THESIS

EVALUATION OF COMMERCIALLY AVAILABLE ON-LINE ANALYZERS FOR MEASUREMENT OF

NATURAL GAS CONTAMINANTS

Submitted by
Khalid Mohamad Zineddin

Department of Mechanical Engineering

In partial fulfillment of the requirements
For the Degree of Master of Science
Colorado State University
Fort Collins, Colorado

Spring 2021

Master’s Committee:
Advisor: Daniel Olsen

Shantanu Jathar
Kenneth Carlson



Copyright by Khalid Mohamad Zineddin 2021

All Rights Reserved



ABSTRACT

EVALUATION OF COMMERCIALLY AVAILABLE ON-LINE ANALYZERS FOR MEASUREMENT OF

NATURAL GAS CONTAMINANTS

The proliferation of natural gas usage and extraction has led to never-before-seen levels
of demand across the United States in several industries. Because of this increased demand for
quality processed natural gas, a need has arisen to streamline its processing and distribution for
faster and more efficient delivery to customers. One method to achieve this is by consolidating
natural gas contaminant analyzers at processing and distribution sites; current sites typically
operate with multiple separate gas analyzers, each dedicated to measuring one individual

contaminant species.

Recent developments in laser-based gas composition analysis (in particular Tunable Diode
Laser Absorption Spectroscopy or TDLAS) as well as advances in gas chromatograph (GC)
technology have given rise to commercially-available analyzing instruments which are capable of
detecting and measuring multiple gas contaminants simultaneously. In order to verify the
effectiveness and reliability of these new technologies, three specific gas analyzing instruments
(herein referred to as Instruments A, B, and C) were selected for in-depth laboratory and field
testing. The main objective of this research is to quantify the accuracy, precision and uncertainty
of these new multi-species gas analyzers and compare their performance with existing gas

analyzers currently in use by natural gas processing and distribution organizations.



Four natural gas contaminant species were specified for evaluation of the natural gas
contaminant analyzers; these are water (H20), hydrogen sulfide (H,S), oxygen (O2) and carbon
dioxide (CO;). Laboratory testing was performed first by sampling existing natural gas from three
separate sources then by custom gas mixtures blended in-house from pure component gases to
simulate four levels of contaminants (Low, two Mid-range blends, and High). For results
verification a sample of each gas mixture (both source natural gas and custom blends) was
submitted to EMPACT Analytical Inc. for composition analysis. Following laboratory testing, two
instruments were selected for ongoing (through February 2022) field testing to simulate “real-
world” conditions and their results are compared with those of existing on-site gas contaminant

analyzers.

It was concluded that Instrument A (TDLAS-based) was the most accurate and reliable of
the three analyzers under test and required the least amount of user intervention to maintain
satisfactory operation. Instrument B (also TDLAS-based) ranked a close second-place, having
slightly less accuracy than Instrument A in measuring gas concentrations and falling short by its
inability to detect O, it also experienced multiple failures which required user intervention
and/or shipping the instrument back to the manufacturer for repair and reconfiguration.
Instrument C (GC-based) performed the poorest of the three analyzers with very low accuracy in
measuring Oz and H,0 to the point of being essentially non-detected species; it also required in-
depth user intervention for initial setup and on multiple occasions during operation which was

determined to be inappropriate for the intended application.
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DEFINITION OF TERMS

FERC — U.S. Federal Energy Regulatory Commission
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LGR — Los Gatos Research

ICOS — Integrated-Cavity Output Spectroscopy

OFCEAS — Optical Feedback Cavity Enhanced Absorption Spectroscopy
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SCFM — Standard Cubic Feet per Minute

LPS — Low Pressure Sampling

GPA — Gas Processors Association

DAQ — Data Acquisition

Vii



ASTM — American Society for Testing and Materials

LOD - Limit of Detection

GUI — Graphical User Interface
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CHAPTER 1 - INTRODUCTION

1.1 Background

From the middle of the 20" Century to today natural gas has seen a steady rise in usage
for various applications ranging from stationary power generation to transportation and
industrial chemical production [1]. The trend of natural gas consumption vs. time from 1950 to

present is shown in Figure 1-1.

U.S. Natural Gas Total Consumption
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Figure 1-1. United States Natural Gas Consumption trend over time [1].
As can be seen in Figure 1-1 the consumption of natural gas has been increasing since the mid-
1980s following a slight decrease between 1970 and 1985. The ongoing trend of increased
natural gas demand and the subsequent rise in its production have made standardization of its

composition an ever-growing need. Thisincreasing need has led to a response by the commercial



gas analyzer industry to develop and release on-line analyzers capable of measuring multiple gas
components simultaneously, as opposed to individual analyzers for each gas component which
is the current convention in natural gas processing and transportation. These on-line, rapid-
analysis devices allow for a streamlined analysis process and reduced time required to attain
accurate gas composition data. Accurate analysis of not only the energy content but also the gas
composition with regards to unwanted contaminants is a high priority among regulatory bodies,
refinement facilities and trading organizations [2].

Natural gas composition (referred to as quality) is regulated through tariff agreements
between pipeline owners which are filed with the United States Federal Energy Regulatory
Commission (FERC). Figure 1-2 shows an asset map of pipelines and sites owned by Kinder

Morgan, one of the major conglomerates overseeing natural gas production in the United States.
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Figure 1-2. Kinder Morgan United States asset map; Natural Gas in red [3].
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One company within the Kinder Morgan network is Colorado Interstate Gas (CIG). It is
responsible for the transport of natural gas from production areas in the Rocky Mountains to
Colorado, Wyoming and indirectly to much of the western half of the continental United States.
Among the details of its tariff, which include statements of transport and storage rates,
definitions of terms and conditions and forms of service agreements, are specifications for gas
quality. The CIG Tariff of 2013 states: “At a pressure of 14.73 psia and a temperature of 60°F,
such Gas shall not contain more than: (i) 0.25 grain of hydrogen sulphide per 100 cubic feet, (ii)
5 grains of total Sulphur per 100 cubic feet, (iii) 10 parts per million (0.001 percent) by volume of
oxygen, (iv) 3.0 percent by volume of carbon dioxide, (v) 7 pounds of water vapor per million
cubic feet in Kansas, Oklahoma and Texas and 5 pounds of water vapor per million cubic feet in
all other states.” It also specifies Gross Heating Value must fall between 968 and 1,235 Btu/SCF
[4]. In situations where a natural gas site detects contaminants over the allowable limit, the site
will “shut-in” meaning it stops the transfer of pipeline gas to the next site until the cause of the
contaminant increase is found and fixed. This typically entails a thorough analysis of the pipeline
and processing equipment to check for leaks and additional analysis of the gas composition to
verify the level of contaminants. If noissue is found at the site where the contaminated gas was
detected, the previous natural gas site just upstream in the pipeline is contacted and is required
to perform similar checks to its measurement, pipeline and processing equipment until the
natural gas contaminants are reduced back to acceptable levels.

Depending on the location and method of extraction (crude oil wells, gas wells or
condensate wells), raw natural gas can vary widely in composition of unwanted contaminants

and energy content [2]. Current industry conventions classify natural gas based on its origin and



chemical composition in two main categories: conventional and unconventional gas.
Conventional gas occurs in deep reservoirs and can either be associated or non-associated with
crude oil. Unconventional gas is found in other forms based on its source which can be shale
rock, coalbeds, deep aquifers or crystalline gas hydrate (essentially natural gas trapped inice) [2].
Having accurate knowledge of energy content is crucial in determining the monetary value of
natural gas; energy content is determined by the ratio of reactive species (hydrocarbons) to non-
reactive (carbon dioxide, helium, nitrogen) ones that make up the gas mixture. The non-reactive
species which reduce the heating value are referred to as “diluents”. Contaminants are other gas
species which may reduce the energy content of a natural gas mixture but more importantly are
harmful to the environment and/or corrosive and can cause damage to transport piping and
equipment over time. Contaminant composition is important in determining how much and what
type of processing will be required to make the gas suitable for transportation and ultimately for
use by the consumer [2].

Hydrogen sulfide is one such component of raw unrefined natural gas found in almost
every natural gas source to some degree; source natural gas is referred to as “sweet” if there is
little to no H2S content or “sour” if levels of H2S are above acceptable quantities. Some reported
sources can be as high as 2 percent or 20,000 ppm of the total gas mixture [5]. This is considered
an exceedingly high amount in the context of public safety as hydrogen sulfide has deadly effects
on the human respiratory system. Exposure to concentrations near 100 ppm over prolonged
duration (30 minutes or more) causes breathing difficulty, noncardiogenic pulmonary edema,
cyanosis and ultimately coma or death [6]. According to the National Institute for Occupational

Safety and Health, exposure to only 500 ppm can be deadly over prolonged periods (30-60



minutes) and levels over 1000 ppm can cause near-instant death [7]. Although it does have a
strong odor one particularly dangerous side-effect is fatigue of the olfactory nerves at 100 ppm
concentrations which renders a human unable to detect the gas’s presence by smell [7].
Hydrogen sulfide is also highly corrosive and readily combusts with air in a wide range of
concentrations from as little as 4.5 percent to as high as 45 percent (45,000 to 450,000 ppm)
often with explosive effects [8]. Its corrosive effects on steel, a common material used in natural
gas processing and transportation, have been widely investigated and are determined to result
from mixtures of water and hydrogen sulfide present in the natural gas being transported. When
the steel corrodes in the presence of these two substances hydrogen is released and rapidly
absorbed by the metal causing internal cracking and structural degradation [9]. Figure 1-3 shows
samples of pipe steel exposed to a hydrogen sulfide-water solution and the effect of hydrogen

absorption into the metal.

Figure 1-3. Surface blisters (a) and hydrogen-induced cracking (b) formed in pipe steel tested
for 96 hours in a hydrogen-sulfide solution in the absence of external stresses [9].
These corrosion issues also affect wear in natural gas compressor engines. Water is a product of
the natural gas combustion reaction with air; piston rings in internal combustion engines rarely
provide a perfect seal between the combustion chamber and crankcase so some intake and

combustion gases inevitably escape past the rings into the engine crankcase. Over time the



engine oil in the crankcase accumulates hydrogen sulfide and water which react with the engine
oil and form acids. These acids corrode and cause accelerated wear of critical internal engine
components such as crankshaft bearings and piston rings, reducing the longevity of natural gas
engines and requiring shortened maintenance intervals and additional specialized equipment
and procedures to combat the negative effects of hydrogen sulfide [10].

Other common contaminants like water and oxygen do not pose the same environmental
and public health risks but still negatively impact natural gas value. The presence of water causes
oxidation reactions with materials in transport equipment accelerating corrosion and wear and
at low temperatures can cause damage to equipment from freezing. Oxygen is not found
naturally in raw natural gas but migrates into the mixture from outside air through leaks in
transport equipment and causes significant amounts of corrosion after reacting with other
component gases [2].

In order to achieve required natural gas quality the raw product must be processed,
oftentimes in multiple phases. Each phase addresses the removal of unwanted components such
as heavy hydrocarbons, nitrogen, water and acid gases. Natural gas processing plants must be
designed based on the types of phases and degree to which each phase must alter the gas’s
composition. Much of the technologies employed in the construction and operation of
processing plants depends on the composition of the raw gas to be processed. Heavy
hydrocarbon components of raw natural gas such as butane and propane can be separated,
recovered and fractionated to be sold individually or blended as liquefied petroleum gas. Heavy
components can be separated by cooling, oil absorption, adsorption or membrane processes.

Water in liquid form can be separated relatively simply by cooling of the gas mixture. Water in



vapor form, however, requires more complex processes such as absorption by a chemical
reaction, adsorption into a desiccant-type substance, or at low pressures a gas permeation
process using membranes. The most common method for water removal is by using glycol
separators, a type of liquid desiccant [2]. Nitrogen is removed by cryogenic distillation, pressure
swing adsorption or membrane separation. Helium is also a component of natural gas in varying
amounts and is a valuable commodity in other industries. Its concentration in a raw natural gas
mixture determines whether the additional cost of helium extraction is justified and is typically
done through nitrogen injection. Oxygen at low concentrations is removed by non-regenerative
scavengers and at high concentrations by a catalytic reaction to produce water which can then
be taken out in the dehydration process [2]. The presence of both carbon dioxide and hydrogen
sulfide can cause weak acids to form when also present with water. Both carbon dioxide and
hydrogen sulfide can be removed in the same process, usually involving washing the gas mixture
with amine compounds, potassium carbonate or a caustic solution based on a sodium hydroxide
compound [2]. They can also be removed by adsorbent processes such as molecular sieves or
membranes although membrane processes are limited to carbon dioxide removal due to
mechanical weaknesses of the membranes in high-pressure, high-temperature conditions which

are required for hydrogen sulfide processing [2].

1.2 Natural Gas Contaminant Quantification
As of calendar year 2020 the majority of natural gas composition analysis has been performed
using multiple individual instruments, each dedicated to a limited number of gas species. The

MEAS-9-01 committee of the Pipeline Research Council International (PRCI) has identified the



need to evaluate on-line instruments capable of detecting multiple natural gas contaminants in
real time; these instruments have become commercially available only in recent years due to
proliferation of laser-based gas analysis. It has been realized that if current multiple-instrument
setups can be replaced or supplemented with one instrument to detect a range of contaminant
species, operating and maintenance costs can be reduced while simultaneously enhancing
measurement and detection capabilities. Current commercially available natural gas analyzing
devices use one of two main methods for determining gas composition: gas chromatography and
laser spectroscopy. Gas chromatography has existed much longer than laser spectroscopy with
its beginnings dating back to the 1940s [11]. Gas chromatography (GC) involves physically
separating the gas mixture into its individual components which are then fed into a detector and
analyzed. Physical separation of the gas components is accomplished by injecting the sample gas
into a carrier gas stream which then travels through a column typically made of a long tube
wound in a spiral with a small internal diameter and maintained at a specified temperature. The
GC column has a stationary phase (either liquid or solid) coating the inside of the tubing; this
stationary phase can be made of one of multiple possible structures. The structure and
composition of the stationary phase depends on the expected compounds to be analyzed (polar,
nonpolar or hydrogen-bond) and multiple GC columns can be combined into a single unit to
broaden the number of detectable compounds in a mixture sample [12]. Figure 1-4 shows a
simplified diagram of a typical gas chromatography system. Depending on the affinity of the
different components of the gas mixture to absorb into the stationary phase each component
will reach the detector in varying concentrations by the time it has traveled completely through

the GC column. The analog signal produced by the detector is then processed into a digital plot



of the gas composition called a Chromatogram [13]. Figure 1-5 shows an example chromatogram
with the signal peaks corresponding to the retention time of each analyte component in the
sample. The signal peaks indicate the chemical compounds detected and are categorized by pre-

calculated retention times in the specific GC column being used.

Carrier gas flow Sample injection Electrical signal
controller il
=] // Detector

Column oven i 8

Data
processing unit

Cylinder

Figure 1-4. Diagram showing basic layout of a gas chromatography analyzer [12].

Laser spectroscopy, or more specifically Tunable Diode Laser Absorption Spectrometry
(TDLAS) is a process which involves employing laser light tuned to specific frequencies in order
to interact with different components of a gas mixture sample. Gas molecules absorb light in
specific wavelengths depending on their molecular energy level and structure; these
characteristics are unique to each molecular compound as long as physical properties
(temperature and pressure) are held constant. Ina TDLAS system, laser light is projected through

the gas sample to be analyzed; it then passes through optical lenses which focus the light into a
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Figure 1-5. Example chromatogram showing signal peaks corresponding to retention

detector. The detector then feeds an analog signal to a processing unit which converts the signal
into usable data giving the concentration and composition of the sample gas. Because different
gaseous compounds each absorb specific wavelengths of light a typical TDLAS system is built with
the intended analyte gas in mind. Each system is built using a laser with a specific design
wavelength which corresponds to the specific absorption line of the analyte gas and is free from
interfering absorption from other molecules [14]. According to Frish et al [14], “Accurate control
of the laser injection current and temperature achieves rapid and precise tuning over a range of

12 nm around the specified wavelength.” Figure 1-6 shows a diagram of a simple TDLAS gas

detector system.

time of the sample component in a GC column [12].
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Figure 1-6. Simplified diagram of a typical TDLAS gas detector system [14].

Examples of currently available gas analyzing instruments using TDLAS are the
SpectraSensors 3-pack [15], ABB LGR-ICOS [16], AP2E ProCeas [17] and Emerson Rosemount
CT5800 [18]. Some available analyzers based on Gas Chromatography include the APIX ChromPix

[19] and Elster EnCal 3000 [20].

1.3 Scope Overview

The main objective of this project is to test the capabilities of natural gas analyzers to
determine which would be best for real-world in-the-field use at natural gas production and
distribution sites. This objective will be completed based on multiple criteria; along with accuracy
and precision of measuring gas mixture components each analyzer will be evaluated based on its
level of required intervention and ease of repair by the end user which comprises Phase 1 of the

project. Phase 2 is a long-term durability test in the field of the best-performing analyzers of

11



Phase 1. The first phase of the project will be performed in the Engines and Energy Conversion
Labs at the CSU Powerhouse Energy Campus. The Engines Lab itself is a large open space within
the Powerhouse that contains a separate enclosed area with sound insulation and privacy
windows typically used for sensitive engine testing which is not to be displayed to the public; this
enclosed space was selected for testing of the natural gas analyzers since it lends itself well to
maintaining consistent ambient conditions and a secure area with lockable doors to prevent
tampering with testing equipment and instruments. Figure 1-7 shows a top-down diagram of the

general testing area layout.

Doors to
Engines Lab

Data :
Acquisiiion Corsv\uzﬁlgnLtlg?s"B%Tﬂes
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Figure 1-7. Top-down schematic of laboratory test area located within Engines Lab of CSU
Energy Institute.
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The structure of this thesis consists of five chapters. Chapter one is an introduction
outlining the background and scope of the research project and its main objectives. Chapter two
details the methods and materials used to perform the experiments by describing the testing
approach and system design as well as a test plan and procedure and outlining the approach for
determining uncertainty in the experimental results. Chapter three displays the experimental
results and discusses what the results indicate in the context of the project objectives and goes
into detail comparing the performance of the individual gas analyzing instruments. Chapter four
discusses long-term field testing (Phase 2) of the project. Lastly, chapter five is a conclusion
summarizing the findings and discussing how the experimental results allowed the objective

criteria to be met; it also discusses ongoing work for the project outside the scope of this paper.
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CHAPTER 2 — METHODS AND MATERIALS

2.1 Test Approach

Testing the functionality of the gas analyzers involves flowing gas mixtures simulating
different compositions of commonly occurring natural gas. Four gas mixtures were chosen with
varying levels of CO;, O3, H,0 and H3S with the remaining composition consisting of primarily CH4
(85 percent) and CzHs (8 to 12 percent) with 2 to 3 percent CsHs. Contaminant target levels are
displayed in Table 2-1.

Table 2-1. Gas mixture contaminant targets in mole percent.

Contaminant Target
Species Mid Mid
Low High
(@ (b)) "
CO2 (%) | 0.1 2 3.4 10
02(%) | 0.05 0.2 0.4 1
H,0 (ppm) | 20 95 145 500

H.S (ppm) | 1 4.5 4.5 20

In order to test the analyzing instruments two methods were considered, one using pre-mixed
natural gas blends and the other using online real-time gas blending with high-purity component
gases typically found in natural gas. Both options had advantages and disadvantages; using pre-
mixed gas blends would eliminate potential errors in the blending process but due to the volatile
and explosive nature of the blends required there would be long lead times and high cost
involved. It would also be difficult to procure pre-blended mixtures containing the required toxic
and unstable sulfur compounds and use those mixtures in a timely fashion to reduce the potential
of gas blend degradation within the bottles due to component separation or reaction either with
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each other or with the container walls. Blending the gas in real time using individual ultra-high-
purity component gases would reduce the cost and lead time for procuring the gas bottles but
has more potential sources of error. This increased margin of error must be identified and
accounted for by comparing results to sample analysis results from a third-party gas analysis
laboratory in order to confirm the blending methods used. The latter option of blending gases in
real time was chosen due to these advantages and the greater level of control and precision
allowed in creating custom gas blends to our specifications. This required a custom designed and
constructed blending system to control the individual flows of component gases. Most of the
component gases would be stored in UHP gas bottles while the water and hydrogen sulfide
contaminants would be introduced into the blended gas stream through permeation tube

cylinders for greater safety and control.

Of the gas analyzers noted in Chapter 1 three were chosen to be tested with one being a
gas chromatograph and the other two using laser spectroscopy; these will be referred to
henceforth as Instrument A, Instrument B and Instrument C. Testing will be performed using a
system designed and built in-house at the CSU Engines and Energy Conversion Laboratories to
simulate real-world natural gas mixtures. Results from testing would be compared to gas mixture
composition analysis by a third-party lab, EMPACT Analytical Systems Inc. located in Brighton,
Colorado. EMPACT adheres to GPA (Gas Processors Association) 2261, 2145 and 2172 standard
analysis procedures. These procedures outline the usage of gas chromatography in determining
the composition of natural gas and similar gaseous mixtures and specify the range of gas
components covered, methods for calibrating equipment, procedures for analyzing and

calculating component concentrations and also the required level of precision (repeatability and
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reproducibility) for each natural gas component [21]. Tables 2-2 and 2-3 describe the gas
component molar concentration ranges and repeatability and reproducibility precision limits set
by GPA Standard 2261 respectively. EMPACT declined from providing specific information on the
type of instruments used in their analysis procedures for the sake of maintaining confidentiality

in its specific equipment and methods used.

Table 2-2. List of natural gas components and concentration ranges specified by GPA 2261 [21].

Components Concentration Range Mol. %
Helium 0.01-10
Oxygen 0.01-20

Nitrogen 0.01-100
Carbon Dioxide 0.01-20
Methane 0.01-100
Ethane 0.01-100
Hydrogen Sulfide 0.01-100
Propane 0.01-100
Isobutane 0.01-10
n-Butane 0.01-10
Isopentane 0.01-2
n-Pentane 0.01-2
Hexanes & Heavier 0.01-2
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Table 2-3. List of precision limits for each gas component in percent relative to the specified mole
percent ranges for GPA 2261 standard [21].

Component Mol % Range % REIatiY? % Relat.iv.e .
Repeatability Reproducibility

Nitrogen 1.0-7.7 2 7
Carbon Dioxide 0.14-7.9 3 12

Methane 71.6-86.4 0.2 0.7
Ethane 4.9-9.7 1 2
Propane 2.3-43 1 2
Isobutane 0.26-1.0 2 4
n-Butane 0.6-1.9 2 4
Isopentane 0.12-0.45 3 6
n-Pentane 0.14-0.42 3 6
Ce* 0.10-0.35 10 30

2.2 Utility/Field Natural Gas Testing

To provide a standard in which to compare the custom-blended natural gas mixtures
three samples of utility natural gas were acquired. Two of the samples came from two different
locations at a site in northeast Colorado called DCP Mewbourn (referred to as “Field Gas 1” and
“Field Gas 2”), each from a separate pipeline which supplied gas from slightly different sources.
The third sample was acquired on-site from the local natural gas utility supply at the CSU
Powerhouse Energy Campus (referred to as “Utility Gas”). Due to the relative ease in plumbing
these single gas bottles into the analyzer testing system they will be the first gases to be flowed

through the analyzers. This will check the functionality of the testing setup and aide in any

17



debugging or modifications before proceeding to online blending of the individual component
gases. Asthe source utility gas is flowed through the analyzers it will be captured in small sample

cylinders to be taken to an outside lab for third-party analysis, EMPACT Analytics in Brighton, CO.

2.3 Selected Analyzer Operation

Instrument C

Instrument C uses process gas chromatography incorporating a Thermal Conductivity
Detector using modern MEMS technology (Micro-Electro-Mechanical System) for a compact
standalone analyzing device. The GC column is made of inert material (fused silica and stainless
steel) formed into a spiral with a total length on the order of several meters and an internal
diameter of less than 0.1 millimeter. Depending on the model of analyzer and gases to be
analyzed the GC column within Instrument C can be one of four configurations, each utilizing
different structures within the tubing to support the stationary phase [22]. The GC detector in
Instrument C is of the Thermal Conductivity (TCD) type where two detectors (reference and
measurement) are integrated into a “Wheatstone” configuration; the change in conductivity of
the detector depends on the gas species which contacts the TCD and is how gas composition is

determined.

Advantages of Instrument C include a fully integrated stand-alone design with each dual-
column unit weighing around 67 Ibs and having external dimensions of roughly a 13” wide by 13”
tall cylinder. Its explosion-proof housing and internal thermal controls along with rugged physical

construction allow it to be installed and operate in harsh real-world conditions encountered at
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many gas processing and transport sites and is configured so that it can be mounted to a vertical
or horizontal surface [22]. A main disadvantage is the need for an inert (typically Helium or

Argon) carrier gas supply in addition to the sample gas supply.

Instrument A

Instrument A uses TDLAS technology but employed in a unique manner. In this system
an arrangement of high-reflectivity mirrors create an enclosure into which laser light is admitted;
the arrangement of the mirrors being slightly off-axis from the initial direction of the laser
effectively traps the laser photon so that the photon makes thousands of passes before leaving
the cavity. In this manner the effective optical path length is on the order of several thousand
meters, significantly enhancing the measured absorption of light into the sample gas within the
cavity. Along with this advantage, the lack of a required specific beam trajectory means the
optical alignment is very robust compared to conventional multi-pass spectroscopy analyzers and
is well suited for field use in harsh conditions [23]. Aside from this design feature Instrument A
operates on conventional tunable-laser absorption-spectroscopy methods outlined previously.
Even though it is a robust, low-maintenance design, its primary drawback is its large size (30in x
30in x 16in) and heavy weight, nearly 150 pounds. It also can only be mounted vertically on a

wall or rack; it cannot be mounted horizontally, for example on a table or platform.

Instrument B
Similar in operation to Instrument A, Instrument B uses laser absorption spectroscopy to
analyze the composition of gas mixtures. In this device a laser of specifically tuned wavelength

enters a cavity made up of several high-reflectivity mirrors; this causes the laser to reflect back

19



and forth within the cavity hundreds of times before exiting into the detector unit. Based on its
description, Instrument B operates similarly to Instrument A but with a smaller footprint and the
ability to measure hydrocarbons such as CHs and C;Hs. Also, unlike Instrument A, Instrument B
uses Low Pressure Sampling (LPS) which reduces the pressure of the sample gas going into the
laser cavity. This has the benefits of lowering the dew point of the sample gas, increasing the
velocity and thus transfer time of the sample, reducing sample gas consumption and reducing
gas optical interactions within the cavity which increases the spectrum resolution. This improves
the ability to distinguish between spectrum peaks and reduces the likelihood of cross sensitivities
and false positives [24]. Table 2-4 lists the selected instruments with their respective detection

method and detected contaminants.

Table 2-4. Selected gas analyzers with their detection method and contaminants detected

Contaminants

Analyzer Detection Method Detected
Instrument A Laser (S_IPSEE’SC;SCODV H,0, HsS, CO,, O,
Instrument B Laser (S_IE);E:'SSCODV H>0, H.S, CO,, CoHs
Instrument C Gas Chromatography H,0, H5S, CO;, 03, C2Hs

2.4 Testing System Layout

The system designed for metering and blending component gases into the desired
mixture is based on choked-flow orifices for flow control. Figure 2-1 shows a detailed schematic
of the blending system which includes all pressure regulators, valves and orifices with their
respective target settings. Figure 2-2 shows a 3D model of the blending system created in

SolidWorks.
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Figure 2-1. Schematic of blending system including gas bottle selection, pressure regulator
settings and orifice selection for Low Contaminant test blend.

Component gases from gas bottles first flow to the “metering cart” which is essentially an
arrangement of pressure regulators with pressure sensors and thermocouples on each regulator.
The metering cart also contains PID controllers to power heat tape for heating gas tubing and a
data acquisition unit to collect readings from the various sensors in the system. After the
individual gas stream pressures are set the gases flow through choked-flow orifices into a
manifold where they then mix and continue to the inlets of the analyzing instruments. Photos of

the metering cart are shown in Figure 2-3 and the component gas bottles in Figure 2-4.
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Figure 2-2. 3D SolidWorks model of testing system and gas analyzers.

Figure 2-3. Images showing metering cart with heater tape PID controllers on the top row
followed by the data acquisition unit below, then the six gas pressure regulators and their
respective inlets and outlets.
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Figure 2-4. UHP-grade component gas bottles supplied by AirGas.

Due to the volatility of the water and hydrogen sulfide contaminants these components
are blended into the gas mixture stream on separate lines downstream of the manifold. These
contaminants are supplied by permeation tube cylinders manufactured by Kin-Tek Analytical, Inc.
(Figure 2-5) which emit gas at a rate based on their temperature. The temperature of the
permeation tube cylinders is controlled by water bath ovens at a specified setpoint in the
permeation tube literature supplied by Kin-Tek (Figure 2-5). The water baths are digital
programmable units made by Walter Products Inc. and are also shown in Figure 2-6. Pure
methane is flowed through the permeation tube cylinders to act as a carrier gas and the mixture
is then plumbed to the main instrument supply line and flow-controlled with choked-flow orifices
and a back-pressure regulator (BPR) for each of the two streams. Using back-pressure regulators
instead of more conventional flow-through types allows more steady and precise pressure

control; back-pressure regulators maintain a set pressure upstream of the regulator (as opposed
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to downstream) and vent off excess gas. The flow rate of the upstream fluid does not affect the
pressure set point of a BPR as it does with a conventional flow-through regulator. The back-

pressure regulators used for this project were purchased from Equilibar, LLC. Figure 2-6 shows a
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Figure 2-5. Diagram showing partial cutaway of Kin-Tek permeation tube cylinder on left [25]
and Walter Products digital water bath on right [26].

simplified cross-section and exploded view of an Equilibar regulator. Temperatures before the
choked-flow orifices on the metering cart gas outlets will need to be monitored and controlled
to regulate flow to desired rates. Some parts of the gas supply tubing will also need to be heated
to prevent any condensates from forming as the gas moves slowly through the system. Nitrogen
purging of the system will also be accomplished through the metering cart and ball valves to
switch main gas supply from methane to nitrogen. Ambient temperature will be maintained
below target levels so tubing assembly components can be heated to desired temperature with
electric resistance thermal tape. Thermal management of tubing is crucial to achieve accurate

flow rates through the choked-flow orifices as well as minimize potential condensate formation
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Electro- Manual
Pneumatic -OR- Pressure
Regulator

Regulator

Figure 2-6. Cross-section (left) and exploded view (right) of Equilibar back-pressure regulator.
Reference pressure is supplied by separate manual air pressure regulators [27].

within the tubing. Heat-sensitive areas are wrapped with heat tape to maintain constant
temperature, thus pressures and flows. The main mixed gas line supplying the analysis
instruments will be stainless steel tubing heat-wrapped and internally coated to prevent
deposition of solid sulfides which could skew testing results and possibly damage downstream
equipment over time. In order to reduce costs and lessen the required length of heat-controlled
tubing the testing setup needed to be arranged in a way to keep the instrument gas supply line
as short as possible. Once the required pressures and flows were determined, a schematic was
drafted to lay out the tubing configuration and specify locations of valves, orifices, regulators and
other flow control components. After multiple iterations with the analyzers and routing gas
tubing in different orientations a simple uni-directional (in terms of gas flow) layout was decided
upon to reduce tubing lengths downstream of the manifold and permeation tubes to a minimum.
A 3D model of the testing apparatus was created using SolidWorks not only for visual
representation to aide in constructing the system but also to keep track of all the required

blending system components and produce an accurate bill of materials. The physical layout was
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designed with consideration towards easy assembly and access of parts and materials, all-around
access to tubing for wrapping with heat tape, and correct orientation of analyzing equipment

(primarily Instrument A which is large, heavy and requires a vertical mounting position).

The gas blending system requires a supply of clean, dry compressed air for setting the
back-pressure regulators as well as purging the enclosure of Instrument A. Although the
compressed air supplied by the laboratory is passed through a filter and drier we had to be certain
the air was as clean and dry as possible. Before being routed to the regulators and instruments,
the shop air supply flows through a “master” pressure regulator then a desiccant drier followed

by a particulate filter.

2.5 Molar Concentration Analysis

The first major step in designing the gas blending system is to calculate the flow rates of
component gases required to reach target contaminant levels. Target levels would be measured
on a molar basis to ensure consistency; this would be calculated from the volume fractions of
each gas species. Due to the relatively near-atmospheric temperatures and pressures at which
the gas mixtures will be sampled, the Ideal Gas Law could be applied in the determination of

molar content of each species,

y _ N*Ru*Tstd
Vsta =——— (2-1)
Pgtq

where N is the molar flow rate of gas, Ry is the universal gas constant, Ty is the temperature of

the gas and Psq is the pressure of the gas [24]. By using this relation, it is possible to convert
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volume flow rate (V) to molar flow rate which allows molar gas concentration to be determined.

The volume flow rate of each species was approached based on Amagat’s Law of Partial Volumes,
v ok
I/m - Zizl Vi (Tmr Pm) (2-2)

which states that the extensive volume (or in this case volumetric flow rate) V., of a gas mixture
is equal to the sum of volumes V; of the number k component gases, if the temperature T, and
the pressure P, of the components remain the same [28]. Based on this law it can be determined
that adding the flow rates of component gases and calculating the ratio of an individual
component gas to the full mixture volumetric flow can give an accurate prediction of the absolute
content of each component gas in the mixture. This allows target concentrations to be achieved
by increasing or decreasing component gas flow rates which is a simple operation in practice
using sized orifices and varying component gas pressure upstream of the sized orifices. The mole

fraction of each gas component can then be determined from the molar or volume flow ratio

_ Ny _V;
Vi= =7

N (2-3)

N

where N;is the number of moles of component gas, N is the total moles of gas mixture, V;is the

volume flow rate of component gas and Vp, is the total volume flow rate of the gas mixture.

In order to compute the required orifice size and upstream gas pressure first the

volumetric flow of the component gas must be converted to a standard air density flow rate by

. V,
Vayir = —=2— (2-4)

V (S-G-gas)
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where Vs is the volumetric flow rate of the component gas and S.G.gqs is the specific gravity of
the component gas. Once the air standard volumetric flow rate is determined it is then used to

determine the critical choked flow coefficient or C,. The flow coefficient is determined by

¢y = Qg i op— (2-5)

where Qg is the volumetric flow rate in Standard Cubic Feet per Minute (SCFM), S.G. is the specific
gravity of the gas relative to air, T is gas temperature and P; is the pressure upstream of the
orifice. Note that this relation only applies to choked-flow conditions where the upstream
pressure P; is more than two times the downstream pressure P, of the orifice. In this condition
the relation between upstream pressure and volumetric flow rate through the sized orifice is

linear which makes the control of gas flows far more straightforward in practical application.

2.6 Data Acquisition Program

In order to monitor all the sensors in the blending system and streamline the collection
of data from the instruments a custom data acquisition (DAQ) program was created. This
program runs on a host desktop computer which is connected to the DAQ switch on the metering
cart. The DAQ switch collects raw inputs from all the sensors in the gas blending system for the
DAQ program to log and convert to meaningful information such as pressure, temperature or
flow rate. The DAQ program also captures all data from the analyzing instruments in real-time
and archives the resulting time series data to files with common timestamps from the host
computer. The DAQ program incorporates custom MODBUS readers to interface with the

outputs of each of the analyzers over TCP MODBUS connections. The MODBUS outputs are
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scaled to match the outputs of each analyzer according to the manufacturers’ operating manuals
and are regularly checked against values logged within each analyzer to ensure proper

synchronization and accurate gathering of data.

2.7 Test Plan and Procedure
During the testing process several measurements will need to be taken including:
e Gas species temperatures, pressures and associated calibrated flow rates for the
blending system
e Back pressure regulator control pressures and associated calibrated flow rates
e Water bath temperatures (record actual displayed values in real-time)
e Main gas mixture sample pressure and temperature
e Third-party sample mixture analysis
e Measurement outputs from analyzing instruments being tested

e Associated ancillary data from analyzing instruments being tested

Contaminant concentrations for species being delivered by the permeation tube cylinders
(H2S and H;0) will be calculated based on manufacturer-specified mass emission rates with
respect to temperature and measured dilution flow rates used to set the final concentration
delivered to the instruments being tested. The gas blending system is designed to be compatible
with the sample delivery specifications provided by each of the analyzing instrument

manufacturers; these specifications are shown in Table 2-5.
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Table 2-5. Sample delivery specifications for analyzing instruments under test.

Instrument | Max Testing Max Testing Max Testing
Pressure | Target Temperature | Target Flowrate | Target
A 7.45 <1 psig 105C 40 C 1SLPM 0.9 slpm
psig
B 100 psig | 20 psig 50C 40C 0.15slpm | 0.15 slpm
C 60 psig | 20 psig 54 C 40 C 0.5 slpm 0.4 slpm

All analyzing instruments will be tested concurrently with each gas blend. Gas blends will
be tested sequentially in a manner to maintain consistent setpoints between test replicates and
ease calibration and setup. In practice it would be difficult to precisely reach exact contaminant
targets as outlined in Table 2-1 so some flexibility in target concentrations is required; an example

of target gas composition for each blend is shown in Table 2-6.

Table 2-6. Target calculated gas component concentrations for each contaminant blend.

Test Blend Composition Estimate

Species
Low Mid(a) Mid(b) High

CH4 (%) | 87.58  83.12 88.02 78.13

CaHe (%) | 10.57 12.61 12.61 7.63
CsHs (%) | 1.69 2.02 2.02 3.05
CO2 (%) | 0.11 2.03 3.41 10.11

02(%) | 0.05 0.20 0.41 1.03

H.0 (ppm) | 20.3 973 14522 513.7
H.S (ppm) | 1.2 4.5 4.5 21.8
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Following the initial setup of the analyzers, the remaining components of the gas blending
system are installed including the critical orifices, heat tape on all lines downstream of the
manifold, a sampling port just upstream of the main back pressure regulator and a rotameter to
measure total exhaust flow rate from the system. The sampling port is used to collect gas
mixtures in sample cylinders for third-party analysis and incorporates a needle valve to regulate
flow out of the main mixture supply line in order to maintain consistent line pressure. The sample
cylinders from EMPACT Analytics are of a flow-through design which incorporates valves on both
ends; this allows sample gas to be flowed through the cylinder to evacuate any possible
unwanted species. When a sample of the gas blend is to be collected one end of the cylinder will
be connected to the sampling port while the other end is attached to an exhaust line. Once all
connections are confirmed leak-free the cylinder inlet valve will be opened and the needle valve
on the sampling port opened to a preset point to begin the flow of sample gas into the cylinder.
Once the pressure in the cylinder has equilibrated to the line pressure (noted by watching the
flow rate through the exhaust rotameter) the outlet valve on the cylinder is opened and sample
gas is flowed through for 10 minutes to allow any unwanted gases to evacuate the cylinder. Next
the outlet valve is closed to allow the cylinder to pressurize then the sample port needle valve is
closed followed by the inlet valve on the cylinder. In this way the sample is captured in the most

accurate way possible, eliminating the likelihood of atmospheric air contaminating the sample.

The flow rates of gases through their respective critical orifices and ultimately the overall
system must be tested to confirm preliminary flow calculations. Each contaminant level testing
case (Low, Mid (A), Mid (B), High) is set up with its respective critical orifices and bottled gases

fed to the pressure regulators on the metering cart. Then a DryCal device is connected to the
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outlet of the mixing manifold and each gas component flowed through at various pressures set
by the regulator on the cart. A DryCalis a highly precise calibration device for testing volumetric
flow rates of dry gases by using a weighted piston within a vertical cylinder; sensors at the top
and bottom of the cylinder detect the position of the piston and calculate the flow rate of gas by
measuring the time needed for the piston to travel from the bottom to the top of the cylinder.
The DryCal operates cyclically by opening an internal valve until the piston reaches the top of its
travel then closes to allow the piston to return to its starting position which restarts the cycle.
The measured flow rate is averaged over 10 cycles and then recorded. By using the DryCal device
the actual gas flow rates can be measured and compared to calculated target values which greatly
simplifies system setup as well as determining uncertainty of the test results. A DryCal device is

shown in Figure 2-7.

Figure 2-7. Image of a DryCal Defender 530+ device used in calibrating the gas blending
system.
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For each gas component and orifice combination four to six data points are recorded of
the measured flow rate at each pressure; the regulator is set to a target pressure, allowed to
stabilize for 15-20 minutes (until the signal from the pressure transducer for that regulator stops
drifting) and the DryCal activated to take continuous flow measurements during that time. Each
pressure and its corresponding measured flow rate are then plotted and fitted with a best-fit
trendline to create a linear function of pressure versus flow rate. This allows a slope and y-
intercept value to be applied to the calculation within the Data Acquisition Program to display
calculated flow in real time making setting up each contaminant level test case much less time-

consuming.

The procedures for initial pre-test setup, daily pre-test setup, the actual data-gathering

testing and the post-testing procedures are outlined as follows:

Pre-Test Program Procedure

a) Perform leak checks for all gas blending and sample lines
b) Develop calibration tables for gas blending system at desired set points

c) Check operation of analyzers, blending system instruments and data acquisition system

Pre-Test Daily Procedure

a) Perform appropriate quality assurance and quality control checks for each analyzer
b) Prepare gas sampling vessels (cylinders) for third-party laboratory analysis
c) Check gas bottle pressures and ensure sufficient component gas supply for testing

d) Turn on permeation tube water baths and allow to reach temperature setpoint
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Data Point Testing Procedure

a) Open bypass valve downstream of manifold to prevent unwanted pressure buildup

b) Set gas blending system (metering cart and back pressure regulators and valves) to
achieve desired composition

¢) Upon reaching steady outputs for pressure regulator setpoints in DAQ program, open 3-
way valve to allow mixture flow into main sample line

d) Close sample bypass valve from step ‘a)’

e) Check exhaust flow rate with rotameter and adjust for minimum wasted sample mixture

f) Enable gas analyzers to begin acquiring data

g) Wait until both the blending system and each of the analyzers have stabilized

h) Begin test point

i) Confirm at least 5 discreet samples from Instrument C (GC) have been taken, ~20 minutes

j) Acquire gas blend sample for third-party laboratory analysis

k) End test point

I) Toggle contaminant blend or Nitrogen purge with 3-way valve

m) Repeat h) to I) N times

End-of-Test Day Procedure

a) Turn off regulators at gas bottles to allow system to bleed down
b) Turn off permeation tube water baths

c) Close all pressure regulators at the metering cart
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d) Open bypass valve to allow instruments to draw in ambient air while on standby or shut
down instruments if no additional testing will be performed for an extended period
e) Confirm and backup all test data through network as well as physical USB flash drive

f) Shut down all equipment (DAQ program, metering cart, gas line heat trace)

2.8 Uncertainty Calculation Methods
Uncertainty calculations for the blending cart flows were approached on a numerical basis
using the classic statistical method where the result, R, of a single-sample experiment is a

function of n independent variables

R = f(xq,%5, X3, e , Xp) (2-6)

where R is the parameter for which to determine uncertainty and depends on parameters xi, x3,

X3, ..., Xn [28]. If all parameters, x;, are normally distributed, then the uncertainty in Ris

5 = ([(Z)om] + [(Z) o]+ 4[(2) o] 27

where 0R/0x; is the partial derivative of R with respect to x; and éx; is the uncertainty of the

measurement of x;, which is the sum of all sources of uncertainty including both random errors

quantified with standard deviation as well as fixed errors such as linearity and hysteresis [29].

Determining uncertainty for the testing results in a detailed and comprehensive manner
was necessary due to the nature of the experiment; several factors influenced the results and
there were multiple potential sources of error in the blending system as well as the analyzers

themselves. Such details as temperature-influenced variations in gas flow rates and species
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concentrations and inconsistencies in flow-control orifices were carefully considered.
Manufacturer uncertainties for component gas bottles, pressure regulators, water baths and

permeation tube cylinders were also included in the calculations.

Individual uncertainties for the analyzer results and EMPACT third-party testing were
calculated in a straightforward manner based on manufacturer specifications and standard
deviation of reported results. However, the uncertainties for concentrations calculated from the
gas blending system sensors and metering cart (“Gas Standard-Diluted”) were more involved.
These uncertainties considered fixed errors specified by equipment manufacturers (permeation
tube emission rates, DryCal device uncertainty, component gas bottles, water bath temperature)
as well as random error quantified with standard deviation of the metering cart outputs. Figure
2-8 shows an example spreadsheet displaying all the measured average values, random and fixed
errors for the ‘Low Contaminant’ blend test performed in March 2020. Calculating uncertainties
from the metering cart and blending system outputs which are shown in the “Gas Standard-
diluted” section in Figure 2-8 was done on a separate spreadsheet using values reported by the
DAQ program for all the pressure and temperature sensors. Pressures and temperatures were
used to calculate flow rates based on known gas and sized orifice properties which were then
used to calculate component gas concentrations and their associated errors. An example is
shown in Figure 2-9 of the ‘Gas Standard-diluted’ uncertainty calculations for the ‘Low

Contaminant’ test blend performed in March 2020.
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Figure 2-8. Low-Contaminant test blend from March 2020 spreadsheet showing calculations
for total uncertainties for each analyzer under test, EMPACT third-party testing and
concentrations calculated from blending system sensor readings (“Gas Standard-diluted”).

The first step in calculating concentrations was to determine the volumetric flow for each

component gas stream (columns labeled “Reg1-CH4” through “H20 perm blended” in Figure 2-

9); these calculations were performed automatically by the DAQ program based on specified

inputs in the program coding which were selected orifice sizes, component gas properties and

output values from pressure and temperature sensors in the gas blending system. Then the

individual flows were summed to give a total volumetric flow rate (‘TOTAL’ in upper right-hand

corner of Figure 2-9) and the volume fractions (“vol frac” row in Figure 2-9) of component gases
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computed from the total flow rate. These volume fractions were then converted to parts-per-
million (ppm) by multiplying by a factor of 1,000,000. Because some of the component gas
bottles were blends of more than one gas, the concentrations for those streams were then

multiplied by the specified ratios of gases within each bottle and each component gas

Perm-tubes  ng/min TiC) COV H2S presst COV H20 press molfl=  0.041418095
H20 473345 80 0.002583563  0.006046009
H25 63365 30
Regl-CH4 (slpm Reg2-C2HE (sip Reg3-CO2/CH4 Regd-02/CH4 (: H2S perm blentH20 perm blen H2S perm total H20 perm total TOTAL
Avg 5.820495044  0.651278029 0.473276853 1.35319161  0.025740048 0.024148054 0.100395119  0.101470678  8.348129677
stdev 0.006601138  0.000475731  0.000552931 0.001426428 0.0000665010 0.0001459%9  0.000168352  0.000161041
Device cal 0.05820455 0.00651278  0.004732765  0.013531916 0.0002574 0.000241481 0.001003%91  0.001014707
Gas bottle cal 0.00058205  6.51278E-05
Water bath temp

0.00415834  0.004202722

delXn 0.065388138  0.007053639 0.0052857  0.014958344  0.000323502 0.00038748  0.001172383  0.001175748

dCo2/dXn 141.72 141.72 -2356.99 14172 1405757101  140.57597101

COZterm 85.87371096  0.999283546  155.2102647  4.493961436  0.002073343  0.0025967178

d02/dXn 68.46 68.46 68.46 -353.66  68.11554203  68.11554203

OZterm 20.03880104  0.233184801 0.130941533  27.98587817 0.00048677 0.00065662

dH25/dXn 0.1455 0.1455 0.14%5 0.1455 -53.43478261 0.15942029

H2S term 5.55609E-05  1.11201e-06  6.24435e-07  5.00091E-06  0.000299553 3.8158E-09

dH20 /d¥n 2.09 2.09 2.09 2.09  2.028985507 -747.2173913

H20 term 0.018676286 0.00021733 0.000122035 0.000977371  4.31901E-07  0.083828613

CH4 ppm 579280 5.97e+05 599431 993577

other ppm 447.1255043  6251.51182%

vol frac 0.657221446  0.078014843  0.056692566  0.162095183  0.003083331 0.00289263

CH4 ppm 697221.4459 55517.85609 161531.052  3081.576705  2874.051024 520226.0617
CO2ppm 1167.866861 1167.866861
O2ppm 564.0912376 564.0912376
C2HE ppm 78014.84333 78014.84333
H25 ppm 1.378637217 1.378637217
H20 ppm 18.08447015 18.08447015

Figure 2-9. Portion of spreadsheet for Low-Contaminant test blend from March 2020 used for
calculating component gas concentrations based on gas blending system sensor readings and
their associated uncertainties.

concentration listed in the bottom six rows of Figure 2-9. Component gas concentrations for
each stream were summed to give total calculated concentrations shown in the lower right-hand
corner of Figure 2-9. After the concentrations were determined, all the error sources were
incorporated and summed together (rows labeled “delXn” to “H20 term” in Figure 2-9) then were

multiplied by the concentrations to give total uncertainty for each contaminant gas.
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CHAPTER 3 — COMPARISON OF CONTAMINANT ANALYZERS

3.1 Initial Analyzer Start-Up

The first gas analyzer to be set up and tested for operation was Instrument B. The
analyzer operating software for Instrument B is highly detailed and allows adjustment of many
aspects of analyzer operation; this allows large-scale changes or repairs to be performed without
requiring the analyzer to be shipped back to the manufacturer but also makes initial setup more
involved as a higher level of knowledge of the analyzer is required. For this reason, the
manufacturer of Instrument B sent a team of personnel to aid in initial setup and provide a
detailed walkthrough of analyzer features and operation. The Graphical User Interface (GUI) for
Instrument B is well laid-out with a lot of information but without being overwhelming. The main
display shows the current concentration readings in the center with the two laser spectra
underneath along with current date and time. A toolbar on top has buttons to view real-time
results and plots, transfer data to external drive (USB), system diagnostics and advanced settings.
Since Instrument B was the first gas analyzer to be started up it was used to double-check the
functionality of the custom gas blending system. A major issue in the design of the blending
system became apparent when testing its operation with UHP nitrogen: more water vapor than
specified in the component gas supplier specifications was being detected by the analyzer. This
was determined to be caused by the nylon tubing used for transporting the component gases to
the metering cart. The issue was confirmed by connecting a temporary stainless steel line directly

from the nitrogen bottle to Instrument B; after running overnight to purge any remaining water
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vapor from the tubing and regulator the H,0O levels were showing around 2.78 ppm, down
significantly from 3.8 ppm when performing the same test with nylon tubing. It was determined
that water molecules were permeating from the ambient air through the walls of the nylon tubing
causing inaccurate readings; this would be unacceptable for testing as H.O is one of the
contaminants to be included in the natural gas blend and must be controlled precisely in order
to provide accurate results. After this discovery all nylon tubing upstream of the metering cart
for supplying bottled gas was replaced with copper tubing, preventing water molecules from

permeating into the gas stream and skewing analyzer readings.

Initial start-up and testing of Instrument A turned out to be straightforward in comparison
to Instrument B. The GUl incorporated into the analyzer was designed for use by personnel with
little to no training in the operation of the device so it is simple and easy to use. The main display
shows current concentrations and can easily be switched between time-series plots or simple
text display of current results. Two bars below the results display the status of the cavity
temperature and analyzer operation. A bar on the bottom displays current date and time,
current file results are being written to, sample gas temperature and pressure, laser time-
constants (Tau) and sampling rate. One issue arose with regards to the analyzer purge system;
the specific model of analyzer sent by Instrument A’s manufacturer requires a high flow of dry
air or nitrogen to purge the analyzer enclosure. In order to not risk having the analyzer readings
skewed from the presence of water in the purge air it was decided to use UHP 300 nitrogen for
purging the Instrument A enclosure and restrict the purge gas flow to an acceptable rate which

would not deplete the nitrogen supply too quickly.
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Setup of Instrument C proved to be more involved. The manufacturer did send out a pair
of representatives to go over the analyzer’s operation and setup, but it was before the analyzer
arrived which was not very helpful. When the analyzer did arrive, it was found that it had not
been configured correctly from the manufacturer and required adjustments both to the device’s
software settings and the physical electrical and plumbing connections. Responses from the
technician were delayed and inconsistent and no technician was ever sent to our location to aid
in setup so getting the analyzer up and running correctly took more time than should have been
necessary. Because of the more complex operation of a GC device the GUI for Instrument C was
more in-depth and required initial setup to configure the display to show what was required for
testing. Our configuration had four sub-windows in the application display; one for results of the
last GC run, one for current instrument status, and two chromatographs to check the peaks of

the contaminant gas species.

3.2 Analyzer Source Natural Gas Contaminant Results

For each of the two custom-blend testing sessions the instruments were first run on
source natural gas obtained from the CSU Powerhouse Energy Campus (“Utility Gas”) as well as
two natural gas processing sites (“Field Gas 1” and “Field Gas 2”). In order to provide meaningful
insight to analyzer performance only the CO; results are compared; specifications on the source
natural gas were not able to be obtained at the time of sampling so the only verification of actual
contaminant concentrations came from EMPACT third-party laboratory results. EMPACT was

unable to detect H,0 and had issues accurately detecting H,S; also, O, is unable to be detected
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Figure 3-1. Plot showing results for CO, concentrations in Field Gas 1 source natural gas testing.

by Instrument B so those results are displayed in Appendix A. Figures 3-1, 3-2, and 3-3 show CO;

concentrations for Field Gas 1, Field Gas 2 and Utility Gas respectively.

Field Gas 1 had very low levels of CO,, in some cases undetectable. Interestingly the CO>
content changed between 10-Feb-20 testing and 20-Mar-20 testing; the lower detected levels in
later testing indicates whatever small amount of CO; had been in the Field Gas 1 mixture either
reacted with other gas species or was adsorbed into the surface of the gas bottle itself. The
change in sample tubing routing could also have influenced how homogeneous the mixture
remained in transit to the instruments. CO; concentrations below 0.2 mole percent proved to be

non-detects for Instrument A as both test runs indicate in Figure 3-1. Instrument C detected an

42



average concentration closest to that detected by EMPACT third-party testing for 10-Feb-20 but
with a high level of uncertainty. Instrument B detected CO; in 10-Feb-20 testing but at a much

lower level than Instrument C and EMPACT.
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Figure 3-2. Plot showing results for CO, concentrations in Field Gas 2 source natural gas testing.

Field Gas 2 interestingly had opposite results as Field Gas 1 with respect to CO;
concentration where the level increased from 10-Feb-20 testing to 20-Mar-20 testing as opposed
to decreasing. One possible reason is the change in sample tubing routing between the two
testing dates; another would be that the CO; dissociated from the gas mixture between the two
dates. Regardless of this issue the results for 20-Mar-20 testing of Field Gas 2 indicated
consistency between all three analyzers as well as EMPACT third-party testing. Average reported

concentrations from the instruments are all within less than 5 percent of the concentration
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reported by EMPACT and the measured uncertainty was also minimal as can be seen by the small

error bars for the instrument results in Figure 3-2.
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Figure 3-3. Plot showing results for CO, concentrations in Utility Gas source natural gas testing.

Utility Gas results for CO, concentrations proved to be more consistent than Field Gas 1
or Field Gas 2. The levels detected by each of the analyzers stayed almost the same between 10-
Feb-20 and 20-Mar-20 testing with the greatest difference being for Instrument C; even so the
difference was small at only a 3.3 percent relative decrease (0.06 mole percent decrease).
Instruments A and B were even more consistent between test sessions. Oddly the results from
EMPACT for 10-Feb-20 are far below those for 20-Mar-20; this may have been due to operator
error in collecting the sample for EMPACT in 10-Feb-20 testing. Overall, the analyzers performed

well in this test; the greatest difference from actual was reported by Instrument B but even then,
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only by less than 5 percent relative to EMPACT third-party results in 20-Mar-20 testing.
Uncertainty was also low for all three instruments to the point of being almost negligible in 20-

Mar-20 results.

3.3 Analyzer Contaminant Custom Blend Results

The contaminant detection results from each instrument as well as the third-party results
(EMPACT), calculated concentrations from sensor readings (Gas Standard-diluted) and target
values for the Mid-A Contaminant level testing are shown in Figures 3-4, 3-5, 3-6, and 3-7. Two
test series are displayed in the same figure to show the difference in results before and after
modifications to the gas blending system, motivated by inconsistent instrument results. Looking
over the then-current gas tubing routing indicated the sample inlet for Instrument B was too
close to the outlet of the H,S stream and was not allowing the gases to fully mix before entering
the analyzer. It was also discovered that the ‘dead-end’ setup of having the exhaust from the
main BPR going directly into Instrument A without any bypass was giving erroneous results and
pressure fluctuations at the analyzer inlet. To remediate these issues, the blending system was
reconfigured to have all three analyzers drawing sample gas from the same point as far
downstream from the manifold and permeation tube cylinders as possible. It was also configured
to have Instrument A drawing sample gas from a constant-flow bypass arrangement instead of a
dead-end configuration. The '10-Feb-2020’ results show before the modifications and the '20-
Mar-20’ results show after the modifications. Table 3-1 shows a summary of test results for the

analyzers, computed values and EMPACT third-party testing for the March 2020 test run.
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Table 3-1. Summary of results from March 2020 testing from all analyzers, calculated values
(“Gas Standard-Diluted”) and EMPACT third-party testing.

Contaminant Concentrations (Mar 2020 testing)
H20 (ppm) H2S (ppm) CO2(mol %) 02 (mol %)

Low Targets 20 1 0.1 0.05
Inst A 7.15 0.933 0.107 0.073
Inst B 17.06 0.733 0.032 0
Inst C 0 0 0.118 0.006
EMPACT 0 0 0.16 0.06
Gas Standard-Diluted 18.08 1.379 0.117 0.056
Mid-A Targets 100 4.5 2 0.2
Inst A 87.1 3.97 2.01 0.21
Inst B 102.8 4.02 1.96 0
Inst C 20.2 2.69 2.04 0.12
EMPACT 0 0 2.04 0.2
Gas Standard-Diluted 96.5 4.54 2.03 0.199
Mid-B Targets 145 4.5 3.4 0.4
Inst A 139.4 4.22 3.44 0.438
Inst B 150.6 4.42 3.34 0
Inst C 30.4 2.61 3.51 0.271
EMPACT 0 0 3.45 0.41
Gas Standard-Diluted 149 4.83 3.49 0.406
High Targets 500 20 10 1
Inst A 487 19.3 10.55 1.094
Inst B 497 20.8 10.33 0
Inst C 0 0 10.63 0.689
EMPACT 0 0 10.54 1.1
Gas Standard-Diluted 503 20.3 10.84 1.097

Throughout the testing process, getting accurate, repeatable, and certifiable results for
H,0 concentrations proved to be difficult since EMPACT Analytics did not have the capability to
detect H,0 in sample gas analyses (shown as ‘0.0’ in Figure 3-4). Also Instrument C had not been
configured to detect H,0 accurately; having water detection shared with other gas species in the
same GC column did not allow for accurate measurement of H,0 from that instrument. However,
regarding comparison of the results from Instruments A and B to the target levels as well as the
concentrations calculated from measured flow rates these two instruments performed well.
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Figure 3-4. “Mid-A” blend H,0 concentrations detected by each analyzer along with the
calculated levels (Gas Standard-diluted) and target level. EMPACT third-party lab analysis was
not able to detect H,0 and is not shown.

Instrument B did read slightly high in the 20-Mar-20 test run but only by 6.5 percent more
than the calculated (“Gas Standard-diluted”) concentration. More importantly Instrument A was
initially 26 percent lower than calculated levels in 10-Feb-20 testing but after reconfiguring the
sample gas blending system the results improved greatly to within 10 percent of calculated
values. Overall, testing for H,O at these concentrations and under these conditions proved that
it is a difficult species to detect accurately without a dedicated gas analyzer set up specifically for

water detection.
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Figure 3-5. “Mid-A” blend H3S concentrations detected by each analyzer along with calculated
levels (Gas Standard-diluted), EMPACT third-party results and target level.

The next results to discuss are for H,S. Unfortunately, an issue arose with EMPACT where
their detected levels of H,S were far below both calculated amounts and measured amounts
reported by the analyzers, in some cases being below detectable limits. Additional tests were
performed specifically to verify EMPACT H,S results and unfortunately, they were far off (non-
detect or trace detection) from both calculated values and results reported by the analyzers; all
future testing from that point would not include EMPACT results for H,S. Based on the
concentrations calculated from species gas flow rates, however, Instruments A and B performed
with only approximately 12 percent variance from calculated. Interestingly the results for
Instrument C became less accurate (40 percent below calculated) after the gas blending system

was reconfigured; the lower reported concentration for the 20-Mar-20 testing indicates that
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somehow less of the H,S was reaching the analyzer than before. This trend continued across the
other test blends (Low, Mid-B, High) for the same testing date and the actual cause was never
able to be determined and corrected. The results from Instruments A and B turned out much
closer to calculated values in comparison; in 20-Mar-20 testing Instrument A was only 12.5
percent below calculated and Instrument B was even better at 11.5 percent below calculated
levels. More importantly the results from those two analyzers were within less than 1.5 percent

of each other.

Analyzing CO content proved to be the most reliable of the four contaminant species as
it was detected accurately by all three instruments and was also able to be quantified by third-
party tests. As Figure 3-6 shows the EMPACT results were within 0.5 percent of the concentration
calculated from species flow rates which confirms our calculation methods. Instrument C read
slightly high for 10-Feb-20 testing but after reconfiguring the gas blending system it reported
results within 0.5 percent of calculated for 20-Mar-20. In both test runs Instrument B reported
slightly below calculated by about 4.5 percent. Finally, Instrument A also reported values very
close to calculated; even the slight reduction in calculated CO; concentration from 10-Feb-20 to
20-Mar-20 trends with the Instrument A results. For 20-Mar-20 testing Instrument A came within

1.0 percent of calculated.

Detecting O proved to be difficult for Instrument C and was not a gas species able to be
detected by Instrument B. Instrument C did not detect O; at all in the 10-Feb-20; it did detect in
20-Mar-20 testing but was still 40 percent below Gas Standard-diluted calculated and EMPACT

third party levels. However, Instrument A performance improved after the gas blending system
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reconfiguration and improved from being 10 percent below actual in 10-Feb-20 testing to 5
percent above actual levels in 20-Mar-20 testing. The large uncertainty relative to average values
for Instrument A reading O: indicate the concentration used in the Low and Mid-A (Figure 3-7)
test blends were near the lower limit of detection of the instrument. This trend is reflected in

Figure 3-8 which shows O, concentration for the High Contaminant test blend.
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Figure 3-6. “Mid-A” blend CO; concentrations detected by each analyzer along with calculated
levels (Gas Standard-diluted), EMPACT third-party results and target level.

The error bars for Instrument A in Figure 3-8 are noticeably smaller than in Figure 3-7 verifying
that Instrument A performs with less uncertainty measuring O3 levels as concentrations increase
above 0.5 mole percent. Figure 3-8 also shows Instrument C to again be reading about 40 percent

below actual values for O3, similar to Figure 3-7.
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Figure 3-7. “Mid-A” blend O, concentrations detected by each analyzer along with calculated
levels (Gas Standard-diluted), EMPACT third-party results and target level. Instrument B
omitted due to non-detect of O,.

In order to get a better understanding of how the instruments performed for each
contaminant species, equivalency line plots were created comparing quantification techniques
to the “Gas Standard-diluted” concentrations calculated from gas blending system pressures and
orifice sizing for all four contaminant levels. While there is some uncertainty associated with
these calculated species concentrations it was determined to be within tolerable levels when
compared to the total uncertainties of results reported by the three analyzers. Third-party results

from EMPACT are shown for CO; and O2; EMPACT results were not available for H,O or H3S so

they are not shown. Figures 3-9, 3-10, 3-11 and 3-12 show equivalency plots for each
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contaminant using results from Low, Mid-A, Mid-B and High custom gas blends, respectively, in

test runs performed in March 2020 ('20-Mar-20’ testing).
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Figure 3-8. “High” blend O, concentrations detected by each analyzer along with calculated
levels (Gas Standard-diluted), EMPACT third-party results and target level. Instrument B
omitted due to non-detect of O,.

Instruments A and B were successful in detecting H.O with consistent results relative to
each other as well as calculated concentrations for each contaminant blend. Instrument B did
display increased uncertainty at High level blends as can be seen by the larger error bars at the
500 ppm data point in Figure 3-9; this is likely due to being the Instrument B upper detection limit

for H,0 which is 600 ppm. Instrument C had unacceptable performance with results consistently
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much lower than actual concentrations (by over 70 percent) but this is to be expected as that

analyzer had not been configured from the manufacturer to detect H-0.
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Figure 3-9. Equivalency line plot for H,O comparing instrument results to calculated (Gas
Standard-diluted) concentrations for all four contaminant blends.

Instrument C did perform better for H,S than for H,O but still reported results farther off from
actual than Instruments A and B as can be seen by the vertical offset of the data points in Figure
3-10. The measured error for Instrument C for the High contaminant blend level of H,S (target
of 20 ppm) also was very large as can be seen by the error bars for the Instrument C data point
at 17 ppm (y-axis value) in Figure 3-10. Instrument A had the lowest measured uncertainty of all
instruments and was within 5 percent of actual H,S concentration at High blend levels, seen by

the Instrument A data point at 19.32 ppm in Figure 3-10 also indicating the highest accuracy of
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the three analyzers. Instrument B also reported results similar to Instrument A with even lower
inaccuracy of 3.5 percent variance from calculated and only slightly higher uncertainty than

Instrument A, again at High blend levels seen by the Instrument B data point at 21.79 ppm.
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Figure 3-10. Equivalency line plot for H.S comparing instrument results to calculated (Gas
Standard-diluted) concentrations for all four contaminant blends.

In the case of detecting CO,, all the instruments reported average values within 5 percent
of calculated concentrations and maximum uncertainty of only +0.182 mole percent in
Instrument C results with Instruments A and B being £0.005 mole percent and +0.104 mole
percent, respectively. Unlike for the H,O and H,S contaminants, Instrument C gave results
consistent with the other two analyzers as well as actual measured concentrations with reported

High concentration CO; having only 2 percent offset from calculated values. EMPACT results
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were consistent with calculated concentrations with the largest offset being 3 percent for the

High contaminant blend CO; level.
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Figure 3-11. Equivalency line plot for CO, comparing instrument and EMPACT results to
calculated (Gas Standard-diluted) concentrations for all four contaminant blends.

Since Instrument B was unable to detect O, there are no results for that analyzer

displayed in Figure 3-12. The only analyzer which accurately and reliably detected O, was

Instrument A with reported values within 8 percent of actual measured concentrations.

Instrument C did detect O, but at levels much lower (on the order of 45 percent) than actual

values for all contaminant blend levels as can be seen by the data points being significantly offset

on the y-axis from the Oz equivalency line in Figure 3-12. EMPACT third-party lab testing results

were consistent with calculated concentrations with a maximum offset of 1 percent for the High

contaminant blend O3 level.
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Figure 3-12. Equivalency line plot for O, comparing instrument and EMPACT results to

calculated (Gas Standard-diluted) concentrations for all four contaminant blends. Instrument B
omitted due to non-detect of O,.

3.4 Analyzer Performance Evaluation

Each of the analyzing instruments’ performance was evaluated based on multiple criteria
including accuracy in reporting species concentrations, which of the gas contaminant species
under test are detected by each instrument, and the level of intervention required by users to

maintain proper operation.

Starting with detection of CO, contaminant by the analyzers, except for a few specific
cases all instruments were able to detect and report concentrations very close (within 5 percent)

to calculated and third-party results. Instrument B reported results 70 percent below calculated
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for Low Contaminant custom blend and was essentially a non-detect for Field Gas 1; based on
the data trends this seems to be due to the lower detection limit of CO; for Instrument B being
in the 0.1 mole percent range as test runs with higher concentrations of CO, gave results

consistent with the other instruments as well as calculated and third-party values.

Moving on to O, contaminant detection, only Instruments A and C were configured to
detect O3; Instrument B was not configured for that capability in this testing. Instrument A did
display a high level of noise (500 ppm peak-to-peak, standard deviation in the 110-120 ppm
range) when measuring O, but was only readily apparent in Low Contaminant custom blend and
source natural gas tests where the O, concentration was closer to the lower LOD (Limit Of
Detection) of the instrument. At higher concentrations the noise was still present but stayed
within the same range of values so the relative uncertainty became lower as the O, concentration
increased. Instrument C did detect O but at levels consistently lower (by 40 to 50 percent) than

Instrument A as well as calculated and third-party reported values.

Results for the remaining two contaminants (H,O and H.S) were less consistent due to
their volatile nature and lower concentrations compared to CO, and O,. For H;S all instruments
were able to detect but with more variation in both accuracy and uncertainty. Instruments A and
B reported consistent results with a maximum offset of 5 percent from actual values; Instrument
A had a maximum uncertainty of £0.078 ppm while Instrument B had a maximum uncertainty of
10.438 ppm for H,S, both well within acceptable levels. Instrument C reported a non-detect for
H,S in the Low Contaminant blend tests but was able to detect at higher concentrations.
However, the H,S values reported by Instrument C were consistently lower (by about 45 percent)

than the other instruments as well as calculated and third-party lab levels. The uncertainty for
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H.S on Instrument C in High Contaminant blend testing was also very high at +4.84 ppm from an

average value of 17.73 ppm.

For H,O, Instruments A and B both performed without issue reporting average
concentrations within 10 percent of calculated values. Instrument B did have increased
uncertainty at High Contaminant blend levels of +19.04 ppm (from an average value of 497 ppm)
but this was within acceptable levels and likely due to approaching the instrument’s upper LOD
for H20. Instrument C occasionally detected H,O but at levels far below other instrument and
calculated values, by as much as 73 percent; it had not been configured to measure H;0

concentrations from the manufacturer so that was to be expected to some degree.

Looking at the overall performance of the individual analyzers, Instrument C performed
the least satisfactorily out of the three analyzers tested. It technically was able to detect all four
contaminant species but the accuracy and uncertainty for H,O and O, were unacceptably poor.
It also required substantial user intervention during initial startup and over the course of lab
testing to get the instrument operating properly. Combined with its requirement of a constant
helium supply to act as carrier gas, the overall performance and suitability for in-field use is

inferior to the performance and suitability of the other gas analyzers.

Instrument B performed much better than Instrument C in terms of serviceability and
user-friendly operation as well as accuracy in detecting gas contaminant concentrations.
However, it lacked the capability of detecting O, altogether and was still slightly less accurate in
detecting gas concentrations overall than Instrument A. It was also found to be somewhat fragile

since on two separate occasions the analyzer stopped reporting appropriate readings and
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required physical adjustment of the laser cavity mirrors and/or adjustment of settings in the
instrument’s firmware with guidance from the Instrument B manufacturer’s technical support

personnel to restore it to operational status.

After all testing and comparison of results Instrument A performed the best out of the
three analyzers tested. While it did have a high noise-to-signal ratio near the lower LOD’s the
time-averaged results were still the most accurate of the three analyzers. It also gave the most
reliable and trouble-free operation especially after the custom gas blending system was
reconfigured to give a more consistent supply of sample gas. On only one occasion a technician
from the Instrument A manufacturer visited the testing location to check the laser cavity
alignment and system settings but they were found to be working well within specification and
no major changes were required. Instrument A had no issues detecting all four gas contaminant
species and did so in a consistent, repeatable fashion with in most cases less uncertainty than
the other analyzers. While its large physical size, relatively high weight and requirement of
constant purge air supply can be seen as disadvantages (particularly when compared to
Instrument B), the fact that it reliably detected all four contaminant species with high accuracy
and low uncertainty and also required minimal user intervention gave it the highest scores in
terms of evaluating analyzer performance and suitability for field testing. Based on these
evaluation results, Instrument A was chosen out of the three analyzers to proceed with in-field

testing.
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CHAPTER 4 — FIELD TESTING OF CONTAMINANT ANALYZERS

4.1 Field Test Site

Upon completion of lab testing of the three contaminant analyzers, Instrument A was
selected as the best in terms of performance and was chosen for continued long-term testing in
the field. Instrument B was also later agreed upon for field testing as the manufacturer believed
the analyzer did not perform to its full potential and provided additional funding and technical
support for the next phase of the project. The site chosen for field testing is the Watkins
Compressor Station in Aurora, Colorado which is operated by Kinder Morgan. This site was
chosen due to its proximity to CSU as well as the level of operations and willingness by the Kinder
Morgan personnel to aid in the project. Watkins Compressor Station serves as a Colorado
Interstate Gas pipeline compressor facility helping to distribute natural gas to consumers in
populated areas along Colorado’s Front Range of the Rocky Mountains including Denver,
Colorado Springs and Pueblo. At this site natural gas is recompressed for transportation through
the regional pipeline network and undergoes final processing to ready the gas for commercial
and residential use and make sure it meets local gas tariff standards. Natural gas distributed by
the Watkins Compressor Station is sourced from the Wattenberg plant located in northeastern
Colorado which is owned and operated by Anadarko Petroleum Corporation and processes the
natural gas from field production. Figure 4-1 shows a map of the route to the Watkins site from
the Colorado State University campus in Fort Collins, Colorado. Figure 4-2 is a satellite image of

the Watkins Compressor Station compound with the on-site location of the field test highlighted.
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Figure 4-1. Map of the northern Colorado Front Range showing the location of the Watkins
Compressor Station (24650 East Smith Road) and the route from CSU in Fort Collins.
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Figure 4-2. Top-down satellite image of Watkins Compressor Station compound with location of
field test installation highlighted in lower-right corner.
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Field testing of the selected analyzers involves drawing natural gas from one of the site
supply lines using a pipeline probe regulator assembly and setting a constant flow of sample gas
through the analyzers. The analyzers are set up outdoors in temperature-controlled enclosures
just outside the small buildings which house the gas analyzing instruments for the Watkins site.
Data from the on-site Kinder Morgan analyzers will be compared alongside data collected by
Instrument A and Instrument B. These sets of data will be processed and analyzed to determine
the performance and accuracy of the instruments under test relative to the on-site gas analyzing
instruments. Figure 4-3 is a photo of the sample probe regulator mounted in the pipeline used
for sampling along with the sample line and its heat trace; since there is about 40 feet (13 meters)
distance from the sample probe to the instruments the line must be heated to prevent
condensation and dropout of any heavier species in the sample gas mixture. Figure 4-4 shows a

top-down schematic of the site test area configuration.

Figure 4-3. Photo of sample probe regulator (circled in red) installed in natural gas pipeline
along with the sample gas line and its heat trace wrapping (black line going to overhead bridge).
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Figure 4-4. Top-down schematic of analyzer testing configuration at the Watkins Compressor
Station

4.2 On-Site Gas Analyzers

To ensure the quality of the natural gas being supplied by the Watkins Compressor Station
meets required standards, on-site gas analyzers constantly monitor the gas composition and
concentration of Oz, H,0 and H;S. For measuring O; content a Teledyne Trace model OT-3
Oxygen Analyzer is used (Figure 4-5). The Teledyne OT-3 is a single-channel analyzer using Micro-
fuel Cell sensor technology. The Micro-fuel Cell is an electrochemical galvanic device that

contains a cathode and anode immersed in an aqueous electrolyte and converts energy from a
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chemical reaction into an electrical potential that can produce current in an external electrical
circuit; its action is similar to that of a battery but with one of the reactants (oxygen) introduced

from outside the cell instead of being contained within it [30].

Figure 4-5. Photo of Teledyne OT-3 Trace Oxygen Analyzer installed at Watkins Compressor
Station with front panel open showing internal components.

For measuring H;S concentration in the pipeline natural gas stream, an Envent
Engineering Model 331 H,S Analyzer is employed by the Watkins Compressor Station (Figure 4-
6). The Envent Model 331 is a single-channel analyzer using ASTM D4084-07: Standard Test
Method for analysis of hydrogen sulfide in gaseous fuels (Lead Acetate reaction rate method)
[31]. The analyzer uses lead acetate impregnated paper (“H,S Sensing Tape”) which reacts when
exposed to H,S at a rate dependent on concentration in the sample stream; the reaction
produces a visible darkening stain on the tape. The electronics built into the analyzer use an LED
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and photodiode detector and are programmed to measure the rate of darkening over time which

translates to the level of H,S concentration in the sample gas [31].
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Figure 4-6. Photo of Envent Model 331 H,S Analyzer installed at Watkins Compressor Station
with front panel open showing H,S Sensing Tape reels and detector module.

The analyzer used for measuring H,O content in the pipeline natural gas stream at the
Watkins Compressor Station is the SpectraSensors Model SS2000 (Figure 4-7). The
SpectraSensors SS2000 is a single-channel analyzer using TDLAS (Tunable Diode Laser Absorption
Spectroscopy) which is the same theory of operation as Instrument A and Instrument B. Like
Instruments A and B, the SpectraSensors $S2000 contains a sample cell with a mirror on one end
and a window at the opposite end through which a laser beam can pass [32]. The laser beam is
tuned to the specific absorption spectrum of the gas species to be analyzed and enters the cell

where it then reflects off the mirror making a pass through the sample gas and is absorbed by
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the component gas molecules. The reduction in intensity of the beam leaving the cell is measured

by a detector and is processed to determine H,O concentration [32].
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Figure 4-7. Photo showing front panel of SpectraSensors Model S52000 H,0 analyzer installed
at Watkins Compressor Station

Lastly for measuring CO; content in the pipeline natural gas a Daniel Danalyzer 500 Gas
Chromatograph is used in conjunction with a Daniel 2350 GC Controller. This device operates on
standard GC principles wherein a small volume of sample gas is injected into a column which
contains a stationary phase packing. The packing causes selective retardation of the sample
through the column which separates the sample into its component gases; separation of the
sample in this instrument takes approximately 10 to 15 minutes [33]. A detector at the outlet of
the column senses the component gases from the column and produces electrical outputs
proportional to the concentration of each component [33]. The outputs are then processed into
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chromatograms and recorded for reference. Figure 4-8 is a manufacturer image of a Danalyzer

500 chromatograph with optional explosion-proof controller.

Figure 4-8. Image of Daniels Danalyzer 500 Gas Chromatograph and explosion-proof Daniel
2350A Controller.

4.3 Field Test Experimental Setup

Instruments A and B are set up at the field test site outdoors in order to monitor the
effects of changing ambient conditions such as temperature, pressure and humidity. However,
the analyzers themselves are not designed to be exposed to the elements and must be enclosed
to protect from water and dust intrusion and temperature extremes. The enclosures are

equipped with automatic electric heaters to keep the temperature at or above 70 degrees
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Fahrenheit. To meet industry safety requirements the enclosures are also set up with a constant
supply of purge air to ensure any possible leaking sample gas cannot collect inside the enclosure
and form a dangerous explosive mixture. Figure 4-8 shows the installed enclosures for

Instruments A and B.

Figure 4-8. Enclosures for Instruments A (left) and B (right) installed at field test site showing
sample gas, purge air and electrical connections

In order to ensure adequate sample gas flow rate and prevent potential dropout of gas
components a fast-bypass loop was incorporated into the sample inlet tubing configuration for
Instrument A; this is required due to the low sample flow rate of the analyzer. This was not
required for Instrument B as it already comes factory-configured with a sample bypass loop due

toits very low sample flow rate, even lower than Instrument A. Figure 4-10 is a schematic of the
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fast-bypass loop used for Instrument A; the setpoint values displayed were adjusted slightly to
coincide with the requirements for the instrument. In the fast-bypass loop the sample gas flows
from the probe regulator and passes through a filter to prevent any unwanted solid or liquid

species traveling into the analyzer. A portion of the flow passes through a pressure regulator set
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Figure 4-10. Schematic of sample gas Fast Bypass Loop for Instrument A.

to the required inlet pressure of the analyzer. The remaining flow which doesn’t pass through
the regulator is diverted to a needle valve to set the bypass flow rate with a check valve
downstream of the needle valve to prevent unwanted back-flow. After flowing through the
pressure regulator the sample gas travels to the sample inlet of the analyzer; a relief valve is
incorporated into the analyzer sample inlet tubing to prevent an overpressure condition from
potentially damaging the analyzer. Figure 4-11 shows the physical fast bypass loop configuration

installed in the enclosure for Instrument A.
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Figure 4-11. Photo of installed sample gas Fast Bypass Loop inside enclosure for
Instrument A also showing purge air filters, electrical wiring and heater thermostat on right
with enclosure heater mounted on left.

Data from the instruments is transmitted remotely in real-time using a cellular network
router. This also allows remote access to the instruments to check their operation and make any
necessary adjustments without requiring a visit to the field test site. The instruments are
connected to the router via ethernet cable which then broadcasts the signal through the cellular
phone data network of the chosen wireless carrier. The specific model of cellular router selected
for this application is the Teltonika RUT240 LTE Router. Figure 4-12 shows the cellular router
mounted inside the building housing the pipeline analyzers for the Watkins Compressor Station

along with the external roof-mounted antennas.
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Figure 4-12. Photos showing cellular router for remote communication (left) with roof-mounted
antennas (right).

4.4 Initial Field Test Results

Once the two analyzers were installed and sampling pipeline natural gas on January 15,
2021 the data collection routine was started. At the end of the month the Kinder Morgan
personnel release gas composition data for each day, averaged over 15-minute intervals for laser-
based analyzers (H.0, H.S, Oz levels) or 1-hour intervals for the GC analyzer (CO; and assorted
hydrocarbons). The data from Instruments A and B is averaged to the same time interval and
compared to the on-site analyzer results. Contaminant concentrations from January 15 to
January 26 are shown in Figures 4-13, 4-14, 4-15, and 4-16. Concentrations for January 31 to
February 18 are shown in Figures 4-17, 4-18, 4-19, and 4-20 as there was a lapse in data collection

from January 26 to January 30.
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Figure 4-13. Time-series data for CO, concentrations from Instruments A, B, and Kinder Morgan
on-site analyzers for 1/15/21 to 1/26/21.
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Figure 4-14. Time-series data for H,O concentrations from Instruments A, B, and Kinder Morgan
on-site analyzers for 1/15/21 to 1/26/21.
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Figure 4-15. Time-series data for H,S concentrations from Instruments A, B, and Kinder Morgan
on-site analyzers for 1/15/21 to 1/26/21.
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Figure 4-16. Time-series data for O, concentrations from Instrument A and Kinder Morgan on-
site analyzers for 1/15/21 to 1/26/21.
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Figure 4-17. Time-series data for CO, concentrations from Instruments A, B, and Kinder Morgan
on-site analyzers for 1/31/21 to 2/19/21.
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Figure 4-18. Time-series data for H,O concentrations from Instruments A, B, and Kinder Morgan
on-site analyzers for 1/31/21 to 2/19/21.
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Figure 4-19. Time-series data for H,S concentrations from Instruments A, B, and Kinder Morgan
on-site analyzers for 1/31/21 to 2/19/21.
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Figure 4-20. Time-series data for O, concentrations from Instrument A and Kinder Morgan on-
site analyzers for 1/31/21 to 2/19/21.

76



According to the relative consistency in the CO,, H,0 and H,S data, Instruments A and B
are in agreement with each other as well as the on-site Kinder Morgan analyzers for the Watkins
Compressor Station. In order to make the multiple sets of data correlate between the different
analyzers a time-offset of +68 minutes was applied to Instruments A and B for the first set (Jan
15-26) of data. Much larger offsets of +12 hours for Instrument A and -6 hours for Instrument B
were required for the second set (Jan 31-Feb 19) of data; the cause of this is unknown although
the instruments did experience lapses in data collection as can be seen in the second data set
plots. The lapse in data was likely caused by a power outage or similar issue which caused the
instruments to go offline; it is likely that once the instruments rebooted and attempted to
synchronize their individual system clocks to the internet the previously-set time synchronization

between the instruments and Kinder Morgan analyzers was lost.

Only Instrument A can detect O3 so its results could not be compared with Instrument B.
However even though Instrument A can detect O, its lower limit of detection of 0.01 mole
percent or 100 ppm is far above the O, concentrations detected by Kinder Morgan analyzers
which is on the order of 0.4 to 0.7 ppm. For this reason the results for O, cannot be compared
accurately as can be seen in Figures 4-16 and 4-20. The high level of noise in the Instrument A
readings makes results nearly impossible to distinguish. An alternative method to verify O,
concentration will be required and with expected levels as low as they are it may be inconclusive

to continue monitoring O, with Instrument A.
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CHAPTER 5 — CONCLUSION

Three natural gas contaminant analyzers were selected for testing their operation and
functionality, referred to as Instruments A, B, and C. These instruments have the ability to detect
and measure multiple natural gas components simultaneously as opposed to current natural gas
site analyzers which typically only each detect one component species. Three commercially
available gas analyzers were tested to find the most capable and best-performing unit to
potentially be installed at natural gas processing and distribution sites. The analyzer with the
best performance was selected for additional in-field testing to evaluate its performance in “real-

world” conditions.

5.1 Laboratory Testing Evaluation

Each of the gas analyzing instruments employed unique technology and methods of
operation to measure gas concentrations. Instruments A and B each used their own unique
application of Tunable Diode Laser Absorption Spectroscopy (TDLAS) technology while
Instrument C is a multi-column Gas Chromatograph (GC). The contaminant gas species chosen
to be measured by the analyzers are CO;, O,, H;0, and H,S. The analyzers were tested using
three locally sourced pipeline natural gas blends as well as four custom gas blends created in a
laboratory in real-time using ultra-high-purity component gases. These four custom blends
represented typical Low-level, Mid-level (two versions) and High-level contaminants commonly
found in natural gas. The instruments were also evaluated in terms of their ease-of-use and level

of required user intervention to maintain satisfactory operation.
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The results from the analyzers under test were compared to third-party laboratory
sample analyses (for CO2 and 0O,) and post-test calculations of component gas concentrations
(referred to as Gas Standard-diluted) based on outputs from the gas blending system sensors.
The Gas Standard-diluted values are considered to be the true values of contaminant
concentrations. After comparing the results between the analyzers, third-party lab analyses, and
calculated values it was concluded that Instrument A was the best-performing gas analyzer of the
three tested. Aside from having a relatively low signal-to-noise ratio when measuring
concentrations near its LOD (Limits of Detection) the time-averaged results were the most
accurate compared to the other two analyzers. Instrument A also gave the most reliable
operation with minimal issues and has a well-designed Graphical User Interface (GUI) which gave
a simple and trouble-free interface with the analyzer control software and settings. Instrument
A was also the only analyzer able to accurately detect all four contaminant species in a reliable
and repeatable manner and with minimal uncertainty. For these reasons Instrument A was

concluded to be the best choice of the three analyzers for field testing.

Instrument B came in a close second-place to Instrument A in terms of accuracy and
uncertainty in measuring gas contaminant concentrations. However, it had not been configured
from the manufacturer to detect O; like the other analyzers had been which gave it a lower
evaluation ‘score’ and also had multiple occasions where the instrument stopped reporting
correct results (or any results entirely) and required on-site visits by a technician to correct the

problems. Its detection accuracy overall was also slightly less than Instrument A.

Instrument C was the worst-performing analyzer of the three tested by a wide margin in

terms of accuracy, uncertainty and ability to detect the four selected gas contaminant species. It
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technically was able to detect all four species but the accuracy and uncertainty in detecting H,0O
and O, were unacceptably poor. This could have been remedied by a reconfiguration of the GC
columns to target those species but was not considered due to time constraints and the
expectation that Instrument C should have been configured correctly in the beginning since all
instrument manufacturers had been notified of the target species long before actual testing
began. Being a gas chromatograph, Instrument C also requires a constant supply of He (Helium)

to act as carrier gas for the GC columns which reduces its ease of installation in a field application.

More specific, quantitative results from the laboratory comparison are listed below:

e The average quantification errors for Instrument A are

o CO02:3.49%
o 02:10.5%

o H20:19.9%
o H25:10.7%

e The average quantification errors for Instrument B are

o C02:21.2%
o 02:N/A (non-detect)
o H20:3.61%
o HxS:17.3%

e The average quantification errors for Instrument C are

o (€02:1.13%
o 02:49.7%
o H0:77.1%

o H2S5:33.1%
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5.2 Field Testing

Instruments A and B were selected for field testing to simulate “real-world” conditions.
They were installed at the Watkins Compressor Station which is a natural gas distribution site
owned by Kinder Morgan and located in Aurora, Colorado. The instruments are set up to
constantly draw from the on-site pipeline natural gas supply and reported contaminant

concentrations are compared to those reported by on-site contaminant analyzers.

Initial results from the field testing indicate the following:

e Instruments A and B are in general agreement with Kinder Morgan on-site analyzers aside
from mismatched timestamps (currently undergoing analysis and correction)

e Oy results are difficult to verify; Instrument B is non-detect for O, and Instrument A has a
high level of noise near its lower detection limit of 100 ppm O, with no known way to

verify concentrations

5.3 Ongoing/Future Work

Field testing for Instruments A and B began at the Watkins Compressor Station natural
gas site in January 2021 and is expected to continue for a full year until January 2022. Both
analyzers will be sampling pipeline natural gas on a constant basis and their results will be
compared monthly to results produced by the existing on-site analyzers used by Kinder Morgan
to monitor pipeline gas quality. After the testing period is complete the best-performing analyzer
will then be approved for use by pipeline natural gas regulating bodies and will then be able to

start being incorporated into natural gas sites across the United States.
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Source Natural Gas Lab Test Results
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Figure A-1. Field Gas 1 H,0 lab test results; Instrument C and EMPACT non-detects.
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Figure A-2. Field Gas 1 H>S lab test results; Instrument C and EMPACT non-detects.
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Figure A-3. Field Gas 1 O; lab test results; Instrument B non-detect.
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Figure A-4. Field Gas 2 H,0 lab test results; Instrument C and EMPACT non-detects.
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Figure A-5. Field Gas 2 H,S lab test results; Instrument C and EMPACT non-detects.
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Figure A-7. Utility Gas H,0 lab test results; Instrument C and EMPACT non-detects.
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Figure A-9. Utility Gas O3 lab test results; Instrument B non-detect.
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Custom Gas Blend Lab Test Results
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Figure A-10. Low Contaminant Blend H,O lab test results; Instrument C and EMPACT non-
detects.
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Figure A-11. Low Contaminant Blend H,S lab test results; Instrument C and EMPACT non-
detects.
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Figure A-12. Low Contaminant Blend CO; lab test results.
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Figure A-13. Low Contaminant Blend O; lab test results; Instrument B non-detect.
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Figure A-15. Mid-B Contaminant Blend H,S lab test results.
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Figure A-16. Mid-B Contaminant Blend CO; lab test results.
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Figure A-18. High Contaminant Blend H,O lab test results; EMPACT non-detect.
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NATURAL GAS ANALYSIS

CUSTOMER PROJECT = NAMEDESCRIP : ONG DCP MIDSTREAM
SN/PRIMARY DB KEY: MEWBOURN 02
FIELIVAREA:
PROJECT NO. : 202001019 ANALYSIS NO. : o1
COMPANY NAME : COLORADO STATE UNIVERSITY ANALYSIS DATE: JANUARY 07, 2020 10:41

OFFICE /BRANCH:  FT. COLLINS, CO
CUSTOMER REF:
PRODUCER :
S4SFIELD DATA®**
SAMPLE CYCLE:
SAMPLE PRES. : 20 psig
FLOW PRES. : psig
LAB PRES: psig
SAMPLE TEMP. : 60 of
AMBIENT TEMP.: of
H20 BY STAIN TUBE: } #/mmef
FIELD COMMENTS:
LAB COMMENTS:

NORM.
COMPONENTS MOLE%
HELIUM = oor
HYDROGEN 0.00
OXYGEN/ARGON 0.00
NITROGEN 0.29
CARBON DIOXIDE 0.01
METHANE 91.37
ETHANE 218
PROPANE 0.7
ISOBUTANE 0.00
N-BUTANE 0.00
ISOPENTANE 0.00
N-PENTANE 0.00
HEXANES PLUS 0.00
TOTAL 100.00

BTU @ &0 DEG F
LHV NET DRY REAL-

NET SATURATED REAL=
HHYV GROSS DRY REAL =

GROSS SATURATED REAL =

NET DRY REAL :

GROSS DRY REAL :

SPECIFIC GRAVITY ( AIR=1 (@ 14.696 PSIA 60F) :
DENSITY (Ib/scf)

COMPRESSIBILITY FACTOR :

REGULAR WOBBE INDEX ( 14.696)

SAMPLE DATE :
TO:
EFFECTIVE DATE:

SAMPLE TYPE:
PROBE :
CYLINDER NO. :
SAMPLED BY :

JANUARY 4, 2020

NO
S118
KHALID ZINEDDIN

SAMPLING COMPANY: CSU

H2S BY STAIN TUBE:

CO2 BY STAIN TUBE:

GPM @
14.696

0.000

126

14.696
968.9 fsef
952.0 Jfsef
1073.7 fsef
1055.0 Jsef
21302.5 Ab
236074 b

0.5962
0.04550
0.99763

1390.6

NOTE: REFERENCE GPA 2261(ASTM D15 & ASME-PTC)L 2145 & 2172 CURRENT PUBLICATIONS

ppm
Mol %

0.047
0.000
0.000
0.000
0.000
0.000

2231

14.73
9711 fsef
954.2 fsef
10762 /sef
1057.5 Jsef
213517 b
236620 Ab

Reference: Per GPA 21721350 9

The sheta prosented herein kay beew acquieed by means of current analyticsd seckmiques and repevsenss 2

W avay mat be mede. in partion

or &y o whole, without rhe wrine

The C6+ is derived from the following ratios of C6, C7 & C8+ respectively: 60% 30% 10%

of the reporsted Informanion axd (s o

el EMPACT assumes no respy
of the aser, The reprodiction in any media of this

M permission af EMPACT Amalytical S

concluvion EMPACT AxslyGoad Sesteses, Ine

stewr, Inc.

Figure B-1. EMPACT third-party lab test results for Field Gas 1 used for ‘10-Feb-20’ analyzer

testing.
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NATURAL GAS ANALYSIS

CUSTOMER PROJECT #: NAME/DESCRIP : FIELD SAMPLE #1
SNPRIMARY DB KEY:
FIELIYAREA:
PROJECT NO. : 202003106 ANALYSISNO. - 0s
COMPANY NAME : COLORADO STATE UNIVERSITY ANALYSIS DATE: MARCH 25, 2020 10:52
OFFICE / BRANCH: FT.COLLINS, CO SAMPLE DATE : MARCH 19, 2020
CUSTOMER REF: CLIENT PROJECT #201911025 TO:
PRODUCER : EFFECTIVE DATE:
SCCFIELD DATA*
SAMPLE CYCLE: SAMPLE TYPE:
SAMPLE PRES. : 20 psig PROBE :
FLOW PRES. : pig CYLINDER NO. - 117
LAB PRES: psig SAMPLED BY TIM VAUGHN
SAMPLE TEMP. : 70 of SAMPLING COMPANY: CSU
AMBIENT TEMP.: L § H2S BY STAIN TUBE: o; ppm
H2O BY STAIN TUBE: a #/mmcf CO2 BY STAIN TUBE: = Mol %
FIELD COMMENTS:
LAB COMMENTS:
NORM. GPM @ GPM @
COMPONENTS MOLE% 14.6%6 14.73
HELIUM BT _—— _
HYDROGEN 0.00 -
OXYGEN/ARGON 0.00 - -
NITROGEN 0.29 - -
CARBON DIOXIDE 0.01 - -
METHANE 91.40 - -
ETHANE g12 217 2176
PROPANE 0.17 0.047 0.047
ISOBUTANE 0.00 0.000 0.000
N-BUTANE 0.00 0.000 0.000
ISOPENTANE 0.00 0.000 0.000
N-PENTANE 0.00 0.000 0.000
HEXANES PLUS 0.00 0.000 0.000
— TR —r—— P ———
TOTAL 100.00 2218 2223
BTU @ 60 DEG F 14.6% 14.73
LHV NET DRY REAL~ 96K.9 Jscf 9711 fsef
NET SATURATED REAL~ 952.0 Jsef 954.2 Jsef
HHY GROSS DRY REAL « 1073.6 /fsef 1076.1 /sef
GROSS SATURATED REAL « 1054.9 Jsef 10574 /sef
NET DRY REAL: 21303.0 b 213522 b
GROSS DRY REAL : 23608.1 b 23662.7 b
SPECIFIC GRAVITY ( AIR~1 (@ 14.696 PSIA 60F) : 0.5962
DENSITY (Ib/sch) 0.04549
COMPRESSIBILITY FACTOR - 0.99768
REGULAR WOBBE INDEX (14.696) 13%0.5

NOTE: REFERENCE GPA 2261(ASTM D1945 & ASME-FTC), 2145, & 2172 CURRENT PUBLICATIONS
Reference: Per GPA2172-14 sec 9 The C6+ is derived from the following ratios of C6, C7 & C8+ respectively: 60% 30% 10%
fetion EMPACT Aunalyteal Sesdems, Iae

The dute peesenind herel bas beew acquingd by meaney of carcens swaslytical techeigues and represeass Moe fudicious conc

Reswlos of pnnelysis can be wffected by e s, d through praper lokh provecal. EMPACT essimen P i
Jovr inderpy an OF ewy coaseguences from ool & the sodv Buddlity of the sser. The reprodiction n awy medio of thiv
repartd [nformatinn waey nof be svade, I poction or & o whole, without the weitten peesciadan of EMPACT Awalvdicsl Sytems, Mo

Figure B-2. EMPACT third-party lab test results for Field Gas 1 used for '20-Mar-20" analyzer
testing.
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NATURAL GAS ANALYSIS

CUSTOMER PROJECT #: NAME/DESCRIP : CNG DCP MIDSTREAM
SN/PRIMARY DB KEY: MEWBOURN #3
FIELDVAREA:
PROJECT NO. : 202001019 ANALYSIS NO. - 02
COMPANY NAME : COLORADO STATE UNIVERSITY ANALYSIS DATE: JANUARY 07, 2020 11:06
OFFICE / BRANCH: FT.COLLINS. CO SAMPLE DATE : JANUARY 4.2020
CUSTOMER REF: TO:
PRODUCER : EFFECTIVE DATE:
SCSFIELD DATAS**
SAMPLE CYCLE: SAMPLE TYPE:
SAMPLE PRES. : 20 psig PROBE :
FLOW PRES. : psig CYLINDER NO. : Silée
LAB PRES: psig SAMPLED BY : KHALID ZINEDDIN
SAMPLE TEMP. : 60 of SAMPLING COMPANY: CSU
AMBIENT TEMP.: “f 2S BY STAIN TUBE: - ppm
H20 BY STAIN TUBE: ~ #/mmef CO2 BY STAIN TUBE: _ Mol %
FIELD COMMENTS:
LAB COMMENTS: Insufficient sample to fill line
NORM. GPM @ GPM @
COMPONENTS MOLE®% 14.6% 14.73
HELIUM 0.01 - -
HYDROGEN 0.00 - -
OXYGEN/ARGON 0.00 - .
NITROGEN 0.39 - -
CARBON DIOXIDE 234 - -
METHANE 7949 - -
ETHANE 14.20 3.800 3.808
PROPANE 279 0.769 0371
ISOBUTANE 0.18 0.059 0.059
N-BUTANE 039 0.123 0.124
ISOPENTANE 0.07 0.026 0.026
N-PENTANE 0.08 0.029 0.029
HEXANES PLUS .06 0.026 0.026
S —————rera Tty ————————r! ——rre
TOTAL 100.00 4.833 4844
BTU @ 60 DEG F 14.69% 14.73
LHV NET DRY REAL~ 1046.0 fsef 10484 /sef
NET SATURATED REAL- 1027.7 jsef 1030.2 /sef
HHV GROSS DRY REAL -~ 11553 Jsef 1158.0 /sef
GROSS SATURATED REAL ~ 1135.2 Jsef 11378 /sef
NET DRY REAL : 19959.9 b 20006.1 /tb
GROSS DRY REAL - 22049.0 1b 22100.0 b
SPECIFIC GRAVITY ( AIR~1 @ 14.696 PSIA 60F) : 0.6865
DENSITY (Ib/scf) 0.05239
COMPRESSIBILITY FACTOR : 0.99698
REGULAR WOBBE INDEX (14.696) 13944

NOTE: REFERENCE GPA 2261(ASTM DI1945 & ASME-FIC)L 2145 & 2172 CURRENT PUBLICATIONS
Reference: Pe GPA2172-14 sec 9 The C6+ is derived from mmnm of C6, C7&C.0nspocﬂvdy' 60% 30% 10%
fucsioie EMPACT 4

The dato presental here guired by means of carrens enadytical teckeigues and represemts the jusicious ew

¢ snalpss cun e affectod by the sewpling conditions, lerefore, ere anly warranted throug i praper Lok provocol. EMPACT sssames »

dow of sxy ronseguenees fro Woeating of the erod (o formation sed & the solde Babiliny of the srer. The répeodiction (o sny media of this

o oF ax o whele, withows the weittes peravission of EMPACT Analydical Sysoms. lec.

At sy o be sanle, in

Figure B-3. EMPACT third-party lab test results for Field Gas 2 used in '10-Feb-20" analyzer
testing.
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NATURAL GAS ANALYSIS

CUSTOMER PROJECT #: NAMEDESCRIP : FIELD SAMPLE #2
SN/PRIMARY DB KEY:
FIELIVAREA:
PROJECT NO. - 202003106 ANALYSISNO. : 02
COMPANY NAME : COLORADO STATE UNIVERSITY ANALYSIS DATE: MARCH 25, 2020 09:41
OFFICE / BRANCH: FT. COLLINS, CO SAMPLE DATE : MARCH 19, 2020
CUSTOMER REF: CLIENT PROJECT #201911025 TO:
PRODUCER : EFFECTIVE DATE:
SECFIELD DATAS**
SAMPLE CYCLE: SAMPLE TYPE:
SAMPLE PRES. : 20 psig PROBE :
FLOW PRES. : psig CYLINDER NO. : 1949
LAB PRES: psig SAMPLED BY : TIM VAUGHN
SAMPLE TEMP. : 70 of SAMPLING COMPANY: CSU
AMBIENT TEMP.: of H2S BY STAIN TUBE: > ppm
H20 BY STAIN TUBE: _ #/mmef CO2 BY STAIN TUBE: _ Mol %
FIELD COMMENTS:
LAB COMMENTS:
NORM. GPM @ GPM @
COMPONENTS MOLE% 14.6% 14.73
HELIUM 0.01 - -
HYDROGEN 0.00 - -
OXYGEN/ARGON 0.01 . -
NITROGEN 0.39 - -
CARBON DIOXIDE 235 . .
METHANE 79.49 - -
ETHANE 14.18 3.79s 3803
PROPANE 278 0.766 0.768
ISOBUTANE 0.18 0.059 0.059
N-BUTANE 0.39 0.123 0.124
ISOPENTANE 0.08 0.029 0.029
N-PENTANE 0.08 0.029 0.029
HEXANES PLUS 0.06 0.026 0.026
—TTYH POT——rTeS ——
TOTAL 100,00 4.828 4.839
BTU @ 60 DEGF 14.6% 14.73
LHV NET DRY REAL~ 1046.0 /sef 10484 /sel
NET SATURATED REAL~ 1027.7 fsef 1030.2 /sef
HHV GROSS DRY REAL ~ 1155.1 Jsef 11578 fsel
GROSS SATURATED REAL 1135.0 /sef 1137.6 /sef
NET DRY REAL: 199595 Ab 20005.7 b
GROSS DRY REAL - 220483 b 22099.3 b
SPECIFIC GRAVITY ( AIR~1 @14.696 PSIA 60F) : 0.6866
DENSITY (Ibiscf) 0.05241
COMPRESSIBILITY FACTOR - 0.99698
REGULAR WOBBE INDEX (14.696) 1394.0

NOTE: REFERENCE GPA 2261(ASTM DI945 & ASME-FTC), 2145 & 2172 CURRENT PUBLICATIONS
Reference: Per GPA2172-14 sec 9 The C6+ is derived from the following ratios of C8, C7 & C8+ respectively: 60% 30% 10%

The dute presesied |

w2 bevw acquired by moany of carrent snsdytival techeigues amd repecsvas e Judicious concliesion EMPACT Avalytical Sysaeses, Ine

Results of the analysis can be affected by the sewpling conditivns, therefore, see onl of throsgh praper lek prvec). EMPACT sssumes o respiusibility
fur inderpeciation or sy comseguences frome spprlivation of e seportod information sed is the sole Saddity of e sser, The reprodiction in sy media of this

reported Dformanion mer oo by made, in portion or @ o whole, withous the weitten permission of EMPACT Analvdicel Systems, Inc

Figure B-4. EMPACT third-party lab test results for Field Gas 2 used in '20-Mar-20’ analyzer
testing.
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NATURAL GAS ANALYSIS

CUSTOMER PROJECT =
SN/PRIMARY DB KEY:
FIELD/AREA:

PROJECT NO. :
COMPANY NAME :
OFFICE / BRANCH:

202001015

FT.COLLINS, CO

CUSTOMER REF:
PRODUCER :
AMSFIELD DATA®**
SAMPLE CYCLE:
SAMPLE PRES. : 20 psig
FLOW PRES. : psig
LAB PRES: psig
SAMPLE TEMP. : 60 °f
AMBIENT TEMP.: f
H20 BY STAIN TUBE: ~ #/mmef
FIELD COMMENTS:
LAB COMMENTS:

NORM.
COMPONENTS MOLE®%
HELIUM 0.01
HYDROGEN 0.00
OXYGEN/ARGON 0.00
NITROGEN 021
CARBON DIOXIDE 235
METHANE 84.17
ETHANE 10.65
PROPANE 1.95
ISOBUTANE 0.16
N-BUTANE 023
ISOPENTANE 0.03
N-PENTANE 0.02
HEXANES PLUS 0.01
TOTAL 100.00

BTU @ 60 DEG F
LHV NET DRY REAL=

NET SATURATED REAL=
HHY GROSS DRY REAL =

GROSS SATURATED REAL ~

NET DRY REAL:
GROSS DRY REAL :
SPECIFIC GRAVITY ( AIR=1 (@ 14.696 PSIA 60F) :
DENSITY (Ibiscf)
COMPRESSIBILITY FACTOR :
REGULAR WOBBE INDEX (14.6%96)

NOTE: REFERENCE GPA 2261{(ASTM DI4S & ASME-PTC) 2
Reference: Per GPA 217214 509

senvied berein has be

v arquire

wrtedd infovmution aay nol be mede, in paviion ur & o

COLORADO STATE UNIVERSITY

s of current analytics) deckivigmes and repecser

wf the reporied ivformation aed |

Wik, without the written pe

NAMEDESCRIP : UTILITY NATURAL GAS

ANALYSIS NO. : o1

ANALYSIS DATE: JANUARY 07, 2020 10-04
SAMPLE DATE : JANUARY 3, 2020
TO:

EFFECTIVE DATE:

SAMPLE TYPE:

PROBE : NO

CYLINDER NO. : sS17

SAMPLED BY : KHALID ZINEDDIN
SAMPLING COMPANY:CSU

H2S BY STAIN TUBE: ppm
CO2 BY STAIN TUBE: Mol %

GPM @ GPM @
14.69 14.73
2849 2855
0.538 0.539
0.052 0.052
0.072 0.072
0.011 0.011
0.007 0.007
0.004 0.004
3533 3.541
14696 1473
9.6 iscf 10019 fsef
9822 fsef 9845 Jsef
11059 jsef 1108.5 fsef
1086.6 fsef 10892 fsef
19930.4 b 19985.6 Ab
22056.9 Ab 221079 Ab
0.6567
0.05013
0.99727
1364.7

145, & 2172 CURRENT PUBLICATIONS
The C6+ is derived from the following ratios of C6, C7 & C8+ respectively: 60% 30% 10%

wes comclusion EMPACT Analysicad Systeses. Ine

wal, EMPACT axsames mo r SN

sode Nekitity of the wser. The reproduition in any media of this

vavissive of EMPACT Asalytical Systems, Ine

Figure B-5. EMPACT third-party lab test results for Utility Gas used in ’10-Feb-20" analyzer

testing.
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NATURAL GAS ANALYSIS

CUSTOMER PROJECT #: NAME/DESCRIP : UTILITY GAS SAMPLE
SN/PRIMARY DB KEY:
FIELIYAREA:
PROJECT NO. : 202003106 ANALYSISNO. - 03
COMPANY NAME : COLORADO STATE UNIVERSITY ANALYSIS DATE: MARCH 25, 2020 1005
OFFICE / BRANCH: FT. COLLINS. CO SAMPLE DATE : MARCH 19, 2020
CUSTOMER REF: CLIENT PROJECT #201911025 TO:
PRODUCER : EFFECTIVE DATE:
SCAFIELD DATA*
SAMPLE CYCLE: SAMPLE TYPE:
SAMPLE PRES. : 20 psig PROBE :
FLOW PRES. : psig CYLINDER NO.: 1190
LAB PRES: psig SAMPLED BY : TIM VAUGHN
SAMPLE TEMP. : 70 of SAMPLING COMPANY: CSU
AMBIENT TEMP.: of H2S BY STAIN TUBE: _ ppm
H20 BY STAIN TUBE: 2 &/mmef CO2 BY STAIN TUBE: 3 Mol %
FIELD COMMENTS:
LAB COMMENTS:
NORM. GPM @ GPM @
COMPONENTS MOLE% 14.6%6 14.73
HELIUM 0.01 - -
HYDROGEN 0.00 - -
OXYGEN/ARGON 0.00 - -
NITROGEN 0.21 - -
CARBON DIOXIDE 256 - -
METHANE 84.21 - -
ETHANE 10.61 2838 2844
PROPANE 1.95 0.538 0.539
ISOBUTANE 0.16 0052 0.052
N-BUTANE 0.23 0.072 0.072
ISOPENTANE 0.03 0011 001t
N-PENTANE 0.02 0.007 0.007
HEXANES PLUS 0.01 0.004 0.004
———CELY E———— Ve O —peaAArY
TOTAL 100.00 3522 3530
BTU @ 60 DEG F 14.6% 14.73
LHV NET DRY REAL~ 9994 fsefl 1001.7 /sef
NET SATURATED REAL~ 982.0 /sef 9843 Ssef
HHYV GROSS DRY REAL « 1105.6 fsef 1108.2 Jsel
GROSS SATURATED REAL « 1086.3 fscf 10889 fsef
NET DRY REAL: 19939.7 b 19985.9 /b
GROSS DRY REAL - 220574 1y 221084 /b
SPECIFIC GRAVITY ( AIR~1 @ 14.696 PSIA 60F) : 0.6565
DENSITY (Ibvscf) 0.05011
COMPRESSIBILITY FACTOR - 0.99728
REGULAR WOBBE INDEX (14.696) 13645
NOTE: REFERENCE GPA 2261(ASTM DI94S & ASME-FTC) 2145 & 2172 CURRENT PUBLICATIONS
Reference: Per GPA2172-14 5609 The C6+ is derived from the following ratios of C6, C7 & C8+ respectivaly: 60% 30% 10%
The date presented herein bas hees acquind by means of cxrrent axelytical techsigues and represems the judicions conchusion EMPACT Analyt stewes., fae

cam b affeciod by the sumepling comditine, theeefore, e anly we

Arusglh proper Leh provecol EMPACT essssmes s resmo

VT OF AT corseguences from opplication o ported [nfecmanion sed is the sole Babiliny of the wser. The reproduction [n ey media of this

formation war not be mande, i portion or ex o whole, withour e weittes peeavission of EMPACT Analydesl Systemy, fuc.

Figure B-6. EMPACT third-party lab test results for Utility Gas used in ’20-Mar-20" analyzer
testing.
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Reference: Per GPA2172-14 5ec 9

nvied Informetion

NATURAL GAS ANALYSIS

CUSTOMER PROJECT #
SN/PRIMARY DB KEY:
FIELD/AREA:

PROJECT NO. :
COMPANY NAME :
OFFICE / BRANCH:

202002046

FT. COLLINS, CO

CUSTOMER REF:
PRODUCER :
SOSFIELD DATA
SAMPLE CYCLE:
SAMPLE PRES. : 20 psig
FLOW PRES. : psig
LAB PRES: psig
SAMPLE TEMP. : 70 b §
AMBIENT TEMP.: f
H20 BY STAIN TUBE: ~ #/mmef
FIELD COMMENTS:
LAB COMMENTS:
NORM.

COMPONENTS MOLE%
HELIUM 0.00
HYDROGEN 0.00
OXYGEN/ARGON 0.06
NITROGEN 0.01
CARBON DIOXIDE 0.15
METHANE 92.62
ETHANE 7.16
PROPANE 0.00
ISOBUTANE 0.00
N-BUTANE 0.00
ISOPENTANE 0.00
N-PENTANE 0.00
HEXANES PLUS 0.00
TOTAL 100.00

BTU @ 60 DEG F

LHV NET DRY REAL~
NET SATURATED REAL~
HHV GROSS DRY REAL <
GROSS SATURATED REAL =

NET DRY REAL:
GROSS DRY REAL :

SPECIFIC GRAVITY ( AIR=1 (@ 14.696 PSIA 60F) :
DENSITY (Ib'scf)

COMPRESSIBILITY FACTOR :

REGULAR WOBBE INDEX (14.696)

NAME/DESCRIP :

COLORADO STATE UNIVERSITY

CSU POWERHOUSE

"LOW" CONTAMINANT CUSTOM BLEND #2

ANALYSIS NO. :
ANALYSIS DATE:
SAMPLE DATE :
TO:

EFFECTIVE DATE:

SAMPLE TYPE:
PROBE :
CYLINDER NO. :
SAMPLED BY :

01
FEBRUARY 12,202007:14
FEBRUARY 10, 2020

NO
S092
KHALID ZINEDDIN

SAMPLING COMPANY:CSU

H2S BY STAIN TUBE:

CO2 BY STAIN TUBE:

0.000
1914

14.696
9604 fsef
3.7 fsef
1064.6 /sef
146.1 fsef
213103 b
236238 b

0.5904
0.04506
0.99770

1385.6

NOTE: REFERENCE GPA 2261(ASTM DI%S & ASME-PTC)L 2145, & 2172 CURRENT PUBLICATIONS

wvixy et e e, b pavtinn ar o

a whole, without the wrltien permeiss

wsenn e fwdic

¢ throagh proper lab pee

wser. The rep

e lolitiy of the Yy

tiow of EMPACT Analytical Systewes, I

’10-Feb-20’ analyzer testing.
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toced. EMPACT axsumes oo resp

= Ppm
Mol %

GPM @
14.73

1919
0.000
0.000
0.000
0.000
0.000
0.000

1919

14.73
962.6 Jsef
945.9 Jsef
10671 /sef
1048.6 Jsef
21359.6 b
236785 b

The C6+ is derived from the fallowing ratios of C8, C7 & C8+ respectively: 60% 30% 10%
: ‘ s comelusion EMPACT Analysical Syssenes, Ine

e o Iy

vction in any meodia of this

Figure B-7. EMPACT third-party lab test results for Low Contaminant custom gas blend used in



NATURAL GAS ANALYSIS

CUSTOMER PROJECT #: NAMEDESCRIP : LOW CONT
SN/PRIMARY DB KEY:
FIELIVAREA:
PROJECT NO. : 202003106 ANALYSISNO. : 07
COMPANY NAME : COLORADO STATE UNIVERSITY ANALYSIS DATE: MARCH 26, 2020 0828
OFFICE / BRANCH: FT. COLLINS, CO SAMPLE DATE : MARCH 20. 2020
CUSTOMER REF: CLIENT PROJECT #201911025 TO:
PRODUCER : EFFECTIVE DATE:
SEAFIELD DATA**
SAMPLE CYCLE: SAMPLE TYPE:
SAMPLE PRES. : 20 psig PROBE :
FLOW PRES. : psig CYLINDER NO. : 1628
LAB PRES: psig SAMPLED BY : TIM VAUGHN
SAMPLE TEMP. : 70 of SAMPLING COMPANY: CSU
AMBIENT TEMP.: 3 H2S BY STAIN TUBE: _ ppm
H20 BY STAIN TUBE: 2 #/mmcf C02 BY STAIN TUBE: _ Mol %
FIELD COMMENTS:
LAB COMMENTS:
NORM. GPM @ GPM @
COMPONENTS MOLE% 14.6%6 14.73
HELIUM 0.00 - -
HYDROGEN 0.00 - -
OXYGEN/ARGON 0.06 - -
NITROGEN 0.01 . .
CARBON DIOXIDE 0.16 - -
METHANE 9341 - -
ETHANE 6.36 1.701 1.708
PROPANE 0.00 0.000 0.000
ISOBUTANE 0.00 0.000 0.000
N-BUTANE 0.00 0.000 0.000
ISOPENTANE 0.00 0.000 0.000
N-PENTANE 0.00 0.000 0.000
HEXANES PLUS 0.00 0.000 0.000
————e—L P— e ——t b ar
TOTAL 100.00 1.701 1.708
BTU @ 60 DEG F 14.6% 14.73
LHV NET DRY REAL~ 954.7 Jsef 956.9 /scf
NET SATURATED REAL~ 9380 fsef 940.2 /sef
HHV GROSS DRY REAL « 1058.4 Jjsef 1060.9 fsef
GROSS SATURATED REAL ~ 10400 Jsef 1042.4 /sef
NET DRY REAL : 213240 > 213733 v
GROSS DRY REAL : 236439 b 23698.6 /b
SPECIFIC GRAVITY ( AIR~1 (@ 14.696 PSIA 60F) : 0.5866
DENSITY (Ib/scf) 0.04477
COMPRESSIBILITY FACTOR : 0.99773
REGULAR WOBBE INDEX (14.696) 1381.9
NOTE: REFERENCE GPA 2261(ASTM DI945 & ASME-FPTC) 2145 & 2172 CURRENT PUBLICATIONS
Reference: Per GPA2172-14 5ec 9 The C6+ is derived from the folowing ratios of C&, C7 & C8+ respectively: 60% 30% 10%
The date peesented heroln las deen avguined By moveny of carrent ssalytical Jeckaiyres and rop pncficsion EMPACT Aualytvicad Systemes, Tnc
Re wnwlrsis con be affected by the sempling conditions, therefore, sov anldy sarranivd thrvag b er Lob provercol. EMPACT axsames aw respassibilny

freation of e roported e ferm iy

fe Bubility of the soer. The reprodiection in any medio of this

s of EMPACT Amalydivel Systems, I

Figure B-8. EMPACT third-party lab test results for Low Contaminant custom gas blend used in
’20-Mar-20’ analyzer testing.
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NATURAL GAS ANALYSIS

CUSTOMER PROJECT # NAMEDESCRIP : CSU POWERHOUSE
SN/PRIMARY DB KEY: “MID-A" CONTAMINANT CUSTOM BLEND
FIELD/AREA:
PROJECT NO. : 202002046 ANALYSIS NO. : 0
COMPANY NAME : COLORADO STATE UNIVERSITY ANALYSIS DATE: FEBRUARY 12,2020 07:38
OFFICE / BRANCH: FT. COLLINS, CO SAMPLE DATE : FEBRUARY 10,2020
CUSTOMER REF: TO:
PRODUCER : EFFECTIVE DATE:
SOSFIELD DATA®
SAMPLE CYCLE: SAMPLE TYPE:
SAMPLE PRES. : 20 psig PROBE : NO
FLOW PRES. : psig CYLINDER NO. : S090
LAB PRES: psig SAMPLED BY : KHALID ZINEDDIN
SAMPLE TEMP. : 70 f SAMPLING COMPANY: CSU
AMBIENT TEMP.: f H2S BY STAIN TUBE: S ppm
H20 BY STAIN TUBE: 0 #/mmcf CO2BY STAIN TUBE: 0 Mol %
FIELD COMMENTS:
LAB COMMENTS:
NORM. GPM @ GPM @
COMPONENTS MOLE% 14.696 14.73
HELIUM 0.00 S —
HYDROGEN 0.00 - -
OXYGEN/ARGON 0.20 - .
NITROGEN 0.01 - -
CARBON DIOXIDE 208 - -
METHANE 85.05 - -
ETHANE 12.69 3394 3402
PROPANE 0.00 0.000 0.000
ISOBUTANE 0.00 0.000 0.000
N-BUTANE 0.00 0.000 0.000
ISOPENTANE 0.00 0.000 0.000
N-PENTANE 0.00 0.000 0.000
HEXANES PLUS 0.00 0.000 0.000
TOTAL 100.00 1394 3.402
BTU @ 60 DEG F 14.696 14.73
LHV NET DRY REAL=~ 981.4 fsef O83.7 Jsef
NET SATURATED REAL= 964.3 fsef 966.6 /el
HHY GROSS DRY REAL « 1086.4 fsel 1088.9 Jsef
GROSS SATURATED REAL = 1067.5 fsef 1070.0 Jsef
NET DRY REAL : 20216.5 b 202632 b
GROSS DRY REAL : 223794 My 224312 b
SPECIFIC GRAVITY ( AIR=1 (@ 14.696 PSIA 60F) : 0.6362
DENSITY (Ib/scf) 0.04856
COMPRESSIBILITY FACTOR : 0.99742
REGULAR WOBBE INDEX ( 14.696) 1362.1
NOTE: REFERENCE GPA2261(ASTM DINMS & ASME-PTC), 2145, & 2172 CURRENT PUBLICATIONS
Reference: Per GPA2172-335ec 9 The C6+ is derived from the following ratios of C6, C7 & C8+ respectively: 60% 30% 10%
The datx preseied Rerein kas devw avquiced by means of curreat analytcs o represents the fadiclens comelusion EMMPACT Analytcnd Syssews, Ine

woal. EMPACT assames oo res SNy

f the reporiod Dnformation sed (s the sale Babitlry of the sser. The reprodection de any medio of ki

repovied infovmetion sy mel be made, I portion or as o whole, without the weitten persission of ESPACT Amadysical Systeses, Inc

Figure B-9. EMPACT third-party lab test results for Mid-A Contaminant custom gas blend used
in "10-Feb-20" analyzer testing.

107



1IN

18
\ L W 77

T4
NN
NN\ N7
T 7z

e

NATURAL GAS ANALYSIS

CUSTOMER PROJECT #: NAMEDESCRIP : MID-CONT A
SN/PRIMARY DB KEY:
FIELD/AREA:
PROJECT NO. : 202003106 ANALYSISNO. - 01
COMPANY NAME : COLORADO STATE UNIVERSITY ANALYSIS DATE: MARCH 25, 2020 09:13
OFFICE / BRANCH: FT. COLLINS. CO SAMPLE DATE : MARCH 19, 2020
CUSTOMER REF: CLIENT PROJECT #201911025 TO:
PRODUCER : EFFECTIVE DATE:
SHAFIELD DATAA**
SAMPLE CYCLE: SAMPLE TYPE:
SAMPLE PRES. : 20 psig PROBE :
FLOW PRES. : pig CYLINDER NO. - 1509
LAB PRES: psig SAMPLED BY : TIM VAUGHN
SAMPLE TEMP. : 70 s SAMPLING COMPANY: CSU
AMBIENT TEMP.: * H2S BY STAIN TUBE: = ppm
H20 BY STAIN TUBE: = #/mmef CO2 BY STAIN TUBE: = Mol %
FIELD COMMENTS:
LAB COMMENTS:
NORM. GPM @ GPM @
COMPONENTS MOLE% 14.6% 14.73
HELIUM =000 = e
HYDROGEN 0.00 -
OXYGEN/ARGON 0.20 -
NITROGEN 0.01 -
CARBON DIOXIDE 204 .
METHANE 85.06 : :
ETHANE 1269 3.3% 3.402
PROPANE 0.00 0.000 0.000
ISOBUTANE 0.00 0.000 0.000
N-BUTANE 0.00 0.000 0.000
ISOPENTANE 0.00 0.000 0.000
N-PENTANE 0.00 0.000 0.000
HEXANES PLUS 0.00 0.000 0.000
—————— P——ve P ——d
TOTAL 100.00 339 3402
BTU @ 60 DEG F 14.6% 14.73
LHV NET DRY REAL~ 9815 sl OK3E fsel
NET SATURATED REAL~ 964.4 Jscf 966.7 fscf
HHY GROSS DRY REAL « 1086.5 /sef 1089.0 fsef
GROSS SATURATED REAL « 1067.6 iscf 1070.1 /scf
NET DRY REAL : 202185 b 20265.2 b
GROSS DRY REAL : 2238L.7 b 224335 v
SPECIFIC GRAVITY ( AIR=I (@ 14.696 PSIA 60F) : 0.6361
DENSITY (Ibiscf) 0.04855
COMPRESSIBILITY FACTOR : 0.99743
REGULAR WOBBE INDEX (14.696) 13623

NOTE: REFERENCE GPA 2261(ASTM D1945 & ASME-FTC), 2145, & 2172 CURRENT PUBLICATIONS
Reference: Per GPA2172-14 sec 9 The C6+ is derived from the following ratios of C6, C7 & C8+ respectively: 60% 30% 10%
The date preiensd Derole buas beva aoquined by meens of current snalitical techuipees and represents the judicious conchision EMPACT Analyticed Systems, Tne

enalysis can be affoctad by the sumpling conditions, thevefore, wre o)

Resulrs of o i wareanied theough praper fok provecol. EMPACT eisames o responsibilin

fov inee

1 OF aw Consegiences frow saplication of By rywortad bfarmation awd is the sode Gahiliny: of the sser. The reprodiction in sy media of this

eepretisd Infavaation mer nol be svafe, in portion or &3 o whale, withour the writtes persission of EMPACT Analpdicasd Systems, b

Figure B-10. EMPACT third-party lab test results for Mid-A Contaminant custom gas blend used
in’20-Mar-20’ analyzer testing.
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NATURAL GAS ANALYSIS

CUSTOMER PROJECT = NAMEDESCRIP : CSU POWERHOUSE
SN/PRIMARY DB KEY: “MID-B" CONTAMINANT CUSTOM BLEND
FIELD/AREA:
PROJECT NO. : 202002046 ANALYSIS NO. : (%]
COMPANY NAME : COLORADO STATE UNIVERSITY ANALYSIS DATE: FEBRUARY 12, 2020 08:01
OFFICE / BRANCH: FT. COLLINS. CO SAMPLE DATE : FEBRUARY 10, 2020
CUSTOMER REF: TO:
PRODUCER : EFFECTIVE DATE:
SOSFIELD DATA®
SAMPLE CYCLE: SAMPLE TYPE:
SAMPLE PRES. : 20 psig PROBE : NO
FLOW PRES. : psig CYLINDER NO. : S096
LAB PRES: psig SAMPLED BY : KHALID ZINEDDIN
SAMPLE TEMP. : 70 f SAMPLING COMPANY: CSU
AMBIENT TEMP.: T H2S BY STAIN TUBE: ~ ppm
H20 BY STAIN TUBE: e #/mmef CO2BY STAIN TUBE: 2 Mol %
FIELD COMMENTS:
LAB COMMENTS:
NORM. GPM @ GPM @
COMPONENTS MOLE®% 14.6%6 14.73
HELIUM 0.00 — —_—
HYDROGEN 0.00 - -
OXYGEN/ARGON 0.41 - -
NITROGEN 0.01 - -
CARBON DIOXIDE 349 - -
METHANE 8448 - -
ETHANE 11.61 3108 3112
PROPANE 0.00 0.000 0.000
ISOBUTANE 0.00 0.000 0.000
N-BUTANE 0.00 0.000 0.000
ISOPENTANE 0.00 0.000 0.000
N-PENTANE 0.00 0.000 0.000
HEXANES PLUS 0.00 0.000 0.000
TOTAL 100.00 3.108 32
BTU (@ 60 DEG F 14.696 14.73
LHV NET DRY REAL~ 958.7 Jsef 961.0 jsef
NET SATURATED REAL= 942.0 fsef 944.2 fsef
HHYV GROSS DRY REAL « 1061.4 fsef 10639 fsef
GROSS SATURATED REAL = 10429 fsef 10454 fsef
NET DRY REAL: 19440.2 My 194852 b
GROSS DRY REAL : 21525.0 v 215748 b
SPECIFIC GRAVITY ( AIR=1 (@ 14.696 PSIA 60F) : 0.6460
DENSITY (Ib'scf) 0.04931
COMPRESSIBILITY FACTOR - 0.99746
REGULAR WOBBE INDEX (14.6%96) 13206
NOTE: REFERENCE GPA 2261(ASTM D1945 & ASME-FTC), 2145, & 2172 CURRENT PUBLICATIONS
Reference: Per GPA 217218 sec 9 The C6+ is derived from the following ratios of C6, C7 & C8+ respectively: 60% 30% 10%
The data presenied herein bas devn avquired by seoans of current anayticad eckmhpies and represesis the jadicions canclusion EMPACT Anwlyticad Systems, Tac

e sampling conditfons, thervfire, an anly Wirnann it progws dad pravocel. EMPACT assintes w0 respansibiliny

or. The reprosdiction in any madia of this

repovrtedd Infarmetion svay mat be madde, be poetion or av o whole, withou? the seeltten perseission of EMPACT Awalytical Systews, Inc

Figure B-11. EMPACT third-party lab test results for Mid-B Contaminant custom gas blend used
in "10-Feb-20" analyzer testing.
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NATURAL GAS ANALYSIS

CUSTOMER PROJECT #: NAMEDESCRIP : MID CONT B
SN/PRIMARY DB KEY:
FIELD/AREA:
PROJECT NO. : 202003106 ANALYSIS NO. - 06
COMPANY NAME :  COLORADO STATE UNIVERSITY ANALYSIS DATE: MARCH 26, 2020 0801
OFFICE/ BRANCH:  FT. COLLINS, CO SAMPLE DATE : MARCH 19, 2020
CUSTOMER REF: CLIENT PROJECT #201911025 TO:
PRODUCER : EFFECTIVE DATE:
SSAFIELD DATA***
SAMPLE CYCLE: SAMPLE TYPE:
SAMPLE PRES. : 20 psig PROBE :
FLOW PRES. : psig CYLINDER NO. - 1969
LAB PRES: puige SAMPLED BY TIM VAUGHN
SAMPLE TEMP. : 70 of SAMPLING COMPANY: CSU
AMBIENT TEMP.: of H2S BY STAIN TUBE: _ ppm
H20 BY STAIN TUBE: _ #/mmef €02 BY STAIN TUBE: _ Mol%
FIELD COMMENTS:
LAB COMMENTS: Possible moisture in sanpl
NORM. GPM @ GPM @
COMPONENTS MOLE% 14.69% 14.73
HELIUM 0.00 < >
HYDROGEN 0.00 E .
OXYGEN/ARGON 041 - -
NITROGEN 0.01 . =
CARBON DIOXIDE 3.45 :
METHANE £4.36 - -
ETHANE .77 3.148 3.155
PROPANE 0.00 0.000 0.000
ISOBUTANE 0.00 0.000 0.000
N-BUTANE 0.00 0.000 0.000
ISOPENTANE 0.00 0.000 0.000
N-PENTANE 0.00 0.000 0.000
HEXANES PLUS 0.00 0.000 0.000
PO ——— PO—re— o) ————yy
TOTAL 100.00 3.148 3155
BTU (@ 60 DEG F 14.69 14.73
LHV NET DRY REAL~ O60.1 fscf 0624 Iscf
NET SATURATED REAL= 943.4 fscf 945.6 Jsef
HHV GROSS DRY REAL « 1062.9 fscf 1065.4 /scf
GROSS SATURATED REAL = 1044.4 fscf 1046.8 fscf
NET DRY REAL : 19461.4 I 19506.5 /b
GROSS DRY REAL : 215474 b 215073 /b
SPECIFIC GRAVITY ( AIR=1 @14.696 PSIA 60F) : 0.6464
DENSITY (Ibiscl) 0.04934
COMPRESSIBILITY FACTOR - 0.99745
REGULAR WOBBE INDEX (14.696) 13220

NOTE: REFERENCE GPA 2261(ASTM DI945 & ASME-FTC), 2145 & 2172 CURRENT PUBLICATIONS
Reference: Per GPA2172-14 sec 9 The C6+ is derived from the following ratios of C6, C7 & C8+ respectively: 60% 30% 10%
Thy date presestod hervin las devs avguired by means of cureens exslrical techaigues and reprosests the judicious conclicsion EMPACT Avalytical Systeves, In

aulysis cen be affoctnl by the sampling comditions, Mencfure. sov anly warranted theough proper Lok protocsl. EMPACT sssumes wo eesponsibiliny

vaseguencey fruw sppiication of me svporind infovmabon ww abiliny of the eser. The reprodction I o iy oy shis

rporied fnformation may s by avade, (o portien or @5 o whade, withour the wreitten persicinn of EMPACT Analydcsl Systems, I

Figure B-12. EMPACT third-party lab test results for Mid-B Contaminant custom gas blend used
in’20-Mar-20’ analyzer testing.
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NATURAL GAS ANALYSIS
CUSTOMER PROJECT #: NAME/DESCRIP : CSU POWERHOUSE
SN/PRIMARY DB KEY: HIGH CONTAMINANT CUSTOM BLEND
FIELDVAREA:
PROJECT NO. : 202002042 ANALYSISNO. - 01
COMPANY NAME : COLORADO STATE UNIVERSITY ANALYSIS DATE: FEBRUARY 11.202007:17
OFFICE / BRANCH: FT. COLLINS SAMPLE DATE : FEBRUARY §, 2020
CUSTOMER REF: TO:
PRODUCER : EFFECTIVE DATE:
SECFIELD DATA
SAMPLE CYCLE: SAMPLE TYPE:
SAMPLE PRES. : 20 psig PROBE :
FLOW PRES. : psig CYLINDER NO. : si01
LAB PRES: psig SAMPLED BY KHALID ZINEDDIN
SAMPLE TEMP. : 70 4 SAMPLING COMPANY: CSU
AMBIENT TEMP.: of H2S$ BY STAIN TUBE: _ ppm
H20 BY STAIN TUBE: _ #/mmcf C0O2 BY STAIN TUBE: ~ Mol %
FIELD COMMENTS:
LAB COMMENTS:
NORM. GPM @ GPM @
COMPONENTS MOLE% 14.69% 14.73
HELIUM 0.00 - -
HYDROGEN 0.00 - -
OXYGEN/ARGON Lo? - -
NITROGEN 0.01 - -
CARBON DIOXIDE 10.39 - -
METHANE 82.15 G .
ETHANE 6.38 1.706 1.710
PROPANE 0.00 0.000 0.000
ISOBUTANE 0.00 0.000 0.000
N-BUTANE 0.00 0.000 0.000
ISOPENTANE 0.00 0.000 0.000
N-PENTANE 0.00 0.000 0.000
HEXANES PLUS 0.00 0.000 0.000
————TERNRA —r—ere ———e
TOTAL 100.00 1.706 1.710
BTU @ 60 DEG F 14.69% 14.73
LHV NET DRY REAL~ 8524 Jsef 8544 /scl
NET SATURATED REAL~ 8376 Jsef 839.6 fscf
HHV GROSS DRY REAL ~ 944.9 fsef 9471 fsef
GROSS SATURATED REAL = 9284 fsef 930.6 Isef
NET DRY REAL : 161674 b 162048 /b
GROSS DRY REAL - 179224 b 17963.9 b
SPECIFIC GRAVITY ( AIR<1 (@ 14.696 PSIA 60F) : 0.6910
DENSITY (Ib/sch) 0.05274
COMPRESSIBILITY FACTOR - 0.99760
REGULAR WOBBE INDEX (14.696) 1136.7
NOTE: REFERENCE GPA 2261(ASTM DI945 & ASME-FIC)L 2145, & 2172 CURRENT PUBLICATIONS
Reference: Per GPA2172-14 5ec 9 The C6+ Is derived from the folowing ratios of C6, C7 & C8+ respectively: 60% 30% 10%
1) . 5 ped by mans af chrrent analytical teckelgues amd represeis the Judleions conclasion EMPACT Analyticat Sysiems. fac

nas, hesvfore, e anl)
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Figure B-13. EMPACT third-party lab test results for High Contaminant custom gas blend used in
’10-Feb-20’ analyzer testing.
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NATURAL GAS ANALYSIS

CUSTOMER PROJECT #: NAMEDESCRIP : HIGH CONT
SN/PRIMARY DB KEY:
FIELINAREA:
PROJECT NO. : 202003106 ANALYSIS NO. : 04
COMPANY NAME : COLORADO STATE UNIVERSITY ANALYSIS DATE: MARCH 25, 2020 10:29
OFFICE / BRANCH: FT. COLLINS. CO SAMPLE DATE : MARCH 20, 2020
CUSTOMER REF: CLIENT PROJECT #201911025 TO:
PRODUCER : EFFECTIVE DATE:
SHAFIELD DATAS**
SAMPLE CYCLE: SAMPLE TYPE:
SAMPLE PRES. : 20 psig PROBE :
FLOW PRES. : psig CYLINDER NO. : 0104
LAB PRES: psig SAMPLED BY : TIM VAUGHN
SAMPLE TEMP. : 70 “f SAMPLING COMPANY: CSU
AMBIENT TEMP.: °f H2S BY STAIN TUBE: x ppm
H20 BY STAIN TUBE: e #/mmef CO2 BY STAIN TUBE: e Mol %
FIELD COMMENTS:
LAB COMMENTS:
NORM. GPM @ GPM @
COMPONENTS MOLE% 14.696 14.73
HELIUM T _ —
HYDROGEN 0.00 - -
OXYGEN/ARGON 110 . -
NITROGEN 0.01 . -
CARBON DIOXIDE 10.54 - -
METHANE 81.99 - -
ETHANE 6.36 1.701 1.708
PROPANE 0.00 0.000 0.000
ISOBUTANE 0.00 0.000 0.000
N-BUTANE 0.00 0.000 0.000
ISOPENTANE 0.00 0.000 0.000
N-PENTANE 0.00 0.000 0.000
HEXANES PLUS 0.00 0.000 0.000
O —————— Y ———— — )
TOTAL 100.00 1.701 1.708
BTU @ 60 DEG F 14.6% 14.73
LHV NET DRY REAL~ 850.7 fsef 8527 fsef
NET SATURATED REAL~ 8359 jsef 8379 /sef
HHV GROSS DRY REAL = 943.1 Jsef 945.2 fsef
GROSS SATURATED REAL « 926.6 fsef 928.8 Isef
NET DRY REAL : 16092.6 Ab 161299 /b
GROSS DRY REAL : 17839.6 b 17880.9 /i
SPECIFIC GRAVITY ( AIR=1 @14.696 PSIA 60F) : 0.6927
DENSITY (Ib/scf) 0.05286
COMPRESSIBILITY FACTOR : 0.99760
REGULAR WOBBE INDEX (14.696) 1133.1

NOTE: REFERENCE GPA 2261(ASTM D1945 & ASME-PTCL 2145, & 2172 CURRENT PUBLICATIONS
Reference: Per GPA2172-14 sec 9 The C6+ is derived from the following ratios of C6, C7 & curupu:vvw- 60% 30% 10%

The dite preseniod Aervin bas bevr acguioed by means o rent swalysical le e Judicinus conchusion EMPACT Analyn dewes, Jx
Reules of the anelisis con be affectof by the semplix, o, Hhenfore. od trough preper lob provecnl. EMPACT eussme poasihilin
fou ideypueviation or sy conseguences frome spplication of the reported Dn formution esd & the sole Nadllny of the s, Tie reprosivction [n sy sedio of iy

avporied informaton say aod be e, v portion or 23 @ whale, withour the weittee permission of EMPACT Anuiydicsl Syaems, lnc

Figure B-14. EMPACT third-party lab test results for High Contaminant custom gas blend used in
’20-Mar-20’ analyzer testing.
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APPENDIX C: UNCERTAINTY CALCULATIONS
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w N

4
5 Avg

6 stdev

7 DryCal device
8 Gas bottle cal

| J K E M N o P

‘Perm-tubes  ng/min T(Q) ' |COV H2S presst COV H20 press. mol/L=_ 0.041418095
H20 473345 80 0.002583563  0.006046009
H2S 63365 30

Regl-CH4 (slpn Reg2-C2H6 (slp Reg3-CO2/CH4 Regd-02/CH4 (:H2S perm blentH20 perm blen H2S perm total H20 perm total
5.820495044  0.651278029  0.473276893 1.35319161  0.025740048  0.024148054 0.100399119  0.101470678
0.006601138  0.000475731  0.000552931  0.001426428 0.0000665010  0.000145999  0.000168392  0.000161041

0.05820495 0.00651278  0.004732769  0.013531916 0.0002574  0.000241481  0.001003991  0.001014707
0.00058205  6.51278E-05

9 Water bath temp

10

11

12

13 delXn

14 dCo2/dxXn
15 CO2 term
16 dO2/dXn
17 02 term
18 dH2S/dXn
19 H2S term
20 dH20/dXn
21 H20 term
22

23

24

25 CH4 ppm
26 other ppm
27

28 vol frac
29

30 CH4 ppm
31 CO2 ppm
32 02 ppm
33 C2H6 ppm
34 H2S ppm
35 H20 ppm

0.00415834  0.004202722

0.065388138  0.007053639 0.0052857  0.014958344  0.000323902 0.00038748  0.001172383  0.001175748

141.72 141.72 -2356.99 141.72  140.5797101  140.5797101
85.87371096  0.999283546  155.2102647 4.493961436  0.002073343  0.002967178
68.46 68.46 68.46 -353.66  68.11594203  68.11594203
20.03880104  0.233184801  0.130941933  27.98587817 0.00048677 0.00069662
0.1495 0.1495 0.1495 0.1495 -53.43478261 0.15942029
9.55609E-05  1.11201E-06  6.24435E-07  5.00091E-06  0.000299553 3.8158E-09
2.09 2.09 2.09 2.09 2.028985507 -747.2173913

0.018676286 0.00021733  0.000122039  0.000977371  4.31901E-07  0.083828613

979280 9.97E+05 999431 993577
447.1259043  6251.911829

0.697221446  0.078014843  0.056692566  0.162095183  0.003083331 0.00289263

697221.4459 55517.89609 161531.092  3081.576709  2874.051024
1167.866861
564.0912376
78014.84333
1.378637217
18.08447015

Figure C-1. Left-hand portion of spreadsheet used in calculating uncertainties in Gas

Standard-diluted concentrations.

Uncertainty calculations for the blending cart flows were approached on an individual gas

mixture component basis; the following description is based on the spreadsheets shown in

Figures C-1 and C-2. The first step was to find the total flow of gases through the entire system

by summing the calculated flow rates from each source (I5:N5, total in Q5). From the total flow

the component flow volume fractions were then calculated by dividing each component flow by

the total (128:N28). These values were then converted into parts per million (ppm) by multiplying

by a factor of 10° (130:N35). For individual flows which contained pre-mixed gases (columns K
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X
2 104.4 618
3
4 TOTAL H20 ng/min H2S ng/min 02 bottle ppm CO2 bottle ppm FINAL Uncertainty (+ppm) Uncertainty (+%)
5 8.348129677 473345 63365 3480 20600
6
7
8 69.6 412
9 9466.9 1267.3
10
11 2.6275E-05 1.8593E-06
12
13 69.6 412
14 -0.056718447
15 546.063424 28.15396393 2.410716913
16 -0.16217433
17 127.4038938 13.25872856 2.350458167
18
19 0.00235629 0.052518076 3.809419582
20
21 0.248743257 0.593772118 3.283326041
22
23
24
25 I .l
26
27
28
29
30 920226.0617
31 1167.866861
32 564.0912376
33 78014.84333
34 1.378637217
35 18.08447015

Figure C-2. Remaining right-hand portion of spreadsheet used in calculating uncertainties
in Gas Standard-diluted concentrations.

through N) the published concentration percentages were multiplied by the channel flow to give
the ppm of each component; for example, total ppm of CO2 (Q31) was determined by multiplying
the channel volume flow fraction (K28) by the rated CO2 concentration in the gas bottle (U5).
Since the primary component of every pre-mixed gas blend was CH4, the CH4 concentration for
each channel was also calculated (130:N30) and summed to give the total concentration of CH4
in the overall system gas flow (Q30). Total ppm concentrations for each component are provided

in cells Q30:Q35.
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To begin the uncertainty calculations, first the flow rates, calculated by the DAQ program
based off calibrated flow curves, were averaged for each gas component on Regulators 1 through
4 (Cells I5:L5). The standard deviation of the selected data range (16:L6) was also computed along
with the uncertainty due to the DryCal devices used to calibrate the gas flows (17:L7). For the
pure gases used on Regulators 1 and 2 the uncertainty due to gas purity (99.99% rated) was
computed (18:J8). These uncertainty sources were then summed, labeled “delXn” and displayed
in cells 113-N13. Next the differential change in component concentration was calculated based
on a reduction of 0.1 slpm of flow from each regulator (114:N14, 116:N16, 118:N18, 120:N20). For
the pre-mixed gases used on Regulators 3 and 4 the uncertainty provided by the bottling
company was used (+2%, cells T5:U5). The differential change in ppm was calculated based on a
3% change (T2:U2) and entered in cells T16 and U14. This was then multiplied by the uncertainty
valuesin T13:U13 to give the total uncertainty in ppm (T17, U15) which was added into the overall

uncertainty calculation for the CO2 and 02 components (V15 and V17 respectively).

Calculating uncertainty for the contaminants introduced through the permeation tube
cylinders (H20 and H2S) was done by first finding the average pressure of the back-pressure
regulator at each perm tube outlet and calculating the flow rate based off calibrated flow curves
(cells M5:N5). Then the Coefficient of Variance of each back-pressure regulator was used to
compute the standard deviation of the H2S and H20 flows (cells M6:N6). Uncertainty from the
DryCal devices was also taken into account (M7:N7). Similar to the flows on Regulators 1 through
4 the “delXn” was summed from the different sources of uncertainty (M13:N13) and subsequent
differential changes in flow for each component were computed. These differential flow changes

were multiplied by delXn then squared (M14:N21). For the overall Uncertainty equation, the
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square of each component term was summed (114:N14, 116:N16, etc.) then the total square-
rooted to determine the total uncertainty in ppm (V15:V21); each of these values was then
divided by the total calculated ppm of each gas component (Q30:Q35) to find the total

uncertainty as a percentage of flow (W15:W21).

Uncertainty due to changes in the permeation tube emission rates was performed in a
different manner. The manufacturer of the permeation tube cylinders provided a change in
emission rate of 10% for every 1°C temperature change. The literature for the water baths used
to keep the perm tube cylinders at a constant temperature gave a rated +0.2°C temperature
fluctuation which was multiplied by the change in emission rate function. Using the published
emission rates for the H2S and H20 cylinders (R5:55) and multiplying those by the change in
emission rate due to temperature fluctuation (R9:59) gave the total uncertainty in ng/min. This
figure was then converted from ng/min by dividing by the molecular weight and a factor of 10°

(R11:511) to give the uncertainty in ppm (R21, S19).
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APPENDIX D: CIG NATURAL GAS TARIFF
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Colorado Interstate Gas Company, L.L.C. Part IV: GT&C

FERC Gas Tanff Section 3 - Quality
Second Revised Volume No. 1 Version 4.0.0
3. QUALITY

3.1  Specifications. Unless otherwise agreed pursuant to Sections 3.2 and 3.3 below, Shipper
warrants that Gas Tendered hereunder at each Point of Receipt and Point of Delivery will
comply with the following quality specifications:

(a) Ata pressure of 14.73 p.s.i.a. and a temperature of 60 degrees Fahrenheit, such Gas
shall not contain more than:

(1) .25 grain of hydrogen sulphide per 100 cubic feet,
(11) 5 grains of total sulphur per 100 cubic feet,

(111) 10 parts per million (0.001 percent) by volume of oxygen; however, this
oxygen quality specification shall not apply at Point(s) of Delivery on the
Valley Line and its supporting blending operations (see Section 3.5 below
for oxygen specifications applicable to the Valley Line and its supporting
blending operations.)

(1v) 3.0 percent by volume of carbon dioxide,

(v) 7 pounds of water vapor per million cubic feet at Point(s) of Receipt and
Point(s) of Delivery within the states of Kansas, Oklahoma, and Texas and 5
pounds of water vapor per million cubic feet in all other states.

(b) Shipper warrants that all Gas Tendered will be commercial in quality and shall be free
from any foreign material such as solids, lubricating oils, sand, dirt, dust, gums, crude
oil, water or hydrocarbons in the liquid phase, metal particles, and other objectionable
substances, including, but not limited to, polychlorinated biphenyls, which may be
injurious to pipelines, people, property, or the environment which may interfere with
its Transportation or makes the Gas unmarketable or unacceptable for Delivery from
Transporter's transmission system.

(¢) Shipper warrants that all Gas Tendered will have a Gross Heating Value of not more
than 1,235 Btu's nor less than 968 Btu's per cubic foot at a pressure of 14.73 p.s.ia.
and a temperature of 60 degrees Fahrenheit.

(d) Shipper warrants that the temperature of the Gas Tendered will not exceed 120
degrees Fahrenheit; provided, however, if Transporter is required to dehydrate the
Gas at the Point(s) of Receipt, then the temperature of such Gas shall not exceed 90
degrees Fahrenheit.

Issued on: May 31,2012 5 Effective on: July 1,2012

Figure D-1. Page 232 of GIG Tariff of 2013 outlining natural gas quality specifications.
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Colorado Interstate Gas Company, L.L.C. Part IV: GT&C
FERC Gas Tariff Section 3 - Quality
Second Revised Volume No. 1 Version 4.0.0

3.1 Specifications (continued)

(e) Shipper warrants that the hydrocarbon dew point of all Gas Tendered will not exceed
a temperature of 25 degrees Fahrenheit at any pressure between 100 p.s.i.a. and 1,480
p.s.i.a. as calculated from the Gas composition.

Notwithstanding Sections 3.1 through 3.3, Transporter shall not be required to receive Gas
at any Point of Receipt which is of a quality inferior to that required by Shipper or a third
Party at any Point of Delivery under the Agreement. Transporter shall not be liable to
Shipper or any third Party for any damages incurred as a result of Transporter's refusal to
receive Gas as a result of this provision.

3.2 Specification Exemptions. Transporter, in its reasonable discretion and judgment, may
accept Gas that does not conform to the quality specifications in Section 3.1 but meets the
conditions set forth below, provided Transporter determines that such acceptance will not
interfere with Transporter’s ability to: (1) maintain prudent and safe operation of
Transporter's pipeline system and storage facilities, (2) ensure that such Gas does not
adversely affect Transporter’s ability to provide service to others, and (3) ensure that such
Gas does not adversely affect Transporter's ability to Tender Gas for Delivery to a
downstream pipeline or end-user.

(a) Transporter may accept Gas with no more than 2000 parts per million (.200 percent)
by volume of oxygen at a pressure of 14.73 p.s.i.a. and a temperature of 60 degrees
Fahrenheit at any Point(s) of Receipt.

(b) Transporter may accept Gas with a hydrocarbon dew point in excess of 25 degrees
Fahrenheit at any pressure between 100 p.s.i.a. and 1,480 p.s.i.a. as calculated from
the Gas composition: provided that the Gas is subsequently processed at the BP
Wattenberg, Regency Lakin, Mocane, CIG Rawlins, Williams Field Service Echo
Springs or DCP Roggen plants. However. the Gas must meet the Section 3.1(e)
specification after processing at these plants and upon reintroduction into CIG's
mainline facilities.

(c) Transporter may accept Gas with a water vapor content in excess of 7 pounds per
million cubic feet: provided that the Gas is subsequently processed within the
Regency Lakin and Mocane plant. However, the Gas must meet the Section
3.1(a)(v) specification after processing at this plant and before reintroduction into
CIG's mainline facilities.

(d) Transporter may accept Gas with a hydrocarbon dew point in excess of 25 degrees
Fahrenheit at any pressure between 100 p.s.i.a. and 1,480 p.s.i.a. as calculated from
the Gas composition at the East Dry Creek, Cavalry, Bent-Wagon Trail and Fluke
Meter Stations for quantities not to exceed 1,000 Dth/d at each location and at the
Kiowa Meter Station for quantities not to exceed 4.000 Dth/d.

Issued on: May 31, 2012 L Effective on: July I, 2012

Figure D-2. Page 233 of CIG Tariff with continued natural gas quality specifications as well as
specification exemptions.
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