quality

Program,
e Establishes an approach for identifying and addressing Agency quality issues,

e Provides a structure and procedures to ensure and enhance the effectiveness of the

Quality Program and its application to Agency products and services.

The EPA policy is based on the national consensus standard, ANSI/ASQC E4-1994, Specifications and
Guidelines for Environmental Data Collection and Environmental Technology Programs, developed
by the American National Standards Institute and the American Society for Quality (ANSI/ASQC).?
The ANSI/ASQC E4-1994 specification is consistent with the international standard ISO 17025. The
ANSI document describes the necessary management and technical elements for developing and
implementing a QS by using a tiered approach. The standard recommends documenting: (1) each
organization-wide QS in a Quality Management Plan (QMP) or Quality Manual (to address
requirements of Part A: Management Systems of the standard) and (2) the applicability of the QS to
technical activity- specific efforts in a Quality Assurance Project Plan (QAPP) or similar document (to
address the requirements of Part B: Collection and Evaluation of Environmental Data of the
standard). The EPA has adopted this tiered approach for its mandatory agency-wide QS. This
document addresses Part B requirements of the standard for systematic planning for

environmental data operations.
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In accordance with EPA Order 2106.0'%, the EPA requires that environmental programs performed
for or by the Agency must be supported by data of the type and quality appropriate to their
expected use. The EPA defines environmental data as information collected directly from
measurements, produced from models, or compiled from other sources such as databases or

literature.

Data Quality Objectives

EPA Order 2106.0 requires that all EPA organizations (and organizations with extramural
agreements with EPA) follow a systematic planning process to develop acceptance or performance
criteria for the collection, evaluation, or use of environmental data. A systematic planning process
is the first component in the planning phase of the project tier (see the bottom tier of Figure 1.5),

while the actual data collection activities take place in the implementation phase.

Systematic planning is a planning process based on the scientific method and includes concepts
such as objectivity of approach and acceptability of results. Systematic planning is a common-
sense, graded approach to ensure that the level of detail in planning is commensurate with the
importance and intended use of the work and available resources. This framework promotes
communication among all organizations and individuals involved in an environmental program.
Through a systematic planning process, a team can develop acceptance or performance criteria
for the quality of the data collected and for the quality of the decision. When these data are being
used in decision-making by selecting between two clear alternative conditions (e.g.,
compliance/non-compliance with a standard), the EPA’s recommended systematic planning tool is

called the Data Quality Objective (DQO) Process.

The DQO Process is a seven-step planning approach to develop sampling designs for data collection
activities that support decision-making. This process uses systematic planning and statistical

hypothesis testing to differentiate between two or more clearly defined alternatives.

The DQO Process is iterative and allows the planning team to incorporate new information and
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modify outputs from previous steps as inputs for a subsequent step. Although the principles of
systematic planning and the DQO Process are applicable to all scientific studies, the DQO Process is
particularly designed to address problems that require deciding between two clear alternatives.

The final outcome of the DQO Process is a design for collecting data (e.g., the number of samples to

collect and when, where, and how to collect samples).

The development and implementation of a QS should be based on a “graded approach,” that is, the
components and tools of a QS (Figure 1.5) apply according to the scope and nature of an
organization, program, or project and the intended use of its products or services. This approach

|II

recognizes that a “one size fits all” approach to quality management is not appropriate and that the
QS of different organizations and programs should (and will) vary according to the specific needs of
the organization. For example, the quality expectations of a research program are different from
those of a regulatory compliance program because the intended use of the products differs. The
same applies to remote sensing data. Monitoring agencies that use this Handbook are strongly
encouraged to understand their data objectives, perform the DQO Process if needed, and use the
MQQOs described in Section 1.4.2 if they are applicable to an agency’s program. Additional

explanation and details on the DQO Process can be found in EPA’s Guidance on Systematic Planning

Using the Data Quality Objectives Process.'?

When an agency or entity is monitoring for non-regulatory purposes (e.g., background
concentrations, modeling applications, or exposure), these MQOs are recommended information.

Meeting MQOs for non-regulatory meteorological monitoring is strongly advised.

Measurement Quality Objectives

Once DQOs are designated for a program or project, measurement indicators must be determined
to understand if the DQOs are being met. Most state/local/tribal agencies that collect data do so to
support programs that are federally mandated or that need to meet federal requirements.
However, other non-regulatory applications exist, such as modeling applications, state

implementation plan development, and forecasting. These programs require different MQOs
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because the application is different (i.e., different DQOs). The following prescribed objectives

should be decided and discussed within the QS.

e Measurement. Type of measurements and/or the parameter needed to be collected.

e Method. The method is different from the measurement in that a particular instrument
can be utilized in different methods. The method will dictate the precision, bias, and

representativeness of the sampling data.

e Reporting Units. Reporting units must be decided before the program begins. If it is a
regulatory program, then ppb or micrograms per cubic meter (ug/ms) would be the
appropriate units. However, if it is a modeling exercise, then grams per second (g/s) may

be the appropriate unit.

e Detection Limits. It is very critical to state the levels of detection (LOD) for a particular
program. The LOD can be very difficult to quantify until the ORS is in the field of
operation. It should also be noted that LODs can be defined in different ways. It is best to

define and state LOD in the quality documents developed for a program.

e Minimum Sample Frequency. This objective is required to define how often data must be
collected to meet the end user’s requirements for precision and representativeness.

Measurements must be taken often enough to meet model or modeling input criteria.

e Completeness. For most programs/projects, there is a minimum amount of data required
to allow the data users to make decisions concerning the environment. Arule of thumb is

75 to 85 percent data completeness.

e Precision. Precision is the measure of agreement among repeated measurements of the

same property under identical conditions. This can be very difficult to measure using ORS.

e Bias. Bias is the systematic or persistent distortion of a measurement process that causes

errors in one direction. Bias, like precision, can be very difficult to determine with ORS.
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The project or program must be able identify and determine the magnitude of its

measurement bias.

e Representativeness. Representativeness is collection of the measurement location,
frequency, duration, and other factors that demonstrate the results correspond to the

emission characterization required by the data users.
1.7 Choosing the Right Tool for the Right Job

This section outlines recommendations on how the different technologies (i.e., instruments) stack
up versus the source type (i.e., area, ducted or fugitive emissions). These table appear here in
pairs; gas and particulate phase. Here is a breakdown on the information in these tables:

e Nature of the Source;

e Time Resolution;

e QA/QC Requirements; and,

e  Ease of Operation.

Tables 1-1 through 1-8 aren’t meant to be the final word on how these technologies and
applications can be utilized, but serve as a reference for those seeking a match between the

technologies and source applications.

What is the nature of the source?

Tables 1-1 illustrates the types of instruments that detect and quantify gases, while table 1-2
covers particulate sources. Three main source types are considered in this handbook: area,
ducted/vented, and fugitive. Identification of the source type is an important first step towards
identifying the proper technology for particular measurement needs.

Area and fugitive sources are similar in that both are often collections of minor sources that are
impractical to consider as separate point sources. More specifically, area sources represent
numerous facilities and activities. Fugitive sources, on the other hand, are often incidental in
nature, such as leaks from valves, tank openings, or carbon sequestration sites, to name a few
examples.

Ducted, or vented sources have also been referred to as point sources. Frequently, these vented
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sources are distillation columns or oxidation vents in a chemical plant, for example. These sources
often lend themselves to measurements under relatively stable conditions.

Table 1-1 Gas Phase Source Type

Source Type
Technology Area Ducted or Vented Fugitive
FTIR X X X
TDL X X X
UV-DOAS X X X
CRDS X X X
Passive Tubes X X
DIAL X X

Table 1-2. Particle Phase Source Type

Source Type
Technology Area Ducted or Vented Fugitive
Passive Sampler X X X
SMPS X X X
APS X X X
SPAMS X X X
DIAL X X X
Sensors X X X
CRDS X X X
PAS X X X
AMS X X X
ELPI X X X

What is the required time resolution?

Tables 1-3 and 1-4 illustrate which technologies perform in different time resolutions. In addition
to identifying the type of source at which measurements will be taken, a second important
guestion must do with the required time resolution of the data. Time resolution needs are often
dependent upon several factors such as: available budget, expected stability of the pollutant
emissions being studied, and data reporting requirements, among others. Time resolution can
range from essentially continuous measurements to integrated measurements taken over a period
of weeks or months. Some technologies can be employed at different time resolutions depending

on current needs, and allowing the same technology to be utilized in different scenarios.
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Table 1-3. Gas Phase Time Resolution Matrix
Time Resolution

Technology real-time seconds minutes hours or longer
FTIR X X
TDL X X
UV-DOAS X X
CRDS X X
Passive Tubes X
DIAL X X X

Table 1-4. Particle Phase Time Resolution Matrix

Time Resolution
Technology real-time seconds minutes hours or longer
Passive Sampler X X
SMPS X X
APS X X
SPAMS X X
DIAL X X X
Sensors X X
CRDS X X
PAS X X
AMS X X
ELPI X

What are the QA/QC requirements for the measurement?

Tables 1-5 and 1-6 illustrate the different levels of QA and QC that are needed to obtain data that
is of known quality. An important consideration when choosing a measurement technology is the
level of QA/QC required of the data. The level of accuracy and precision required of a

measurement will have a significant impact on the technology selected. For example, while a PID
sensor and UV-DOAS instrument can both detect benzene, if the goal is to merely detect benzene,

the PID sensor would be more cost effective and less labor intensive.

Table 1-5. Gas Phase QA/QC Matrix

Data Type
Technology Qualitative Semi-Quantitative Quantitative
FTIR X
TDL
UV-DOAS
CRDS
Passive Tubes X
DIAL
Thermal IR Camera X

X X X X X
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Table 1-6. Particle Phase QA/QC Matrix
Data Type

Technology Qualitative Semi-Quantitative Quantitative
Passive Sampler X
SMPS X X
APS X X
SPAMS X X
DIAL X X
Sensors X X
CRDS X
PAS X X
AMS X X
ELPI X

How easy are the data to process?

Tables 1-7 and 1-8 illustrate the ease of operation for each of these technologies. The experience
required to process acquired data and prepare those data for presentation and interpretation is
another important factor to consider prior to selecting a measurement technology. This question
is crucial to recognizing the personnel required for collecting, processing, and analyzing data of the
highest possible quality. In cases where much of the processing is done automatically via
instrument software or settings, experience isn’t as important as it is in instances where
processing requires more complex calculations or a greater knowledge of the theory behind the

measurement technique.

Table 1-7. Gas Phase Ease of Operation Matrix

Years of experience

Technology <1 1-3 >3
FTIR X

TDL X

UV-DOAS X

CRDS X

Passive Tubes X X

DIAL X
Solar Occultation Flux X
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Table 1-8. Particle Phase Ease of Operation Matrix

Years of experience
Technology <1 1-3 >3
SMPS X
APS X
SPAMS X
DIAL X
Sensors X
CRDS X
PAS X
AMS X
ELPI X

1.8 Future Evolution and Updates of this Handbook

The EPA will periodically update and correct this handbook. Updates will include the addition of
new information as well as feedback from stakeholders. This document will be updated, at the

discretion of the EPA, depending on the availability of resources.

This document does not contain EPA policy information; it is strictly an information document. It is
envisioned that in later editions, new ORS technologies and techniques will be described in this

document.
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2.0 Optical Remote Sensing Technologies

ORS technologies measure the concentration of chemicals in an open-air path or in contained air
samples collected from discreet sampling points. They do this by measuring the interaction of
electromagnetic energy (i.e., different wavelengths of light) with the air's components. Open-path
technologies measure the concentrations of chemicals or particulates across an open path of air.
They do this by emitting a concentrated beam of electromagnetic energy into the air and measuring
its interactions with the air's components. Open-path technologies provide an average
concentration over a line of sight. Point-source applications of these technologies measure the
concentration of a confined sample of air drawn into the apparatus from a point or points in air.
Some technologies, such as Tunable Diode Lasers (TDL), are capable of simultaneously measuring
one or two compounds. Other technologies (e.g., UV-DOAS) can measure several compounds
simultaneously, while others (e.g., FTIR) can measure many compounds simultaneously. ORS
technologies are used to measure the average chemical concentrations over a set distance or at a
stationary point. The path average over a set distance has an advantage over point-source
measurements that may miss high-concentration plumes running between sampling devices. Both
open-path and point-source applications of these technologies have been used to detect hotspots
in area sources and to obtain path integrated averages. Each of the technologies has advantages
and disadvantages for these applications. The technologies described in Chapter 2 can be used
alone or in combination to provide three major types of data: plume characterization, short term
flux measurements and long-term monitoring studies. In Chapter 2, we discuss how the prominent

ORS technologies operates.



ORS Handbook
Section 2.0
Page 2-2

2.1 Fourier Transform Infrared Spectroscopy

FTIR spectroscopy is an optical spectroscopy technology adapted to perform real-time monitoring of
gaseous and volatile organic compounds in air. The technique can detect and quantifying multiple
compounds simultaneously, even in harsh industrial environments, using the characteristic spectral

features of the individual compounds.!

FTIR spectrometers are well-suited to remote sensing applications because they are durable,
portable, and do not require daily routine calibration. The technology, however, is not simple to
operate and requires experienced staff to ensure correct operation and valid results. Both
extractive and open-path (OP-FTIR) environmental applications of the technology have been
demonstrated. The EPA test methods have been written for both open-path, such as other test
method 10, (OTM10) or toxic organic 16 (TO-16) and extractive (Method 318, Method 320, EPA
performance specific method 15 (PS-15), PS-18 and ASTM D6328-03) measurement by FTIR. In
open-path mode, the IR radiation beam can be directed over distances of up to 400 to 500 meters
to measure selected compounds in emission plumes or dispersed air parcels. Alternatively, in
extractive mode, gas can be drawn into a closed cell with a folded path length of 10 to 100 meters.
Optical remote spectroscopy applications focus on open-path mode. Mobile tracer applications
focus on extractive mode. Compound-specific concentration is determined using standard IR spectra
of known concentration. The onboard computer software and spectra library allow real time
determination of concentration for preset compounds. Post-test processing of IR spectra allow
other compounds in air samples to be determined. Every measurement uses calibrated reference
spectra taken at conditions like the unknown field samples to determine compound concentrations

therein.

Basic Operation

The FTIR instrument sends an IR beam of light through a region (closed-cell or open-path)
containing the compounds of interest and captures the resulting IR spectra from the sample. Figure

2-1 illustrates the basic components of an open-path FTIR spectrometer. Infrared light
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generated by an IR emitting source is guided through an interferometer. The interferometer
consists of an IR source, beam-splitter, mirrors, a laser, and a detector. The IR energy goes from the
source to the beam-splitter, which splits the beam into two parts. One part is transmitted to a
moving mirror and one part is reflected to a fixed mirror. The moving mirror oscillates back and
forth at a constant velocity. This velocity is timed according to the very precise laser wavelength in
the system, which also acts as an internal wavelength calibration. The beam reflected from the

moving mirror and the beam reflected from the fixed mirror have traveled different distances since

being generated by the source and are recombined at the beam-splitter.>?

Figure 2-1. Diagram Showing Beam Path and Major Components of FTIR

When the beams are recombined, some of the wavelengths recombine constructively and some
destructively, which creates an interference pattern. This interference pattern is called an
interferogram. The recombined IR beam then passes from the beam-splitter into the open-path
where a portion of the IR energy is absorbed by the gaseous compounds to be measured. The
resulting IR beam reaches the IR detector where the interference pattern is detected, digitized, and
transformed mathematically into a standard single beam infrared frequency spectrum using an
algorithm known as a Fourier transform. A reference or background single beam spectrum is also
collected without a sample and the ratio of the two single beam spectra is computed to produce a
background corrected transmittance spectrum. This transmittance spectrum can be converted to

absorbance by taking the negative base 10 log of the data points.2

The vibrational frequencies of all the infrared absorbing molecules in the IR beam path are

captured in the IR spectrum. When a molecule absorbs light, the energy of the molecule is
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increased and the molecule is promoted from its lowest energy state (ground state) to an excited
state. Light energy in the infrared region of the electromagnetic spectrum stimulates molecular
vibrations. Molecular species display their own characteristic vibrational structure when stimulated

by IR radiation.3 Figure 2-2 shows the IR absorption spectra for nitrous oxide, CO,, CO, NO, NO

2’ 2’
and ammonia. The units of vibrational frequency are wave number. Wave number and vibrational

structure are used to identify a molecule.

Figure 2-2 FTIR Absorption Spectrum recorded at 1075°

Once a compound has been identified, its spectrum can also be used to measure the compound’s
concentration because the amount of IR radiation absorbed from the IR beam is proportional to the
concentration of the compound in the sample or open path. According to the Beer-Lambert law,
there is a linear relationship between absorbance and concentration as shown in the following

equation %23
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A=g*c*l

Where:

A = absorbance intensity

€ = absorption coefficient
¢ = sample concentration

| = sample path length

FTIR systems typically operate in two modes: extractive cell or open-path. Extractive cell
measurements can be conducted either from a single location or from a mobile measurement
platform.*In the field, OP-FTIR systems can operate with telescopes transmitting and receiving the
IR beam so monitoring of long outdoor paths is possible. The pollutants normally measured in this
process are at ambient temperature and usually in the low ppb concentration range.®> Typical
applications of open-path monitoring include fence-line monitoring of industrial sites, landfill sites,
waste lagoons, urban air monitoring in metropolitan areas, accidental release
detection/identification, and detection of agents or surrogates important to homeland security
monitoring applications.®’ It should be noted that moisture due to fog or high humidity will cause
spectral interferences, which can limit the use of this technique to pollutants that do not have

overlapping absorption features with gas-phase water.>

Extractive (Closed) Cell Measurement Applications

For extractive or closed-cell FTIR measurements, the beam is sent through a cell that is mounted in
the instrument itself. As shown in Figure 2-1, the IR beam passes through the cell and is focused
onto the detector. Gas-phase samples are pumped into a sealed, constant temperature cell and
analyzed. Sample cell path lengths can vary from 10 cm to 150 m folded-path cells. The longer the
path length the more sensitive the measurement becomes because the IR beam has a greater
chance of interacting with the absorbing compounds. The pollutants measured in this type of

arrangement are usually at higher concentrations than those found in open-path FTIR
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measurements. Typical applications of
extractive FTIR monitoring include stack
testing of flue gases and vehicle exhaust.®’
Figure 2-3 shows a photo of an FTIR unit
used for extractive monitoring of stack
gas. This unit is equipped with a 32-m

folded path length cell that extends from

the end of the instrument.

Figure 2-3. FTIR Closed Cell Unit for Monitoring Stack Gases

Open-Path Measurement Applications

There are many instrumental configurations for open-path (OP) instruments. The simplest OP
systems are bistatic configurations. This configuration derives its name from the fact that both the
transmitter and receiver must be fixed in a static position and precisely aimed at each other. The
OP-FTIR equipment projects the IR light beam directly along a path to a detector/receiver. Bistatic
configurations in general have the requirement of supplying power at both the receiver and
transmitter, which can be a disadvantage in some locations. Additionally, there is a requirement for
alignment at both receiver and transmitter, which can be time consuming for mobile systems.?
Monostatic configurations were developed to address issues raised with bistatic designs. In a
monostatic configuration, all the optical components of the transmitter and receiver are in the
same location, and a retro-reflector is used to return the light from the transmitter to the receiver.
This configuration derives its name from the fact that only the transceiver portion of the
instrument needs to be precisely pointed as the retro-reflector returns light to its source regardless

of orientation. A diagram of a typical monostatic configuration is shown in Figure 2-4.
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Figure 2-4 Basic Setup for Monostatic OP-FTIR

Retro-reflecting mirrors, as they are called, are configured with three perpendicular reflective
surfaces in the shape of a corner. A combination of three mutually perpendicular mirrors reflects
light incident from any direction through 180° as shown in Figure 2-5. Such a combination of
mirrors is called a corner-cube reflector. Corner-cube reflectors beam FTIR light back to its exact
point of origin. This property reduces the divergence of the beam on its return path back to the
detector compared to divergence that would result from a flat mirror. Also, the retro-reflector
array can be very large to capture and return essentially the entire divergent signal from the

telescope.

Figure 2-5. The corner cube reflector

(http://farside.ph.utexas.edu/teaching/316/lectures/node133.html)

In the monostatic mode, the IR laser beam is split twice, once leaving the OP-FTIR and once on

turn. This design requires a beam splitter in the optical path that removes 50 percent of the light


http://farside.ph.utexas.edu/teaching/316/lectures/node133.html
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from the outgoing beam and 50 percent of the light from the return beam for an overall loss of 75

percent of the total light intensity.

The dual-telescope monostatic configuration
has lower detection limits because it does not
utilize a beam splitter in the optical path. A
translating retro-reflector, which is essentially a
portion of a very large cube, is used to return

the light beam offset to align with the

receiving telescope. This single, large retro-
reflector does not have the divergence reversal
properties of the corner- cube array. The
second telescope adds cost and complexity to
the system.2 However, when compared with

monostatic mode, bistatic systems are harder

to align and maintain

Figure 2-6 Typical telescopic FTIR Transmitting and Detection Unit

because any shift in the transmitter or detector can result in system misalignment.”® Both
operating modes measure only the compounds that are in the beam path. Emissions outside the
beam path are not measured. Inthese situations, measurements have been conducted along
multiple beam paths to more accurately characterize the emission plume Figure 2-6 shows a
telescopic FTIR transmitting and detection unit, which would be used for open-path field
monitoring applications. Figure 2-7 shows a typical retro-reflecting mirror. The retro mirrors are
surface coated with a reflective material to reduce extraneous glare from outside stray light. Retro-
reflecting mirrors are often contained in a protective housing, which is closed when the unit is not in

use to protect the sensitive reflecting surfaces from exposure to inclement weather conditions.
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Pollutants and Relative Levels That Can Be Measured

Table 2-1 provides an example list of compounds that have been measured using OP-FTIR
spectroscopy.®’ This list is not all-inclusive, but shows that many compounds can be measured

via OP-FTIR.

Figure 2-7. Corner Cube Reflector

Another feature of OP-FTIR is that many compounds can be monitored simultaneously as opposed
to other beam technologies that can monitor only single compounds. As with other optical sensing
systems, OP-FTIR produces a path integrated concentration (PIC) in units of parts per million (ppm)
or ppb times length, i.e., ppb (meters).. Dividing the final ppb (meters) result by the total optical

path length gives the path integrated gas concentration in ppb.

Detection limits can vary widely from compound to compound depending on many factors such as
instrument configuration, the condition of retro-reflecting mirrors, humidity, beam path length and
the absorbance strength of the target compound(s) at the wavelength chosen for analysis.

Detection limits are typically reported in ppm for one meter of path length (ppmm).
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They can be determined empirically using cell based measurements or estimated by solving the
equation on page 2-5 for an absorbance that is three times the mean signal noise if the absorbance
coefficient and noise are known at the wavelength used to measure the compound(s) of interest.

Detection limits for specific sampling episodes are calculated by dividing ppmm by the actual

meters of path length during field sampling.

Table 2-1. Example List of Compounds Measured by FTIR Open-path Systems

Species
Acetaldehyde 1,4-dimethyl piperazine methyl mercaptan
acetic acid 1,4-dioxane methyl methacrylate
Acetone ethane 2-methyl propene
Acetonitrile ethanol morphaline
Acetylene ethyl acetate nitric acid
Acrolein ethylamine nitric oxide
acrylic acid ethylbenzene nitrogen dioxide
Acrylonitrile ethylene nitrous acid
Ammonia ethylene oxide ozone
Benzene ethyl mercaptan pentane
1,3-butadiene formaldehyde phosgene
Butane formic acid phosphine
Butanol furan propane
1-butene halocarb-11 (CCI3F) propanol
cis-2-butene halocarb-12 (CCI2F2) propionaldehyde
trans-2-butene halocarb-22 (CHCIF2) propylene

butyl acetate

halocarb-113 (CFCI2CF2Cl)

propylene dichloride

carbon disulfide

hexafluoropropene

propylene oxide

carbon monoxide hydrocarbon continuum pyridine
carbon tetrachloride hydrogen chloride silane
carbonyl sulfide hydrogen cyanide styrene

chlorobenzene

hydrogen sulfide

sulfur dioxide

Chloroethane isobutene sulfur hexafluoride
Chloroform isobutanol 1,1,1,2-tetrachloroethane
m-cresol isobutyl acetate 1,1,2,2-tetrachloroethane
o-cresol isobutylene tetrachloroethylene
p-cresol isoprene toluene
Cyclohexane isopropanol 1,1,1-trichloroethane
1,2-dibromoethane isopropyl ether 1,1,2-trichloroethane
m-dichlorobenzene methanol trichloroethylene

o-dichlorobenzene

methylamine

trimethylamine

p-dichlorobenzene

methyl benzoate

1,2,4-trimethylbenzene

1,1-dichloroethane

methyl chloride

vinyl chloride

1,2-dichloroethane

methylene chloride m-xylene
1,1-dichloroethylene methyl ether o-xylene
dimethylamine methyl ethyl ketone p-xylene

dimethyl disulfide

methyl isobutyl ketone

Compounds in bold are EPA Hazardous Air Pollutants (HAPs) CAA -112Title 42, Chapter 85, Subchapter I, Parta U.S. Code 7412 (b).
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Typically, FTIR manufacturers report detection limits for commonly monitored pollutants as part of
the literature for their instrumentation. In general, open-path FTIR detection limits in the single
digit ppb levels can be achieved for many strong IR absorbing compounds.”1° Extractive FTIR
detection limits for a 10-meter folded path length are typically on the order of 0.1 to 10 ppm. Some
compounds such as benzene have detection limits in the 30-50 ppb range because gas-phase water

interferes with this measurement.” Other compounds, such as hydrogen sulfide, are weakly IR

absorbing molecules and have detection limits in the 300-800 ppb range.’

Typical C

To ensure measurement accuracy and data verification, instrumentation response should be
verified annually (detector and IR source) using a known concentration of a standard gas mixture.
Certificates of calibration should be kept on file and available for review. Maintenance records
should be kept in bound notebooks for any equipment adjustments or repairs that could affect
measurement performance. Maintenance notebooks should include the date and description of
maintenance performed. Calibration checks should be performed after major service and regularly
during analysis.*'2 QA and QC procedures for the measurement of gaseous compounds by
extractive FTIR are discussed in great detail in EPA Test Method 320 or ASTM D6328-03. QA and

QC procedures for OP-FTIR are discussed in more detail below.

Calibration Spectra

A gas-phase FTIR reference spectrum is collected at a known temperature and pressure in a fixed
path length enclosed cell for the compound of interest from a sample of known concentration. A
series of measurements can be made at different concentrations and a calibration curve that
relates the measured absorbance and the gas concentration can be developed to confirm a linear
response of signal with concentration. These calibration spectra are stored in a spectral reference
library used by the computer during real-time sample processing. Unknown sample concentrations
can be determined by comparing sample absorption intensities to absorption intensities in the

standard reference spectra. The higher the concentration of compound being measured; the more
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IR radiation characteristic of that compound is absorbed. Complex mixtures of IR sensitive
compounds can be determined from a single spectrum by solving a multiple linear regression

matrix using characteristic wavelengths of compounds and the relative intensities of sample IR

spectral features compared to calibration spectral features.

Tables of absorbance coefficients are available, and standard reference spectra for numerous
compounds can be purchased. Suppliers of reference spectra include Pacific Northwest National
Laboratory, which continues to develop the Northwest Infrared (NWIR) spectral library of
quantitative infrared absorption spectra'® and the high-resolution transmission molecular

absorption database (HITRAN) compiled by Harvard University.

Figure 2-8 shows an example of a typical single point calibration curve where the sample
absorbance is plotted against concentration. Interpolation of the curve at a given absorbance

measurement gives the concentration of the molecular species being analyzed.

Figure 2-8. Calibration Plot of Absorbance vs. Concentration
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QA/QC for OP-FTIR Instrumentation

Several quality checks should be performed on FTIR instrumentation prior to deployment to the
field and for the duration of the field campaign.’® Prior to field deployment, the spectral baseline is
checked to determine the amount of signal intensity, instrument noise, and baseline drift. Baseline
drift is due to detector signal fluctuations that cause the signal to increase gradually over time.
Typically, instruments are powered on and allowed to warm up for at least one hour prior to data
collection to minimize baseline drift effects. Baseline noise should be checked prior to initial data
collection and on each subsequent day of a field campaign to determine the amount of baseline
signal due to the instrument’s electronics and detector noise. All checks must be in accordance

with the method or test protocol being performed.

On the first day of a field study, a stray light instrument check should be performed. This involves
collecting, measuring, and identifying stray light as either background or instrument-related. All QC
checks must be conducted prior to actual data collection and the results must indicate that the
instrument is operating within the acceptable criteria range as specified in the method or protocol
appropriate for the field testing campaign.’® Typical quality control for this technology includes
method quality objectives of 10-25 percent accuracy depending on path length and a precision
target of 10 percent. Spectral quality is verified through the procedures and guidelines set by the

manufacturers and specific EPA method in use.'®

In addition to the QC checks performed on the FTIR, the quality of the instrument signal
(interferogram) should be checked regularly during the field campaign. This is done by ensuring
that the intensity of the signal is at least five times the intensity of the stray light signal and
instrument noise. In addition to checking the strength of the signal, checks should be done
regularly in the field to ensure that the data are being collected and stored to the data collection

computer.®
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Data Quality Indicators for Precision and Accuracy for OP-FTIR

Instrument baseline noise and signal intensity are key data quality indicators for OP-FTIR
measurements. Some investigators evaluate the precision and accuracy of the PIC measurements
collected with an FTIR instrument by analyzing nitrous oxide concentrations in the atmosphere. A
typical background atmospheric marker concentration for nitrous oxide is about 315 ppb.t’
However, this value may fluctuate due to seasonal variations in nitrous oxide concentrations or the

topographical elevation of the site.!’

The precision of the OP-FTIR measurements should be evaluated by calculating the relative

standard deviation of ubiquitous IR active compounds (e.g., nitrous oxide) in each data subset.

A subset is defined as the data collected along one path length during one survey or sampling
episode.®> The number of data points in a data subset depends on the number of sample events
conducted in a survey. For a stable air parcel, the standard data quality indicator (DQI) criterion set
forth for precision is +10 percent.!®> The accuracy of the analyte PIC measurements can be evaluated
by comparing the calculated nitrous oxide concentrations from the data subsets to the typical

background concentration of 315 ppb.!! The standard DQI criterion for accuracy is +25 percent.!>

Example Applications and Vendors

Details on the OP-FTIR application of open path technologies are provided in Section 3 of this
Handbook. The OP-FTIR has been used for a wide variety of source emission measurements in the
field including applications such as line of sight optical remote, bLS modeling and RPM. Table 2-2

summarizes optical technologies and the typical applications of each of the technologies.
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Table 2-2. Typical Applications for OP-FTIR.

Technology Applications
OP-FTIR bLS, RPM, SOF, Tracer Gas Correlation,
TO-16

We are aware of multiple vendors that currently manufacture OP-FTIR units; two of these vendors
have verified their instrumentation through the EPA’s ETV program.®° The cost of an OP-FTIR field
ready system can range from $75,000 to $120,000 in 2010 U.S. dollars, depending on configuration
and application. Gas standards used in fixed path length enclosed cells to confirm instrument
calibration can range between $300 and $500. Table 2-3 lists several of these vendors and indicates
which have verified their OP-FTIRs. The table also lists potential vendors for FTIR gas standards.

Table 2-3. FTIR Supply Vendors

OP-FTIR Instruments
KASSAY FSI
*Ail Systems Inc www.kassay.com
*Spectrex, Inc. http://www.spectrex-inc.com
IMACC Instruments http://www.ftirs.com/
MIDAC Corporation http://www.midac.com/
Bruker Optics http://www.brukeroptics.com/opag.html
ABB/Bomem http://www.abb.com/analytical
Gas Standard Suppliers**
Air Gas http://www.airgas.com/
Linde http://www.linde.com/
Matheson Gas http://www.mathesongas.com/index.aspx
Spectra Gas http://www.spectragases.com
Praxair http://www.praxair.com/
*ETV Verified Technologies

** Requires gas regulator in addition to gas cylinder

In addition to instrumentation and gas standards, tables of absorbance coefficients are available

and standard reference spectra for numerous compounds can be purchased. Suppliers of reference
spectra include Pacific Northwest National Laboratory, which continues to develop the NWIR
spectral library of quantitative infrared absorption spectra®® and Harvard University, which
compiled the HITRAN database.* These spectra have been measured under tightly controlled

conditions using state-of-the-art instrumentation.
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Strengths and Limitations

FTIR can be used as a qualitative tool to provide specific information about volatile IR energy
absorbing molecules. It can also be used as a quantitative tool to provide the concentration of
many gas-phase molecules. A summary of strengths and limitations is shown in Table 2-4 and Table

2-5. One of its limitations is that gas-phase water and CO., are a very strong IR absorbing species.

2

In addition, water has strong absorption features in the 3200-4000 wave number range.>*”20

Molecules that have coincident vibrational frequencies with water cannot be reliably analyzed
using frequencies in this range. FTIR is also limited to measuring gaseous compounds that absorb
IR radiation. Homonuclear diatomic gases such as nitrogen, oxygen, and halogen gases cannot be

measured by FTIR.

FTIR’s major strength is that it can provide real-time, simultaneous analysis of multiple gaseous
contaminants® Additionally, the FTIR is a robust field instrument that allows for unattended
sampling for as long as a week period. Not only can the FTIR be used for open path concentration

measurement of a variety of contaminants, but it can also be used for leak and hotspot detection.
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Table 2-4. Summary Table of the OP-FTIR’s Strengths

Feature

Strength

Economical

Relatively low instrument cost (about $80,000 - $125,000)
Low-cost long-term deployment

Compact Instrumentation

FTIR equipment is rugged and easily portable

Multiple Wavelength Operation

There are many compounds that are infrared
active (absorb IR light)

Large number of compounds can be analyzed simultaneously.
Spectra can be saved and post analyzed.

Ease of Calibration

No gas calibration standards necessary for field testing
(uses standard reference spectral library). Gas standards
are only needed for laboratory confirmation of instrument
performance and calibration.

Multiple Applications

FTIR can be used to locate discrete emissions hotspots
at a facility/area source

Multi-compound coverage makes FTIR ideal for leak detection or
source location where the facility being monitored has multiple
compounds present (e.g., chemical plants)

Automated Real-time
Measurements

Equipment can be allowed to run with minimal attention for
months at a time with remote access to check instrument
operation, schedule cryogen replenishment and recover data.

No sample collection, handling, or preparation is

necessary.
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Table 2-5. Summary Table of the OP-FTIR’s Limitations

Feature

Limitation

Spectral Interferences

Gas-phase water spectral interference as well as CO

and CO2 interference16:17

Diatomoic Molecules

Not applicable to homonuclear diatomic gases

such as chlorine, oxygen, and nitrogenl'z’3

IR Wavelength Range

Weak IR absorption features for many inorganic
molecules such as sulfur dioxide and nitrogen

oxides6

Infrared beam has a limited range and may not
be sensitive enough to meet ambient data
quality objectives.

Path Length Range

Maximum path length is on the order of 400-500
meters

Field Implementation Requirements

Typical infrared detectors require cryogenic
cooling to operate. Liquid nitrogen used for
detector cooling must be refilled and maintained
regularly (weekly).

Field implementation and data collection requires
highly experienced personnel

Setup Time Consuming and Costly

Typical set-up time usually requires about 5 to 8
hours and a minimum of two people

Multiple vertical or horizontal path measurements
necessary to calculate plume flux, can require
significant time and cost to set up and implement

Measurement Limitations

Single beam open-path method measures
concentration along a path. The path must
capture most if not all an analyte plume to

provide accurate measure of emissions.
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2.2 Tunable Diode Laser

Light amplification by stimulated emission of radiation (LASER) is a technique to generate a narrow
wavelength of light with a small cross-sectional area. Diode lasers generate this beam of light using
a semiconductor material that emits light when electrical current is “injected” into the
semiconductor junction. When the TDL was first introduced, its measurement applications were
limited to laboratory functions because of the instrument functionality and cost. The rise of the
fiber-optics communication industry in the 1980s led to the development of open-path TDL (OP-
TDL) instrumentation that is compact and affordable.! Since that time, the OP-TDL has become
recognized as a reliable technology for use in the field for in situ measurement of a variety of
gaseous pollutants. New laser development demonstrated in 1994 using a repeated stack of thin
semiconductor layers (Quantum cascade lasers) offers the possibility to produce laser beams at

additional wavelengths and add to the list of compounds that can be measured.?

Laser-based gas detectors are now being used in a wide variety of applications for process and
quality monitoring, and safety and environmental compliance. Laser detectors combine
semiconductor TDLs and optical fibers developed by the telecommunications industry with
detection techniques based on frequency or wavelength modulation (similar to radio). Laser
detectors measure gas concentrations by shining a laser beam through a sample of gas and
measuring the amount of laser light absorbed. Lasers emit light at a single wavelength. In TDLs,
the wavelength can be “tuned” over a small range to match the exact absorption wavelength of a
target compound by adjusting temperature and bias current. The wavelength of the laser is tuned
over a selected absorption feature of the target species. The measured absorption spectra are
recorded and, combined with measured gas temperature and pressure, effective path length, and
known line strength, used to determine a quantitative measurement of concentration. These
properties give laser detectors a combination of selectivity, sensitivity, dynamic range and rapid
response time. The OP-TDL can make quantitative measurements of select gases based on the
principals of Beer-Lambert law. Gas molecules absorb energy at specific wavelengths based on

rotational and vibrational motion within the molecule. By measuring the energy absorbed for a
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compound-specific wavelength over a laser’s path, the OP-TDL can determine the concentration

present of a specific gaseous compound. This technology can be used for several open-path and

point monitoring applications.

The OP-TDL is a relatively inexpensive technology that emits very narrow wavelengths in the near IR
ranges. While mid-IR wavelength lasers are available, they are much more difficult to operate or
are currently cost prohibitive for general use. Because the wavelength emitted is very narrow and
can be chosen specific to a vibration or rotation of a specific compound, the OP-TDL eliminates
most interference. Lack of interference and high intensity of the laser beam allows longer open
path lengths, up to 1 to 2 km and therefore, higher sensitivity for the compounds TDL can measure.
The near-IR OP-TDL units currently in use are limited by the small number of compound specific
wavelengths available from commonly available TDLs and the necessity to use a different TDL for

each compound of interest.

Basic Operation

TDL Absorption Spectroscopy instruments rely on spectroscopic principles and sensitive detection
techniques, coupled with advanced diode lasers and optical fibers developed by the
telecommunications industry. Gas molecules absorb energy at specific wavelengths in the
electromagnetic spectrum. At wavelengths slightly different than these absorption lines, there is
essentially no absorption. Measurement of the relative strengths of off-line to on-line transmission
yields a precise and highly sensitive measure of the target gas concentration along the path
transited by the laser beam. Measurements are made by (1) transmitting a beam of light through a
gas mixture sample containing a quantity of the target gas, (2) tuning the beam’s wavelength to
one of the target gas’s absorption lines, and (3) accurately measuring the absorption of that beam.

The concentration of target gas molecules can then be integrated over the beam’s path length.

While results generated by traditional optical instrumentation are generally in concentration units
such as ppb, the output generated by the OP-TDL, like all open-path technologies, represents units

of concentration over distance, such as ppb(m). This is also known as a PIC.
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Each gaseous compound absorbs energy at different wavelengths, usually more than one,
depending on vibrational and rotational excitement within the molecule. Therefore, each
compound has its own “signature” of bands from which energy may be absorbed. Each band is
highly selective, with virtually no absorption occurring outside of a specific wavelength. Because the
OP-TDL emits a laser at a very narrowly tuned wavelength range, it is an ideal instrument for single
compound measurement. The OP-TDL's laser is selected for an overtone band specific to the
compound of interest. The absorption of energy over the laser’s path length is measured by the
instrument’s detector. The absorption is used to determine the concentration of the target gaseous

compound using the principals of Beer-Lambert Law as described in the equation below.
A =¢g*c*|

Where:

A = absorbance intensity
€ = absorption coefficient

¢ = sample concentration

| = sample path length

There are many instrumental configurations for OP instruments. The simplest OP-systems are
bistatic configurations. The arrangement of the components of this design for OP-TDL is shown in
Figure 2-9. This configuration derives its name from the fact that both the transmitter and receiver
must be fixed in a static position and precisely aimed at each other. The OP-TDL equipment projects
the laser beam directly along a path to a detector/receiver. Bistatic configurations, in general, have
the requirement of supplying power at both the receiver and transmitter, which can be a
disadvantage in some locations. Additionally, there is a requirement for alignment at both receiver

and transmitter, which can be time-consuming for mobile systems.3



ORS Handbook
Section 2.0
Page 2-24

Figure 2-9. TDL Bistatic Configuration

Monostatic configurations were developed to address issues raised with bistatic designs. In a
monostatic configuration, all the optical components of the transmitter and receiver are in the
same location, and a retro-reflector is used to return the light from the transmitter to the receiver.
This configuration derives its name from the fact that only the transceiver portion of the
instrument needs to be precisely pointed as the retro-reflector returns light to its source regardless

of orientation. A diagram of two monostatic configurations is shown in Figure 2-10.

Retro-reflecting mirrors, as they are called, are configured with three perpendicular reflective
surfaces in the shape of a corner. A combination of three mutually perpendicular mirrors reflects
light incident from any direction through 180° as shown in Figure 2-11. Such a combination of
mirrors is called a corner-cube reflector. Corner-cube reflectors beam TDL light back to its exact
point of origin. This property reduces the divergence of the beam on its return path back to the
detector compared to divergence that would result from a flat mirror. Also, the retro-reflector
array can be very large to capture and return essentially the entire divergent signal from the

telescope.
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Figure 2-10. TDL Monostatic Configuration

Figure 2-11. The corner reflector cube

In the mono-static mode, the IR laser beam is split twice, once leaving the OP-TDL and once on its
return. This design requires a beam splitter in the optical path that removes 50 percent of the light
from the outgoing beam and 50 percent of the light from the return beam for an overall loss of 75

percent of the total light intensity.

The dual-telescope monostatic configuration has lower detection limits because it does not utilize

a beam splitter in the optical path. A translating retro-reflector, which is essentially a portion of a
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very large cube, is used to return the light beam offset to align with the receiving telescope.

This single, large retro-reflector does not have the divergence reversal properties of the corner-
cube array. The second telescope adds cost and complexity to the system.?> However, when
compared with mono-static mode, bi-static systems are harder to align and maintain because any
shift in the transmitter or detector can result in system misalignment.*> Both operating modes
measure only the compounds that are in the beam path. Emissions outside the beam path are not
measured. Inthese situations, measurements have been conducted along multiple beam paths to

more accurately characterize the emission plume.

OP-TDL units are designed to operate under computer control, where the interfacing software
controls the function of the OP-TDL, controls the tuning of the laser, and collects resulting data
from the detector. Commercially available OP-TDL units can be equipped with multiple lasers,
allowing the measurement of several compounds at one time. Field units typically include a
hardware controller, a laptop, a telescope receiver, and a reflector. Instruments can run

unattended via computer control for extended periods of time.®

Pollutants and Relative Levels That Can Be Measured

Near-IR TDLs have been used to measure approximately 20 compounds that have absorbencies in
the 1.4 — 1.8 micrometer (um) wavelength range. Using an open-path setup, concentrations into
the low ppm range can be detected over a path length of approximately 1000 m to 2000 m. Table
2-6 lists airborne compounds that can be measured by OP-TDL systems and their approximate
wavelengths. The compounds measured by TDLs are limited by the wavelength range commonly
available using electrical current driven semiconductor lasers. Quantum Cascade Laser (QC-Laser)
development offers the possibility of expanding the list by extending available laser wavelengths
into the mid-infrared range, where many compounds of interest strongly absorb these
wavelengths. However, one issue is that the measurements are also limited by the ability of fiber
optic cables to transmit the raw LASER energy in those instruments using remote modules. Current

TDL light sources cost $2,000 to $3,000. Experimental QC-Lasers are available at a cost up to
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$100,000.

Table 2-6. Example List of Gaseous Compounds Measured by Near IR OP-TDL Systems

. Approximate near-IR B
Species A (nm) Limit (ppm-m)
ammonia 760, 1500 0.5-5.0
carbon monoxide 1570 40-1,000
carbon dioxide 1570 40-1,000
hydrogen chloride 1790 0.15-1
hydrogen cyanide 1540 1.0
hydrogen fluoride 1310 0.1-0.2
hydrogen sulfide 1570 20
methane 1650 0.5-1
nitric oxide 1800 30
nitrogen dioxide 680 0.2
oxygen 760 50
water 970, 1200, 1450 0.2-1.0
acetylene 1520 These compounds are not
ethylene 1693 commonly measured;
formaldehyde 1930 therefore, detection limits
hydrogen bromide 1960 are not readily available.
hydrogen iodide 1540
nitrous oxide 2260
phosphine 2150
propane 1400, 1500, 1700

Typical QA/QC

Three major QA requirements are necessary when using a TDL system: (1) selection of the
appropriate laser and absorption line for the compound of interest, (2) establishment and use of an
appropriate calibration procedure, and (3) establishment of QC procedures that ensure the

instrument’s performance as measurements are made.®

Selection of the Laser and Absorption Line

A TDL optical system is typically built to generate one wavelength at a time. The range of
wavelengths from each type of laser limits measurement to one compound at a time. Therefore,
laser and instrument selection must be carefully considered. A few lasers can be configured for
one of a limited range of wavelengths, while others provide a wider selection of wavelengths. It is

also important to note that many compounds have multiple absorption bands in both the near-
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and mid-IR regions. However, the availability of mid-IR lasers is limited and may not be available
for open-path monitoring or measurement programs. Table 2-7 lists commercially available lasers
producing wavelengths in the near-IR range. Table 2-8 lists other laser types that have been
developed for mid-IR applications. While this list covers most of the lasers available, TDLs

represent a limited set from a larger array of laser types.

Table 2-7. Near-IR Laser Types Available for OP-TDL Systems

Laser Type UTELLR0 RS Target Compounds
(nm)
InGaAsP 1200-2000 CO, CO2, NO, CH4, C2H2, HF, HCl, HBr, HI, HCN,
NH3, H2CO, PH3, H20
Antimonide* 2000-4000 CO, C0O2, NO, N20, CH4, HCl, HBr, H2CO

*Laser emits wavelengths in both the near-IR and mid-IR spectrums.

Table 2-8. Potentially Usable Mid-IR Lasers

Laser Type Tunab(l:r:)Range Target Compounds
AlGalnP 630-690 NO2
AlGaAs 750-1000 02, NH3

Vertical Cavity 650-1680 H20, C2H2, HF, H2S, 02, H20, NH3

Antimonide* 2000-4000 CO, CO2, NO, N20, CH4, HCl, HBr, H2CO

Quantum Cascade™* H20, CO, CO2, NO, NO2, N20, 502, C2H2,
4000-12000 HCN, NH3, PH3, 03
Lead-salt** 3000-30000 H20, ﬁ%’CH%Zr: ﬁg&?ﬁﬁg?ﬁ?&g%g?&cm’

*Laser emits wavelengths in both the near-IR and mid-IR spectrums.
** Laser emits wavelengths in the mid-IR spectrum

Because compounds often have multiple absorption bands that can be detected by a TDL system, it
is also important to consider which band is best for quantitative purposes.” Higher intensity
absorption bands provide the best sensitivity. However, interference from other compounds may
eliminate the use of the most sensitive wavelengths. It also may be worthwhile to measure the

concentrations from a second absorption band to verify the nonexistence of interferences. It is
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highly unlikely that the same interference would exist for both absorption bands.®

Calibration

In a closed-gas cell TDL instrument, known concentrations of the compound of interest are
introduced into the white cell used for sample analysis. Calibration gas is added through the same
line used to collect the sample. Varying concentrations of one compound can be introduced by
adjusting the inlet flow of the calibration gas relative to the dilution gas. For each concentration
step in the calibration curve, the absorption trend should be recorded and the mean and standard

variation calculated.?

The calibration factors are typically determined in the laboratory with short path length gas cells.
One instrument vendor provides an insertion slot that can contain a gas cell of known
concentration into the path of the optical beam during measurement. Other OP-FTIR instruments
can also be calibrated with gas cells of known concentration by introducing the cell into the laser’s
path for measurement. Field calibration checks can be accomplished using the absorption signal
provided by the calibration gas cell added to the open path field absorption signal. The signal
increases above the open path signal, proportionally to the gas concentration and path length of
the gas cell. The instrument response is checked using the difference of the measurements with

and without the gas cell. An example of a calibration curve for methane is provided as Figure 2-12.
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Figure 2-12. Calibration Data for an OP-TDL System

Calibration frequency depends on the duration of the measurement period as well as the
concentrations of compounds that are measured. Shorter term measurements projects need
calibration verification at the beginning of a measurement episode. Also note that regulatory
requirements may also dictate calibration frequencies. Low concentrations in ambient conditions
may require background and calibration determinations on a weekly or monthly basis because a

small drift in instrument response is more significant at lower measured concentrations.

Quality Control Procedures

Each OP-TDL manufacturer recommends its own QC procedures; however, it is necessary to verify
the accuracy of the calibration throughout a set of field measurements. This can be done by
reinserting a calibration standard cell periodically during a measurement episode to ensure correct
measurement. Recalibration during field measurements may be necessary due to instrument drift

and is typically performed using the instrument’s system software.

Example Applications and Vendors Applications

Details on the near-IR TDL application of open path technologies are provided in Section 3 of this
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Handbook. The OP-TDL has been used for a wide variety of source emission measurements in the
field including applications such as line of sight optical remote, bLS modeling, RPM, and mobile
tracer release correlation. Table 2-9 summarizes optical technologies and the typical applications

of each of the technologies.

Table 2-9. Typical Applications for OP-TDL.
Technology Applications
OP-TDL bLS, RPM, Tracer Gas Correlation, TO-16

Vendors

While there are many sources for TDL instrumentation that is suitable for laboratory applications,
there are only a few vendors currently offering field ready OP-TDL instrumentation. Vendors

offering instrumentation exclusive to fire detection and monitoring have not been included. The
cost of a TDL field ready system can range from $35,000 to $75,000 in 2010 U.S. dollars depending

on the configuration and application. Table 2-10 lists example vendors and their internet contact

address.
Table 2-10. Near-IR OP-TDL Vendors
Vendors
Boreal Laser www.boreal-laser.com
OPSIS AB WWW.0psis.se
Leister Process Technologies, Axetris WWW.ir-microsystems.com
Division
Norsk Elektro Optikk (NEO, Norway) WWW.Neo.no
PKL Technologies, Inc. www.pktechnologies.com
PSI Physical Sciences, Inc. www.tdlas.com www.psicorp.com
Senscient www.senscient.com
Simtronics group www.simtronics.eu
Unisearch Associates, Inc. (Concord, Canada) Www.unisearch- associates.com

Strengths and Limitations

The TDL has an array of strengths and limitations that must be considered for each OP-TDL

application. A summary of strengths and limitations is shown in Table 2-11 and Table 2-12,


http://www.boreal-laser.com/
http://www.opsis.se/
http://www.ir-microsystems.com/
http://www.neo.no/
http://www.pktechnologies.com/
http://www.tdlas.com/
http://www.psicorp.com/
http://www.senscient.com/
http://www.simtronics.eu/
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respectively. Perhaps the most striking limitation is the fact that each TDL laser can detect only one
compound at a time and each laser can scan only a limited range of wavelengths. It is also true that
only compounds with overtone absorbencies in the near- and mid-IR ranges can be detected and
quantified, of which there are approximately twenty.® The instrument’s sensitivity is limited
because of noise created by the laser'?, though this can be improved by either of the modulations

described above. However, because the laser emits such a narrow bandwidth, interferences from

other gaseous compounds are unlikely and limited to compounds with absorbance at that wave

number.
Table 2-11. Summary Table of the TDL's Strengths
Feature Strength
Automated Real-time Measurements 24/7 remote monitoring

Can provide near real time data

Unattended measurements collection

Field units are lightweight, typically under 75

Compact instrumentation .
Kg, and relatively easy to transport and setup

Economical 0.5 to .01 the cost of alternative technologies

Wide linear response over a wide dynamic
range resulting in measurements from 0.1
to 1000 ppm

High intensity light source

The ability to measure longer path lengths (1
km compared to other ORS technologies)

Robust field use with low maintenance,

Solid state technology o
minimal consumables to operate

Low response times Rapid response — typically 1 second

Minimizes interference from other gases

High spectral resolution
gh sp resulting in high compound specificity

Lower equipment cost per measurement,

Uses fiber optics for signal processing ot ] )
ability to multiplex signals

Vendor-specific calibration cells Self-calibration, zero and span drift correction

The TDL's strengths in field application are numerous. Technological developments originating
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from the fiber optics communication field have allowed the TDL to become compact, robust, and
economical compared to other technologies. The TDL can be used for several applications,
including open-path, RPM, and cavity ring-down spectroscopy (CRDS) measurements. The high-
powered laser source also promotes fast instrument response times (as low as one measurement
per second) and longer path lengths up to 1,000 meters.

Table 2-12. Summary Table of the TDL’s Limitations
Feature Limitation

Detects only one compound per laser, fewer
measurable compounds, and limited
sensitivity

Single wavelength operation

Quantitation limited to compounds with
overtone absorbencies in the near- and mid-
IR range

Mid-IR wavelength range

With all open path optical measurements,

Dust and objects block the laser beam .
blocked beams result in no measurements
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2.3 Ultraviolet Differential Optical Absorption Spectroscopy

The UV-DOAS is an optical remote sensing technology that quantifies concentrations of gaseous
compounds by measuring the absorption of UV light by chemical compounds in the air and applying

the Beer-Lambert law.!

A significant strength of the UV-DOAS is its extremely long path-length capability — typically 500
meters with some research applications up to 10 kilometers.2 UV-DOAS has been deployed in a
wide variety of environmental measurement applications. It is most frequently used to measure or
monitor criteria and smog-related air pollutants. It is also able to accurately monitor several
pollutants that do not produce ideal IR absorption bands. However, because the absorption bands
for UV-DOAS are very wide, there are many compounds that cannot be accurately quantified by UV-
DOAS. Nitrogen and oxygen molecules in the air cause broad spectral scattering and interfere with
many of the compounds that can be measured. The UV- DOAS is reported to have detection limits
in the low (ppb) range and can reach parts per trillion in some research applications when used with

optimum measurement path lengths.?

Basic Operation

In general, UV, visible, and near-IR light is that radiation within the 180-780 nanometer wavelength
range that causes changes in energy between the bonding electrons in molecules that absorb the
light. While wavelength ranges produced by UV-DOAS instrumentation include the rotational and
vibrational transitions caused by near-IR light, the typical application of UV- DOAS restricts the UV
light to a wavelength range of 245 to 380 nanometers. Due to the range of excitations measured,
molecular absorption bands tend to be far broader than that of IR instrumentation. Compounds that
can be accurately detected and measured with the UV-DOAS possess specific chemical structure
characteristics that allow for unique absorption bands, which limits the number of compounds that

can be monitored.3

DOAS is based on the principal that the Beer-Lambert Law (Equation below):
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A = g*c*|

Where:

A = absorbance intensity

€ = absorption coefficient

¢ = sample concentration

| = sample path length

Interferences in the atmosphere cause absorption to occur at all points in the measurement
spectrum. In the atmosphere, the light of the beam undergoes extinction processes by air
molecules and aerosols, turbulence, and absorption by many trace gases. DOAS overcomes the
effects of the beam extinction by mathematically separating and removing the nonspecific beam
extinction from the target gas absorption.* To address this issue, DOAS measures the difference
between the absorption peak caused by the compound of interest and absorption peaks at
wavelengths on either side of that targeted peak.? The concentration is determined by the light
intensity in the absence of a structured absorption band, rather than the light intensity in the

absence of all absorption.

A typical UV-DOAS system consists of a light source, optics, a spectrometer, and depending on the
system configuration, a retro-reflector. Most systems employ a tungsten halogen or xenon arc
lamp, though some use deuterium lamps.>2 From the source, the light is focused and directed into
the atmosphere by means of a transmitting telescope. A receiving telescope retrieves and focuses
the attenuated light beam and the spectrometer measures the change in absorbance caused of the
UV light. Data collected by the UV-DOAS can be stored in the analyzer and can be transferred off-

site via external storage or Internet connection.> The digital signal from the spectrometer is
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collected by a computer system and compared to laboratory-developed reference spectra to ensure
a match between all absorption bands associated with a targeted compound are present to confirm
its identification and quantification.” Some technologies use specific gas calibrations to fine tune

the library reference spectra and improve instrument performance. Figure 2-13 shows an Opsis

DOAS® source unit.

Figure 2-13. OPSIS DOAS Instrument

UV-DOAS instruments can practically measure path lengths up to 500 meters. Optimum light path
length depends on the compound of interest, the desired detection limit, the clear line of sight
available, and the expected interferences (e.g., dust and fog). Measurement noise increases and

beam intensity decreases as path length increases.?

Certain chemical species can also pose interference issues at particular wavelengths. For example,

when trying to measure nitrous oxide (NZO) in the presence of other nitrogen oxides (NO, NOZ)’

absorption from NO and NO,, can cause interference.® Special considerations must also be made

2

when measuring concentrations of aliphatic hydrocarbons in ambient air since oxygen is a major

interferent for these compounds.®

Additionally, there are several operational concerns that must be considered when operatinga UV-
DOAS in the field. These instruments are approved for use in temperatures of 5 - 30°C with

humidity ranging from 0 - 80 percent. High humidity can cause fog to build up on the receiver
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mirrors and windows, which can substantially decrease the detected light intensity and deteriorate

the condition of the instrument optics and mirrors. This can be corrected by installing heaters on

the mirrors and windows or by changing the site where the UV-DOAS is installed.”

UV-DOAS Field Implementation

There are many instrumental configurations for open-path UV-DOAS instruments. UV-DOAS

instrumentation can be deployed in both bistatic and monostatic open-path configurations.

The simplest OP-systems are bistatic configurations. The arrangement of the components of this
design for UV-DOAS is shown in Figure 2-14. This configuration derives its name from the fact that
both the transmitter and receiver must be fixed in a static position and precisely aimed at each
other. The UV-DOAS equipment projects the light beam directly along a path to a
detector/receiver. Bistatic configurations, in general, have the requirement of supplying power at
both the receiver and transmitter, which can be a disadvantage in some locations. The receiver

and transmitter must be accurately alighed to optimize signal intensity.’
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Figure 2-14. Bistatic Configuration of UV-DOAS

Monostatic configurations were developed to address issues raised with bistatic designs. In a
monostatic configuration, all the optical components of the transmitter and receiver are in the
same location and a retro-reflector is used to return the light from the transmitter to the receiver.

A noted disadvantage of a monostatic system is that the physical path is only half the distance of a
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bistatic system.

“Retro-reflecting” mirrors are configured with three perpendicular reflective surfaces in the shape
of a corner. A combination of three mutually perpendicular mirrors reflects light incident from any
direction through 180° as shown in Figure 2-15. Such a combination of mirrors is called a “corner-
cube reflector.” Corner-cube reflectors beam light back to its exact point of origin. This property
reduces the divergence of the beam on its return path back to the detector compared to
divergence that would result from a flat mirror. Also, the retro-reflector array can be very large to

capture and return essentially the entire divergent signal from the telescope.

Figure 2-15. The Corner-cube Reflector

The monostatic configuration derives its name from the fact that only the transceiver portion of

the instrument needs to be precisely aimed because the retro-reflector returns light to its source.



ORS Handbook
Section 2.0
Page 2-40

Figure 2-16. Basic Setup Used to Make Monostatic Open-path UV-DOAS Measurements

When compared with monostatic mode, bi-static systems are harder to align and maintain because
any shift in the transmitter or detector can result in system misalignment.’®!! Both operating
modes measure only the compounds that are in the beam path. Emissions outside the beam path
are not measured. Siting and additional QA procedures for ambient measurements found in 40 CFR
Part 58 provide basic guidance for criteria pollutants using open-path measurements. In addition,
EPA QA Handbook Volume 1112 has siting requirements and other useful information on using

UVDOAS in ambient/background monitoring situations.

Passive UV-DOAS

A third configuration is known as passive UV-DOAS. Passive UV-DOAS uses ambient lighting, such
as sunlight, as its light source and does not require a transmitting telescope. Passive UV- DOAS
instruments can be fitted into balloons and used to measure concentrations of pollutant gases at

differing heights in the atmosphere.*?

Pollutants and Relative Levels That Can Be Measured

Table 2-13 lists compounds that have been measured with UV-DOAS systems. The list is not
exhaustive and includes only compounds reported in recent literature.>*2 UV-DOAS systems have
the most widespread environmental use in the detection and measurement of inorganic gases and

vapors, monoaromatics (i.e., benzene), and aldehydes.
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Table 2-13. Species Measured with UV-DOAS Systems

Species

1,3-Butadiene

Formaldehyde

Ozone

Acrolein Hydrogen Fluoride Sulfur Dioxide
Ammonia Isoprene Styrene
Benzene Mercury Toluene
Carbon Disulfide Nitric Oxide m, p-Xylene
Chlorine Nitrogen Dioxide o-Xylene

Ethyl Benzene

Nitrous Acid

Detection limits have been reported in the ppb with at least one research application reporting
cases of detection down to parts per trillion ranges.? Detection limits vary based on factors such as

the deployment configuration, light path length, measurement noise, and meteorological

conditions.>? Table 2-14 gives example detection limits found in the literature.

Table 2-14. Approximate Detection Limits for UV-DOAS

Pollutant Lower Detection Limit Path Length (m)
(ppb)
Ammonia 800 200
Benzene single digit ppb 500
Carbon Disulfide 500 5000
Formaldehyde single digit ppb 500
Nitrous Acid single digit ppb 500
Nitrogen Dioxide single digit ppb 1000
Nitrogen Oxide 240 200
Ozone single digit ppb 1000
Sulfur Dioxide single digit ppb 1000
Toluene single digit ppb 200
m, p-Xylene 10 500
o-Xylene single digit ppb 500
Typical QA/QC

QA/QC ensure the validity of data and calculations performed by UV-DOAS systems. Each

instrument manufacturer establishes its own quality assurance procedures based on the

specifications of the individual instrumentation, but there are several procedures that should be




ORS Handbook
Section 2.0
Page 2-42

followed universally.

Record Keeping

As with all environmental measurements, it is necessary to keep accurate records during
measurement periods to ensure accurate data collection. For UV-DOAS, information such as
meteorological conditions, path lengths, UV filter numbers, lamp type, light intensities and
measurement times should be recorded.> Light intensities must be recorded anytime the UV
emitter or receiver is adjusted and compared to the intensities measured when the UV-DOAS was
installed. The measured recoveries of standard gas cells with known concentrations should also be

documented.

Instrument Performance

Before measurements are begun and throughout the measurement process, several instrument
performance checks are required to make sure the instrument is accurately collecting data.
Individual vendors recommend specific instrument performance checks such as correcting for slight
variances in the reference spectrum (i.e., the lamp spectrum with no concentration bands) caused
by changes in the spectrometer and instrument electronics. This is performed by periodically re-
recording the lamp spectrum and comparing it to the initial reference spectrum for agreement. The
reference spectrum is critical to the analysis of collected data and performing regular reference

checks also minimizes noise collected by the instrument.®

Calibration checks are also very important for the collection of accurate data. The analyzer is
checked by measuring gas standards of known concentrations for accuracy. Calibration cells are
filled with the gas standard, allowed to stabilize, and the absorption is measured. A valid
calibration curve should contain six equally-spaced calibration points, including zero, and cover at
least 80 percent of the perceived measurement range. Because UV-DOAS measurements are
based on absorption and, therefore, the number of target compound molecules in a specific path

length, the calibration points can be obtained either by decreasing the measurement path or
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diluting the gas standard.®

A function check is also required to periodically validate the instrument’s performance. During a
function test, a cell with a known concentration of gas is placed in front of the receiver. The

instrument measures the concentration of the compound in the cell plus the concentration of the
compound in ambient air. This check serves two purposes: (1) to ensure that the analyzer is

producing accurate measurements and (2) to ensure that no cross-sensitivities occur between the
test gas in the cell and other gases. Function tests must be performed in stable ambient pollution
conditions because spikes in pollutants may cause the results of the function test to be difficult to

interpret.®

Accuracy and precision tests are defined by the EPA regulations at 40 CFR part 58 (Ambient Air
Quality Surveillance). Often these values are determined by performing calibration checks against
known gas standards and verifying the MDL provided by the instrument manufacturer. Instrument
manufacturers provide their own instructions on how to perform accuracy and precision tests in

accordance with EPA regulations.

Example Applications and Vendors

UV-DOAS has been deployed in a wide variety of environmental measurement applications which
are discussed for specific applications in Chapter 3 of this Handbook. UV-DOAS is most frequently
used for monitoring smog-related air pollutants, where its long range is used to verify Eulerian
models that are used in air quality management. Multiple pathways have been used to create 2
dimensional (2-D) and 3 dimensional (3-D) tomographic depictions of pollutants around a large area
source or urban area. UV-DOAS is used for fenceline monitoring of air pollutant emissions. Benzene
has been measured in residential areas downwind of chemical manufacturing plants and ammonia
has been monitored in areas around large-capacity swine feeding operations. UV-DOAS was also
used to measure mercury emissions from a chloro-alkali plant.” These types of ambient and
fugitive or area source measurements have been useful to government agencies to identify places

where harmful levels of pollution exist and determine the level of injunctive relief necessary.?



ORS Handbook
Section 2.0
Page 2-44

Table 2-15 summarizes those applications that utilize UV-DOAS technology.

Table 2-15. Typical Applications for UV-DOAS.

Technology Application
UV-DOAS OTM 10, Tracer Gas, bLS

One developing application for UV-DOAS is known as Multi-Axis Differential Optical Absorption
Spectroscopy (MAX-DOAS). The application provides the ability to derive a vertical profile of

pollutants by completing multiple scans simultaneously using either passive or active techniques.?

Vendors

There are currently five vendors of field-ready UV-DOAS instruments, as summarized by Table 2-16.
Opsis, Inc., has had two separate instruments verified through the EPA’s ETV program.’®* The Opsis

System has also been designated as an “Equivalent Method” for the measurement of SO_, NO

2 2
and O3 in ambient air.
Table 2-16. UV-DOAS Vendors
Vendors Websites
Argos Scientific WWW.argos-sci.com
Environnement S.A. Sanoa UV/Visable DOAS WWWw.environnement-sa.com
ETG Risorse e Tecnologia WWww.etgrisorse.com
IMACC www.ftirs.com
Opsis, Inc. WWW.0pSsis.se
Spectrex wWww.spectrex-inc.com
Cerex Monitoring Solutions WWW.cerexms.com

Strengths and Limitations

Tables 2-17 and 2-18 summarize the strengths and limitations associated with the use of the UV-
DOAS. Some UV-DOAS can provide concentration data for up to three compounds simultaneously.
In the field, the instrument is portablel5 and can be deployed long-term for continuous remote in
situ monitoring.’3 UV-DOAS quantifies compounds more successfully that have strong UV light and

weak infrared absorption characteristics. Since NO, measurement by UV-DOAS does not require

2

conversion to NO and measurement by difference, as conventional chemiluminescent monitors

operate, this ORS technology provides a direct rather than indirect measurements.


http://www.argos-sci.com/
http://www.environnement-sa.com/
http://www.etgrisorse.com/
http://www.ftirs.com/
http://www.opsis.se/
http://www.spectrex-inc.com/
http://www.cerexms.com/
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Table 2-17. Summary of UV-DOAS Strengths

Feature

Strengths

Automated Real-time Measurements

24/7 remote monitoring

Can provide near real time data

Unattended measurements collection

Economical

Relatively low instrument cost (about
$60,000 - $200,000)
Low-cost long-term deployment

Multiple Wavelength Operation

Broad spectrum instruments allow monitoring of
three criteria pollutants and trace species
simultaneously. Spectra can be saved and post
analyzed

Range of Measurement

Long measurement path length — up to 500 m.

Detectability

Many compounds are detectable in the low ppb
range

Compact Instrumentation

Portable

However, the number of species that can be analyzed with UV-DOAS is limited due to the lack of

appropriate absorption characteristics in the UV-visible wavelength range of many compounds.

Table 2-18. Summary of UV-DOAS Limitations

Feature

Limitations

Difficulty in Deployment

Alignment of remote receiving optics or reflectors can be difficult at

long path length.

Meteorological Limitations

Fixed observation area. Long term deployment depends on

constant wind direction.

Affected by poor visibility conditions

Many species do not have appropriate UV-visible absorption
Limited Compounds structures making them undetectable by UV-DOAS

Some bistatic systems are more difficult to use for radial plume
Application Limitations mapping due to difficulty aligning optics from multiple paths
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2.4. Differential Absorption Light Detection and Ranging Systems

LIDAR is a technology used to measure area source, fugitive or ambient air pollutants without the
requirement for line of sight or retro-reflector measurement paths. LIDAR operates on the same
principles as radio detection and ranging (RADAR) except light is used rather than radio waves. In
early applications of LIDAR, investigators used search lights, a telescope, and a photoelectric light
detector to collect information about Earth’s atmosphere. The technology was used to determine
atmospheric density by studying the backscattered light intensity along the path of the searchlight
beam. Since the 1930s, the use of LIDAR has expanded to applications in aerial surveying, three-
dimensional imaging, chemical warfare agent detection, and forestry. LIDAR is also used to study
atmospheric parameters such as aerosol and cloud properties, temperature, wind velocity, and

species concentration.’?
There are three generic LIDAR applications:
e range finders
e Differential absorption LIDAR (DIAL)

e Doppler LIDARs

In 1964, a new LIDAR application called DIAL was proposed to locate and measure trace chemical
concentrations in the atmosphere.! The goal of LIDAR-based DIAL technique was to precisely
measure constituents of ambient air using a simple remote sensing technique that lacked the
complexity of traditional optical techniques such as FTIR. Since then, DIAL has developed into a
commercially available technology capable of mapping concentrations of multiple atmospheric

pollutants.

DIAL uses lasers directed into the atmosphere to measure species concentrations of target
aerosols, dust, and gases in the lower few kilometers of the atmosphere. Using the DIAL approach,
spatial concentrations are obtained from the reflected or backscattered light from two wavelengths

of light: one that is strongly absorbed by the species of interest and the other just outside of the
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absorption range of the target compound, which is used to measure background light scattering.
As these wavelengths of light are emitted from the laser source, the ratio of the backscattered light
intensity between the two wavelengths is measured and coupled with the time delay of the return
signal. The target compounds absorb or reflect and scatter the light back to a telescope or
receiving optics, where intensity of the backscattered light is detected and evaluated.
Concentration is determined based on the amount of light absorbed and the location of the
observed compounds is based on the time delay of the backscattered light at the detector.> By
measuring the backscatter at different angles from the source, the data can be processed to show

the two-dimensional plume shape of the target compound emission profile.

The main advantage of DIAL over other ORS technologies is the ability to spatially resolve the
concentration of a single compound, or class of compounds, based on the radiation absorption
characteristics of the pollutants being measured.>* The ability to spatially resolve concentration
data is a unique advantage when compared to alternate remote sensing methods, which yield
average concentration data over a predetermined path length. The main limitation in using DIAL is
the limited number of wavelengths that can be generated by current laser technology at the precise
wavelength for compounds of environmental interest to be monitored. Additionally, the use of
DIAL in the United States has been limited due to limited availability and the high cost of the

associated equipment.®

Basic Operation

LIDAR technology operates by transmitting a laser into a medium containing gaseous compound.
The laser light can be transmitted in the UV, visible, or IR wave range.® For the DIAL application of
LIDAR, an appropriate wavelength is chosen for the species to be measured along with a nearby

wavelength that will not be absorbed by the target compound.’

During operation, light generated by a laser is directed through a wavelength switching unit. As the
laser pulses, the switching unit alternates the laser between the two different wavelengths

designated as “on” (the wavelength that is absorbed by the target compound) and “off” (the
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wavelength just outside of the target compound’s absorption). Some DIAL systems use separate
lasers to produce both wavelengths. A continuous laser is used when the measurement range is

short or for long measurement time periods. A pulsed laser is used when higher energy is needed

for long measurement ranges or short time intervals.®

A small portion of the laser output is directed to a calibration cell. The cell is filled with a known
concentration calibration gas and the absorption for a given path length is measured. The
remaining narrow beam of laser light is expanded or widened to make it “eye safe” and then
directed into the atmosphere by a series of mirrors and optics.” The expanded laser beam
interacts with molecules and particles, and is scattered by them. As the light travels through the
atmosphere, the “off” wavelength is scattered elastically by atmospheric particles. The “on”
wavelength is absorbed by the target gaseous compound(s) and scattered at a reduced intensity.3
Light is scattered in various directions and a small portion is reflected back towards its source. This
backscattered light is collected, focused, and a detector converts the light information into a digital

signal for use in determination of pollutant location and concentration.’

DIAL laser systems are chosen based on the absorption characteristics of the compounds under
study. Requirements for lasers include low beam divergence, adequately low pulse repetition
frequency (PRF), and appropriate wavelength specificity.! Capture of the entire beam by the
receiving optics is preferable to reduce background noise. A low beam divergence (narrow beam) is
necessary to retain the beam in the receiving optics field of view. If a pulsed laser is used, a low
PRF ensures measurement cycles are separated by a sufficient length of time to avoid inference

from one measurement to the next.

Wavelength specificity defines which compounds can be measured by DIAL systems. Although
other applications of LIDAR, such as measuring aerosols, are operated across a range of
wavelengths, DIAL wavelengths are specific to the absorption characteristics of the pollutants being
measured.’ Advances in tunable laser technology have allowed simultaneous multi-wavelength,

hence multi-component, measurements to be made.?
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Figure 2-17. Beam Path and Major Components of DIAL Unit.

The difference in the backscattered intensity between the “on” and “off” wavelengths allows for a
concentration of the compound to be calculated. The “off” wavelength is reflected predictably and
decreases in intensity (P) by the inverse square of the distance the light has traveled. The two
intensities are divided by one another and transformed into concentration data using the Beer-
Lambert law.? When the time delay of backscattering is added into the calculation, the distance

from the laser to the compound can be determined.31%11

DIAL measurements collect pollutant concentration data over a relatively long path length. Beam
path lengths range from a few hundred meters to 3,000 meters.> Since DIAL systems do not
require a remote detector/reflector, 2-D scans can be completed in approximately 10 minutes® > 8
Pollution emission flux is calculated by collecting wind speed data and plume concentration during
DIAL testing. Wind speed is multiplied by the pollutant concentration across the emission plane to

obtain a flux value. 3

Most of atmospheric sensing DIAL systems operate in a monostatic mode where light is emitted
and received at the same location. A monostatic mode may be deployed in two sub-

configurations; monostatic coaxial mode, where light is received by the same optics through which
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it was emitted, and monostatic biaxial mode, where light is received by optics located adjacent to
the originating optics. The monostatic system allows multiple measurements to be completed

quickly without the need of retro-reflectors or line of site detection systems. Figure 2-18 illustrates

the monostatic coaxial and biaxial modes.

Figure 2-18. Monostatic Coaxial and Biaxial Configuration for DIAL

The use of a bistatic DIAL configuration is less common. In bistatic mode light is produced and
detected at separate locations. The bistatic configuration requires frequent repositioning of the
detector to obtain an emissions concentration profile.%"> Figure 2-19 illustrates a bistatic DIAL

system.



ORS Handbook
Section 2.0
Page 2-52

Figure 2-19. Bistatic Configuration for DIAL

The signal receiving and detection system consists of primary optics, a spectral filtering unit, a

detector, and a photon counter. Receiving optics collect the backscattered light for analysis.

Primary optics vary by application and can include Cassegrain or Newtonian telescopes, multiple
small mirrors, and liquid mirror telescopes among others.’® Spectral filtering systems remove
background light and reduce signal noise. Spectral filtering can be accomplished by using simple
systems such as narrow bandwidth interference filters or more complicated systems such as
depolarization techniques.! A detector converts the incoming spectral signal into a digital signal
for photon counting. Typical detectors include traditional Photomultiplier Tubes (PMTs), Charge
Coupled Devices (CCDs), mercury-cadmium-telluride (MCT) detectors, or avalanche photodiodes.!
The photon counter performs two steps. The first step removes dark counts, which are a type of
signal noise created by the detector. The second step counts the number of photons based on the
time they were received. By counting photons on a sequential basis, range resolved measurements

are realized.!
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The DIAL system yields a spatially resolved concentration measurement along the specified path
length. Multiple closely spaced scans are often performed pver a cross section of an emission
plume to produce concentration maps as illustrated in Figure 2-20. This type of output is unique

compared to that of measurements such as OP-FTIR spectroscopy, for which the output is a PIC

without spatial resolution along the path length.

Figure 2-20. lllustration of DIAL unit mapping an emission plume

Wind characteristics play a major role in how the DIAL system should be positioned to take
measurements, as well as the validity of data obtained from those measurements. Equipment set
up is recommended to be at least 50 meters from the plume cross section and measurements
should be taken perpendicular to the wind direction. During the measurement period, wind
direction may change, which effectively skews the measurement plane.*?> Therefore, wind
direction is typically analyzed throughout the measurement process to accurately adjust the
measurement plane for skew.!2'3 Changes in wind direction and speed may cause variation in the
emission plume over time and affect the results of a scan along a measurement plane, which takes
about 10 to 15 minutes to complete. Averaging multiple scans of the same cross section helps to
suppress the error associated with a dynamic emission plume.'> Wind speed analyzed using dual
wind monitors typically do not vary more than 20 percent between the independent wind
measurements. Wind data from three elevations ranging from 15 to 25 meters, provide sufficient

information to determine plume flux through the plane.'*
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Pollutants and Relative Levels That Can Be Measured

A variety of atmospheric parameters can be measured with DIAL techniques including:
temperature, pressure, water-vapor concentration, and selected atmospheric gases. Additionally,

back scatter and light absorption of cloud particles and aerosols can be investigated.

DIAL has historically been used to measure criteria pollutants in the upper atmosphere.
Approximately 15 species in the spectral range of ultraviolet to infrared can be detected by DIAL
systems. Table 2-19 lists compounds that can be measured with DIAL systems. The list is not all-

inclusive but displays compounds reported in literature.

Table 2-19: Reported Species Measured with DIAL Systems

Compounds
Acetylene Hydrogen Chloride Nitrous Oxide
Alkanes Mercury Ozone
Benzene Methane Sulfur Dioxide
Ethane Methanol Toluene
Ethyl Benzene Nitric Oxide Xylenes

Ethylene

Nitrogen Dioxide

Detection limits in the ppb range have been reported at distances of 500 to 3000 meters.®*°
Detection limits vary based on many factors. Atmospheric effects, such as laser beam wander from
atmospheric turbulence, influence the accuracy of DIAL measurements. Laser type and internal
instrument noise can also have a negative influence on detection limits.1®” The path length also
affects the resolution of the system. Reported minimum detection limits range from 0.001 ppb for
mercury to 90 ppb for hydrogen chloride gas at a 200-meter absorption path length.” Detection

limits are given as estimates in Table 2-20 and are based on various absorption path lengths.
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Table 2-20. Approximate Detection Limits for DIAL6
Compound Reported Minimum Detection Range (m)
Detection Limit (ppb)

Acetylene 26 800
Alkanes 10 800
Benzene 3 800
Ethane 16 800
Ethylene 9 800

Hydrogen chloride 13 1,000
Mercury 0.06 3,000
Methane 76 1,000
Methanol 153 500

Nitric Oxide 4 500
Nitrogen Dioxide 5 500
Nitrous Oxide 56 800
Ozone 3 2,000
Sulfur Dioxide 4 3,000
Toluene 3 800
Xylenes 5 500

The specific wavelength used for detection depends upon the absorption characteristics of the
target compounds. The number of identifiable pollutants is further limited by the number of
absorbing wavelengths that are unique to a specific compound without additional interferences, as
well as the laser technology that is currently available. This technology is improving with
expectation that the range of detectable pollutants will expand.® DIAL systems can also be used in a
mode like a fugitive source monitor. In this mode, an entire class of chemicals can be measured
using a single laser wavelength that the entire chemical class absorbs. DIAL results from such a

study must be interpreted as an average.

Typical C

While the EPA provides information by general reference in Other Test Method 10 (OTM10)*3, the
verification of DIAL measurements is challenging due to its unique ability to produce spatially
resolved concentration data. Limited QA/QC guidelines exist that verify such data in the literature.
Information specific to LIDAR technology has been published by the Association of German
Engineers (VDI) in VDI 4210 Part 1 (1999) Remote sensing, Atmospheric measurements with LIDAR,

Measuring gaseous air pollution with DAS LIDAR.'8
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Record Keeping

As with all environmental measurements, it is necessary to keep accurate records during
measurement periods to ensure accurate data collection including records of calibrations,

meteorological conditions, path lengths, and measurement times.

Instrument Performance

Initial measurements should be conducted over a period so that emission source fluctuations may
be considered during data analysis; one half to an entire day is recommended for an initial
measurement.’* Scanning the same plume over different days and varying conditions is also
recommended to assess the impact of varying conditions on measurement results.’? An initial site
assessment should also be conducted to determine any interference that may disrupt data

acquisition. Interferences include geographic constraints and off-site upwind emissions sources.?

Some DIAL systems are programmed with verification systems to ensure that quality

measurements are taken. One reported DIAL system employs an internal “wavelength” verification
system, known as a wavemeter, to identify and dispose of any data produced from the emission of
an inconsistent wavelength.® This prevents erroneous data from being produced if the light source

emits radiation outside of the specified wavelength.

Example Applications and Vendors Applications

With the ability to develop spatial concentration information of air pollutants, DIAL systems have
been implemented in a variety of applications including fenceline monitoring, fugitive emissions
measurement, and plume fate analysis. DIAL may also be used to measure flare efficiency from
industrial processes. >! For each application, the strengths and limitations of a DIAL system must

be considered to produce results that meet users' DQOs. For example, the use of CO2 laser

assumes sufficient aerosol concentration in the atmosphere to provide sufficient backscatter. High

wavelength visible and UV light sources rely on molecular backscatter.
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Table 2-21. Typical Applications for LIDAR.
TECHNOLOGY APPLICATIONS
LIDAR DIAL

DIAL systems are either in a fixed or mobile arrangement. Fixed DIAL units used in laboratories are
typically less complicated than mobile systems used for field operation.® Many mobile systems
have been constructed based on an enclosed truck platform. The truck is driven to the testing site
and positioned accordingly to obtain emissions data. 7/ 1° DIAL systems have also been
implemented onboard ocean vessels and in airborne systems, collecting emissions information

while flying over a target area.'>?° Figure 2-21 illustrates a truck-based mobile DIAL platform.

Figure 2-21. Mobile DIAL Unit

Specific field implementation examples include studies completed on gas processing plants and oil
refineries. These studies used DIAL systems and plume mapping techniques in Canada and
European nations. Measured fugitive emissions were four to 20 times greater than factor
estimated fugitive emissions. >®1421  While these studies have concluded emissions factors may
underestimate actual fugitive emissions, objection to using annual emissions figures calculated by
DIAL measurements is apparent. Industry objects to using DIAL-based calculated emissions due to

the short time-period of measurement relative to the long time-period of annual operation.®
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In other studies, DIAL systems have been implemented to measure emissions from mobile sources

such as air and highway traffic. Additional DIAL systems have been developed to detect chemical

warfare agents as well as natural gas pipeline leaks from airplane mounted platforms:®

Vendors

Many vendors manufacture laboratory-scale DIAL applications; however, field-ready measurement
instruments are only offered by a small number of vendors. Table 2-22 lists vendors that
manufacture or provide field-ready DIAL instruments.

Table 2-22: DIAL Vendors

Vendors
Spectrasyne http://www.spectrasyne.ltd.uk/
LASEN http://www.lasen.com/
National Physical Laboratory http://www.npl.co.uk/
ITT http://www.itt.com/

Strengths and Limitations

A significant limitation of DIAL technology is the cost and limited availability of the measurement
service. Multiple measurements in North America have relied on importing the instrumentation
from the United Kingdom12%>21 Additionally, the number of chemical species measurable by DIAL is
restricted to the unique absorption characteristics of those species and the availability of laser

technologies able to produce the absorption wavelengths.

The most notable strength of a DIAL system is the ability to spatially resolve pollutant concentration
information in three dimensions in a short period of time. Concentration gradient data obtained in
short periods of time enables DIAL to be deployed in many applications and many configurations.
DIAL has been used in scenarios from ground-based emissions plume monitoring to helicopter and
fixed-wing aircraft aerial surveys. Table 2-23 and Table 2- 24 summarize the strengths and

limitations of DIAL system:s.
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Table 2-23: Summary of the DIAL Strengths

Feature Strength
Concentration data is spatially In contrast to PIC measurements taken by other instrumentation
resolved system, DIAL relay concentration data as a function of distance along
the beam path
Beam Path Reported path lengths up to 3000 meters

Receiving Optics

Collects backscattered light without the use retro- reflectors

Measurement Time

Scan along measurement plane requires 10 to 15 minutes

Mobile Platform

Instrumentation is moved around measurement site obtaining multiple

plume scans from various locations increasing accuracy of plume
characterization

Instrumentation can also be mounted on airborne
platform for increased mobility and expanded applications

Near Real Time Data

Real time data allows for leak identification and inputs to process
change decisions

Multi-Wavelength Operation

Allows for simultaneous concentration measurements of multiple
species and classes of species

Table 2-24: Summary of the DIAL Limitations

Feature

Limitation

Unique Chemical Absorption
Bands

Measurable species are limited to those with unique absorption
bands. Chemical species with common absorption characteristics can
only be measured as classes of compounds

Chemical Species Absorption
Dependencies

The absorption wavelengths of species are temperature and pressure
dependent. It is necessary to check the applicability of wavelengths
selected for measurement based on temperature and pressure
variation in target absorption.

Backscatter Requirements

Sufficient aerosol or molecular material must be in the atmosphere to
create sufficient backscatter

Wind speed and direction

Rapidly changing wind speed or direction may cause measurements to
change rapidly and may affect mixing ratios of measured surrogates to
compounds of interest.

Vendors

Small number of vendors providing DIAL systems and services

Expense

High system cost has limited to amount of commercial DIAL studies in
the United States
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2.5 Thermal Infrared Cameras

Thermal infrared (IR) cameras that are used for environmental measurements come from a
class of camera known as thermographic or forward-looking IR, which use IR radiation to form
an image in a manner like the way photographic cameras use visible light. The original thermal
IR camera development was funded largely by the astronomy and defense communities for the
purposes of “night-vision” for aircraft and other vehicles and development of heat-seeking
missiles.! Private companies have adapted military IR technology that does not require
sophisticated cooling or optics to produce commercial IR cameras for environmental

applications.

IR cameras are useful for a wide range of applications, including to monitor watershed
temperature in game habitats, to detect energy loss or insulation defects in buildings, to detect
biomedical abnormalities, to track and aid in target acquisition by the military, to improve
piloting of aircraft in low visibility conditions, to pinpoint ignitions sources during firefighting,

and to aid in search and rescue operations of missing persons.

Environmental applications of IR cameras include the detection of industrial gas leaks that are
invisible to the naked eye. By filtering incoming light to permit only regions of IR radiance
characteristic of hydrocarbon or volatile organic compound (VOC) gases to reach the camera’s
detector, the IR video camera allows the user to see images of hydrocarbon gases on the
camera screen in real time.? These cameras can identify the source and flow path of escaping

gases in a wide variety of applications,® such as tank vents and gas line leaks.

The major advantages to using the thermal IR camera for leak detection are the technology’s
portability and its qualitative ability to display a wide field of view that allows major leaks to be
detected more efficiently than classical leak detection and repair procedures that require each
equipment component to be tested individually. Additionally, IR camera technology allows leak
detection in parts of facilities that may be difficult or hazardous for personnel to access. The
thermal IR camera’s major drawback is its inability to measure the quantity or concentration of
gas present in a gas plume. A second limitation is the technology’s inability to identify
individual chemicals in a complex gas leak mixture due to the simple optics employed in
portable IR cameras. A third limitation is the technology’s inability to detect leaks when the

background temperature is the same as the gas temperature. A fourth limitation is the
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technology’s inability to detect leaks when ambient wind conditions are stronger than a

moderate breeze.

Basic Operation

All objects that have a temperature above absolute zero (or 0 Kelvin) have a thermal profile by
emitting IR radiation. In the case of IR cameras designed for the visualization of hydrocarbon
gases, a special band-pass optical filter is placed between the outer lens optic (made of
optically-transmissible germanium) and a focal plane array (FPA) detector that allows only IR
radiation in the range of about 3.2 to 3.4 micrometers (um) to pass to the detector (Figure

2.22).4

Figure 2.22. Overview of Thermal IR Camera Technology Basics.

The detector passes along the information as an electrical signal that is then processed by the
camera software to produce a live video image of the thermogram. The thermogram is an
image of the thermal radiation in the field of view and will display normally invisible gas
emissions on the camera’s screen as a clouded area or smoke in real time, as shown in

Figure 2.23.2%If the IR camera is set to display hotter areas on a thermogram as whiter than
the cooler areas in black and white, then a gas plume that is colder than the surrounding
background will appear like a dark cloud or smoke. If the opposite is true and the gas is hotter
than the background, then the gas plume will appear lighter like a white cloud or steam. The
presence of hydrocarbon gas in the thermogram are represented as a change in heat, similar to

how a shadow with a normal camera represents a change in visible light.*°
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Figure 2.23. Image of a Controlled Gas Release where the Gas is Warmer than the Background.

The IR gas sensing camera creates images based on the IR absorption/emission characteristics
of chemical species within the camera’s field of view. IR detection typically occurs in the 3 -5
um wavelength range for hydrocarbon gases,'! but the special lens and filter arrangements
represented by the spectral filter in Figure 2.22 are used to narrow the IR spectrum of
wavelengths detected to about 3.2 to 3.4 um, thereby allowing the camera to image specific
compounds or compound classes that have electromagnetic signatures in that region.*? Other
wavebands are available in different camera models ranging from 1 to 14 um. For example, 3.2
to 3.4 um is used for hydrocarbon detection, 4.52 to 4.67 um is used for carbon monoxide
detection, 8.0 to 8.6 um is used for the detection of refrigerant gases, and 10.3 to 10.7 um is

used for sulfur hexafluoride and anhydrous ammonia detection.?

Each chemical compound has a unique response to radiation from the electromagnetic
spectrum based on the rotational and vibrational energy transition characteristics of the bonds

|II

in each molecule to generate rotating and vibrational “ro-vibrational” spectra. For example,
many hydrocarbon molecules are electromagnetically active in the 3.2 to 3.4 um range due to
the structure of the carbon-hydrogen bonds. One such chemical, propane, is a short chain of
three carbon atoms with single bonds to each other and to hydrogen atoms (as shown in Figure
2.24). Figure 2.24 also shows the areas where the propane molecule has the greatest amount of

IR absorbance by the peaks in the blue line. Over the IR spectrum (1 to 14 um), propane has its
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highest peak in the 3.2 to 3.4 um region with a secondary peak around 6.5 to 7.5 um. This
indicates that targeting one of these two bandwidths (but especially the primary peak) with the
optics of the IR camera should result in the detection of propane, assuming there are no gases

that may cause interference.

Figure 2.24. IR Spectrum for Propane with the molecule Bond Structure (not to Scale).

An IR camera that targets the detection of hydrocarbon gases and has optics that focus the
imaging bandwidth to the 3.2 to 3.4 um region will have an optical window of transmission like
that presented in the top left panel of Figure 2.24.1* The top middle panel of Figure 2.25141>
illustrates the IR camera window of transmission overlaid with the propane spectrum and the
top right panel is the same but with the spectrum for methane. All three curves are
represented in the bottom panel of Figure 2.25 to illustrate that, although each curve will be
different, if the compound absorbs IR radiation in the window of transmission for the camera,
then the IR camera should theoretically be able to detect and make visible the gas emission of

that compound.
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Figure 2.25. Spectral curves for (top Left) an IR Camera Window of Transmission, (Top Middle) a Propane
Spectral Curve, (Top Right) a Methane Spectral Curve, and (Bottom) All Three Curves put together with
the Dashed Line Indicating the 3.2 — 3.4 Region.

It is expected that, if the IR camera window of transmission and a major peak in the IR
spectrum of a compound overlap, then the IR camera will be able to image a gaseous fugitive
emission of that compound. However, several factors affect the IR camera’s imaging and,

therefore, the sensitivity of the technology. These are:

e Ambient thermal energy plays an important role in the sharpness or resolution of the

IR camera’s image.

° Variations in the thermal profile of the image (called a thermogram) can require that
any of a number of settings be adjusted, such as focusing the lens, changing the
viewing angle, adjusting the temperature range setting, and switching between
automatic and high sensitivity (or enhanced) camera modes to ensure no leaks were

missed.!?
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° The IR camera’s leak detection sensitivity is affected by the temperature of the
target gas and the equipment surface and/or surrounding background in the field of

view.

° Reflectivity (reflection of IR light) and emissivity (emission of thermal energy due to
the absorbance of IR radiation) of surrounding materials also play a role in the

camera’s sensitivity.

° Gas concentration, distance from the leak source, leak pressure, play a role in the

ability to measure using this technology.
° Meteorology, such as cloud cover, and wind speed and direction.®

It is possible under certain conditions that the thermal radiance of the leaking gas and the
background are equal. Because the camera uses the temperature differentials to image a gas
plume, the leak will be invisible to the IR camera and, therefore, the operator under these
conditions. The temperature differential between the target gas and the background is
commonly called AT (“delta-T”) and is a major influence on the sensitivity of the IR camera.»131>
Proper IR camera operator training is required to ensure each of these factors are considered

during leak detection surveys to make sure all possible leaks or vapor clouds are detected.!°

The operation of an IR camera is straightforward. At start up, the IR camera must be allowed to
reach operating temperature since the camera’s detector is cooled by a Stirling engine to
reduce analytical noise. This start-up process takes an average of about 8 to 10 minutes to
complete, depending on the conditions of the surrounding environment. An additional wait of
10 to 15 minutes after the camera has reached the cooling set point is suggested to allow for
thermal stabilization. At this point, it is recommended that the operator perform a non-
uniformity correction (NUC) to spatially homogenize the detector response to thermal

differences.

IR camera models’ basic operation modes can include additional contrast adjustments allowing
easier visualization of leaking gaseous compound against the stationary backgrounds. There
are three potential modes on any given IR camera: Auto or Normal mode, Manual mode, and
High Sensitivity (HSM) or Enhanced (ENH) mode. As the name implies, Auto or Normal mode is

like the Auto mode on a digital camera where software algorithms optimize the image display;
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in the case of IR cameras, this is based on a histogram evaluation of the thermogram in the
field of view. Manual mode indicates the ability to adjust the brightness and contrast (called
level and span, respectively) of the image output. This mode is useful when the temperature of
the target gas is in the bulk of the histogram and not easily distinguishable from the thermal
profiles of other objects in the surrounding scene. An example is the presence of a very hot
object that skews the histogram to one extreme and effectively “washes out” the objects with
a thermal profile on the opposite end. Instead of using Manual mode, it is often the preference

of IR camera operators to use the HSM or ENH mode almost exclusively.

The HSM/ENH mode is executed differently by each individual manufacturer, but, basically,
algorithms in the camera software can perform a type of scene-subtraction whereby the
camera display results in only those objects that are time-dependent. For example, if the only
object moving in a scene is the escaping gas, then the HSM/ENH mode highlights only those
gas pixels that have changed over a series of frames. The camera operator can control how
many frames are included in the analysis, thereby increasing the camera sensitivity by
increasing the number of frames. The highest settings for sensitivity come at the cost of image
object resolution, potential interference, and larger file size. Because this mode can greatly
enhance the sensitivity of the IR camera, it is common that heat convection and the various
phase changes and air mass transportations related to heat are imaged. Frequent examples of
this interference are water evaporation, heat convection from hot or cold objects relative to
the ambient temperature, and water sublimation. There is also a training or warm-up period
associated with using HSM/ENH mode where the operator’s brain needs some time to become
accustomed to the features of the HSM/ENH images. Just like an athlete must practice a
certain skill to learn the skill and then warm-up before using the skill during a sporting event,
so too should the IR camera operator practice and warm-up before surveying with an IR

camera.10

Operators are trained to scan each piece of relevant equipment or area of potential leaks from
one end to another, pausing frequently on each new scene of equipment to detect time-
dependent changes, and to perform the scan from a minimum of two different viewing angles
or locations relative to air flow or wind direction to ensure all leaks are detected.? The first

field of view is often from a wider angle with a larger viewpoint, while the second field of view
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is at a closer viewing angle. The same areas can be scanned repeatedly to improve the

likelihood that all leaks are detected.2

The images collected by modern IR cameras are digital. Even older IR cameras generated a
video feed that was recordable and allowed archiving for remote viewing and review. The
cameras can operate using battery power for up to eight hours of continuous use, or
connected to AC power for 24-hour monitoring purposes.® Additionally, IR cameras used for
vehicle inspections have been adapted to use a 12-volt power source. Some IR cameras are
available with global positioning systems (GPS) to automatically record the location of the

camera’s use.?

If quantification of a leaking gas is required, it is also possible to couple the IR camera with
additional technology, such as a passive FTIR system, different optical elements, modeling
software, or more traditional leak detection and repair instrumentation such as a portable
instrument meeting EPA Method 21 requirements or mass flow measurement using a bagging
technique. Coupling the IR camera with another technology not only provides means for

quantification, but can verify a detected leak as well as determine its chemical composition.®

Pollutants and Relative Levels That Can Be Detected

Thermal IR cameras can be designed to detect chemical compounds that have absorptions
anywhere in the 1 — 12 um wavelength IR absorption range. Typically, the 3 =5 um wavelength
range is used for organic VOC. Depending on a variety of factors, including lens focal point,’
distance from the source, and meteorological conditions, gaseous compound concentrations in
the hundreds of ppm range (> 500 ppm) or leaks above an emission rate of about 12 grams per
hour (g/hr) are detectable by the camera.*> Table 2-25 provides a list of example compounds
that have been detected using IR cameras with different wavebands. This list is not all-

inclusive, but shows that many compounds can detected with the technology.
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Table 2-25. List of Example Gaseous Compounds that can be Detected by Thermal IR Cameras at

Different Wavebands
3.2-3.4 um 4.52 —4.67 pm 10.3 -10.7 um
1-Pentene Carbon Monoxide SFs (Sulfur Hexafluoride)
Benzene Nitrous Oxide Acetic Acid
Butane Ketene Anhydrous Ammonia
Ethane Ethenone Chlorine Dioxide
Ethanol Butyl Isocyanide Dichlorodifluoromethane "FREON-12"
Ethylbenzene Hexyl Isocyanide Ethyl Cyanoacrylate "Superglue"
Ethylene Cyanogen Bromide Ethylene
Heptane Acetonitrile
Hexane Acetyl Cyanide
Isoprene Chlorine Isocyanate GHO=EE(Nn
MEK Bromine Isocyanate R404A
Methane Methyl Thiocyanate R407C
Methanol Ethyl Thiocyanate R410A
MIBK Chlorodimethylsilane R134A
Octane Dichloromethylsilane R417A
Pentane Silane R422A
Propane Germane R507A
Propylene Arsine R143A
Toluene R125
Xylene R245fa
Typical C

Maintenance records should be kept for any equipment adjustments or repairs that could
affect measurement performance. Records should include the date and description of
maintenance performed. When the instrument is turned on, it must be allowed to warm up to
the manufacturer’s recommended operating temperature and the duration of this initial
period should be regularly noted in the instrument logbook. Once at the appropriate
temperature, the camera can be used to scan a known concentration of a detectable gaseous
compound or the butane from a standard BIC® lighter to demonstrate that the IR camera is

producing a visible image.*1?

When a leak is detected, a video record should be taken from an angle and distance that
promotes optimum leak visibility. The video should be at least 10 seconds long and stored with
a unique video tag.? Information about the leak (such as component type, model or style of

component, service, size, process unit, process stream, pressure, vent location and ambient or
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process temperature'®!?) should also be entered into a log sheet to further document the
leak.'? For leak detection and repair (LDAR) applications, once the leak has been identified, the
leaking component should be marked with a leak detection ID tag so that it can be easily
identified by maintenance and then repaired.? For vents, tanks or other major gas emissions
detected by the IR camera, the GPS location and a visible light photograph should be used to

document the observation.

Although no prescribed method exists, a couple theories have proposed the unbiased
evaluation of thermal camera performance using pixel intensity values. The first theoretical
method described is based on a white paper from Dr. Yousheng Zeng,?° and the second is
based on the noise equivalent temperature difference (NETD) method used to quantify the
thermal sensitivity of a thermal imager called the noise equivalent concentration length
(NECL)?! for a gas leak imager. Detailed discussion of these theories is available in reference 13,

however, a summary of these methods is provided below.

An experimental configuration where the filling optical gas cells in front of a controlled
background with a known concentration of test gas (Figure 2.26%) yields a pixel intensity
response is the keystone of Dr. Zeng’s white paper method. A daily operations quality control
chart (Figure 2.27?%) is developed by measuring the change in pixel intensity of the camera
response to the gas concentration in the test cells over different AT set points. Similarly, by
repeating the intensity measurements over different AT set points with different
concentrations can help to define a pixel intensity change over various concentration-path

lengths for a specific gas and camera model.
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Figure 2.26. Calibration/Verification Example Configuration, with IR Camera, Test Cells, Temperature-
Controlled Background, and a Gas Delivery System.

Figure 2.27. Example Quality Control Daily Operations Check Chart with Performance Boundaries.
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Figure 2.28. Anticipated Change in Pixel Intensity for various concentration-path lengths at a Specific AT.

The objective of the NECL method is to allow for the unbiased comparison of various OGI
camera sensitivities from different suppliers. By developing absorption curves that describe an
OGI camera response to set conditions (like the Zeng method), the NECL method uses these
absorption curves to calculate a single number that describes the minimum concentration-path
length that would be detectable above the baseline noise level. The proposed standardized

conditions for developing the absorption curve of a camera for comparison are:
° AT =10°C.
. The OGI camera to be tested is set up 1.0 m from the gas cell.

° After the line of best fit is optimized through the data, the NECL is evaluated at a

concentration-path length (CL) = 0 ppm-m.2!

The line of best fit through the experimental absorption curve data is extrapolated to CL=0
ppm-m to yield the minimum concentration-path length (NECL) that is multiplied by the optical
thickness of the gas plume (path length) to result in the minimum concentration that is

theoretically detectable for that OGI camera. For example, the authors of the study?!
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determined that 13 ppm-'m is the NECL for methane using a FLIR GF320 OGI camera. Dividing
the concentration-path length by the path length results in the concentration. Therefore,
conducting an OGI survey in the field with a gas plume that is 10 cm in optical depth translates
to the OGI camera being technically capable of detecting the plume if it has a concentration
greater than 130 ppm (13 ppm-m / 0.1 m). This limit of detection will increase, however, in a
manner commiserate with field conditions at the time of detection (e.g., wind speed, leak exit

velocity, background temperature and uniformity, distance from targeted equipment).?%13

Example Applications and Vendors

Thermal IR gas imaging cameras have a wide range of applications, though they are most
commonly used to detect large leaks from process equipment and storage tanks at refineries
and chemical plants.” The technology is now allowed as a replacement in the current LDAR
requirements for federal rules.*#1%1° The cameras have also been used to detect leaks in natural
gas pipelines through aerial viewing on helicopters.?>° Thermal IR cameras can also be used to
monitor other plant activities that could potentially create fugitive emissions such as truck and
barge loading and unloading and incinerator activities. The cameras can also identify flares that
would otherwise be unnoticed by the naked eye.?? An image of such a flare is included as
Figure 2.29.%2 Table 2-26 provides a general description of the applications for thermal IR

camera.

Figure 2.29. Flare Detection by Thermal IR Camera.
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Table 2-26. Typical Applications for Thermal IR Camera.
TECHNOLOGY APPLICATIONS

IR Camera Leak Detection

Vendors

Although there are several vendors for standard thermal imaging IR cameras, only a few
companies promote their products primarily as optical remote sensing IR cameras for
pollutants. A standard thermal imaging IR camera used for pollutant detection costs
approximately $80,000. Table 2-27 summarizes these vendors and their website information.

Table 2-27. Thermal IR Camera Vendors

VENDORS
FLIR, Inc. www.flir.com
Opgal Optronic Industries Ltd. www.opgal.com
IR Cameras, Inc. WWWw.ircameras.com
Infrared Cameras, Inc. www.infraredcamerasinc.com

Strengths and Limitations

The thermal IR camera has a variety of strengths and limitations that should be considered for
each application. A summary of strengths and limitations is shown in Table 2-28 and Table 2-
29, respectively. Utilizing a thermal IR camera is typically a more economical approach to leak
detection than traditional methods. The camera can identify the exact source of a leak from
safe distances within a plant. However, training is required for operating personnel, and
quantitative results cannot be obtained without introducing additional measurement
technology. Additionally, for outdoor use, gas detection becomes more challenging on overcast

days and the IR camera is not waterproof and therefore has limited use on rainy days.


http://www.flir.com/

ORS Handbook
Section 2.0
Page 2-76

Table 2-28. Summary Table of the IR Camera's Strengths

Feature Strength
Fast screening speed compared to conventional leak
detection methods*®
. Leak assessment can be done without interruption to
Economical

plant operations®?

Cost-effective compared to traditional leak detection
methods.*?

Qualitative Results

Accurately assess the size of each leak'®

Leak Identification

Better able to isolate the exact source of a leak,
despite proximity to other leaking sources, in real
time and record in a video format.?>8

Leak Detection from a Distance

Wide field of view: More likely to identify leaking
components in unconventional places.>*®

Exposure risk minor because leaking components can
be viewed at a distance.>*'®

Table 2-29. Summary Table of the IR Camera's Limitations

Feature

Limitation

Qualitative Results

Cannot quantify the concentration of a leak without
additional technology?

Training Requirements

Camera use requires individuals with specific
training. Some models are easier to use than
others.>*®

Meteorological Limitations

Cannot be used during rain or fog and is not as
effective during overcast skies.!®

The camera has a specified nominal operating range
for ambient temperature.!®

Safety Requirements

Operation is not intrinsically safe and use is limited in
hazardous areas.®
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2.6 Cavity Ring-Down Spectroscopy

There are multiple variations on cavity enhanced absorption techniques based on the property of
the time required to reduce the signal due to the absorption or scatter of laser light. CRDS and
Integrated Cavity Output Spectroscopy (ICOS) are examples of laser absorption spectrometry that
measures optical extinction of compounds that scatter and absorb light in a closed sample path.
This chapter describes first generation Cavity Ring-Down Laser Absorption Spectroscopy (CRLAS) as
an example of this widely used optical technology to measure in situ concentrations of gaseous
samples that absorb light at specific optical wavelengths down to the part-per-trillion level.
Although noteworthy for a broad range of applications, this technology is most often used for

measurements of weakly-absorbing or highly-dilute atmospheric samples.

Traditional absorption spectroscopy techniques measure the absolute change in light intensity

after passing through a sample relative to the original intensity of the light. CRDS techniques
improve on these methods by measuring the rate of decay of light intensity exiting from a high-
finesse optical cavity. Using the rate of decay rather than the change in light intensity makes the
CRDS technique less sensitive to fluctuations in the source laser intensity or variations in ambient
conditions (such as humidity). Moreover, the reflectivity of the closed optical (or ring- down) cavity

yields much longer effective sample path lengths for greater detection sensitivity.

In CRDS applications, the measured rate of decay of light inten