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1.0 Introduction 

1.0.I The Federal Energy Regulatory Commission (FERC') has undertaken an 
initiative m examine and update natural gas interchangeability standards. FERC's initiative 
results from the confluence of several events and issues. Liquefied natural gas (LNG) 
imports have begun to rise, and forecasts are for future imports to be a significant 
percentage of total North American supply. Regasification terminals have regained active 
status and are expanding. The National Petroleum Council's 2003 report "Balancing Natural 
Gas Policy- Fueling the Demands of  a Growing Economy" presented projections for LNG 
imports to increase from I percent of  our natural gas supply in 2003 to as much as 14 
percent by 2025. This report also recommended that FERC and DOE "update natural gas 
interchangeability standards. ''1 The characteristics of  natural gas supply in North America 
have evolved over time as conventional sources are depleted, and new sources in the 
Rockies, Appalachians and the Gulf of Mexico are devdoped. Direct receipt of  unprocessed 
gas by transmission pipelines has grown and also contributed to the change in the natural gas 
composition. Finally, the United States has also experienced prolonged periods of  pricing 
economics that make it more profitable to leave some natural gas liquids (NGL's) in the 
natural gas steam as Btu's rather than process the gas and extract the NGL's for 
petrochemical feedstock and other traditional markets. These issues are exacerbated by 
North American natural gas supply being unable to meet current or projected demand. 

1.0.2 The transition from historicai gas compositions to the evolving gas supply 
profile presents specific technical challenges throughout the stakeholder value chain. 
Consequently, FERC undertook the challenge to begin addressing these issues in its annual 
Natural Gas Markets Conference (PL03-6-000) on October 14, 2003 and a technical 
conference on gas quality issues (PL04-3-000) on February 18, 2004. There are also several 
proceedings before FERC that highlight these issues on an individuai basis. As part of  ~eir 
process, FERC recognizes and has encouraged the industry to develop a process to identify 
the issues in a comprehensive fashion and wherever possible, to recommend courses of  
action developed by consensus. A group of stakeholders, under the leadership of  the Natural 
Gas Council, hereafter known as the NGC+, formed a technical work group to address the 
hydrocarbon liquid dropout issues specific m domestic supply and another technical work 
group to address the i n t e r ~ b i l i t y  issues associated with high Bm LNG imports. 

1.0.3 Interchangeability is defined as: 

77~ ability to aul~tttul¢ one g~"oua fu¢l For another in a oombuetlon ~oplication 
~ltlmut maeertaZ~ c.ban~n 8 operational ~ r y ,  e~dcncy ,  perfonmmce or material b, 
l n c m ~  alr poUutant emi~ions. 

Inmrchangeability is described in technically based quantitative measures, such as indices, 
that have demonstrated broad application to end-uses and can be applied without 
discrimination of  either end-users ot individual suppliers. 
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2.1 The objective of this white paper is to define acceptable ranges of natural gas 
characteristics that can be consumed by end users while maintaining safety, reliability, and 
environmental performance. 2 It is important to recognize that this objective applies equally 
m imported LNG and domestic supply. 

2.2 The NGC+ commissioned the Work Group on Interchangcability to examine 
the issues related m maintaining adequate and reliable gas supplies for consumers in a 
manner that will enable system integrity, operational reliability and environmental 
p~t'fo t'tllance. 

3.0 Background 

3.1 Development of North American Natxtral Gas Industry 

3.1.1 Interchangeability has been an issue since the 1930s and 1940s when natural gas 
began to replace manufactured gas (gas derived from coal and oil) in street lighting and other 
applications. In the traditional sense, gas interehangeability is simply defined as the ability to 
substitute one gaseous fuel for another without impacting combustion performance. 
However, the term interchangeability in the NGC+ effort has taken on a more general 
definition that includes the ability m substitute one gas for another without materially 
impacting historical utilization, including utilization in the industrial sector as "feedstock." 

3.1.2 Interchangeability remained an issue throughout the twentieth century, but 
mostly on a regional basis as new domestic supplies became available. In the areas where the 
gas supply changed significantly with time or by region, gas utilities managed the 
interchangeability issues in various ways, including Bm stabilization (nitrogen or air blending) 
and appliance readjustment. In addition, several L I ~ ' s  studied regional impacts of  
interchangeability extensively as new LNG imports containing varying levels of  higher 
hydrocarbons were planned and/or introduced into the North American supply 
infrastructure. Now, interchangeability has risen as a national issue as more non-traditional 
domestic supplies coupled with increases in global LNG imports that are planned m play a 
more significant role in meeting demand. 

3.2 Development of Natural  Gas End  U R  

3.2.1 Natural gas and NGLs found a ready market in the burgeoning petrochemical 
industry that began its rapkl growth as part of  the war effort asscx~ted with WWII and 
accelerated even faster after 1952. The regional growth of  the interstate pipeline system in 
the 1950% and 1960's coupled with relatively low cost natural gas encouraged the installation 
of  gas burning equipment (furnaces, hot water heaters, stoves, etc~) in residential and 

2 Performance ap~liet to material iacrtmes in air pollumts from gas- f-azd ~ t  ~ t  ~ t  M ~ 
cost effecti~y with additional emissions control technology. 

V 
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commercial settings. In general, gas-burning equipment from this period through the 1980s 
was designed to optimize combustion by creating near stoichiometric conditions, i.e.- 
chemically equivalent amounts of  air and natural gas. 3 As a result, properly installed and 
maintained equipment from that period is tolerant of fluctuations in the underlying gas 
quality related to seasonal demand patterns. Generally, inter- or intrastate pipeline supply 
meets the majority of non-peak natural gas demand and is supplemented with storage and 
propane-air mixtures during the peak usage periods. A number of appliance studies from 
the 1920s to the 1980s evaluated the limits of  interchangeability for a number of types of 
natural gas and other fuel gases. 

3.3 Changes in Natural Gas Supply 

3.3.1 There are limited historical data on the precise composirion of natural gas 
during the period of  rapid growth described above, but contaminants (water, inerts, ete) 
were dearly being controlled while the variability in hydrocarbon composition was not as 
well documented. Up until the late 1990'% the presence of a growing NGL market and 
rehfively low cost supply had created a consistent incentive to maximize the removal of  
higher hydrocarbons from the domestic gas supply, particularly in the Gulf Coast and Mid- 
continent supply areas. Domestic gas supplies appeared to be bountiful, and the only 
stimulus needed to increase production were high pricing levels that resulted in more 
drilling. The 2001-2004 steep run-up in gas prices has indeed increased drilling, but the 
production from these new wells has not offset declines in the historic supply basins. 
Discovery and development of new supply basins is barely keeping pace with the decline of  
older existing supply basins. As regions like the Appalachian Basin, Rocky Mountains, and 
Canada began producing more substantial quantities of  gas with their own specific gas 
composition" distinct variability in gas compositions between regions began to develop, and 
this situation is likely to persist and further evolve as supply continues to change. Most 
notable has been the increase in coal-seam production in the Rocky Mountains and 
Appalachian basin. This gas is composed almost entirely of methane and inerts (nitrogen 
and COz) that yields a hearing value significantly lower than traditional domestic production. 

3.3.2 Direct receipt of small amounts of unprocessed gas by transmission pipelines 
has historically contributed to the difference of  delivered natural gas in certain areas and 
continues to be a practice. 

3.3.4 F'mally, with three of  the four existing regasificarion remfinals regaining active 
status (the fourth remains in service), LNG imports have begun to rise, and future imports 
are fotecasred to account for a mote significant percentage of  total North American supply. 
The economics o f L N G  mmsportafion are such that LNG marketers prefer to have the 
ability to purchase LNG from a wide range of supply sources, most of  which contain almost 
no ~ (such as CO 2 and N2) and more non-methane hydrocarbons, such as ethane, 
propane and butanes, than historical US supplies. Non-methane hyd-~.ar~us have a higher 
enecgy density;, that is to say, they contain more Bto's per cubic foot. Higher energy density 
results in a more efficient production, storage and mmsportation of LNG, thereby increasing 

s The design basis was geneta~ done to provide for an excess of air to emurc for more ccanplete c ~ o n  
condiuons. 
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the overall capadty of the LNG supply chain. In addition, LNG is almost free ofinerts 
(nitrogen and carbon dioxide) as those are removed in the process of boil offduring 
transportation. As a consequence, the worldwide LNG market evolved as a high Bm 
marketplace, thus potentially phcing North America at a competitive disadvantage relative to 
other existing and growing markets. 

3.4 Changes in End Use Equipment 

3.4.1 Combustion burner designs vary widely among end uses. In addition, burner 
system designs in some equipment, such as gas turbines, have been changed suhstanually 
since the early 1990s. The shift was initiated by and has been intensified by ever increasing 
requirements to reduce emissions and increase fad efficiency. This shift impacts combustion 
equipment ranging from reciprocating engines and commercial space heating equipment to 
the newest combustion turbine technology in decttic power generation. The new burner 
technology is often referred to as "lean premix combustion". Other low emission 
technologies are also being used in home appliances as states work to meet Clean Air Act 
requirements. The net effect of these new designs is a greater sensitivity to gas composition 
characteristics and less tolerance of fluctuations in gas composition after the equipment has 
been set for a specified quality of  natoral gas. Equipment using these new designs is 
becoming widespread and as older equipment is replaced over time, the new designs will 
become pervasive throughout a broad number of  end user segments. I f  these burners 
become a common trend in residential and light commercial end user markets, change will 
occur over a relatively long time period; particularly in the residential segment, since tens of  
millions of  households have one or more gas consuming appliance. 

3.4.2 Varying natural gas composition beyond acceptable limits can have the 
following effects in combustion equipment: 

In appliances, it can result in soot formation, elevated levels of  carbon 
monoxide and pollutant emissions, and yellow tipping. It can also shorten 
heat exchanger life, and cause nuisance shutdowns from extinguished pilots 
or uSpping of  safety switches. 

b. In reciprocating engines, it can result in engine knock, negativdy affect 
engine perfotroance and decreased parts life. 

c. In combustion turbines, it can result in an increase in emissions, reduced 
reliability/availability, and decreased parts life. 

d. In appliances, flame stability issues including lifting are also a concern. 

¢.  In industrial boilers, furnaces and heaters, it can result in degraded 
performance, damage to heat transfer equipment and noncompliance with 
emission requirements. 

V 
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3.4.3 Varying gas compositions beyond acceptable limits can be problematic in non- 
combustion-related applications in which natural gas is used as a manufacturing feedstock or 
in peak shaving liquefaction plants, because historical gas compositions were used as the 
basis for process design and optimization of operating units. More specifically, domestic 
LNG peak shaving liquefaction plants will most likely require retrofits to continue 
operations utilizing regasified LNG as feedstock. Propane-air peak shaving operations will 
also likely require retrofits and/or additional controls to continue operations. 

3.5 Changes in Natural Gas Transportation 

3.5.1 Before the passage of FERC Order 636 in 1985, wholesale natural gas was 
purchased by L D ~  from interstate natural gas pipelines that purchased and amalgamated 
the supply from producers. During this period the interstate pipeline companies managed 
quality of  the delivered gas by blending. The quality specifications were incorporated into the 
gas purchase and sale contracts. In general these gas quality specifications in purchase 
contracts were designed to allow the acceptance of a wide variation of gas supply in small 
increments to a large portfolio of  supply gas that was already flowing. As a result, the overall 
quality level of  the delivered gas stream did not reflect the extremes of the receipt purchase 
specifications. 

Order 636 separated the gas transportation and ownership responsibilities, canceling those 
contracts, which then allowed suppliers, marketers and end users to purchase and ship their 
own gas on those pipelines. During this restructuring of the business systems, quality 
specifications for natural gas transported on the pipelines were incorporated in tariffs. 

3. 5.2 This restructuring of the interstate pipeline industry encouraged the building of 
competing pipelines into marketphces and interconnects between pipelines, greatly 
increasing the probability of  delivering natural gas to end use customers from different 
production basins and processing regimes. Further regulatory resu'ucturing of the pipeline 
business has increasingly limited the operational capability of  interstate pipelines to adjust 
the flow of the pipeline unless requested by the shippers. 

4.0 Overview of Interchangeabllity Indices 

4.0.1 A variety of  calculation methods have been devdoped to define the 
interehangeaffdity of  fuel gases for traditional end use equipment including: 

• Single index methods 

• Multiple index methods 

4.0.2 These methods are generally based on empirical Imramcters dcvdopcd to fit the 
results of interchangc~'gity experiments. The single index methods are based on energy 
input while the multiple index methods incorporate fundamental combustion phenomena. 
Science Applications, Inc., (SAI), published a comprehensive review of these and other 

7 
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interchangeability techniques in 1981 under sponsorship of the former Gas Research 
Institute (GILl), "Catalogue of Existing Interchangeability Prediction Methods."* 

4.0.3 A range of heating values s is specified in many pipeline tariffs, however, heating 
value alone is not a suffic/ent indicator of  the intcrchangeability of  gases. 

4.0.4 The most common single index parameter is the Wobbe Index sometimes 
referred to as the lnterrka~gcabif~ Factor. T h e  definition of the Wobbe Number is based on 
the heating value and specific gravity of a gas, and it is related to the thermal input to a 
burner (Btu per hour). It should be noted that while Wobbe is an effective, easy to use 
screening tool for interchangeability, the indusm/historically recognizes that the Wobbe 
Number alone is aLso not sufficient to completely predict gas interchangeability because it 
does not adequately predict all combustion phenomena. 

4.0.5 Multiple index methods date back to the late 1940's and include the AGA 
Bulletin 36 Indices and the Weaver Indices. The multiple index techniques have a history of  
widespread and satisfactory use in the industry;, however, as empirical models, the multiple 
index methods also have limitations based on the burner designs and fuel gases tested in the 
development research. In general, the new gas supply, called "substitute gas" is evaluated 
for behavior of specific combustion phenomena, including flame lifting, flashback, yellow 
tipping and incomplete combustion, relative to an "adjustment gas" or the gas normally used 
in the past with properly adjusted equipment. 

4.0.6 A great deal of research has been performed to develop and assess 
interchangeability indices. However this work is continuing as appliances and other end use 
combustion devices become more sophisticated to meet current efficiency and emission 
requirements. Access to some of  these valuable data has not been possible because the 
research was performed on a proprietary basis. The most reliable method for assessing the 
interchangeability of a substitute gas is to examine performance of  various combustion 
devices in the laboratory after initial adjustment to a reference gas. This is obviously time 
consuming and can be impractical The alternative to extensive laboratory testing is the use 
of  prediction methods such as those highlighted above. However, it must be recognized that 
all of  these methods are empirical and as such, may be their application may be resmcted to 
the combustion phenomena, fad gases and burner types for which they were derived. 

5.0 Effects of Changing Natural  Gas Composition on End  Use Equipment  

5.0.1 The Work Group recognized the need to examine the effects of  changing 
composition for each type of  end use equipment and combustion technology. As described 
in section 3.4.1, there are olde~ combustion technologies, current technologies and newer 
combustion technologies within each end use equipment category. The categories of 
equipment considered were 

V 

4 Pe~rrnance Modeling Of Advano~ Burner ~ -  C~lcgue Of F.x~ng In~rchangeabil~y 
Hethods, ~ Report Phase II, GRI - 80/00H, 1980. 
s Higher heat~g value, also referred to as Gross Heating Value by ISO, b'ad~onally measured in 
Br~s~ Thermal Units (BTU). 
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• Appliances, 
• Industrial borers, furnaces and process heaters, 
• Reciprocating engines including Natural Gas Vehicles 
• Combustion turbines, and 
• Non-combustion uses including LNG peak shaving liquefaction and 

chemicai and consumer product manufacturing. 

5.0.2 The effects of  changing composition in combustion applications can be 
described by a set of  combustion specific phenomena and emission characteristics. The 
combustion specific phenomena include: 

• Auto-ignition (also referred to as "knock" in engine applications) 
• Combustion dynamics (pressure fluctuations and vibration) 
• Flashback 
• Lifting 
• Blowout 
• Incomplete combustion (carbon monoxide production), and 
s Yellow tipping. 

The major emission charactel'istics considered were: 

* Niu'ogen oxides (NOx), 
* Unburned hydrocarbons, and 
* Carbon monoxide, and 
* The response of supplemental emission control technology. 

5.0.3 The Work Group examined each of  these effects and in general found that 
there is a good theoretical understanding of the onset and management of these effects. 
However, in general, there are limited documented operational data that can be used to 
relate these effects consistently and reliably to compositional limits in natural gas covering 
the range ofeod use applications considered. 

5.0.4 The Work Group also found that historical composition of  natura/gas plays a 
key role in assessing and managing interchangexbiiity of  gas supplies. This is best exemplified 
when considering home appliances. These units are initially installed and placed into 
operation using the natural gas as received, in a given r e ,  on or market are~ Appliance 
performance degrades when the appliance is operated with gas that is not interchangeable 
with the gas used to tune the appliance when it was first insts~ed. Although the safety 
certification of  appliances ensures that they perform safely when operated well above and 
below their design firing rates, much of  that margin has historically been used to 
accommodate fluctuations in air temperature and humidity that also affect appliance 
performance. Mazginai, improperly tuned or maintained equipment, and some newer low 
emission appliances are not as tolerant to changes in gas composition. Thus, ensuring that 
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gas supplies are interchangeable with historical local supplies used to tune "legacy" 
equipment is an important consideration in addressing interehangeability. 

5.0.5 In addition, it has been documented through field testing that a small but 
significant fraction of residential appliances are performing marginally or poody on domestic 
natural gas due to improper installation or lack of maintenance. These units can be especially 
sensitive m natural gas composition changes. 6 

5.0.6 One of  the major concerns of  varying natural gas composition in reciprocating 
engines is engine knock. The anti-knock property of  a natural gas fuel can be expressed as a 
methane number and is analogous to the octane rating of  gasoline. In addition to the anti- 
knock quality, the operating performance of an engine on a low methane number fuet may 
be important. Low methane number is usually a result of  the presence of  high hydrocarbons 
in the fuel In addition to the methane number, the Wobbe number is also an important 
parameter for gas engines as it determines both the power and equivalence ratio and changes 
that might result in poor operational and environmental performance. 

5.0.7 Non-combustion end uses include feedstock applications in various chemical 
and manufacturing processes such as ammonia fertilizers, reforming, fuel cells and LNG 
peak shaving liquefaction plants. Varying feedstock gas compositions can also negatively 
impact the efficiency and even the safety of  these processes. In general, specific process 
design requirements are specified around a relatively tight range of feedstock compositions. 

5.0.8 Of  particular concern is the impact to LDC peak shaving liquefaction 
operations as these facilities have evolved into a critical part of  the supply infrastructure of  
some LDCs. There are a smaller number of  peak shaving plants operated by transmission 
pipeline companies. Shifts in feedstock composition resulting from unprocessed domestic 
supplies include increased concentrations of heavy hydrocarbons (C6+) that can freeze out 
and plug heat exchangers, significantly impacting the efficiency and reliability of  the 
liquefaction process. In addition, feedstock containing high concentrations of  C_q/C) 
fractiom as well as nitrogen from Btu stabilized regasified LNG can also significantly impact 
the efficiency and reliabRity of plant operations. LNG peak shaving liquefaction plants in 
general do not have the internal capacity or an "outlet" for these non-methane components 
that are traditionally t~aoved from the gas by the liquefaction process. Depending on the 
liquefaction process, excessive inert concentrations pose additional problems with LNG 
storage systems because of  increased tank bo'tl-of£ In summary, changes in feedstock 
composition beyond the original plant may require many facilities to retrofit cold box 
components (heat exchangers and flash vessels) as well as tank storage system components 
(cold b lo tch) ,  and these retrofits may be uecessaty to accommodate unprocessed domestic 
supplies and regasified LNG imports. The inability to effectively and effidently re-fill peak 
shaving storage during off-peak periods due to liquefaction system constraints caused by 
varying feedstock compositions beyond design could significanth/compromise the pipeline 
or L D C s  ability to meet peak day/peak hour demands. 

6 TIAX - Cove P o ~  Summary & Ccmmomvea~ Studies 
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5.0.9 Additional LDC peak shaving concerns include the impact of  higher 
hydrocarbon gases on propane-air peak shaving operations. As with the liquefaction plants, 
these facilities were designed with spedfic blending capabilities and limitations based on 
historical pipeline gas compositions. Existing systems may not have the necessary capacity to 
adequately blend peak shaving supplies with higher hydrocarbon pipeline supplies while 
maintaining interchangeability criteria. As a result, retrofit of  these facilities may also be 
required to accommodate variations in pipeline supply compositions. 

5.0.10 The rate of  change in gas composition appears to be an important parameter 
for some end uses. Fluctuations in composition beyond the limits that the equipment was 
tuned to receive, pardcuiariy if the changes occur over a short period of  time, are likely to 
reduce the ability of  some equipment to perform as designed by the manufacturer. 

6.0 Application of Interchangeability Parameters 

6.0.1 The Work Group considered the range of  effects above and sought to define 
an approach to apply interchangeability parameters that addressed the full range o f  effects 
and that could ultimately achieve the obiective , that is, to "D~ne axsptabk rano~s 0fnatxndgas 
t~a ~ bt co~ed/~ end Ns~ ~/n'/e ~a/n~'n~ saflg, ,r//~'//9, and ¢no/~n.~nt4/pofl~,~ce." 

6.0.2 For traditional end use equipment, evaluation of acceptable gas quality 
variations begins with the actuai adjustment gas. The actual adjustment gas is the first gas 
that is supplied to an appliance, that is, the gas used during the moments of  appliance 
installation to adjust the equipment and set it "on rate." This concept is, of  course, the 
basis for both single and multiple index calculations methods, which define mathematical 
indices based on a specified "Adjustment Gas" with known properties such as heating value 
and specific gravity and/or  composition. In practice, development of  the adjustment gas 
composition must be based on the history of gas supplies to the region and on the 
operations of  the utility. Three situations may pertain: 

1) The actual adjustment gas is identical to a consistent and known historical 
average gas. In this case, the delivered gas composition has been constant 
over long periods of time, and all appliances in the region have been instated 
with the same acuml adjustment gas. This situation is experienced by those 
regions, such as parts of  the Northeast and Midwest, which have historically 
received consistently processed pipeline supplies from producing regions 
such as the Gulf  Coast and Mid-Continent supplies. 

2) The utility establishes a specified or "target" gas based on the historical gas 
supplies. In this situation, the company effectively targets a single heating 
value and possibly other specifications (e.K, Wobbe, gas composition, orifice 
sizing tables) and provides these values to the instaflets o f  gas appliances, 
municipal building departments, gas suppliers, system operators, em  The 
company may develop different target values for different zones or districts 
within its delivery system, depending on the gas source, the history of the gas 
supply, and other factors, such as elevation. This specification is currently 
used by companies that have managed interchangeability issues, such as 
companies that distribute gas at high altitudes, that have completed appliance 
readjustment programs within their system, or that use Bto stabilization for 

11 
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3) 

interchangeability control The utility typically monitors and provides 
necessary information to instaUcrs upon request to ensure the adjustment gas 
at the time of appliance installation is consistent with the stated target gas 
va lues .  

There is no specified target value, and the composition of  the delivew.A gas 
has varied over time. In this case, there is no single actual adjustment gas 
that can be defined for the delivery system, and the appliances within the 
system may have different and possibly unknown set points, depending on 
the variability of  the gas supply. If evaluation ofinterchangeability is 
required, an estimate for the adjustmentgas will be necessary. Alternatives 
may include the average historical composition, the minimum or maximum 
extremes, or a combination. This situation may exist in producing regions 
where the degree of gas processing may vary depending upon where the 
supply is obtained rehtive to processing facilities and to the extent 
contractual blending is available. 

W 

6.0.3 The Work Group drew upon the European experience and adopted the 
concept of developing an operating tz~ime to define the acceptable limits. This approach 
entails selecting parameters that address the end use effects described above, such as auto- 
ignition, incomplete combustion, yellow tipping, rifting, and others. Indices such as those 
found in AGA Bulletin 36 and Weaver target specific end use effects while the Wobbe 
number is a more genetic metric. For example, both the AGA Bulletin 36 and Weaver 
methods define indices to specifically address yellow tipping phenomena. 

6.0.4 A purely sdentific approach might lead one to applying many of the Weaver 
and AGA Bulledn 36 indices for every end use application. However, lindted testing dam on 
low emission combustion equipment indicate that these indices may not consistently account 
for the observed combustion related behavior. In addition, the Work Group was concerned 
about specifying overly restrictive limits and sought to define a mote practical approach. 
The group built upon the idea of developing an operating regime. 

12 
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6.0.5 As shown in Figure 1, the basis for constructing the operating regime was to 
propose a parameter and identify which end use effects were addressed by that parameter, 
tither in specifying a minimum or a maximum limit. The Wobbe Number was considered 
first because it was recognized as the most robust single parameter. In general, establishing a 
maximum Wobbe Number can address certain combustion phenomena such as yellow 
tipping, incomplete combustion and potential for increased emissions of NOx and CO. 
Establishing a minimum Wobbe Number can be used to address lifting, blowout and CO. 
Laboratory testing and combustion theory has shown that simply selecting a maximum 
Wobbe is not sufficient m address incomplete combustion over a range of  gas compositions 
(espedally for natural gas with heating values in excess of  about 1,100 Bto/scf. However, 
this limitation can be overcome by selecting a more conservative maximum Wobbe Number 
coupled with an additional parameter such as heating value.. 

6.0.6 The "art" is in selecting additional parameters to address the remaining end use 
effects. Experience has shown that specifying a maximum Heating Value can address auto- 
ign/rion (or knock), flashback, combustion dynamics, and when coupled with the Wobbe 
Number, incomplete combustion and sooting. Alternatively, the Work Group found that a 
maximum value for a spedfied fraction of  hydrocarbons, such as butanes plus can address 
these same parameters. 

V 

7.0 Opdons  for b l ~ B g i n g  Interchangeability 

7.0.1 There are three options for managing intcrchangcability:. 

• Management at the producdon source 
• Management prior to introduction into the transmission pipeline system, and 

13 
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Each of  these options is described below and placed in context with the existing 
infrastructure. 

7.1 Management at the Production Source 

7.1.1 Natural gas interchangeability can be managed near the source of production. 
For domestic supply, this generally entails treating and processing gas to reduce 
concentrations ofinerts, contaminants such as corrosive compounds and hydrocarbons 
other than methane. Gas is treated to reduce inerts and corrosive compounds such as water, 
hydrogen sulfide, carbon dioxide and nitrogen. Gas is processed through refrigeration, lean 
oil absorption, or cryogenic extraction to reduce various levels of natural gas liquids (NGLs) 
such as ethane, propane, butanes, pentanes and hexanes plus. The levd of NGL extraction 
is dependent upon the technology, existing NGL infrastructure, economics and known gas 
specification requirements. Some existing and future domestic supply sources do not have 
access to processing plants and may not be sufficient in volume to justify the cost of  
processing. In this case, pipdine blending (contract) may be the preferred option as to not 
limit supplies which otherwise cannot be processed. The gas delivered into a pipeline will 
have distinct composition and characteristics depending on the extent of  any treatment or 
processing as well as the original gas source and composition. The gas quality and 
interchangeahility characteristics of  treated/processed "conventional" natural gas and coal- 
bed methane, for example, can vary significantly, and gases of these two types may not be 
interchangeable with each other. 

7.1.2 Imported LNG is processed at the production source primarily for the removal 
of NGL components, such as pemanes and hexanes plus, that would freeze during the 
liquefaction process. This means LNG generally does not contain the heavier hydrocarbons 
but does contain appreciable concentrations of ethane and propane with some butane(s). 
Many LNG-unporting countries have developed their gas distribution infrastructure based 
on regasified LNG and have set minimum heating value standards, which are rehfiveiy high 
compared to the North American market. It is important m note thatJapan, Korea and 
Taiwan import over 70% of globally traded LNG, and their gas specification of  relatively 
high heating value has served as the basis of many current and future LNG supplies. LNG 
suppliers could add equipment to remove additional NGLs from their gas stream but have 
elected to produce a higher Bm content LNG more compatible with world markets. Also, 
many 12qG supply regions lack infrastructure and markets for extracted ethane and propane 
products. In addition, economics favor leaving some NGLs in the gas as transportation and 
sales are executed on an energy (Dekatherm) basis. Reducing the NGL content reduces the 
energy value of the LNG and reduces the economic value of each cargo for the supplier. 

7.2 Management Prior to Introduction Into the Tmnamlagion Pipeline Syatem 

7.2.1 Imported LNG can be processed to reduce the NGL content at the LNG 
receiving terminal. LNG terminal operators or shippers contracting with terminal operators 
or third parties can use NGL separation technology to achieve the desired interchangeability 
indices. The feasibility of this option is dependent upon the economics of NGL extraction 

14 
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and the proximity of  local markets and/or  available infrastructure to transport the NGL to 
market. Given these facts, this option is viable only in the Gulf Coast (Texas and 
Louisiana) or other coastal locations where there is sufficient NGL demand and 
infrastructure. NGL extraction economics in the Gulf  Coast have weakened in more recent 
years due to the impact of escalating natural gas prices. There are no NGL extraction plants 
associated with the three existing LNG terminals along the East Coast. There is a small 
third party slipstream NGL extraction facility processing a portion of  the regasified LNG 
from the Gulf  Coast LNG terminal. 

7.2.2 In theory, LNG terminal operators have the option of  using an extracted NGL 
product stream as a fuel source, for example, to generate power;, however, this option is 
generally not viable because the NGL supply would likely exceed the energy consumed and 
varies in volume and composition with changing LNG supplies. 

7.2.3 Injection of  an inert gas is an option at the LNG terminal. There are three types 
ofinerts that can be used: 

• Nitrogen 

• Air, and 
• Flue gas 

7.2.4 Inert gas injection reduces the heating value, increases the specific gravity of the 
gas, and as a consequence reduces the Wobbe Number and changes other interehangeab'flity 
indices. For example, injection of one (1) percent by volume of nitrogen or air reduces the 
Wobbe Number of  natural gas by approximately 1.3 percent. ~ 

7.2.5 The costs of  air injection are significantly lower than nitrogen injection. Air 
injection has been historically used for managing interehangeabiliry. It is common in 
propane/air peak shaving and is also used at dry gate stations in some regions of  the US 
where the base natural gas supplies currently contain less inerts than the historical appliance 
adjustment gases. 

7.2..6 There is one drawback with air injection , as it introduces oxygen into the 
natural gas; for example, injection of  3 pezramt air by volume results in an oxygen level to 
approximately 0.6 mol%. These oxygen levels may not be acceptable because of current 
tariff restrictions, concerns about pipeline integrity, underground gas storage, and impact on 
feedstock plants and other end uses, such as peak shaving. 

7.2.7 Injection of  flue gas is an option; however, it requires that a source of  flue gas 
be in immediate proximity of  the terminaL None of  the domestic terminals use flue gas 
injection. In addition, the presence of  oxygen, other combustion products such as CO, and 
moisture in the flue gas pose a more severe risk to pipeline integrity as these components 
can all contribute to corrosion of  smel. Special care may need to be taken for LNG sources 
that use this technology and are upstream of  underground storage fields or other locations 

7 The reduc~on In a parameter such as Wot~e Nurnlx~ will be grea~et" titan the simple reduction 
In heating value alone as the spedflc gravity Is also increased. 

W 
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that may operate as a wet gas system, since corrosion at those locations could occur as a 
result of tbe  formation of carbonic acid. 

7.2.8 Blending within an LNG receiving terminal is conceivably an option. An LNG 
terminal operator may have the option to blend two LNG sources to achieve an overall 
spedfication; however, this may create operational issues and to rely on this option for all 
but a small portion of  the supply would reduce overall terminal capacity. As such, blending 
is not a viable option for terminal operators. 

7.2.9 Blending applied by the pipeline operator is also technically feasible. However, 
widespread use of  blending is out of  the direct control of  the pipeline operator. The 
transportation of natural gas is governed by daily and sometimes more frequent nomination 
of volumes and specification of receipt and delivery points by shippers. Consequently, any 
pipeline blending that occurs is coinddental and historically has not been planned to achieve 
a specific end point or specification. Even in pipelines where blending currently occurs, this 
practice is thus not a consistently reliable method of interchangeability management. 

q p '  

7.2.10 It is important to note that following implementation of  FERC Order 636, 
significant numbers of producers have entered into contracts with pipelines to transport 
their gas without prior NGL removal. This situation resulted as the production sources 
developed near the existing pipeline infrastructure and producers determined that it was 
either infeasible or not economically attractive to extract NGLs. The volume of any one 
source tended to be small, approxirrmtely less than 10 Mmscfd, and pipelines were often able 
to take advantage of  incidental blending to achieve a delivered gas that was acceptable. 

7.2.11 In summary, of all the options described above, inert injection is the most 
widely investigated and implemented option m date for North America LNG imports. 
NGL separation may be a viable option in particular situations. Both of  these solutions 
increase the cost of the natural gas supply because of the additional costs of  conditioning the 
LNG stream.. 

7.3 Management at the Point o f  End  Use  

7.3.1 Some gas utilities in the Rocky Mountain Region use air injection at the city 
gate stations. This inert gas injection serves to condition their mid-continent supply gas 
from a Wobbe Number of  1330 to 1200; appliances in this t~ ion  were originally adjusted 
for high nitrogen (low Wobbe Number) natural gas, and the higher Wobbe Number supplies 
were shown to result in interchangeabillty problems. This management process is similar to 
that described in section 7.2 M a m g ~ t / M a r  ~ lm~Na~ ,  ln~ the Tmas~/ss~ P / / ~  3".yae~. 
It should be noted that this gas quality management practice in the Rocky Mountain Region 
is the exception in the current national LDC infrastructure. For some larg~ industrial natural 
gas customers in France, such as several glass manufacturing fa~oties, air injection 
equipment has been used to stabilize the quality of their fuel gas. 

7.3.2 Another option is to inspect end use equipment such as gas appliances and if 
necessary, m adjust improperly operating equipment for changing gas quality. To be 

V 

16 



Jnofflclal FERC-Generated PDF of 20060414-0200 Received by FERC OSEC 12/06/2005 in Docket#: RP04-249-001 

200506305008 Received FERC OSEC 06/30/2005 10:43:00 AM Docket# PL04-3-000 

V 

White Paper on Natural Gas Interehangeability 
And Non-Combustion End Use 

Exhlb~ No. FGT4 
Page 17 of 250 

effective, this option requires a high percentage ofinstaUed equipment to be inspected and 
adjusted by trained personnel This approach is expensive and requires multiple years for 
complete implementation. Although difficult when large numbers of customers are 
involved, this approach has been effective in different parts of the country. 

7.3.3 There are also options that can provide greater clarity for equipment 
manufacturers and aid in development of North American interchangeability standards. The 
options include 

• Addition of specificity to design and installation standards 
• Development and implementation of a limit-gas testing regime 

Each of these is describeA, in greater detail below. 

7.3.4 In general, end use equipment is designed presuming that a gas stxeam of an 
unchanging known composition wi//be the sole and continued fuel source. However, as 
described above, the composition of  the domestic natural gas has evolved over time, and in 
addition, the composition of  natural gas varies from region to region within the country. 
Manufacturers could adjust the design basis for parlicular end use applications, especially for 
low emission equipment. Also manufacturers could adjust combustion equipment at the 
factory and seal the equipment to ensure that it arrives for installation in a configuration 
consistent with the design basis. 

7.3.5 End use equipment manufacturers do provide instructions for installing and 
placing equipment into service. Manufacturers and even the organizations that publish 
national consensus standards could develop instaliatioh and adjustment standards that 
ensure that the equipment is installed and placed into service according to the equipment 
design. The standards could alan provide guidance for installers in the event that factory 
settings are found to be out of spec~ 

7.3.6 Much of the end use equipment in place today is placed into service using one 
test gas, usually whatever gas h delivered at the time the testing in undertaken. National 
consensus sumdards devdop'mg organizations or manufacturers working together could 
define a multiple test-gas testing regime. This is the approach that is used in the European 
Community for appliances. A benefit of  this approach is that it defines the working range 
for end use equipment. The working range can then be factored into broader 
interchangeability standards. 

7.3.7 In summary, the options in 7.3.3 are ofvaine for equipment that will be 
manufactured, installed and placed into operation in the future. Applying these options for 
end use applications with ~ fleets in place, such as appliances will be exu'enw.ly costly. 

V 

s.o 

1. The heating value specification alone, as used in some tariffs today, is not an 
adequate measure for gas interehangtability. However, it may be an appropriate 
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parameter to assure interchangeability if  used in conjunction with other 
specifications.' 

. Most pipeline tariffs do not contain adequate specifications to define or set 
interchangeability limits. Most gas distribution company tariffs do not contain them 
either. 

. There is a large body of  work that has been conducted by the American Gas 
Association and other research bodies on interchangeability and interchangeability 
indices. In addition, a number of pipdine and distribution companies have amassed 
first-hand operating experience in managing interchangeability. Other parts of the 
world inducting Europe have aho successfully instituted programs to manage 
interchangeability. However, it is not known to what extent this research and 
experience applies to low emissions combustion technology. 

4. Gas interchangexbility indices represent the best starting point for developing 
guidelines for natural gas interchangeability. 

. The Wobbe Number provides the most efficient and robust single index and 
measure of  gas interchangexbility. There are limitations to the applicability of the 
Wobbe Number, and additional specifications are requited m address combustion 
performance, emissions and non-combustion requirements. 

. Gas interchangeability guidelines must consider historical regional ffas compositional 
variability as well as furore gas supply trends. Interehangcability is an issue for both 
domestic ffas supply and LNG imports. 

7. European experience suggests that understanding the historical range of gases 
dismbuted in the U~q. is erifical in establishing furore interchangeability guidelines. 

8. Presendy, there are limited data characterizing the changes that have occurred over 
time in natural gas composition on a regional basis. 

. Combustion equipment in use today is characterized by two major categories of  
technology, conventional and low emissions. Low emissions combustion 
technology, developed primarily in response to Federal and State emissions 
requirements, is relatively new. Current low emissions combustion technology 
utilizes various control systems, exhaust meatments, designs m achieve lower 
emissions and can vary by application. In some applications, the newer technology 
improves fuel efficiency and reduces cost. 

10. V~aTing ~ m ~  gas composition beyond acceptable limits can have the following 
effects in combustion equipment: 

' The Work Group qFeed to mmdanJize c~ ,  sex of terms uo me in defininS inmrchanKe~ility. "Iucfices" are 
de freed in AGA Bulletin 36 and Weave~ (~& - incomplete ccanbusuon index, yellow t~ping, eec.). 
"Paramelers" are u~d to de free ~ or limits for cornponema expressed as ~ t i o n .  " S p e d 6 ~ "  
encompa~ both indices and ~ 
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a.  

b. 

C. 

d. 

C. 

In appliances, it can result in soot formation, elevated levels of carbon 
monoxide and pollutant emissions, and yellow tipping. It can also shorten 
heat exchanger life, and cause nuisance shutdowns from extinguished pilots 
or tripping of safety switches. 

In reciprocating engines, it can result in engine knock, negative changes in 
engine performance, and decreased parm life. 

In combustion turbines, it can result in increased emissions, reduced 
reliability/availability, and decreased parts life. 

In industrial boilers, furnaces and heaters, it can result in degraded 
performance, damage to heat transfer equipment and noncompliance with 
emission requirements. 

In all end use equipment, it can result in flame instability, including tiffing 
and blowout in appliances. 

11. For traditional end use equipment, evaluation of  interchangeability begins with the 
concept of  adjustment gas. The adjustment gas may be specified as the average of a 
consistent historical supply or as target values established by the utility. In cases 
where the historical supply has varied and there is no established target, the 
adjusUnent gas concept is more difficult to develop and quantify. 

12. Varying gas composition beyond acceptable limits can be problematic in non- 
combuston-related applications where natural gas is used as a manufacturing 
feedstock or in peak shaving liquefaction plants, because historical gas compositions 
were used as the basis for process design and optimization of  operatng units. More 
specifically, domestic LNG peak shaving liquefaction plants will most likely require 
retrofits to continue operations with regasified LNG as feedstock. Propane-sir peak 
shaving operations will also likely require retrofits and/or additional controls to 
continue operations. 

13. Gas interchangeability guidelines must consider the full range of  requirements for all 
end use equipment. 

14. Fluctnatons in composition beyond the limits equipment is tuned m receive, 
partculady if it occurs over a short period of  time, is likely to reduce the ability of 
some equipment to perform as intended by the manufacturer. 

15. Combustion turbine operation with fuel gas supplies near or above 1400 Wobbe 
occurs at world-wide locations; however proper operation, induding meeting 
emission limits, of  some existing equipment may require installation of additional 
equipment and control systems, including furl pre-heat requirements. Additional 
constituent limits may be necessary (such as butanes+, propane etc) to address 
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manufacturer concerns until research/data are available to better understand the 
impact on operability of this equipment. 

16. The time rate of  change of  fuel composition changes is problematic for some end 
use applications, including combustion turbines. As a practical matter, in general, the 
work group found that gas composition variability rate of change should not be a 
significant issue and should meet existing turbine manufacturers' requirements. 

17. Modem gas internal combustion engines can operate safdy and efficiently over a 
reasonable range of Wobbe and Heating Value numbers with dosed loop controls. 
However, as indicated earlier in the paper, excessive concentrations of  higher 
hydrocarbon constituents such as propane and ethane results in low Methane 
Numbers and damaging engine knock. Limits on these constituent limits in addition 
to Wobbe and Heating Value ranges may be necessary to satisfy manufacturer' fuel 
specifications. 

18. Presendy, there are limited publicly and readily available data for the full range of end 
use equipment and gas supplies. 

19. Historical interchangcability indices have been widely used for conventional 
combustion appliances and are recognized default specifications when actual 
operating data are unavailable. 

20. Limited testing and research conducted by distribution companies, equipment 
manufacturers and researchers indicate that historical indices may not adequately 
account for the full range of  effects with low emissions technology. 

21. The European experience in gas interchangeability highlights important issues for 
establishing U. S. interchangeability guidelines and demonstrates significant 
differences from the U. S. situation. 

22. lnterchangeability specifications can be used to define an operating regime that 
addresses end use effects, such as auto-ignition, stability, incomplete combustion and 
poUuumt formation among others. The Work Group found that based on  current 
and projected available gas supply, at least two interchingeability specifications are 
required to adequately address the end use effects. 

22- Gas system infrasu'ucture impacts must be considered when supply compositions 
change for extended perinds of  time. The impacts when shifting to a dry, leaner 
supply source may include failure of  certain gas mmsmission and dismbution piping 
component seals and gaskets in valves, pipe clamps, joint sealants and other 
mechanical components. Additional infrasu'ucture issues include impacts to custody 
transfer gas measurement t e c h ~  (thermal vs. volumetric billin~ and related gas 
accounting issues. 
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3. In the majority of cases, interchangeability is best managed at two key points along 
the value chain, at the origin of  supply or prior to delivery into the existing pipeline 
infrastructure. 

4. Ovedy broad limits in the interchangeab'tlity specifications may result in reduced 
reliability, increased emissions, and decreased safety on end use equipment, and 
consequently higher costs to consumers. On the other hand, unduly conservative 
restrictions on the interchangeability specifications due to lack of data may result in 
both limited supply options and higher costs to the consumers. 

25. Interstate transmission pipelines transport 80 percent of the natural gas. 
Approximately, 20 percent of the natural gas consumed is produced and consumed 
within the same state. The FERC has jurisdiction over interstate transmission 
pipelines while State agendes have jurisdiction over intrastate transmission. 

26. Gas supply compositions within the US vary by region depending on demand, 
available supply, the degree of  processing and pipeline blending. The 1992 GRI 
survey of gas supplies included gas composition data for over 6,800 samples from 26 
dries in the United States. The absolute minimum and maximum Wobbe numbers 
in the dam were 1201 and 1418, respectively. Most of the data showed a narrower 
range of Wobbe numbers, with tenth and ninetieth percentile levels of  1331 and 
1357, respecrively. The team found that the historical range of  gas compositions 
reported in the 1992 survey has been successfully utilized; more recent gas 
composition data is currently being collectecL However, it is critical to recognize that 
not all gases within the absolute range are interchangeable with each other. The 
range of interchangeability for a given region is considerably fighter than the 
variation between regions of the country. 

27. Complete management of gas interehangeability requires specification of both 
minimum and maximum limirs for Wobbe numbers. The issue of supplies with 
increasing Wobbe numbers is currently more widespread than the issue of  supplies 
with decreasing Wobbe numbers. Furthermore, a number of  udliries with low 
Wobbe supplies have implemented interchangeab'flity management practices in the 
past, while many utilities already receiving or anticipating receipts of  higher Wobbe 
number supplies have little to no experience in interchangeability management. The 
Team's focus was therefore evaluation of  maximum Wobbe limits. The Team 
recognized the equal importance of  a minimum Wobbe limit and the need for 
inclusion in the proposed reseaseh program. 

8. It has become apparent through the w o ~  of the NGC+ Interchang~bility Technical 
Team that significant data gaps exist that inhibit non-mglitional supplies from 
entering the North American market. There is general recognition that a 
colhborative effort will be necessary to conduct research and obtain essential 
information necessary to maximize supplies into the madr.etphce including D.O.E., 
equipment manufacturers, suppliers, pipdine% IX)C's and other industry trade 
groups. As a result, to meet the recommendations of the NPC Report, it is proposed 
that the abovementioned research be accomplished within a two-year time frame 

V 
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beginning in 2005. This aggressive schedule is necessary to minimize risks associated 
with any interim guidelines adopted while awaiting the additional information needed 
to allow LNG imports and additional domestic supplies maximum penetration into 
the North American market. 

9.0 Recommendations 

. The Work Group recommends the completion of work started by this group to 
gather and analyze historical composition data that will better characterize the 
change in natural gas supply on a region-by-region and markct-by-market basis. This 
data gathering process must be standardized so that on-going data collection can be 
used m develop a better understanding of shifts to the historical compositions. 

2. The Work Group recommends the completion of work started by this group on the 
effects of changing supply on particular end use equipment. 

. The Work Group recommends that appliance manufacturers and equipment 
certifying organizations for gas burning equipment confider adopting limit gases 
testing that is representative of'current and future supplies. Such a:sting as part of 
the design certification process will help ensure that new appliances and equipment 
can deliver safe and reliable performance under varying and changing gas supply 
conditions. In addition, an education process is recommended promoting appliance 
inspections and adjustment during a period of transition to new gas supplies. 

. Additional research must be conducted to define the compositional limits of natural 
gas m support development of longer-term interchangeability guidelines for low 
emission and high efficiency combustion designs. 

. The Work Group recognized the value in adopting a national range for key 
parameters such as the Wobbe Number to provide certainty for producers and 
suppliers. This apecificadon is equally important for domestic supply and for 
imported LNG. However, the Work Group also recognized the need for flexibility 
since certain areas may be able to utilize a wider range of gas compositions than 
other areas. 

. While adopting a wide national range for key specifications such as the Wobbe 
Number is important for supply flera'b'flity, acceptable i n t e r c ~ b i l i t y  ranges for 
specific n:gions or mark~ areas may be mote restrictive as a consequence of 
historical compositions and corresponding end use settings. 

. The Work Group supports the use of processes for development of 
interchang~b'flity specifications based on the Wobbe Number and supplemental 
parameters that can be applied t~gionslly, locally, and nationally. These processes 
have been used in a number of local and regional int~cchangeab'flity studies over the 
past three decades. Appropriate processes incorporate the following elements: 

V 
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a. Historical gas supply characteristics to accommodate current end users and 
equipment requirements, 

b. End use equipment gas interchangeability requirements based on published 
end use equipment teat data and to the extent required, additional tesnng 
over the range of  gases representative of current and future supplies, 

c. Consideration of  interchangeability management options and costs, and 

d. Development of  numerical specifications. 

. The NGC+ Interchangeability Work Group has identified several "information 
gaps" that must be addressed to better understand the overall impacts of gas 
interchangeability in North America. These gaps must be addressed to provide the 
maximum level of  supply flexibility considering current global LNG import 
composition profiles as well as evolving domestic supply compositions. More 
importantly, reaching consensus among major stakeholders in the gas supply, 
transportation and end use value chain is predicated on filling these gaps in a timely 
fashion. Consensus on interim guidelines relies upon establishing a process and 
fimeframe for filling the technical gaps based on sound scientific analysis and testing. 

. The Work Group recommends that a transition plan be adopted given the lack of 
readily available historical data to characterize both the change in natural gas supply 
and in end use equipment. The transition plan is based on adoption of 
recommendations described above and adoption of  interim interchangeability 
guidelines given below. The purpose of  the transition period is to maximize supply 
while gaining additional experience and knowledge. 

10. The work group recognizes that compositional limits for specific gas constituents 
may be needed ('m addition to the proposed Interim Guidelines to address non- 
combustion feedstock issues including but not limited to domestic LNG peak 
shaving liquefaction plants. The work group also recognizes that imposing general 
constituent limits would be inappropriate because the design bases for these fac/lides 
vary with the historical supplies delivered at the time of  the facilities' consumction. 
These constituents include:. 

Non-methane Hydrocarbons 
• Ethane 
• Propane 
• Butane(s) 
• P e n ~ n e ( s )  

• H e x a n e s +  

lncrts 
• Nierogen 
• Carbon Dioxide 
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Furthermore, the work group recommends that each facility/process impacted by 
changing supply composition be evaluated on an individual basis. Facilities that will 
receive supplies exceeding design feedstock constituent limits will require retrofit to 
maintain design capacity and efficiency of  operation. Retrofits will likely vary from 
facility m facility and will incur new and unplanned operating and capital 
expenditures. Evaluation of  these retrofits and associated cost burdens must be 
considered during the Regulatory approval process. 

11. The Work Group recommends that interim interchangeability guidelines be applied 
during a twansifion period of no more than three years so that the data gaps can be 
dosed and interehangeability guidelines/standards can be formally developed. 
Alternative languag~ was suggested as well and long-term guidelines will be 

"developed within a timeframe to be defined. 

V 

V 
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Recommendations for Interim Guideline~ for Gag Interchangeability 

Background 

The Work Group recognizes that there is a need to maximize the available supply and at the 
same time meet the specifications of end use equipment. As stated above, the Work Group 
found that there are gaps in the data regarding regional characteristics as well as the spcdfic 
limitations and tolerances for end use equipment. The Work Group recommended the 
adoption of a transition period to gather and analyze additional data and conduct more 
testing to provide a basis for establishing more definitive guidelines. Specific gaps that must 
be addressed during this transition period form an integral part of  this recommendation. 
Ultimately, the desire is to create as much flexibility in supply with which end use equipment 
can operate, in a manner that does not materially change operational safety, efficiency, 
performance or materially increase air pollutant emissions. 

The Work Group discussed at length development of numerical guidelines for gas 
interchangeability. At this time, the Work Group recommends interim guidelines for gas 
interehangeability based on: (1) extensive data and analysis for traditional gas appliances and 
combustion behavior in appliances, and (2) the lack of data on gas interchangeability for a 
broad range of other end use applications. The interim perind for use of these guidelines 
depends upon the ftlling of maior data gaps for end uses (see Table 1 and Table 2) and 
consensus needed for interehangeability requirements of these end uses, which is forecasted 
to require 2 to 3 years. After that time period, it is envisioned that development o f  more 
complete and longer-term guidelines can be pursued. 

The interim guidelines are for gases delivered to points in the gas transportation system most 
closely associated with end users: gases delivered to local distribution companies (LDCs). 
The guidelines do not necessarily apply directly to points upstream in the transportation 
system where blending, gas processing, and other factors may suggest that gases outside the 
ranges of  the guidelines wfll still satisfy the guidelines at ~ dry gates. The Work Group is 
continuing m investigate development of  guidelines for points upstmmm. 

Field installation and adjustment represent a set of  inidal conditions under which 
interebangeability must be considered. Therefore, the interim guidelines focus on 
consistency with historical gases (also referred to as "adjustment gases") since locally, 
historical gases represent the basis for field installation and adjustment of appliances. The 
Work Group used the 1992 GRI report on natural gas composition in 26 major US cities* as 
the historical baseline for gases nationally and regionally. The use of these data is the basis 
for establishing i n ~  guidelines for the ranges of  intm-changeability. At this time, it is 
conservative to limit the boundaries for interchangeability ranges to gases seen historically in 
the U. S. gas system. 

) "Variability of Natural Gas Ctxnpos/fion/- Select Ma~or Metropolium Areas of  the United States," Gas 
Institute, March 1992, GRI-92/0123. 
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The interim guideline limi~ proposed in this document have been developed for new gas 
supplies to those market areas without extended experience with gas supplies characterized 
by Wobbe Numbers higher than 1,400 or gross heating values higher than 1,110 Bm/scf)  ° 
The limiting values were developed using conventional interchangexbility index calculations 
based on an adjustment gas corresponding to the mean of the annual average composition 
data in the 1992 GRI composition report) '  The 1992 "average" gas was characterized by a 
Wobbe Number of 1345 and gross Heating Value of 1035 Btu/scf. This "average" gas is 
assumed to be a reasonable estimate for an average adjustment gas in the US. It is important 
to note that the limiting values in the interim guidelines simply serve to establish boundaries 
for market areas that have received historical gas supplies with gas quality dose to the 1992 
reported national mean and that have experienced successful end use with these gas supplies. 
These boundaries should be applicable until additional research and/or  experience has 
dearly demonstrated that supplies above the caps do not negatively impact end users in 
these market areas. 

10 Based on gross or higher heating value (HHV) at staadasd ctmditiom of 14.73 psi*, 60°F, dry, real barn. 
" Demh otr these cakahtions are given in Appendix G. 
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V 

Interim Guidelines 

A. A range of plus and minus 4% Wobbe Number Variation from Local Historical 
Average Gas or, alternatively, Established Adjusmaent ot Target Gas for the service 
territory. 

Subiect to: 

Maximum Wobbe Number Limit: 1,400 z 

Maximum Heating Value Limit: 1,110 Btu/scf 2 

B. Additional Composition maximum limits: ' 

C. 

Maximum Butanes+: 1.5 mole percent 

Maximum Total Inerts: 4 mole percent 

EXCEPTION: Service territories with demonstrated experienceSwith supplies 
exceeding these Wobbe, Heating Value and/or Composition Limits may continue 
to use supplies conforming to this experience as long as it does not unduly 
contribute m safety and utilization problems of end use equipment. 

Notes: 
I Experience has shown that using this plus/minus four percent formula in 

combination with the compositional limits will result in a local Wobbe 
range that is above 1,200. 
Based on gross or higher heating value (HHV) at standard conditions of 
14.73 psia, 60°F, dry, nml basis. 

Demonstrated experience t~fers to actual end use experience established by 
end-use testing and monitoring programs. 
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Data Gaps Non-Combustion & Feedstock Applications 
• Categories: 

o Chemical feedstock (ammonia, fertilizer, 
reforming, LNG peak shaving liquefaction, ctc) 

o Fuel cells. 

• Identify and survey met's/developers. 
• Determine sensitivity to changes in fuel composition. 
• Summaries of  ranges of acceptable fuel composition and 

impact of  changes 
• Document necessary process retrofits (if any) & estimate 

cost impacts. 

V 

33 



Jnofflclal FERC-Generated PDF of 20060414-0200 Received by FERC OSEC 12/06/2005 in Docket#: RP04-249-001 

200506305008 Received FERC OSEC 06/30/2005 10:43:00 AM Docket# PL04-3-000 

~Stlte Paper on Natural Gas Tnl~r~eabil~ 
And Non--simon End Use 

F..tNbit Ne. FGT4 
I:'aga 34 ¢¢ 2 ~  

V 

v 

Natural  Gas Council  Plus 
Work Group on Natural  Gas Interchangeabil ity 
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M e e t i n g s  a n d  C o n f e r e n c e  C a l l s  o f  t h e  M a i n  W o r k  G r o u p  

April 2 -- conference call 
May 13-14 - meeting (Houston) 
June 6 - conference call 
July 1 - conference call 
July 22-23 - m ~  (Washington) 
September 10 - conference call 
September 13-14 - meeting (Houston) 
October 18-19 - meeting (New Orleans) 
October 25 - conference call 
October 27 - conference call 
October 29 - conference ca/l 
Decembe~ 7-8 - meeting (Washington) 
December 14 - conference call 
December 16 - conference call 
February 2-3 - meeting (Houston) 
February 11 - conference call 
February 14 - conference call 
February 23 - conference call 
Februa~ 25 - conference call 

v 
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Chevron Corporation and Bruce Hedman ,  E E A  

B. Impac t  of Chang ing  Supply on Na tu ra l  Gas Infrastructure, Terry Boss, INGAA and 
Bob Wilson, Keyspan 

C. Chang ing  Supply Impac t s  on End-Use  (Burner T ip  Combus t ion  Issues) ,  Ted  Willams, AGA and 
Bob W'tlson~ Keyspant Coordinators 

Overview of End Use - Bruce Hedman, EEA 
Appliances - Mark Kendall, GAMA and Ted William~ AGA 
Power Generation - Mike Kllsgen, Combmtion Science and Engineering 
Reciprocating Engines - Bruce Hedman, EEA 
Indmtrial Heating - [Section not provided] 

D. Monitor ing Interchangeabi l i ty  and  Combust ion  Fundamentals ,  Edga r  Kuipers, Shell 
Trading 

E. Manag ing  Interchangeabi l i tyj  Grant  McCracken,  Cheuiere I2qG 

F. Chang ing  Supply Impac t s  on E n d  Use (Non-Combust ion  Issues)  [Appendix 
material8 not  prov/ded] 

G. Derivation of In ter im Guidel ine Calculat ions - Rosemarie Halchuk ,  Xcel  Ene rgy  and 
Bob Wilson, Keyspan 

H. Research Recommenda t ions  - Bob Wilson, Keyspan, Rosemarie  Halchuk~ Xcel 
Energy,  David  Rue, GTI, and  Ted  Williams, AGA 

12 Appendices are the contfilmtions of the liseed authors and have not been subjected to t2~e consensm review of the 
Work Group. As such, the mppendices do not necessarily represent the views of the Work Group. 
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Appendix A 
Overview of Natural Gas Supply and Historical Characterization Data 

Mike MIIliet 
Chevron Corporation 

Bruce Hedman 
Energy and Environmental Analysis 

A.1 Inb'oducUon - Natural Gas Supply and Demand Balance 

From 1998 through 2003, gas consumption as reported by U. S. Energy 
Information Administration (EIA) and industry analysts has been essentially fiat 
at 22 to 23 Tcf. Natural gas consump6on in the United States for the year 2003 
was 22.4 b~lllon cubic feet.* Over this period, natural gas supplies available to 
the Unit~=d States has not grown in a manner that would allow for increases in 
gas consumptlon. At the same Ume, the underlying drivers for gas consumption 
- Including a rapidly increasing need for gas fired electddb/generation - have 
continued. Extended periods of high gas prices and increases In price volatility 
have been a direct result of the lack of development of new sources of gas 
supply suffident to meet the market's desire for more natural gas. 

A recent study conducted by Energy and Environmental Analysis, Inc for b~e 
INGAA Foundation anUdpates that U.S. natural gas consumlYdOn could approach 
30 Tcf by the end of the next decade if the supply of gas is developed 2. But if 
this growth In consumption is to occur, large amounts of Infrastructure Including 
pipeline capacity, storage capacity, and LNG terminal capacity must be built in 
the United States and Canada. 

While gas produced In traditional basins such as the mld-conUnent, onshore 
Louisiana and the shallow wa~ers of the Gulf of Mexico will continue to be 
Important sources of supply, by themselves they will not be suffident b0 satis~/ 
growing demand over the next two decades. To meet a growing demand, gas 
from "frontier regions" will also need to be developed. These fronUer supptles 
indude the deepwater offshore in the Gulf of Mexico, unconvenUonal gas in the 
U.S. and Canadian Rockies, Arctic gas, Eastern Canac,an gas and large volumes 

1 EIA Natural Gas Annual 
= This supply summa~ Is based on an INGAA Fouttdatk~ report ~ by Enecgy and 

A n a l .  Inc (EEA) enUtk~ "An Updated Auem~mt of Rp~lne and Storage 
Infrastructure for the North American Market', July 2004. EEA has updated Its basenne energy 
supply and demand projection sl~ce the issue of this report. However, the conc~usions on supply 
needs and potential future resource mix has not materially changed from those SUTTvnadzed in 
this section. 
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of LNG. The development of these resources will require large capital 
commitments and the construction of major infrasmJcture projects. If  the 
infrastructure required that is to provide growing supplies of natural gas from 
frontier regions is not consl~cted, tremendous price pressure leading to pr~.es 
well above today's levels would develop in order to restrict demand growth. 
The EEA Base Case used for the INGAA Foundation study assumes that natural 
gas supply and infrastructure that is economic is developed. If, however, 
government policy and public opposition to the construction of the required 
Infrasl~uclJJre prevem the facilities from being built, gas supp|ies will be unable 
to grow to meet market demand. As a result, there could be tremendous 
pressure on gas prices that could hinder economic growth and the 
competitiveness of U.S. Industw. 

A.2 Natural Gas Supply Summary (ERA) 

Natural gas supply from multiple sources will have to grow to meet the projected 
30 Td U.S. market by the end of the next decade. Most industry analysts, 
including EEA, believe that U.S. and Canadian natural gas production from 
tradiUonal basins is in decline. Production from Westem Canada, West Texas 
and Oklahoma, the Onshore Gulf of Mexico, the Gulf of Mexico Shelf, and the 
San 3uan Basin is approximately 19.3 Tcf per year and currently accounts for 
80% of the production in United States and Canada. While production from 
these regions will still be an important part of the supply portfolio through the 
next decade, producUon is forecast to decline in both absolute terms and market 
share. By 2020, volumes from traditional basins are antidpated to decline over 3 
Td per year to 16.2 Tcf per year, which will only be 61% of North American 
production. 

Hence, much of the growth of the gas market over the next 20 years must be 
sustained by development of currenBy untapped supplies from areas that are 
generally more remote from the consuming markets In North America. Frontier 
basins in the arctic, such as Alaska and the Mackenzie Delta, new offshore 
regions, such as the Gulf of Mexico Slope and Offshore Eastern Canada, and 
underdeveloped domestic areas such as the Norbhem Rockies all will be needed 
to serve U.S, Demand by 2020. 

LNG imports must also play a key role. U.S. LNG imports for 2002 totaled 229 
Bcf. ]mp(xts for 2003 doubled the ixevlous year at 475 Bcf. By 2020, U.S. LNG 
imports could be over 6,600 Bd per year, nearly a thirty-fold increase from 2002. 
I.NG is competJUve with North American production at prices ranging from $3.50 
to $4.00 per Hcf depending upon the distance that the LNG travels from the 
liquefaction plant to tt~ import terminal. Imported LNG, in large part, becomes 

V 
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an economically viable energy supply because of the low cost of developing and 
produdng abundant stranded gas resource located throughout the wodd. 

V 

A.2.1 North American Resource Development and Production (EEA) 

North American natural gas supply is diverse, with gas originating from many 
different sources and areas. Historically, North America has been self-reliant, 
and most of its gas supply has come from the U.S. Gulf Coast produdng area 
and from the Western Canadian Sedimentary Basin. Recently, both areas have 
shown signs of resource depletion, shifting the focus of gas producers to 
different formations (generally deeper sediments) and to other areas. For 
example, there has been increased focus on developing gas resource located in 
the deeper waters of the Gulf of Mexico 3, with less emphasis on developing 
shallow water gas resource where most historical activity has been concentrated. 
LNG imports are also high on the list of potential new gas supplies for the North 
American gas market. In short, gas suppliers are looking to new frontiers for 
future supplies. Given the maturity of the North American gas resource, it Is 
expected that this new focus will continue well into the future. 

To date, over 1,300 lz111ion cubic feet (Tcf) of gas resource has been developed 
in North America (Table A.1). Cumulative historical production currenUy stands 
at almost 1,100 Tcf, or over 80 percent of the total gas resource developed to 
date. The remainder of developed gas resource that has not yet been produced 
(otherwise known as proven reserves) is currently 244 Tcf. 

The Gulf Coast produdng area (both onshore and offshore), the Western 
Canadian Sedimentary Basin, and the Rockies (Figure A.t) are all net exporters 
of natural gas within North America. Collectively, these areas account for 71 
percent of the proven gas reserves and 77 percent of the current gas production 
in North America. 

The Gulf Coast producing area (both onshore and offshore) ao:oonts for almost 
70 Tcf, or about 25 percent of the proven gas reserves in North Arnedca. Not 
surprisingly, the area is also the most prolific production area in North America, 
accounting for almost 10 Tcf or 40 percent of the current gas production. 
The Western Canadian Sedimentary Basin has almost 60 Td of proven gas 
reserves, accounUng for slightly over 20 percent of the proven gas reserves in 
North America. The Western Canadian Sedimentary Basin also accounts for 
about one-quarter of current North American gas production. 

V 

3 Activity has shifted out to watm deplhs greater than 200 meters. 
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The Rocky Mountain produdng area, which Includes many different producing 
formations and basins, has almost 50 Tcf of proven gas rese~as, accounting for 
just under 20 percent of the proven gas reserves in North America. However, at 
present, the Rocky Mountains only account for 13 percent of the North American 
gas production. A significant amount of gas resource developed in the Rocky 
Mountains has been unconventional 4 gas that is produced at relatively high R/P 
ratios s. Conversely, Gulf Coast gas resource is mostly conventional gas with 
much lower WP ratios and higher decline rates. 

In contrast to the areas discussed above, the Eastern Interior is a net importer of 
gas within North America. The Eastern Interior accounts for only 14 Td of gas 
reserves or 5 percent of the proven reserves in North America. In addition, the 
region only accounts for just over 3 percent of the current North American gas 
production. We expect that the Eastern Interior gas markets will continue to rely 
on gas from other North American regions, primarily the Gulf Coast and Eastern 
Canada, or LNG imports for future gas supply. 

Table A.1 indicates that a significant and widespread resource remains to be 
developed. In bo~l, the remaining resource could sustain I ~ s  level of North 
American gas production for almost 70 years. However, only the cost-effective 
portion of this resource base is likely to be developed in the foreseeable future. 
EEA supply analysis indicates about 700 Tcf of gas s that is economic to develop 
at Henry Hub gas prices below $5 per MMBtu 7. This would indicate that there is 
an additional 600 Tcf of non-Arctic gas that is uneconomic to develop at 
sustained gas prices of $5 per MMBtu. 

V 

4 Indudes coalbed methane, very low ~ l l t y  formations, and shales. 

s R/P ratio - Natural gas r e ~  / ~mual p~ducUo~. The average R/P mtto for all North 
Amerk:an gas pmductton is Just under 10. In contrast, the R ~  ratio for Rocky Mountidn gas 
Is about 15. The U.S. Energy Informatk~ Administration Is cummt~f Inves~ating why the 
R/P ratio for Rocky Mounteto gas productton Is so high. The number may reflect pre.booidng 
of resource that Is thought te exist but has not yet been developed, for example, pre-book~g 
of the extermlve coalbed rneOwne re6ourca located In Powder River Barn. 

Does not IndudeCanada Arctic and Alaska gas reso~x~. 

1~e ~ c~ves ~c~e ~e a ~  of ~ Nmm~ca lhat ~ e c ~  te deve~ ~ 
2020 at dlffel'ent g 8  pdcas. In reality, it is unlikely that tetai amounte ktdicatod will be 
developed because of ¢on~minte on d d ~  activity =and c ~  ¢onatmlnts, among other 
factors. Hence, gle supply curves Indicate the maximum amount of resource Itmt is likely to 
be developed at different gas prices. 
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Unless otherwise stated, values are dry gas at the end of 2001. Resource values represent 
accessible and technically recoverable resource through 2020 with advancement of E&P 
technologies consistent with recent improvements. Does not include an estimated 180 Tcf of 
resource not currently accessible. 
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Source: U.S. National Petroleum Council 
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Natural gas supply from multiple sources will have to grow to meet the projected 
30 Tcf U.S. market by the end of the next decade. Most industry analysts, 
including EEA, believe that U.S. and Canadian natural gas production from 
traditional basins is in decline (l~gure/C2). Production from Western Canada, 
West Texas and Oklahoma, the Onshore Gulf of Mexico, the Gulf of Mexico Shelf, 
and the San Juan Basin is approximately 19.7 Tcf per year and currenUy 
accounts for 80% of the production in North America (Figure A.3). While 
production from these regions will still be an important part of the supply 
poctfollo through the next decade, production is forecasted to decline in both 
absolute terms and market share. By 2020, volumes from traditional basins are 
anticipated to decline over 3 Td per year to 16.2 Tcf per year, which will only be 
61% of North American production (Rgure/L4). 

The declines in production from traditional supply sources are mainly due to the 
lack of high quality drilling prospects in the areas. Already, the North American 
gas market Is experiencing dedines in some has~ns. Gas producers have had to 
work harder to develop addlUonal deliverability. Producers are working harder in 
mature areas, but are developing less productive gas resources. Whether it is 
due to Increased dedine rates, lower reserves, or a higher percentage of 
nonconventional wells (tight sands, coal bed met~ne, or shale), it appears that 
more wells are needed just to maintain the current rate of production. 

in order for production m be maintained as fields naturally deplete, more 
expensive formations must be completed. The wells may be in deeper 
formations that have higher temperatures and pressures or the gas may be sour 
(containing sulfur) and more corrosive, requiring additional processing. Less 
permeable formations may be drilled. Such wells need tu be fractured 
downhole 9 in order to be produced economically. In general, most of the large 
natural gas reservoirs have been found. Future fields will be smaller and need to 
be more numerous to maintain the same amount of production. 

V 

"Fracturing down hole" is the process of breaking the rock in the producing reservoir oftho well in 
order to increase the rate of ixoduction. 

7 
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Figure A~ 
North American N~uml Gas Production by Region 
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Hence, much of the growth of the gas markeL over the next 20 years must be 
sustained by development of currently untapped supplies from areas t~at are 
generally more remote from the consuming markets in Nor~ America. LNG 
imports will also play a key role (see next section). Frontier basins in the arctic, 
such as AJaska and the Mackenzie Delta, new offshore regions, such as the Gulf 

Mexico Slope and Offshore Eastern Canada, and underdeveloped domestic 
areas such as the N ~  Roddes all will be needed m serve U.S. Demand by 
2020. To bring gas from the new supply regions, pipeline infrastructure will have 
to be hullL 

V 
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Current supplies from "frontier" basins are 4.7 Tcf per year and account for 20% 
of North American natural gas production (Figure A.3). By 2020 the volumes 
could more than double to 10.5 Tcf per year and account for nearly 40% of 
North American production. (Rgure A.4). The 2004 EEA Base Case specifically 
Includes: 

• 3.1 Td per year of gas production from the deeper waters t° in the Gulf of 
Mexico. Deepwater gas production will grow to 11 percent of North 
American gas produCdon by 2020. 

• 3.9 Tcf per year of gas production from the Rocky Mountains (excluding 
the San Juan Basin). Rocky Moun~in gas productio~ will grow to over 14 
percent of North American gas proclucUon by 2020. Much of the increase 
in production is driven by development of unconventional sources such as 
coal bed methane. 

v 
to Pmducdon from watcr dcpt~ cxcccdin S 200 mctcrs. 
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2.7 Tcf per year of Alaska gas production, 2.2 Td of which flows south to 
Canada and the Lower-48. Alaska gas production will account for 10 
percent of North American gas supply by 2020. 

• 0.4 Tcf per year of MacKenzie Delta gas production, most of which may 
remain in Western Canada for oil shales development 

0.5 Tcf per year of Eastern Canada offshore gas production, most of 
which will satisfy growth in gas demand in the Northeast U.S. Eastern 
Canada offshore production will grow to almost 2 percent of North 
American gas supply by 2020. 

Although actual amounts and timing of production from frontier basins will vary 
from the EEA Base case, most analysts agree that supplies from such regions will 
be significant by the end of the next decade. 

v 

A.2.2 LNG Imports (EEA) 

In addition to the need for gas production from more remote locations, the EEA 
base projection relies on an order-of-magnitude increase in LNG imports to meet 
the requirements of the U.S. market. U.S. LNG imports for 2002 totaled 229 Bcf. 
Imports for 2003 doubled the previous year at 475 Bcf. By 2020, U.S. LNG 
imports could be over 6,600 Bcf per year, nearly a thirty-fold increase from 2002. 
Figure A.5 presents the forecast of the amount and location of imports and 
exports of LNG assumed In the study. Currently, there are four operating LNG 
import terminals in North American. n In order to attain the level of LNG imports 
assumed in the EEA Base Case, approximately 10 additional terminals will need 
te be constmcted. 

In ~dition to the four import ~ ' m i m ~  there are more th~n 1 O0 LNG peak shaving facilities that are 
uaed pdncipany by local dis~bufion comp~mies to me~ peak day demand. 

11 
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LNG deliveries compet~ with wellhead produddon. LNG is competIUve with North 
American pcoducUon at prices ranging from $3.50 to $4.00 per MOf depending 
upon the distance that the LNG tTavels from tt~ llquefactJon plant to the import 
terminal. Imported LNG, in large part, becomes an economically viable energy 
supply because of the low cost of developing and producing abundant stranded 
gas resource located throughout the world. Most of the gas may be developed 
and produced at costs under $1 per MMBtu at the wellhead, but the additional 
costs of liquefaction, tankering, and regasiflcaUon are signlficanL Hence, t ~  
delivered cost of LNG imports are high, making LNG one of the most expensive 
Sources of new suppty on a unit basis. Unlike domestic or Canadian supplies, the 
U.S. must compete with the rest of the world for LNG. World market conditions 
influence I.NG prices. 

In addiUon to expansion plans at the exJsUng four Import terminals, ~ are 
nearly 40 new LNG I~rmlnals proposed for Nor~ America. Obviously not all of 
them will be built. Actual locations for new terminals will not only be based on 
economic factors such as proximity to consuming markets but also political 
factors of permiffing and siting. There is significant value in siting LNG terminal 

]2 
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fadl~es in "market area" locations that are d o w ~ m  of pipeline constraints 
such as the Northeast U.S. However such Iocabons may have limited pipeline 
access or face additional hurdles in permitting. Terminals along the Gulf of 
Mexico will have access to a more extensive pipeline network but may receive a 
lower price for their natural gas supplies. In the end, a mix of supply area and 
market area terminals will most likely be built. Of the four existing terminals, 3 
are on the East Coast, Everett, Cove Point, and Elba ~and; While Lake (:hades 
Is Iocatecl along the Gulf of Mexico. The EEA Base case assumes 2 additional 
East Coast terminals, 7 Gulf Coast terminals and 1 terminal on the West Coast. 

A.2.3 Imports and Export= from Nexico (EEA) 

Exports to Mexico have increased from a little over 100 MMdd in 1998 to over 1 
bcfd in 2003. Growth in gas demand in Mexico, driven substantially by increased 
gas requirements for power generation, has exceeded growth in supply. 
Consequently, Mexico has needed to import increasing quantities of gas from the 
United States over the past five years. 

Mexico has a significant gas resource base of its own. However, much of the 
resource base is in Southem Mexico and would require the development of 
pipeline infrastructure to bdng the gas to the market regions just south of 
U.S. border. A considerable amount of gas is contained in the Burgos region 
across the Texas border. The EEA forecast used in the ]NGAA Founda'don 
analys~s assumes that development of the Indigenous gas resource in North 
Mexico is used to stabilize the level of required imports from the North by the 
end of the decade. 

In addition, the projection antldpates the construction of two LNG terminals, one 
on the East Coast in Altlmira, and one on the West Coast in BaJa California. Both 
would supplement Mexico's domestic production redudng the need for imports 
by 585 Bcf per year af'cer 2006. Excess Imports of LNG on the West Coast of 
Mexico provides for net exports to the U.S. on the order of 185 Bcf per year. 

V 

A.3 LNG Supply Sources and Characteristics 

Global LNG supply comes from a vadety of suurces, is not homogeneous, and 
has hea~lng value contents that vary widely. The Interchangeabtllty of LNG is an 
important issue to consider, as the composition of imported LNG can be different 
from that of current domesUc pipeline gas. That difference is not because the 
compes~on of the gas produced in North America differs fi'om natural gas in 
otber parts of the wodd, but Is more of a result of the rise of the ethane-based 
petrochemical industry. As the ~ m i c a l  and naturat gas fiqufds (NGL) 

13 
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industries developed in the United States, the typical heating values of the 
"natural gas" being delivered to the Interstate pipeline and end-use markets 
decreased markedly due to increased recovery of ethane, propane and butane, 
that were then sold as separate products. As the U.S. gas infrastructure 
developed and matured, the system delivered leaner pipetine gas (gas with less 
heavy hydrocarbon constituents and lower heating value). In most other regions 
of the world, natural gas is not subjected to such high levels of ethane and 
propane extraction, resulting in higher heating values for pipeline gas. 

LNG production plants are usually located in remote areas with limited or no local 
ethane markets. Thus few LNG production plants extract ethane from its feed. 
Propane and butane, on the other hand, are extracted at varying levels based on 
the economic value of those products at the specific LNG plants. As a 
amsequence, most LNG contains more ethane, propane, and butane than U.S. 
domestic pipeline gas. Furthermore, LNG contains virtually no carbon dioxide 
and little or no nitrogen, both of which are commonly present in domestic natural 
gas. 

The presence of hydrocarbons heavier than meltane (ethane and propane) and 
low levels of non-hydrocarbons result in most LNG supplies having a gross 
heating value between 1,100 and 1,150 Btu per cubic foot or about 10% higher 
than that of typical U.S. domestic pipeline gas. 

Many of the U.S. gas pipelines have heating value specifications that serve to 
protect the pipelines and the markets they supplied from the presence of liquid 
hydrocarbons in a dLs~bution system designed to handle a gas-only stTeam. It 
should be understood and appreciated that LNG contains negligible quantities of 
pefltanes and heavier, which are the natural gas components most likely to 
create a liquid phase in a pipeline. LNG has generally no more than 0.1% of 
pentane-plus because, if present in greater quantities, these compounds will 
freeze in the liquefaction process and plug the heat transfer equipment in the 
coldest parts of the plant. 

Technically it is possible to produce lean LNG with a lower heating value, but at a 
cost. Those costs will vary at each production plant Cos~ will be high for I.NG 
plants with significant existing production capacity that have historically been 
Pargeted for markets requiring high heating value LNG. These fadlities will 
require separate fractiona~on, llquefacUon, and LNG storage to be built to be 
able to produce lean LNG as well as rich LNG. Costs may also increase if the gas 
supply contains a significant amount of ethane. If the ethane cannot be left in 
t ~  LNG or blended into the rich LNG product, then, due to lack of a local ethane 
market, it will have to be sold as a waste product. Those costs can be 
significant, making supply of a lean LNG economically unattractive for most of 

V 
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the existing LNG producers. Tight spedfications on maximum heating value for 
the U.S. market may significantly limit the LNG supply options. 

Some liquefaction facilities, such as AUantic LNG in Tdnidad and Tobago and 
Nigeria LNG, have installed liquifiable extraction fadlities that remove significant 
portions of ethane and heavier components as part of the production process. 
The resulting LNG is similar in heating value to U.S. pipeline gas. 

V 

V 

A.3.1 Atlantic Basin Sources 

Atlantic Basin exporters produced 1.5 Tcf (32 million tons) in 2002, about 29 
percent of total world LNG production. As of late 2003, Atlantic Basin LNG 
producers had 2.1 Tcf (43 million tons) of annual capacity. Expansions in Nigeria 
and Trinidad and Tobago, as well as new facilities in Egypt and Norway, would 
Increase annual Atlantic Basin liquefaction capacity to 3.3 Tcf (73 million tons) by 
2007. 

JUgerla was the second largest LNG exporter in 2002, shipping 935 Bcf (19.6 
million tons) mainly to Europe (France, Betglum, Spain, and Turkey) and the 
United States. A major renovation in 1999 raised the country's LNG production 
capacity to more than 1.1 Td (231 million tons) per year. Algeria also exports 
more than 1.0 Tcf of natural gas per year to Europe by pipeline. The Algerian 
State-owned oil and gas company Sonab'ach owns and operates four liquefa~on 
complexes, the first of which started up in 1964, making Algeria the world's first 
LNG exporter. Algeria has no new liquefaction capacity planned before 2008 but 
in the long term is planning to add another train. Nigeda exported 394 Bcf (8.2 
million tons) of LNG in 2002, mainly to Turkey, Italy, France, Portugal, and 
Spain. 

Nigeria has also delivered more than 20 cargos under short-term contracts to 
the United States over the past three years. The total annual capacity of 
Nigeria's Bonny Island LNG plant Is 463 Bcf (9.5 milllon boas), and Nigeria I.NG 
has begun conslzuction of two addlUonal 200-Bcf-p~-year (4.1-million-tpy) trains 
b~at are scheduled to begin operation in 2005. Additional trains are under 
discussion as are three new projects that have been considered in the West 
Niger Delta (by ExxonMc~l, OtewonTexaco, and ConocoPhllllps), Brass River (by 
the Italian company ENI and ConocoPhUlips), and a floating offshore project (by 
Statoll and Total). 

Trinidad and Tobago expoct~ 189 Bcf (4.0 million tons) of LNG in 2002. 
Trinidad and Tobago's LNG facility at Point Fertln has three trains and an annual 
capacity of 482 Bcf (9.9 million tons). In June 2003, the Government of Trinidad 
and Tobago approved t ~  construction of a fourth b'ain that could produce an 

15 
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additional 253 Bcf (5.2 million tons) per year. Trinidad and Tobago exports LNG 
to the continental United States, Puerto Rico, Spain, and the Dominican Republic. 

Ubya exported 21 Bd (0.4 million tons) of I_NG in 2002. The plant at Marsa El 
Brega has an annual capacity of about 131 Bcf (2.7 million tons). Only about 25 
percent of the total capacity, or 29 Bcf (0.6 million tons) per year, is available for 
export due to maintenance issues. 

Two LNG export projects are being built in Egypt: a one-train liquefaction facility 
at Damietta, which will start operations in 2004 with an annual capacity of 244 
Bcf (5.0 million tons), and a two-train project at Idku with a 2005 startup date 
and a projected annual capacity of 175 Bcf (3.6 million tons). All of the Idku LNG 
is contracted to Gaz de France. Commitment to a second 175-Bcf-per-year (3.6- 
million-tpy) train was announced in September 2003. British Gas (BG) has 
agreed to buy the entire output for U.S. and Italian markets. 

Beginning in 2006, Norway plans to export LNG from a 200-Bcf-per-year (4.1- 
million-tpy) liquefaction terminal now being built on Melk~e Island in the 
Norwegian Sea. Exports are targeting markets in Spain, France, and the United 
States. 

V 

V 

A.3.2 Middle Eastern Sources 

Exporters from the Middle East produced 1.2 Tcf (25 million tons) in 2002, about 
23 percent of total world LNG production. As of late 2003, the three Middle 
Eastern exporters had 1.4 Tcf (29 million tons) of annual capacity. Expansions to 
facilities in Qatar and Oman will add 619 Bd (13 million tons) of annual 
liquefaction capacity, increasing Middle East capacity to 2.0 TO = (42 million tons) 
per year by 2007. 

qatar ranks fourth in world LNG exports and has an annual capacity of 726 Bcf 
(14.9 million tons) from two liquefaction plants owned by the Qatargas and Ras 
Laffan I.NG (RasGas) consorUa. The Qatargas plato Is being debottkmecked, and 
two more trains are being added to the RasGas facility, which would add 458 Bd 
(9.4 million tons) of annual capadty by 2005. Most of Qatar's exports go to 
customers in Japan and South Korea, but short-term cargos have also been 
shipped to the United States and Europe. Its e m ~  natural gas reserves and 
low upstream producUon costs give Qatar file potonUal to slgnlflcant~ expand its 
LNG exports to a targeted annual capacity of 2.9 Td  (60 million tons) by 2015. 

Ommn has one LNG expoct terminal, which began operation In 2000 wibh two 
liquefaction trains and an annual capacity of 356 Bcf (7.3 million tons). Most of 
the LNG Is sold to South Korea's Kogas. Smaller volumes are shipped to 
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customers in Japan, the United States, and Europe. A planned third train would 
add 161 Bcf (3.3 million tons) per year in 2006. Further expansion potential for 
LNG exports from Oman is limited by the modest size of the county's reserves. 

The United Arab Emirates (UAE) has the world's fifth largest natural gas 
reserves and ranks ninth in LNG exports. Abu Dhabi Gas Uquefachon Co. 
operates the nation's only export facility with a capadb/of 278 Bcf (5.7 million 
tons). Roughly 90 percent of UAE LNG production is exported to Japan. Despite 
its large reserves, the UAE is unlikely to expand its production of LNG since it 
uses much of the gas for domestic puqx~Jes. 

V 

A.3.3 Pacific Basin Source= 

Pacific Basin I.NG exporters produced 2.6 Tcf (55 million tons) in 2002, about 49 
percent of total world LNG Ixodu~on. As of late 2003, five Pacific Basin 
exporters had 3.1 Tcf (63 million tons) of annual liquefachon capadty. 
liquefaction capacity in the Pacific Basin is expected to increase by 780 billion 
cubic feet (Bcf) or 16 million tons of annual capacity over the next few years to 
more than 3.8 Tcf (80 million tons) per year by 2007. 

Indonesia is the world's largest LNG producer and exporter. In 2002, Indonesia 
exported 1.1 Tcf (23 million tons) of LNG or 21 percent of tt~ world's total LNG 
exports. Host of Indonesla's LNG is imported by ~pan with smaller volumes 
going to Talwan and South Korea. ]ndonesla's annual liquefaction capacity is 1.4 
Td (30 million tons) from the two exporting complexes at Bontang and Arun. An 
additional train at Bontang is under consideration but has yet to contract for the 
capacity. BP is leading development of a two-tTain, 341-Bcfper-year (7.0-rnillion- 
tpy) project at Tangguh scheduled to start up in 2007. The Tangguh LNG is 
destined for China, other Asian markets, and potontially the United States. 

Malaysia, the world's third largest LNG exporter after Indonesia and Algeria, 
exported 741 Bd (15.6 million tons) In 2002. These exports went pdmadly to 
Japan, with smaller volumes to Talwan and South Korea. Three IIquefa~on 
t~mlnals have been developed at the Blntulu IN(; complex in Sarawak, Malaysia 
Sat,, Dua, and Hak~a ~ja,  the f l~t tTaln of which went on-stream in mid- 
2003. A second tTaln will come online in November 2003, raising t ~  total 
capacity of the BIntulu conlplex to an annual 1.1 Tcf (22.7 million tons). 

Australia exp(xl~ 367 Bcf (7.7 million tons) of LNG from the Northwest Shelf 
project In 2002, pdmarlly m Japanese utilities. The project owners have started 
construction on an additional 205-Bcf-per-year (4.2-mllllon-tpy) train scheduled 
to come online in 2004. An additional train Is under consideration. Three new 
projects are aLso in various stages of development. COrKX:O Phillips has begun 
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construction on a 175-Bcf-par-year (3.6-million-tpy) Darwin LNG project, to 
monetize reserves in the Timor Sea shared by Australia and East Timor. 
ConocoPhillips is also working with Shell, Osaka Gas, and Woodside Petroleum to 
develop the 258-Bcf-per-year (5.3-million-tpy) Greater Sundse project via a 
floaUng LNG fadlity. ChevronTexaco, in parl~ership with ExxonMobil and Shell, is 
spearheading a two-train Gorgon project with an annual capacity of 487 Bcf 
(10.0 million tons) to monetize reserves discovered offshore Northwest Australia. 

Brunei Daruualam has a two-train liquefaction b~minal at Lumut with an 
annual capacity of 351 Bcf (7.2 million tons). About 90 percent of its output goes 
to customers in Japan and the remaining 10 percent to South Korea. 

The United States has a 68-Bcf-per-year (1.4-million-Lpy) liquefaction terminal 
at Kenal, Ala~.a, that has been exp(xting LNG to lapan for more than 30 
years. There are currently no plans to expand this facility. 

Ru~ia's first LNG plant is under construction on Sakhalin Island off Russia's 
east coast. The two-train fadlity will have an annual capacity of 466 Bcf (9.6 
million tons), with exports of 234 Bcf (4.8 million tons) per year from the first 
train scheduled to begin in 2007. The partners have already secured sales 
contracts with three Japanese utilities for 136 Bcf (2.8 million tons) per year over 
20 years. There are reports that Russian offidals have also expressed interest in 
exporting LNG from the giant Shtokman field in the Barents Sea to the United 
States and elsewhere. 

A.3.4 New Sources of LNG 

At least seven additional countries are expiodng their potential as LNG exporters. 

Padltc Buin.  A project Is proposed for exporting natural gas from Peru's 
Camisea field m a terminal in Mexico. Several European and U.S. companies are 
proposing a project to pipe gas from Bolivia to either Peru or O~ile on the Pacific 
Coast where it could be liquefied and shipped to a terminal on the West Coast of 
North America. 

Mkklle East. With the world's second largest proved gas reserves, ban has 
great patenUal to export gas to markets in Europe, Asia, and India by pipe4ine 
and as LNG. The Iranian government is considering at least four projects, each 
of 390 Ix) 490 Bcf (8 to 10 million tons) per year, to process reserves in the 
South ParsNod:h field in parblership with companies in Europe and Asia. 

An LNG project has been proposed in Yemen for more than a decade but to date 
has not made significant progress. 

]8 
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V 
AUanUc Basin. In Venezuela, an I_NG project has been discussed since the 
eady 1970s. Shell and Mttsubishi have signed preliminary agreements to develop 
a 229-Bcf-per-year (4.7-million-tpy) project called Marisal Sucre based on 
offshore reserves. Discussions have been held with neighboring Trinidad and 
Tobago to bring Venezuelan gas to their Atlantic LNG plant for processing until a 
Venezuelan I.NG plant can be built. 

In Angola, ChevronTexaco, ExxonHobil, BP, Total, and Sonangol are proposing 
to build a plant based on offshore associated gas for export to North American 
and European markets. The plant would initially have a single 195-Bcf-per-year 
(4.0-milllon-tpy) train with ~ option for development of additional trains later. 

Equatorial Guinea is looking to export LNG from its offshore Alba field. In May 
2003, U.S.-based firm Marathon Oil signed a 17-year dra~ agreement to supply 
British Gas with 166 Bd (3.4 million tons) per year of LNG to be delivered to the 
Lake Charles regasification fadllty in the United States. The project is currenUy 
undergoing advanced engineering feasibility studies, and a final investment 
dedslon Is due In the first quarter of 2004. 

V 

A.4 U. S, Domestic Supply CharactedsUa= 

A.4.1 1992 GR/Sl:ud¥ 

U. S. domes~c supply gas quality characteristics were reported on in an GRI 
study in 1992 entitled ~Vadabtlity of Natural Gas Composition in Select Major 
Metropolitan Areas of the UnitL=cl States". Gas supply compositions within the U. 
S. vary by region depending on demand, available supply, the degree of 
processing and pipeline blending. The 1992 GR/survey of gas supplies included 
gas composition data for over 6,800 samples from 26 cities in the United States. 
The absolute minimum and maximum Wobbe numbers In the data were 1201 
and 1418, respectively. Most of b%e data showed a narrow range of Wobbe 
numbers, with tanth and ninetieth percentile levels of 1331 and 1357, 
respectiveb/. The team found that the hlstodcal range of gas compositions 
reported In the 1992 survey has been successfully utilized; more re~nt gas 
compos~n data is currently being collected. However, it is critical to recognize 
that not all gases within the absolute range are Interchangeable with each other. 
The range of interchangeability for a given region is generally ticjhter than the 
vark=-tlon between regions of the countzy. Other Work Group findings flora this 
study Indude: 

The 1990-91 data in the 1992 study, absent of other data of similar 
bread~, represents a reasonable snapshoot of U. S. historical gas supply 
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to LDC city gates over relevant historical period for interchangeabillty 
considerations. 

Such historical data represents gas supply under which the current stock 
of appliances and other end use equipment were installed and adjusted 
for combustion characteristics. 

Deviations in gas supply from these historical characteristics must be, 
themsdves, considered in the context of interchangeability compared 
with this historical baseline or "adjustment gases" for the stock of 
appliances and end use equipment installed at the time. 

Given this historical perspective, t~e Work Group found a need to describe more 
recent gas compositions in the U. S. gas system in order to: 

• Characterize current supplies in light of historical condYdons, and 

Identify interchangeability issues suggested by any tTends away from 
historical supply compositions. 

A.4.2 2004 Analysis by the NGC Work Groups 

The NGC Work Groups initiated work in September 2004 to gather gas quality 
informaUon from AGA member companies and pipeline companies for the pedods 
1995/1996 and 2002/2003 in order to allow the Work Group to base its 
Inteohangeabllity recommendaUons on contemporary domestic gas quality data. 
Data was generally provided for the periods September 1995 t~rough August 
1996 and September 2002 through August 2003. Since parallel work was being 
done by the NGC Uquid Dropout Work Group, data was collected that would 
benefit both work groups. 

Data collecbed contained the following types of informaUon: 

• Company 

• Location 

• S~to 

• 

• Gas Volume (mcf) 

• Gas Temperature (F), 

20 
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• BTU content 

Specific Gravity 

Wobbe 
C1 to 05, 05+, Nitrogen, and CO2 mole percent composition 

Twenty-three (23) companies supplied data sets. Not all data sets submitted 
contained gas composition. Those without gas composition were only used to 
for Wobbe and related interchangeability purposes. Rgures A.6 and A.7 at the 
end of this section show the number of records used in the liquid dropout and 
inb~rchangeabllity analyses by State and time period. 

Total records available by time period and application are summarized in this 
table: 

V 

- ".'; " .'.~. ~ ' 5  ".~:. 

m=rchangeabir~ 7O581O 

To~al by Period 

87o 

~ . / . T o t a l "  ~ 

7o668o 

Liquid dropout 17335 629 17964 

723145 1499 724644 

After receipt of the data, the following procedure was used ~o prepare the data 
for further analysis by the appropriate work groups: 

• Load the data into an Access database. 

• Review data and eliminate/correct data t~at was obviously incorrect. 

Calculate SG, Wobbe, C4+ and other parameters of interest for 
Int~rd~ngeablllty for all records If not already supplied with the data. 
Verify the values for these parameters if they were supplied in the data 
set. 

• Extend 05+ to 05, C7, (38 using a 0.47/0.36/0.17 spilt for all data records 
supplied with composition data. 

• Extract l~e maximum/minimum liquid dropout data for any location by 
time period (95196 or 02/03) by taking 1~ record with the 
maxlmum/minimum 05+ value for that IocaUon and Ume period for 
adcondentherm determination. 

V 
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• Maximum and minimum values for Wobbe were determined based on the 
Wobbe values in the data. 

Calculate and extract the average value data by location and time period 
(95/96 or 02/03) by taldng the volume weighted (if volume available) or 
arithmetic average (if volume unavailable) of the record data elements 
(e.g. C1, C2, Wobbe, etc.) for each location and time period. 

Retum the average, maximum, and minimum results by location and time 
period to an Excel spreadsheet for review by the appropriate work group. 
Use composlUon data to calculate a phase envelope using a Peng- 
Robinson equation of state simulator to determine the cricondentherm. 

Figures A.6 to A.12 below show the results of the analysis as used by tJ~e 
Interchangeability Work Group. Rgures/%8 and A.9 show Wobbe data by state 
for the 0203 and 9596 time periods. These figures show the weighted average, 
median, and range of data (maximum and minimum as indicated by the blue 
bars) for the respective time periods by state. Figure/%8 also contains tJle 9596 
median data for comparison purposes. Figure/LZ0 is a histogram of the 0203 
data and shows the percent and cumulative percent of total by Wobbe range for 
the data. Figures A.11 and A.12 show the data segregated into subgroups 
representing LDCs and pipelines, respectively. These figures show the data in 
the same format as Rgures A.8 and A.9. 

Review of the figures and underlying data indicates ~ following: 

• The Work Group collected data from the 1995-96 and 2002-03 time 
periods in an attempt to discover any trends in domestic gas quality 
during those periods. However, it appears the induslz7 does not now 
systemically retain historical gas quality data so almost all data obtained is 
for the 2002-03 time period. 

• The complete Wobbe dataset for 2002-03 shows similar average, 
maximum, and minimum values w h e t ~  taken as a whole or separated 
into LDC and Pipeline groups. The table below shows this data as well as 
similar data from the 1992 GRI study: 

V 

1336 1432 1206 

I.DC data 1337 1408 1210 

Pipeline data 1336 1432 1206 

1992 GPJ SLudy 1345 1418 1201 
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• Rgures A.6, A.7, A.8, and A.g dearly show variability among states in the 
range of Wobbe number. This is particularly true in producing states 
where the average range (difference between maximum and minimum) in 
Wobbe in 2002-03 was 127 compared to non-producing states with an 
average range in Wobbe of 61. 

• Revfew of Figure A.I0 shows that 90% of ~ 0203 data has a Wobbe less 
than 13,19 and 99.7% of the data has a Wobbe less than 1400. 

V 
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Liquid Dropout  Record  Count  by Period and State  
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Figure A. 10 
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Figure A. 12 
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V Appendix B 
Impact of Changing Supply on Natural Gas Infrastructure 

Terry Boss, INGAA 
Bob Wilson, Keyspan 

V 

B.1 Chronology of the Development of the Natural Gas Transportation 
System 

The original natural gas pipeline infrasl~Jcture was individual "town gas" systems 
that Lrdlized gas made from coal with low heating values (=600-700 BTU). This 
manufactured gas usually had larger quantities of carbon monoxide and carbon 
dioxide then natural gas produced from production wells. The initial building of 
long distance transmission pipelines from wellheads in producing states to 
market regions in the late 1920s permitted the gradual swib:hover in market 
areas previously served by town gas fadliUes to produced natural gas (= 970 - 
1050 BTU). The particular mixture of produced natural gas transported in these 
pipelines was a function of the supply ooming from the regional basins that 
served that particular market. As the natural gas market grew, additional 
supplies were needed and in some cases, additional pipelines were built to 
connect these growing markets to other supply regions resulting in a more 
diverse supply mix. To satisfy addlUonal market peaking needs, storage fields 
were developed where gas was stored seasonally. In other cases, indigenous 
gas was liquefied (LNG) at market locations and subsequenUy re-gaslfied. 
Propane-air injection fadlltles were also installed at these market locations to 
handle peak usage periods. In rare drcumstances, new sources of gas were 
provided by processing naphtha and coal. In some areas, gas was derived from 
biological digestion t~hnlques (i.e. landfills, manure) and these sources were 
connected to the pipeline grid in bhe t970's and later. 

Almost all natural gas delivered to the Interstate natural gas market was 
purchased at the wholesale level by natural gas pipeline companies during the 
mid 30's to the mid 80's and b'~se companies controlled the quality and 
interchangeabillty of the gas delivered to the market through gas purchase 
contTacts. These gas purchase contracts contained specifications that defined 
the acceptable range of Inert gases, hydrocarbon liquids, water vapor and other 
contaminants in purchased natural gas. In some cases, these gas purchase 
contract specifications varied because of the particular characteristics of the 
supply basin that t~e natural gas was purchased and the compeb~ive market. In 
other cases, during high market growth periods, pipeline companies would build 
and operate processing fad,ties in order to attract new supplies. Regulatory 
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policy encouraged the purchase of sufftdent gas supplies to build up reserves; 
hence there was a lot of flexibility on what gas to schedule for particular market 
conditions. The overall mixture of gas supply that was scheduled and hence the 
quality that was delivered to the market place was controlled by the pipeline, 
since they controlled the gas contracts and the scheduling of different sources of 
supply. This mixing of gas was described by the term "blending'. 

In the 1980's the Federal Energy Commission began a restructuring of the 
Interstate natural gas pipeline companies. Under Order 436 and 636 pipe/ine 
were instructed to abrogate gas purchase contracts and concentrate on the 
transportation of gas. In many cases, pipeline companies divested many of the 
gathering systems and processing ~ that they had accumulatecl during the 
period that they were wholesalers. The responsibility for gas purchases was 
transferred to shippers*. As a result of restructudng of the interstate pipeline 
indusl~y in the 1980% the shippers of the gas became responsible for the 
quanUty and quality of the gas. These shippers were required to purchase 
natural gas at the wellhead and then obtain transportation through pipeline 
systems to deliver to the gas to the market. 

During this regulatory restructuring process, the pipeline companies were 
Instructed by FERC to Incorporate their aggregate gas purchase quality 
spedflcaUons into their new gas bansportaUon tariffs. The transportaUon quality 
specificaUons Incorporated In pipeline tariffs reflected generalized (i.e. ranges, 
limits) gas purchase spedflcaUons in place at that Ume of restructuring. As such, 
the limits or ranges did not reflect the average quality of gas delivered to the 
market, but more, the minimum or maximum limits that would be accepted into 
the system. The term "pipeline quality gas" is used to describe the quality of 
natural gas that is accepted to be transported into the interstate pipeline system 
and is defined via the pipeline tariff. Since the interstate pipeline companies 
had originally developed their gas purchase spedflcaUons based on ~ particular 
supply basin characteristics t~at ltm pipelines c o n ~  to and processing and 
liquid handling equipment In place, the tadff speclflca~ns varied from pipeline to 
pipcqine. 

During the labs 1970% the Impod~on of liquefied natural gas (LNG) began, but 
as prices for domestic gas moderated deliver/, of this imported LNG focused on 
the Northeast U.S. LNG was Inttocluced at the market end of the natural gas 
tTanspod:a'don system. In many other cases, domes~ gas was liquefied locally 
and then vaporized during peak usage periods. During tim decades of the 80s 
and 90s this I.NG was primarily used in the market areas through the use of 
demand peak shaving facilities during winter periods. In some market areas, 
these LNG sources can supply up 40% of the market needs for short term 
supply. 

' Local ~ mml3an~ ~ ixoduce~ Indusmal use~ and eeclflc gewato~ 
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Presently, a small percentage of the market is served by alternative gas sources 
such as synthetic natural gas (SNG), or propane-air injection systems that are 
operated by I_DCs, although the percentage of synthetic gas that a particular 
customer will see can vary significantly due to the market peak shaving 
charactedstks of these sources of gas supply. 

B,2 Characteristics of the Gas Transmission System and the Effects of 
leCecchangeability of Gas 

The pflnclpal natural gas infrastnx:ture consists of gathering systems, 
transmission systems and distribution ~ .  In general, the pipeline system 
accepts a wide range of natural gas. Gathering systems are designed and 
operated to accept natural gas with some liquid hydrocarbons and Impurffies. 
Gas transmission and distribution pipelines are designed and operated to accept 
natural gas ~ the impurities and hydrocarbon liquids removed from the 
system. The following sections will describe in detail the effects of 
interchangeabllity of natural gas on particular components of the natural gas 
transmission and distribution Infrastructure. 

V B.2.1 Operational Charact~sUcs 

In general, there are no major dlffefenoss in the operation of a pipeline system 
for the range of natural gas compositions being discussed in this paper. It is 
assumed for this range of natural gases t ~ t  the temparabJre and pressure of 
the pipeline transportaUon system is operated normally to prevent liquid dropout, 
rather than operating in liquid phas~ =J. In the case of LNG, it is assumed that the 
LNG is re-vapodzed and healed to "normal" pipeline temperatures before being 
put into the pipeline, so that it does not affect the fracture characteristics ~ of the 
sleel. 

There are efftdency edvantages 4 with natural gas with a higher heating value 
(e.g. LNG), because every volume of cubic It of natural gas b-ansporbed In a 
i~pellne has more energy ~ cubic foot. The efficiency gain is a raUo of the 
higher heating values of the tow products being compared. This will result In 
more "real" pipeline capacity during peak periods and some savings In fuel 
effidency of compressors. 

V 

z PR-3-42 ~ of ~ for U6e in /~  LNG I ~ ;  B a t ~  1968 
) PR-3-9113 R-ac/lJce Co¢10~ T e o ~  For Natural CdB I ~  B a ~  1993 
4 N8 13 S~ady Row in Gas Rpe~nes ~GT#I0); IGT; 1970 
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V 

B.2.2 Pipe 

Most natural gas transmission pipelines are made of steel and pipeline steel is 
se~sitive to higher levels of hydrogen in natural ga ss, which can cause blisters or 
cracks in the pipe. Depending on ttm metallurgy of the pipe, some steep is more 
sensitive than others. The range of hydrocarbon consl~Jents being discussed in 
this paper does not cause detedoraUon in the steel material. 

The injection of iner~ gases (combustion inefts) into the gasified LNG in order to 
lower the Wobbe number (i.e. improve the interchangeabillty) has been utilized 
(nitrogen and air) in the past and is anticJpat~d to be used in the future. There 
are tradeoffs on the performance of steel pipe depending on the inert gas used: 

• Nitrogen (Nz) does not appear to have any affect on pip(lines and it is a 
common constituent of domestic natural gas. 

Oxygen (02) has aggressive internal corrosion characteristics when paired 
with water. The few cases where oxygen has been Injected into the 
system to lower the Wobbe number, it is injected af'0er locations where 
water may be inadvertenb~ present in the piping systems (i.e. storage 
fields). 

Carbon dioxide (C02) can be an aggressive corrosion agent s when 
combined with water. The presence of C02 in natural gas has been 
identified as a key conblbutor ~ to several major pipeline safety accidents 
in natural gas storage fields. 

Also, pipeline steel is sensitive to corrosion due to the presence of C02 and 02 in 
the presence of water. This can occur in s'oDrage field piping or during cofcliUons 
where dehydration equipment fails to operate. 

Some older transmission pipes are connected with mechanical couplings which 
have elastomers ~° which are sensitive ~ liquid hydrocarbon content. Presence of 
liquid hydrocartxx~ In some cases cause swelling of ~e  some elastomers. 

V 

' im-ulo-,os ~ Om'ac~edzaelon ot ~dmgen Craddq In Une P'q~e e,,mmls; wedino bml~e ~ Cam.~, 
19e0 
6 ~ - ~ - 9 6 0 5  ~ ~ ~" So .SenSe  ~ Component; Memlurglad Cons•brits, inc., t997 
~' ' ~  term Ine~ relrefs ~o lis o~M3uslJon d ' ~  r'Ml~r II~n b ~ ~ 
' PR-15-~16 ln/~emJepe~le~ ~YeO~ ot Bac~eda, Gas ~ and Wa~r Q~emisl~ on lnten~ ~ ot S~eel 
p ~ e ~  soumw~ p , e ~  [nsuu.~ zoo2 
' PR-15-9712 Elfec~ ot Water C ~  ~ b'den~l ~ ~ Slee~ P I ~ ;  SouU' l~  Re.arch ImPute, 20GO 
w Oi and Gas ~dusCTy Seals a~d Saalk'~ - .Succes and Foilum; Oanlel L ~ .It.0 Seals Easlem, ~ ,  1 ~ ,  
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Distribution piping is made of steel, cast iron, various types of plastic and copper. 
Performance of the steel is the same as b'ansmission piping. Heavier 
hydrocarbon constituents in gaseous phase as discussed in this paper 
(components up to and including C6) do not materially affect plastic pipe. Cast 
iron has the same characteristics as steel as discussed above. Much like plastk: 
components, copper should not be materially impacted considering the nature of 
the hydrocarbon constituents discussed In this paper. However, while the 
materials of construction of pipe itself should not be impacted by gas 
composition variaUons discussed in this paper, compositional changes and 
related impacts to pipe joint seals, gasket materials and couplings are somewhat 
less known. More specifically, there has been some evidence that composiUonal 
changes associated with switching to a leaner gas supply over time may induce 
small dimensional changes in some gasketing and seal materials when compared 
to original installation. Additional research in this area will be neoessary to better 
understand this potential phenomenon. 

B.2,3 Valves 

In general valves are constructed of the same material as the pipe mentioned 
above and would exhibit similar behavior. Seals utilized in this equipment are 
similar to what is used in controls and instrumentation. Generally, there are two 
types of elastxxners, butyl rubber and vitron type materials. The performance of 
these materials is not expected to vary substantially based on the 
interchangeabllity range discussed here, however additional research will be 
needed to confirm this conclusion and to better understand the long term effects 
of leaner supply compositions on gasket and seal materials that have been 
traditionally exposed to cornpositions with hydrocarbon constituents greater than 
(::4. 

B.2.4 Conlzols and I n M = ' u ~  

Ham/ conb-ols used in transmission and dls~bu'don systems are made of the 
same materials as pipe and valves. In some cases "pot metal" and aluminum is 
used. No issues are expected with the range of Interdlangeability is expecb~. 
Certain type of Instrumentation is affected by different constituents such 
moisture and sulfur analyzers but these fall outside the ranges that are being 
discussed in this paper. Of course, the change In constibJ~mts will cause a 
change In some basic properties and if used in a calculation (i.e. heating value) It 
must be accounted. 

There does not appear to be any significant issues with the type of equipment 
that is used to determine the heating value (i.e. calorimeter, chromatograph) of 

S 
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natural gas with the range of expected values. However, calibration gas 
associated with these instruments may need to be adjusted to better account for 
compositions actually being measured. As with the potential abovement~oned 
issues with seal and gasket maberials, additional research is needed to better 
understand the long term impact of "hydrocarbon lean" supplies will have on 
gaskets and seals that have been "conditioned" by dcher hydrocarbon supplies 
through 05+. 

B.2.S ~ r e m e n t  

Generally, measurement devices for the purpose of determining the commerdal 
value of gas by rneasudng the volume of gas and calibrating it with the heat 
content of the gas moved. Orifice meters and turbine meters that are used in 
transmission and distribution ~ do not seem to be affected by the range of 
gases that are discussed in this paper. Positive displacement meters used in 
distribution service are not affected either by the constituents being discussed. 
The main measurement issue is the level of accuracy needed in correlating the 
measurement of the constfl:uents of the gas (i.e. heating value) with the quantity 
of gas measured (mcf). This can be done on a continuous basis, resulting in 
high accuracy, or averaged by using frequency based gas samples (sampling 
bottles). 

Rnally, periodic spot samples (based on location and timing) of heating value 
can be used to approximat~ the heating value for a wide geographic distribution 
area. However the issue of measurement may have significant impacts on LDC's 
and end users. Host o~tody transfer locations C'delivery points') utilize energy 
measurement techniques (chromatography) for accounting purposes. LDCs that 
have multiple pipeline feeds into their systems establish "therm zones" or 
calculated energy flow [-actors to property bill custxxners. As a result of 
compositional changes associated with the interchangeabiliLy process, these 
t~b-m zones may shift: requiring additional hardware and operating costs 
(addlUonal chromabxjmphy measurement inst~mentation) t~ properly establish 
real time shiRs for billing purposes. If  measure compensaUon is not fully 
understood and adequately measured, increases in lost and unaccounted for gas 
(LUF) may occur. 

In addition, residential meters may also be Impacted by hydrocarbon lean 
supplies relaUve to historically aceptable hydrocarbon rich supplies. Materials of 
construction of gas meters, spedflcally residential diaphragm meters may be 
impacted similar to the pobentJal effects discussed with seals and gaskets. 

V 

6 
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B.2.6 ~ s H e a t e r s  

Natural gas Heaters either water bath or air I~ air heat exchangers are 
prominent in both tt~ transmission and distribution systems. These units are 
typically atmospheric burners and do not have emission controls, in certain 
states emission controls are needed due to permlffing requirements. The issues 
with air emissions should be In the same category as the "atmospheric burners" 
discussed later in this report. However, as with commercial and industrial 
combustion applications, additional research is needed to better understand the 
effects of varying compositions have on these burner control systems, 
combustion chambers and other hardware associated with this equipment. 

B.2.7 Dehydration Facilities 

Natural gas transmission and distribution companies utilize natural gas 
dehydration at storage fadllties when natural gas is withdrawn from those fields. 
These fadlities are typically either glycol dehydration or sorbent bead 
technology. Neither of tt~se technologies is affected by the range of 
constituents that are discussed in this paper. 

V B.2.8 Gas Processing 

In some cases, additional gas processfng to remove COz is conducted by 
bansmission companies. There appears to be no problems with those processes 
by the range of consl~oJents being discussed in this paper. 

B.2.g Gas Compressors 

RedprocaUng and cenffifugal compressor~ are designed ~o compress certain 
ranges natural gas. The ranges of const~uents of natural gas being discussed In 
this paper appear to not materially affect the capability of these units; however 
these effects must be evalua~ on an individual basis to establish operability 
and efficiency impacts due to potential changes in the physk~l properties of the 
gas being c o m ~ .  While the higher range of heating values of gas with 
higher ethane and propane content will increases the overall amount of heat 
con~ent transported, ~ higher molecular weight of the gas will reduce the 
volumetric etfidency compressor. Gasket and seal materials may also exhibit long 
tc=rm Impa~ associated with the bangtion to leaner supplies relative W 
historically acceptable richer supl~ies. 

7 
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B.2.9.1 Reciprocating Gas Compressor Drivers - Environmental 
Zmpacts 

Reciprocating compressors utilize natural gas powered reciprocating engines. 
These units are more typically two-cyde engines (as compared to four-cycle 
engines). These units can be naturally aspirated or utilize super or turbo 
charging. Typically the larger units utilize fuel injection rather that carburetion. 

Recently, state and federal permitting requirements have put Ilmi~tions on the 
amount of carbon mormxide (CO) and nib'ocjen oxides (NOx). In some cases, 
catalytic converters are utilized on four-cycle units to reduce CO. Catalytic 
converters or ammonia slip injection are rarely used to reduce NOx reductions on 
2 cycle engines. The concentration of CO is a function of the alr/fuel ratio and it 
does not appear the range of constituent values being discussed in this paper 
will have a material affect on CO emissions. 

NOx emissions are a function of combustion temperatures. Higher combustion 
temperatures can occur if the heaUng content of the fuel increases and there is 
not a coincident increase in If~ quanUty of cornbt~.'Uon air. Present engine 
control technology does not compensate for the change in 1~ amount of 
combustion air as a result in the heaUng value of natural gas. This can be 
important if the constituents of the gas change on a peflndic basis causing the 
heating value to change. This can cause an increase in combusUon temperature 
resulting in higher NOx emissions. Research is being conducted at this Ume to 
determine the effects on NOx emissions of changing the fuel composiUons. 
Present permits allow the besUng of the individual units under controlled 
condiUons. As of yet, these units are not subject to conUnuous emission 
monitoring which would detect changes in NOx emissions due to fuel 
composlUon changes. 

The Introduction of higher amounts of ethane and propane may cause increases 
In detonaUon under high load condiUons, since the ignition temperature of these 
constituents is lower than methane, ~ primary constituents in natural gas. 
New combusUon head designs are based on modified IgniUon and compression 
ignition designs that may show different c h a ~ c s .  

11.2.9.2 Turbine Gas Generator Ddvem for Cenltifugal Compte~loel 

The performance of these units should be yew similar to the turbines that are 
used to power electric gene~Uon, except gas compressor operation usually 
entails operating at vaded speed ranges as compared to units attached to 
electric generators. Permitting for natural gas compressors at this Ume does not 
require the use of conUnuous emission monitoring and therefi3re emiss(on 



Jnofflclal FERC-Generated PDF of 20060414-0200 Received by FERC OSEC 12/06/2005 in Docket#: RP04-249-001 

200506305008 Received FERC OSEC 06/30/2005 10:43:00 AM Docket# PL04-3-000 

V 

White Paper on Natural Gas lnterchangeability 
And Non-Combustl~ End Use 

Exhibit No. FGT-6 
Pmge 7s o(250 

transients due fuel changes has not been monitored. A research program has 
been initiated to determine the effects. 

The introduction of higher amounts of ethane and propane will not cause 
detonation conditions as in reciprocating engines due to the continuous buming 
characteristics of gas turbines. 

B.2.10 OdorizalJon 

Ododzation involves the Injection of trace amounts of mercapatan compounds 
into the gas stream. While there has been reports of masking of the odor due to 
higher levels of hydrocarbons in the natural gas stream, the level of constituents 
being discussed in this paper do not appear to present a problem. However, each 
odorization system needs to be evaluat~l IndMdually to assess potential local 
impacts on current odorizatlon practices. 

B,3 Safety L ues 

Ethane and propane have different physical characteristics than methane. Both 
of these gases are heavier than air and equipment and procedures designed for 
systems with natural gas composed primarily of meb~ane may vary. Equipment 
such as gas detectors Iocat~l in the ceilings of compressor stations will probably 
not be affected since there will be a significant amount of methane in any leak 
that occurs. However, the lower and upper flammability limits of a gas mixture 
are dependent on composition and the effects of compositional changes will 
need to be evaluated locally. 

Blowdowns (exhausting gas to the atmosphere) from the pipeline may be 
partially affected if there Is stTatiflcatlon of the methane, ethane and propane 
constituents. The change to incorporate these constituents will probably require 
the modification of the operating and emergency procedures. 

B.4 SNG 

A Ilmil~l number of SNG Rants are currently in opera6~ in the U.S. Impacts to 
these fadl~es are feeds~z~k related and directly Impact the production of 
hydrogen if hydroreformlng is included in the pad~ular process, typically utilized 
for hydrodesuifurlzation processes. Each facility will need to be evaluated on an 
individual basis to assess specific impacts. 

9 
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B.5 Xmpacts on Local Peakshaving FadliUes 

North Amedca has a large base of residential and commerdal customers that use 
more gas in the winter than summer, although this load curve is flattening due to 
ino~ased gas-fired power generation. Local peakshaving facilities are used 
throughout the country to augment plpaline supplies during temporaw peak 
demand periods. These facilities are typically located closer to large demand 
centers (major urban areas) or areas of a distribution system that have limited 
pipeline supplies. These facilities consist of LNG liquefaction plants & associated 
storage, LNG satellite distribution plants and propane-air plants. The objective of 
this section is to address the impacts regesified Btu stabilized LNG imports and 
unprocessed domestic supplies may have on liquefaction plant operations and 
the interchangeabtlity issues associated with propane-air when combined with 
regastfled LNG Btu adjusted gas. 

The majodty of local peakshaving supply is provided by LNG liquefaction plants 
which generally consist of between one and four billion cubic feet (Bcf} of 
storage. Pipeline supplies are liquefied during warmer months (about 200 days 
per year) and revaporized for delivery into local pipelines and distzibution 

during the coldest days (usually no more than 20-40 days a year). A 
recent survey identified 77 active peakshaving liquefacUon plants, most of which 
(62) are located In the United States making the U.S. by far the world leader in 
natural gas peakshavlng liquefaction. From a regional perspective, it is not 
suqxising that over 25% of the plants are concentrated In bhe Northeast. Table 
B.t shows the location of peakshaving liquefaction plants by state. 

V 

10 
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Table B.1 P e a k s ~  Uquefaction Plan13 by U.S. Sta~ n 

State Number of Plants 

Massachusetts 6 
Indiana, Tennessee 10 

12 Georgia, Iowa, North Carolina 
Alabama, Connecticut, Minnesota, 
New York t Pennsylvania 
Harytand, Oreqon, Virginia, Wisconsin 
Alaska, Arizona, Arkansas, Delaware, 
Idaho, Illinois, Nebraska, Nevada, New 
Jersey, South Carolina, Washington 
Total 

15 

8 
11 

62 

E x h i ~  No. FGT-4 
Page T/(~r 2so 
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More than haft the plants with roughly half the liquefaction capadty were built in 
the five year pedod from 1971 - 1975. This was a pe~od of rapidly expanding 
natural gas demand with resulting capacity limit3tlons on U.S. pipelines. The 
drop in ~ o n  was pdmadly due to gas supply curtailments and the 
development of other peakshaving alternatives Induding underground storage. 
ConslnJctton was revived in the mid to late 1990's and as a result, most plants 
were designed and constnJcl~ with a feedstock composition consistent with 
processed pipeline supplies during these pedods. 

LNG peakshaving makes economic sense when the cost to deliver gas horn 
storage is less than the cost to lease pipeline capadty to deliver the same 
amount of gas. The value of peakshaving is the avoided cost of pipeline 
transportaUon required to deliver the peak day gas. This benefit does not include 
the obvious supply security and reliability assodated local supply conlToI. AS a 
result, dlslTIbuUon companies have Installed over 9 Bd/day of  LNG vaporization 
capadty m help deal with this highly seasonal, weather sensitive load. 

B.S.1 Feedstock ImplicaUo~m on PealmhaMng Uquefaction Operations 

LNG peakshavlng piants consist of four process components indudlng feedstock 
purlflcaUon, liquefaction, storage and vaporization. A brief description of each 
component process is described below. 

Pu~fc~tlron 

V 
" LNG Source Book 2001 

11 
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Feedstock purification is a critical first step in the liquefaction process. Traditional 
feedstock impurities are removed by a vadety of processes such as mole sieve 
adsorption and solvont absorption such as Rectisol and amine systems. These 
impurities indude sulfur, water and carbon dioxide which may freeze at process 
temperatures. 

uquefacu  

Host commercial liquefaction processes generate "heat s~nks" by flashing 
condensed refrigerants across an expansion valve with process heat exchanges 
housed in a "cold box'. These processes Include the Cascade Process utilizing 
propane, ethylene and methane in discrete "cooling circuits" as refrigerants, the 
SMR (single mixed refrigerant) process using mu~component refrigerants and 
the PPHR (propane pre-cooled mixed reffigerant) process utilizing mixed 
refrigerants and a propane pre-chiller to cool the natural gas stream prior to the 
liquefact~n process. Another important process is the open loop expansion o/de 
where compressed natural gas is expanded across a turboexpander which in turn 
drives the compressor. Low pressure expander exhaust is sent to the distribution 
system. In t~ls process, approximately 80% of the feed gas is utilized in the 
refrigeration drcult while the remaining 20% is converted into liquid. 

Rnally, the dosed loop n~ogen recycle process where high pressure nitrogen is 
expanded to supply cooling similar to the turboexpander process described 
above. 

In most cases, the process gas stream is cooled down to approximately -110 to - 
120°F before liquefaction. Heavy hydrocarbon components are condensed out of 
tt~ gas stream in this step and are reheated and removed. Otherwise, these 
components would precipitate out and freeze later in the process resulting in 
blockages in the cold box heat exchangers. 

Uquefied natural gas is stored in insulated tanks that maintain the LNG at 
approximately -260°F. This liquid is constantly "boiling', or genera~ng vapor, due 
to heat leaks. The cold vapor or "bolloff gas" is either utilized in the liquefaction 
process when running, or delivered into ~ local dis~ibution after warming. 

Liquid natural gas is pumped from the tank and re-vaporized for delivery Into the 
local distribution system. 

V 

12 
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Each peak shaving liquefaction process has individual design criteria and the 
effectiveness of the process is highly dependent on the constituents of the 
feedstock. Plants are designed to handle moderate swings in feedstock 
composition including varying concentrations of carbon dioxide, nitrogen, water, 
non-meb~ne hydrocarbons and to some degree, heavy hydrocarbons (C6+). 
Liquefaction process feedstock compositions that exceed original design criteria 
could have significant operational consequences ranging from efficiency and 
reliability issues through rendering a plant completely inoperable. More 
specifically, feedstock interchangeabllity of unprocessed pipeline natural gas and 
Btu adjusted regasified LNG imp(xts presents a real concern for existing peak 
shaving liquefaction units throughout North America. The potential impacts are 
discussed beJow. 

B.5.2 Impacts of Unprocessed Pipeline Natural Gas Feedstock 

Unprocessed natural gas feedstock is typically rich in higher hydrocarbons 
beyond C6+. Al~ough not typically analyzed by pipelines or LDC's, other trace 
constYcuents in the C6+ fractions can have significant impacts on both 
purification and liquefaction processes. When gas is not processed to historically 
acceptable levels in which the vast majority of C6+ components have been 
reduced to low concentrations, these trace constituents increase in concentration 
along with the measured heavy hydrocarbons found in the C6+ fraction. 
Examples of these trace consUtu(mts of concern are: 

CydoparaRYt~ & Alroma/f¢~ 

Cyclohexane 
Hethylcydohexane 
Cydopentane 

Benzene(s) 
Toluene 
Xytene(s) 

V 

In most cases, feedstod¢ compos~on is monitored utilizing gas chmrnatz)graphy 
out to C6+. Increasing heaUng values and spedflc gravity associated with an 
increase in C6+ components is an Indicator that unprocessed gas is present and 
it is likely that tTace cortstlbJents concentraUons are also Increasing. As the 
temperature of the process gas flowing through the cold box decreases, these 
trace constituents have a tendency Ix) freeze and "piate" out on the Interior 
surfaces of the heat exchangers in the cold box. Heat exchangers will continue to 
operate but with decreased efficiency and greaber pressure drops. Eventually the 
exchangers will become completely plugged resulting in plant shutdown. Existing 
plant designs accounted for the potential of historical processed gas hexane 
concentrations in the feedstock and engineered removal SlTategles at 
l~'nperatures between -t00°F to -120°F to avoid freezing. When domestic gas is 

13 
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unprocessed, heavy hydnT.arbons remain In the feedstock to LNG plants and 
p~ant operations suffer. This phenomenon Is best illustratL=d in Rgure B.1 below. 
The gas quality trend graphically demonstrates the overwhelming impact of 
increases in heavy hydrocarbon concentTations and associated trace const~Jents 
on the efflelency of the liquefaction process. As the heating value of feedstock 
trended up, the measured values of total aromatic and cydoparaffins was found 
to be over five times that of historically received processed gas (from tO0 parts 
per million (ppm) to over 500 ppm) resulting in premature exchanger fouling, 
inefficient operation and ultimataly, plant shut down. As the trend lines in Figure 
B.1 show, as the heating value trends up, plant make falls off due to partial 
exchanger fouling. ]n four instances, fouling was evidently extreme and the 
make fell off precipitously. This dearly demonstrates the significant impact 

I=lglml 1 

Oa 'C~  t ~ u  t k ~ ' C U  

'i I 
Ira5 

--4'- DTH ~ Tml~ 

• BI~J Tmml 

............................................... , . . , , , . ,  . . . . . . . . .  , , .  ................................ 0 

unprooessed pipeline gas could have on peakshaving liquefaction and that 
pipeline gas quality and interchangeabilib/is a major consideration for I_DC's that 
operate LNG peakshavlng liquefaction plants. 

W 

EL5.3 Impacts of Regui f led Btu AdJus l~  LNG Feedstock 

In some cases, LNG imports contain relatively high ¢oncentTatlons of ethane (C2) 
and propane(C3). To ensure that interchangeabllity cfltada related to combustion 
are achieved, the LNG Terminal output is diluted with an inert gas such as 
nit~xjen. While this output gas does not contain hea W hydrocarbons such as 
05+ or carbon dioxide and thus does not Impact the purification section of 

14 
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existing plants, it does present other challenges in both the liquefaction and 
storage areas of the p4ant. The greatest single impact is on efficiency, or "net ~ 
LNG produced. Secondary effects include the handling and disposal of exoessJve 
C2 and (33 hydrocarbon liquids that will condense out at various stages of the 
liquefaction process. Another sedous concern Is the handling of excessive 
nit~ocjen dch bollotf that will flash off in the storage systems leading to potential 
excess boil-off beyond original design capacity. 

A computer simulation was performed to quantify the overall impact of liquefying 
Btu stabilized LNG import feedstock. Rgure B.2 highlights the simulation process. 
It should be noted that this simulation is not process specific and in general 
applies to most liquefaction processes previously cited (the open expander 
process is somewhat different) This simulation looks at the fundamental 
~ t . a m ¢  conditions across a typical LNG peakshaving liquefacUon 

The clrdes represent process sl~ps indudlng heat exchange, 
vapor/liquid separation and flash. Squares represent stream identification 
including pressure, temperature flow eb:. 

V 

V 
1= Simulation by Kryos Energy Inc. 
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Figure B.2 

Liquefaction Process C o m p u t e r  Simulat ion Model 

Exhibit No. FGI"4 
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Nine feed gas compositions were analyzed and are shown in Table B.2. The 
simulation model input was based on one hundred units of inlet feed gas for 
each case tx) demonstrate the re/afire net production of: 

• LNG 

• Tank Flash Vapors 

• C2+ Hydrocarbon Removal. 

This simulator does not require actual flows for a specific plant or process as it 
redies on the re/aUve flows in evaluatJng results. The first feed gas composiUon 
(A) represents a typical pcxx:essed pipeline gas. The remaining eight feed gas 
compositions were used bo determine the values of cdUcal outputs which effect 
thermodynamic performance. 

L2 

16 



Jnofflclal FERC-Generated PDF of 20060414-0200 Received by FERC OSEC 12/06/2005 in Docket#: RP04-249-001 

200506305008 Received FERC OSEC 06/30/2005 10:43:00 AM Docket# PL04-3-000 

White Paper on Natural Gas [nterchangeablllty 
And N o n ~  End Use 

Table B.2 Uquefact~l Simulation 
R~ed Gas Compostt~os 

Feed Gas 
Composition 
Volume % 

A 
B 
C 
D 
E 
F 
G 
H 
I 

N2 CI C2 C3 C4 

1.0 95.4 3.0 0.5 0.1 
1.0 94.4 4.0 0.5 0.1 
1.0 91.9 3.0 4.0 0.1 
4.0 92.4 3.0 0.5 0.1 
3.0 93.4 3.0 0.5 0.! 
2.0 94.4 3.0 0.5 0.1 
i.0 89.9 6.0 3.0 0.1 
1.0 87.9 8.0 3.0 0.1 
1.0 92.9 4.0 2.0 0.1 

No. FGT41 
PIKII 1,1 Of 2Se 

Each feed gas composi~on tabulated in Table B.2 was modeled at four different 
operating pressures to account for va ng inlet pressures typical for the most 
common liquefaction technologies ~. These pressures include 200, 300, 400 and 
500 psig respectively. The data confirms suspected impacts identified eadier and 
suggests the following: 

• In all cases lower Net LNG Production 

• Increased C2+ in feedslzx:k results in hydrocarbon dropout 

• Increased Nitrogen in Feedstock Results in Increased Tank Flash. 

For all cases considered in the model, C2+ dropout was fixed to occur at -120°F 
and the LNG product sub cooled to -240°F prior to delivery to LNG storage. Tank 
boiloff consists of vapors from LNG flash and does not Include tank heat leak due 
to vadaUons in tank design, capacity and Inventory. This model concentrates on 
feed gas composition impacts in I.NG processing. 

The slmulaUon dearly dernons~ates the semiUvity of gas compo~Uon to the 
overall liquefaction process. The majority of p~ants designed and ~ to 
meet historical gas composition feedstock o ' i t ~a  will not be able to make 
process adjustments to accommodate elthef unprocessed pipeline gas or Btu 
stabilized LNG Imports as feedstock. Plants would require extensive redesign and 
substantial capital investment (with little or no direct benefit to LNG production) 
to address the following common issues: 

V 
'= Flash Simulation using ChemCad & Peng Robinson EOS 
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• Incre.~l~=d removal and collection of condensed C2+ components 

• Removal of increased concentrations of aromatics and cydoparaffins 

•]ncreased storage system boil off handling including handling/blending of 
low Btu nitrogen enriched boil off gases. 

Further compounding the problem is the possibility of receiving intermittent 
"slugs" of Btu stabilized LNG imports as feedstock. Significant variations in 
feedstock composlUon may result in varying the density of the LNG product. If 
storage systems are not equipped for redrculation of liquids, density 
stratification may evolve over time resulting in potential "roll over" of the LNG 
product in the tank which could cause significant damage to the tank and 
storage systems. This Is especially true if the storage system only allows liquid 
to enter the bottom of the tank and the tank is nearly full with minimal ullage. 

V 

B.6 Zmpacts on Propane-Air Peakshaving Operations 

Uquid Propane-Air (LPA) Plants for peakshaving operations have been in use 
since the mid-1930's. These Plants use liquefied petroleum gas (I_PG), a mixture 
of (::3 and C4 hydrocarbons, as the feedstock. A typical Plant consists of liquid 
receiving, storage, transfer and vaporization, air compression and propane-air 
mixing. This process involves blending a mixture of approximately 55% by 
volume propane with 45% by volume air into the nabJral gas distribution system. 
Blending is a primary concern with this type of peak shaving operation making 
the pipeline natural gas composition receiving this peaking supply a critical 
variable in assuring Inberchangeablllty. Due to significant differences in the 
chemical properties and combustion c h a m ~  of LPA from natural gas, 
accurate and reliable blending becomes an important function for achieving 
satisfactory gas Interchangeabllity. Depending on local dist~bution company 
requirements and pipeline natural gas quality, LPA having 50%-60% propane 
blended with 40%-70% natural gas could provide satlsfactocy gas 
interchangeabillty. 

Operating expedence, equipment teeing and dassical interchangeabllity cri~ria 
such as Wobbe, Knoy, Weaver and AGA Indices, have been used to develop 
guldelines for determining gas Intorchangeabillty. Figure B.3 highlights the 
general Interd~angeabillty guidelines used by many companies, however, it 
should be noted that the o'tbeda is subject m change based on specific pipeline 
gas composition. 

18 
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Figure B.3 
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The potential impacts associa~ecl with propane-air peakshavlng and Btu stabilized 
LNG are directly ~ m blending. In summary, Ule increased ethane and 
propane conoen~Uons found in some LNG impo~ compound the blending and 
mixing problem and in some cases, can result in blends beyond b~e operaUng 
range of inb~rchangeability existing blending equipment is desigl~KI ~o handle. 
This can result in significant "yellow tlp~ng" as compared ~o blending with more 
tradiUonal pipeline supples. 

V 
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Appendix C 
Changing Supply Impacts on End-Use (Burner Tip Combustion Issues) 

Ted Willarns, AGA and 
Bob Wilson, Keyspan, Coordinators 

V 

While b~e issues associated with gas interchangeability are broad, including gas 
supply and transportation issues, gas interchangeability is by definition a funda- 
mentally technical issue of end use. Traditionally and in most applications, gas 
Interchangeability is associated with combustion applications. The challenge 
faced in considering broad aspects of Interchangeability is identification of com- 
mon requirements of end use combustion and identifying, based on these com- 
monalities and potential unique requirements, eff'~ient and equitable means of 
addressing end use requirements without imposing constraints on gas supply. 

This appendix summarizes combusUon end use considerations discussed by the 
Work Group and captured by Work Group stakeholders bringing expertise and 
unique perspectives to the discussion of gas interchangeabillty. This discussion 
is limited to the range of stakeholders actively partidpating in the Work Group 
and the draffing of the Gas [nterchangeability White Paper. Therefore, not all 
end user interests are covered by this appendix. 
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Bruce Hedman, EEA 

C.1.1 Introduction 

Natural gas consumption in the United States in 2003 was 21.8 trillion cubic feet 
(Tcf). The indusffial sec~  was the largest user, accounUng for 7.2 Tcf or 34 
percent of total gas consumption. The residential sector was the second largest 
user of natural gas, consuming 5.0 Td or 23 percent of total U. S. consumption. 
The power generaUon sector, which consumed 4.4 Td, was the third largest gas 
user, accounUng for 20 percent of total gas demand. The commerdal sector con- 
sumed 3.1 Td, or 14 percent of total gas demand. The gas transmission sector, 
which uses pipeline, lease and plant fuel for compressors and process heating, 
consumed 2.0 Tcf or 9 percent of total gas used in the U. S. Natural gas use in 
the transportation sector (natural gas vehides) was relatively small (0.02 TcO. 
FKJure C.1.1 shows the breakdown of gas use by sector. 

W 

Figure CI.1 Natural Gas Consump~on by Sector, 2003 
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Energy and Envlmnmefltal Analysis, Inc. (EEA) projects that U.S natural gas con- 
sumption will exceed 31 Tcf by the end of the next decade. The current EEA 
Base Case ~ forecasts U. S. natural gas consumption to grow to 31.4 Tcf by 2020, 
an increase of 45 percent or 2.2 percent per year. All sectors of the economy, 
residential, commercial, indusb'lal, and power generation, contribute ~o this 
growth, driven by the general pace of economic activity and growth, the price 
and availability of alternative fuels, the growing demand for electridty, and envi- 
ronmental regulations that affect might affect fuel competition, particulady in the 
power generation market. The fastest growth is expected from the power gen- 
eration sector which contributes Iz) well over half of the tz)tal increment. F~jure 
C.L2 shows the projections of natural gas co~lsumption by sector from 2003 to 
2020. 

Figure C.1.2 Nal~ral Gas Consumption ProjectJ(x~ by Se~or 
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C.1.2 Residential Sector 

The United Sta'ces has an estimated 119 million housing units of which over 61 
million use natural gas for at least one energy service. The total natural gas 
consumption by these households equaled almost 5.0 TC]: in 2003 representing 

~ The September 2004 EEA Base Case b ~ ulxlate to the spring base case thal formed the ~ f~ ~ 
INGAA Fotmdn~ioe natund gas infrasmJcture s~udy. 
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23 percent of total natural gas consumption in the country. Despite the in- 
creasing size (in terms of square footage) of newer houses, average gas use per 
household is declining because of improved insulation and more energy efficient 
equipment. 

The priman/uses of natural gas in the residential sector are space heating, water 
heating, cooking, clothes drying, and other uses (that include space cooling, and 
hearth products) (Figure C.1.3.). The largest use of natural gas is space heating, 
accounting for 64 percent of botal natural gas use in the sector. Natural gas 
dominates the space heating market in the U. S. residential sectx:x'. In recent 
years gas has captured more than 60 percent of the space heaUng market for 
new single family homes and will continue to dominate this market in the future. 
In addition, the percentage of natural gas heating in new multi-family construc- 
tion increased slightly in recent years. 

Figure C.1.3 Residential Na~ral Gas Consumpi~on by End-Use, 2003 

5~ 

V 

TO~I Resldenllal Gas Use : 5.1 T d  

Water heaUng is me second most important residential use of natural gas, ac- 
counUng for 26 percent of Iz)tal gas use in the residential sectz~. Unlike space 
heaUng, water heating Is generally not weather-senslUve. Nevertheless, l~e 
market penetration of natural gas water heating is similar to that of space heat- 
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ing; natural gas is currently used for over two-thirds of all residential water heat- 
ing requirements. 

Cooking is the third largest residential use of natural gas, accounting for 4 per- 
cent of total natural gas consumption in the residential sector. However, market 
shares of both ovens and ranges are dominated by electric appliances. Natural 
gas is also used for dothes drying; this end-use represents one percent of total 
residential gas use. Other end-use, which includes space cooling and heart~ 
products, account for the remaining consumption (5 percent). 

Figure C.1.4 shows the regional breakdown of residential natural gas use in the 
U.S. The East North Central (ENC) region consumes the largest amount of 
natural gas, representing about 26 percent of total residential natural gas con- 
sumption. The second largest consuming region Is the Middle Atlantic (MATL), 
accounting for t9 percent. The third largest consuming region West North Cen- 
tral 0NNC) accounted for t4 percent. 

Figure C1.4 Residential NaOmi Gas ConsumpUon by Region, 2003 

PAC 
NENG 

4% 

ESC 
4% SAll .  

14% 

ENC 

Tolmi R e s i d e m l d  Gas Use m S.O T d  

v 

Population growth and housing conslTuct~n will largely determine the long-term 
growth in residential gas consumption, tempered by contributing factors such as 
conservation, efficiency and technology changes. Natural gas consumption and 

5 
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expenditures are also positively correlated with household income: the higher the 
household income, the more energy the household consumes energy. The 
higher use and related expenditures is reflected in the typically larger homes 
owned by higher-income families, requiring more heating and additional uses for 
natural gas. 

Figure C.1.5 shows the projected use of natural gas in the residential sector by 
end-use, from 2003 to 2020. Overall residential natural gas consumption is pro- 
jected to grow at a modest rate of t.3 percent per year. Gas use for space heat- 
Ing is expected to grow by 0.7 percent per year, while gas use for water heating 
is projected to increase annually by 1.7 percent. Natural gas consumption pro- 
jectlons for clothes drying and cooking are projected to grow by 1.8 percent and 
1.5 percent per year, respectively. The fastest growth is expected for *other 
use, growing annually at a rate of 4.3 percent. This is driven by the continued 
popularity of hearth products in residential units. 

Rgure C.1.6 shows residential natural gas use projections by region. The region 
with the largest projected growth in residential gas use is the West South Central 
(WSC) region, which is estimated to grow annually by 1.8 percent. The Moun- 
tain (MI') region reports the second largest growth, at 1.7 percent per year. The 
East North Central (ENC) region, which currently consumes the largest amount of 
residential natural gas, is expected to grow at 1.1 percent per year. 

Rgure C.I.S Residential Natural Gas Consumption Projections by End-Use 
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C.1.3 Commerc ia l  Secloor 

The commerdal sector account~l for about 14 percent of total U. S. gas con- 
sumptlon In 2003, consuming over 3.1 Tcf of natural gas. This sector is more 
diverse than ~ residential market, consisting of bus)ness establishments, and 
service organizations such as re~[I and wholesale facilities, hotels and rr~els, 
restaurants, and hospitals. The commercial sector also includes public and pri- 
vate schools, correctional institutions, and religious and fraternal organizations. 
In all, over 5 million commercial customers consume natural gas for at least one 
energy service. 

The uses of natural gas in the commercial sector are less seasonal b%an in the 
residenUal sector. Commercial customers consume about 7.5 Umes more gas, 
on a per cus~mer basis, than customers in the resldenUal sector. 

V 
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Figure C1.7 Commerdal Natural Gas Consumption by End-Use, 2003 

v 

We~ Hee~g 
13% 

Space Cooing 
2% 

Toaml Commerchd Gis Use • :3.1 Tcf 

Space Healing 
51% 

Rgure C.1.7 shows natural gas consumption by end-use in the commercial sec- 
I~or. As shown, most of the natural gas consumed by the commerdal sector is 
used for space heating and water heating, and there has been a strong trend for 
customers to choose gas for these applications where gas is available. Currently, 
space heating accounts for over half of total gas use in tt~e sector, while water 
heating accounts for 13 percent. Other uses such as cooling, cooking, drying, 
desiccant dehumidification, and combined heat and power (CLIP), or cogenera- 
Uon, comprise smaller shares of natural gas use. In recent years natural gas 
has been losing market share among commercial customers to electddty in most 
end-uses excelX cooking. The loss has been the greatest In cooling and space 
heating. 

One promising growth area for natural gas in commercial applicaUons is on-site 
power generation. In order to provide backup capability and to minimize power 
purchases dudng peak periods, commerdal customers are expected to Increas- 
ingly rum to small, on-site generators m support their elect~cal needs. In cer- 
taln capacity constrained regions, customers with on-site generation can receive 
capacity payments. Natural gas powered redpr(xTzTdng engines, turbines, and 
fuel cells are ixo'~=ct:ed to be used in many commerdal settings to increase their 
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Independence from the utility grid, and reduce the possibility of power disruption 
and inconsistent power quality. CHP is already penetrating certain commercial 
markets. Hospitals, universities, airports and other establishments with appropri- 
ate thermal and elect~cal load, including those t~at cannot afford power failure, 
are becoming major users of CHP. 

F~jure C.I.8 - Commerdal Natural Gas ConsumlXJon by Region, 2003 
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Figure C.1.8 shows the regional representation of commeroal gas use in the U. 
S. The figure shows that the largest consumption levels are in the Middle Atlan- 
tic (MATL) and East North Central (ENC) regions. These two regions account for 
42 percent of total commercial gas use. Other major consuming regions are the 
West North Central 0NNC) and South AtlanUc (SATL) regions. These two regions 
represent 25 percent of total commercial gas use. 

Driven by general economic activity and populaUon grow ,, commercial sector 
gas consumption in the U. S. is projected to grow from 3.1 Tcf to 3.9 Tcf be- 
tween 2003 and 2020, or 1.3 percent per year. Figure 9 shows the projected 
increase by eml-use. Space heating and water heaUng are expected to grow at 
a r~aUvely modest rate of 0.9 and 1.2 percent per year, respectively. Space 
cooling and other uses are projected to grow at annual rates of 1.6 percent and 
1.5 percent, respecUveiy. The fastest growing end-use is ClIP and other forms 
of distributed generation, which are projected to grow at a robust rate of 3.3 
percent annually. 
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Figure C.1.9 Commercial Natural Gas Consumption ProjecUons by End-Use 
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Figure C.L10 presents the growbh in commercial sector gas consumption by re- 
gion. The region expected to experience the largest growth in commercial gas 
use is the Mountain (iV[T) region, followed by the New England (NENG) region. 
These two regions are projected to grow at an annual rate of 2.3 percent and 
2.0 percent, respectively. The current largest consuming regions are expected to 
have slower growth over this time perkxl, with MATL projected to grow at a rate 
of 1.2 pe~ent annually and ENC projected to grow by 0.9 percent. 

Figure C.1.10 - Commerdal Natural Gas C,0nsumptlon ProjeOJons by ReoIon 
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C.1.3 Industrial Sector 

Over 210,000 industrial gas users consumed 7.2 Tcf of natural gas in 2003, rep- 
resenting one-third of total U. S. gas consumption. Industrial gas use is com- 
prised of five basic encl-use components: 1) boilers used m generate process 
steam, 2) direct fired process heaters and fumaces, 3) CHP or cogeneration sys- 
tems produdng both electridty and steam, 4) feedstock to manufacture com- 
modity chemicals such as ammonia, methanol, and hydrogen, and 5) other uses 
comprised of direct space heating and non-CHP power generation. 

Figure C.1.11 presents the breakdown of industrial natural gas demand by end- 
use category. As shown in the figure, the primary use of natural gas in industry 
is to fuel steam generating equipment Including standalone boilers and CHP sys- 
toms. Almost half (49 percent) of natural gas used in industry is for this purpose: 
34 percent through boilers and another 15 percent through non-boiler CHP. De- 
spi~e fuel oil and coal maintaining their competitiveness and despite increased 
use of byproduct fuels, natural gas has expanded its role as the dominant fuel 
source for both boilers and ClIP equipment 

Natural gas is also the pflrnary energy source for direct process heating in the 
sector, accounting for over half of total process heat requirements. Natural gas 
used for process heating represents over one-third (34 percent) of total industrial 
gas demand. Although electrotechnologles have slowly gained some ground in 
certain applications, natural gas has maintained its position as the preferred fuet 
for most dean, direct thermal heaUng applications. 

F~um C1.11 - Indust~al Natural Gas ConsumpUon by End-Use, 2003 
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As a feedstock, natural gas is predominately used in t ~  production of ammonia, 
methanol and hydrogen. Feedstock use represents 9 percent of total Industrial 
natural gas consumption. Over haft of the feedstock demand is to manufacture 
ammonia, with the remainder split between methanol and hydrogen. 

The other uses of natural gas indude direct space heating and on-site (non-CHP) 
elect~city generation. These combined account for 8 percent of total industrial 
gas use. 

Industrial gas consumption is highly concentrated, with only six industTies ac- 
counting for over 80 percent of industrial gas use. The gas-intensive industries 
consists of the food, paper, dlernlcal, peboleum refining, stone, day and glass, 
and primary metals industries. These industries account for 8t percent of total 
indusb'lal natural gas consumption. As shown in Figure C.1.12, the chemical in- 
dustw alone consumes over one-t~ird, 34 percent, of total industrial gas use. 
The second largest gas consumer is peboleum refining, representing I8 percent 
of botal industrial gas use. The paper, food, and primary metals industTies ac- 
count for 8 percent each, while the stone, day and glass indus~y accounts for 5 
percent. 

Figure C.1.12 - InclusUlal Natural Gas Consumption by lndusl;y Group, 2003 
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Rgure C.1.t3 shows the breakdown of gas use In each induslzy by end-use cate- 
gory. As depicted in the figure, the largest user of natural gas, the chemical in- 
dustry, consumes most of its gas to produce steam using boilers and CHP 
equipment. Boilers and CHP end-uses account for over half of the chemical in- 

12 
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dustry's gas consumption. Feedstocks represent a substantial amount of gas use 
in the chemicals industry as well, accounting for 25 percenL In the refining in- 
dustry, a majority of gas consumption is ~o fuel direct process heaters; about 57 
percent of the refining indust~s use of natural gas is for this purpose. The re- 
mainder is used mostly for stP.am generabon through boilers and CHP. For the 
primary metals industry, its largest end-use is direct process heat, representing 
almost 70 peromt of this industry's total gas consumption. In the food industry, 
over half the gas consumption is for the production of steam through boilers and 
CHP. Direct process heating accounts for 39 percent of this indust~/s gas de- 
mand. The paper industry has a substantial steam load; 87 percent of total gas 
use In paper is for the production of steam through boiler and CHP. The largest 
use of natural gas in the stone, day and glass industry is for direct process heat- 
Ing (glassmaldng furnaces and cement kilns), accounting for 83 percent of totzl 
gas use by that indus..  

Rgure C1.13 - Indusl~l Nab.rat Gas Consump6~n by Indust~ and End-Use, 1998 
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Two regions together account for 54 percent of botal indusl~ial natural gas con- 
sumption in the U.S (Figure C.1.14). The West South Cenb'al (WSC) region 
represents the largest portion of Indust~'ial gas consumption, 2.7 To" or 37 per- 

13 
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cent of total U. S. industrial gas use. Much of this consumption is centered in 
petrochemical industries which prospered from the availability of abundant and 
inexpensive local natural gas resources. The East North Central (ENC) region 
represents the second largest industrial natural gas consuming region, account- 
ing fo~ 1.2 Tcf or 17 percent of total industrial gas consumption. This region is 
comprised of the food, chemicals, and metals industries, which prefer natural gas 
not only for its historically competitive pridng, but also because of these indus- 
ties' use of specific gas applications such as cooking, baking (in the food indus- 
try), ammonia production (in the chemical Industry), and metal melting and 
heating (in the metals industry). The third largest consuming region is the Pa- 
cific (PAC) region, accounting for 14 percent of ~otal industrial gas use. The 
presence of a large refining industry as well as gas use in enhanced oil recovery 
drive industrial gas consumption in bhis region. 

Gas consumption in the indust~al sector is primarily driven by the level of indus- 
trial production. Energy effide~-y improvements are introduced through pro¢ess 
changes or evolutionary technical improvements. Energy prices affect energy 
demand, espedally, where the equipment is switchable from one fuel form to 
another. For example, a large number of boilers and process heaters can switch 
from gas to oil and vice versa. 

Figure C.l.t4 - Industrial Natural Gas ConsumpOon by Region, 2003 
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Rgum C.1.15 - [ndus~ial Natural Gas Consumption P r o ~  by End-Use 
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Indusl~31 gas demand is projected to grow to 8.1 Tcf (Figure C.115) by 2020. 
This represents relatively slow growth, at 0.7 percent annually. It  is impoctant to 
not~ that this proJec~n does not include new capacity growth of CHP a~er 
1999, since new cogeneraUon capacity is included in the power generation pro- 
Jections. The largest end-uses of natural gas, boilers and CliP, are projec~d to 
grow at a modest rate, with 1.0 percent per year and 0.6 percent per year, re- 
spe 'vely. Consumption of gas for process heating is also proJec  to grow 
gradually, at about the same rate as industrial ClIP consumption. Natural gas 
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feedstock consumption for ammonia and methanol is projected 

Figure C1.16 - ~lduslzial Natural Gas Consumption Projections by Indus'm/Group 

to decline, while feedstock consumption for hydrogen is expected to grow at a 
fairly rapid rate of 3.0 percent per year. 

Rgure C.1.16 shows natural gas use over the projection period by industry 
group. The largest consumer of natural gas, the chemical industry, is expected 
to increase its gas consumpUon annually at a rate of 0.9 percent. The refining 
industry, which is the second largest user of gas, is projected to increase its gas 
consumption by a much slower rate of 0.4 pen:ent per year. Gas consumpUon in 
the stone, day and glass industry is projected to grow the fastest among the en- 
ergy-intensive industries at 1.5 percent per year. The food industry is expecte~J 
to increase its gas use by a rate of 0.8 percent per year. Two energy-intensive 
industlies are reporting declines in projected gas use: paper and primary metals. 
The non-energy-lntenslve indusl~/groups report a modest growth in gas use of 
about 1.3 percent per year. 

Rgure C.1.17 shows projected industrial gas growth from 2003 to 2020 by re- 
gion. Each region is projected to grow between 0.5 percent to 0.9 percent per 
year. The fastest growth in industrial gas use is expected to occur in the Pacific 
(PAC) region at 0.9 percent per year. The two largest gas consuming regions of 
West Sout~ Central (WSC) and East North Central (ENC) are projected to In- 
crease t~eir indusl~lal gas use by 0.7 percent per year and 0.6 percent per year, 
respectively. The slowest growth is expect~:l in the Mountain region (MT), with 
an annual rate of growth in industrial gas use of 0.5 percent. 
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Figure C1.17 - Industrial Natural Gas ConsumpiJoo P r o ~  by Region 
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C.1.4 Power Sector 

The power generation sector has been steadily Increasing its consumption of 
natural gas over the pest: decade. Increasing elecbldty demand, the rapid 
buildup of gas-fired generating capacity, and more stringent environmental poll- 
des, have all con~buted to this growth. 

Figure C1.18 shows electricity power generation by fuel type. Currently, the 
majodty (55 percent) of U. S. electricity generation if fueled by coal followed by 
nudear at 22 percent and natural gas at 14 percent. While coal-fired generation 
is expected to increase over the forecast period, its share of total generation is 
expected to decrease to less than 50 percent by 2020, while gas's share is ex- 
pect to increase to 25 p~cent 

Rgum C,1.18 - Power Generation P r ~  by F-ud Type 
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Figure C.1.19 presents the projecUon of elect~k: generaUon capacity in terms of 
glgawatts. The large quantity of natural gas-fired generation capadty installed 
between 1998 and 2004 drives significant gas demand growth over much of the 

17 
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forecast perkxl. Between 1998 and the end of 2004, over 210 gigawatts of new 
single-cycle combustion turbines (CT) and combined cycle turbines (CC) were 
added to the generation fleet. From 2005 to 2020 it is forecast that an addi- 
tional 120 GW of CC/CT capacity will be added, bringing the total turbine capac- 
ity to nearly 360 GW. 

Host of the gas turbines installed through the mld-t990s were single cycle com- 
bustion turbines (CT) added as peaking capacity (Rgure C1.20). However, since 
then the majority of new gas units added have been combined cycle (CC) units 
serving intermediate and, in some cases, base load demand. While CCs are sig- 
niflcanUy more efficient than CTs, they also operate many more hours per year, 
and therefore consume a higher percentage the sector's total gas consumption. 

Figure CI.19 - ~ Gelera~i~ Capacity 

v 

1000- 

u 

2oo 

2003 2010 2015 

a H e m  ~ u ~  mCo~ mOiL~GesS~ CCJCT 

V 

18 



Jnofflclal FERC-Generated PDF of 20060414-0200 Received by FERC OSEC 12/06/2005 in Docket#: RP04-249-001 

200506305008 Received FERC OSEC 06/30/2005 10:43:00 AM Docket# PL04-3-000 

White Paper on Natural Gas IntmchangeablliW 
And Non-Combustion End Use 

F.Jdflblt No. F O T 4  
page.~ ot 2sO 

400 

350 

300 

250 

u 
150 

100 

5O 

Figure C.1.20 - Simple O/de Versus Combined O/c~e Capacity 
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Figure C.1.21 shows the projection of the electric power sector's gas demand by 
technology. At the same time new gas-fired capadty is being added, older 
steam turbine units are being retired from the fleet, While the older steam tur- 
bines are far less efficient than the new units, a high percentage of the steam 
units can switch to oll at times of high gas prices, a feature that is rare in new 
CC and CT units. Therefore, the replacement of 

Rgure C.1.21 - Power Sect0~" Natural Gas ConsumlXk)n PmjecUons by Tecflnokxjy steam 
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bJrbines with CC and CT units tends to increase gas-fired generation at the ex- 
pense of oil generaUon. While gas consumption at steam units remains fairly 
constant throughout the forecast, gas consumed by CCs increases from 1.9 Tcf 
in 2003 to 7.9 Tcf by 2020. Gas consumpUon by CTs rises at a more modest 
pace, increasing from 0.7 To" in 2003 to 1.0 Tcf by 2020. 

Power generaUon gas consumption also varies significantly by region (Figure 
C.1.22). As of 2003, the Western Electricity Coordinating Coundl (WECC) dis- 
patch area consumes the majority of gas used in the power sector, followed 
ck)sely by ERCOT (Texas). 

Figure C1.22 - Power Sec~o( Nab,ram Gas ConsumlXJOn by Region 
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Differences in regional growth in gas consumption are largely driven by different 
growth rates for electricity demand. For ~ U. S. as a whole, demand for elec- 
b-ioty is expected to grow at a rate of 1.9 percent per year over the forecast;, 
however, regional growth rates vary from a high of 2.2 percent (in SERC~ Florida 
and WECC) m a low of 1.5 percent (ECAR). (Figure 23) 
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Figure C1.23- Regional Shares of Power Sector's Natural Gas Consumption, 2003 and 2020 
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While gas consumption is expected to increase in all regions, it is expected to 
grow most quiddy in the Southeast. The Southeastern Electric Reliability Council 
(SERC) is forecast to increase it's gas consumption by nearly 2 To+ per year, to 
2.2 Tcf by 2020. Rodda/FRCC also has significant growth in consumption, in- 
creasing to 1.3 Tcf by 2020. Texas, a state that has historically been a large 
consumer of gas for power generation, increases its annual consumption to 2.0 
Tcf by 2020. [n both percentage and absolute ~erms, SERC is by far the fastest 
growing area. By 2020, SERC will to consume 20 percent of total U. S. power 
generation gas use, up flora only 5 percent in 2003. 

Tab(e C.1.1 ~ Sales by Region, In Millions of kWh 

Annu~ 

2003 2020 Oro~ Rm 
NPCC 263 349 1.7% 
MAAC 299 393 1.8% 
SERC 695 998 2.2% 
Flodda/FRCC 215 308 2.2% 
ECAR 394 510 1.5% 
MAIN 208 288 1.9% 
MAPP 219 299 1.8% 
SPP 258 348 1.8% 
Texu/ERCOT 325 454 2.0% 
WECC 819 896 2.2% 
U.S. Total 3,495 4.842 1.9% 
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C.I.S Transportation Sector 

Natural gas vehides (NGVs) have slowly penetrated certain fleet vehide and ur- 
ban transit bus markets in recent years. According to the Natural Gas Vehicle 
Coalition, there are almost 60,000 NGVs currently in operation in the U. S. The 
U. S. Postal Service currently operates the nation's largest fleet of natural gas 
vehicles and United Parcel Service (UPS) operates the largest private fleet. Fur- 
b"~'more, utilities, airport shuttle services, taxi companies, police departments, 
school disbar, and ice finks also operate large fleets of natural gas vehicles. A 
prominent off-road application of NGVs is forklifts In warehouse operations. 

There were approximately 6,200 natural gas transit buses operating in the U. S. 
at the end of 2001. Natural gas buses represented approximately 11 percent of 
total transit buses and 97 percent of all alternatively fueled tTansit buses. At the 
beginning of 2002, an additional 1,313 natural gas transit buses were on order. 
Almost 21 percent of all transit buses on order are natural gas powered. 

The Energy Information Administration (E]A) reports that natural gas consump- 
tion (compressed natural gas) in the transportation sector was around 21 Bcf in 
2003. This is significantJy smaller re~l~'e to the consumption of natural gas in 
the other sectors. EIA projects that compressed natural gas consumption in the 
b-ansportaUon sector will reach 96 bcf by 2020, or grow at an annual rate of 9.4 
percent. EEA believes that EIA's projections are overly optimistic. Although, 
there has been some success in the use of natural gas powered vehicles, it is ex- 
pocted that the success will not be maintained over the projected period (2003 
to 2020). Some of the factors that are expected to impede the success of NGVs 
in the future indude continued high up4tont costs, ongoing problems with refu- 
eling infrastructure, penetTaUon of new and more competitive op'dons like hy- 
bdds, performance Issues (e.g., driving distance range), and volatile natural gas 
prk s. 

C.1.6 Gas Transmission 

The process of exb-acting and delivering natural gas consumes substantial 
amounts of natural gas. There are three types of natural gas consumption in gas 
transmission: plant fuel, lease fuel, and pipeline fuel. Plant fuel is natural gas 
consumed as fuel by heaters and compressors In natural gas processing plants. 
Lease fuel is gas consumed in operating well and field gal~=dng systems. Pipe- 
line fuel is natural gas consumed in the operaUon of pipelines, pdmaflly com- 
pressors. Lease and plant fuels are usually reported combined and referred to as 
lease and plane Nevertheless, as a general assumption, 65 percent of the total 
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lease and plant consumption is lease fuel and the remainder (35 percent) is plant 
fuel. 

Total pipeline and lease and plant consumpbon in 2003 was 2.0 Tcf, with 1.2 T d  
lease and plant fuel and 0.8 Tcf pipeline fuel. Rgures C.1.24 and C.1.25 show 
the regional breakdown of lease and plant fuel and pipeline fuel, respectively. 2 
The West South Central region reports the largest lease and plant gas consump- 
Uon, followed by the state of Alaska. These two regions combined account for 
52 percent of total lease and plant gas consumption in the U. S. Pipeline con- 
sumptk~ is more equally distributed regionally, although the West South Central 
region repoYes the largest pipeline fuel consumption, accounLing for 11 percent of 
t~31 U. S. consumption. Other major regions are the Midwest, East South Cen- 
tTal, CentTal, and Southwest. 

Figure C1.24 - Lease and Plant Consuml~on by Region, 2003 

v I 250 . . . . . . . . . . . .  i ! 

2 The deflniUons for the regions are dlffenmt from those used In the restden~l, Indusffial and 
commerdal sectors analysb. The regional breakdown used for ~ reskJenUal, industflal and 
commercial sectors follow the Census Divtdon definitions. The regional definitions used for the 
Gas Transmission analysis are provided in the 
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Iqgum C.I.2S - Pipeline Fue~ ConsumplJon by Region, 2003 

Over b~e projection period (2003 to 2020), lease and plant fuel consumption is 
projec'0ed to increase by only 42 bcf, or 0.2 percent per year. Lease and plant 
fuel use in the West South Central region will decline while its use in Alaska will 
remain fairly fiat. blcreases in lease and plant fuel use are expected in the 
Mountain and Gulf Slope regions. Figure C.1.26 shows the lease and plant fuel 
consumption projecUons by region. 
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Pipeline fuel consumption is projected to increase at a higher rate than lease and 
plant consumption. From 2003 to 2020, pipeline fuel consumption will grow an- 
nually at a rate of t.5 percent. Alaska and New England are expected to show 
the largest growth rate (t7 percent per year and 8 percent per year, respec- 
lively). Rgure C.1.27 shows the pipeline fuel consumption projections by region. 

Rgure C1.27 - P~eline Fuel ConsumlXiOn Projectlons by Region 
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C.1.7 Natural Gas Processing Trends 

Natural gas at the wellhead consists of a number of different chemical com- 
pounds, including methane (natural gas), ethane, propane, butane and pen- 
tznes. The bulk of the hydrocarbons other t~an methane are removed ~ the 
natural gas stream, for use as petrochemical feedstocks, and to control the qual- 
ity of t ~  natural gas stream. During previous high gas price periods, a signifi- 
cant amount of these hydrocarbons have been left in the gas stream, sometimes 
creating operational diffkuYdes for pipelines, utilities, and end-users 

U. S. ethane production at gas processing plants represents t ~  Btu equivalent of 
about four percent of total U. S. natural gas producUon. Ethane is generally con- 
sidered to be a high value product, and most of the ethane produced with the 
production of natural gas is removed and sold as a petrochemical feedstodc 
However, the e~ylene market, (the primary use of ethane) is an internat~nal 
market, and high domestic natural gas prices make U. S. ethylene production 
non-competitive with other international sources. This makes removing ethane 
from natural gas uneconomic under high gas price conditions. 
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Figure C.1.28 shows the relaUonship between U. S. ethane production and price. 
On average, ethane prices are about $0.50 per mmBtu higher than natural gas 
prices. However, during high gas price periods, natural gas prices can exceed 
ethane prices. In the last several years, ethane production has declined during 
high natural gas price periods by as much as tO million barrels per month (about 
900 MMcfd of natural gas equivalent), with the additional ethane left in the natu- 
ral gas stream t~ boost natural gas supplies. Additional propane, butane and 
pentanes have also been left in the natural gas stream during these periods. 

Figure C.1.28 - RelaUonship Between U. S. Ethane ProducUon and Price 
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I. Census Division Definitions 

New England = CT, ME, HA, NH, RI, VT 
Middle Atlantic = I¢], NY, PA 
East North Central = IL, IN, HI, OH, WI 
West North CP.ntral = IA, KS, MN, HO, NE, ND, SD 
South Atlantic = DE, DC, FL, GA, MD, NC, SC, VA, WV 
East South Central = AL, KY, MS, TN 
West SOu~ Central = AR, LA, O~ TX 
Mountain = AZ, CO, ID, MT, NV, NM, UT, WY 
Pacific = AK, CA, HI, OR, WA 

V 
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C.2.1 The Appliance Market 

Appliances that are used to heat building space and water, cook food, and dry 
dothes consume one-third of the natural gas consumed in the U. S. There are 
more than 160 million gas-fired appliances installed in U. S. households and 14 
million new appliances installed each year. Residential appliances are generally 
produced in central locations based on standardized designs and are sold nation- 
ally. Water heating and space heaUng appliances are the largest consumers of 
natural gas in the residential sector (93 percent of residential appliance gas con- 
sumption) followed by cooking appliances (4 percent) and clothes dryers (1 per- 
cent), although the number of installations of ranges and dothes dryers (30 mil- 
lion and 15 million, respectively) are comparable to the number of installations of 
water heaters and furnaces (60 million and 45 million). 

In the commercial sector, nearly 8 million buildings have some type of gas space 
heating or water heating appliance Installed. Uke the residential sector, appli- 
ances in the consumer sector are generally produced in a central IocaUon based 
on a standardized design and sold across the country. Larger heating boilers and 
water heaters, however, may be parUally erected on site and engineered for 
each specific application. 

From a gas interchangeability perspective, there are several characteristics to 
consider reiaUve to appliances: 

• Performance (heat output, energy effTdency, noise) 

• Durability and reliability (premature failure or shutdown of components 
due to corrosion, erosion, fatigue, gas pressure, or operating tempera- 
ture) 

Consumer safety (fire, increased release of CO and ~ toxins or Irri- 
tants into the occupied space) 

Environmental impacts (increased release of NOx, CO, particulates and 
other pollutants into the atmosphere) 

• Initial installation conditions and e d J ~ t  
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v Different appliance markets and different applications are more sensitive to 
changes in these factors. For instance, emissions from unvented appliances (e.g. 
residential ranges and ovens and unvented space heaters and commercial direct- 
fired makeup air heaters), and consumer safety associated with those emissions, 
are more of a concern than in vent~ appliances (furnaces, boilers, and water 
heaters). 

Each market sector has a different capadty to deal with changes in gas dlarac- 
tedstlcs. The commercial sector is more likely to conduct routine maintenance 
and adjustment and perform proper appliance commissioning procedures than is 
the residenUal sector, where appliance are sometimes installed by homeowners 
and serviced only when they stop working. 

C.2.2 H a r k e t  Trends 

U. S. clean air regulations and concerns over the health effects of indoor NOx are 
putting pressure on appliance manufacturers of all types to reduce NOx produc- 
tion to very low levels. For example, in California, the South Coast Air Quality 
Management District requires that all residential fumaces and water heaters sold 
in bhe district limit NOx emissions to no more than 40 nanogram per Joule of 
heat output, The regulations for water heaters drops to 10 nanogram per Joule 
in 2006. 

The U. S. also regulates the energy effide~cy of gas appliances. Higher efficiency 
designs, because of their more precise control and components, are likely to be 
more sensitive to changes in gas composition. By law, energy effidency regula- 
tions can only become more stringent, and increases in the price of nabJral gas 
result in more market demand for highly efficient products, regardless of regula- 
tions. 

Appliances react differenUy to changes in gas composition large~/because of the 
characteristics of their component technologies. The next section describes those 
differences. 

V 

C.2,3 Technologies 

The design and construction of fo4Jr classes of components affect the way appli- 
ances react to changes in gas characteristics: 

• Burners 

• Heat exchangers and combustion chambers 
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• Rues and vents 

• Safety components. 

Burner de~cjn is t ~  most important. 

V 

C.2.3.1 Burne~ 

From the perspective of gas interchangeability, appliance burners are generally 
classified based on the relative fuel-air mixture (i.e. the equivalence ratio) at 
which they are designed to operate cleanly, efficiently, safely, and with a mini- 
mum production of pollutants as described in Appendix D. The classifications are: 

• Partial premix (excess fuel) 

• Lean premix (excess air). 

The vast majority of appliances installed in residential applications use partially 
premixed burners with an equivalence ratio greater than one. Appliances using 
partial premix burners are more forgiving to changes in gas composition and in- 
creases In the Wobbe Index than are lean premix burners. NOx oontn~ in resi- 
dential appliances is usually accomplished through the insertion of a ceramic de- 
vice into the flame to reduce flame temperature and associated thermal NOx 
formation. 

The trend in new appliances, particularly commercial heating appliances because 
of NOx and efficiency regulations, is toward lean premix burners. These burner 
types have a narrow range of operaUon that is difficult to meet even with the 
current gas supply. Typlcalty they have a 60-80 percent primary air mixture. 
Some low NOx burners induce a controlled amount of flame lifting to reduce the 
heat at the burner port. Using nitrogen blending to control Wobbe, thereby in- 
creasing tt~ nitrogen content of the natural gas relative to design conditions, can 
increase the I~ index of t~e burner. An increase in lifting can extinguish the 
burner and may make it impossible to light (incombustible at port). 

Range burners are very common In households throughout Ule U. S. and are 
normal  unrented except for the Inddent~l venting performed by kitchen venti- 
lation systems. It is therefore essential t~at ranges be designed such that corn- 
bustion of the fuel gas is clean and complete, wlb~Jt generation of by-products. 

To counter the effects of periodic gas pcoperties changes, burner tubes can be 
provided with adjustable vanes to allow the flow of primary air to be regulated, 
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reducing some of these problems. These vanes are however, intended for the 
initial set-up of an appliance against a known gas spedflcatlon, not for the day- 
to-day compensation t ~ t  would be needed for multiple variations in gas compo- 
sition. Alternative gas nozzles/orifices are also usually available, but they are in- 
b.=nded to allow for variances between compositionally different gas types such 
as natural gas and propane, and are normally changed only by a qualified tech- 
nldan. While vane adjustment can be used to accommodate infrequent changes 
In gas composition, this is not a viable solution for frequent modification of home 
appliances, due to the necessity to involve personnel trained in the procedure. 

V 

C.2.3.2 Heat Exchangem and Combustion Chambers 

The most prevalent types of heat exchangers currently used in the United States 
for space heating are tubular and clamshell or serpentine exchangers. The vast 
majority of comrn~-dal products use tubular heat exchangers with induced draft: 
inshot (single port) bumers ]. At the large end of the capacity range, it is com- 
mon to use a drum type combustion chamber joined to a tubular secondary heat 
exchanger, and fired with a power burner. ResidenUal equipment is split be- 
tween the two types of exchangers, with the ma',~xity as stamped steal dam- 
shell/serpentine. Aluminized steel (most common) and 409 stainless steel (con- 
densing equipment) are ttm primary materials used in contemporary heat ex- 
changers. 

Modem heat exchangers have Ughter internal passageways that make them 
more suscepUble to dogging from soot Soot produced from yellow Upping, is 
typically combusted in the secondary flame front; however, in some instances 
the soot does not fully combust and the deposits affect the appliances opera- 
tlonal lifetime and performance. 

V 

C.2.3.3 Rues and Vents 

The products of combustion of vented appliances are exhausted to the outdoors 
through the appliance flue and its venting system. The most prevalent vent sys- 
tems used for residenUal appliances are masonry chimneys (lined or unlined) and 
B-vents 4 In which flue products are vented at a negative pressure relaUve ~o the 
ambient air. For commercial vents the most common is a pressure stack stainless 
steel, which operates under positive pressure. 

~ In Ins~X burne~, one long flame Is ¢lrec~d I~o the heat exchanger aRer ~lt io~.  "l~luced 
draft" means IJwt the combustSon products are evacuated fi.om the chamber by a ~ Iocat~l in 
b~e app/lance flue downsl~eam of the cornbus~on chamber. The flow through b%e Pan Is ~ t  ~ -  
dem ~o pressurize ~e ve~ng system. 
* B-vents are double wall, rigid vents, usually of galvanized steel that are suitable only for nega- 
Uve pressure servk:e. 
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V 
The degree of pressurization and the temperature of the flue gases determine 
the requirements for the venting system. If flue gas temperatures are low 
enough, condensation can occur In the venting system. Condensation of flue 
gases in the vent can lead to corrosion and premature vent system failure. 

Gas composition can adversely affect venting systems by increasing flue gas 
temperatures and increasing the presence of corrosives that could condense in 
the vent. 

High effidency condensing appliances, which are popular in the residential fur- 
nace market (over I million sold each year) are designed to cool the flue gases 
to the point of condensaUon within the appliance. Since flue gases are designed 
to leave the appliance at nearly room tL=mperah,re and free of condensate, vent 
systems can be constructed of ordinary polyvlnyt chloride (PVC) and CPVC (chlo- 
rinated polyvlnyl chloride) plastic vent pipe. 

C.2.3.4 Safety Systems Components 

All gas appliances are equipped with safety devices that act to prevent uncon- 
trolled ignition or shut down the equipment when abnormal and potentially dan- 
gerous operating condiUons are present. Among these are high-temperature 
switches that can fail to function if they are chronically overheated. 

V 

C.2.4 Apldlance CerUficatlon Testing 

C2.4.11ndustryStandardsProcesses 

There is no mandatory naUonal requirement In the U. S. for the application of a 
spedflc set of design or safety standards to gas appliances, nor for the testing 
and listing thereof. The federal government has the auffmdty to regulate the 
safety of consumer products, but has elected at various Umes not to exerdse 
that authority in the case of gas appliances. The Consumer Products Safety 
Commission corttefllplat~ the promulgaUon of standards for gas cooking prod- 
ucts dudng the 1970%, for example, but was satisfied with the appliance indus- 
try's record in the maintenance of and compliance with voluntaw standards, so it 
has not proeeed~ fu ro r .  

In practice however, virtually all building codes at state or dry levels require that 
Installed products be tested to relevant product-spedflc safety standards and 
marked by a recognized testing authority. The most prominent of these are Un- 
derwriters Laboratories, CSA America, and Intertek Testing Services. Additionally, 
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it is unlikely that any reputable retail concern would stock gas appliances that 
had not been examined and listL=d by a competent and naUonally recognized 
laboratory. The %oluntary" system for certifying the safety of gas appliances 
therefore is effectively ~mandatory ~ across the U. S. 

The ANSI 7_21/83 standards committee and CSA America share the development 
of the design and safety standards universally accepted by U. S. industry and the 
t~stdng laboratories. These standards are maintained and developed under 
American National Standards Institute consensus procedures. The Z21/83 com- 
mitbee Is comprised of nearly 40 individuals representing manufacturers, testing 
laboratories, safety organizations, and other interested parties. All proposed 
changes are subjected to peer and public review through the ANSI process prior 
to any revisions of the standards. 

In add~on to the Z21/83 standards, CSA America and Underwriters Laboratories 
also maintain standards addressing types and components of gas appliances not 
covered by Z21/83. The more popular of these standards are also usually ANSI 
standards subject to the consensus process. 

C.2.4.2 Tests and Test Gases 

Although the gas appliance standards cover all aspects of the design, constmc- 
Uon, and performance of the appiianoes, the aspects of the standards most sen- 
sltive to gas interchangeabllity are performance-based. In other words, rather 
than just assessing the design and construction of the appliance, the standards 
require the testing agency to operate the appliance using a set of tost gases and 
under different gas pressures, operating cond~ons, and venting conditions to be 
sure that the appliance performs within specifications of safe operation. 

The standards as currently published assume the use of natural gas as supplied 
from traditional US domestic sources. The representaUve gas prescribed Is Test 
Gas "A ~, which has a heaUng value of 1,074 BTU/fl and specific gravity relative 
to air of 0.65 (equivalent m a Wobbe of 1,333, which is near the U. S. mean of 
1,336). O~era~ional tests are performed using Test Gas "A" at normal (7" watt" 
column), reduced (3.5" wa~r column) and increased (10.5" water column) gas 
supply pressures with the burners at maximum rated output to verify freedom 
from the following performance defects: excessive carbon monoxide emission; 
flashback; flame lifting, floaUng, or blowing; flame rollout; yellow tipping; soot 
generation; noise generation; Interaction between burners; extinguishing of 
flame through drafts or sudden changes in air pressure; lack of flame stability; 
and igniUon/re-lgnltion difficulties. 

Tests are also performed to confirm that external surface temperatures in opera- 
lion are within prescribed limits. Additionally, for ranges and space heaters, 
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there is a dothing ignition test that simulates the action of a user leaning across 
the cooktop or surface of the heater while the burners are in use. 

In addition to the safety evaluations performed using Test Gas "A', a flashback 
test is performed using Test Gas "G" which is a butane/air mix having a heating 
value of 1,400 BTU/R and a specific gravity of 1.42 (Wobbe of 1,175, which is 12 
percent below the traditional range of U. S. natural gas). Yellowtipping is usually 
severe with Test Gas "G", but sooting is not acceptable. Besides flashback and 
ignition, other safety and emissions tests are not conducted with Test Gas ~G". 

Unlike Europe, the U. S. standards do not test appliances with "limit" gases that 
represent a conservaUve range in gas characteristics that the appliance may see 
during its lifetime. During the history of the appliance safety standards, there 
have been occasions that the Z21/83 committee has considered adding limit 
gases to the standards, and a great deal of work has been done to define what 
appropriate limit gases would be. The U. S. approach of testing with ~point" 
gases provides little assurance regarding the safe operation of appliances when 
burning natural gas whose composition departs significantly from Test Gas "A." 

Subjecting appliances to a battery of safety tests at minimum gas pressures and 
maximum input rates provides some indication of how the appliances would per- 
form if the pressure remained constant but the Wobbe value of the gas was 
changed instead. Ideally, input rate varies in direct proportion to a change in 
Wobba. Therefore, an increase in input rate of 12% should be roughly equivalent 
to an increase in Wobbe of 12% for many gas burner designs. 

Table C.2.1 provides the range of input rates or gas pressures at which common 
gas appliances are tested using Test Gas "A." Note that residential boilers and 
water heaters are not evaluated for safety at increased firing rate, except for 
their CO emissions. No products undergo a full battery of basting at decreased 
firing rates, although all are bested for safety at high and low gas inlet pressures, 
as mentkmed above. Changes in gas inlet pressure are parbally or totally com- 
pensated for by the gas controls, so there may be no effect on the gas manifold 
pressure or the firing rate of the appliance. Any effects due to changes in firing 
rate are evaluated, but the adual fldng rates are not recorded. Umlted tests for 
flashback and ignition are tested at 87% of rated input for some appliances. 

V 

Table C2.1 5a~W Tests at Ina'eased Rrlng Rabes fro" Seled~d C~s Appliances 

Bolle~ (res~enUat, tight eon~ 
merdal) 
Dlre~-flred makeup ~ heal~r% 

t.nohest Tesl~ed Input 
RaCe Relative to Rated 

1 o ~ . ~  (co test onty) 

No test 

Z21/83 Standard Reference 

Z21.13-200't 
(2.3.1 Tal~e XIII 1 2.4.1) 
Z83.18-2000 
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redrculatin 9 
Furnaces (resUenUal) 

Ranges and ovens (residemUal) 

112oto 

112% 

Unvented room heatz~rs 112% 
lZ:.--~ (co test only) 

Vented space heaters 112% 

Water heabers (commercial) 106.25% (CO test only) 

Water heabefs (residential) 106.25% (CO best only) 
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7)1.47-2003 
i (2.5.3, Table X) 
Z21.1b-2003 
(2.3.3, Table 
7)1.11.2b-2004 
(2.3.3, Table X D 

I 7)1.86b-2002 
(2.3.3, 2.3.5, Table X) 
7)1.10.3-2001 
(2.3.1 z Table Xlf 2.4.1) 
7)1.10.1-2004 
(2.3.1 Table D(~ 2.4.1) 

v 

V 

C.2.5 Znstallatk)n, Commissioning, and Maintenance PracUces 

Gas composition and altitude, which also affects appliance operation, have al- 
ways varied across the United States. Since most appliances are produced cen- 
trally and sold nationally, and since the appliance safety standards do not test 
t ~  appliances for safe performance under the full range of U. S. conditions, the 
approach taken by the appliance standards and I~Jilding codes to help ensure 
proper performance in the field is to require Insi~llers to adjust the appliance for 
proper operation at the time of installation. This one time adjustment does not 
address changes in gas composition over the life of the equipment. 

Installation procedures for residential and commercial natural gas appliances 
throughoot the U. S. are prescribed by state and local installation codes and ap- 
pliance manufacturer installation instrucUons. State and local codes are com- 
monly based on model codes, pdndpally U~ NaUonal Fuel Gas Code (NFGC), 
ANSI Z223.1/NFPA 54. Required procedures in installation codes and manufac- 
turer installaUon Instructions address combu.~on behavior as part of Installation. 
Combustion Issues associated ~ gas composition and burning properties are 
addressed by general requirements for setting the appliance "on rate" (i.e., 
matching Btu input - Btu content of gas times flow rate - to the appliance 
nameplate rating), observing flame charact~-Istics, and making adjustments to 
achieve acceptable behavior. The ~ of flame observation and adjustment 
has been used in end use gas service for newly installed space heating and water 
heating appliances for decades and has provided the basis for accommodating 
variations In local natural gas compositions. 

The documented qualifications of technicians many vary. Although there are li- 
censing requirements In many judsdicU(x~, in many cases, there is no assurance 
that a particular bechnidan can properly set up a given appliance. This concern is 
most applicable in the residential sector, where more products are installed and 
there is a severe shortage of qualified technicians. The extent of appliance main- 
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10enance also varies. Both of these sibJations affect appliance performance in the 
field. One survey conducted by a gas utility In the Northeast, for instance, ob- 
served a marginal or non-compliant yellow flame in 9 to 13 percent of installed 
appliances in its service territory, Indicating overfiring. F~/e to 9 percent had 
marginal or non-compliant CO emisdons. If  this one survey is representative of 
all appliances in the nation, 10 percent of the appliance population would be 16 
million appliances. Marginal or already non-compliant appliances are of particular 
concern when a non-traditional gas is Introduced. 

The U. S. approach to appliance installation and commissioning is described be- 
low. 

W 

C.2.S.1 Inslzllation Codes and Practices 

The National Fuel Gas Code has procedures for checking input rate with and 
without the use of the installed gas service meters. These procedures precede 
final adjustment for proper flame behavior and provide an initial means of ad- 
dressing local gas composition. The installer should obtain this information f~xn 
the gas supplier', however, an assumptk~ of 1,000 BTU/sd and a spedfic gravity 
of 0.60 for "utility gas" are commonly used. This combination of assumpt;ons 
would tend to result In appliances being overtired by 4 percent compared to the 
firing rate that would be realized if appliances were adjusted to the U. S. "aver- 
age" national gas. 

Appliance Installation codes cover installation alone and not maintenance. Putting 
the appliance "on rate" may be accomplished on some appliances by adjusting 
the manifold pressure or primary air shutters to achieve a target gas flow rate 
through the gas meter. Along with a d j ~ t s  to the pressure regulator, i f such 
adJust]~=nts are possible, discrete changes In firing rate may be accomplished by 
repiadng the gas orifice. Additional Information on primary air adjustment on 
burners with air shutters Is provided in the NaUonal Fuel Gas Code Handbook. 

When the Installer achieves the target Input rate, the Installer should still check 
the flame and make any necessary adjustments until a proper flame color and 
shape ~ observed. 

Appliances served by inputs above the rate specified on the nameplate and the 
tolerances allowed In its design certiflcat~ (i.e., "overtired") may be e~pected 
to exhibit incomplete combustion behavior. Installation codes therefore require 
that the appliance input rate not exceed 113 nameplate rating by more than the 
amount allowed In the applicable design standard. 

V 
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C.2.5.2 Installation Insl:'ucUons 

Installation codes also usually require that installers follow manufacturer instruc- 
tions, even if: they are more stringent than what is required by the Installation 
code. Manufacturers' installation instructions document a wide variety of installa- 
tion requirements and maintenance recommendations for residential and corn- 
inertial appliances, Minimum requirements for installation instructions are sped- 
fled in the relevant design certification standards. Specific requirements vary ac- 
cording to the 7.21/83 standard of the appliance's listing, 

To maintain appliance durability and perfomlance, manufacturers often provide 
I ~ o n s  for puffing appliances "on rate" with more precision than the safety 
standards require. Manufacturers typically expect than an installer following their 
instructions will be able to place the appliance to within +/-2 percent of the 
specified firing rate. 

Markings on most InstrucUons Indude required wording that "installation and 
service must be performed by a qualified installer, service ageflcy or gas sup- 
plier." 

V 

C.2.5.3 Flame A d J ~  by Visual Means 

For many years, gas utility training and service organizations have emphasized 
identifying abnormal flame behaviors Including flame lifting, flash hack, yellow 
Upping, and adjustment to proper appearance as part of t~alning of service per- 
sonnel. One established objecUve source for visual interpretation of normal and 
abnormal flame behaviors, published in 1950, is the AGA Rame Code classifica- 
tion method, recently applied in interchange.ability studies by G]'[. s 

Another source depicUng normal and abnormal flames with color phobxjraphy is 
a U. S. Environmemtal Protection Agency publication, "Guidelines for Adjustment 
of Atmospheric Gas Burners for ResldenUal and Commercial Space Heating and 
Water I-leaUng," published in 1979. 6 While burner adjustment to flame appear- 
ante depends upon the subjective interpretation of installation and service tech- 
nldans, relatlveJy consistent performance in terms of more objective oiteria 
(e.g., calculated air-free CO emissions based on CO measurements in combus- 
tion products) is generally achieved. Again, such adJusi~nents are typically per- 
formed upon installation of the appliance and may not be repeal~l, regardless of 

s Gas Int~rdv.v]eab~[Rv Tests: EvaluaUno the Ranoe of Int]a-chanoeabil~v of Vaoodzed LNG apd 
~ ] IBL~I~ ]~)L~D~.  Gas Technology InsU'oute, Apdl 2003. 
6 Guidedines lot p ~  o¢ ~ Gas Burne~ for Res~den~l amd Commerc~ S ~  

U. S. Environmental Protection Agency, Februaw 1979, EPA-600/8- 
79-005. 
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instructions and consumer information. As a result, response of appliances to 
changes in gas supply must be considered in light of their likely initial installation 
and adjustment 

C.2.5.4 Maintenance 

Annual maintenance is recommended by a number of gas utilities and public 
agencies and by rnanufacture~; however, periodic maintenance is not required 
in the U. S. for private establishments and occupancies. Annual maintenance 
consists of inspection and cleaning of the burner, safety systems, and venting 
system, but may or may not result in readjustment of the appliance for changing 
gas characteristics. 

v 

V 

C.2.6 Gas Znterchangeability Testing Programs for Appliances 

Over the last several decades, a large body of testing has been performed to 
evaluate the impacts of changing gas composition on appliance operation. Many 
of thase studies are shown in Table H.I. Unfortunately, there are limitalJons on 
reb/ing on this work to evaluate interchangeability today. These limitations in- 
dude: 

• Many test reports are proprietary and not available for public review and 
dissemination. 

Few studies are recent enough to have evaluated appliances utilizing 
modem burner and heat exchanger designs, particularly regarding NOx 
emissions. 

Adjustment gases (i.e., new supplies) were evaluabed in some studies al- 
tar checking ~e settlngs of apptlances for input rate and otJ~=r adjust- 
rnents instead of evaluating appliance performance without adjusting the 
appliance. 

• In most studies, appliances were not evaluated over their enUre operating 
range and in common maiadjusl~ent sltoah~s, where concerns about 
changes in gas composition are tt~ most serious. 

• For testing intended to evaluate gas interchangeabillty on the populaUon 
of Installed appliances, the number of appliances was small relative to the 
total population of appliances. 

• Testing did not evaluate the effects of the gases on the durability and per- 
formance of the appliances over their lifetime. 
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C.2.7 Gas Interchangeability Concerns 

There are three questions to be considered: 

• How will the 160 million appliances already installed in the U. S. react to 
changes in gas composition? 

• How will the 14 million new appliances sold each year react? 

• Is Wobbe a sufficient indicator of gas interchangeability? 

The answers to these questions may depend on the degree of departure of local 
natural gas from Test Gas "A', from the traditional range in characteristics of U. 
S. gas, from the characteristics of the gas when the appliance was first installed 
and commissioned, and the rate at which changes in gas composition occur. 

The degree to which residential and commercial products are susceptible to 
changes in gas composition has not been fully quantified, and Indeed there are 
various environmental factors not related to gas int~=rc~ngeability that influence 
combustion in appliances. For example, cold ambient air temperature affects 
combustion airflow while cold gas ~emperature affects gas Input, meaning that 
input and excess air levels can ddR away from design conditions when tempera- 
lure is varied. Cold metal Iz~'nperatures make ignition and carry-over between 
bumers more difficult and make flame extlnd~n more likely. Outdoor appliance 
units must be designed to withstand high winds without flame failure and with- 
out generating excessive CO emissions. High moisture and ambient humidity also 
have direct impacts on combustion characteristics. 

The concerns related to gas interchange.ability are related to the effects t~at a 
shiR or excursion in gas charad~Cst~ will have when combined with the vari- 
ability in operating conditions ItBt were foreseen when the appliance was de- 
signed, tested, and Installed. Although appliances are des~jned to perform any 
traditional U. S. gas well when the appliance is properly adjusted, an appliance 
that is set to operabe at the low end of U. S. gas (1,210 Wobbe) that Is suddenly 
required to bum gas at the high end (1,403 Wobbe) will experience problems. 
For ~ reason, local or regional ranges that are more resl~ctNe than national 
ranges are desirable to ensure the safe and reliable operation of installed appli- 
al ' lC~. 

c.2.7.1 performance (heat output, efficiency) 

V 
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Variation in heat output and effidency due to changes in Wobbe are generally 
not of concern in the appliance market. Heating appliances such as furnaces, 
boilers, water heaters, and dothes dryers, and manually or thermostatically ad- 
justed cooking appliances will simply cycle more or less frequently to maintain 
the proper heat output as the gas composition changes. 

Cooking equipment without thermostatic controls, such as rangetops and some 
types of commercial cooking are notable exceptions. Ructuations beyond +/- 5% 
of the appliance adjustment point will cause ~ heat output on the ~simmer" 
setting on residential cooktops to fluctuate noticeably. Variation in heat output 
during timed commercial broiling cycles can result in overcooked or undercooked 
food. Undercooklng poses health concerns. Again, since broiling time and output 
can be adjusted, short-term fluctuations in Wobbe is the only concern. 

Regarding efficiency, GPJ (1982) concluded that for the majority of cases, varia- 
tions in composition of natural gases did not have a noticeable affect on the effl- 
doncies of residential forced-air furnaces, hot water boilers, water heaters, and 
ranges. When appliance effldendes were measured repeatedly using gases with 
Wobbe numbers of 1,296, 1,179, 1,432, and 1,062 they generally gave results 
within 1 - 2 percentage points of each other. Similar vadatiorLs in effidency 
would be expected in today's appliances. 

Noise is a special performance concern that is most acute In larger residential 
heating products. Within the Wobbe ranges being considered, excessive noise is 
not an Important consideration. Flame I~ and flashback, which are not accu- 
rately predicted by Wobbe, can cause objectionable noise, but the safety con- 
oems assodated with those phermmena are more important than noise concerns, 
and are discussed below. 

C.2.7.2 Durability, Reliability, and Safety 

Appliances are designed to opera'0e safely through their useful life. Gas appli- 
ances owe much of t~ i r  market success to the homeowners' recognition that 
the appliances are reliable and convenient, overcoming their usually higher first 
cost relative to their elecffic counterparts. Changes In gas composition that no- 
t~eably and advetsety affect the reliability of existing or new gas appliances 
could result in a marked decline in the demand for gas appliances. Heat ex- 
changers and other components such as switches and burners are semith~ to 
gas interchangeabllity. 

C.2.7.2.1 Heat Exchangers 

V 
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Heat exchanger designs and materials are selected in conjunction with the 
burner to optimize performance. Heat exchanger failure is normally caused by 
fatigue (expansion and contraction due to changes in temperature), which can 
be exacerbated by corrosion. Heat exchangers are subject to corrosion problems 
if underfired (whether additional corrosive agents are present or not) and subject 
to fatigue if overflred. Stainless steel heat exchangers may withstand a wider 
variation in gas composition because of stainless steel's greater stress and corro- 
sion resistance as compared to aluminized steel. 

Any changes In gas composition that affect combustion temperature or comT~e 
properties will have a detrimental effect on the life of the heat exchanger. Pre- 
mature heat exchanger failure, besides resulting in warranty claims, normally ne- 
cessitates replacement of the appliance, and can present a safety concern. 

Simulations conducted by one fumace manufacturer predict that overflring a 
residential furnace heat exchanger so as to raise its peak surface temperature 
30=F above its design temperature will cut In half ~ 20 year expectad life. Thus 
transient and chronic increases in Wobbe value can lead to noticeable and costly 
reductions in heat exchanger life. 

V 

V 

C.2.7.2.20therCom~nents 

To meet the performance and prescriptive requirements in the appliance safety 
standards, modem appliances typically rely on pressure and temperature sensors 
and switches that cause the appliance to shut down when hazardous operating 
conditions (e.g. high gas pressure, high heat exchanger temperature) are 
sensed. Temperature has a very significant influence on the lifetime of an appli- 
ance and its components (i.e. therrnocouples, e~ectmdes, switches). Faster burn- 
ing gases put more heat on the surface of the burner resulting in surface over- 
heating, which has both immediate and IorKj-t~rm effects on the appliance. High 
temperatures lead to heat detedoraUon, part opening, and corrosion (both stress 
and intergranular). Infrared burners, for example, are very sensitive to tempera- 
ture increases and demonstrate thermal mechanical stress and ignition delay In 
addition to corrosion. Once the burners begin to corrode their performance will 
begin to decline, typically resulting in flashback. 

Horeover, changes in flame characteristics and igniUon and Increased operating 
temperature due to changes In gas quality can increase the frequency of these 
nuisance outages caused by act~vaUon or overheating of safety switches and 
sensor.  Frequent nuisances, besides being IrrttzUng and costly for the home- 
owner, can cause b-oubtashooters to bypass the safety systems, leading to more 
serious safety concerns. When BG&E Inlmduced Algerian natural gas ~ a 
Wobbe number about 6 percent higher than traditional BG&E natural gas, BG&E 
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noticed an increase in service requests by 13 percent, odor calls increased by 31. 
percent and gas leak calls increased by 10 percent. 

Generally temperature fluctuations are not a concern for venting systems; how- 
ever, the increase in corrosion potential from by-products or remnants of chemi- 
cals such as sulfur in the odorant, chlorides, and other potential contaminants is 
a concern. 

V 

V 

C.2,7.2.3 Consumer Safety 

Perhaps the most serious concerns retated to gas interchangeability and appli- 
ances are those that impact health and safety. Release of excessive amounts of 
cartx)n monoxide, fire, and explosion are some of these concerns. A higher 
Wobbe potentially raises the firing rate of the appliance beyond the overfire test 
conditions allowed by design and under the safety certification regime. The most 
restrictive of these overfire bests is a test for excessive carbon monoxide produc- 
tion at 6.25 percent above the nameplate firing rate, which is test required for 
residential boilers and water heaters. 

Carbon monoxide is a toxic gas, and under high concentrations, it is potentially 
lethal. Excessive carbon monoxide production, which occurs as a result of incom- 
plebe combustion, is parUculady concerning for unrented appliances such as 
some space heaters and fireplaces, nearly all ranges and ovens, and direct-fired 
air heaters. As discussed in Appendix D, Wobbe Is a reasonably good predictor of 
carbon monoxide production. However, as can be seen in the diagrams in Ap- 
pendix D, carbon mormxicle production can increase dramatically with small 
changes in Wobbe when the appliance is initially not properly adjusted or when 
moving from a gas at one Wobbe extreme (e.g. 1.,269) to another (e.g. 1,403). 

Unlike many newer furnaces, some older furnaces still used in the U. S. today do 
not have the safety devices such as pressure swll=hes and temperature limits 
that require that the furnace be installed with the temperature rise within the 
rise range and on or neady on rate, in order to function properly. For a newer 
product, such an excursion would be a nuisance outz~, but for an older prod- 
uct, this would be a safety hazard. 

Since appliance safety testing in the U. S. relies on ~point" gases rather than 
" l lm~ gases, safe appliance design is proven during testing only around that 
point. The safety of the appliance is further proven by its field experience and 
qualification testing, which historically has involved natural gas that generally lies 
within the a range of 1,269 to 1,403 Wobbe, but which probably has fluctuated 
only within a range within 2 percent of a local baseline (or narrower) during Its 
llfedme. 
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Unvent~=d appliances sold nat~nally and not adjusmd during commissioning ex- 
perience up to 5% variation in Wobbe relative to the Wobbe at which they were 
safety-certified. Unvented appliances that have been properly adjusted dudng 
installation, but which were installed at the extremes of the U. S. range will need 
to remain within 5% of the Wobbe value in order to avoid prevj(xJs~y unexperi- 
e~ed increases in carbon monoxide generation. 

Carbon monoxide fiom vented appliances (furnaces, boilers, water heaters) is 
less of a concem from a health and safety standpoint since the carbon monoxide 
is venbed outdoors in a propedy operating sysl~m. However, in the case of a 
venting system failure or blockage, combustion products can be inaclvertenUy 
intnxluced into the occupied space. It is advisable to maintain carbon monoxide 
generation at levels below 400 ppm, air-free (i.e., in undiluted combustion prod- 
ucts), which is the level required by appliance safety standards for vented heat- 
ing appliances. 

Rre can result from excessively high appliance or surface temperatures igniting 
surrounding objects or from flame rollout. Surface burners could also pose a fire 
hazard such as dothing ignition and ignition of items such as paper towels on the 
counter top due to overfidng, especially if the burner input originally performed 
near the limit of test tolerances with Test Gas ~A." 

In tt~ case of appliances with an endosed combustion chamber, fires due to 
high surface temperatures or flame rollout are not a concern for gases with 
Wobbe values within the a range of +/-12 percent of Test Gas ~A." 

Explosion results from a buildup, then delayed ignition, of uncombusted natural 
gas in a confined space such as a combustion chamber or oven. Poor ignition 
pmpeddes caused by low Wobbe numbers can be to blame. Maintaining Wobbe 
within the certified range of the appliance C+/-6 percent from Test Gas ~A") 
poses no Ino'emental explosion dsk, as IOrKJ as ignition parameters remains 
within a range that guarantees reliable ignition and stable flame in partially pre- 
mix burners. 

V 

C.2.7.2.4 Environmental 

Some types of appliances In California and Texas are covered by s~Ingeflt regu- 
lations on missions of nlbous oxides (NOx) that cont~bute to the formation of 
ground-level ozone. U. S. NOx emissions are quYce strict, and because of the de- 
sign of U. S. regulations, there is constant pressure on burner designs to achieve 
lower and lower NOx limits. For a given appliance design, changes in gas compo- 
sition, apart from Wobbe, can have unpredictable effects on NOx formation. Ap- 
pliances that do not meet local or regional NOx emissions standards can be pre- 
venlc, d from being installed or can be removed from service. VerificaUon of NOx 
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emissions in the field is only practical, and only prac'dced, for high input corn- 
inertial appliances. 

Each NOx element is carefully designed for particular combinations of flame 
temperature and energy output, and even subtle changes in either of those two 
charactmistics can rapidly deteriorate the element and emissions performance. 
There is no recognized indicator based on gas composition or characteristics that 
accurately predicts NOx formation in new appliances designs. 

V 
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Mike K]assen, Combustion Science and Engineering 

v 

V 

C3.1 XntroducUon 

The natural gas supply profile in North America is shifting due to the narrowing 
gap between supply and demand. As a result, domestic supply sources may not 
be processed to historical levels due to fluctuaEon in natural gas liquid (NGL) 
market conditions. Unprocessed gas supplies result in an increase in higher hy- 
drocarbons coupled with an increase in hydrocarbon dew point (HDP). In addi- 
tion, increased LNG imports, which also may contain higher hydrocarbons, will be 
necessary to meet future demand. The transition from historical fuel composi- 
tions to the evolving fuel profile including unprocessed gas as well as LNG im- 
ports has presented some technical challenges for all stakeholders Induding the 
power generation industry. Recognizing these challenges, the Natural Gas Coun- 
dl has formed two technical task groups to address both the hydrocarbon dew 
point and the natural gas intmd~ngeability issues associated with both LNG im- 
ports and unprocessed domestic supplies. 

According to the Energy Information Agency, electric power generation con- 
sumed nearly 23% of the natural gas used in the United States in 2003. Fur- 
thermore, industrial applications, which indude power generation (other than by 
electric utilities), consumed nearly 32% of the U.S. natural gas in 2003. This 
highlights the importance and large role of power generation applicaUons as an 
end user of natural gas. This appendix will mainly focus on the effects of natural 
gas fuel composition on combustion in gas turbines, though the same issues ex- 
ist for non-gas turbine power generation devices. However, the high pressures 
and temperatures of gas turbine combustors generally exacerbate these Issues 
and create additional problems. 

A survey of gas turbine operators and equipment manufactures indicates that 
more than 85% of the gas fired capacity built since 1995 (>200,000 MW) has 
some version of a lean-premlxed combusUon sysl~m. There have been increas- 
ing issues with modern gas turbine performance as a result of changing gas 
quality, even though the fuel spedfications of the original equipment manufac- 
turers (OEH) are generally fairly broad. The advent of lean-premixed combus- 

In the power generation Indus~y has changed the stability range of these 
machines as compared with older, diffusion flame combustion systems. This 
movement has also changed the sensitivity of these machines tu fuel composi- 
tion. The physics and chemistry of learepremixed combustion makes dry, low 
emission (DIE) gas turbines more sensi~ve to l~e compos/tion of fuel than tradi- 
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tional diffusion flame systems. Similar technology has been adopted by other 
combustion technologies that face regulation for pollutant emissions. A change 
in composition effects fundamental thermo-physical and chemical properties of 
the fuel, as well as the chemical kinetics of the combustion process. The 
changes in these properties manifest themselves in various phenomena, includ- 
ing lean blowout, autolgnition, and elevated CO and NOx emissions. Also, even 
though the name suggests premixed combustion, since perfect premixing is usu- 
ally hard to attain, the level of premixing can also have a significant effect on the 
NOx emissions. 

This appendix will focus on the role of natural gas composition on gas turbine 
operaUons including machine life and pollutant emissions production. It is in- 
tended to inform stakeholders of the relevant technical issues in the ongoing 
process of building consensus on standards for natural gas quality and inter- 
changeability. This paper provides the technical guidance necessary to help as- 
sess the impact of natural gas composition on both combustion stability and 
emissions of modem combustion turbines. 

V 

C.3.2BackgmuM 

The gas turbine was iniUally developed for aircraR propulsion, where the com- 
pact size and high thrust of this technology are quite desirable. Similar designs 
to those used for propulsion, known as aero-derivatives, have been used for sta- 
tionary elecUtcal power generation. Gas turbine technology is also widely used 
for compression, replacing reciprocating engines, in the transportation of natural 
gas. However, most large industrial gas turbines have different designs than 
those used for propulsion. These stationary gas turbines take advantage of the 
less restrictive size and weight requirements of ground-based operation to pro- 
vide more power generation capability, while enhancing the =bus 'don process. 
This has allowed stationary power generation gas turbines to achieve much 
lower emissions of regulated pollutants, pdmarlly carbon monoxide (CO) and ni- 
trogen oxides (NOx), than their aero counterparts at very hlgh thermal efflclen- 
des. 
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Figure C3.I Schematic of a combined cyde gas turbine planL 

Rgure C.3.1 is a schematic of a generic combined cycle power generation gas 
turbine plant. Natural gas is obtained from the pipeline and, bxjether with the 
hot, high pressure air flora a compressor, is burned to produce the worldng fluid 
to spin the turbine and produce elecffidty. The high temperature exhaust fiorn 
the turbine can be used to create steam for use in an industrial process or in a 
steam generator to produce additional electrical power (combined-cycle power 
plant). In some instances, the exhaust gases are passed through a scrubbing 
section to reduce the pollutant emissions. The exhaust gases are then released 
to the atmosphere via an exhaust stack. 

Rgure C.3.2 shows the main zones of a generic combustor. Fuet and air are fed 
through nozzles, and in most cases, swiders are used to provide flame holding 
and better mixing. A high temperature area, where the pdmary fuel oxidation 
reactions occur, exists In the primary zone, and the flame is usually stabilized in 
a redrculaUon zone created by ~ a bluff body or some ocher fluid dynamic 
method. Addition of air in b~ intermediate zone lowers the temperabJre, but 
temperatures are kept hlgh enough to convert the carbon monoxide to carbon 
dioxide (C02). The goal of the dilution zone is to alter the combustion gases to a 
temperature suitable for the metal blades of the turbine, where the energy is ex- 
tracted from the hot gases. 

Gas turbine engine combustors vary In design and methods in which the fuet and 
air are combined. The region where t ~  air and fuel are combined and its rela- 
tionship to where combustion takes place can have dramatic effects on the level 
of pollutant production. Vaflous combustion modes are found in gas turbine 
combustors designs, Including diffusion, lean-premlxed, cataly~c, and rich- 
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quench-lean (RQL). In this paper we will discuss the two most common types of 
combusmm, diffusion and lean-premlxed. 

~ I  Umw 

zoeto 

I Pr Jv I 
I I DU=t  I I n ~  I 
I amw I zono. 
I 

limit m 

/ 
snout 

Figure C3.2 Schematic of a ¢onvent~nal gas turbine condxJs~or [Turns, 2000]. 

In conventional or diffusion ¢ombustors, fuel and air are fed separately Into b~e 
flame zone. The heat release rate depends on the flow rates and the degree of 
mixing. The flame temperature is near the maximum limit for t~e mixture pro- 
vided. The flame is stable, but because of high primary zone temperatures, NOx 
emissions can be high, and radiation from the flame can cause the combustor 
liner life to decrease. Older turbines, especially Ulose built prior to 1990, bum In 
diffusion mode. Diffusion mode combus'don is also common in indusb-ial boilers 
and certzin appliances. 

In lean-premixed combuslzx's, the fuel and air are mixed upalzeam of the com- 
bustion zone, and the combustion takes place at a specffk: fuel-air mixture. 
Rame temperature is controlled by the mixture fed into the combustor. Most 
modern, low emission turbines operate in lean premlxed mode and are known as 
dry, low emissions (DLE) turbines. By precisely cont~lllng t ~  primary zone 
temperature, an optimal balance between low CO and low NOx production is 
struck. Rgure C.3.3 shows t ~  operation of a typical DLE gas turbine. Figure 
C.3.3 highlights the complex control and operational scheme needed to ignite, 
load and operate a modern, DLE gas turbine. 
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SchemalJc of DIE ~ kl different operational modes [Lefebvre, 1998]. 
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The advantages of lean-premixed combustion mode include low NOx emissions 
and increased combustor liner life due to the lowered primary zor~ temperatures 
in the combustor. Figure C.3.4 indicates the relationship between NOx produc- 
tion and flame temperature. Learepremixed combustion allows the primary zone 
temperature to be controlled, which limits NOx production and generates low CO 
exhaust emissions. In diffusion combustors, spraying water Into the flame zone 
to lower the primary zone temperature controls the produ~on of NOx. Unfortu- 
nately, this technique is limited since the addition of water essentially quenches 
the flame, ino'easlng CO and unburned hydrocarbon emissions. As a result other 
technology must be utilized to radically reduce NOx emissions in diffusion corn- 
busters, such as exhaust stream scrubbers. 

v 
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Figure C.3.4 CO and NOx emissions versus combustion zone temperature (Lefebvre, 
1998). 

V 

One Important parameter used to describe the combustion process is b~e ratio of 
air to fuel processed in the combustor. In order to characterize the excess air 
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ratio, the air to fuel ratio is normalized by the air to fuel ratio at stoichiometric 
conditions. Thus, as shown in Eqn. 1, the fuel-air ratio is characterized by the 
actual air to fuel ratio divided by ~ ratio of air to fuel needed at the 
steichiometric condition. Stoichiornel~lc conditions exist when the amount of air 
used in combustion is the exact amount needed to completely bum all of the fuel 
to products of carbon dioxide and water with no excess oxygen. 

1 = th~"l Eqnl 

In some cases, the fuel to air ratio is used (as opposed to the air to fuel ratio). 
When similarly normalized by the fuel to air ratio at steichiometTIc conditions, 
this quantity is referred to as ~ equhtalence ratio ((I)). When the equivalence 
ratio Is less than unity, the conditions are fuel lean (excess air), and when the 
equivalence ratio is greater than unity, the conditions are fuel rich (excess fuel). 
In gas turbine engines, the overall equivalence ratio is on the lean side of a 
st~chlomeb'lc mixture. 

In diffusion flame combustocs, the combustion takes place over a range of 
equivalence ratios centered around the stoichlome~c equivalence ratio. As 
shown in Figure C.3.5, this gives the combustion process a wide range of stable 
operation. However, since lean, prernixed machines operate at low equivalence 
ratios, the operability range be~=en the flashback and blowoff regimes Is much 
narrower for tt~se DIE systems. Hence, while lean, premlxed operation allows 
for the reduction of operaUng temperature and, therefore, the reduction in NOx 
production, the overall stability of the combustion process is reduced. As will be 
strewn, changes in the fuel composition wlll change the fundamental combustion 
properties, affecting parameters important ~ flame stzbillty. 

Two operational issues have also become more significant with the Increased use 
of lean-premlxed c o ~  technology: combustion dynamics and gas turbine 
tuning. Dynamic pressure oscillations arise during any turbulent combustion 
process such as those in gas turbines. These pressure oscillatJoos, otherwise 
known as combustion dynamics, are a significant concern in gas turbines, espe- 
dally in modern DIE machines. 

V 
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mrblnes have wider stability limits ~ ixemlxed (DLE) gas turb~es (C4assman t996). 

Combustion dynamics can be exhibited as audible noise from the gas turbine, 
often called humming or chugging. I f  excessive, the pressure osdllations can 
cause the gas turbine m shut down In order ~ avo~ catastz-ophic damage. Long 

exposure to pressure osclllaUons will reduce the llfeUme of gas turbine 
hardware. The major components of the combustion system, including the fuet 
delivery system, the premixer, t ~  combustion chamber and the initial portion of 
the turbine, act as an acoustic chamber which under the proper conditions can 
resonate violently [Correa, 1998]. Even at low levels, self-exdt~ combustion 
osdllations can become large enough to cause excessive wear and component 
failure [Hubbard and Dowllng, 2000]. These combustion instabilities can also 
lead to increased emission of NOx and unburned hydrocarbons [NIet al., 2000]. 
The amplitude and fmquendes of combustion Instabilities depend in a sensitive 
manner to changes in operating condilJons Including: inlet temperature, fuel 
type, and fuel injector and burner geometry. Changes in flame speed or stable 
flame location due ~ changes in fuel compostUon can induce combustion dynam- 
ks. 

V 
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Gas turbines have the ability to operate on a wide range of gaseous fuels. Sta- 
ble operation of gas turbines has been demonstrated over a wide range of heat- 
ing values. However, this operation requires a gas supply with a consistent 
composition. Virtually all lean, premixed, low emissions gas turbines are"tuned" 
to be optimized for the local gas supply. Tuning of the machine entails the ad- 
justment of fuel and air flows across a variety of machine loading levels to opti- 
mize performance, while minimizing emissions and combustion dynamics. Once 
tuned, these turbines operate best on a limited range of gas properties. If the 
gas properties change significantly, the turbines can usually be adjusted to oper- 
ate on the new gas composition, given sufficient advanced warning of the 
change. The amount of time necessary to perform the tuning, and the cost of 
the machine modifications can vary depending on the change in the operating 
conditions. For minor changes in operating conditions, including variation in the 
environmental conditions (e.g. changes in atmospheric temperature due to sea- 
sonal variations), tuning can be accomplished in less than a day. More substan- 
tial changes, such as significant changes, in gas composition can require several 
days of machine outage and expenses ranging up to $100K. Very radical 
changes in fuel composition could require retrofitting the gas turbine with new 
hardware, which would require significant outage time and cost several million 
dollars per machine. Currently, lean, premixed, low emissions gas turbines can- 
not respond to significant, short-term changes in natural gas properties while re- 
taining stable, low emissions operation. The degree of change that is significant 
is dependent upon which component of the gas is changing, with some deleteri- 
ous effects occurring with relatively small changes while other changes in com- 
position can be much larger with minimal impact. 

C.3.3 Natural Gas Composition 

Processed natural gas is comprised primarily of methane (CH4), but it does con- 
tain higher hydrocarbons such as ethane (C2H6), and propane (C3H8) and larger 
hydrocarbons that are characterized by the number of carbons as C4, C5, C6+ 
etc. In some cases, it also contains hydrogen ~ (H2), carbon dioxide (CO2), nitro- 
gen (N2), oxygen (02), sulfur compounds, and water. Unprocessed natural gas is 
typically richer in higher hydrocarbons such as C6+. With liquefied natural gas, 
impurities such as water, CO2 and heavy hydrocarbons (C5+) are removed dur- 
ing processing. However, LNG imports may contain varying concentrations of C2 
and C3 components that result in elevated heating values relative to traditional 
domestic supplies. 
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Table C.3.1 Concentrations of fuel constituents for natural gas in the United States. [LEss, 1992] 
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Table C.3.1 shows the range of composlUon of natural gas supplies in the U.S. as 
determined by the Gas Research Institute in I992. As can be seen In Table 
C.3.1, natural gas in the U.S. generally has very high methane content and this 
milestone study suggests that the gas supply has been relaUvely consistent in 
composition, especially in a given region and point of consumption. Conse- 
que~Uy, most gas turbines have been 'tuned' for operatJon on a given fuel com- 
position. Table C.3.2 shows the variability of natural gas composition worldwide 
and includes a 'typical' U.S. gas composition for comparison. Table C.3.2 shows 
that most LNG imports will have considerably higher concenb-aUons of C2, (23 
than typically found In the U.S. when gas processing Is occurring at historically 
high levels. Source to source fuel composition variaUon can lead to changes in 
thenno-physical and chemical properties of natural gas. These changes in prop- 
erUes over a short period of Ume can lead to operational problems in gas turbine 
engine~ A significant change In natural gas composition can lead to irregular 
heat release rabe, change in operaUonal temperature, autolgnlUon of the natural 
gas, lean blowout in dry low NOx (DIE) combustors, flame speed irregularities, 
and exceedence of emissions limits. Such a change is significant when It t~kes 
place on a Ume scale that does not allow the operator to make an on-line ad- 
Juslment to the changing composition. 

V 
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Table C.3.2 Fuel ¢ o ~  from various fuel sources around the world. 

. . . . . . . . . . . . .  Meti ,ane E thane  " [ , ~  - 

too l% mol% tool% mol% 
T ~ i c a l  US 95.7 3.2 0.7 0.4 
Known GT Experience 89.6 8 1.5 0.9 

Brunei 89.76 4.75 3.2 2.29 

Trinidad 96.14 3.4 0.39 0.07 

Algeria 87.83 8.61 1.18 0.32 

Indonesia 90.18 6.41 2.38 1.03 

................... Nilerla 90.53 5.05 2.95 1.47 

_L_N_G_Sourc_e - qatar 89.27 7.07 2.5 1.16 

Abu Dhabai 85.96 12.57 1.33 0.14 

................ Mala~,'sla 87.64 6.88 3.98 1.5 
Austral ia  86.41 9.04 3.6 0.95 

Oman 86.61 8.31 3.32 1.76 

Source: Siemens-Westinghouse Power Corporation 

HI-IV Wobbe 
BTUIsct BTUIscJ Index 

949 1052 1379 

1006 1112 1412 

1036 1144 1429 

940 1041 1374 

991 1099 1405 

1010 1279 

1017 1283 

1018 1126 1419 

1020 1127 1420 

1045 1155 1434 

1036 1145 1429 

1051 1161 1438 

C.3.4 Interchangeability 

The American Gas Association has created the following criteria for interchange- 
ability of various gas compositions. 

"American Gas Association (AGA) dasslfles two gases as 'inter- 
changeable' if flame characterist~ are the same after t ~  sub- 
~ o n  of one gas for another. Two gases are considered in- 
terchangeable if the flame does not llft, yellow tip, or flashback. 
The AGA predsJon burner is used to create lilting, yellow tip- 
ping, and flashback curves for various natural gas compositions. 
(Gas Engineers Handbook, 1974)'. 

The natural gas Industry has performed interchangeabillty studies in the past. 
However, these studies have mostb/focused on InduslTlal diffusion flame burners 
and partially premixed home appliances. The result of these studies is a com- 
prehensive mapping of parameter space ( c o m ~ ,  air-fue~ ratio, heat re- 
lease) as it app|les to industrial diffudon flame burners. These studies took p~ace 
before the advent of lean-premlxed gas turbines that are prevalent today. 
Hence, a more robust definition of Int~x~angeabtllty has recently been created 
to bet'°er account f°r the specific Issues that end'users face" 
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The Natural Gas Coundl + Gas Interchangeability Task Group reached consensus 
on the following updated definition of interchangeability: 

The ability to substitute one gaseous fuel for anotJ~r In a combus- 
tion application without materially decreasing operational reliability, 
effidency or performance while maintaining air pollutant emissions 
within regulatory limits. [nterchangeabillty is described in terms of 
technically based quantitative measures, such as indices, b~t  have 
demonstrated broad application to end users and b~at can be ap- 
plied wit~tout discrimination of either end users or individual suppli- 
ers. 

This new definition accounts for the additional environmental and operational Is- 
sues faced by many natural gas suppliers and end users. Generally, inter- 
changeability has been determined through indices calculations. The most com- 
monly used indices are discussed below. 

C.3.4.1 Wobbe Index 

The Wobbe Index was developed to characterize the similarity of gas mixtures 
based on b~e heat released for a given appliance or oriflce-conb'olled device. 
The Wobbe Index (Wl) Is derived from basic fluid dynamic pdndptes (Odgers, 
1986). The equation for I~ermal output from a given burner accounts for the 
size of a gas discharge orifice, D, the pressure loss across ttte gas discharge ori- 
floe, AP, the heating value of the gas, q,, and the density of the gas, p,  as 
shown below. 

If  the discharge orifice and file pressure drop are fixed for a given device, t ~ n  
the Wobbe Index, which is defined as 

guarantees constant heat rat~ for a gas burner. 

A modified version of the Wobbe Index has been IntTnduced to correct for the 
effect of the fuel temperabJre. In this case tile Wobbe expression is modified Io: 

V 
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where T~,and Tare the reference and delivery temperatures, respectively. In 
another version of the modified Wobbe Index, the T~fterm is not included. 

Wobbe index is proportional to the heat release from a fuel at constant pressure. 
Historically, the gas turbine Industry has used Wobbe index to determine the in- 
terchangeabllity of gases. However ~is index, as a stand-alone test, is more ap- 
propriate for diffusion flame combustors. Application of the index for computing 
interchangeability in lean-premixed combustors will not be suffident without fur- 
ther constTalnLs. Since diffusion flame combustors operate in a more stable 
combustion regime, constant heat rate Is a suitable constTaint on gas inter- 
changeability. DLE machines operate in a less stable combustion regime, so heat 
rate alone will not be a sufficient constraint te guarantee consistent operation. 

V 

V 

C.3.4.2 Weaver I n d e x e s  

Since the Wobbe Index is only concerned with matching heat release for a given 
burner, other indices have been developed that monitor for Int~wchangeability of 
other flame properties. The Weaver Indexes compare the heat release, flame 
lift, flashback and yellow tipping of the proposed substitute gas relative to a ref- 
erence gas (Gas Engineers Handbook, 1974). 

Heat Release 0H) 

Change In Primary Air (JA) 

uf~Tng mc~x C~ 

Flashback Index (JF) 

J" H. Lo. )  

A l ~ - -  - -  

B.tc.O 

• , L  
" ,,. Uoo-  0.. ) 

J~. = v--L- 1.4J~ +0.4 
v. 

Yellow 13p Index OY) 
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• /v = J,~ + N, - N~ _ 1 
II0 

Complete Combustion Index (Jx) 

J, = J~ - 0.366 ~'  - 0.634 
R° 

gas 

where: 
H = heating value of gas, Btu per cu R 
G = spedflc gravity of gas (air = 1.0) 
B = air t~eoretically required for complete combustion, cu R per cu tt of 

a and s = adjustment gas and substitute gas, respectively 
v = flame speed (fps) 
N=number of carbon atoms easily liberated by combustion per 100 mole- 
cules of gas, saturat~ hydrocarbons are assumed to have one carbon 
atom per molecule 
R=- ratio of number of hydrogen atoms in the hydrocarbons only 

The Weaver indexes incorporate the effect of a change in gas composition by 
compensating for the change in air needed for combustion at stoichiomet~ic con- 
dltions. These indices were developed bo create a set of calculations that could 
be performed easily in order to test the interchangeability of a natural gas for 
use in industrial and home appliances. The experiments were carried out with 
burners that can be classified as industrial burners with diffusion flames or a lim- 
ited amount of premixing. 

These indices were developed before the advent of DLE combustors, and the 
combustion fundamentals that apply to indusffial burners (diffusion) do not apply 
to DLE (lean-premixed) combustors. Therefore, the fundamental ~ of 
fuel mixtures must be re-lnvastigated to understand how the properties of the 
fuel change due to tile variation in fuel mixture compesi~on. 

V 

C.3 .5  Ef fec t  o f  Fuel  C o m p o s i t i o n  on  F u n d a m e n t a l  C o m b u s t i o n  Proper -  
t ies  

As desczibed above, the fuel composition directly affects many combustion prop- 
erties. These properties include heat release rate, burning velocity, autoignition 
tendencies and flame temperabJre. These properUes can directly affect gas tur- 
bine operaUon, as the combustors have been designed for specific tolerances. 
Large variations in these i:x'o~erU~ over a shod: duration of Ume can directS/im- 
pact turbine performance, including emissions production, combustion dynamics 
and maintenance schedules. This section will review ~e effects of increases in 
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higher hydrocarbon concentrations in natural gas as it applies to basic combus- 
tion properties. 

C.3.5.1 Air/Fuel Ratio 

Table C.3.3 lists the fuel properties of methane, e~ane, propane, as well as six 
natural gas composil~ons having the same Wobbe index. The natural gases were 
composed by changing the ratio of hydrocarbons (mel~ne,  ethane, propane), 
and adding dilution in the form of nityngen to an arbitrarily chosen natural gas 
(NG1) composition. The ideal gas densities list~l are calculated at standard 
temperature and pressure (0" C, 1 atm). The air to fuel ratio at stoichiom~ic 
conditions, taking into consideration the effect of dilution nitrogen, is calculated 
and tabulated. 

In order to show how a change in fuel composition can effect operation in gas 
turbine engines, more specifically DIE combustom, a comparison of equivalence 
ratios (phi) is shown for the natural gases in Table C.3.3. Equivalence ratio is an 
indicator of flame temperature, and the flame temperature is an indicator of NOx 
emissions. The equivalence ratio in the primary zone of the combustor can also 
indicate if the combustor is approaching lean-blowout Table C.3.3 shows that if 
a b~.~oretical combustor is operating on NG1 with air and fuel flow rates of lO0 
kgJs and 3 k~s, respectively, the equivalence raUo inside the combustor can be 
calculated to be 0.505. I f  NG1 is replaced with same mass flow rate of NG6, 
even tho~3h the Wobbe index remains constant, the equivalence ratio drops by 
16.6 percent, to a value of 0.421. A change in natural gas composition, such as 
the one described above, is likely to cause a range of operaUonal issues, such as 
lean-blowout' poor dynamics, and an increase in CO emissions. DIE combustors 
are usually tuned over a narrow range of equivalence ratios, and, therefore, 
must be re-tuned if ~ fuel composition is significantly altered. 

Table C_3.3 Fuel ~ for pure gases and six natural oases of oonstant Wobbe index. 

H ~ r , , T H H H H m  
m o H H H n m  

1 ~ 4 " ~ i  EE,?%.T  EE,~'~'yAE IE~-..~l i  i , ) ' . ' , l i  ~ ~ +  _~ 
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¢.3.5.2 Autolgnition 
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Autoignition is the process through which a fuel-air mixture spontaneously ignites 
at a specified set of conditions (i.e. pressure, st~chlometry). Rther a tempera- 
ture or a delay time can quantify autoignition. Autoignition temperature is the 
minimum temperature at which a combustible mixture ignites with no external 
ignition source. The autoign~on delay time has two components. The physical 
delay time is dependent on the mixing process used to mix the fuel and air to 
make a combustible mixture. The chemical delay time is dependent on the 
chemical kinetics of the spedflc fuel present in the mixture. 

Autoignition is utilized in diesel engines to ignite the fuel and power the engine. 
However, autoignition is not desirable in most engines, including gas turbine 
combustors. In spark-ignition engines, premature ignition of the fuel due to 
autoignition is termed knock and can damage cylinders and pistons. In gas tur- 
bines, premature ignition of the fuel can cause the flame zone to shif~ to areas 
not designed to handle the heat and flame impingement This generally leads to 
premature failure of the hardware and potentially to extensive damage to the 
machine. 

Figure C.3.6 shows the autoignitJon temperature as a function of fuel molecular 
weight for a range of sabJrated hydrocarbons. Methane has the highest autoig- 
nltion temperature of most common hydrocarbons, and the autoignition tem- 
perature decreases exponenUally with increasing molecular weight. ] f  intToduced 
as liquid droplets, the higher hydrocarbons will tend to autoignite even at very 
low concentrations. In the vapor phase, the intToduction of C4 and higher hy- 
drocarbons to the natural gas can lower the autoignition temperature of the mix- 
ture. Significant amounts of the higher hydrocarbons in the natural gas may 
lower the autoignition temperature to levels similar to the temperature of the 
compressed alr entering the premixer and combustor (i.e. compressor discharge 
bernperature). This substantially Increases the possibility of spontaneous Ign~on 
prior to the flame zone. 

V 
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Chert (2003) has conducted computaUonal studies to show how fuel composition, 
temperature and equivalence ratio of the mixtures affect autolgniUon delay 
Umes. Hethane, ethane and propane mixtures are used to simulat~ various natu- 
ral gas compositions. Figure C3.7 shows the results of the chemical kinetics 
modeling. The verUces of the ltlangles represent the maximum percentage (vol- 
ume) of each hydrocarbon a:)mponent in the natural gas mixture. Therefore, 
maximum concenltaUon of either ethane or propane present in any mixture is 20 
percent. Since autoigniUon delay times vary by orders oF magnitude from mix- 
lure to mixture, the data is presented on a logarithmic (base 10) plot. The Ioga- 
rlt~m is negaUve for autoignlUon delay times of less than unity. 

V 
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The kinetics modeling shows that an increase In temperature, pressure o¢ 
equivalence ratio decreased autoignition delay time. This study showed that the 
presence of ethane and propane both reduce autoignitioo delay time as com- 
pared to pure methane and that this reduction increased with increasing C2 and 
(33 concentzatlon. This result is Important for the gas turbine indusbn/, 
since i t  can be demonstrated that  a large change in comporJUon wi l l  
have a signif icant effect on the autoigniUon pmperUes of the mixture, 
even i f  the overall energy content of the fuel is wi th in a specified 
range. In order to further Investigal~ this issue, autolgnibon experiments and 
modeling must be performed for natural gases with varying fuel compositions 
having a constant energy content. 

M.QO 8 0  O0 l o . e e  I o  II 
I; lllll G: P m l m l t I  I~ ll~ 

LoIlOllnOlll 
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Log10~li.Oelay) 

8) Tat075K. P~ 6.5 I n .  ER - 1.0 
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Figure C.3.7. Autoignidon delay time v& equivIlmce ratio, tempefatml, ~ and fuel composition. 
(CIz~ 2003) 
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C.3.5.2 Burning Velodty, Lean Blowout, and Flashback 

The veloaty at which a flame propagates through a fuel/air mixture is dependent 
on the mixture composition, Including the fu~l components and the ratio of fuel 
to air. Burning velocity of the mixture is dlrect~ related to lean blowout and 
flashback within the combustor. Lean blowout can be defined as the point where 
flame extinclJon occurs because the rate of heat released dudng combustion is 
below the amount of heat needed to ignite a fresh fuel-air mixture entering the 
oombu~on zone (Lefebvre, 1998). 

The effect of molecular structure of hydrocarborLs on burning veloc~y (some- 
times called flame speed) has been extensively studied (e.g. Gerstein, 1951). 
For the same number of carbons, up to four, it was shown that unsaturated hy- 
drocarbons have a higher burning velocity than their counterpart saturated hy- 
drocarbons. Bond type and I~acement are the reason for these trends. 

OJS 

O3 

0.2 
c 
b .  

m 
0.1 

• I i 

12 1A 
Equivalence ratio 

Figure C3.8. Laminar burning ve~odLy as a funct~ of equivalence ratio and fue~ type [I,efebwe, 
1~3]. 
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Rgure C.3.8 shows the laminar buming velodties of various fuels as a function of 
equivalence ratio. Laminar burning velocity of alkanes (methane, ethane, pro- 
pane) reaches its maximum value on the sllghUy rich side of the stoichiomebic 
point. Of great importance for DLE gas turbines is the widening difference in 
burning velodty between methane and other hydrocarbons as the mixture be- 
comes fuel lean (equivalence ratio less than 1). 

Burning velodty has been measured for natural gas compositions with constant 
Wobbe Index (Oostendorp and Levinsky, 1990). Figure C.3.9 shows the varia- 
tion of laminar bumlng velocity as a function of equivalence ratio. The study 
shows that laminar burning velodty can vary by over 10% for fuels with constant 
Wobbe index. The natural gas sources compared in the study were from Nebher- 
lands. The laminar bumlng velocity of pure methane is shown for comparison. 

The variation in burning velocity found for constant Wobbe Index fuels can be 
important in gas turbine engine operation. Gas turbines operate in a very turbu- 
lent flow regime. The turbulent velodty at any given moment of time can be 
shown to be: 

,,(t) = v+ v'(t) 

where v is the instantaneous velodty, v is the average velodty, v' is the fluctu- 
ating velocity and tis the time component. Various researchers have shown that 
the turbulent burning velocity is related to the laminar burning velocity and the 
fluctuating component of velocity (v') in a non-linear fashion [Lefebvre, 1998]. 
The turbulence can amplify small changes in laminar burning velocity, enhandng 
the effects shown in the studies discussed above. Hence, relatively small differ- 
ences in laminar burning velodty may become important in highly turbulent flow, 
such as gas turbines used for power generaUon. 

V 
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Burning V e ~  of  Varlous Fuels 
Constant Wobbe Index 
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Figure C3.9 Burning velocities of various fuels with a constar¢ Wobbe index. [ ~  and 
L _ - , ~ ,  Z~J0]. 

Changes in burning velocity due to fuel compc~dtJon differences may 
increase the propensity for the gas h,rbine to flashback or blowout un- 
der conditions where the machine operated normally ixeviously. These 
changes can also lead to increased emissions and combusUon dynam- 
Ics, to s h ~  hardware lifetimes, and to increased maintenance to 
the machine. 

W 

C.3.5,3 Combustion Dynamics 

The inlzoducUon of DIE technology Into the gas turbine indus~y compounded 
the prob~n of combustion dynamics. Combustion dynamics, generally present 
in the form of pressure fluctuations within the gas turbine combustor, can occur 
in any combustion device. However, the con'o'ol or elimlnaUon of this problem is 
generally more stz'aight:fi:xward in d]fTusk:~ combustors. DLE madtines are much 
more susceptible to this issue and In many instances combustor dynamics can 
limit the performance of a given gas turbine in order to maintain hardware life or 
meet emissions restdc~ns CHo~jia et am., 2003]. 

The pressure osdllaUons assodat~l with combust~  dynamics can lead to ex- 
ternally audible tones that are damaging to workers on site. Furthermore, if the 
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pressure waves become resonant, significant hardware damage can occur 
[Hongia et al., 2003]. Combustion dynamics occur due to the coupling of pres- 
sure oscillaUons with the energy release rate. Since the need to reduce emis- 
sions has caused operation of the gas turbine near the lean flammability limit, 
the combu~on process has become inherently less stable. Janus and co- 
workers [1997] found that a number of factors, including fuel composition, influ- 
ence combustion stability for a given combustor. As shown in Figure 10, Nord 
and Andersen [2003] found that the change in fuel composition (shown as 
changes in the lower heating value (LHV)) affected the level of pressure pulsa- 
tions (combustion dynamics) of the machine, increasing the pressure pulsations 
by a factor of 50%. 

V 

C.3.6 Effect of Natural Gas ComposiUon on Pollutant Emissions 

The introduction of gas turbines using lean, premixed t~hnology has served to 
lower the emissions from gas turbines by 8 to 10 fold as compared to conven- 
tional, diffusion flame combustors (Cowell et al., 2002). Following this trend, the 
organizations that regulate pollutant emissions have tightened resections on gas 
turbines. Operators of gas turbines are typically required to meet sl~ict limits on 
NOx and CO emissions. Furthermore, restrictions on visible plumes from exhaust 
stacks are fi~uent~y invoked. 

Fuel composition will play a role in the production of NOx and CO in gas turbines. 
To assist in this explanation, a short review of the fundamentals of NOx forma- 
tion will be presented. 

V 
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Figure C.3.10. Combustion pulsafiom and NOx ¢n~siorm as a function of fuel compmifion (Fuel 
Lower Heating Valu© (LttV)). Nord and Andene~ (2003). 

V 

C.3.6.1 Fundamentals of NOx Formation 

The collective emissions of NO and NOz are referred to as oxides of nitrogen 
(NOx). NOx is generated during combustion of hydrocarbon fuels through a va- 
dew of mechanisms. There are five primary pathways of NOx production in the 
gas bJrbine engine combustion process: Thermal NOx, prompt NOx, NOx flora 
the N~O intermediate reactions, fuel NOx, and NOx formed through rebuming 
(Turns, 2000). When burning lean mixtures of natural gas, the thermal NOx and 
N ~  lnbermedlate pathways are of primary importance. 

C.3.6.1.1 Thermal (Zeidovich) NOx Iqechanlsm 

Thermal (or Zeldovlch) NOx Is created through the oxldatJon of nlt~xjen Intro- 
duced with the combustion air. This mechanism of NOx generation is highly 
b~mperature dependent, and the production rate Is non-linear. Hence, small In- 
creases in temperature can lead to large increases in NOx. This bend is shown 
in Figure C.3.10, where the exponential nature of NOx as a function of tempera- 
ture is evident. The thermal NOx mechanism consists of t~ree elementary reac- 
tions (Turns, 2000). 
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N 2 +0 --~ NO+N 

N+O 2 ~ NO+O 

N +OH---~ NO+ H 

Thermal NOx reactions take place quickly (on the order of milliseconds) and are 
most influenced by temperature, atomic oxygen concentration and residence 
time. Thermal NOx is exponentially dependent on temperature, so lowering of 
the peak combustion temperature can help reduce the amount of thermal NOx 
from a gas turbine. A change in fuel composition can cause the flame tempera- 
tore of the fuel to change, which in turn can affect the NOx output, 

C.3.6.1.2 N~) Intermediate NOx Mechanism 

For lean, ixemixed combustion at gas turbine conditions (i.e. high temperature 
and high pressure), the nitrous oxide pathway is an important mechanism for 
NOx formation. This pathway involves the attack of flame radicals on t~e NzO 
molecule, creating nitrogen and nitric oxide. Important reactions indude 

O + N= + M -', N,O + M 

H + N~O --~ NO + NH 

O + N20 --~ NO+NO 

Emissions of NzO are not significant, but NzO serves as an intermediate to NO 
emissions. NOx emissions as a result of the N20 mechansim are significant at 
the low equivalence ratios (less than 0.6) which are prevalent in current DLE 
combustors. 

V 

C.3,6.2 NOz FormaUon 

Since NOx is the combination of NC)z and NO, formation of NOz must also be 
considered. NOz is very significant In this discussion, since concentrations of this 
species above 10 ppm in exhaust plumes of typical power produdng gas turbines 
will create a visible plume (i.e. a 'brown' or 'yellow" plume). The U.S. EPA char- 
acterizes NOz as a r e d d l ~ ,  highly reactive gas. A visible plume can cause 
environmental compliance problems and is also undesirable from a public rela- 
tions point of view. NOz plumes should not be an Issue in gas turbines with NOx 
exhaust treatment units or with total NOx concentrations less than 10 ppm. 

In gas turbine applications, little NO2 is generally creabed in the combustion 
chamber, but conversion of NO to NOz can occur after the product gases have 
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lef~ the combustion chamber. The conversion process predominatety occurs at 
low temperatures (800- 1000 K, 980 - 1340 F), and is helped by reactions with 
unburned hydrocarbons and CO. Temperatures in the range of (800-1000 K) are 
present at some points after the exhaust gases have left the combustion cham- 
ber for a period of Ume necessary for the conve~on of NO to NO2. 

• i I 

. * 

" . -  " I i : . , !  i . ~ a  = " =o' 
. . . . .  . . . .  . ~ ~ IN A I R , ' ~  . " 

FlgureC.3.11 P r ~  of NOz to NOx as a function of fuet added and fue~b/pe. [Hori, tgg2]. 

NOz formation, and especially the conversion of NO t~ NOz, has been an area of 
acl~e study for over a decade due to the desire to eliminate the visible plumes 
from power plants. As shown in Figure C.3.1X, the composiUon of the exhaust 
stream is critical in conversion of NO to NOz. The presence of higher hydro- 
carbons found in unprocessed natural gas and some LNG imports In- 
creases the tendency for NO= conversion by up to several order~ of 
magnitude as compared to methane. Hence, when unlxJmed hydro- 
carbons (i.e. fuel) bypass the ¢ombusUon zone (which happens in all 
gas turbines in minute amounts), the presence of higher hydrocarbons 
found in unprocessed domestic natural gas and LNG will increase the 
pcopensJty for the commcsimt of  NO to NOz. 

C.3.6.3 Experimental and Computational Studies 

Flores et al. (2002) invesUgated the role of natural gas composlt~ on gas tur- 
bine emissions using an atznosphedc-pressure gas turbine combustor. Emissions 
from a baseline natural gas, composed mainly of methane (97%), were com- 
pared with t~is same natural gas with added eUlane and propane. Wobbe num- 
bers of these fueM were not held constant and varied by up to t5%. The overall 
fuel/air mixture was held constant, but the combustor ~emperabJre would change 
slightly with the different fuels. This study found that both NOx and CO forma- 
Uon were increased by increasing the level of higher hydrocarbons. However, 
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differences in operaUon between the laboratory gas turbine and field units may 
limit the usefulness of the conduslons from this work. 

Combustion Sdence 8. Engineering, Inc. (CSE) has developed numerous models 
of gas turbine combustors to assist in the design and optimization of these de- 
vices. These models, using a technique known as Chemical Reactor Hodding 
(CRM), have been validated against operaUng gas turbines and make use of de- 
tailed chemical kinetic mechanisms to accurately predict the formaUon of pollut- 
ants. Rgures C.3.12 and C.3.13 show the predicted NOx and CO from a gas tur- 
bine as a function of combustor ~emperature. Six different natural gas formula- 
Uons, having constant Wobbe Index, were considered in the model. Experimen- 
tal data from an operaUng gas turbine (burning only one natural gas concentra- 
Uon) is also induded for comparison. The initial model was tuned to a natural 
gas comlxised enUrely of mebhane. All model parameters were held constant as 
the fuel composition was varied. All the data on these plots has been normalized 
at ~ request of the manufacturm of the equipmenL However, the normaliza- 
~on process has not altered the trends shown by these results. As is evident 
from these plots, the change in natural gas composition has little effect on the 
production of CO from the gas turbine. However, the gas composition had more 
tangible effects on the producUon of NOx, with the addition of higher hydrocar- 
bons causing the creaUon of addiUonal NOx for a given combustor tomperature. 
Figure C.3.14 shows the change in adiabaUc flame temperature for these gas 
mixtures that plays a role in the differences in NOx production. These effects 
may be minimal in some cases; however, for machines operating near their regu- 
lated NOx limit, bhe change in fuel composition could create emissions that ex- 
ceed perm~ed allowances. 

Unfortunatoty, there is very little publicly available operational data on the effect 
of natural gas composit~m on gas turbine performance. Compounding this prolP 
lem Is file relatively wide range of acceptable fuet compositions stated and/or 
implied by the OEH 
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Figure 13. Normalized predk:Uons of CO in a gas turbine engine as a function of combustor 
exit r e - - r e .  Six different natural compositions of constant Wobbe Index were used. 
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Figure C.3.14 Increase of Adiabatic Flame temperature fur natural gas compositions of constant 

Wobbe index Ix~ different chemical com~sRIons. 

fuel specifications. This data is difficult Ix) obtain since it requires real-time de- 
tailed analysis of the natural gas coupled with real-time continuous measurement 
of gas turbine parameters including dynamics and emissierLS. Nord and Ander- 
sen (2003) did present some time-resolved data on the effect of natural gas 
composiUon on the emissions and combustion dynamics of an ALSTOH GT11N1- 
EV gas turbine. Measurements were made on the machine at base load opera- 
tion. Changes in the fuel composlUon also changed the NOx emissions, causing 
an increase above the 15 ppm level (see Figure C.3.10). As 15 ppm was the 
permitt~l limit of NOx emission, the excursion In U-IV caused the machine ~ be- 
come non-compliant for NOx emissions. 

Unfortunately, there exists IltUe other operational data on the effect of natural 
gas composition on NOx emissions b~at has been published in the peer-reviewed 
lil~rature. There are some studies under consideraUon at this Urne, but the re- 
suits are not yet available. 

V 

C.3.6.4 Visible Plume due to NO2 Discharge 

Gas turbines without post combustion emission controls and bumlng fuels with 
elevated higher hydrocarbon concentration have experienced NO2 visible plumes. 
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Many Umes this occurs at part load opereUon, when the combusUc~ efficiency 
may be lower than that at base load operation. The lowered efficiency allows 
more unburned hydrocarbons to pass through to the exhaust, enhancing the 
conversion of NO to NO2. However, there are instances where even at baseload 
operaUon, visible plumes due to NOz have been observed. Table 4 shows the 
fuel composiUons at two plants with nearly identical gas turbine hardware. 
Please note that both gas turbine plants were producing approximately 25 ppm 
NOx (i.e. NO and NO2). One plant in Asia was operaUng using LNG with faidy 
high ethane (C2) concent~at~ms and significant propane (C3). The second plant 
located in North America operated with natural gas containing little higher hydro- 
carbons. The Asian power plant had a consistent brown plume that was not ob- 
served for the North American plant. Neither plant had an exhaust treatment 
unit. 

Table C.3.4 Natural 
Component 

Gas c~nperdtkm of two similar 
Plant 1 

Composition 
North America 

gas turbine sites. 
Plant 2 

Compo uon 
Asia 

Methane 95 89 
Ethane (C2) 
Propane (C3) : 
0 1 +  

2 8 
<1 2 
<1 
2 Nitrogen 

<1 
<1 

After careful analysis of all the potential differences that are likely to cause the 
brown plume, it was found that the differing fuel composition could explain the 
differences. An analysLs of the propensity of each of the fuel gases to convert 
NO to NO2 in t~3 exhaust was undertaken using the data provided in Figure 
C.3.11. The results are given in Table C.3.5. Assuming, in each case, that the 
concentrations of bhe unl~Jmed hydrocarbons mimicked those of the original 
fuel, the Asian plant with its higher concentraUons of C2 and C3 hydrocarbons 
was shown to be able to more elfecUvely convert the NO produced in the com- 
bostor to NO2. In this case the added NO2 from the Asian plant was suffldent to 
create a visible plume (over 16 ppm as shown in Table C.3.5) while the Norbh 
American plant remained below file visible plume level. Note that the total NOx 
is not changed by the conversion of the NO to NO2. 

A further consequence of the conversion of NO to NO2 due to presence of higher 
hydrocarbons is the effect on selec'dve catalytic reducUon (SCR) methods for 
NOx removal in exhaust gases. SCRs utilize ammonia and reducUon catalysts to 
remove NOx from the exhaust sb-eam of gas turbines. Studies have shown that 
this process is most efficient when the ratio of NO2 to NO Is approximately 1:1 
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[Madia, 2002]. The production of greater amounts of NOz in the exhaust stream 
can hurt the efficiency of the SCRs, increasing the need for additional ammonia 
injection and subsequently increasing the amount of ammonia escaping in the 
exhaust (so called "ammonia slip"). 

Table C3.5. Com, erskm of NO bo NOz for two plants wiffi differing natural gas c o m ~  
Note tttat 1meal NOx for both Fdants is 25 p1~1. 

50 
Asia % Conver,~on 

C1 45 
C2 4 
C:3 1 
l-C4 0.1 <1 
n.-C4 0.1 <1 

ppm) 
% Conversion 

32 35 
25 <1 ,,4) 
10 <1 NO 

ppm UHC Tolzl ([NO]a =2.~ 
[NO=] Am=rk= 

8 49.5 
6.25 0.5 
2.5 0.02 
NO 0.002 
*,0 0.002 

16.75 IWm Final [NO,] 

<1 
<1 

rkud [NO=] 

8.75 

~0 

!1,75 PI~ 

V 

V 

C.3.7 Discussion 

As discussed above, several fundamental combustion properties are altered as 
the composition of the natural gas changes. Even for constant Wobbe Index fu- 
els, the fundamental differences in burning velocity and autoignitlon pmpertles of 
different hydrocarbons can potentially have significant effects on the operation of 
gas turbines, especially those using lean-premixed technology. Upon installation, 
individual gas turbines are "tuned' by the OEMs or other specialists to achieve the 
best performance in t~=rms of emissions and combustion dynamics. The tuning 
involves subtle changes in air and fuel flow splits between different nozzles and 
inlets. This tuning is necessary for a number of reasons, induding changes in 
natural gas composition that alter the flame speed or the location of the flame 
zone within the combustor. Slight movement of the flame zone can have slgnifl- 
cant effects on emissions and combustion dynamics. As described by Cowell et 
am. [2002], the quality and composition of the fuel Impacts turbine life and emis- 
sions levels. 

The need to tune individual gas turbines Indicates the requirement f o r  
a comistom~ natural gas composiUon.  Gas turbines can operate on a 
wide range of fuels and natural gas compositions. This Is evident from 
their use a m n d  the world and by a diverse number of Industries that 
use fuels ranging from naphtha to hydrogen-enrk:hed by-product gases 
[Iqoliere, 2002]. However, DIE machines, with a narrow stable operat- 
ing range, cannot handle significant fluctuaUons in natural gas compo- 
siUon over a short period of time while maintaining their very low pol- 
lutant emissions. Even a significant one-time change in composition 
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will require re-tuning of the machine or an expensive hardware 
change. This condusion is understandable from basic combustion sci- 
ence and is indicated in the results of Nord and Andersen [2003]. Un- 
fortunately, additional published resulls from operaUng gas turbines 
ale .~ !  I'Ce, 

The p~formance of DLE gas turbines is sensitive to numerous variables, includ- 
ing environmental conditions. For example, numerous studies have shown a di- 
rect correlation between environmental temperature and pressure and the level 
of NOx production (e.g. Janus et al. t997). Hence, it is not surprising or beyond 
explanation that DLE gas turbine performance would be sensitive to the natural 
gas composition and par'dculady to fluctuations in composition. 

Anecdotally, there have been numerous operational issues that have been atl~ib- 
uteri to natural gas composition changes. For example, an industrial plant oper- 
ating DLE gas turbines in Germany had access to both Russian pipeline gas and 
North Sea natural gas. The machine had been tuned to run on the North Sea 
gas, which had fairly large (32 and (33 content with approximately 82% methane. 
The Russian gas was mosUy methane (over 95%). In attempting to switch from 
the North Sea gas to the Russian gas, the combustion dynamics were so bad 
that the gas turbine automatically shut down to pcevent severe damage to the 
rotating components. In this case, switching between the natural gas sources 
required retuning of the combustxx'. 

As described by Gotttleb and Wetler [2004], the number of occurrences of opera- 
tion problems due to natural gas variability Is increasing. The owners and opera- 
tots of the gas bJrbines also echo this conclusion at various gas turbine user 
group meetings. However, the number of well-documented cases that have 
been made available to the public are sparse. 

The results presented above show that the Wobbe Index alone Is not 
suff ident to guarantee interchangeability of natural gases for modern 

gas turbines. The complex combustion systems of these machines are 
designed to produce very low emissions while maintaining acceptable hardware 
lifetimes. As shown above, there are several variables important to stable opera- 

of these gas turbines, such as I:~Jming velodty and air to fuel ratio, that are 
not captured by Wobbe Index. Therefore, additional parameters must be used in 
order to assure that future natural gases of varying composition meet the fuel 
requirements of modern gas turbines. Such parameters might have broadly ac- 
ceptable values nationally, but more resbfctive values within a given region to 
assure that frequent retuning of gas turbines is not required. 

It is important to note that stakeholders throughout the industry generally rec- 
ognize that Wobbe alone is not sulfident to demonstrate interchangeabiliW. 

7S 



Jnofflclal FERC-Generated PDF of 20060414-0200 Received by FERC OSEC 12/06/2005 in Docket#: RP04-249-001 

200506305008 Received FERC OSEC 06/30/2005 10:43:00 AM Docket# PL04-3-000 

White Paper on Natural Gas lnten:hangeabiliW 
And ~ End Use 

Exhibit No. r-Gl"-I 
Page 112 (R 250 

Studies involving residential appliances typically condude that additional combus- 
tion performance parameter(s) are recommended to adequately descdbe fuel 
gas Interchengeabllity. Unfortunately, combustion testing involving gas turbines 
Is typically not included in these studies. 

V 

C.3.8 Recommendations and Condudons 

Modem combostion equipment used in power generaUon, induding DiE 
gas turbines have very complicated combustion systems whose operation 
depends on the composition of the fuel supply both to maintain accept- 
able hardware life and to ensure low po|lutant emissions. Significant 
changes in natural gas composition over a short period of time, beyond 
what equipment is ~oJned" to receive, may have a substantial detrimental 
effect on the operation of [X.E gas turbines through increased emissions, 
shorter hardware lifetime, and less reliable elecbic power generation. 

• Although modem gas turbines and other power generation equipment can 
operate on a wide variety of different gaseous fuels, they are tuned to a 
narrow range of gas compositions during installation and must be "re- 
tuned" In order to maintain low emissions and stable, reliable operation if 
the gas composition is changed significantly. 

• There is an inherent bade-off between NOx and combustion dynamics for 
modem lean, premlxed combustors; therefore, when changes in fuel 
composition begin to increase NOx emissions, gas turbines and other 
combustion equipment will be forced to change operations to remain in 
compliance with emissions permits. These operational changes may result 
in reduced hardware life and plant reliability. 

• Increases in heavier hydrocarbons: 
o Change the fundamental combustion properties of the fuel, espe- 

dally the burning velocity and propensity for autoignltion; 
0 

0 

Have a r~gniflcant impact upon the conversion of NO bo NO2, thus 
Inoreaslng the risk of visible plumes on non-SCR units, particularly 
at partial load condIUons; 
A ndat~dy small change in heavier hydrocarbon concenlTation is 
enough to cause these changes. 

• For power generation plants with selective catalytic reducbon (SCR) sys- 
tems for NOx control, Increased NOz can result in reduced catalyst effi- 
ciency and increased ammonia dip. 

• Wobhe Index Is not suffident to characterize Interchangeabllity of natural 
gas fuels for modem gas turbines. A metric that characterize changes in 
flame speed and stoichlometrlc air fuel ratio will likely be needed te assure 
interchangeability of natural gas for modem gas turbines. More data and 
analysis is necessary to identify the right indices and their appropriate al- 
lowable ranges. 
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• Original Equipment Manufacturers (OEM's) need to better define fuel 
specifications in meeting performance guarant~=es to account for potential 
variations in higher hydrocarbons in fuel supplies. 

• Additional research and/or operational experience are needed I~ better 
understand and quantify some of the theoretical implications of varying 
fuel composiblon on DLE combustion turbines and other modem combus- 
tion equipment. Research with published results would benefit the indus- 
tTy and policy makers in several related areas of gas composition effects 
on this equipment. 

V 
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C.3.10 Glossary 

AdlabaUc Flame Temperature 

The theoretical maximum flame temperature that can be attained through the 
combustion of a fuel. This temperature does not a(~.munt for heat losses to the 
surroundings, and assumes that the products of combustion are carbon dioxide 
and water. In practical systems, heat loss occurs to the surroundings, and disas- 
sodatJon of the products of combust~n takes places, causing a flame bempera- 
ture that is less than the theoretical maximum. 

Autoignition 

AutoignlUon is the process through which a fuel-air mixture spontaneously ignites 
at a specified set of conditions (i.e. pressure, stoichlometry). 

Burning Velocity 

The buming velocity Is the velodty at which a flame propagates through a quies- 
cent fuel/air mixture. In practical systems, the buming velocity is turbulent. 

Diffusion (¢ombusUon) 

Fuel and air are mixed in the region where the combustion takes place. Com- 
bustion flame front is formed at the interface where fuel and air diffuse into each 
other. Older gas turbines (conventional) operate in diffusion mode combustion. 

Equivalence Ratio 

Equivalence ratio is the ratio of fuel to air divided by the ratio of fuel to air 
needed at stoichiometTic conditions. 

Flashback 

Rashback occurs when the vetodty of a premlxed jet of fuel/air mixture is lower 
than the bumlng velocity of the fuel/air mixture. Since t ~  flame front bavetlng 
backwards Into the fuel/air mixture is faster than the Jet of fuel/air mixture trav- 
eling towards ~ flame, flashback takes plaoe. 

Laminar 

In a laminar (stream lined) flow, mixing and transport are accomplished by mo- 
lecular diffusion. 

V 
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v 
Lean Blow-out 

Lean blowout can be defined as the point where flame extinction occurs because 
the rate of heat released during combustion is below the amount of heat needed 
to ignite a fresh fuel-air mixture entering the combustion zone 

Lean Rammabllity Umit 

The amount of fuel (usually percent by volume) in a homogeneous mixture of 
fuel and air, that can sustain combustion when ignited, is defined as its lean 
flammability limit. 

Premixed (Combustion) 

Premixed combustion takes place when fuel and air are mixed ups~eam of the 
combustion zone and fed into the combustor as a homogeneous mixture of fuel 
and air. 

S ~ c h l o m e t r i c  

The amount of air required to completely combust all of the fuel to the products 
of combustion of carbon dioxide and water is known as t~e stoichiometJ'ic 
amount 

Turbulent (Combustion) 

Macroscopic eddies and unsteady flow features enhance mixing, and in combus- 
tion, increase the flame front. 

V 

81 



]nofflclal FERC-Generated PDF of 20060414-0200 Received by FERC OSEC 12/06/2005 in Docket#: RP04-249-001 

200506305008 Received FERC OSEC 06/30/2005 10:43:00 AM Docket# PL04-3-000 

White Paper on Natural Gas IntefchangeablliU/ 
And ~ End Use 

C4 Redprocatlng Engines 

FJhlbit NO. FGT-6 
Page 116 of 2~l 

Bruce Hedman, EEA 

V 

01.1 Introduct ion 

Reciprocating internal combustion engines are a wideslxead and widely used 
technology. North American production exceeds 35 million units per year for 
automobiles, blJcks, constnJction and mining equipment, marine propulsion, 
pipeline compression, water pumps and a diverse set of power g e n e r a t i o n  appli- 
cations. There are two basic types of reciprocating engines - spark ignition (SI) 
and compression ign i t~  (C]). Spark ignition engines for peaking or continuous 
duty stationary applications over 50 kw, such as power generation, use natural 
gas as the preferred fuel, although they can be set up to run on propane, gaso- 
line, or special gases such as landfill, flare, and digester gas. Stationary com- 
pression ignition engines (o l in  called diesel engines) are primarily used in 
emergency cjeneratton appllcaUons, and can operate on diesel fuel or heavy (re- 
sidual) oil, or they can be set up to run in a dual-fuel configuration that burns 
pdmadly natural gas with a small amount of diesel pilot fuel for igniUon. Because 
of its relatively low emissions signature and ease of operation, the natural gas- 
fueled engine is the engine of choke for the higher-duty-cycle (more than 500 
hr/yr) stationary power market below 5 MW, many pipeline compression and oll 
and gas field gathering systems, and certain fleet vehlde applications. 

Current generation natural gas engines offer low first cost, fast start-up, low 
emissions, proven reliability, good load-following characteristics, and significant 
potential for heat recovery. Electric efficlencles of natural gas engines range 
from 28% LHV for stoichiometdc engines 7 smaller than 100 kW to more than 
40% LHV for larger lean bum engines ! (>2 HW). Waste heat can be recovered 
from the engine exhaust and from the engine cooling systems to produce either 
hot water or steam for combined heat and power (CHP) applica- 
tions. Overall, ClIP system ~ (electricity and useful thermal energy) of 
70% to 80% are routdnely achieved with natural gas-engine systems in apl~ica- 
tions whose electrical and heat loads are appropriately in balance. 

Natural gas engine 13ed~ology has improved dramatically in the past decade, 
driven by environmental and economic pressures for pow~ density improve- 

~ Stoicl~ome~c e.gines are designed to l~m Ibe ~ correct pmpa~ons of fuel a~l dr ~eded for 
complele combus6o~ Le., there is no excess fuel or oxygm after combusdo~ A dch-bum engine is a 
~ ~-rm for a ~oichiometrlc engine, wheTe the air to fuel ratio is maintained at or near the con'ect 
level fix complete combustion. 
' In lean-bum engines, the fuel-air mlxture contains more air than i8 needed for c o m p ~  ~ o n  ~ 
design, allowing for c~oler combustion temperatures and Iowe~ NOx emiuiom fonmfion. 
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merits (more output per unit of engine displacement), Increased fue~ efficiency, 
and reduced emissions. Computer systems and software have greatly advanced 
reciprcx:ating engine design and control, accelerating advanced engine designs 
and making possible more precise control and diagnostic monitoring of engine 
operation. Stationary engine manufacturers and worldwide engine R&D firms 
continue to drive advanced engine technology, including accelerating the diffu- 
sion of technology and concepts from the on highway heavy duty truck market to 
the stationary engine market. 

The emissions signature of natural gas engines, in particular, has improved sig- 
nificantly in ~ past decade through better design and control of ~ combustion 
process and through the use of catalytic treatment of exhaust gases. Advanced 
lean-bum natural gas engines are available that produce NOx leveLs as low as S0 
ppmv @ 15% reference Oz (dry basis) without the use of a post treatement cata- 
lyst system. 

V 

C.4.2 Market Trends 

C.4.2.1 Power GeneraUon Applications 

Redprocating engines are well suited to a variety of dis~lbuted generation appli- 
cations and are widely used in the Unit~l States and Europe in power-only - as 
well as combined heat and power (CHP) - configurations in the industrial, corn- 
inertial, and InstibYdonal market sectors. The widespread use of reciprocating 
engines in stationary applications in the Unlbed States is supported by a highly 
developed sales and service infrastructure. Reciprocating engines start quickly, 
follow load well, have good part-load efficiendes, maintain efficiency and output 
at increasing altitude and ambient conditions, and generally have high reliabil- 
Ittes. In many cases, multiple reciprocating engine generaUng sets are used to 
ensure overall plant capacity and maintain high levels of reliability and availabil- 
ity. Reciprocating engines have higher elect~cal effidendes, and thus lower fuel- 
rdated operating costs than gas turbines of comparable size. In addition, the 
first costs of redprcx~Ung engine generator sets are generally lower than gas 
turbine gensets up to 3-5 MW output range. Reciprocating engine maintenance 
COSTS per kW-hr are generally higher than equivalent-sized gas turbines, but the 
engine maintenance can orbs1 be performed by In-house staff or provided by lo- 
cal service organizations. 

Potential dist~ibubed generation applicaUons for natural gas reciprocating engines 
include standby, peak shaving, grid support, and CliP applications, in which en- 
gine waste heat is utilized to produce hot water, low-pressure steam, or dfllled 
water through waste-heat-fired a ~  chillers. Redprocating engines also 
are used extensively as direct mechanical drives in applications such as water 
pumping, air and gas compression, and chilling/refrigeration. 
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C.4.2.1.1 Standby Power 

Standby power systems are required by fire and safety codes for hospitals, ele- 
vator loads, and water pumping. The standby genset is typically the simplest 
distributed generation system, providing power only when the primary source Is 
Out of service or falters in its voltage or frequency. This application typically re- 
quires low capital cost, minimal installation costs, black-start capability (ability to 
start when the grid supply is intamJpted), and grid-isolated operation. Due to 
the relatively low number of operating hours typically required In standby power 
applicaUons, eff]dency, emissions, and variable maintenance costs are not major 

in technology selection. Diesel engines are highly preferred for standby 
power due to their low capital cost, rapid start-up capability (within 10 seconds), 
and load-following (transient response) characteristics. Standby applfcaUons 
range from a few kW m very large capacities (up to 10 I~N) in industrial or utility 
appticaUons. However, most are high-speed units under 2 MW. Diesel engines 
can typically be installed in standby applications without being required to meet 
strict emissions standards, although operation is limit~l to a certain number of 
hours per year (generally 300 to 500 hours). While primarily a diesel engine 
market, natural gas-fueled engines are increasing market share in the small 
(<500 kW) standby market. 

C.4.2.1.2 Peak Shaving 

In certain areas, customers and utilities are using on-site power generation to 
reduce the cost of peak load power. Peak shaving is benefldal to c u ~  who 
have poor load factors and/or high electrtdty provider demand charges. Typi- 
cally, peak shaving does not involve heat recovery, but heat recovery may be 
cost effective if the peak period Is more than about 2,000 hours/year. Since low 
equipment cost and high reliability are the primary requirements, reciprocating 
engines are Ideal for many peak-shavlng applications. Emissions may be an Is- 
sue if the annual number of operating hours Is high or the operating facility Is 
located in a non-attainment area. Where peak shaving can be combined with an- 
othe~ function, such as standby or emergency power, the economics are consid- 
erably enhanced. Peak shaving is a growing market for natural gas engines. 

V 

C.4.2.1.3 Combined Heat and Power 

While the use of natural gas engines Is expected to grow in both grid support 
and customer peak-shaving applications, the most prevalent on-site generation 
application for natural gas engines has b'adltionally been CHP, and this b'end is 
likely to continue due to the cost effectiveness of heat recovery and growing 
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government recognition of the benefits of CliP. The economics of natural gas 
engines in on-site generation applications are enhanced by effective use of the 
thermal energy contained in the exhaust gas and cooling systems, which gener- 
ally represents 60% to 70% of the input fuel energy. 

There were an estimated 1,354 engine-based CliP systems operating in the 
United States in 2003, representing more than 1,425 MW of electric power ca- 
pacity. Facility capacities range from 30 kW to more than 40 MW, with many 
larger facilities comprised of multiple units. Reciprocating engine CliP is installed 
in a variety of industrial and commercial applications with natural gas engines 
representing 78% of the total installed reciprocating engine CliP capacity. 

C.4.3 Reciprocating Engine Technology 

Natural gas engines fall into two basic categories, each having fundamentally dif- 
ferent characteristics and implications from a gas composition perspective. 
Stoichiometric engines, typically derived from gasoline engines, are used in light 
duty cars and trucks, some medium duty vehicles, and small to medium-sized 
power generation applications. Lean burn engines, used in medium and heavy 
duty vehicles, larger power generation applications and pipeline compression, are 
generally derived from diesel engines and differ greatly in terms of their combus- 
tion process and sensitivity to variations in gas composition because of their 
higher compression ratios. In both types of engines, control of the air-fuel ratio 
is critical for optimum performance of the engine and emission control systems. 
As gas composition affects the gas density and stoichiometric air-fuel ratio, it can 
have an important influence on engine performance and emissions. 

Stoichiometric Natural Gas Engines. Under stoichiometric conditions, air 
and fuel are balanced in the exact proportions required for complete com- 
bustion. These engines are generally naturally aspirated (drawing fuel 
and air using vacuum), and all-or nearly all-of the fuel and air are con- 
sumed in combustion reactions. Such engines produce an exhaust that 
has very little oxygen content. Closed-loop engine control systems are 
employed to ensure that the correct air-fuel ratio is maintained. Most 
modern stoichiometric light-duty vehicles use three-way catalysts to con- 
trol emissions. Closed-loop engine controls give these engines the ability 
to adapt to changes in many operating parameters, including gas con- 
sumption. Stoichiometric engines can be designed to accommodate a 
relatively wide range of gas compositions through the use of oxygen sen- 
sors in the exhaust stream and electronic fuel controls with adaptive 
learning capabilities. At modest compression ratios (e.g. under 12"1), 
most naturally aspirated, spark-ignited engines can tolerate higher ethane 
and propane levels without experiencing engine knock. 
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Lean-bum Natural Gas Ermines. In contrast, most medium-and heavy- 
duty natural gas engines are based on lean-bum combustion, in which 
combustion occurs with more air (oxygen) than required to achieve com- 
plete combustion. Lean-bum engine technology typically uses turbo- 
charging to compress combustion air and fuel to maintain high specific 
power output, which is usually reduced at lean air-fuel ratios. This ap- 
proach also lowers peak combustion temperatures inside the engine and, 
as a result, reduces the formation of nitrogen oxides. Turbocharged lean- 
bum engines can approach the effidency and power of heavy-duty diesel 
encjlnes at full load operation. However, lean-bum engines are more 
likely to experience mlsfldng and pre-ignition or engine knock when 
higher-than-normal levels of propane and ethane components are present 
in the fuel. Lean-bum natural gas engines are usually derived from diesel 
engines, which use compression to ignite diesel fuel. For natural gas, an 
Ignition source-typically spark or pilot ignition fuel-must be added. Ignition 
timing can be used to control combustion to avoid engine knock. Due to 
concerns regarding variations in fuel composition, some manufacturers 
have chosen to de-tune certain lean-bum engines by retarding spark igni- 
llon, resulting in some loss of performance and fuel eflkioncy. 

The combustion process in engines may be sensitive to levels of methane and 
non-methane hydrocarbons, Inert gases, and oxygen in the fuel composition de- 
livered to the engine's cylinders. In the engine, variations in these components 
alter the energy content of the fuel and thus require changes in the air-fuel ratio 
to bum properly. Precise engine control technology can effectively optimize per- 
forrnance and minimize emissions. Engine contlot systems should have the abil- 
ity to sense changes in fuel composition and other operating parameters, either 
dlrecliy or Indirectly, and to compensate for changes by modifying the delivered 
air-fuel ratio and ignition timing. 

Natural gas and alr can be delivered to engine combustion cylinders by way of 
three fueling systems: conventional carburetion, single-point (or throttle-body) 
fuel Injection or mulU-polnt fuel Injection, and direct fuel Injection. Carburetion, 
the simplest method, was widely used on slztionary and vehicle engines b~rough 
t ~  mid 1980s but has virtually been abandoned today because its imprecise 
control of the fuel-air mixture oft~m results in unacceptable p e r f o ~  and 
emissions. The choice of mu~-polnt or single-point i n ~  depends largely on 
engine type and design. Both are electronlcally controlled by a mk:rofx~essor 
that uses dam from vadous engine sensors (e.g., englne speed, load, tempera- 
ture, ambient bemperature, etc.) and proprietary algorithms m regulate the op- 
limum air-fuel ratio for a specific engine design. 

The electronic controls that meter the flow of fuel and air can operate In one of 
two modes: dosed-loop con~ol or open-loop contTol. Closed loop engine con- 
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trol systems use an exhaust oxygen sensor (or similar feedback mechanism) in 
the exhaust stream to monitor combustion products. The sensor signals the 
presence of oxygen. This data can indicate an out-of-specification equivalence 
ratio, and if such exists, the microprocessor corrects the metered air-fuel ratio. 
This process occurs several times each second If a variation in natural gas 
composition or air density occurs, the effect on combustion is immediately de- 
tected and factored into the air-fuel ratio calculation on a continuous basis. 

Light duty stoichiometric engines can use a standard stoichiometric exhaust gas 
oxygen sensor for the necessary feedback controls. It is currently more difficult 
to apply closed-loop electronic control systems to lean-burn engines since the 
range of oxygen content in the exhaust requires sensors that are different and 
more expensive than those applied in stoichiometric engines. In addition, closed 
loop systems have been used in gasoline stoichiometric engines for some time, 
allowing greater experience in production and incremental product improve- 
ments. However, promising sensors for lean-burn engines are entering com- 
mercialization. First generation systems are more susceptible to fuel quality re- 
lated operational problems than more recent advanced generation systems. In 
general however, closed loop systems are tolerant of changes in fuel composi- 
tion. 

By contrast, open-loop engine control systems incorporate many of the same 
electronic features as closed-loop systems but do not have oxygen-sensing capa- 
bility and adaptive learning features. Open loop systems use a predetermined 
"map" of load and speed to determine the engine fuel injection requirements. A 
specified fuel composition must be assumed to generate this "map. Conse- 
quently open loop systems are less tolerant of changes in fuel composition. They 
are capable of providing excellent engine performance and low emissions where 
gas composition is relatively constant, but they are unable to adapt to variable 
gas composition and other operating factors. 

Some higher compression ratio heavy-duty lean burn engines include an addi- 
tional feedback for knock detonation. Higher compression ratio makes an engine 
more susceptible to knock or detonation. If knock is detected via an accelerome- 
ter, the spark plug timing can be retarded, or caused to spark later in the cycle, 
to reduce knock. Retarding the timing, however, can reduce fuel economy. 

C.4.4 Effects of Gas Composition on Engine Performance 

The performance and emissions of spark-ignition gas engines depend on good 
ignition, optimum combustion rate, high knock resistance and a sufficient energy 
content of the fuel mixture. When using natural gas as a fuel the following fuel 
properties are important in relation to engine performance: 
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• Density 

• Heating value (i.e. I~e Wobbe Index) 

• The stoichiometric air-fuel raUo 

• Knock resistance. 

These gas properties are dosely linked to the composition of the gas. Thus varia- 
Uons in gas composition can have important effects on engine performance and 
emissions; espedally if the engine is optimized for maximum performance and 
efficiency on a fixed gas composition and is not equipped with means of adjust- 
ing to other compositions. 

The equivalence ratio is a fundamental engine operating variable which defines 
base effldency and engine-out emissions characteristics of the engine (equiva- 
lence ratio is the ratio of the actual fuel-air ratio to the sto~chlometdc fuel-air ra- 
Uo. A mixture with an equivalence ratio of less than one is lean). As discussed 
in Section 5.6.2, it also defines the type of combustion system and the applicable 
method of emissions cont~l. 

Typical emissions trends as a function of the relative air-fuel ratio, lamda, are 
shown in Figure C.4.1 (lamda is the reciprocal of the equivalence ratio). Main- 
tainlng the desired equivalence ratio, or lamda, under all operating conditions is 
the critical factor in minimizing emissions and maximizing efficiency. 

Stoichiometzic engines run basically at an equivalence ratio of 1 (lamda of 1 as 
well), and in low emissions applications they rely on three-way catalysts for 
emissions conm~ and bhey require very precise mixture control to achieve sJmul- 
taneous control of CO, HC and NOx emissions. The equivalence ratio operating 
window for natural gas three-way catalysts is narrower than for gasoline and at a 
slighb'y dcher set poinL 

Figm~ C.4.1 - Effect of A i r -  Fuel Ratio on Emissions in Recipmcafin 8 Engine* 

V 
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Lean bum (equivalence ratJo less than 0.75, lamda greater than t.33) natural gas engines 
achieve low NOx levels, even without exhaust aftertreatment, by operating with lower peak 
combustion temperature than stoichiome~ engines. Often lean bum er~jlnes operate very 
dose to the lean flammability limit of the fu~=l-air mixture and small variations in equivalence 
ratio can either result in engine misfire or high NOx emissions. 

Since the stoichiomet~ air-fuel ratio varies with fuel composition, the quantity of 
fuel metered by the engine fuel system may also be affected, potentially chang- 
ing the equivalence ratio to the engine. Thus changes in gas composition which 
affect the equivalence ratio will affect engine performance and emissions, 
whether it is a stoichiome~c engine or a lean bum engine. 

The fuel composition can also affect the composition of any unburned hydrocar- 
bon emissions. Composition or the hydrocarbons is important because of the 
question or catalyst effidency and atmospheric reactivity. Fuel composition also 
affects the knock resistance or the fuel, an Important consideration in optimized 
natural gas engines. 

There exists in the literature a limited body of work on the effects of natural gas 
composition variations on the performance and erosions or natural gas engines, 
most focused on vehlde applications. Some of the more o~=n cited works are: 

• DubeJ et al (1983) examined the effects of composit~ on methane num- 
ber (MN) and engine performance optimization and found that MN pro- 
vlded a good indication of the fuel's ability to achieve acceptable effidency 
within the knock limit spark advance. 

V 
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Klimstra (1978) examined the relationships between gas composition and 
mixture properUes and reported on the effect on stoichiometric air-fuel ra- 
tio, heating value and the Wobbe Index, and knock sen~vity. 

V 

Jones et al (1983) found that an engine optimized on one gas composition 
demonstrated significant performance penalties when run on a gas of dif- 
ferent composition. 

Boschan et al (1989) found t ~ t  the compositional effects on NOx emis- 
sions due to variations in the methane number are compounded by the ef- 
fects on the stoichiometric air-fuel ratio. The total hydrocarbon emissions 
were found to decrease with increasing Wobbe Index, perhaps due to the 
higher reactivates of the higher hydrocarbons, which are present in higher 
Wobbe Index fuels. 

Ryan and Callahan (1991) examined the effects of various gas composi- 
tions on emissions from a single-cylinder test engine. The results verified 
significant effects of three variables on performance and emissions - 
equivalence ratio, spark timing, and chemical composition. However, 
since composition influences equivalence rat~ and optimum spark timing, 
the work verified the importance of maintaining the correct air-fuel ratio 
as gas com position changes. 

V 

Bevllacqua (2001) examined t ~  Impact of natural gas compodUon on 
light-duty and heavy-duty natural gas vehicle emissions, fuel economy 
and drivabllity. 

The body of" work cited above indicates that the influence of gas composition on 
engine behavior can be adequately characterized by two measures: the Wobbe 
Index and U~ methane number. The Wobbe Index is a measure of the fuel In- 
terchangeability with respect to its energy content and metered air/fuel ratio. In 
engine applications, changes in the Wobbe Index are proporOonal m changes in 
stoichiome~c air-fuel ratios. If  the Wobbe Index remains constant, a change in 
the gas composiUon will not lead to a noticeable change in the air-fuel raUo and 
combus'don rate. But this d~ange in composlUon may ohange the volumeb'/c en- 
ergy content and knock resis~nce of the mixture. Since this measure disregards 
the different combustion properties of methane, I~opane and ethane compo- 
nents, it is not useful as an indicator of the knock resistance of the fuel. 

The methane number is a measure of t ~  knock resistance of the fuel. Knock, or 
detonation, can be ex'cen~ly damaging to an engine. Knock occurs when there 
is unconl~olled combu~on proceeding along a flame front initiated at the spark 
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plug. Knock can result from the heat ixoduced by compression of the air/fuel 
gas mixture in the piston. The knock resistance of the fuel is a function of the 
fuel composition. Methane has a yew high knock re,stance. The heavier hy- 
drocarbons In natural gas, such as ethane, propane, and butane have lower 
knock resistance and thus reduce the overall knock resistance of the fuel. 

C.4.4.1 Effects on Engine Effldency 

An important fuel factor that determines engine efficiency is the maximum ac- 
ceptable comlxession ratio. A high thermal effideno/requires a high compres- 
sion ratio, and hence fuels with a high knock re,stance. Natural gas has a 
higher knock resistance than gasollne. Engines designed with a high compres- 
sion ratio to match this high knock resistance will show significant increase in ef- 
fldeno/. A second important factor determining the efficiency of an engine is the 
fuel/air ratio. The efftdency peaks in I~e lamda range of 1.05 to 1.30. 

V 

C.4.4.2 Effects on the power output 

A mixture that contains slightly more fuel than is necessary for com- 
plete combustion (lamda<l) yields the highest power output. A 
change in lamda has a much greater effect on power capacity than a 
change in gas composiUon. ]no'easing lamda involves adding excess 
air, leading to a lower energy content of the mixture. In naturally 
aspirated engines an increase from lamda=l,0 to 1.5 (i.e. 50% ex- 
cess air) may lead to a power loss of 30%. With turbocharged en- 
gines the power loss is recouped by raising the inlet charge density. 

C.4.4.3 Effects of gas compo~l;l~ on ignitabililW 

In spark ignition (Otto o/de) engines, the ease with which a mixture ignites de- 
ponds on the air~fuel ratio and gas consumption. There is a sl~ng correlation 
between Ignltabillty and lamda. Ign~on of natural gas usually presents no prob- 
lems if lamda falls between 0.9 and 1.5. In an open combustion chamber, an 
air/fuel ratio corresponding Ix) lamde of 1.65 can be achieved. This provides a 
possible approach to reducing NOx emissions through very lean bum ¢ombus- 
Uon. 

C.4.4.4 Effects on the comlxJsldon rate 

The combustion in a spark Ignition combustion chamber normally starts at the 
spark plug and spreads to the walls of the combustion chamber. To keep fud 
consumption at an acceptable level, the combustion rate should not be too slow, 
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while combustion that is too fast may cause a high mechanical load and noise 
production. Variations in fuel mixture composition affect the speed of combus- 
tion. An increase in lamda from stolchiometric leads to a longer duration of the 
process. This means that if engines have been timed for stoichiomeb'ic combus- 
tion, the timing should be advanced if the mixture is lean. The addition of inert 
gasses such as nitrogen and carbon dioxide results in a lower combustion rate 
and again a need to advance spark timing. Turbocharging can be used to corn- 
pen.sate for this effect. 

C.4.4.5 Effects of composition on knock 

In a normally operating engine the combustion process proceeds progressively. 
This is not so in the case of knock combustion. Knock is caused by a local pres- 
sure pulse in the cylinder as a result of spontaneous combustion of part of the 
fuel/air mix. It occurs when the temperature of any unreacted mixture reaches 
the seW-ignition point following piston compression and partial combustion. 
Knock combustion may damage the cylinder and in particular the piston rings. 

Mixtures with a high self-ignition temperature have a high knock resistance. A 
good indicator d fuel behavior and particularly its knock resistance, is the meth- 
ane number. Methane, a fuel with a high knock resistance, is assigned a meth- 
ane number of 100. Hydrogen, a very knock-sensitive fuel, is given a value of 0. 

The higher the concentration of higher hydrocarbons, the more likely it is that 
the fuel will cause knock, and thus lower b~ methane number. Adding other 
gasses to natural gas may have a major effect on the methane number. 

Table 1. Methane number (MN) and octane number (NON) of some fuel gasses (IGU/IANGV 
tg~). 

Fuel Gas MN 

BJ'k3ne 
Propane 
Butane 
Hydrogen 

32 
8 
0 

122 
101 
97 
89 
63 

Research has shown that the ra~o between the octane number, used for 
and the meb~ne number is almost linear. Table I presents the methane num- 
ber and the octane number for several gas components. To ensure that gas 
engines will operate without knock in service, engine manufacturers specify 
minimum knock resistance properUes of the fuel. For heavy-duty engines, the 
manufacturers specify minimum MON or MN. As an example, Desre Power Sys- 
tems and Deboit require minimum MON of 118 and 115 respectively. Through 
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advanced contTols ~ s ,  Cummins has been able to reduce the minimum HN 
from 80 for its standard engines to 65 for its Plus Technology engines. 

v 

C.4.4.6 Emission effects of gas compodtion 

The emissions components of major concern from natural gas are NOx, CO, HC 
and CO2. The production of NOx is determined by the peak temperature in the 
combustion process and the availability of oxygen. I f  the gas composition 
changes, the formation of NOx is only affected if the peak temperature changes 
or if the air/fuel ratio changes. CO is produced by lack of air (lamda less than 
1.0) and by quenching of the flame against cool surfaces. It Is minimally af- 
fected by changes in gas composition if the air/fuel ratio is constant. The majcx 
source of HC is the dearance at the top-land of the piston. HC emissions tend to 
increase with leaner mixture because of lower temperatures and flame speed. 

Variations in gaseous fuel composition can effect the level of these pollutant 
emissions. The primary effect is due to variations in the Wobbe Index; this can 
affect the air/fuel ratio and thus engine out emissions. Given appropriate engine 
control hardware and software, reasonable variations in Wobbe Index have little 
effect on emissions from stoichiometric engines with three-way catalysts and 
dosed-loop feedback by means of an 02 sensor. This is because the feedback 
control system makes it possible to compensate for variations in air/fuel ratio. 

In addition to their effects on the Wobbe Index, differonces in the concentration 
of different hydrocarbons in the fuel can affect the spedes composition and reac- 
tivity of the HC emissions In the exhaust. This effect is of considerable regula- 
tory importance, since US emissions standards for vehicles limit emissions only of 
non-methane hydrocarbons (NMHC). The proportion of NMHC in the fuel directly 
affects the levels of NMHC emissions in the exhaust. 
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C.4.S Existing Gas Composit ion Guidelines for  Natural  Gas Engines 

C.4.5.1 Engine Manufacturers" Recommendat ions 

To ensure that t ~ i r  engines will work saUsfactorily and durably in end-use appll- 
caUons, engine manufacturers normally require information on the composition 
of the natural gas in tim location of use. They also issue recommended fuel 
specifications to guide users. Table C.4.2 lists recommended furl composition 
and combustion properties from a number of manufacturers. 

Table C.4.2 Recommended gas c ~  ranges by select natural gas engine manufacturers 
(SALE, 2001 and Detroit Dlese] ~ t l o n ,  1998). 

Componont Tolerance CAT Dual- Cummins Oeere Detroit Mack 
Fuel 

Hydrocarbons 
Methane Minimum 88.0% 90% 88% 85% 
Ethane Maximum 6.0% 4% 6% 11% 
C]+ Maximum 3.0% 
Propane Maximum 1.7% 5% 1.7% 9% 
C~+ Maximum 10.7% 0.3% 
C.~+ Maximum 0.2% 
Butane Maximum 1% 5% 
Cz+C3+q 11% 
lnerts (Nz, Range/Max 1.5-4.5% 3.0% to41~l 2% Nz 3% 
coz) co= 
Oxygen Maximum 1.0% 0.5% 

Maximum 0.1% 0.1% 0.1% 
CO Maximum 0.1% ,0.1% 
Su~ur Maximum i 0.001% by 22 plxn by 

m a s s  m a s s  

Mefflanol Maximum 0% 
Maximum 4..5% 
Range 1290 - 1365 1270- 1360 

Minimum 118 115 

Minimum 

OC)z+Na+Oz 
Wot~be Index 
(etu/scf) 
OcUme RaUng 
(MON) 
Meffmne 
Number (MN) 

Lower HeaUng 
Value 

Minimum 

Higher Heating Minimum 
Value 

( ~  
engines) 65 
for Plus 
Technoloqv 
43.7 m/kg 
for Plus 
Techndooy 
Engines 
965 Bm/scf 
(mmdard 
engels) 

~7 mW~ 
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Odcjinal equipment manufacturers (OEHs) place a very high value on maintaining 
customer satisfaction and the reputation of their products. OEH concerns about 
gas composition differ markedly between "natural gas vehicle OEHs," which pre- 
dominantly produce cars and light trucks using gasollne-derived engines with 
dosed-loop control systems, and heavy-duty "encjine OEMs," which typically pro- 
duce diesel-derived engines with lean-bum combu~on and open- or dosed-loop 
engine controls. While these two groups share common interests in the effects 
of gas composition on the integrity and reliability of fueling system components, 
they differ with respect to gas composition requirements for optimum engine op- 
eration. 

Engine OEHs are concerned with the effects of variability on engine performance 
and durability. Almost all engine OEHs have established formal or informal 
specifications of natural gas composition based on the tolerance to heavier hy- 
drocarbons that can cause engine knock, damage, or otherwise unacceptable 
performance. As shown in Table 2, some engine OEHs recommend very low 
levels of propane. Hinimum methane levels are also specified around 90 mole 
%, which falls near the national mean but which, like all constituents, may be 
subject to local and time-dependent aberrations. While engine OEM specifica- 
tions are designed to protect their engines from "worst-case" gas, most recog- 
nize the need for more detailed data on the effects of gas composition on the 
performance and durability of specific engine designs. 

Unlike engine OEHs, vehicle OEI~Ls have not generally developed In-house sped- 
fications for gas composition but have parUdpated in industry-wide forums such 
as the Auto/Oil Air Quality Improvement Research Program. Gas composition 
vadatlons have less pot~nUal to seriously affect the operaUon or durability of 
stolchlomebic engines with dosed-loop control, so their concerns are more re- 
lated to the reliability and safety of fueling systems and to gas composition 
specifications used in emissions certifications testing by CARB and the U.S. EPA. 

The concern regarding certlficaUon testing relates to bhe way in which closed- 
loop engine controls function. While such systems have adaptive learning capa- 
bility, an engine must warm up before such controls can become effective. The 
first few minutes of operation are based on preprogrammed values for fuel com- 
position, similar m the normal operating mode of open-loop engine control sys- 
l~ms. If the cerUflcaUon test fuel differs from what is assumed, the starting air- 
fu~ ratio could be Incorrect and degrade test results. The relative prolxxltm of 
specific hydrocarbon components may also influence emissions directly in some 
engines. The Impacts of variations In the specific components such as ethane 
and propane have not been established but have received the attenUon of some 
recjulators. 
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Overall, from the perspective of OEMs, both vehide and heavy-duty engine 
manufacturers, tightly defined certification gas compesYdons are important to the 
task of designing engines and controls systems that meet the requirements of 
current cel~cation testing protocols. 

C.4.5.2 Existing Gas Quality Standards For Natural Gas Vehldes 

An effort to develop national standards for compressed natural gas (CNG) was initiated in 
1980 by the American Gas Association (AGA) Methane Powered Vehicle Systems Committee. 
Some of the industry groups involved in vehicular compressed natural gas composition issues 
Indude the Society of Automotive Engineers (SAE), American Society for Testing and Materials 
(ASTH), Natural Gas Vehicle Coalition (NGVC), National Rre Protection Association (NFPA), 
and the U.S. ConsoYdum for Automotive Research (USCAR). As a result of these and other ef- 
forts, a recommended industry practice was established (SAE 31616) to accommodate the re- 
quirements of NGV engine and vehicle applications: 

V 

V 

C4.5.2 .1  SAE 31616 

Subject to periodic review and updating, SAE J1616 was issued in its current version in 1994. 
As a recommended practice, it is the basis for ongoing education, debate, and discussion 
among indust~ groups. SAE 31616 recommends specific fuel properties at t~e fueling station 
dispenser, as the CNG is delivered to the vehicle, not as it arrives at the fueling station. It 
places considerable emphasis on physical and chemical properties that can contribute to corm- 
sion in cylinder and fueling system components. Recommendations that impact engine per- 
formance and emissions include: 

~rbon D~xl~: Corrosive environments for fueling system components and cyl- 
inders is co~o~lled via recommendations on limited water concentration, so no 
limits are required on the concentraUon of CO= for this purpose. However, a limit 
of 3.0% CO2 by volume is recommended to help maintain proper stotchlometw. 

~ j ~ 7 . ~ :  The total content of sulfur compounds, Including odorants, 
would be limited to 8-30 ppm by mass to avoid excessive exhaust catalyst poi- 
soning. 

Pressure hydrocarbon dewooint temuerature: SAE 31616 notes that propane 
injected into natural gas by uUllties for peakshavlng purposes raises the possibil- 
ity of hydrocarbon liquid condensation under certain CNG operaUng pressures 
and temperatures. If  an excessive amount of propane "drops out" of the fuel 
and subsequently returns to gaseous form as the tank pressure is drawn down, 
elevated levels of propane can be delivered to the engine, causing vadaUons in 
the fuel Wobbe Index and posing the risk of engine kJlod~ To minimize such 
problems, SAE .116t6 limits propane content in gas delivered to the vehide such 
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that the potential liquid formation not exceed 1% of the cylinder volume at pres- 
sures between 800 to 1200 psig and at the lowest published monthly ambient 
temperatures for the local fueling station. 

Wobbe Index: Variability in t ~  Wobbe Index affects most significantly engines 
that are not equipped with dosed loop cont~ls. A Wobbe Index range of t300 
to 1420 Btu/sd is recommended, although a range of 1200 to 1250 has also 
been found acceptable for use on current equipment in high alUtude areas. The 
recommended range, typical of most U.S. natural gas, would allow maximum 
vadaUon from nominal air-fuel ratio of about 13.7% which is comparable to the 
range in variation of gasoline density. 

The resistance of a fuel to autoigniUon is a fundamental fuel char- 
actertsUc. No recognized test method presently exists for the determination of 
Motor Octane Number (MON) of natural gas. No specific recommendations are 
given on the MON rating of natural gas. 

C.4.5.2.2 Emissions CertificaUon Test Fuels 

Federal and state agencies involved in certifying vehicles and engines as meeting 
emissions standards specify the composition of b ~  fuels to ensure consistency 
and repeatability of bsst dam. The California Air Resources Board (CARB) has 
published cerUflcaUon test fuel spedficaUons for CNG, and the U.S. EPA has s~mi- 
lar specifications. Such spedflcaUo~s, which are designed to represent typical In- 
use gas composit~ns, specify hydrocarbon, oxygen, and inert as concentraUons. 
CertiflcaUon test specificabons are of obvious importance to manufacturers, I:xJt 
they have limited pracUcal importance to vehicle operators and fuel providers. 

CARB has gone one step further in publishing specifications for commerdal CNG 
motor fuel sold to vehicles In the state. The CNG spedflcaUon took effect on 
January 1, 1993. CARB's spedficaUons are subject to change based on availabil- 
ity of additional data on the effects of gas composition on emissions perform- 
anoe. CARB CNG specification are compared with SAE J1616 guidelines and fuel 
requirements of typical heavy-duty engine manufact]Jrers in Table C.4.3. 

v 

Table C.4.3. Compadson of CNG Fud S ~  and Guidelines for Selected Cornpoc~m~. 
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SoedflcaUon 
Methane 
Ethane 
propane 
C4 and higher hydrocar- 
bons 
Wobbe Number 
l-lydro~n 
Carbon Monoxide 

Water 
~ l a ~  matter 
Total Sulfur 

1I 

12 

1300-1420 L~ 

Ermine OEMS 9 
>87% min. 
4-8% max. 
1.7%-3.0% max. 
0.7-2.3% max. 

1270-1365 

ou *0 

88.0% min. 
6.0% max. 
3.0% max. 

0.2% max. 

N.S. 
No limit 0.1-2.0% mac 0.1% max. 
3.0% 0.1% max. 0.1% max. 
Below comlx~on 0.5-1.0% max. 1.0% max. 
14 r 

<S micron N.S. Ls 

N,S. g ; I gr/t00 sd 16 ppm 

V 

C.4 .6  S u m m a r y  

The body of work dted above indicates that the influence of gas composition on 
engine behavior can be adequately characterized by two measures: the Wobbe 
Index and the methane number. The Wobbe Index is a measure of the fuel in- 
terchangeability with respect to its energy content and metered air/fuel ratio. In 
engine applications, changes in the Wobbe Index are proportional to changes in 
stotchlome~c air-fuel raUos. Stoichiometric gas engines with dosed loop engine 
control syst~ns can maintain adequate performance and emissions over the 
range of Wobbe Index currently exp~enced in the United Stabes by sensJng the 
oxygen conLent in the erKjine exhaust and adjusting the air-fuel ratio as required. 
I t  is currently more difficult to apply dosed-loop electronic conb'ol systems to 
lean-bum engines since the range of oxygen content in the exhaust requires 
sensors that are different and more expensive than those applied in stolchiomet- 
ric engines. However, promising sensors for lean-bum engines are entering 
commercialization and all major engine manufacturers are currently offering lean 
bum engines with dosed loop controls. In general, new engines with dosed 
loop sysbems are relatively tolerant of changes in fuel compos lUon.  

In contrast, open-loop engine conbol systems that use a predetermined "map" of 
load and speed to determine the engine fu~ Injection requirements are less tol- 
erant of changes In fuel composition. A specified fuel composition must be as- 

V 

* Based c= limlted daut; requiretmmts for dlescl-derlved e ~ i = ~  
,o C_.alifomia Air ~ Board, commercial fuel specificafioa for CNO. 
" In lieu of  specific h~lmcarbo~ ccmceutrafions, SAE J 1616 specifies a Wobbe Numbe~ for e~crgy co~- 
tent. 
12 Limited by pressure ~ dew polnt llmit for local climate. 
'] SAE J1616 notes that a Wobbe N ~  of 1200 to 1250 hM ~ foun¢l a c c ~ l e  in high-altkude &- 
(~18. 

t, Limited by pfesmm dew point temperature for local climate. 
ts Not spccific<L 
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sumed to generate this "map" and, omsequently, open loop systems are unable 
to adapt to variable gas composition and other operating factxxs. 

Gas delivered In the Narrow Range (1289 Ix) 1383 Wobbe) will most likely not 
pose any problems in terms of engine performance or emissions for existing or 
new stoichiemetfic and lean bum engines. Gas delivered in the Medium, Broad 
and Asymmetric Ranges will most likely be problem free on the high end for 
stoichiometric engines with dosed loop controls based on comparison to the SAE 
31616 guidelines. However, the low end of both the Asymmetric and Broad 
Ranges are significantly below the lower limit of the SAE J1616 guideline of 1300 
Wobbe for light duty stoichiometfic engines. The lower limits of the AsymmetTic 
and Broad Ranges are also significantly below the lower limits of the heavy duty 
lean bum engine manufacturers guidelines. The high end of the Broad Range is 
significantly above the higher limits of the heavy duty lean bum engine manufac- 
turers guidelines. A significant percentage of the existing population of gas en- 
gines in power generation and pipeline compression applications utilize open loop 
control systems. There is currently insufficient data on the potential impact on 
emissions and knock sensiUvity of the Medium, Broad and Asymmetric Ranges. 
Testing of these ranges on larger engines with open-loop conb~l systems would 
be invaluable, particularly for the large bore 2-cycle engines used for pipeline 
compression. 

Since the Wobbe Index disregards the different combustion properties of meth- 
ane, propane and ethane components, it is not useful as an indicator of the 
knock resistance of the fuel. If the Wobbe Index remains constant, a change In 
the gas composition will not lead to a noticeable change in the air-fuel ratio and 
c o m b ~  rate. But this ohange in composition may change the volumetric en- 
ergy content and knock resistance of the mixture. Knock, or detonation, can be 
extremely damaging to an engine. Knock occurs when there is uncontrolled 
combustion proceeding along a flame front initiated at ttm spark plug. The 
knock resistance of the fuel Is a function of the fuel composition. Methane has a 
very high knock resistance. The heavier hydrocarbons in natural gas, suc~ as 
ethane, propane, and butane have lower knock resistance and thus reduce the 
overall knock resistance of the fuel. 

Stolchlometrlc engines with dosed loop engine controls have the ability to adapt 
to moderate changes In Wobbe Index and, to a certain extent, antiknock fuel 
properties. However, it Is important to note that published test results on per- 
formance and emissions have been limited m normal variations in gas composi- 
tion. For this reason, it would be premature to assume that such engines are 
immune from serious performance effects from elevated levels of propane and 
ethane. The case is much dearer for lean bum diesd-dedved engines. Their 
greater sensitivity to these higher hydrocarbons poses a potential threat to en- 
gine performance and durability. 
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Concerns about knock damage have prompted heavy duty engine manufacturers 
to set limits on propane of 3% or lower. These levels are not temperature re- 
latod and are much lower than the SAE .11616 guidelines for preventing hydro- 
carbon liquid condensation in engine fueling systems or NGV cylinders. Levels 
exceeding the maximum set by engine manufacturers are possible, though not 
common, in regular natural gas sup[dies and would certainly be exceeded in a 
propane-air peak_d~avtng situation. Further quantification of the effects of pro- 
pane levels on both stoichiometdc and lean bum engines are needed and may 
influence future revisions of allowable propane limits. High ethane levels may 
also contribute to engine knock and damage in lean bum engines. Allowable lim- 
its set by engine manufacturers are in ~ range of 4% to 8%. However, insuffi- 
dent experimental results and field experience with elevated ethane levels make 
It difficult to draw conclusions about the severity of engine impacts and the ex- 
tent and duration of unacceptably high levels of ethane at specific locations. 

With increasingly stringent emissions standards, both stolchiometric and lean 
bum engines need to be ~ more often with catalytic exhaust aRe~eatment 
systems. The stoichiometdc engine utilizes a three way catalyst that Is capable 
of simultaneously reducing NOx and oxidizing CO and HC. Air-fuel ratio, fuel 
composition, and exhaust temperature all have major impact on the performance 
of the catalyst. To overcome the effect of fuel composition variations, the en- 
gine cont;ol systems will need to respond to these changes and still maintain air- 
fuel ratios within the narrow window (which also narrows with catalyst ageing) 
required for good conversion efficiency. 

On a lean bum engine, an oxidation catalyst is o f ~  used to reduce CO and HC 
emissions. Methane In particular Is difficult to oxidize, and is even more prob- 
lemaUc in lean bum engines with relatively low exhaust temperatures. Typical 
values for methane reduction in a lean bum oxidation catalyst are as low as 30 
to 50%. Even b~ relatively low values of sulfur found in natural gas odorants 
can poison oxidation catalysts, further reducing the level of methane reduction. 

V 
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Appendix D 
Monitoring Interd~ngeabllity and CombusUon Fundamentals 

Edgar Kuipers, 
Shell Trading 

The definition of interchangeability is linked to combustion issues. In this 
appendix on interchangeability parameters we will therefore also limit ourselves 
to combustion issues. The impact of a change in gas supply on feedstock plants 
and infrastructure will be discussed separately. 

Interchangeabllity was an Important issue at the start of the natural gas 
business, as in most places natural gas was introduced as a replacement for 
manufactured gas. Manufactured gas was made by heating bituminous coal in 
the absence of air. The knowledge gained about interchangeability at that time 
has later been used for and adapted to design specifications for the use of 
LPG/air mixbJres for peak-shaving and the blending of rich locally produced gas 
with lean gas supplies. Most gas quality specif'~ations used today are based on 
the interchangeability research done 10 - 50 years ago. 

v D.1 "first prlndples" of Combustion 

Combustion devices uUlize natural gas to produce heat for a variety of purposes, 
from home cooking to power generation. The combustion properties of natural 
gas depend on the mode In which the fuel is burned and espedally on the 
amount of air available foe combustion, leading to following burner 
categodsatlon; 

Diffusion and Partial ore-mix Burners: 
]n conventional or diffusion burners, fuel and (part of bhe) air are fed separately 
Into the flame zone. The picture below shows a schematic diagram of such a 
conventional 'Bunsen-type' burner. Pressurized gas flows through the orifice of a 
nozzle Into a venturi where the primary air Is Inl~duced. Fuel and primary air 
will mix while accelerating through the venturi and enter Into the primary 
combusUon zone. In the primary combustion zone the fuel will be partly 
¢ombusted ~ the premlxed primary air. In the secondary combustion zone, 
the combustion process will be completed with secondary air that diffuses into 
the flame front 
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Diffusion and partly we-mix burners are common In residential and industrial 
burners and in older power generation plants especially those built prior to 1990. 
Diffusion mode combustion is also common in industrial boilers and certain 
appliances. Rames burning in diffusion mode tend to have a part~ yellow color. 

Lean Dremixed burners: 
In lean-prernixed burners, the fuel and all of the combustion air are mixed 
upstream of the combustion zone. The amount of premlxed air sets the fuel-air 
ratio at which the combustion takes ptace, allowing control of combustion 
temperature, CO and NOx formation. 

Modern, low emission burners such eg used in power generation plants operate 
in lean premixed mode. 

Inted~naeabilitv concerns: 
As the purpose of determining and requiring the inten:hangeability of fuels is to 
ensure continued operability of burners for different fuels, it is important to 
understand the combustion charact~stics that can be affected by fuel 
cornposit~3rt. 

Typically, discuss/ons of the interchangeability of gases have addressed the 
following characteristics: 

Q 

Flame shape and stability (both of which are related to flame speed) 

Flame color 

Combustion efftdency 

Rue gas compusit~m (CO2, NOx, CO, water) 

In this section we will provide a basic undestandlng of those combusUon issues 
for the different types of burners. We will then use this basic understanding to 
discuss the impact of gas composiblon in mere detail. Combustion of gas 

v 
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however is a very complex process and thus first principles will not be fully 
sufficient for a thorough understanding of all aspects. 

The thermal input (btu/hour) or gross b%=rmal load of a burner, Q=u, wilt be 
mainly determined by the design and setting of the burner as well as the gas 
composition. In this chapter we will assume that b~ des/gn and setting are fixed 
and only focus on the remaining impact of gas quality. 

The gross thermal load of a burner can be written as: 

Q~  = HV * Qv (1) 

where HV is the gross calorific value (btu/scf) of the gas and Qv is ~ volumetric 
gas flow rate (sd/hou0. 
At constant pressure the volumetric flow Qv through the orifice of a nozzle is 
inversely propor'donal to the square root of the relative density G of the gas 1. 

o: 1/4G (2) 

Where the relative density is defined according to ISO6976 as the ratio of the 
density of a gas to the density of air under the same stated conditions of 
temperature and pressure 2. 

Combining (1) and (2) above results in the following relation for the thermal 
burner load: 

oc HV/4G (3) 

Goffredo Wobbe was the first to describe this relaUonshlp 3 4 and t~us the 
following has been defined as the Wobbe index: 

w = HV/VG (4) 

Combining this definition with (3), leads to the conclusion that ~ t ~ c m a l  
J~wrner loaed is directfy related to the Wobbe lndex of  the fuel gam 

= Prlzckor~ Gu 2 =r,d Coemor, ln, d ~ i z d  Gm UZHiz~on 1977, ISBN 0-85933-039-2 
z/SO 6976 
3 Mon~.B,,ll" sck~lz Y~. Gas- u. Woxser[ock (1927), 7, 277-8 
41r, d Gm ~q~dolli. (Rome) (1926 

3 
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The air supply (whether natural draft, forced, primary Or secondary) will be 
mainly determined by the design and setting of the burner. Once those have 
been set, the air supply is fixed and will not be influenced by the gas quality. 
Thus for the discussions in this chapter on the impact of gas quality, we can 
assume the air supply to be constant. 

Equivalence ratio; 
As we will show later on, the most important single parameter for combustion 
performance is the so-called equivalence ratio, 1-1, defined as the amount of air 
required for complete combustion of fuel supply, divided by the air supply to the 
combustion zone, or in other words the air-requirement/air-supply ratio. 

~ . -  Fair, st/Fair, act ( 5 )  

in which Fair, st is the volumetric stoichiometric air requirement (scf air/hour) and 
Fair, act is the volumetric actual air supply (scf air/hour) to the combustion zone. A 
stoichiometric fuel/air mix has O=1, whereas a mix with excess air ha.s I-1 <1. 

properties of AlkanesS: 
The main components of natural gas are alkanes (methane, ethane, propane, 
butane, ...) and inerts. Both the calorific value of alkanes as well as the amount 
of air required for stoichiometric combustion (volumetric air/fuel ratio at O - 1 )  
increase with carbon number as is shown in the following graphs: 

5000 

4000 

3000 

> 2000 

1000 

; ~ ! . " . ~ .  .'~- ~ i :  

i l i ~ i~  ~ t<-ii:ii 

i~i=~I°i i"~ 'I i :  i~i ..... .'i 

i i  . I ~  . . . .  • ," 11 ~ ,  

I .... "~ ~'~ ~ 

~ ! i ! - " -  ~-. =I 

• I "  ~ . "  ~" ~ 

~ ae~."~ t ~ "~. . . . .  ti1.~ 

. ~,,~ i,~.: ~ ~ -~ ~ ~ . ~ ~ ~  
N . N  = ,  "~NNi g ~  

5 Alkanes (also known as paraff ins) are saturated hydrocarbons with general  f o rmu la  C~I2.  + 2 
where n is an integer eg Methane, ethane, propane, butane. 
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But one of the peculiar properties of alkanes is that the volumetric air/fuel ratio 
at ~ - 1  divided by the calorific value, ie the amount of air required for 
stoichiometric combustion to release a specific amount of heat, stays almost 
constant independent of carbon number to within 5% from methane up to 
pentane as shown in the next plot- 

10.00 

= 8.00 
t,.l 

o 6.00 
L 

~t 

. - - .  4.00 

= 2.00 

0.00 

~ ~ ~  ..... ~,...~ 

This means that the stoichiometric air supply requirement, Fair, st, for an alkane 
mixture is directly related to the thermal burner load, QBtu" 

Fair, st - c * QBtu ( 6 )  

Where c is a constant (scf/btu) and the air stoichiometric air requirement to 
combust 1 btu of alkanes. 

Equation 6 can be rewritten as, by replacing Qbtu for the Wobbe index, W" 

Fair, st oc W ( 7 )  

This tells us that the stoichiometric air requirement is directly related to the 
Wobbe index. 
Combining equations 5 and 7, we get the following for the equivalence ratio" 

--  Fair, st/Fair, act oc W / F a i r ,  act ( 8 )  

As discussed above, substitution of one gas for another should not have any 
impact on the actual air supply to the combustion zone, so Fair, act is independent 
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of the fuel composition. When substituting one gas for the other the relative 
equivalence ratio can now be written as: 

= w___, (o) 
w2 

Thus for the interchange between an adjustment gas and a substitute 
gas, consisting of alkanes and Inerts, the relative equivalence ratio is to 
a very good approximation given by the Wobbe index ratio. 

D.2 First prindples applied to combustion performance and 
interchangeability 

v 

D.2.1 Flame Temperature: 
The flame temperature will depend directly on the equivalence ratio. At low 
equivalence rabo's (~<1,  le excess air) all fuel is likely to be consumed but the 
energy that is released in the process will have to heat the excessive amount of 
nitrogen and air resulting in a relatively low flame temperature. At: some point, 
the lower flammability limit, the equivalence raUo becomes too low for 
combustion to take place. 

As the amount of excess air is reduced, moving closer to stoichiometry (~=1),  
there Is less excess air to heat, leading to an increase of the flame temperature. 
However once the equivalence raUo increases beyond stoichiometric point 
(~>1)  there is not suffldent air for complete combustion and thus the flame 
temperature will drop again. This is schematically shown in the following 
diagram: 

V 

! 
0 

~ A k "  E.tceee F t a i  

! 

1 

Equivalence Ratio, 4) 

6 
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The importance of the equivalence ratio for flame temperature is exemplified by 
the small differences in adiabatic flame temperature for the various alkanes as 
shown in the next table for #=t: 

Adiabatic Ran~ Temperature (F) for q~=l 
Methane 3484 
Ethane 3540 
Propane 3573 
Butane 3583 

D.2.2 Flame Speed; URlnglRashbadc 
The flame speed is very relevant for the combustion performance, as it is one of 
the factors that determine flame shape and stability. 

The flame speed can be linked to the flame temperature and thus also depends 
on the equivalence ratio. The highest laminar flame speed is achieved for a 
fuel/air mixture that is slightly above stoichiometry, as shown schemaUcally in 
next picture. 

i 

0 1 

Flame Temperature 

Flame Speed 

Equivalence Ratio, • 

V 

The importance of the equivalence raUo for flame speed is exemplified by the 
differences In laminar flame speed for the vadous alkanes as shown in the next 
table for ~=1: 

Laminar P, ame Speed (c/s) ~r ~1  
Methane 38.3 
E~ne 40.6 
Propane 42.3 

42.6 

7 



Jnofflclal FERC-Generated PDF of 20060414-0200 Received by FERC OSEC 12/06/2005 in Docket#: RP04-249-001 

200506305008 Received FERC OSEC 06/30/2005 10:43:00 AM Docket# PL04-3-000 

~ ~ ~ Na~-al Gas m t e r c ~ j e a ~ l ~  
And Non-Combust~ End Use 

F.zld bit NO. FGT4 
Page 194 ~4 250 

v 
The flame speed determines the flame shape and stability, as at a stable flame 
front the flame speed and flow velocity have to be in balance, see next diagram: 

L 
F l a ~  SP~d JI 

An increase in flame speed will cause the flame to move upstream into the 
bumer tip. For premixed flames in the extreme case this can even lead to the 
flame moving inside the burner causing so-called flash-baclc 

A decrease of flame speed will cause the flame front to move further 
downsb'eam of the burner, also called liffing. In the extTeme case the flame 
speed will always be smaller than the flow speed and thus the flame will blow-off 
and extinguish. 

Experimentally by the Gasunie have shown that at constant equivalence ratio a 
variation in the natural gas composition only has a small impact on ~ flame 
speed 6. Thus the impact of a change in gas composition on flame speed is 
mainly dictat~=d by its impact on tt~ equivalence ratio. Or In other words the 
impact of gas quality on flame speed is relatecl to the Wobbe index. The lower 
order corrections on the Wobbe index can become relevant in lean premixed 
combustion especially when operating near the lower flammability limit of the 
fuel. The Wobbe index also falls short if the natural gas c o ,  Ins non-alkane 
components such as e.g. H2, oleflns or 02. 

In summary, the flame speed of an alkane/alr mixture is almost solely 
determined by the equivalence ratio and as such is directly related to the Wobbe 
index. 

~ A.Hoven a~l H. Levtnsky; IntemaUonal Gas Research Coherence 1998 Proceedings p 7. 
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0.2.3 NOx miss ions 

In t ~  combustion process, relaUvely small amounts of nitrogen oxides (NOx) are 
formed. NIl~=m oxides are mainly composed of nilTIc oxide (NO), a colorless 
gas, and nitrogen dioxide (NO2), which is a brownish gas that can be visible in 
the exhaust plume. Although in the past the impact of gas quality on NOx 
emissions was generally not spodfically addressed, presently NOx emission levels 
have become an important performance indicator and regulated pollutant, which 
must be taken Into consideration when discussing interchangeability. 

NOx is generat~=d during combustion of hydrocarbon fuels through a variety of 
mechanisms. We will discus the two NOx formation mechanisms that are most 
relevant for t ~  combu~on of natural gas; the Zeldovich and Fenirnore 
Mechanism; 

Zeldovich or ~ r m a l '  NOx 7 is created through the oxidation of N2 introduced 
with the combustion air. The thermal mechanism consists of three elementary 
reactions: 

0~ ~0+0 

O+ N2 .--~. NO+ N 

N +O2 .--~ NO +O 

02 + N2 -.e 2NO 

The activation energy for this reactk~ is very high (0.137 MMBtu/Ib-mole) and as 
a consequence this reacUon is s ~ l y  dependent on the flame temperature, 
and only occurs at temperatures > 3950 OF. As discussed earlier on the 
equivalence ratio has a strong impact on the flame temperature, an increase of 
air SUl~Y above stoichiometrlc requirements will reduce the flame temperature 
and thus the NOx formaUon via thls Zeldovich mechanism. Lean-premixed Low 
NOx burners typically operated at a equivalence ratio of -0.6. 

The third mechanism is called the Fenimore mechanism: 

7 Zeldovich, Y. B., P. Y. Sadonik.ov, and D. A. Frank-Kamenetsldl, 1947: Oxidation of n i ~  in 
combus~n (M. Sl~ef, Transl.). Acad. Sd. USSR, Inst. Chem. Phys., l~scow-Lenlngrad. 

9 
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CH + N 2 --~, HCN + N 

N +O2 --+ NO+O 

HCN +0--.> NO + CH 

02 + N2 ~ 2NO 

The acUvaUon energy for the Fenimore mechanism is quite low (90 kJ/rnol) and 
as such can be t ~  dominant NOx formaUon process at lower temperatures. The 
NO formed via this mechanism is also called 'prompt NO' as it is mainly formed in 
the early stage of combustion, where hydrocarbons are still present. This is a 
similar reaction mechanism to 'thermal NO' but catalyzed by the presence of CH 
as shown in the above reaction equations. The Feflimore reaction will be more 
significant under fuel-rich cond~ons. 

V i 

i 
F F e u l m r e  

I 
0 I 

Equivalence Ratio, @ 

Flame Temperature 

NOx emissions 

V 

Summarizing, there am various NO, formation mechanisms, of which 
the Zeldovich mechanism Is the most I m l x x ~ n t  one for natural gas 
fired burners. The Zeldovldt mechanism has a high ~ U o n  energy 
and as a consequence the reaction rate will strongly depend on the 
flame temperature, which Is almost solely detm~ined by the 
equivalence ratio. The influence of gas quality Is therefore mainly via 
the equivalence ratio. H e m ~  at constant equivalence ratio, a vadaUon 
In the natural gas compositJon only has a second order impact on the 
amount of NOx formation. 

10 
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D.2.4 CO miss ions  

Incomplete combustion of natural gas can result in the presence of Carbon 
Monoxide (CO) in the exhaust gases. The presence of CO in exhaust gases is a 
health and safety issue, as CO is highly toxic (50 ppm permissible exposure 
limit). CO levels in exhaust gases should therefore not exceed certain limits a. 

In partially premixed Bunsen-type flames, the post-flame-front gases are in 
dlernicat equilibrium. The CO equilibrium values will depend strongly on the 
equivalence ratio and the CO concentration will Increase with an Increase in the 
equivalence ratio. There is however also a second order dependence on the C/H 
ratio of the fuel as the amount of carbon In the combustion zone at a fixed 
thermal input will slighUy increase with C/H ratio resulting in higher CO 
emissions. 

Most'of the 'equilibrium-CO' will bum out to CO2 further down stream where it 
comes Into contact with secondary air, but some CO will slip through and end up 
in the flue gas. An increase in CO equilibrium concentration will lead to an 
increase in CO in the flue gas. 

Increased CO can also result from excess air, as excess air can quench the 
combustion process and as a consequence not all CO Is fully oxidized to C02. 
This can also be linked to flame llft and possible fuel slippage around the sides of 
the flame. 

Both phenomena are shown in the following schemaUc diagram: 

i 

0 

| | 

I 
l 

CO emlmslons 

Flame Temperstum 

Equivalence Ratio, • 

V 
S Amerlc~n N~ffonaI Standa~d ANSI Z21 & ANSIZ83 

11 
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V The Influence of gas quality is again mainly via the equivalence ratio, 
set by the Wobbe index. At constant Wobbe index a variation in the 
natural gas composition only has a very small impact on the amount of 
CO formaUon'. 

D.2.5 Soot/Yellow Tipping 

Another relevant issue for combustion performance is the flame color, which can 
change from blue to yellow. Natural gas burners are usually adjusted such that it 
produces a flame that Is mostly of a blue color. However a change in equivalence 
ratio might change the flame Up to yellow. The figure below shows a properly 
adjusted burner with a blue flame whereas the second picture shows an ill- 
adjusted burner with yellow tip. 

Yellow tipping is caused by the formation of soot in the primary flame front. 
Yellow tipping in itself is not necessarily a concern, as the soot formed in the 
primary flame front will subsequently be burned in the secondary flame front. In 
some appliances yellow tipping is even desired for decorative reasons, e.g. log 
fires. However in some cases (e.g. extreme yellow Upping or quenching on heat 
exchanger) the soot might not fully bum and thus cause soot deposits, which 
affects equipment performance as well as its useful life. 

Soot formation and yellow Upping is a complex Ixoce~ related to the 
equivalence ratio. An increase of equivalence ratio will increase the tendency for 
yellow Upping. However, since different alkanes have different tendency to soot, 
the equivalence ratio atone is not sumdent to describe yellow Upping. Fuel 
composYdon is also a factor. Generally yellow Upping tendencies have beem 
determined using empirical parameters developed by AGA and bhe Bureau of 
Hines and which will be discussed in a later secUon. 

W 

J Presentation Pro/H Levlmky,' Interchangeabilizy form .first principles ', NGC meeting DC July 
2004. 

12 
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D.2.6 Zmpact of gas composition on combustion performance 

The equivalence ratio is an Important parameter that influences combu~on 
performance. The impact of gas composition on NOx emissions, CO emissions 
and shape and stability of natural gas flames can boa large extend be explained 
via its impact on the equivalence ratio. 

As the air supply to the combustion zone is dependent on the individual 
equipment design and independent of the gas composition, then the impact of 
gas quality is dictated by the Wobbe index. 

The exact Impact of a change in Wobbe index will however very much depend on 
burner type. We will differentiate the following categories: 

1] Partially premixed burners (q)>t, i.e. excess fuel): 
The majority of household appliances in the US use partial premixing, resulting in 
(I)>1 for the primary combustion zone. A decrease in Wobbe index will shift the 
equivalence ra~o in the primary combustion zone deser to stoichiometry, 
whereas an increase will shift the equivalence ratio in the primary combustion 
zone away from stoichlomet~ as shown in the next graph. This does not 
represent the impact on the secondary combustion zone. 

2] Lean premix burners (~<1, I.e. excess air): 
Modem appliances, e.g. condensing boilers, move away from the above 
mentioned partial premlxed ((p>l) to lean-premixed (q)<l) in order to achieve a 
better environmental performance (optimum balance between NOx and CO 
emissions). 

3] No premix: 
Most Indus~ial flames are not premixed. As a consequence most of these 
txJmers will operate dose to stolchlometry at qP, O.8-0.9. Also, whereas domestic 
burners will produce laminar flames, some InduslTial burners will produce 
turbulent flames with combusl~n at near s t o i c h i o ~ .  

W~Dbe ~ W~3be I ~  

i 
~ C O e m b s l o n  

NOxemiuion 

0 | . ~  

Equ~alenceRatio,@ 
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D.2.7 Impact of ambient conditions (temperature, humidity, elevation) 

Changes in ambient conditions will have an impact on the equivalence ratio. 

Humidity: The combustion air will contain water vapor. The relative humidity and 
temperature dictate the volume percentage of water vapor in the air as shown in 
the graph below. The graph shows that the amount of humidity in natural gas 
will fluctuate by a few tool% due to change in ambient temperature and relative 
humidity. As a consequence the effective air supply and thus the equivalence 
ratio will change a few percent. 

~:~'~~*~'--"~,-~,V.,~:--~:,,".~. ~ : I ~  .>::~.-:" ~ ' - .  ~ ,~~."  ~2 -~ 

. ~;~,,:~:~i~3~.~.~i!~}5,~~:t~i~!i!!~,~. 100% humidity] 

32 50 68 86 104 

Ambient Temperature (F) 

Ambient temperature: The temperature of the gas and air supply has an even 
stronger impact on the equivalence ratio than the humidity. If the temperature 
of the gas supply, Tgas (Rankine) goes up, its density and calorific value will go 
down with 1/Tgas, as a consequence the Wobbe index will go down with 1/'4Toas. 
The impact of a temperature change is shown in next graph, assuming 68F as 
reference point. A change of the gas temperature of +/-1OF will change the fuel 
supply by +/-1%. Similarly a change of combustion air temperature will change 
the air supply density. Especially in the case of preheating gas and/or air 
supplies, it is important to take this effect into account. Thus fuel specifications 
for gas turbines, on which pre-heat is common, will make use of a modified 
Wobbe index that incorporates this effect ~° ~ ~2. 

!o GEl 41040F, Process Specification, Fuel gases for combustion in heavy duty gas turbines. 
11 Specification ES9-98, Fuel air, and water (or steam)for Solar gas turbine engines 
12 217"0306 Gas fuel specification for Westinghouse W251, W501, WTOI series 

14 
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Elevation" The operation of appliances at high elevations can be complicated by 
the effect of reduced atmospheric pressure on the densities of combustion air 
and natural gas. Gas-fired appliances are designed for a given input rating at 
sea level, i.e., designed to burn a given flow of fuel specified in Btu/h. The air 
density decreases with altitude, and with it the oxygen concentration as well as 
the air density. The net effect is that at high altitudes, less oxygen is drawn into 
the combustion zone and thus less gas can be burned completely in a given 
time, so the fuel gas flow rate must be restricted. Traditionally, appliance input 
ratings have been derated by 4% for every 1000 f t  of elevation gain at 
elevations greater than 2000 ft. Effectively, this deration has required the use of 
smaller orifices at high altitudes to slow the fuel flow to the burner. However, 
deration by this rule may not be necessary for mid- and high-efficiency 
appliances, especially those, with power-assisted combustion, and the 
manufacturer's installation instructions provide the necessary duration 
requirements. The National Fuel Gas Code (ANSI Z223.1, NFPA-54)lists the 
following methods for deration: the 4% rule, local building codes, and 
manufacturer's specifications. 

D.3 Interchangeability Parameters: 

Over the past 50 years, a number of parameters have been developed 
throughout the world to address interchangeability. The following is a brief 
description of the major parameters" 

D.3.1 Wobbe index 

The equivalence ratio is an important parameter determining combustion 
performance. The impact of gas composition on NOx emission, CO emission and 
the shape and stability of natural gas flames can to a large extent be explained 
on the basis of equivalence ratio. The air supply to the combustion zone is 

15 
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independent of the gas composition. The impact of gas quality on fuel supply is 
dictated by the Wobbe index. 

Thus the impact of gas composition on CO emission, NOx emission and flame 
speed can be quite accurately estimated on the basis of the Wob~ index, 
without the need to take specific gas compositional aspects into account. 

However the Wobbe index does not provide a fully comprehensive description of 
Interchangeability for all applications, e.g. in case of yellow Upping the Wobbe 
index as such is not suffidenL The Wobbe index will also not provide a complete 
descdpUon of the interchangeabtlity for lean prernixed burners. For a more 
complete description additional parameters are required. Usually this is done by 
an additional limit on heating value or setting separate compositional resections. 
Examples of this will be discussed in section 5. 

D.3.2 Modified Wobbe Index 

In the fuel spedf'KzUons for gas turbines the Wobbe index takes a central role L~ 
H. There is only a slight difference in that commonly a modified Wobbe Index, 
Wmod, isbeingused:Wmod= HVneJ4CG*Tgas), where I'lVrd is the Net 
Calorific Value (NCV), instead of the Gross Calorific Value, and T~= is the Ranldne 
temperature of the fuel gas at the fuel nozzle inlet. The temperature correction 
reflects the fact that the fuel gas Is preheated prior to mixing with air In order to 
prevent condensaUon of liquids and increase the effldency of combined cycle 
plants and the impact this has on the fuel supply ratio as explained previously. 
Preheat temperatures usually vary from 80 F to 360 F. 

Sometimes the Modified Wobbe Index is also referred to as the Gas Index, 

Turbine manufacturers use HVn~ insl~ad of the I-IV used In the common Wobbe 
index, as flue gases will leave the turbine with water in the vapor phase. Thus 
the use of HV~ in the modified Wobbe index gives a berber reflection of the 
thermal burner load for a gas turbine with preheated fuel. 

Note that  the Modified Wobbe Index must be calculated using the 
temperature at the fuel nozzle inlet, not at inlet to the transmission 
and disl~l)uUon grid. 

0.3.3 AGA 

v 

13 GEl 41040G: S p e c i ~ o n  for ft~el gmes for comb~tlon ~ hcmO~t  2 gm turbine. GE l~bllcatlo~ 
14 S~.~ns W~tinshome Om Fuel spec~ca~om for W251, WSOI. WTOI serif, ,lune 2001 
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More than 50 years ago, AGA conducted extensive experimental studies on gas 
interchangeability. Tests were done on a specially developed Bunsen-type 
burner with partial premixing, the so-called AGA "precision burner'. Based on 
this experimental work several empirical parameters were developed to address 
Yellow 13pplng, Rame Lift: and Rash Back (flash back was relevant as the use of 
manufacbJred gas was still quite common). This work has been published in AGA 
Bulletin 36:5 ; Acceptable limits for the Ufting Index (IL), Rash-Back Index (IF) 
and Yellow Tip Index (IY) were determined. The indices are not absolute 
numbers but are based on a reference or adjustment gas that is typically 
representative of the historic gas serving a particular area. 

The following tables are copied from the AGA Bulletin 36 and provide AGA's 
empirical constants as well as the formula's required for calculation. Subscript's" 
denotes substitute gas and subscript "a" denotes an adjust gas. 

i 

• . . . . . . .  

I a t . 4 ~  0 . 0  , = ,  t I E  . 0.0  
I u e . ~  1 .11  • 

.. I . M  U.I t6  .. ~ =  

" " " ° 1  • . 
,~,~ SIAl 

' l % ~ l h a c = :  g . . ,  + +  • " " • • " ' - , 

~ = d ~ , r . ~ , s e ~ , ÷ ~ e ~ , t ~  " " " ' ' "  " " "  " "  " " 
• ".'.~r~ar~ ~ 8 d ~ . ~  r ~  ,,..~,~ . • • • 

" • • 1 0  ". .~ 

• , " . '  

V 
13 AGA Research Bulletin 36. Intcrchangeabilily o f  other fuel gases with natural ga~es, 1946. 
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Although the formulas in the tables above do not make this immediately dear, 
there is a link beLween AGA criteria and the Wobbe index and HeaBng Value of 
the gas. This can be exemplified by calculaUng the AGA parameters for many 
different natural gases and by plotting the data in a 2-dimensional plot with color 
reflecting a fail or a pass of the AGA interchangeabillty as done in the next 
graph. 

1440 

1420 

1400 

1360 

1340 

1320 

1280 
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1050 1100 1150 

HHV (m.~x~ 

Bqx~cmly dUm~ .~L u.1 mdemm~ 0~ &~ -N% ~-4% C3=0~% N2-0.75% 

V 

18 



Jnofflclal FERC-Generated PDF of 20060414-0200 Received by FERC OSEC 12/06/2005 in Docket#: RP04-249-001 

200506305008 Received FERC OSEC 06/30/2005 10:43:00 AM Docket# PL04-3-000 

qlW 

V 

White Paper on Natural Gas Intemharvj~bility 
And Non-C, omlmstion End Use 

E,bib,It No. r-G'r4 
Ptt~ 2t~ o l ~  

D.3 .4  Weaver /Bureau  of Mines 

In the 1950's while working for the U.S. Bureau of Hines, E.R.Weaver expanded 
the AGA test regime on liffing, yellow tipping and flash back, by adding separate 
paramet~'s for inoomplete combust/on, burner load and air supply. These 
included values such as flame speed and incomplete combustion. 

Below, are the formulas required to calculate the Weaver interchangeabUity 
indices: 

z) J, = 

is the Weaver index for air supply. 

2) J F = S , / S , - 1 . 4  J^+0.4 
Is the Weaver Index for flashback. For gases 
Interchangeable with respect to flash-back, ]F=0 

that are exactly 

is the Weaver index for burner load and is equivalent to a Wobbe index 
ratio. 

4) J~ = JA-0.366 R, / R, "0.634 
iS the Weaver index for 
Inten~angeability .~=0 

incomplete combustion. For exact 

s) JL= JA C s, / s, XlOO-q,)/ClOO- Q, ) 
is the Weaver index for IiRing. For exact interchangeability JL=I. 

6) .lv = JA-I+(N,  - N , ) /100  
is the Weaver index for yellow Upping. For gases that are exactly 
interchangeable, Jy=0 

As with the AGA calculations, the subscript "a" denotes the original adjust gas 
and subscript "s" the new substitute gas. The constants and factors in bhe above 
ind'~es are defined as follows: 

A = cubic feet of air required for the complete combustion of 1 cubic foot of gas. 
D = relative density of gas exlxessed as specific gravity referred to air as unity. 
S = maximum flame speed in a mixture of the gas with air, expressed as a 

of the flame speed for hydrogen 

S _aFo+bP,+c6+... 
A +5Z-18.8~+1 
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In which a, b, c, ... are the fractions by volume of various combustible 
constituents of the fuel gas, Fo,F~,F<,.. are corresponding values of the 
coefficient F listed below, A is the volume of air required to bum one volume of 
gas, and Z and Q are, respectively, the fraction by volume of inert gases, chiefly 
carbon dioxide and nibogen, and of oxygen in the fuel. 

V 

Gas 

Methane 

Gro6s 
Cakx~Ic 
Value 
(b*:u/sc0; H 
994.1 

Grav~y; D 

0.55 

requ~lent; 
A 

9.55 

Flame Speed 
Factor; Fa 

148 
Ethane 1757 1.04 16.71 301 
Propane 2535 1.56 23.87 398 
Butane 3330 2.09 31.03 513 
N2 0.97 
Carbondioxide - 1.53 

-4.78 1.11 ox~en 

Where: 
H = heating value of gas in Btu/scf. 
R = ratio of number of at~ns of hydrogen in all forms of combination in 
the fuel gas to the number of carbon atoms in the hydrocarbons. (carbon 
monoxide is excluded) 
Q = percentage of oxygen in the fuel gas. 
N = number of "readily liberated atoms" of carbon per hundred molecules 
of gas. All carbon 
atoms of unsaturated and cyclic hydrocarbons and all but one atom per 
molecule of saturabscl hydrocarbons are considered to be readily liberated. 
Hence, N represents the number of carbon atoms In hydrocarbons minus 
the number of molecules of saturated hydrocarbons. 

Although the formulas in the tables above do not make this immediately dear, 
there is a link between Weaver criteria and the Wobbe index and I-leaUng Value 
of the gas. This can be exemplified by calculating the Weaver parameters for 
many different natural gases and by plotting the data in a 2-dimensional plot 
with color reflecting a fail or a pass of the Weaver Inte~angeabillty ofterla as is 
shown in the next graph. From this graph it is dear that the Weaver 
Interchangeablllty criteria, can to a good extent be set by limits on the heating 
value and the Wobbe index. 

V 
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D,4 Setting gas quality specifications 

D.4.1 Selection of the Interdtangeabilitlf parameters: Wobbe, AGA or 
Weaver 
The impact of gas composition on CO emissions, NOx emissions and flame speed 
can to a laree extend be understood on the basis of the Wobbe index. This 
makes the Wobbo index a simple, easy to calculate and robust parameter to 
describe interchangeability. 

However, some of the empirical parameters such as the Weaver indices can give 
a more accurate description of several spedflc Interchangeability issues on 
partially pmmlxed Bunsen-type burners. The diagram plotted above shows the 
discrepancy between the Wobbe index and the various Weaver Indices. The 
d ~ n c i e s  will increase with a step-out on gas composition (i.e. step-out on 
heating value). The dlso~pancy for lifUng Is negligible. The discrepancy for 
incomplete combustion is small. The discrepancy for yellow Upping is significant. 
However, by adding an upper limit to the gross calorific value (GCV) the 
Interchangeabllity area is almost identical as that achieved by limit on three 
Weaver Indices for a mixture of alkanes and inerts. Instead of a limitation on 
GCV this can also be achieved by a limit on specific density or by imposing 
separate compositional limits. ]n the next section we will provide examples for 
each of these. The resulting shortcomings of the Wobbe index are especially 
small if compared to fluctuations In the system caused by e.g. humidity, 
temperature and equipment settings. 

Also note that although the Weaver indices give a better descrlpUon than U~ 
Wobbe index of specffk: issues for a specific type of burner, it does not cover all 
interchangeablllty issues for all types of burners. To that end many more 
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parameters would be required. For example the Weaver indices do not cover 
NOx emissions, nor do they accurately predict the Impact on lean premixed or 
no-premix burners. As such the use of the Weaver indices might depend on 
whether or not there is a specific interchangeability concem for a specific type of 
burner that sets the sb'ictest constraint (e.g. for Cove Point the CO emissions 
from papal ly  premixed domestic appliances were the main concern for 
Washington Gas Ught and as such the Weaver incomplete combustion was the 
most appropriate parameter). 

The advantages and disadvantages of a Wobbe index versus a Weaver index set 
are summarized in the next table. While focusing on the differences between the 
two, one should keep in mind that these differences are relatively small. 

q l W  

÷ 

Wobbe Index (combined with a limit 
on GCV or dense) 

• Gond genedc desa-iptJon of 
~nterct~ngeaUl~y 

• Simple, easy to use 
• Common ~ wodchede 
• Absolute numbers 
• N~ fully aa:wa~ on some 

interchangeabllity issues and 
some burners 

AGA or Weaver Set 

• Ao:urate des~p~on of zncomp~e 
GombusUo~, Uf~ng and Ye~k)w 
Tipping in partially pmmixed 
Bunsen-type burners 

• Not fully acoJra~ on some 
Inberdtangeability issues and s~ne 
burners 

• C~x.p~x 
• Relative to Adjusmlent Gas 

In the rest of this document we will mainly use the Wobbe index in our 
discussions, only referring to other parameters if specifically required. 

D . 4 . 2  " S h o r t  D u r a U o n '  l imi ts:  
I t  is quite common to I ~ u d o  dear guidelines for short duration excursions from 
standard gas quality spedflcatJons. Such guidelines can be very useful for 
following cases: 

• Gas process failure, providing temporary altemaUve for supply shut down 
• Peak demand, allowing temporary peak supplies (i.e. propane-air peak- 

shavers, LNG peak-shavers) that might not meet strict daily gas quality 
limits. 

V 

O.S In te rchangeab i l i t y  spedf lca f lons :  

D.5.1 - E x a m p l u  o f  I n tematJmta l  Zn te rd tangeab l l i t y  sped f l c~ lm ts :  
Much of the groundwork on interchangeabillty was done quite a while ago. 
IniUally every national gas company had it's own gas appliance test program to 
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come up with it's own Interchangeability criteria. In the USA, AGA and the 
Bureau of Mines leading to the AGA and Weaver indices did this work. In the UK, 
the work started with Gilbert and Prigg and was further improved by Dutton. In 
France, most of the work was done by Delbourg. A good overview of all this 
initial work has been provided by GRI t6. 

Previously it has been shown that the AGA, Weaver and Dutton 
interchangeability criteria can be viewed as 'corrections' to the Wobbe index to 
give a more accurate prediction of incomplete comtx~don, yellow tipping and 
lifting for partially premix Bunsen-type bumers. 

More recent interchangeability analyses draw on this eadier work, but recent gas 
quality specifications simplify to the basic Wobbe index range often with separate 
l im~ on gross calorific value and/or density. All the separate interchangeability 
indices are not induded. Below we will give a list with some examples. Note this 
list is by far from complete: 

Europe 
The gas transmission networks of all European countries (including UK) are 
interconnected with one another. However, all the counlzles have their own 
national gas quality spedflcations (see below). With the implementation of a 
single internal gas market in Europe, the existence of different requirements 
throughout Europe regarding natural gas quality have appeared to be a potential 
barrier for intemperabllity of natural gas networks. A pen-European joint industry 
task force (EASEE-GAS) has been addressing the need to harmonize gas quality 
specifications for cross-border trade and gas imports. In 2005 this joint-industry 
task force reached agreement on harmonized gas quality specifications and a 
phased implementation approach .7. The harmonized gas quality specifications 
use the Wobbe index as the Interchangeability parameter with following range: 

• Wobbe Max = 15.81 kWh/m3 (,,-1449 btu/scO 

• Wobbe Min = 13.76 kWh/m3 with targeted future lowering to 13.60 
kWh/m3 (~1246 Btu/scO. 

This reflects a +/-7.5% Wobbe range. EASEE GAS spedflca~s contain 
additional limits on relative density (0.555-O.700). There are, however, no 
separate I lm~ on Heating Value and/or hydrocarbon compositional limits. 

Germany 

V 

16 GRI-80/O021; P.T.Ha~ha. ILB.Edelman and D.H.Fr~ce, Catalo~e of  existing 
lnterchangeablllty predlction methods, 1980 

I~ EASEE-GAS CBP Gas Quality Hw'monlzation February 2005, http:/Avww.easee-gas.org/ 
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In Germany gas quality specifications are set by the Deutsche Vereinigung des 
Gas- und Wassedaches (DVGW) zB. Germany has two sets of I~-ansrnission 
networks, one for low (L) and one for high (H) calorific gas both with their 
separate Wobbe index and density ranges. 

Italy 
In Italy the gas quality specification are set by Snam Rete Gas the company that 
operates the natural gas pipeline network in Italy. Gas quality spedfications are 
set in their Network Code. The specifications provide limits for the Wobbe index 
as well as the density* 9. 

V 

Japan 
Japan uses re-gasified LNG as well as manufactured gas. The main gas quality 
parameter is the Wobbe Index. There are two different Wobbe index ranges with 
the selected range based on the specific metropolitan area. 

New Zealand 
A committee with mull~ple stakeholder representatives prepared a joined 
proposal for a gas quality standard. The New Zealand Standards council 
accepted this proposal in 19992°. The standard is based on the Wobbe index with 
a separate limit on density. 

Brazil 
In Brazil the gas quality specifications are set by the Agenda National do 
Petroleo. In 2002 the gas quality specification was revised. Separah= gas quality 
specifications are set for t~ree different regions in the country. The spedflcatlons 
are based on the Wobbe Index but include separate limits on gross calorific 
value. The spedflcatfons also include separate compos~o~al limits on methane, 
ethane, propane and butane zt. 

Mexico 
In Mexico gas quality specifications are set for the entire natural gas pipeline and 
dlsffibutlon network by the Secretary of Energy advised by the federal regulator, 
Comlslon Reguladora de F.nergla (CRE) and set in the NOM00t. In its 2003 
review CRE suggest~ to replace the odgnal compositional constraints (C3+ 
limits) in NOM001 with a more meaningful Hydrocarbon dew point and limits on 
the Wobbe index and the Gross Calorific Value. The proposal was accepted by a 

V 

" (;260, Tecbnl.w.be Regetn C.-~be~hq~en~it, Deutw.he gerelnlh, w,g a,., Gas- w~d Wat~facbeJ 
e.g.,January2000. 
"Network Code SNAM Rete Gas, bttp://wv~.snamretegas.lt 
Z° New Zealand Standard 5442: l~9 
21Agencla Naclonal de Petmleo, Portaria 104. 8,hdy 2002 
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large maJodty of the stakeholders and the new NOM001 became effective in May 
2004 zz. 

V 

EC 

Wobbe 
Index 
Ra .nge 
+/-7.5% 

Other 
P a r a ~  

de~W 

Reg~naVNaUonal 

B: ~port and 
cr~s-border 
trade 

Short 
Duratt~ 
Um~s 
No 

Year of last 
mod~k:ation 

2005 

UK +/-5% Incomldete National Yes 1996 

Facb~ + Sooting 
Index 

Germany +/-10% R~attve Dens~y L-Cal and H-Cal Yes 2000 
network 

Italy +/-5% Re~Uve Density National No 
and GCV 

Japan +/-5% Cocnbustion I Regional 
PotenUaP 

New +/-6% Re~ab've Density National Yes 1999 
Zealand 
Brazil +/-6% Regional No 2002 GO/and 

c, x n p o s ~  
Umil3 
C-CV Na'donal Yes 2003 +/-5% Mexico 

D.S.2 Examples o f  ex isUng In te rchangeab l l i t y  speci f icat ions in US: 

D.5.2.1 Southern California Gas Company 

Southern Callfomia Gas Company provides natural gas distribution services to 
over five million customers in ~ California. There are two sources for this 
gas, interstate gas suppliers and intrastate California gas suppliers. The 
interstate gas comprises about 88% of b'le total supply and originates primarily 
in the Rocky Mountains, Texas and in the San Juan Basin. The interstate gas 
supplies are delivered to the Soubhern California Gas Company system through 
six pipeline In'a~'Ues along the Colorado River and along the pipeline corridor 
between Needles and Bakersfield. The IntL=rstate gas supplies are delivered at 
forty-two IocaUons, in the coastal areas from Orange County to Santa Barbara 
County, the Los Angeles Basin and In the San Joaquln Valley of Central 
California. Also, there is a supply from an intrastate utility Int~=rtle in ~ San 
Joaquln Valley. 

~2 Nouna Of~clal Me.rdcana NOM-OOI-SECRE-2003 

~ Combustion Potential b a m e a n ~  o f  flcune s g e ~  Florae s~d paramelers are relemnt m 
Japan also uaea ra~sufacntrecl goa. 
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V 

SoCalGu Toal Sapply L~X f ~  2N3 

I I s w  

• R o c k ,  s 

I CtUF 

V 

In 2003, the Interstate supplies had a Wobbe number range from t314 to !373. 
The intrastate supplies had a Wobbe number range from 1270 to X440. 

Range of Acceptability (CPUC TARIFF Rule 30) has been used for more than 30 
years by SoCalGas to determine if new supplies could be accepted. For supplies 
outside this range, i n ~ n g e a b i l i t y  has been employed on occasion to provide 
enby into the sys'0em on a short term basis as long as the out of range gas can 
be managed. ~ Interchangeability has been specified in contracts since 1985. 

Meet the American Gas AssodaUon's Wobbe Number, Uffing Index, Flashback 
~xlex and Yellow Tip ~ interchangeability indices for high methane gas, as 
revised by the American Gas Association from time to time, relative to a typical 
composition of Gas in I.rdlity's system [near the points of receipt]. Acoeptable 
spedficab~n ranges are: 

Wobbe Number ON for typical system gas composition, Wp for Producer) : 0.gw 
<._Wp < 1. lW 

V 
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• Flashback Index (IF): IF__< 1.2 

• Yellow Tip Index (Iy): Iv > 0.8 

Also induded was a minimum Btu limit of 970 Bt~JId (high heating value dry). 
There was no maximum Btu limit specified in 1985. 

In the early 1990% higher effident appliances were required and appliance 
service people were verifying that BTU input rates were within ±5% of the 
manufacturers rated input rate. In 1994, there were recent and potential Btu 
increases of more than 5% due to changes in local California gas production. 
SoCalGas investigated t ~  field performance of residential and commercial 
appliances in these affected areas. The field Invest~Ydon found no problems, 
but recommended that Btu fluctuations should be minimized to no more than a 
15% Btu spread and to have it verified by a conbolled engineering evaluaUon. A 
follow-up engineering study was conducted by SoCalGas in 1995, to establish an 
acceptable Btu range. It was found that most appliances tested performed 
satisfactorily from 970 to 1150 t~ ld .  It was found that for some newer 
appliances (premixed burners) the AGA Interchangeability calculations did not 
accurately pc~did: performance. Based on these investigations, maximum btu 
limit of 1 1 5 0  Btu/d was added to CPUC Rule 30 ( 
www.socaigas.com/regulatory/tariffs/Lm2/pdf/30.pdf). 

As a continual safety effort, SoCalGas has initiated tests and studies from 2003, 
along with o~ers. These studies Indicate a potential for Improper equipment 
operation when fuel gas composition changes and air/fuel mixtures remain fixed 
or have limited capadty to adjust. SoCalGas has been asses~ng the 
acceptabllib/of heating value ranges and is currently considering to replace the 
AGA Bulletin 36 interd~ngeabllity indices wiffl a maximum Wobbe index of 1400. 

D.S.2.2 QuestarGas Company 

Questar Gas Company is a local d l s l ~  company held by Questar 
Corporation, an Integrated natural gas company that also holds Questar Pipetine 
Company, an interstate pipeline company and Questar Market Resources 
Company, an unregulated exploration and producUon company. Questar Gas 
serves over 790,000 ~ in three states - Utah, Southwest Wyoming, and 
Southeastern Idaho. Questar Pipeline transports the majority of Questar Gas' 
gas supplies from produdng basins In the Rocky Mountain region. Questar Gas 
supplies its customers with gas purchased from third parties and obtained from 
its Company owned production. The producing basins in the vidnity of Questar 
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Gas' service territories are some of the fastest growing the United States. These 
basins indude Green River, Uinta, Ferron, Sandwash, Overthrust, and Ptceance. 
Questar Gas has historically relied on these producing basins to supply gas to its 
customers. 

In 1929, Questar Pipeline's predecessor company construct~ a pipeline from 
Southwest Wyoming to deliver gas fi~rn a newly discovered gas field near Rock 
Springs, Wyoming to customers along the "Wasatch Front", a series of 
communities that extend south to north and include Utzh's population centers 
(Salt Lake City, Ogden, and Provo). The pipeline, in concert with the distribution 
market, stimulated the discovery of procludng fields that were eventually 
connected to Questar Pipeline's system. Gas from these fields typically had high 
heat content. In addition, much of the production was not processed to remove 
heavy hydrocarbons, whirl1 contributed to the high delivered Btu value. Based 
on the supplies available during this early era, an appliance Btu set-point of 1088 
(with a corresponding Wobbe index of 1386) was established. For over sixty 
years, the Btu content of the gas delivered to Questar Gas trended downward, 

not to a level to cause ~ s  about inb=rchangeability. 

By the late 1990% at least three t ~ l s  developed that signaled the potential for 
gas interchangeability problems in the future. Rrst, Questar Pipeline observed 
that as the price spread between natural gas liquids and natural gas widen (A 
Dth of liquid was more valuable in the liquid phase than the gas phase), 
processors delivering gas to Questar Pipeline with cryogenic plants would extract 
e~ane from the gas stream. This would have the impact of significantly reducing 
the heaUng value of the delivered stream. Much of the gas that enters Questar 
Pipeline's northern system is processed in cryogenic plants and if all these p4ans 
are In high-ethane recovery mode, the reduction In heating value of gas 
delivered to Quastar Gas through Its Northern gate stations could cause 
interchangeabillty problems. Second, Questar Gas interconnected with Kem 
River pipeline. The heating value of gas supplies received from Kern was usually 
lower than supplies received from Questar Pipeline. Second, the first 
commerdally successful coalbed methane dev~opment started producing 
significant volumes in the Fen'on field near Price, Utah. (Most geologists do not 
recognize Ferron as a separat ~= produdng basin but ~ an extension of the 
Uinta Basin.) The gas being produced from the development had a heating 
value of about 980 and a CO2 content of around 3% (the corresponding Wobbe 
number is 1,283). Much of the produced gas actually had C02 content higher 
than 3% but producers processed the gas to the 3% level to meet Questar 
Pipeline's total Inert s ~ t i o n .  This gas met all other Questar Pipeline quality 
specifications along with most interstate pipeline gas quality specifications as 
well. The Ferron pmcluctton entels (~klestar Pipellne's system upslTeam of 
questar Gas' ~ldlanola and Payson gate stetions. Attached is a schematic that 
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shows Questar Pipetine's pipeline fadl~es relative to Questar Gas' gate stations 
and the producing basins Quastar Pipeline is connected to. 

By the fall of 1997, it was becoming apparent to Questar Gas that if Woductkm 
continued to increase from Ferron as pcedicted, Questar Pipeline would no longer 
be able to continue blending the coalbed gas with higher BbJ gas from west of 
Price and meet the heat content range that (~G had specified In its Utah tariff. 
questar Gas dosely evaluated near and Ion:j-term solu~ons, questar GaCs lab 
t~ted appliances to see if combustion of Ule coalbed gas would create safety 
and operating problems. Results from file bests confirmed the initial b~lnkJng of 
Quester Gas engineers - combustion of the coalbed gas in an appliance adjusted 
for the existing set-point may cause flame stability problems resulUng in safety 
concerns. On the basis of t~is outcome, and because it was ino'easlngly 
apparent b~at Questar Gas needed to align its gas quality requirements doser to 
the actual gas quality of the gas coming onto its system from the interstate 
pipeline grid, questar Gas adopl~ the following measures: 

• Established new auoliance setcoints - Questar Gas established new Btu 
(along with Specific Gravity) set-points for different areas of its system. 

V 
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Questar Gas also revised the gas quality specifications In its tariff to 
better conform with its upstream pipeline service providers. 

Adiusted aaoliancos in communities directtv fed by the Fermn aas - 
Several smaller communities in the vicinity of Price, Utah directly 
received gas supply from coalbed sources. Questar Gas inspected and 
adjusted customer appliances in the impacted communities to operate at 
the new established set-points. 

R~cluce CO2 o0ntent of Ferron aas - Questar Gas contracted to have gas 
processed from a CO2 content of 3% to a level of about 1%. Removing 
CO2 increases the heating value of the gas but more importanUy 
deo'eases the Spedfic Gravity (thus raising the Wobbe index from 1,297 
to 1,334). Processing allowed Questar Gas to continue to receive the 
coalbed gas and still deliver interchangeable gas to customers whose 
appliances were adjusted for the original set-point 

|n~-~ct and adJqst aodiances in Ouestar Gas' system - Questar Gas has 
embarked on a long-term program that has customers' appliances 
inspecbed, and If necessary adjusted, to conform to the new appliance 
set-points. (~kmstar Gas refers to this program as the "Green SUcker" 
program, questar Gas service technldans and licensed heating, 
venUlaUon and air condiUoning contractors place a green sticker on 
appliances U~at have been inspected and, if necessar/, adjusted. 

Since 1998, Questar Gas has been actively managing the int~x~mgeabllity 
issues described above. At tirnes, this has not been an easy process. Quastar 
Gas experience has been that many areas of its operations are impacted 
induding Gas Control, Field Operations, legal, Regulatory, Rates and 
Engineering. Questar Gas' overriding focus has been to deliver a product to its 
customers that is safe and reliable. 

D,S.2.3 Cove Point 

The re-commlss~Ing of the Cove Point LNG Import facility was approved by 
FERC In October 2001. Following protests from Washington Gas and Ught 
0NGL), ~ I_DC that would receive much of its gas directly from the Cove Point 
fadflty, the maximum HI.IV (high heating value) for send out gas was limited at 
1065 Btu/sd. An agreement was made in whio% WGL agreed to raise the 
maximum HHV of the gas leaving Cove Point to 1100 B'cu/sd, as long as certain 
int~rchangeability cflteda could be met.. Initially the ~ induded the AGA 
parameters for yellow tipping and liffing, comblned with the Weaver parameter 
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for Incomplete combustion. The Interchangeabili~' criteria were such that the 
specific limits fell within the historical distribution for pipeline gas. 
An independent consultant, TIAX, was asked to s i l l y  a possible relaxation of 
those interchangeability indices. The study involved testing of domestic and 
commercial appliances. The testing re-confirmed that Interchangeability 
parameters provide a good description of interd~ngeabilib/, Based on the 
outcome of those tests TIAX proposed to change the AGA parameters for a set 
of Weaver indices (Yellow Tipping, UflJng and Incomplete Combustion) with I~e 
following limits24: 

• Weaver lil~ index > 1.0 

• Weaver Yellow Tipping < 0.119 

• Weaver Incomplete Combustion < 0.030 

• HHV maximum 1100 Btu/scf 

• N2 maximum 4.0% 

The revised tariff for Cove Point LNG was approved by FERC in 2003. 

High Btu LNG can comply with these limits with N2 injection. (Cove Point 
currently has one N2 injection unit of 12 mmscfd capacity allowing 1,5% N2 
injection at maximum send-out capacity. InstallaUon of addYdonal N2 injection 
units will be required for send-out of high btu LNG.) The maximum heating 
value of LNG, that the tariff allows to be brought into Cove Point is 1138 Btu/sd. 

D.2.5.4 Xcel Energy 

Natural gas supplies on the Colorado Front Range are blended with air for the 
purpose of Btu stabtlizaUon in the XceJ Energy gas delivery system. The original 
supply of natural gas to the Denver area contained high levels of nitrogen and 
was characterized by Wobbe indices of 1200-1250. As addlBonal supplies with 
Wobbe Indices of 1300-1350 became available flora Wyoming, the Issue of 
Inberchangeabllity became critical. In the late 1970% the Inst~3Jte of Gas 
Technok~/performed appliance besting and Interd~ngeabillty calculations and 
determined that the new supplies could not be safely s u ~  for the existing 
base gas because of the risk of yellow Upping and Incomplete combustion, zs The 

=4 Wrt ~lowlng =K/just gas: Adjust Gas:Melt.me 952%, EUtane 2.81%, Propane 0.44%.lButane 
0.07%, n-Butane 0.08%, I-Pentane 0.06%. n-Pentane 0.05%. NlVogen 0.53%. Carb~ Dioxide 

0.76% 
nScott, M !.. lntercha~,eabUity of Wyoming Natural GaJ and Denver Adjctlmcnt Gm (Nmural 
Gas), Final Repor¢ lGT Project 8899. lmttlute ofGa~ Technology, February, 1978. 
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most feasible and e~onomic solution to address the interchangeablHty concern 
was to blond air into the new supplies to reduce the Wobbe index to the 
acceptable values. Air compressors have been installed at three stations 
supplying Denver and the surrounding areas. The quality of the gas-air mixture is 
controlled by measuring the oxygen content and Wobbe Index. The air added is 
typically 5-8% of the gas flow. 

Xn other locations, Xcel Energy has solved interchangeability concerns with 
supplies by changing the burner orifices in the entire regional disl~bution 
~ s .  This was done in the city of Fort Collins, located 70 miles north of 
Denver, in 1968, to accommodate higher HHV gas and ~ remaining area north 
of Denver was also so modified in the early 1980s. [n 1995 a similar effort in 
the mountain area near Vail, Colorado, was completed. These modifications are 
time-consuming and labor-inlensk, e and are only undertaken if no other 
alternatives are available, The utility must enter all homes and businesses to 
install the new orifices in all of ~ appliance burners and to adjust all air 
shutters and manifold pressures to Insure proper combustion. Follow-up 
inspections are necessary to verifi/that the work has been performed Ixopefly 
and to minimize the liability associated with improper adjustments. 

Xcel Energy has developed curves based on the Wobbe Index to define the 
allowable range of gas composYdon in its system and to conbol the amount of air 
blended into the gas supply. A typical uUlization curve is shown in Rgure D.1. 
The curve defines the allowable deviations from the target or adjustment gas, 
which is defined by the composffion of the historical base gas. The upper and 
lower lines represent differences of +4% flora the Wobbe index of the target 
gas. Upper and lower limits are also placed on the heating value and spedfic 
gravity. Interchangeablltty calculations show that gases on the limit lines are 
interchangeable with the target gas. However, gases represented by opposite 
ends of the limit box may not be interchangeable with each other if using the 
AGA Bulletin No. 36 and/or Weaver methods. 
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]nterchangeablllty calculations are also used to establish gas quality limits during 
peak load. For example, the air injection capability at a parUcular mixing station 
may not be sufficient to reduce the Wobbe Xndex to the target value of 1210 on 
the coldest winter days. Therefore Short-duraUo~ limits have been developed 
using the interchangeability program. Maximum allowable Wobbe indices for one 
hour and one day are spedfled, respectively, by calculations of yellow Upping 
from AGA Bulletin No. 36 and ~ incomplete combustion index from ttm Weaver 
method. 
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E.1 Options for Managing Tnterchangeability 

There are t~ree categories of options for managing Interchangeabfllty. The 
categories are: 

• Management at the producUon source 

• Management prior to introduction into the transmission pipeline system 

• Management at the point of end use. 

Each of these options is described below and placed in context with the existing 
Infrasb'ucture. 

V 

V 

E.2 Management at the Production Source 

Natural gas ]nterchangeability can be managed nearby the source of production. 
For domestic supply, bhis generally entails treating and processing gas to reduce 
concenb~Uons of Inerts, contaminants such as corrosive compounds and 
hydrocarbons other than methane. Gas is treab~cl m remove inerts and corrosive 
compounds such as water, hydrogen sulfide, carbon dioxide and nitrogen. Gas is 
processed bhrough refflgeraUon, lean oll absorpUon, or oyogenic extraction to 
remove various levels of natural gas liquids (NGLs) such as ethane, propane, 
I~J~nes, pentanes and hexanes plus. The level of NGL removal is dependent 
upon the technok)gy, existing NGL InffaslnJc~re, economics and known gas 
specification requirements. Some existing and future domes~ supply sources 
do not have access to processing plants and may not be sufftdent in volume to 
justify the cost of compliance. 

Imported LNG Is processed at the ixoduc~m source primarily for the removal of 
butanes plus (C4+) level of bhe NGLs. This means LNG generally does not 
co~ain the heavier hydrocarbons but does contain appreciable concentrations of 
ethane and propane. LNG suppliers could add additional equipment ~o remove 
ethane and propane (C2/C3) from their gas s~eam Ixll: have historically elect~ 
to produce a higher B~J content LNG. It is important to note ~hat Japan, Korea 
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and Talwan Import over 50% of globally traded LNG, and their gas specification 
of relatively high C2/C3 content has served as the basis of many current and 
future LNG supplies. Also, many LNG supply regions lack infrastructure and 
markets for extracted the C2/C3 product. ]11 addition, economics favor leaving 
the C2/C3 fraction in the gas as transportaUon and sales are e x ~  on an 
energy, or "dekatherm" basis. Redudng the C2/C3 fraction reduces the energy 
value of the LNG and reduces the economic value of each cargo. 

Conceivably, LNG producers have the option of injecting inerts at the production 
source as well; however, the transportation economics virbJally preclude this as a 
viable option. 

V 

E.3 Management Prior to Inb~luct lon Into the Transmission Pipeline 
system 

Imported LNG can be ixocessed to reduce the C2/C3 fraction at the I.NG 
receiving b~rnlnal. LNG terminal operators or shippers contracting with terminal 
operators or third parties can use CZ/C3 separation technology to achieve the 
desired interchangeabtlity indices. The economics of this opEon are dependent 
upon the economics of of ethane and propane extraction and the pmxlmlty of 
local C2/C3 markets and/or available Infrastructure. Given these facts, bhls is 
not an economically attractive option except In the Gulf (Texas and Louisiana) or 
in coastal locations where there Is sufftdent demand for ethane and propane. 
The economics in the Gulf are not what they once were as the domestic 
petrochemical market has shrunk in recent years. There are no NGL extraction 
plants associated wibh the three existing terminals along the East Coast. There is 
a small slipstream NGL extraction facility operated by a third party in the Gulf. 

Conceivably, LNG terminal operators have the option of using an extracted NGL 
product stream as a source of energy; however, this Is generally not a viable 
option as the volumes produced are likely bo far exceed the energy consumed 
(check). 

Injection of an Inert gas Is an option at I~ I.NG l~mlnal. There are three types 
of Inerts that can be used: 

• N ogen 

• Air 

• Rue gas. 

v 
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inert gas Injection reduces the heating value and increases the density of the 
gas, and as a consequence reducing the interchangaability indices such as the 
Wobbe Index. For example, Injection of one (t) percent by volume of nitrogen or 
air reduces the Wobbe Index of natural gas by approximately t.3 percent t 

The costs of air injection are significantly lower than Nz injection. Air injection 
has been historically used for managing interchangeability. [1: is common in 
propane/air peak shaving and IS also used in some regions of the US where the 
base natural gas supplies currently contain less inerts than the historical 
appliance adjustment gases. 

There is one drawback with air injection, as it introduces oxygen into the natural 
gas; for example, injection of 3 percent air by volume results in an oxygen level 
to approximately 0.6 mol%. Such high oxygen levels may not be acceptable 
because of current tariff restrictions, concerns on pipeline integrity impact on 
feedstock plants and other end uses, such as peak-shaving, and underground 
gas storage. 

Injection of flue gas is an option; however, it requires t ~ t  a source of flue gas 
be In immediate proximity of the terminal. None of the domestic terminals use 
flue gas injection. [n addison, the presence of oxygen in the flue gas poses the 
same issues described in the previous subsection. 

Blending within a receiving terminal is conceivably an option. A gas meeting 
Interchangeability specifications can be blended with a gas not meeting 
specifications. A terminal operator may have the option to blend two LNG 
sources to achieve an overall specification however, this would create 
operational issues and to rely on this option would reduce overall terminal 
capacity. As such, blending is not an option of consequence for terminal 
operators. 

Blending applied by the pipeline operator is also a conceivable o~on. However, 
widespread use of blending is out of the direct conbol of the pipeline operator. 
The tTanspodzt~on of natural gas Is governed by nomination of volumes and 
specification of receipt and delivery points as specified dally, and sometimes 
within a day, by shippers. Consequently, the pipeline blending that occurs is 
coincidental and cannot be planned to achieve a specific end point or 
specification. 

Management of intc=rc~ngeabtlity of domestic gas Is described in section 7. I, 
through processing prior to Intz'odudng it into the pipeline transmission ~ .  

v 

J The reduction In a parameter such as Wobbe will be greal~r that the stmple reduction in 
heating value alone as the six~dflc Is also reduced. 
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It is important to note that following implementation of FERC Order 636, 
significant numbers of independent producers emerged and over time have 
entered into contracts with pipelines to transport their gas without prior 
p ~ n g .  This oocurred as the production grew up nearby ~ existing plpdine 
infrastructure and producers determined that it was either infeasible or not 
economically attractive to process. The volumes of any one source tended to be 
small and pipelines were olbm able to take advantage of incidental blending to 
achieve a gas that was interchangeable. 

In summary, when considering all of the options described above, inert injection 
is the most widely applicable option. C2/C3 separation may be a viable option in 
particular situation. 

ql r  

E.4. Management at the Point of End Use 

Injection of an inert gas may also be an option for certain end-use customers. 
The management process would be similar to that described in Section E.3 
M a ~ t  Prior to Int~oduclion Into the Transmission Pipeline System but on 
a smaller scale. For some large industrial natural gas customers in France, such 
as several glass manufacturing factodes, air injection equipment has been used 
to stabilize the quality of their fuel gas. 

There are also options that can provide greater clarity for equipment 
manufad~rers and aid in development of North American interchangeability 
Standards. The options include 

• Addition of speclfidty to design and Installation standards 

• Development and implementation of a limit-gas testing regime. 

Each of these is described in greater detail below. 

In general, end use equipment is designed presuming that a gas stream of 
known composition will be the fuel source on a continual basis. As described 
above, the nature of the domestic natural gas has changed over birne. Also, the 
composltk~ of natural gas vades from region to region within the country. 
Manufacturers could adjust the design basis for particular end use applications, 
especially for low emlsshm equipment. Also manufacturers could adjust 
combuslJon equipment at the factory and seal the equipment to ensure that it 
arrives for installation in a configuration ~ n t  with the design basis. 

V 
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End use equipment manufacturers do provide insb'ucblons for installing and 
pladng equipment into se~ce. Manufacturers and even national consensus 
standards developing organizations could develop standards for installing and 
placing equipment into service that ensures that the equipment is set up and 
being installed consistent with the design basis. The standards could also 
provide guidance for installers in the event that factory settings are found to be 
out of spec. 

Much of the end use equipment in place today is placed Into service using one 
tost gas, usually whatever the gas is at the time the testing in undertaken. 
National consensus standards developing organization or manufacturers working 
together could define a multiple test-gas tesUng regime. This is the approach 
that is used In the European Community for appliances. A benefit of this 
approach is that it defines the woddng range for end use equipment. The 
working range can then be factored into broader inberchangeability standards. 

In summary these options are of value for equipment that will be manufactured, 
installed and placed into operaUon in the future. Applying these for end use 
applications with large fleets in place, such as appliances will be extnanely 
costly. 

V 

V 
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G.1 Background 

The lntedm Guideline limits proposed In this document have been developed for 
gas supplies to those market areas without extended experleflce with gas 
supplies characterized by Wobbe numbers higher than 1,400 or heaUng values 
higher than 1,110 Btu/scf. It should be noted that the Work Group selected an 
operating regirne based on Wobbe and heating value, but that other 
combinations of parameters, such as heaUng value and specific gravity, are 
possible. The combination of Wobbe and heating value was chosen because the 
calculation of these gas properties is straightforward using gas chromatographic 
data and furthermore, because these parameters are already in common use in 
many sectors of the U. S. gas industry. In addition, l~ese properties are relevant 
to most end-use applications, Including traditional and low emission combustion 
equipment as well as feedstock and process applications. 

Development of the Interim guidelines included the following steps: 

• Comparison of expected LNG to historical supplies 

• EstJmaUon of a national average adjustment gas 

• TradiUonal calculations based on InterchangeabiliLy Indices to develop 
maximum Wobbe and heating value limits 

• Development of local spedflcaUons and absolute ma~dmum limits. 

The details of these steps are d ~  below. 

V 

G.2 Comparblon of LNG to XiM~orical G u  Supplkm 

The first step in developing the Wobbe and heaUng value limits was to compare 
parameters for expected LNG compos~ons to historical gas supplies in the 
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US. At the time that the NGC+ Technical Work Group was formed, the 1992 GRI 
report on gas compositions in 26 major US cities was the most comprehensive, 
publicly available set of gas analysis data. ~ Current data collection efforts are 
underway to update and expand the database, but the results have not been 
finalized and are not yet published. Figure G.1 shows annual average Wobbe 
Numbers and heating values for the reporting city gate stations in the 1992 GRI 
report and for expected LNG supplies. The box in Figure G.1 represents an 
envelope of  gas compositions that have been historically delivered to and 
successfully utilized by LDCs in the U. S. that participated in the study, and this 
envelope can be considered to establish a "gas map" of U. S. adjustment gases, 
i.e., gases to which appliances and other equipment have been set up and on 
which they have operated. It is clear from Figure G.1 that the expected LNG 
compositions, which include both non-blended and inert-stabilized sendouts, do 
not fall inside the U. S. gas map. 

The Work Group believed that the gas map boundaries could be extended to 
higher Wobbe Numbers and heating values based on two reasons: 1) Some 
LDCs receive gas deliveries with Wobbes in excess of the 1372 annual average 
maximum on the U. S. gas map. (In fact, the maximum of the individual Wobbe 
numbers reported in 1992 was 1418), and 2) Most end-use equipment has 
historically tolerated operation at Wobbes and heating values at some level 
above that of the adjustment gas. The goal of the NGC+ Technical Work Group, 
therefore, became the development of an upper boundary to the U. S. gas map 
that would maximize gas supply and that would still satisfy interchangeability 
requirements for end use equipment. 

. F i g u r e  G.1.  M a p  o f  US Adjustment Gases (1992 GRI Data) and Expected LNG 
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1 "Variability of Natural Gas Composition in Select Major Metropolitan Areas of the United States." 
Gas Research Institute. March 1992, GRI-92/0123. 
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V 

G.3 Estimation of National Average Adjustment Gas 

The national average adjustment gas was estimated as the mean of the annual 
average composition data from the 1992 GRI composition report, excluding the 
data reported for one Rocky Mountain LDC (shown in the lower left of the U. S. 
gas map in Figure 1). The 1992 "average" gas in the remaining regions was 
characterized by a Wobbe of 1345 and gross heating value of 1035 Btu/scf; the 
average composition and corresponding properties are shown in Table G.1. The 
reported Rocky Mountain data were excluded because the gas supplies to the 
reporting LDC are different than the gases supplied to the other reporting 
regions. These Rocky Mountain gas supplies have historically been 
characterized by lower Wobbe numbers (approximately 1210) and are currently 
blended with air for Btu stabilization at the delivery points to the LDC. The non- 
blended gas supplies to the Rocky Mountain region are characterized by higher 
Wobbe numbers, but only the blended data were included in the 1992 GRI study. 

Tab le  G . I .  1 9 9 2  GR][ Mean Gas 
Corn posit ion 

COMPONENT Mole % 
Me thane  

E thane  
Propane  

Bu tanes  ÷ 
N i t rogen  

Carbon Diox ide  
TOTAL 

Gas Propert ies (14.73 pals, 
Heat ing Va lue 1034.5 

Spec i f i c  G ra r i t y  0.5918 
W o b b e  Number  1345 

94.246 
2.742 
0.614 
0.400 
1.499 
0 .500  

100 ,000  
gO'F, dry) 

The "average" gas is assumed to be a reasonable estimate for an average 
historical adjustment gas in the U. S., because in the 1992 report, most supplies 
had annual average Wobbe numbers within +2/-4% of the mean Wobbe (see 
Figure G.2). In general, more recent gas composition data, such as those 
collected by the NGC+ Technical Work Group, might be more suitable to 
evaluate the range of substitute gases cun'ently delivered to end markets. 
However it should be noted that preliminary comparison of the 1992 data with 
morn recent data collected by the NGC+ Work Group suggests only limited 
overall changes over the past 10 years. 

3 
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V 

G.4 Traditional Interchangeabllity Calculations 

There are currently no standard methods to evaluate the Interchangeabitity of 
gases for all end-use applications. As discussed elsewhere in this document, the 
only available calculation methods to evaluate interchangeabllity are the various 
single and multiple index methods based on combustfon behavior in traditional 
appliances. These calculation methods were chosen by the NGC+ Technical 
Work Group as the basis for the maximum limits for Wobbe Number and heating 
value. Calculations were pedormad with the most common interchangeability 
calculations in the U. S., Weaver 2 and AGA Bulletin #36. 3 The calculations used 
an adjustment gas corresponding to the 1992 average U. S. gas discussed 
above and various substitute gases based on LNG and and other high Wobbe 
Number mixtures. 

The major results of the calculations, as shown In Figure G.3, are limit lines for 
both Weaver Incomplete Combusbon (Ji)  and AGA Bulletin #36 Yellow Tlpp~ng 
(Iy). The Index limits for Ji and k' were 0.86 and 0.05, respectively; these limits 
ere the default values in the Interchangeabllity program available from AGA. 4 
Each limit line divides the graph into areas that are interchangeable and not 

V 

2 Weaver, E., Formulas and Graphs for R e p m s e r ~  the Intemhangasbmty of Fuel Gase~ 
Journal of Rasearch of the National Bureau of Sta~Klards, VoW. 46, No. 3, March, 1951 
3 InterchangeabBfyofOtherFuel Gases with Natural Ga& American Gas Assodat)on Reseach 
Bulletin No. 36, 1946. 
4 InterchangeabilltyPtogram, CataJog No. XH8810, 1988. Amedcan C-as Association, Arlington, 
VA 

4 
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interchangeable with the 1345 Wobbe adjustment gas based on either 
incomplete combustion or yellow tipping. For example, substitute gases with 
Wobbe Numbers and heating values that fall above the orange Weaver 
incomplete combustion line are predicted to potentially result in excessive 
formation of  carbon monoxide and are not interchan.qeable with the adjustment 
gas; gases corresponding to points below the line should be interchan.qeable 
with respect to incomplete combustion. 

Figure 3. Limit Lines for National Average Adjustment Gas 
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The maximum limits in the interim guidelines were selected as a Wobbe Number 
of 1,400 and heating value of 1,110 Btu/scf (the blue square and line in Figure 
G.4). Note that the maximum Wobbe Number limit of 1400 is approximately 4% 
higher than the adjustment Wobbe Number of 1345. This point was chosen for 
the following reasons: 

1) It is close to the Weaver incomplete combustion line, and this selection 
implicitly prevents exceeding the generally accepted Weaver Incomplete 
Combustion Index limit. Thus, the safety of substitute gases is 
reasonably assured, at least for traditional appliances. 

2) The 1992 GRI gas composition data show that gases with this Wobbe 
Number and heating value had been delivered in the past, and more 
recent but unpublished data indicate the same. Thus, there has been 
some experience with gases approaching the specified limits. 

3) Five out of nine expected LNG or nitrogen-stabilized LNG compositions 
would satisfy or nearly satisfy the maximum limits. Thus, the guidelines 
will not unduly restrict new gas supplies. 
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Figure G.4 illustrates that the upper Wobbe Number and heating value limits can 
be considered an extension of the upper boundary for the U. S. gas map. This 
extension for the interim guidelines is based on "second-order' gas combustion 
phenomena represented by the Weaver Incomplete Combustion Index, which is 
important for traditional gas appliances but is not directly addressed by Wobbe 
Index limits. While this approach is an imperfect application of the Weaver 
Incomplete Combustion Index and criterion and is based only on traditional 
appliances, it introduces conservatism into the guidelines for an important 
interchangeability parameter and safety consideration, excessive carbon 
monoxide generation. As indicated by the yellow line on Figure G.4, further 

extension of the upper limits on Wobbe Number and heating value could risk 
improper combustion phenomena, such as yellow tipping and soot formation, that 
are associated with appliance overfiring, and in the absence of extensive recent 
appliance data, the Work Group found this risk to be unacceptable at the current 
time. 

Complete management of gas interchangeability requires specification of both 
minimum and maximum limits for Wobbe numbers, but the Work Group chose to 
restrict the Interim Guidelines to specification of upper limits. The issue of 
supplies with increasing Wobbe numbers is currently more widespread than the 
issue of supplies with decreaSing Wobbe numbers. Furthermore, a number of 
utilities with low Wobbe supplies have implemented interchangeability 
management practices in the past, while many utilities already receiving or 
anticipating receipts of higher Wobbe number supplies have little to  no 
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expadence in intarchangeability management. The Work Group's focus has 
therefore been evaluation of maximum Wobbe limits. The Work Group 
recognized the equal importance of a minimum Wobbe limit and the need for 
inclusion in the proposed research program. 

G.5 Development of Local Spaclfication and Absolute Limits 

Figure G.1 shows that not all U. S. gases were characterized by annual average 
Wobbe Numbers of 1345, but Interchangsebility guidelines must be based on the 
actual historical supplies or established target gas in a given service territory. 
Based on the intarchangeability calculations for the national average adjustment 
gas, the Work Group selected the same relative limit for the upper range of 
variability, namely, 4% greater than the actual historical or target Wobbe 
Number. Intarchangeabllity calculations were not developed for Wobba Numbers 
below the target, but the Work Group assumed that a symmetflcal lower limit of - 
4% was justifiable based on available histodcal gas composition data. In 
addition, this lower limit is conservative for appliances adjusted in the middle of 
the specified range; based on the experience of several Work Group members, 
traditional interchange calculations would not predict flame stability problems 
until the Wobba was significantly lower. To summarize, the Interim Guidelines 
spec : 

A range of plus and minus 4% Wobba Number Variation 
from Local Historical Average Gas or, alternatively, 
Established Adjustment or Target Gas for the service 
territory. 

For service territories with no demonstrated experience (including historical 
supplies and/or tasting), the limits of 1,400 Wobbe Number and 1,110 Btu/scf 
were selected as reasonable absolute maxima. 

It is important to note that both the relative and absolute limiting values in the 
Interim Guidelines simply serve to establish boundaries for market areas that 
have received historical gas supplies with gas quality dose to the 1992 repoded 
national mean and that have experienced successful end use with these gas 
supplies. Also, the limits are based on traditional interchangeability calculations 
and so may not be applicable to new burner designs in appliances or to other 
applicabons such as Industrial bumere, combustion turbines, gas engines and 
non-combus6on processes. Nonetheless, these boundaries are based on the 
major predictive tools available in the U. S., and they should be applicable until 
additional research and/or expadence has deady demonstrated that end users In 
the affected market areas are not negatively impacted by supplies above the 
caps. 

V 
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Bob Wilson, Keyspan 
Rosemarie Halchuk, Xcel Energy 

David Rue, Gl'] 
Ted Williams, AGA 

Gas inte~ngeabi l i ty research issues, needs, and recommendations were 
Identified and developed by the Research Subgroup of the Gas Interchange.ability 
Work Group, which Included representatives of all major stakeholders active in 
the Work Group. The Research Subgroup considered major end user segments 
for which gas interchange.ability data and technical analysis are currenUy 
incomplete. The following discussion of four major end user segments 
represents a concise synopsis of research issues, needs, and recommendalJons 
Identified by the subgroup. The four segments include: 

• Appliances 

• Turbines, Microturbines, and Power Boilers 

• Industrial and Commercial Burners 

• StaUonary and Vehide Engines. 

End user segments represent major combusUon appllcaUons for which gas 
Int~rchangeabiliLy research is needed. Non-combustion (e.g., feedstock) 
applications of natural gas and InfraslTucture issues are not covered by this 
summary. However, specific research needs for these topic areas were identified 
in both this appendix and in the summary matrix (Table I of the White Paper). 

H.1 Appliances 

H.1.1 Background 

Gas Interchangeablllty research on residential and commerdal appliances has 
been conducted for decades ~o address changes In gas supply characteristics. 
"n~rough account~ of eady Interchangeability research on appliances are 
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provided by AGA HI and Weaver. m In the 1970s and 1980% a number of studies 
on appliances were performed in conjunction primarily with LNG import terminal 
projects in local or regional settings. More recently, studies by GTI, m T[AX, and 
Sempra Energy have separately addressed tTadlUonal and some modern 
appliance designs. Previous studies have also focused on the interchan~eability 
of varying domestic base load supplies H*~ and peak-shaving supplies. ~" Table 
H.I lists some of the studies covering a variety of gas interchangeability studies 
with focus upon appliance-related studies. Most, but not all, of the listed studies 
are publicly available. 

V 

Table H.1 Summary of Inl~rd~ngeabtlity SLudies 

American Gas Assoda~o~, "Int~,~changeablllLy, ( ~  :~, UUlizatton: 8oo1¢ U-l," Res~e~UalJCommerdal, 
Gas Engineering and O ~  Sertes, A r i r ~  VA, 1994. 

Bensa~ CF-, CJ. Orche~d, " ~  of Vaportzed Akje~n LN~ I,to the COMIC, s m s ~  Sys~em," 
Arfflur O. ~ C.ommorlwealLh Gas Comparty, ~ I ~  1989, 

Commlttee on Domestk: Gas Research, "C, as Burner UBizat~n All Air fo~ Cond)uslJ~ as I~nary Air," 
Resean:h Bulletin No. 20, Amedcan Gas/Lssodat~n TesUmj I.alx)ratodes, Qevek~d OH, Febn~ry 1944. 

Committee on DomesUc Gas Research, "Non-Aerated Bume~" Research BullelJn No. 32, Ame~can Gas 
Testing Laboralories,, Qeveland OH, September 1944. 

Commlt~e on Mixed C~s Researc~ "~em~gea~Ry o¢ OUter Fuel Gases w~h Natural Gases," Resea~ 
BulleUn 36, Amebean C~s AssocJaU~ Laboral~de~ (]eye,and OH, February 19'!6. 

H.F., H.P.C.,memvald, "PropagaUon of Flame in M ~  of Natural Gas arid Air," Bureau of Mines, 
oepart~mt o¢ Cocnmerca, was~lngt~ Dr-, X92S. 

E ~  J.H., R.A. Srrll;h, C..1. Mentt~ "The F ~  of AltRude m Ule Lbnlts of Safe O p e ~  of Gas 
Ap~lances," B~lreau of Standards .~n~ l  of Research, Amedcan C txm~ . ~ ,  Washington DC, Man:h 
1933. 

Eslrada Jr. A.B., "The EHuct of Gas Compos~Uon on ~ Ap~lance Burner Per~nnance," Sympo~um 
Paler, NaLural Gain ( ~  & ~ Me~lurmmen~ bl~lLul~ of C~ T e d - - ,  C~arv~l~er I~  F ~  5- 
7, 1996. 

V 

m "Ulilizatlon: Book U- 1, " " " Oas Eagiamdng amt Operations Se r i~  Amedeam Gm 
AmoclalJcm, 1994. 
m Weaver, ~ R. "Formula= and Caapha of  R e p ~  tim I n ~ g m l b i l i t y  of  Fuel Ga la , "  Jounml 
Of Resel~h of  the National Buemm of Sm~lards. VoL 46, No. 3, Mm~h 1951. 
m ~ Frank and Rt~, David M., Gas In~illty Teats-~g the Range of 
lmerchangmblllty of Vaporized I, NG a,d Natural Goa, GRI-03/0159, G u  ~ h  ~ Des Plnineu 

2003. 
scoe, M. i., l ,  eerckaneeabalO, of w ~  ~au,~ ~ a.d ~ A ~  C,~ ~V~u,.a Gas), 

Final Repo~ IGT Project 8899. la~t~te of Gas TectmololD, , February, 1978. 
m Estmda, A.B. Jr., Tke~ofGas Co~p~ltlon onReddegalAppiianceLbene'PeT/ormance. 
ln~tute ofOns Tecbno|osy, Gas Quality aed ~ Meumemmt Symposium, CIc~ateT FL, F e ~ ,  
199f 
m Kelton K.,Applhmce Performance a,d Change~ In Gm Composition, American Gas ,tJaociation, 
Dis~%ufion Confe=ence, De~ver CO, May, 1978. 
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C.~oert T.M., CW. Wan~', '%'V~y--and Where? Na~ra) Gas ~ a b l l , ~ "  Gas/~e, January 27, 1955. 

I ' ~  R.A., "B~u StabllzatJm: To Nr Is Natural," Syml~,lum Pape, NaOmi Gas Quallb/8. Energy 
Measurement, Imtttute of C, as Technok~y, Oearwater FI., February 1996. 

Haic~ R.A., "Gas Quallty Spec~cat~ and b~en:hawel~lAy for End Use APl~lcatJons," ~ Paper, 
~ Cm~fimmce, Amebean Gas/Lsmctat~n, D~las TX, Hay 2001. 

Hanley W.E., "Gas In~en:hangealWRy: A P.C- Tempbte," S y m ~ m  Paper, Pe~onal Computer A p ~  
sm~es~,  ;nse~e o~ ~as Tec~no~x~y, ~Ux~t2. 1Sin. 

Hat'sha P.T., R.B. ~ n ,  D.H. France, "Catalogue of F _ ~  I n t e ~ b R y  Predlcbon Methods," GRI- 
80/0021, Gas Research ~ O'Wcago It., Sg~0. 

P.T., R.B. Edelman, D.H. Frmce, "Enk~nt LJUItzaU(m of ARemature Fuels - D e v ~ t  of Models 
for the I:YedkUon of I n ~ l i t y ,  Design, and Performance of Gas Bumer/Combustor S y ~ "  GRI- 
79/0034, Gas Research Institute, Chk:a~ 11., April 15, 1~0.  

! ~ P.T., P~B. Ede~man, P.J. Jensen, M.M. rand~r, T.E Wang, "Perfom~n~ Modeling of Advanced Gas 
~umer Systems," Gm-83/0072, Gas Resea~h ZnsUtute, C~cago ~, ~u~ 1983. 

HogJund P.A., " I n ~ l  Standards: Let's NOL Miss the Boat," Gas Indusl~es, October 1969. 

.lolYtson, Frank, Rue, Davld M., "C~ts InttschangealWRy Tests-Evaluating bhe Range d Int:en:hangeab~ty of 
Vapodzed LNG and Natural Gas," GR1-03/0159, Gas Research InstJtute, Des Plalnes n., April 2003. 

Johnson P.C., "Inb~d'~eabillty of Regasifled LNG," ~ Paper, bls~x~kxVT~nsm~,k~ 
Confenmc~, Amedcm Gas Assod~w)n, ,'Wmhv~e TN, Apr~ 2B-M~ 1, 1991. 

I(e~m K., "b'~m::han0eaMlL'y of Refinery Gas and Natural Gas," PSESrG,, October 26, 1971. 

Ke~tm K., "APtWianee Performance and O~anges W1 Gas ~ n , "  Confenmce Paper, American Gas 
I ~ Dist~bXlon CorCere~ce, Denver CO, May 1978. 

I.lemslde" TJ., "Gas ] n ~ , , "  Gas ~ ~ ,  New ~ Gas/Lsmd,~on, Neerk NJ,, 
a~ne 14, 1991. 

Long G., "Quality Requirements for SutslJtu~e Gas," A.GA. Monthly, June 1972. 

Loda R, D. DeWerth, "Imlxovements In A I ~  E f t ,  Task 1 Upgrading Seasaaal E f f l ~  of C, as- 
Ftred H e ~  AR~anc~" G~I-80/0043, American Gas ksmdatlon ~ ,  Gas Research Ins ~ 
Oeve~nd OH, June 1980. 

~ ,  ~ T. Jr. Ek~kley, Olades P., ~ ~ High-Btu ~ LNG - A DIs~ibutor's V ~ - w ~ , "  
CmWem~ Paper (72d)-~), Smtm Gas Company, AC~ ~stm, Mat, ~W~ 1972. 

Pama, H. S., ~ ,  D. S., "An EmpWl¢2l Apl~oach ~ Ev'~uat~m~g C~s ~ b I K ' y , "  ~ 
Cmfermce P~:er 03-01~1, AGA ~ C o n f ~  ~ ,  R., May 2003. 

RJJnaads JA, "Com~I~tlon C h a ~  of Hi~-Dens~ Natural Gas W ~le L Cwoup,° Conferen~ Paper, 
~'~e~mlJo.al Gm Resean::h ~ ,  1986. 

I ~  EO., .El. l.tyman, "Intm:t~ngmlW.tKy: What It Means," AGA Catalog No. ~ ,  Azmaimn Gas 
a.~ocmm~, wadw,~ton oC. May 22, 1978. 

i 
Seubert R.R., "Gas IntemhangeatWllty," Pap~', Gas OperaUons Schoot, New England Gas AssodaU~, 
WaJtham MA, June 15, 1969. 

Scott M.L, "Intm'dww~eabfllt'y of Wyoming Natural Gas and Denver ~lJustment Gas (Nabs~ Gas)," IGT 
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~oje~ ~J% ~ t ~  of Gas Technok~y, C~or~o ~'state C~s Company, C.o~-~o S~ngs CO, 
tgm. 

Sl~nntelz G.F., "l~uality SpedflcatJon of Pipeline Natural Gas: Review of the US Situation," 
Paper, congn~ of c, as quay, c,n~ngen The ~her~=x~, August tge6. 

Stetnmetz G.F., "3'he Case for Compab~e Standards Between Gas Applance Performance and Na~ral Gas 
Quaity," ~ Paper, Spring Nabonal Meeting, Amedcan [nstJtute of Chemical Engineers, New 
Odeans LA, Man:h 6-10, 1988. 

S~elnmetz G.F., "What is Natural Gas? - A New A p p ~  to an lndusl~-WIde Problem," G/A/S N e r O ,  
SelXember 1988. 

Task Fon:e an Orm"atJng ~ for Appliances ~ Natural Gas, American Nabonal Standards 
Committee Z21, "Minutes of Mee6~," Oeveland, OH, February 21-22, 1964. 

Weav~ E.R., "r-ccmulas and Graphs for Repmse~ng the Znterchangeability of Fuel Gases," .~urnaJ of 
Research of the National B~Jmau of Slandards, VoL 46, No, 3, March 1951. 

Woddng Group on T n ~  of Gases, "Proteins Arising from the In~ngeabl l~ty of Second F~ i~  
GaseS" T ~  Gas Union t lg63. 

V 

H.1.2 Research Issues and Needs 

A new phase of Interchangeability researd~ is currently necessary for several 
reasons induding bhe development of new appliance designs and technology, 
consideration of traditional safety and performance criteria, and evolution of new 
performance criteria (i.e., efficiency requirements and ambient air emlsdons 
limits), The existing database on Interchangeabillty relates to most of the 
"legacy* appliances In the currently Installed stock, but the stock is changing in 
response to the new criteria on effidency and emissions. Considerable 
discussion of "the most sensltdve appliances" and whether new designs are more 
or less tolerant of variations in gas composition than "legacy" appliances has 
neither resolved these issues nor even established reliable bends for because 
there is currently no comprehensive or publldy available database on t~e 
sensitivity of combustion performance in new appliance technology to gas 
compositional changes. 

4 
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H.1.2.1 Review of Existing lrntefchangeability Project Re=ultL Detailed 
review of exisUng, published data is required to evaluate the relevance, 
usefulness, and validity of these studies in formulating more general condusions 
on gas interchangeability for today's market. If, for example, a published study 
that derived guidance on Inte~hangeability indices was based on appliances that 
no longer exist in the current stock of appliances, the study data and condusions 
may not be as useful for general conclusions on interchangeability in its 
contemporary sense. Also, test methods must be reviewed, and, where possible, 
experimental error and judgment must be evaluated to determine the reliability 
of study data and condusions. 

H.1.2.2 Zdentit~ New APl~lance ~ Appliances not represented in the 
interchange.ability studies literature must be identified and evaluated for potential 
future testing. Common features of appliance types need to be identified and 
categorized to streamline future testing and to avoid over-sampling. 
CategodzaUon may be based, for example, on burner type, heat exchanger 
design, and/or combustion air supply, although it is uncertain at t~is time 
whether such gross design similarities in new appliances can fully capture 
interchangeabllity performance. 

H.1.2.3 Standardize Results from Prmdous Interd~ngeability Studies. 
Interchangeability studies have been undertaken for different purposes, from 
testing of new gases introduced in a se~ice berritory to derivation of new 
int~changeabtlity indices. Test results from these studies, however, are 
compiled in a generally similar way, describing flame performance and missions 
for specific tests. Results from this extensive database need to be compiled in a 
standardized manner so that they are useable in arriving at general conclusions 
across all the studies. In addition, calculation of all relevant indices should be 
conducted on these data, regardless of whether the data were originally used in 
conjunction with the indices or not. 

H,1.2.4 ] t l l ~  Common ConduMoem. Comparison of the results of 
previous int~-d~ngeablllty studies is needed to assess wi~U~r common 
conduslons on Inl~rchangeability indices and meffics can be applied across the 
enUre range of appliances and equipment tesled. Practical and valid guidance 
on supply requirements can only be achieved by general condusions on 
Interchangeablllty measures that assure acceptable performance and safety In 
appliances. 

V 

H.1.2.5 ~ b l e  Previous ~ for ][nterchangeabililP/ Parameters. 
Behind many of the published studies are data reports and other records that 
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support interchangeability indices and parameters for those indices. Major data 
sources, parUculady ttmse suppo~ng specific "default" numerical parameters for 
indices, need to be assembled and reviewed for validity in describing acceptable 
performance of appliances and providing general guidance on gas 
interchangeability. 

H.1.2.6 Measure Carbon Honoxide (CO) Production. CO production, a 
major and traditionally used cfltefion for acceptable appliance performance, must 
be measured, particularly for new appliance designs and baselines of 
performance (such as ANSI Z21/83 performance requirements) must be 
evaluated and applied to appliance test data to determine acceptability, 

H.1.2.7 Evaluate Current Standards for Appliance Testing and 
EmL~ions Umil~. Current design certification ~esUng of appliances under ANSI 
7.21/83 does not test for limits of performance in response to changes in supply 
compos~on. However, certification testing does Incorporate a number of test 
gases, although not all test gases are Indudecl in full performance testing. The 
standards must be evaluated to del~rmine whether b~e current test gases and 
performance tests can be revised to directly address interchangeabillty issues or 
whether new testing approaches, including limit gas testing that was considered 
in the 1980% are needed to assess Interchangeability. 

H.1.2.8 Conduct Long-Term Testing of Sensitive Appliances. Appliances 
identified as "sensitive" in terms of emissions (such as ~ dose to design 
ce~ificaUon limits), high t~ermal excursions and/or other cflUcal performance 
must be sbJdied in long term testing that spans and exceeds the projected 
IllUmes. Emissions performance and durability can be a ~  by age, and by 
high heat environments can cause aging acceleration. It must be determined 
whether gas composition changes can result in critical rates of higher heat 
generaUon. Design certdflcation may be a poor predictor of these changes over 
Ume and may not idenUfy performance changes ~at may exceed design 
cerUflcaUon or changes in the life of critical components such as heat exd~angefs 
or cont~l~ 

H.1.2.g Group ~pl lances by StaUsUcally Relevant Categories by 
Range of Type and Ages, Statistical descriptions of tt~ installed appliance 
stock and shipments of new appliances should be used wlt~ categorizaUons of 
appliance types and deslgns on a naUonal and, if suffident detail is available, 
local basis. This charad~ization will allow assessment of the potenUal impacts 
of future candidat~ inten3~ngeability limits Ulat are different than the Interim 
Guidelines. This grouping will allow reasonable desotpUon of Ule impads of 
revised gas Interchangeabllity proposals on the number and types of appliances 
affected, the nature of the specific impacts, and ultimately, the societal risk of 
intmdudng broader interchangeability tolerances. 

6 
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H.1.2.10 StatislBt=llv Evaluate Appliance "Maladjustment" Over Time. 
[n In this context, maladjustmentrofers to appliances that were improperly 
adjustL=d - or not at all adjusted - at the time of installation and/or to apl~lances 
whose adjustment may have changed over time due to lack of periodic 
maintenance. The magnitude and frequency of maladjustment must be 
determined in order to identify vulnerabilities of end use consumes to emissions 
exceeding design or target limits and to potential economic losses from 
premature failure. The regional charactedsl~:s for maladjustment must also be 
evaluated to determine if maladjustment is more critical in some areas, such as 
those located at high altibJdes, for example. If  the research determines that the 
magnitude and frequency of maladjusted appliances are significant, 
consideration of maladjusted appliances may limit the ranges for acoeptable 
interd~ngeability indices, and more conservative parameters may be required to 
reduce the prospect of malfuncUons that create safety hazards. On the other 
hand, if the research determines that magnitude and frequency of 
maladjustment is not critical, then less conservative parameters may be 
acceptable. However, it is important to note that at the current time, the 
societal risk of such malfunctions cannot be adequately assessed because the 
magnitude and frequency of maladjustment is generally unknown. 

H.1.2.11 Determine if Umit Gem Testing Would Enhance Equipment 
Flexibility With Varying Fuel Compo~ltlonL Umit gas testing on appllances 
was considered for I ~ t l o n  in the Z21/83 des/gn certification tests in the 
U.S. in the early t980s. ~ However, as concern over ~ vadaUons in U. S. 
gas supply abated later in the decade when natural gas supply in most areas of 
the U. S. stabilized, the additional expense of such besting was seen as 
unJust~ed. On the other hand, Europe proceeded with limit gas testing in 
individual counbies, and u~rnately, the European Union facilitated market 
Integration by basing acceptability of appliances on diverse national supp/ies. 
Discussion of limit gas testing In the U. S. design certification tests has been 
revived as a means to assess gas In~erchangeabllity from the perspective of the 
changing gas supply. The additional testing costs must be evaluated against 
potxmtial elimination of current tests (e.g., current bests on eddiUonal gases other 
than Test Gas A) and resulting effldendes gained In the certification procedures. 
It is important to rto~ that limit gas tx~Ung in design certification would only 
address Interchangeabllity for new app/iancas, not for appliances currently in the 
Installed stodc 

V 

Steinn,,e~ G.F.,. The Ca~ Jbr Compatible Standards Between Gas ,4ppllance Performm~e oad Nmurol 
Gm ~.~ol/ty, American Institute of Chemical Englneent , Sp~n8 National Meeting, New Odeam LA, 
March, 1988. 

7 



Jnofflclal FERC-Generated PDF of 20060414-0200 Received by FERC OSEC 12/06/2005 in Docket#: RP04-249-001 

200506305008 Received FERC OSEC 06/30/2005 i0:43:00 AM Docket# PL04-3-000 

White Paper on Natural Gas Inte~langeabillty 
And N o n ~  End Use 

F.~lblt No. FGT-8 
242 of  250 

H.2 Turbines, Microturbines Ik Power Boilers 

Significant data gaps and conflicting information exist flora OEM's regarding fuel 
composlUon variability relating to pedocmance, combustion stability and 
emissions from modem low emission gas turbines. Actual test data considering 
fuel composition variability is not publicly available. Cor6idedng this end use 
category is one of the fastest growing areas of gas consuml:~on and I~e 
potential consequences associated with equipment outages makes this research 
component a pfiorib/. 

v 

H.2.1 Background 

Although modern gas turbines can operate on a wide variety of different gaseous 
fuels, dry low emission (DIE) turbines have very complicated combustion 
systems whose operation depends on a relatively consistemt fuel composition to 
maintain acceptable hardware life and to ensure pollutant emission guarantees 
are met. Significant dmnges in fuel composition over a short period of time 
beyond which the equipment was originally designed and tuned to receive may 
have substanUal delTIrnental effect on the operaUon of the unit. The degree of 
change that is significant is dependent upon which component of the gas is 
changing, with some deleterious effects occurring with relatively small changes 
while other changes in composition can be much larger with minimal impact. 

As a result, additional research is needed to understand the magnitude of 
compositional changes that impact turbine operations and emissions coupled 
with the Ume rate of change impacts on operability of these machines. While the 
White Paper suggests that a Wobbe varlaUon of +/-4% of the historical 
adjustment gas will meet the needs of turbine operators, some OEM's have 
expressed some reservations to these limits as being too broad to control 
emissions and meet current fuel specification guarantees. 

H.2.2 Research Issues and Needs 

An Ioduslry collaborative effort Is necessary for ~ls research to be elfecUve. 
OEWs, gas suppliers and equipment owner / operators all need to come to 
consensus as to how testing should proceed achieve the maximum benefit from 
the results. In summary, the following outlines the ~ program: 

• Define and c~talog the current range ~ gases and equipment 
configural~s that successfully exist I~lay. 

V 
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Define reasonable variations in fuel compositions due to the addition of 
non-traditional supplies (LNG imports, unprocessed domestic supplies, 
coal bed methane etc). 

• Identify ~design" vs "as tuned" relationships for installed equipment 

Identify current systems response to increases in hydrocarbon 
constttoents beyond which the equipment was originally designed to 
handle. Monitoring to include emissions, performance and combustor 
dynamics. This tlesting should be conducted at base load with particular 
attention to start up cycles. 

Identify current systems response to decreases in hydrocarbon 
consEtuents assodated with Btu stabilization (addition of Inerts) with the 
same trots as stated above. 

• Repeat the abovementioned testing with units equipped with "active 
tuning" hardware to understand the response characteristics. 

• Repeat testing as stated above under varying load conditions. 

• Repeat b=sting for various combustor design configurations including a 
specific focus on High Pressure Ratio gas turbines (>1g:1). 

H.2.2.1 Identi~/All Major Types and Manufacturers 

Equipment manufacturers should be identified along with specific equipment 
information indudlng the types of combustor, combustion controls, secondary 
emission controls, 
fuel conditioning equipment, fuel gas monltodng equipment and instrun~mtation. 

H.2.2.2 Collect Manufacturer Dal~ 

This process Involves the collection of all available OEM ~est ~ that can be 
made publicly available to provide a basis fro developing the addrdonal test 
methods and protocols necessary to fill the data gaps. 

V 

H.2.2.3 Collect End User Data 

This process involves the collection of all available end user data I~ document 
practical operating experience that can be made publicly available to provide a 

9 



Jnofflclal FERC-Generated PDF of 20060414-0200 Received by FERC OSEC 12/06/2005 in Docket#: RP04-249-001 

200506305008 Received FERC OSEC 06/30/2005 10:43:00 AM Docket# PL04-3-000 

White Paper on Natural Gas Interchangeability 
And Non-Combustion End use 

No. FOT-II 
Page 244 o~ 2S0 

basis for developing the additional test methods and protocols necessary to fill 
the data gaps. 

H.2.2.4 Develop TesUng Methods and Protocols 

Standard test methods must be developed to include laboratory bench testing 
coupled with full scale testing at existing turbine installations based on 
information gathered in steps 2.2.2 and 2.2.3 A defined range of acceptability 
must also be established during test method development. 

H.2.2.5 Evaluate Specific ]r3sues of Heavy Hydrocarbons (C4+) 

Turbine emissions must be evaluated considering specific hydrocarbon 
constituents including butanes +. Several pieces of conflicting currently exist 
around this constituent parameter that must be resolved. 

V 

H.2.2.6 Evaluate Pobmtlal for Using Iqethane Number as an 
][ntm~angeabllity Zndex 

Interchangeability and fundamental combustion parameter relationships need to 
be evaluated during the testing and experimental design process to determine 
the interrelationships (if any) of these p a r a ~  in predicting fuel gas impacts 
on operability and performance. 

H.2.2.7 Assess Combustion Fundamentals Associated with Stability 
and Emissions 

Fundamental combustion theory suggests that emissions and combustion 
stability Issues are potential consequenoes of varying fuel compositions over 
short periods of time. These "swings" in composition and the resultant impacts 
such as pressure pulsations, flame stability and emission impacts need to be 
confirmed In order ~ encourage greater fuel composition flexibility into the 
combustor design process. 

H.3 Zmlusbial and Comn~rdal Burners 

Industrial and commercial burners Indude burners used to provide heat and 
appropriate condl~ons for tile conversion of materials into desired products. 
Under most drcumstances, these burners are operat3ed in conjunction with 

I0 
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combustion control systems. Appliance burners often operate only 
Intermittently, but indusffial and commercial burners can operate most of the 
time or continuously for years. Rdng capadtJes of individual industrial and 
commerdal burners are usually much larger than appliance burners capacities, 
but the" are exceptions where industrial processes use small burners. 

H.3.1 Background 

Industrial burners vary tremendously in firing capadty, flame speed, method of 
mixing, flame shape, flame ternperabJre, and other characteristics. Rather than 
classify the wide range of industrial bumers by end use, they are best 
categorized by burner type. All manufacturers design and warrant bumers and 
their performance, but no standard testing protocols are universally practiced or 
accepted te determine fuel impacts on burners or burners with their con'ool 
systems. Because performance standards are high, burners have become highly 
engineered. This has made their performance more sensitive te small Input 
changes. Effidency, component life, and emissions are highly dependent on 
precise control of all aspects of the combustion process. The available 
informaUon on changes in efftdency, performance, and emissions is very limited 
and needs to be expanded for senslUve dasses of industrial burners. The 
information cun'ently available is provided by equipment manufacturers which 
makes the data spotty and does not provide independent validation of the data. 

H.3.2 Research Zssues and Needs 

H.3.2.1 aassify Bume~ and Combustion Systems by " 1 ~  

The wide range of industrial and commercial burners must first be classified by 
burner type (nozzle mixed, high momentum, oxy-gas, etc.). This list must 
Include the principal charactedstks of each burner type and the manufacturers 
producing U~at burner type. Preliminary review has found that most induslylal 
burners can be dassifled into 20 to 30 major dasses of burners. The list of 
burner types must also Indude a ranking that estimates the level of sensitivity of 
each burner type to fuel gas changes. This ranking is not meant to be 
exclusionary but to be a guide for testing. The ranking may help to reduce the 
number of burne" types flint need to be bested to evaluate bhe impacts of fuel 
interchangeabillty on induslt(al burners. 

H.3.2.2 Differentiate New Burner Types Under Development from 
Conventional Operating Burners 

The listing of burner types must include new high-efficiency and low-emission 
bumers under development or just entering the market. Expadrnental burners 

11 
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do not need to be Induded until they reach development sizge. The 
performance of these types of burners is especially sensitive to fuel gas changes 
because they can be toned to narrow fuel gas heating value and composition 
ranges and because rapid swings in fuel gas can affect performance. 

H.3.3 Development of Methods to Otaracterize Industrial Bumem 

H.3.3.1 Collect Data on Performance and Develop Consistent Basis for 
znterpretat n 

Burner, control syslL=m, and equipment operators must be contacted to collect 
available performance data on the most sensitive types of industrial ~rners. 
The range of control opUons practiced with each sensitive burner type must also 
be identified. ThLs information will be anecdotal and isolated in most cases but 
will provide needed background for the verified tested, needed for 
Interchangeabtlity. 

H,3.3.2 Identify Test Methods by Type 

Several types of tests must be conducted with indus~lal burners and cont~l 
systems. These Include performance, operation, and emissions. Performance 
tests will evaluate the impacts of fuel changes on the control components, on 
equipment ope'ation, on safety, on air to ~el ratio limits, e~:. Operations 
will monitor characted~cs such as flame length, flame temperature, flame 
shape, and other operations properties. Emissions tests will collect data on 
emissions changes relative to fuel gas changes. 

H.3.3.3 Develop Test Methods and Protocols 

A series of performance, operaUons, and emissions ~est p ~ s  must be 
developed. These test methods must be well documented and repeatable by 
any tesUng fadlity. There are many ways, for example, to measure flame 
length. The objective must be to choose a reliable method b '~  can be 
quant~ably employed by any testing group so that verifiable data can be 
collected. 

V 

H.3.4 lndusbtal Burner Testing 

H.3.4.1 Test Set-Up for Indusl]lal Burners 

Industyial burners and cont3"ol systems are employed on small to very large 
processes in practice. Ther~ore, consideration must be given to test fadUty 
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arrangements that accommodate this wide size range, the range of temperatures 
and firing rates used, and many other vaflations. No single laboratory 
arrangement can approximate all industrial applications. Therefore, a group of 
defined testing conditions must be defined that allow repeatable testing of 
industrial burners and control systems at conditions that come as dose as 
possible to industrial practice. 

H.3.4.2 Industrial Burner Tests 

Tests must be conducted with 1) the Indust;ial bumers and control systems 
identified as most sensitive, 2) by the testing protocob developed, and 3) in 
fadlities specified for testing to ensure repeatable results. Testing will Jndude 
variations in fuel composition and heating value, study of the impact of rapid fuel 
gas switching, assessment of changes of the firing range of the burner, etc. In 
all cases, the burners will be tested in combination with the common control 
system (or systems) used in industrial practice. 

v 

H.3.5 Analysis of Tndustrlal Burner Test Results 

Testing results, literature data, and informaUon from equipment manufacturers 
and operators must be analyzed to determine fuel int~cd~ngeability relative to 
industrial and commercial bumers. Analysis may reveal that the Indices used for 
appliance burners are inappropriate for industrial burners. In this situation, new 
Indices need to be developed. The objectives of the analysis are to t) determine 
which burner types are most sensitive to fuel gas changes, 2) determine ranges 
of gas property changes that are acceptable for classes of Industrial burners and 
can then serve as interchangeable, and 3) provide guidance on indices 
appropriate for determination of fuel gas interchangeablllty for industrial burners. 

H.4 Stationary and Vehicle Engines 

RedprocaUng engines continue to be of great importance to the gas Indusb7 and 
end users generally In a wide variety of staUonary and vehicular aPl~icatlons. 
Many of these applications are driven by emissions regulations, but the 
applications themselves are under Increasing pressure to demonstrate acceptable 
emlsskxLS performance. 

H.4.1 Background 

V 
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Gas compositional issues emerged early in the advanced development of gas 
engines due to the need to control detonation or "knock" in engine cytinders, 
which can lead to early engine failure as well as operational and emissions 
performance problems. Development of the American Society of Automotive 
Engineers (ASAE) Standard 1-1616 and the National Fire Protection Association 
(NFPA) Standard 54 set some of first fuel quality spedfications in the U. S. based 
on controlling combustion behavior, albeit under compression conditions. 
Continuing activity, led by the State of California and stakeholders in California, is 
focused on refining requirements and metrics for gas spedflcaUons in engines. 
Appendix C4 has greab~ detail on past and current activity. 

H.4.2 Research Issues and Needs 

While a great deal of information has been developed on gas reciprocating 
engines in the last two decades, much of this information is diffuse and requires 
greater uniformity and availability to support fuel quality spedficatJons and 
emis~ons p e r ~ n o e .  In addition, technical consensus is needed on gas 
p a r a ~  for fuel and emissions performance, such as uniformity of the 
methane number calculation of gases, so that more efficient parameters for 
interchangeability can be utilized. The following are several specific near b~rm 
needs. 

H.4.2.1 Survey Manufacturers for Performance Data by Equipment 
Hodel 

Manufacturers continue to have data and access to data gathering for key engine 
models, both for stationary and vehicular applications. Current informaUon on 
equipment models is incomplete and, in some respects, out of date, especially 
for models using the latest dosed-loop controls and emissions. Data collection, 
while ixol~-~ng commercial confidentiality, must be more widely available, 
espedally for performance and emissions using limit gases represent pobenUal 
new supply sources. 

H.4.2.2 Review Operations and Emissions Neasurements and 
Requirements 

Operati~Ls requirements have changed over recent years and government 
support has declined and greal~r cost ~ has been required for gas 
engines, par'dculady in vehicular applications. Basic performance requirements 
of gas engines, along with requirements for engines using competing fuels, need 
to be upclatc~ to identify critical applications that might have particular sensllMty 
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to gas compositional requirements. A similar focus is needed for emissions 
performance. In addition, the role and trends in emissions requirements both 
driving the focus on gas engines and regulating these engines need to be 
updated in light of potential changes in supply. 

H.4.2.3 Collect Manufacturer Data 

Data from manufacturers on performance and emissions is needed to better 
represent the current stat~ of the art In engines and contTols and to evaluate 
sensitivities to changes in gas composition. Initial gathering of manufacturer 
data is expected to require augmentation with manufacturer besting for limit gas 
performance. Testing protocols, administered by the manufacturers, need to be 
developed in conjuncUon with the manufacturers and effident~y be applied to a 
wide range of engine models while maintaining general consistency across the 
industry. 

H.4.2.4 Collect Published Data and End User Data 

End users, induding pipeline operators with continuous monitoring capability and 
vehicle fleet managers required to meet local requirements, can provide key 
information on performance and, in particular, emissions from gas engines. In 
some cases, these end users have instrumentation that can be used to collect 
gas compositional informaUon that can be associated with performance and 
emissions. However, Instrumentation available suggests that monitoring will 
produce data supporting only a limited number of parameters. 
Published data on performance and emissions is available fiorn a variety of 
governmental and non-governmental sources, but this data is dispersed and 
needs to be reviewed for applicability to interchangaability. 
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