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Defining LMOA Generation 7 Engine Oil 
Performance Category 
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Tom Gallagher, Chevron Oronite Company LLC; David Bills, Red Giant Oil; 

Fred Girshick,Jnfineum USA, L.P; Leighton Haley, Norfolk Southern 
Corporation; Najeeb Kuzhiyil, General Electric; George Lau, Canadian National 

Railroad (retired); Conner Leftwich, Afton Chemical; Dennis McAndrew, 
DM, Inc.; Virginia Wiszniewski, E.xxonMobil Research & Engineering 

Abstract 
In March 2008, the Environmental 

Protection Agency (EPA) finalized 
stringent emission standards (Tier 3 
and Tier 4) for locomotive and marine 
engines. Locomotive fuel sulfur levels 
also decreased from 5000 ppm maxi­
mum on June 1, 2007 to 500 ppm and 
then down to 15 ppm maximum on 
June 1, 2012. Locomotive engine man­
ufacturers have enacted a number of 
modifications to meet these regulations. 

The Locomotive Maintenance 
Officers Association (LMOA) Fuels, 
Lubricants and Environmental (FL&E) 
committee issued the definition of 
LMOA Generation 6 performance 
category for locomotive engine oils 
in September 2012 with an effective 
date of 2009. Generation 6 addressed 
decreasing fuel sulfur levels along with 
Tier 3 and earlier emission require­
ments and has been in use for over 7 
years. During this same period, railroad 
operations have increased locomotive 
efficiency and utilization which have 
further influenced engine oil stress and 
rate of oil degradation. 

The Tier 4 emission standard 
effective January 1, 2015 resulted in 
additional engine modifications and the 
introduction of exhaust after- treatment 
in some engines. The significant engine 
and system changes implemented on 
Tier 4 locomotives provided the basis 
for defining the performance require­
ments for LMOA Generation 7 loco­
motive engine oils. 

Introduction 
The LMOA FL&E Committee 

established the generation performance 
categories to define lubricant perfor­
mance in line with advancements in 
lubrication technology. Traditionally, 
advancements in locomotive engine 
oil performance were associated with 
alkalinity as measured by the ASTM 
International 02896 method. However, 
improved performance and technol­
ogy innovation are not limited to 
alkalinity alone. This paper provides 
the background of LMOA Generation 
performance categories and factors 
that established the basis for defining 
LMOA GEN 7 oils 
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Covorod 
Who Fuel 2006 2007 2008 2009 20 10 20 11 2012 2013 20 14 

Ulrge Refiners ~nd Non-Road SOO+ soo soo soo IS IS 1S IS I S 
Importers ppm ppm ppm ppm ppm ppm ppm ppm pprn 

Large Refiners and locomotive and 500+ ~00""'. 500 500 500 500 r 1s""' 15 I S 
Importers Marine ppm ppm ppm ppm ppm ppm ppm ppm ppm 

Smt~ll Refiners t~nc.J Non-Roed, SOO+ SOO+ SOO+ SOO+ soo 500 sao soo r 1s ....... 
Other Exception) LocumuUv~ lind pprn ppm ppm ppm ppm ppm IJJ.>ITI ppm 

~ Marine 

Excopt in Collfomlo, compllonco datos for Non-Rood, Locomobve and Morino Fuols In tho yeo., lndlcotod oro: Juno I for 
refiners and Importers, Augu!'it 1 down!'itrcam from refineries through fuel terminal:;, October 1 for retail outJcc, and 
December 1 for ln-u:;e. 

1S ppm ULSD effective January 1, 2007. 
In Colifomla, all diesel fuel trons•tions to ULSD in 2006. Locomotive and Marine diesel fuels were required to transition to I 

Table 1. Non-road diesel fu el sulfur levels 

Recent History 
The 2012 issuance of the LMOA 

Generation 6 definition for locomo­
tive engine oils broke from the historic 
alkalini ty basis and served to effec­
tively address transit ional fuel sulfur 
levels between 2007 and 2012 for die­
sel fuel consumed by the locomoti ve 
fleets in North America. The informa­
tion in Table I is sourced from the EPA 
and summarizes fuel sul fur changes. 

An exception allowing use of 
transmix fuel containing up to 500 ppm 
sulfu r in older technology locomo­
tives past 2014 remains in effect. This 
exception was to pem1it continued. 
efficient operation of the petroleum dis­
tribution system by providing an outlet 
for pipelines to reasonably dispose of 
comingled product separating two dif­
ferent fuels. 

In general, North American rail­
roads have transitioned away from 
transmix in preparation for receiving 

Tier 4 locomotives that requi re use 
of 15 ppm maximum sul fur fueL 
However, instances may remain where 
specific locations still accept and con­
sume transmix in non-Tier 4 engines. 

Recently, there has also been an 
increased emphasis on considerations 
for dual fueled (e .g., diesel & Liquefi ed 
Natural Gas) consum ption locomotives. 
Though there will be some similarities 
in the demands on oil performance, 
additional parameters wi ll need to be 
considered. LMOA Generation 7 defi­
nition does not address the consump­
tion of altemati ve fuels. 

As defined in Table 2, LMOA 
Generation 6 locomotive engine oils 
were researched. developed and field 
tested to lubricate engines in modem 
tier compl iant locomoti ves consuming 
low (5500 ppm) and ultra-low (:S 15 
ppm) sulfur diesel. 
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Effective Perfo rman ce 
LMOA 

Year 
Typlca Milestones of Fo rmulation Issues 

Generation IBN Locomotive Engine 011 
Advancements 

1 1940 <7 Straight mineral oils 
Lost alkalinity, lead 
corrosion, bearing failures 

Ashless dispersants, 
Reduced sludge and better 2 1964 7 Improved alkalinity with 

Calcium detergents 
oil filtration 

Impr oved alkalini t y 
3 1968 10 re t ention, higher Reduced piston ring wear 

dispersant levels, Ca 
deter gents 

Improved alkalinity Increased protect ion for 
4 1976 13 retention with improved adverse engine operating 

detergents and conditions 
i i<nPr<onr< 

Improved drain Intervals In 
Longer life oils that meet 

s • 1989 13 / 17 LMOA definitions and 
/ 18 low oil consumption 

requirements 
engines 

Optimized dispersant & 
Proper balance of lube oil 

detergent system for low alkalinity In consideration of 
fuel sulfur levels while 

6 2009 9 I 10 
sulfur diesel (SSOO ppm) 

maintaining established oil 
& ultra low sulfur diesel 
fuel (SIS ppm) for low oil drain intervals; concurrent 

:: with reduction in sulfated 
consumption engines 

ash In the oil 

• GE 4 Long Li fe (GE 4 LL}. Gener a l Electric rec ogni z ed the p erformance 
improvem ent but not t h e guara nteed 1 84 d rai n cycle. 

Table 2. Locomotive Engine Oil Generations 

Current emission standards for 
locomotive se1vice (line-haul & switch) 
are summarized in Table 3 per the 
March 2016 document in EPA's ''Non­
road Engines and Vehicles Emission 
Standards" section. Please reference 
the Code of Federal Regulations (CFR) 
for a thorough review of the material 
and applicability . 
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Outy..C,:le• nor Yur• HC ' NOx PM co Smoke Minimum Useful Ufe W1rranty Period 

(Jfh .. hr)[r/h .. htl (r/h .. hrl (r/hp-hfl(percenla&el" (hours/yem/mll.,l" (hours/years/miiH) 0 

1973. 

nerO 1992 ... 1.00 9.51ABn 0.22 IASTl 5.0 30/40/5() 17.5xhoi/10/75(JOOO ' 

1993 · (7.5• hpl/10/750,000. 
ner 1 2004 •• 0.55 7.AIASTI 0.22(ASn 2.2 25/40/5() l7.5xhoi/IO/· 

2005. 

Une·h~ul Tler2 1011 ' 0 .30 5.5(ASTI O. IO(ABTI 1.5 20/40/5() (7.5•hol/ 10/-
2012 . 

ner3 2014 ' 0.30 5.51ASII 0.101Al!T1 1..5 20/40/5() (J.S.hpl/ 10/· 

Fedeul Tlcr 4 2015 • • 0.14 U IABn 0.03(ABTI 1.5 (7.5>hpl/ 10/· 1/l • Useful life 
1973 . 

TlerO 2001 2.10 U .SIASII 0.261AST 8.0 30/40/5() 17.5x hol/10/750 000 • 
2002. 

Switch Tler 1 2004 . 1.20 II.O(ABT 0.261ABTI 2.5 25/40/50 (7.5xhp)/ 10/· 
2005 -

ner2 2010 " 0.60 8.JIASII .l3 1(ABT 2.4 20/4()/50 7.5xhol/ 10/-
2011· 

Tlerl 2014 0 .60 5.0(ABn O.IO (ASTl 2.4 20/40/50 17.5•hol/ 10/· 

ner4 2015. 0.14 1 l.l ' IABn O.O)(AST) 2.4 (7.5xhpi/ IO/· 

Table 3. Locomotives Exhaust Emission Standards 

Notes: 

a. T hese standards apply to locomotives 
that are propelled by engines with total 
rated horsepower (hp) of 750 kilowatts 
(kW) ( 1006 hp) or more, unless the 
owner chooses to have the equipment 
certified to meet the requirements of 
locomotives. This does not include 
vehicles propelled by engines with 
total rated horsepower of less than 750 
kW ( 1006 hp); see the requirements in 
40 Code of Federal Regulations (CFR) 
Parts 86, 89 and 1039. The test pro­
cedures specify chassis-based testing 
of locommives. T hese test procedures 
include certification testing, production 
line testing , and in-use testing using the 
Federal Test Procedure (FTP) when the 
locomoti ve has reached between 50-70 
percent of its useful l i fe. 

b. Line-haul locomoti ves are powered by 

engine with a maximum rated power 
(or a combi nation of engines having a 
total rated power) of 2300 hp or less. 

c. The Tier 0 standards apply to locomo­
ti ves manufactured after 1972 when 
they are manufactured or remanufac­
tured. Note that interim standards may 
apply for Tier 0 or Tier I locomoti ves 
remanufactured in 2008 or 2009, or for 
Tier 2 locomoti ves manufactured or 
remanufactured in 2008-2012. 

d. Line-haul locomotives subject to the 
Tier 0 through Tier 2 emission stan­
dards must also meet switch standards 
of the same tier. 

e. The Tier 0 standards apply for 1993-
200 I locomotives nm originally manu­
factured with a separate loop intake air 
cooling system 

an engine with a maximum rated power f . Tier 3 line-haul locomotives 1nust also 
(or a combination of engines having a meet Tier 2 swi tch standards. 
total rated power) greater than 2300 hp. 
Switch locomoti ves are powered by an 
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g. Manufacturers using credits may elect 
to meet a combined nitrogen oxides 
(NO) plus hydrocarbon (HC) stan­
dard of I .4 grams per brakehorse­
power-hour (g/bhp-hr) instead of the 
otherwise applicable lier 4 NO, and 
HC standards. 

h. lier I and lier 2 switch locomoti ves 
must also meet line-haul standards of 
the same tier. 

i. The numerical emission standards for 
HC must be met based on the follow­
ing types of hydrocarbon emissions for 
locomotives powered by the followi ng 
fuels: ( I) alcohol: total hydrocarbon 
equivalent (THCE) emissions forlier 3 
and earlier locomoti ves. and non-meth­
ane hydrocarbon equivalent (NM HCE) 
for Tier 4; (2) natural gas and liquefied 
pet roleum gas: non- methane hydrocar­
bon (NM HC) emissions; and (3) diesel: 
total hydrocarbon (THC) emissions 
for lier 3 and earlier locomotives, and 
NM HC for1ier4. 

j. Manufacturers may elect to meet a 
combined NO,+HC standard of 1.4 gl 
bhp-hr instead of the otherwise appli­
cable lier 4 NO, and HC standards. 

k. The line-haul particulate matter (PM) 
standard for newly remanufactured Tier 
2 locomoti ves is 0.20 g/bhp-hr until 
January I. 2013. except as specified in 
40 CFR Part 1033.150(a). 

I. The switch PM standard for new lier 
2 locomoti ves is 0.24 g/bhp-hr until 
January I, 20 13, except as specified in 
40 CFR Part 1033.150(a). 

m. The smoke opacity standards apply 
only for locomoti ves certified to one 
or more PM standards or Family 
Emission Limits (FEL) greater than 

0.05 g/bhp-hr. Percentages apply to 
smoke opaci ty at steady state/30-sec­
ond peak/3-second peak, as measured 
continuously during testing. 

n. Useful life and warranty petiod are 
expressed in megawatt-hours (mw-hr). 
years, or miles. whichever comes first. 
Manufacturers are required to certify to 
longer useful lives if their locomoti ves 
are designed to last longer between 
overhauls than the minimum useful li fe 
value. 

o. For locomoti ves originally manufac­
tured before January I. 2000. and not 
equipped with mw- hr meters. 

Code of Federal Regulations (CFR) 
Citations: 

40 CFR 1033.101 = Emission 
Standards and Usefu l Life 

40 CFR I 033.120 = Warranty 
Requirements 
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Potential Engine Technologies to 
Meet Tier 4 Emission Levels 

To meet the Tier 4 emission lev­
els OEMs have been introducing new 
technologies to the rai lroad industry. 
One OEM st<111ed commercial pro­
duction of a T ier 4 engine in 2015 
wh ich was developed from the ground 
up. From the experience so far with 
on-highway trucks and the rail roads, 
potential technologies to meet Tier 4 
emission levels include Exhaust Gas 
Recirculation (EGR), Exhaust After­
Treatment System (ATS), Reduction 
in Oil Consumption and Combustion 
Optimization . The final solution may 
include all of these techniques or a 
combination of some of them. 

Exhaust Gas Recit-culation (EGR) 
Exhaust Gas Recirculation (EGR) 

is a NOx reduction technique. M ost of 
the NOx formation in intemal combus­
tion engine is due to "Thermal NOx" 

which is dependent on flame tempera­
ture and concentration of oxygen in the 
combustion mixture. By recirculating a 
port ion of the cooled exhaust gas ( I 0-
40%) into the combustion chamber, 
the flame temperature and concentra­
tion of oxygen can be reduced thereby 
reducing the NOx fom1ation (Fig I ) . 
However, EGR tends to increase the 
formati on of par1iculates during com­
bustion. Hence, there always is an 
optimum amount of EGR that balances 
NOx and particulate emissions for an 
engine at given operating conditions. 

EGR requ ires the addition of new 
components to the engine such as EGR 
cooler, EGR control valves and extra 
piping. For the rai l road industry, these 
components are new requiring addi­
tional workforce training and different 
maintenance practices. On the other 
hand, EGR puts additional stress on 
engine oil. While cooling the exhaust 
gas the sulfuric and nitric acid vapors 

EGR Valve 

Figure 1. Schematic of EGR 



FUEL, LUBRICANTS AND ENVI RONMENTAL 193 

Diesel Exhaust Gas 

Prc·Oxldatlon 
Catalyst 

Mixing SCR Catalyst 

Exhaust 

'----Eng____.... f:cn:T i(J II II r:n::. 
Control Urea 

Unit Injection Oxldaloon 
catalyst 

Urea 
Tank 

Hydrolysis 
catalyst 

Figure 2. Examples of DOC-DPF and SCR 

contained in it tend to condense and 
increase the acidity of the intake air. 

This increase in acidity causes 
faster depletion of the bases (BN) in 
the engine o il . 

Exhaust After-Treatment System 
(ATS) 

Generally, there are two types of 
ATS used in diesel engine applications. 
One is a Diesel Oxidation Catalyst­
Diesel Particulate Filter (DOC-DPF) 
combination and the other is Selecti ve 
Catalytic Reduction (SCR). T he DOC­
DPF burns most of the carbon par­
ticulates and aerosols in the exhaust 
and captu res most of the remaining 

pmticulates. T he SCR system on the 
other hand , converts NOx into nit rogen 
and oxygen with the help of ammo­
nia/urea and a catalyst. The on-high­
way industry has been using one or 
the combination of both for exhaust 
after-treatment on diesel engines since 
2010. For emissions compliance, Tier 4 
locomotives may use After-Treatment 
Systems. 

Tier 4 freight locomotjves com­
mercially available in North America 
from one OEM do not use any 
afte r-treatment technology. 
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Reduction in Oil Consumption 
Most of the oil consumed in an 

engine bums or forms aerosols in the 
combustion chamber thereby causing 
the emission of particulates. 

Reduced oil consumption is a 
technique used by engine builders to 
reduce the particulate emission which 
is a potential technique to help meet 
the Tier 4 emission standards. Such 
reduced levels of oil consumption 
increase the stress on engine oil as 
the amount of fresh oil additions also 
called "top off', to the engine sump 
during normal operations is reduced. 

Combustion Optimization 
In order to reduce NOx and particu­

lates, permutations and combinations of 
combustion conditions are used in diesel 
engine design. These include high pres­
sure common rail fuel injection system 
(HPCR), optimized air intake systems 
and optimized valve timings. Some of 
the combustion optimization techniques 
such as higher peak firing pressure 
and related temperature rise influences 
engine oil degradation. 

LMOA GENERATION 7 
Performance Category Definition 

LMOA Generation 7 locomotive 
engine oils must be capable of main­
taining current pelformance expecta­
tions while operating in locomotives 
meeting 2015 EPA Tier 4 Emission 
Standards as well as in legacy fleet 
locomotives. The FL&E committee 
defines Generation 7 diesel locomotive 
engine oil pelformance attributes and 
qualities per the following: 

• The finished oil formulation must 
be suitable for use in locomotive 
fleets with Tier 4 and earlier loco­
motive engine models. 

• The finished oil formulation must 
demonstrate equivalent or improved 
pelformance over the previous 
generation oil. These performance 
characteristics include deposit and 
wear control, alkalinity retention, 
acid control, viscosity control, ther­
mal & oxidative stability, engine 
cleanliness & sludge control. 

• The locomotive engine oil 
formulation must be tested to 
demonstrate acceptable compati­
bility with existing original engine 
manufacturers (OEMs) approved 
oil formulations. 

• Used oil analysis trending of the fin­
ished oil formulation must demon­
strate the ability to maintain and/or 
exceed established locomotive main­
tenance intervals without breaching 
OEMs used oil condemning limits. 

• The finished oil formulations must 
pass all OEM test requirements 
which may include laboratory and 
field testing. 

• Issuance of finished oil formulation 
approval letters by the OEMs is a 
prerequisite for claiming LMOA 
GEN 7 pelformance. 

Field testing to demonstrate LMOA 
Generation 7 performance must 
adhere to the following: 
• Field testing must be conducted 

in accordance with the procedures 
prescribed in the LMOA FL&E 
paper titled "Engine Lubricating Oil 
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Effect! Per formance 
LMOA Typical Milestones of Formulation Issues 

Generation ve BN Locomotive Engine 
Year 

Oil Advancements 

1 1940 <7 Straight mineral oils 
Lost alkalinity, lead 
corrosion, bearing failures 

Ashless dispersants, 
Reduced sludge and better 2 1964 7 improved alkalinity 

with Calcium all f iltration 

Improved alkalini ty 
3 1968 10 retention, higher Reduced piston r ing wear 

dispersant levels, Ca 
deteraents 

Improved alkalinity Increased protection for 
4 1976 13 retention wi th Improved adverse engine operating 

detergents and conditions 
dispersants 

Improved drain intervals Longer life oils that meet 
5 • 1989 13 /17 LMOA definitions and 

118 In low oil consumption 
requirement s engines 

Optimized dispersant & Proper balance of lube oil 

detergent system for alkalinity In consideration 
of fuel sulfur levels while 

6 200 9 9 I 10 
low sulfur diesel (SSOO 

maintaining established ppm) & ultra low sulfur 
diesel fuel (SIS ppm) oil drain Intervals; 

concurrent with reduction for low all consumption 
In sulfated ash in the all engines 

Emission Regulations, 
Improved weak acid Compatibility with EGR 
cont rol and alkalinity & Exhaust After-

7 2016 10/11 retention for low oil treatment 
consumption engines technologies, SAPS 
while maintaining (sulfated uh, 
/enhancing phosphorous, sulfur) 
established content In locomotive 
maintenance engine oil 
Intervals 

+ GE 4 Long Li fe (GE 4LL). General Electric recognized the performance improve ment 
but not the guaranteed 184 drain cycle. 

Table -1. Updated Locomotive Engine Oil Generatiom 
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Evaluation Field Test Procedure" 
published in the year 2000 

• The field test protocol must be 
reviewed and approved by the 
OEMs and the additive company 

• Performance must be demonstrated 
in EPA Tier 4 compliant loco­
motives (and not in Tier 4 credit 
locomotives,T4C) 

• The selected locomotives must 
be operated in a service having a 
severity level meeting the respec­
tive OEM's requirements 

• Resultant field test data must be 
reviewed by the individual OEMs 
for issuance of written approval and 
recognition 

• Acceptance by the particular OEMs 

As defined in Table 4, LMOA 
Generation 7 locomotive engine oil 
specification denotes performance 
attributes for Tier 4 locomotives while 
maintaining the expected performance 
in legacy fleet locomotives. 

SUMMARY 
The evolution of crankcase oil 

requirements concurrent with advance­
ments in engine design introduced a 
new LMOA lubricant category: LMOA 
Generation 7. 

REFERENCES: 
Environmental Protection Agency, 

Office of Transportation and Air 
Quality, EPA-420-B-16-024, March 
20/6 (www.EPA.gov) 

Fuel, Lubricant and Environmental 
Committee of LMOA, Definition of 
LMOA Generation 6, 2012 

Fuel, Lubricant and Environmental 
Committee of LMOA, Engine 
Lubricating Evaluation Field Test 
Procedure, 2000 

Fuel, Lubricant and Environmental 
Committee of LMOA, History 
of the LMOA Lubricating Oil 
Classification System, 1987 
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Natural Gas for Rail Applications: LNG Fuel 
Quality Considerations 

Prepared by: 
J. Soles (Ferus Natural Gas Fuels), Mathieu Lefebvre (CN), Corey Ruch (BNSF), 

Najeeb Kuzhiyil (GE), Shaji Koshy (Amtrak), Steven Fritz (SWRI) 
Union Pacific Railroad, and Bruce Thomson, CSX Transportation 

Abstract 
Over the past few years, the rail 

industry has been advancing the use of 
natural gas fuels for rail applications. 
As the price spread between natural 
gas and diesel widened over the past 
decade, natural gas locomotive technol­
ogy has developed and grown. There is 
an increasing interest in the use of nat­
ural gas for rail applications and other 
industries that consume significant 
amounts of diesel fuel. Variations in 
natural gas quality can have an impact 
on engine performance and emissions 
profiles. Due to these variations, cur­
rently there is a push to develop unified 
fuel quality expectations and standards 
throughout the natural gas industry, 
engine manufacturers and railroads. 

This paper will review the basic 
properties of natural gas fuel and the 
fundamentals of its quality. The differ­
ences and similarities between natural 
gas and diesel as fuels for the rail indus­
try are discussed. Recommendations 
on a path forward for standardizing fuel 
quality measurements are put forth for 
wider consideration. 

Introduction 
As of 2016, there is currently no 

fuel quality specification for natural 
gas consumed as a fuel in locomo­
tive applications. The LMOA FL&E 
Committee recommends the develop­
ment of railroad-specific fuel specifi­
cations to meet proposed engine OEM 
requirements and ensure consistency 
and reliability of natural gas as a loco­
motive fuel across North America. The 
focus of this paper is the composition 
of the gas delivered to the inlet of the 
locomotive engine, whether the orig­
inal product is Liquefied Natural Gas 
(LNG) or Compressed Natural Gas 
(CNG). However, since most natural 
gas trials in service today are utilizing 
LNG for its higher energy density, the 
major discussion of this paper will cen­
ter on LNG fuel. As a practical matter, 
the proposed locomotive fuel specifi­
cation will need to be a procurement 
specification, but this will be addressed 
in future papers. 

A collaboration of engine manu­
facturers, gas suppliers, and railroads 
will be required to optimize a blend 
of natural gas fuel quality, cost, and 
performance. Most natural gas speci­
fications are geared toward boiler and 
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external combustion use (for example: 
power plants, water heaters, and home 
use), but internal combustion engines 
have different quality requirements 
to prevent issues such as pre-ignition/ 
detonation. 

Methane Number is the most com­
monly used natural gas engine fuel 
quality metric, but it is complicated by 
the various (sometimes proprietary) 
calculation methods and lack of over­
arching standard. 

A Brief History of Natural Gas for 
Rail 

Historically, natural gas has found 
a variety of uses in residential, com­
mercial, and industrial applications. A 
shift towards the use of what has been 
called "the cleanest fossil fuel" has been 
investigated in the rail industry over the 
past several decades, dating back to an 
early Burlington Northern trial in 1976 
with CNG, and the more-publicized 
LNG trials of Burlington Northern 
and Union Pacific in the early 1990s1

• 

Beginning in 2013, there has been a 
resurgence of natural gas trials, with 
five Class I railroads investigating var­
ious technologies to make natural gas 
a viable alternative fuel for the rail 
industry. 

Why Fuel Quality is Important to 
the Railroads 

In the view of railroads, fuel qual­
ity has a direct impact on: 

• Fuel Efficiency (Gross Ton Miles 
(GTM) per Gallon) 

• Substitution Rate 
• Methane Slip 

• Emissions Profile 
• Engine Durability and Maintenance 
• Oil Life 

While some of the above impacts 
are well-understood from a railroad 
performance viewpoint, others require 
further explanation. 

• Substitution rate is the ratio of 
natural gas displacement of diesel. 
The higher the substitution rate, the 
more natural gas is consumed and 
the lower the diesel requirement of 
the engine. Dedicated (100%) nat­
ural gas engines will be impacted 
differently than dual-fuel solutions, 
and hence may have different fuel 
quality impacts. 

• Methane slip refers to unburned 
methane that is carried over in the 
combustion cycle through the engine 
exhaust and into the environment. 
This is an undesirable effect of 
dual-fuel units, and the impact of 
methane slip is under investigation. 

Natural gas fuel quality has a direct 
impact on emission and engine perfor­
mance. The fuel properties required to 
keep a boiler running are different from 
those required to power a locomotive. 
The natural gas fuel quality affects 
propensity for engine knock and mis­
fire, emissions, engine oil degradation, 
engine durability and maintenance. 

LNG is made up of almost pure 
methane. During the cryogenic produc­
tion process, most non-methane com­
ponents and contaminants are removed. 
This provides a very pure composition, 
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as the other constituents are only pres­
ent in trace amounts. The high methane 
content LNG results in less chance of 
detonation and pre-ignition issues . 
where this abnormal combustion can 
be a severe issue due to the hi gh poten­
tial for damage. 

Railroads have to be in compliance 
with the changing emission regulations, 
and there is pressure for lowering car­
bon footprint and greenhouse gas emis­
sion levels. Sulfur is absent or present 
only in very minor amounts in natural 
gas fuels (a key advantage over Ultra­
Low Sulfur Diesel) and hence natural 
gas does not emit sulfur oxides (SOx). 

The lubricating oil in a natural gas 
engine does not need to be changed fre­
quently as it burns cleaner than diesel. 
producing less ash and soot deposit in 
the oil. In addition, cleaner burning 
characteristics of natural gas and the 
absence of particulates often reduce 
engine wear and tear, thereby extend­
ing the engine li fe. 

Natural gas fueled vehicles can 
run on I 00% gas using spark ignition 
engines or dual fuel engines that use 
ignition by a small diesel p011ion in the 
fuel. Dual fuel engi nes can alternatively 
nm on diesel fuel oil alone. Most loco­
motive dual fuel engines requi re CNG 
or LNG delivered from the fuel tender 
as a low-pressure dry gas at I 00-150 psi 
to be burned in the engine combustion 
chamber. In dual fuel engines, the nat­
ural gas is injected into the intake ai r at 
low pressure, although there are some 
high pressure systems in development 
that inject the fuel at 5,000+ psi into 
the combustion chamber. This air-gas 
mixture is compressed in the engine to 

attain high pressure and temperature. 
Thereafter the diesel fuel is injected, 
which auto ignites and in turn ignites 
the natural gas. The power is generated 
by burning the mixture of natural gas 
and diesel. This substitut ion rate vmies 
according to the load and is controlled 
by the dual fuel control computer. At 
lower loads, use of diesel fuel tends to 
be higher, whereas at higher load the 
gas proportion is higher. 

Natural Gas Fuel Properties 
Natural gas by definition is com­

prised of mostly methane (CH~, also 
known as "C I"' because the molecule 
contains one carbon atom) with dimin­
ishing amounts of ethnne (C

2
}. propane 

(C
3
), butanes (C), pentanes (C

5
},as well 

as trace amounts of ine11 gases (C0
2 

and N
2
) and heavier hydrocarbons. 

As a transportation fuel, natural 
gas is delivered in two phases: 
• Cryogenic (Liquel1ed Natural Gas; 

LNG) 
• Compressed (Compressed Natural 

Gas; CNG) 
In comparison to diesel, natural 

gas is a greatly simplified molecule. 
but presents unique storage, handling. 
operational. and quality issues com­
pared to diesel and other fuels. 

Figure 1 -Simplified Methane Molewle 
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Table 1 - Typical Coustituents 
of LNG aud CNG 

There are key differences between 
natural gas and diesel in terms of fuel 
properties. The incumbent fuel , diesel , 
is fully-established within the industry 
and there is a high level of familiari za­
tion around handling, dispensing, and 
spill response. Diesel fuel is stored at 
ambient pressures and temperatures 
and is relatively stable over time. 

In contrast , LNG is a cryogenic 
liquid fuel , stored at approximately 
-260°F and 0- 150 psi. Since insula­
tion can only offer so much protection 
towards the fuel warming up (cryo­
genic storage tanks are best thouoht 

"' of as insulated Thermos bottles) , the 
composition changes over time in two 
different phenomena: 

I ) Weathering- whereby lighter 
molecules (C 1, C

2
, N

1
) boil off and 

create vapor in the head space, 
leaving more concentrated and 
denser molecules (C3 , C4, ... ) in 
liquid form in the tank 

2) Stratification - whereby the density 
difference of the various constit­
uents in the tank separate into 
" layers" within the storacre tank 

"' 

Methane is lighter than air there­
fore LNG spills will not remain in con­
tact with the ground for a long period 
of time, as the methane dissipates into 
the atmosphere rapidly. LNG leaves 
no trace other than temporaril y frozen 
ground. This prope1ty is one of the rea­
sons why LNG can offer substantial 
environmental benefits over diesel , as 
spills result in a venting of methane and 
require no ground remediation. 

CNG is natural gas stored at high 
pressure (typically over 3600 psi) and 
at ambient temperatures. The fuel is 
essentially stable in storage over time 
without change in composition, but the 
product itself can be of lower quali ty 
as less pretreatment is required for the 
production of CNG. 

L NG and CNG Production 
Processes 

To better understand natural oas 
fuel properties, an overview of the p~o­
duction processes is included in this 
section. 

Both liquefaction and compression 
require forms of pretreatment to clean 
up the gas and remove contaminants. 
T he amount of pretreatment required 
is a direct function of the quality of 
the source gas, as well as the desired 
fuel quality at the outlet of the faci lity. 
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Figure 2 - Comparison of LNG and CNG Production Processes 

Much like gasoline. a variety of fuel 
qualities can be produced by LNG and 
CNG facilities, and engine OEMs have 
standards and optimal ranges of quality 
for operation of their equipment. 

Across North America. gas pipe­
line composition can vary greatly with 
location. Demand for ethane has fa llen 
dramatically with the rise of shale plays 
and increased production of natural gas 
and oil. As such, ethane is often added 
into the existing natural gas pipel ines, 
which is leading to the ethanization of 
pipelines in No11h America pushing the 
traditional typical 10% ethane limit. 

With both LNG and CNG, hi gher 
methane puri ty content can be achieved 
through the removal of heavier hydro­
carbon products . which complicates 
and adds cost to production process 
by requiring additional disti llation col­
umns and other equipment for treat­
ment. LNG is generally comprised of 

mostly methane as many contaminants 
are removed in the production process, 
but ethane, other heavier hydrocarbons, 
and inerts can still be present in LNG. 
Pre-treatment of gas, such as ethane 
ext raction can be costly, but may be 
necessary to meet methane content 
requirements . 

Pretreatment components can 
include options such as Amine Units 
(which absorbs CO, and H,S). or 
Molecular Sieves ( which ;-emove 
water, C0

2 
and H

1
S via adsorption). 

Other options include siting liquefac­
tion and compression faci lities near 
deep cut ethane extraction faci lities . 
where many of the non-methane com­
ponents are removed for other purposes 
upstream of the LNG plant, providing a 
much higher methane content. 

The key difference between pro­
duction of natural gas as LNG or 
CNG involves the use of pressure and 
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Pre-Treatment will be the major changing variable 
between plants, depending on the input gas feed 
characteristics 

The majority of the liquefaction process can be 
standardized to a repeatable, proven design of a 
specific capacity and quality" 

·~n hJiMr melhane qua trues ate required, additional d!Jtlllatlon equipment may be required 

Figure 3 - Liquefaction Process Flow 

temperantre. Production of LNG cools 
the nantral gas to a cryogenic state, 
which removes many non-methane 
components by design. With CNG, 
after pretreatment, the gas is com­
pressed to high pressures for storage 
and transport , without further refine­
ment. Fuel qual ity issues have been 
known to ari se with CNG that is pro­
duced off of municipal gas supply li nes 
without suf fi cient pretreatment. 

The liquefaction process is largely 
scalable and repeatable, with the feed 
gas and pre-treatment being the main 
changing variable between faci li ties. 

Methane Numbe1· 
One commonly used term in the 

natural gas engine industry is " methane 
number··. Similar to Octane Number 
for gasol ine and Cetane Number for 
diesel fuel , a higher methane number 

generally means better ignition proper­
ties (less chance of knocking) . 

A maj or challenge with methane 
number calculation is that there are 
many di fferent calculation methods, 
some of which are proprietary, and 
all give di fferent results for a given 
fuel composition. Existing accepted 
methane number calculation methods 
incl ude: 

• AVL 
• Cali fornia A ir Resource Board 

(CARB) 
• CAT 
• Cummins-Westpo11 
• GRI 
• ISO (TR 22302; Natural Gas 

Calculation of Methane Number) 
• MWM 
• Waukesha 
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To illustrate this point , Table 2 
shows the LNG composition from a 
selection of LNG production faci lities 
in North America. The compositions 
are listed in the upper p01tion of the 
table , and three different methane num­
bers (specifically. Cummins-Westport , 
CARB , and CAT, ISO, and MWM) are 
calculated below. 

It is evident , there is notable dis­
crepancy between the calculated meth­
ane number. as each method treats the 
different components in a unique way. 
Some may penalize heavier hydro­
carbons more than others. and inerts 
receive different treatment across the 
methods. 

.. 
t th•ne 96.4&3 96.4S9 
lune ) . ) 17 J.)l8 

opane CJH8 0. 108 0. 140 
lutane C4tHO 0.01 1 0.028 

Bu t01ne C4U10 o.ou 
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trocentn O.C>U 0.0.):4 
ygen02 0000 
till Compo11110n 100.000 100.000 

tmmlns W estport 
88.10 88.00 

ethane Values 

With that in mind , the largest dis­
crepancy in Table 2 is contained in 
the CA RB methane number. which is 
based on the GRl method. In one paper, 
it was noted by SWRl and GRJ that the 
conversion equation used by CARB 
tended to overestimate the methane 
number. 

There is a good opportunity for the 
international standard organizations to 
develop a common methane number 
calculation method. To this end.ASTM 
has recently started a new work group 
to develop a methane number standard 
using the MWM method (WK 40094). 

The key point in this discussion is 
that when methane number is reported , 
it should be accompanied by the appli­
cable calculation method . 
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Table 2- Comparison of Methane Number Calcu/(ltionsfor a Selection 
of LNG Facilities 
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Engine Performance Impacts 
T he methane number requirement 

of natural gas engines highly depends 
on the actual engine design. Maximum 
substitution rate and exhaust gas recir­
culation rate, for example, can be influ­
enced by the methane number. Some 
designs do exist that do not rely on a 
methane number requirement (such as 
the M AN ME-GI dual fuel engine). 

In general , while there may be 
some discrepancies in the calculation 
methods, the impact of methane num­
ber is consistent. For diesel-natural gas 
dual fuel engines, the methane number 
of the LNG influences the max imum 
substitution rate and impacts the knock. 
For spark ignition engines, methane 
number can limit the operating range. 

Energy content is another consid­
eration for engines. The energy content 
of the fuel detennines in pm1 the max­
imum power of the engine. A lthough 
some natural gas fuels have high ine11 
contents and high methane number 
they have low energy content, and can 
reduce the power available. There is a 
large push in the industry to maintain 
power between diesel and natural gas 

I Vacuum Space 

locomotives, so it is cri tical that natural 
gas meets the energy content criteria of 
the specific engine appl ication to pre­
vent any loss of power. 

Increased ethane content reduces 
the methane number. The presence 
of ethane increases Non-M ethane 
Hydrocarbon (NMHC) emission. 
Ethane oxidation using an Oxidation 
Catalyst is not very efficient today as 
it does not oxidize ethane ve1y well , 
and is even less efficient in converting 
methane. Currently, the EPA mandates 
a lim it on the emissions of NMHC. 

T he heavier hydrocarbons (such as 
propane or butane) also increase energy 
density (desirable for boi ler fuels) but 
reduce methane number (undesi rable 
for internal combustion engines) . The 
higher the NMHC content of the fuel , 
the more NMHC will be in the exhaust 
- which has a di rect impact on emis­
sions profi les. 

Fuel Tender Over·view 
While f uel tender standards are 

sti ll under development.1 , a generic 
LNG fuel tender is shown in Figure 4 
for i llustration purposes. 

Inner Tank 

Connections to 

l ocomotive 

Figure 4- Fuel Tender Sketch 
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It is important to note the cabinet 
contains the fill valves and instrumen­
tatio n in crashwOithy cabinet to protect 
sensitive components (such as valves, 
pipes . gauges, sensors. and emergency 
response feat ures) in the event of an 
incident. 

Methods of Measuring Natural Gas 
Quality and Parameters 

The current ind ust ry-accepted 
practice for analyzing natu ral gas com­
position is ASTM 01945- 14- Standard 
Test Method for Analysis of Natural 
Gas by Gas Chromatography. 

Gas chromatographs analyze gas 
compositions only, not liquid , so any 
analysis of LNG samples requires 
LNG to be collected from sample 
ports at production faci lities. storage 
tanks, on-road transports, or fuel ten­
ders. These LNG samples must then 
be vaporized to be analyzed in the gas 
chromatograph. 

One location that gas samples can 
be collected from is on the locomotive 
natural gas fuel system. as shown in 
Figure 5. 

Figure 5 - Ga.~ Sample Bollfe Collection 
on Locomotive 

The source of natural gas samples 
is critical, as sampling from different 
locations in a storage vessel (such as 
the vapor space versus the actual liq ­
uid natural gas) can produce different 
results. Sampling gas from the head 
space of the fuel tender may not be 
representati ve of the liquid product as 
methane is most prone to boiling off, 
and therefore the gas anal ysis could 
show a disproportio nately hi gh me th­
ane content. Conversely, sampling gas 
that has been vaporized in the fuel ten­
der off of a bottom port (liquid) may 
contain the heaviest of the compo­
nents in the fue l tender, and ana lysis 
could show hi gher volumes of heavier 
hydrocarbons. The gas analysis pro­
vides constituents on a mole percent ­
age basis, so no additional methane 
o r ethane is ·'created'' in lhe tender; 
rathe r. the composition will be repre­
sentative of the volume of constituents 
in that region of the tender from which 
the sample was taken . 

Ideally, the fuel tende rs will draw 
a blend of prod ucts from both vapor­
ized LNG and head space gas . and the 
composition of the overall gas supply 
wi ll be a more representative sample 
of the quality within the fue l tender. 

An example of a gas chro ma­
tography ana lysis system in place at 
one particula r laboratory is shown in 
Figure 6. T his system util izes a 3000 
Micro GC Gas Analyzer, with a fil ­
tration system to keep contaminants 
out of system. Calibration intervals 
are key for prope r results from gas 
chro matographs. 



206 FUEL, LUBRICANTS AND ENVIRONMENTAL 

Figure 6- Sample Gas Chromatograph Sehtp 

Fuel Aging, Weathering and 
Stratification 

LNG is a perishable product; if 
left unmanaged, pressure will build 
as external heat sources warm LNG 
in a storage tank. T he typical pressure 
rise in a fue l tender or storage tank of 
similar design is around 1-6 psi/day; 
considering most product is delivered 
into storage at 0-50 psi, and the AAR 
Natura l Gas Fue l Tender Specification 
(d raft) suggests pressure relief valve 
settings of 200 psi, substantial hold 
time is allowed before any venting 
would occur. 

The tender pressure rise fluctu­
ates with different head space volumes 
as well . Pressure w ill rise faster in the 
event there is a large liquid volume 
with small headspace, and conversely 
pressure rise is more gradual with a 
small liquid volume and large head 
space. Non-condensable gases (such as 
nitrogen) increase pressure rise as they 
effectively reduce headspace volume. 

As LNG is consumed (or as new, 
cold product is added), the pressure 
drops in tende r, acting to " reset the 
clock" to some degree and extend hold 
time. 

As product weathe rs, gas in vapor 
space wi ll develop a higher methane 
content relative to the remaining liquid 
as nitrogen (as the lightest component) 
and then me thane will boi l off fi rst. 
Conversely, ethane (C2) wi ll condense 
out of the heads pace vapor. It is impor1-
ant to note, none of these components 
are "created" or "destroyed" over time, 
but they do change phase and tend to 
assume gaseous or liquid states based 
on the respective boili ng points. 

Operational situations can also 
increase pressure ri se; for example, 
LNG remaining in uninsulated pipes 
or heat exchangers after NG fi ow shut 
down wi ll boi l off and cause pressure 
ri se, especially if star1s and stops are 
rather in term ittent. On board pumps can 
a lso add heat to the LNG . 
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Figure 7 -Impact of Adding Cold Product to Storage Tank 

A stationary tender can pressure 
up condition where head pressure is 
several PSI over saturation pressure. 
Moving can cause sloshing and col­
lapse this situation temporarily. 

Strati fication of LNG in volves the 
separation of the diffe rent LNG con­
sti tuents into layers. This is more of 
an issue with large volume storage that 
sits over time, and is more li kely to be 
a problem wi th peak shavers and other 
LNG produced that contains higher 
non-methane components . T he process 
of strati fying takes time (longer than 
wate r/oil separation), and the issue can 
be addressed using top and bottom fi ll 
connections to cycle the tank. 

Natural Gas Fuel Quality Standards 
in Other Industries 

Vario us groups across other indus­
tries are developing natural gas fuel 
quality standards, but most of the focus 
has been on relati vely small engines 

- although progress is being made, spe­
c ifically on the marine side. ISO TC-28 
has a new working group wi th a focus 
of developing LNG engine fuel stan­
dards for marine appl ications . Furthe r 
pmticipation by all part ies, including 
the rail industry, will be bene ficial as 
natural gas fueling develops. Due to the 
natu re of high horsepower engines. the 
rail and marine industries may have to 
consider their own specificat ions. 

A quick summary of othe r current 
natural gas fuel standards are listed 
below: 
• Society of Automotive Engineers 

(SAE) 
oSAE TC7-Fuels Committee 
o SAE J2699 for LNG 
oSAE J 16 16 for CNG (newly 
revised ; published May 20 16 

• ISO- Natural Gas for Use as 
Compressed Fue l for Vehicles 
o ISO 15403- l : Designation of 

Quali ty 
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oiSO 15403-2: Specification of 
Quality 

• CARB - Natural Gas Vehicle 
Specification 

• ASTM International 
o Task force working on LNG for 

automotive consumption 
oASTM Committee D03 on 

Gaseous Fuels 
o WK40094: Specification for 

Compressed and Liquefied 
Natural Gas as Motor Vehicle 
Fuel (under development) 

• European Committee for 
Standardization (CEN) 
o EN 16726 Gas Infrastructure for 

pipeline natural gas 
o EN 16723 Natural Gas and 

Biodiesel for use in transport and 
biomethane for injection in the 
natural gas network (planned for 
ballot June 20 16) 

Individual OEMs may have their 
own unique natural gas fuel specifi­
cations for the fuel quality. Currently 
rail-specific manufacturers of note 
with fuel specifications include GE, 
CATIEMD, and Cummins. Outside of 
the rail industry, MAN, Wartsila, and 
Westport are also developing their own 
fuel quality specifications. This variety 
of specifications is a key driver for the 
LMOA FL&E's recommendation for 
the rail industry to standardize early in 
the development of natural gas fuels. 

Overview of Differences in LNG 
Composition 

When discussing LNG fuel qual­
ity, it is imperative to understand the 
purpose of the LNG facilities in exis­
tence today. LNG is produced in the 
utility world as a method of storing 
natural gas during periods of low nat­
ural gas pricing (i.e. summer months) 
for later consumption. This practice is 
known as "peak shaving". LNG pro­
duced for the heating markets may not 
have been pre-treated sufficiently, as 
the requirements for this natural gas 
are largely centered around heat con­
tent per unit volume. Consumers such 
as railroads looking to peak shavers for 
LNG fuel for engine applications must 
be cautious about the fuel quality when 
using LNG produced for this purpose, 
to ensure the non-methane hydro­
carbon content is not too high for the 
engine specifications. 

Merchant facilities are LNG pro­
duction sites built to supply a specific 
grade of LNG. These sites often use 
layers of pre-treatment to ensure that 
fuel quality meets a certain guaranteed 
level. Engine-grade merchant plants 
are already in operation and more 
are under development across North 
America as the natural gas fueling mar­
kets are establishing. 

A sample of LNG compositions 
from typical merchant and peak shav­
ing facilities is included in Figure 8 
below. 
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Typical Merchant LNG Facility Typical Peak Shaver LNG Facility 

Figure 8 - Comparison of LNG Compositions for Merchallf and Peak S lrn vers 

Fuel Availability 
With an understanding that fuel 

quality is important and high methane 
content is desirable from an engine 
pe1fonnance point of view, one must 
also consider the impact of pricing as 
it relates to the fuel spread between 

natural gas and diesel, a common eco­
nomic consideration for rail projects. 
The cost to produce higher quality fuel 
increases approximately exponentially 
when a methane content of 95 mol% 
or greater is required, as illustrated in 
Figure 9. 

Approx. 95% CH4 

Methane Purity (CH4 mol%} 

Figure 9- Impact of Methane Purity 0 11 Production Cost 
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Another challenge presented by 
the current marketplace is the availabil­
ity of LNG decreases as the required 
quality of product increases. As a 
general comment regarding availabil­
ity in the 2016 marketplace in North 
America: 
• 90% methane/1 0% ethane read­

ily available as boiler fuel I peak 
shaver plants 

• 95% methane/5% ethane generally 
available at merchant plants 

• 99% methanell% ethane sparingly 
available 

• 99%+ methane - specialty gas 
available in small quantities 

During the LNG locomotive trials 
in the 1990s, the term "Refrigerated 
Liquid Methane''TM (RLMTM) was 
introduced relating to very high qual­
ity LNG consisting of nearly-pure 
methane. RLM is a trademark of Air 
Products and Chemicals, Inc. 

Recommendations 
As natural gas rail projects con­

tinue to develop, a need will arise for 
a basic railroad fuel specification (with 
limits on ethane, water, inerts, and 
NMHC content). There are trade-offs 
in cost versus performance across the 
spectrum of quality and differences in 
ideal qualities across the industry for 
railroads, OEMs, and fuel suppliers. 
A unified and standardized method 
of measurement (for both individual 
components, and also a measurement 
standard such as methane number) will 
need to be defined to ensure consis­
tency across industries. 

In the absence of other standards 

specific to the rail industry, the LMOA 
FL&E Committee can develop an 
industry consensus recommendation 
while monitoring the other committees. 
We suggest that this could be a topic for 
a 2017 paper. 

Appendix 1-Glossary ofTenns 
Amine Unit 

Method of Pretreatment at LNG 
Facility, which uses a form of liquid 
amine which has an affinity for 
absorbing C02 and H2S 

British Thermal Unit 
Imperial measurement of energy, 
in this instance energy content of a 
fuel. 1 BTU = the energy required 
to raise lib of water by 1 °F. (see 
also joule) 

CARB 
California Air Resources Board -
established in 1967 with the stated 
goals of attaining and maintaining 
healthy air quality; protecting 
the public from exposure to toxic 
air contaminants; and providing 
innovative approaches for com­
plying with air pollution rules and 
regulations. 

CNG 
Compressed Natural Gas - Natural 
gas which is placed under high 
pressure (typically 3,000 psi or 
greater, though typically at ambi­
ent temperature) for storage or 
transport. 

DGEIDLE 
Diesel US Gallon Equivalent 
I Diesel Liter Equivalent - the 
amount of alternative fuel (natural 
gas, in this instance) required to 
equal the energy content of one 
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liquid gallon (liter) of diesel fuel. 
DG EIDLE allows the consumer 
to more easily compare the cost 
of alternati ve fuels against the 
commonly known diesel fuel by 
accounting for the fact different 
quantities of alternative fuel may 
be required to produce the same 
energy as diesel fuel, though the 
alternat ive fuel may also have a 
different price. 

External Combustion Engine 
An engine which derives power 
from an exte rnal combustion source 
and uses a heat transfer medium 
to extract heat for the engine. 
(Example: Steam Engine , Steam 
Turbine Power Plant). Because 
fuel is usually combusted at low 
pressure in a continuous cycle. ECE 
generall y do not have strict require­
ments for ignition properties of the 
fuel. 

Gross Ton Miles ("GTM") 
The product of tota l train wei ght 
multiplied by the distance traveled 

Head Pressure 
The pressure exerted by natural gas 
on the storage container. Typically 
expressed as gauge pressure (vs 
absolute pressure), this pressure 
could be simply due to the liquid 
column height of liquid natural gas 
if the container is vented to atmo­
sphere, or could be a combination 
of liquid column height plus vapor 
pressure if the container is sealed. 

Hold Time 
he length of time a storage vessel 
will contain LNG before requiri ng 
pressure relief. 

Intemal Combustion Engine (ICE) 
A n engine which de rives power 
directly from heat created from 
combustion of fuel within a cylin­
der. (Example: Gasol ine Engine, 
Diesel Engine) Because fue l is 
usually combusted at high pressure 
in a short time, an ICE will often 
have specific requirements for the 
ignition prope rties (Octane, AKJ , 
MN , Cetane) of the fuel. 

Joule 
Sl unit of energy, in this instance 
energy content of a fuel. 1 Joule 
= the work done by a force of o ne 
newton when irs point of applica­
tion moves one meter (see also 
BTU) 

LNG 
Lique fied Natural Gas - Natural 
gas which has been converted to 
liquid fonn by cooling to approxi­
mately -260°F (-162°C). Typically 
stored at pressure ranging from 
atmosphelic to - 150psi) 

Merchant LNG Facility 
LNG production sites built to 
produce a specific grade of LNG . 
These sites often use layers of 
pre-treatment to ensure fue l qual ity 
meets a certain guaranteed level. 

Methane Number (MN) 
Measurement of the knock resis­
tance of natural gas fuel. MN 
is analogous to 'Octane' or Anti 
Knock Index (AKJ) of gasol ine. 
and somewhat similar to 'Cetane · 
or ignition quality of diesel fue l. 
Suitably high MN is required to 
prevent knocking I detonation in an 
ICE, though MN can be affected by 
weathe ring of the LNG. 
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Methane Slip 
Methane (natural gas) which enters 
the cylinder of the engine, but is 
not burned during the combustion 
cycle. This unburned methane 
is expelled in the engine exhaust 
stream. 

Mole Sieve 
(also known as Molecular Sieve) 
Method of pretreatment at LNG 
Facility; removes water, H

2
S, C0

2 

via adsorption. 
NMHC 

Non Methane Hydrocarbons - the 
components of natural gas that are 
heavier than methane; for example, 
ethane, propane, butane 

Peak Shaver 
LNG production sites built for 
utility-grade LNG, often used to 
smooth demand cycles and provide 
backup supply to natural gas distri­
bution systems 

Substitution Rate 
The amount of diesel fuel replaced 
by natural gas fuel in an engine. 
Usually expressed as a percentage 
based on DGEIDLE. Ie "70% 
substitution rate" means the diesel 
fuel consumption was reduced to 
30% of the original value and the 
remainder of the fuel energy was 
comprised of natural gas. 

Weathering 
Refers to the change in composition 
of natural gas liquid remaining in 
a storage tank. As ambient heat 
causes the liquid to vaporize, lower 
boiling point fractions (methane, 
nitrogen) tend to vaporize pref­
erentially to higher boiling point 
fractions (ethane, propane, butanes 

and beyond). This can lead to the 
vapor space becoming enriched 
in methane while the remaining 
liquid becomes depleted in meth­
ane I enriched in ethane, propane, 
butanes, etc. 

Endnotes: 
1. For further reading, please con­

sider the 2007 report produced 
by the California Air Resources 
Board (CARB), "An Evaluation of 
Natural Gas-Fueled Locomotives" 
(www.arb.ca.gov/railyard/ryagree­
ment/112807lngqa.pdf) 

2. Society of Automotive Engineers 
Technical Paper (SAE 922359, 
1992): http://papers.sae. 
org/922359/ 

3. The AAR Natural Gas Fuel Tender 
TAG is responsible for a dedicated 
tank car style fuel tender standard, 
which has been under development 
since 2013. 
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Appendix 2 - Energy Convc1-sion 
Factors 

·- ~ - -- .. _____ _....- - - - -- -

Fuel Type DGE BTU/unit 

Diesel 1.00 US gallon 141,000 BTU/gal 

Gasoline 1.12 US gallon 115,000 BTU/gal 

LNG 1. 71 US gallons 82,000 BTU/gal 

CNG 3.98 m3 35,000 BTU/m3 

Appendix 3 - Recommendations for 
Future Papers 

As natural gas as an alternati ve 
fuel for the rail industry grows in pop­
ularity and implementation, there are 
some recommended studies that the 
FL&E recommends: 

Impacts of Fuel quality on: 
I. Substitution Rates 
2. Methane Sli p 
3. Emissions 
4. Fuel Efficiency 
5. Engine Longevity 
6. Oil Life 
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Effects of Fuel Composition on In-Service 
Engine Oil Properties 
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OBJECTIVE: Attempt to dis­
cover if there are statistically detectable 
changes - of practical significance - in 
the crankcase oil's condition, due to 
variations in diesel fuel composition, 
and temperature differences across 
seasons. 

ABSTRACT: To comply with 
government requirements to use fuel 
components derived from renew­
able sources a railroad blends either 
Fatty Acid Methyl Ester (FAME) or 
Hydrogenation-Derived Renewable 
Diesel (HDRD) into their diesel fuel. 
To avoid possible low-temperature 
handling problems, the railroad. uses 
twice as much as mandated in the sum­
mer and none in the winter. This cre­
ates a natural experiment to examine 
whether- or how -the renewable fuels 
affect in-service lubricating oil condi­
tion and, by extension, engine condi­
tion (after accounting for any effects of 
seasonal temperature). A locomotive 
crankcase oil evaluation was conducted 
to discover these effects. These vari­
ables, along with regulated mandate 
about biomass fuel usage, are evaluated 
in this paper. 

INTRODUCTION: The 
Canadian Government (the 
"Government") is committed to 
expanding the production of renewable 
fuels such as ethanol and biodiesel and 
their use in Canadian transportation 
fuel. As such, the Government has 
required gasoline fuel producers and 
importers to have an average renew­
able fuel content of at least 5% based 
on the volume of gasoline they pro­
duce or import commencing December 
15,2010. In addition the Government 
imposed a 2% biodiesel and/or renew­
able (biomass based diesel fuel) content 
requirement based on the volume of 
diesel fuel and heating distillate oil they 
produce or import commencing July I, 
2011. Canadian provinces also have 
their own mandates. However railroads 
travel between provinces; therefore the 
two major Canadian railroads are only 
complying with the Federal mandate, 
which has a 2% requirement at the 
moment. Both (gasoline and distil­
late) are integrated in the same Federal 
Renewable Fuels Regulation. 

The colder climate in Canada 
coupled with renewable fuel regula­
tions, are requiring fuel oil producers 
to supply biomass fuels only in warmer 
months almost everywhere in Canada. 
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The fuel oil producers believed there 
was a need to mitigate potential winter 
operation issues when biomass fuels 
are used. The mitigation plan was 
not to use biomass fuels seasonally 
and geographically in colder months. 
Therefore, in order to comply and still 
continue ensuring an adequate sup­
ply at the optimal price possible, the 
industry is producing and supplying a 
higher concentration of biomass fuels 
in warmer months. 

The Locomotive Maintenance 
Officers Association's (LMOA) 
Fuels, Lubricants and Environmental 
Committee (FL&E) presented a 
paper in 2012 titled "LMOA FL&E 
Locomotive Durability Test Protocol 
for Alternate Fuels and Biodiesef'. 
They recommended this protocol be 
used in the evaluation of biomass fuels 
(alternative fuels and biodiesel fuels). 
This protocol requires a two year con­
trolled field evaluation with test and 
control locomotives. Because of the 
length of the test, difficulties in con­
trolling fueling, cost, and complexities 
in managing test and control units, it 
has become difficult to find a location 
willing to conduct such an evaluation. 
However there still exists a need to 
understand if biomass fuels affect the 
locomotives' engine lubricating and 
fuel systems, and ultimately the loco­
motives' systems' reliability, durability, 
and availability. 

Being that oil quality and oil 
conditions are important factors in 
determining a locomotive's engine reli­
ability, durability, and availability, this 
study was undertaken. 

Looking for an alternative method 
to the FL&E protocol, it was suggested 
that obtaining existing used crankcase 
oil laboratory test results from a rail­
road where the blend of biomass fuel 
concentrations were greater than five 
percent, some insight to the locomo­
tive's condition might be achieved. A 
feasible alternative was to evaluate 
used oil test results from one of the rail­
roads where the seasonal temperatures 
dictated a variation in diesel fuel com­
position, i.e., no alternative fuel in the 
cold winter months and concentrations 
greater than the Government mandate 
in the warm summer months such that 
the yearly total consumed is equal to 
or greater than the government yearly 
mandate. 

OIL ANALYSIS (instrumenta­
tion and analytical methodology): 
The goal of the railroad is to have oil 
specimens collected from the locomo­
tives once every 10 to 15 days. Those 
specimens are sent to a central labora­
tory for analysis. The analyses consist 
of the following: 

1. Determination of the concentration 
of 18 elements using Inductively 
Coupled Plasmas Spectrometer 
(ICP) 

2. Change in the oil's oxidation, 
nitration, sulfation, and soot using 
spectra from an Infrared (IR) 
Spectrometer 

3. Percent of fuel and/or water con­
tamination using spectra from an IR 
a. Fuel is by IR, verified/quantified 

by gas chromatograph if greater 
than 1% 
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4. Viscosity at 100 ° C,ASTM D445 
5. Base number (BN), acid number 

(AN), and pentane insoluble (PI) 
calculated from IR spectra via a 
surrogate method, i.e., Principle 
Component Regression of over 
I 000 samples 

EVALUATION:METIIODOLGY: 
The analytical evaluation of the used 
crankcase oil results were comprised of 
oil test data collected from locomotives 
with up to three years of oil specimen 
history. The original data set included 
39,433 oil results collected from 1 ,170 
locomotives. The locomotives oil spec­
imens' history was divided into two 
seasons, i.e., winter or summer for the 
study. In addition it was believed there 
was a need to allow for a transition 
period between the seasons. Therefore, 
in addition to eliminating data from 
locomotives with oil specimens only in 
winter or summer, the oil results from 
the months ofMarch,April, September, 
and October were excluded. The final 
number of oil specimens included in 
the first phase of the evaluation was 
reduced to 26,525 oil specimens. 

Table 1 is a summary of the 
blended amount of biofuel in the 
locomotive diesel fuel at all of the 
railroad's fueling locations. It is 
important to note that the test labo­
ratory determines the concentration 
of biodiesel fuel blended into the 
diesel fuel using ASTM D7371. The 
test laboratory did not measure the 
concentration of the renewable fuel 
(Hydrogenation Derived Renewal 
Diesel or HDRD) being blended into 
the diesel fuel; this was determined 

using fuel purchasing and delivery 
records. 

The concentration of the HDRD 
blended into the diesel fuel was not 
determined because of the difficul­
ties and cost of the determination, and 
in part because of lack of a standard 
definition of HDRD fuels. However, 
because of HDRD concentration being 
known in a specific region, the effect of 
HDRD in the fuel could be evaluated. 

There could be seasonal differ­
ences in the composition of the base 
diesel fuel, but these were not investi­
gated, and would be confounded with 
the broad seasonal effect. 

To the first analytical approach, 
a second approach or method was 
employed. Two analytical approaches 
were used in the evaluation with each 
method having advantages and disad­
vantages. Within the second analyti­
cal evaluation methods, the data was 
divided first according to locomotive 
manufacturer, then by Tier level. The 
two methods are: 

1. Macro high level comparison of 
averages, maxima, minima, and 
standard deviations for two data 
sets which differed by only one 
factor (for example, locomotives 
that used only diesel fuel in both 
summer and winter). (Note: the two 
months at each end of the seasons 
were removed.) The advantages and 
disadvantages of this method are: 
a. It is conceptually and computa­

tionally easy. 
b. It is easy to understand and 

explain. 
c. It is not mathematically rigorous 
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Table 1 - Amount of Biomass Fuel by l ocation by Month 
Amount of Biomass Fuel Blended into Diesel 

l ocation Type Jan Feb Mar Apr May Jun Jul AuQ Sep Oct Nov Dec 
1 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 
2 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 
3 FAME 0% 0% 0% 3% 3% 3% 3% 3% 3% 0% 0% 0% 
4 FAME 0% 0% 0% 4% 4% 4% 4% 4% 5% 0% 0% 096 
5 0% 0% 0% 0% 096 096 096 0% 0% 0% 0% 096 
6 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 
7 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 
8 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 
9 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 
10 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 
11 HDRD 096 096 0% 5% 5% 5% 5% 5% 5% 0 96 0% 0% 
12 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 
13 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 
14 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 
15 FAME 0% 096 096 4% 4% 4% 4% 4% 5% 096 0% 0% 
16 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 
17 HDRD 0% 096 096 5% 5% 5% 5% 5% 5% 0% 0% 096 
18 0% 0% 0% 0% 0% 0% 0% 0% 096 0% 0% 0% 
19 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 
20 0% 096 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 

Winter Transition Summer Transition Winter . . 
Note: Data from the trans1t1on penods were excluded from analys1s 

and requires several unverified 
assumpt ions . 

2. Non-linear least-squares regression 
analysis with indicator variables to 
fit all e ffects in the same mathemat­
ical model (explained in Appendix 
l). The ad vantages and disadvan­
tages of this method are: 
a. It is mathematically rigorous. 

requires fewer assumptions . and 
separates each variable . 

b. l t is computationally d ifficult 
and requi res specialized stat is­
tical software (and the expertise 
to use it). 

c. lt is more difficult to explain . 

METHOD 1: Tables 2 and 3 are. 
respecti vely, the summer and winter 
calcul ated values, and Table 4 shows 
the differences between the two sea­
sons for locomotives that use no bio­
mass fuel in either season. Of the 18 
elemental concentrations measured the 
tables list the 12 with significant varia­
tion. These results suggest there are 
no pract ical diffe rences between the 
two seasonal data sets when no bio­
mass is used . See appendix Table A for 
definitions of the properties tested and 
abbreviations used . 
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TABLE 2, Subset 2 SUmmer 

10 23 Total Specmu~ns 

FE PB CU SN AI. Sl B NA CA p ZN MO OXI NIT SUL f U[l WATER SOOT VISCIOO TAN TBN PI 

Avg-> 6 0 I 0 2 3 I 4 3 141 59 0 70 7.06 7.18 7.1111 8 16 0. 16 2 1.1 2 I S 67 1.72 7.45 1.20 
Mln-> I 0 0 0 0 0 0 0 1543 34 0 41 0.40 1.80 0 02 4 6 1 0.01 1.58 9 7S 0.03 3 .70 0 10 
r-Aax-> 26 lS 76 13 IS 22 74 209 3761 8 1 s 94 19.80 91. 13 l l 81 18 ss 5.23 61.35 18 39 3.36 9.41 1.9 1 
Std > 4 I 3 I I 2 2 8 191 4 I s 1.89 4 06 3 59 600 0.65 II 66 0 56 0 63 0 .99 OS ! 

!IS Tot~IUmts 

TABl£ 3, Subset 1: Winter 

1111 Tota l Specimens 

f E PB CU SN Al Sl B NA CA p l N MO OXI NIT SUL run WATER SOOT VISC IOO TAN TBN PI 

Avft-> 7 0 I 0 2 3 I 4 3 158 60 0 70 7.50 6.81 7.34 7.39 0.03 17.65 15.46 I 80 7.50 1.20 

M1n-> I 0 0 0 0 0 0 0 2711 6 0 so 1.01 I 18 0 .02 3 Sl 0.01 0.76 10 60 0 49 4.37 .()03 
M.u:- > 30 14 38 10 7 56 18 107 3916 72 s 87 17 00 18 64 20 02 17 35 o.os 76.51 17 19 3 41 9. 19 2 84 
Std-> 4 I 3 I I 3 2 6 198 s I 5 2.75 3 41 3 44 4 86 0.0 1 10 OS 0 56 060 091 0 44 

liS TotaiUntts 

TAOL£4, Subset 2 Oclt~ 

fE P8 CU SN Al Sl B NA CA p ZN MO OXI NIT SUL ruEL WATER SOOT VISC IOO TAN TBN PI 

AvR-> 0 0 0 0 0 · I 0 0 ·17 0 0 0 ~.44 0 36 010 0 77 0 .13 3.4 7 02 1 .() .09 .O.OS 0.0 1 
M1n-> 0 0 0 0 0 0 0 0 · 168 28 0 -8 .0.61 0 .52 000 1.09 0.00 0 82 .() 85 .0.4 6 .() 67 013 
M.l llt - > .., II 38 3 8 ·34 46 102 · ISS 9 0 7 2.80 73.49 I 79 I 10 5.18 -14. 16 I 20 .()OS 0 21 0 0 7 
Std-> 0 0 0 0 0 · I I 2 ·1 0 0 0 0 .13 0 66 0 IS I 14 0.64 1.61 O.QI 0 .03 0.08 0 0 7 

Table 5 
Comparison of Effects from Non-Linear Fittina 1 2 

Property Units r' 95% c1• Winter> FAME" HDRD Significant?• 
Base Number mqKOH/q 0.54 0.16 0.03 0.09 0.07 None 
Acid Number mqKOH/ a 0.21 0.07 -0.03 -0.03 -0.02 None 
Viscositv Increase mm' /s 0.13 0.07 -0. 11 0.06 0.01 None 
Soot A/em 3 1.93 -2.32 0.26 0.87 None 
lnsolubles mass% 0.2 0.08 0.00 -0.01 0.02 None 
Oxidation A/em N/A 0.54 0.07 0.34 0.34 None 
Nitration A/em N/A 0.73 -0.33 0.05 0.26 None 
Iron ppm 1 0.95 0.07 0.33 0.87 None 
Copper ppm 1 0.87 -0.84 -0.11 0.05 None 
Lead ppm 0.3 0.87 0.15 -0.03 0.11 None 

Comparable results for the other 
subsets were obtained (for example, 
locomotives from the same manufacntrer 
and emission design using different fuels 
in the two seasons.), i .e., no practical 

di fferences between the seasons. 

METHOD 2: The additional anal­
ysis is described in A ppendix A I , with 
the results shown in Table 5. 

I . Details o f the non-linear fitting procedure arc in Appendix I 
2. Columns Winter. FA M E. and HDRD arc the differences due to that effect. 
3 . Appro~imatc repeatability of test method 
-1 .95% Confidence Interval of difference cstimme 
5 . Propcny value in Winter minus value in Summer 
6 . Propeny value with FAME minus value without FAME 
7. Propeny value with HDRD minus value without HDRD 
H. Statistically significant if di f ference is greater than 95% Cl 
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None of these properties is signifi­
cantly affected by season. FAME, or 
HDRD for this data set. 

The only combination close to sta­
tistical significance - and just barely -
is the seasonal effect on Soot. which is 
shown graphically in Figure A2, com­
pared to the approximate alarm limit 
for this prope rty. The seasonal effect 
on viscosity is near to statistical signif­
icance, probably clue to the higher soot 
content. 

Despite crossing the th reshold for 
statistical significance. neither differ­
ence (soot or viscosity) has practical 
significance for this railroad. 

DISCUSSION: The authors 
would have preferred data from a 
contro lled fie ld test as described in 
the LMOA 20 12 field test proto­
col. However, as noted earlier in the 
introduction section, "Because of the 
length of the test, difficulties in con­
trolling fueling, cost. and complexities 
in managing test and control un its, it 
has become difficult to find a location 
willing to conduct such an evaluation." 
The substitution of used crankcase oil 
data were utilized to detennine if there 
were any effects on the oil's condition 
due to the fuel and seasonal variations. 

Looking for a relative hi gh dif­
ferences/separat ion in fuel types, early 
in the evaluation it was believed some 
fueling locat ions had concentrations 
of biodiesel greater than the ASTM 
D975 allowable limit of 5% or HDRD 
fuels. Concentration as high as 20% 
for either biodiesel or HDRD could not 
be verified, therefore the authors only 
used information and data that was 

documented and rep01tecl that informa­
tion in this paper. 

With the limitations. the approach 
taken to evaluate the engines' oil con­
dition and ultimately concems on the 
engines' condition proved to be infor­
mative. The first method using a rela­
tive simple approach showed the re was 
no practical difference in the oil data 
sets. The addition detail evaluation 
leveraged the following equatio n Y =A 
+ B * I I - e <·•llllc'n l. By expanding "B" 
multiple different inputs (variables) 
were evaluated . Details on the analysis 
and the use of the equation can found in 
the appendi x in the mathematical mod­
eling functi on section. 

CONCLUSIONS: Method 
showed the re were no practical differ­
ences in the crankcase oils · condition 
seasonal (summer vs. winte r) where 
fuel supply varied with the seasons. 
The additional detai led ana lysis look­
ing at several prope11ies showed that 
"none of these pro pe rties is signifi ­
cantly affected by season, FAME, or 
HDRD for this data set. The only com­
bination close to statistical significance 
- and just barely- is the seasonal effect 
on Soot , which is shown graphically in 
Figure A2, compared to the approxi­
mate alarm limit for this prope11y. The 
seasonal effect on viscosity is near to 
statistical significance. probably due to 
the higher soot content:· 

SUMMARY: With the data sets 
used , the re were no detectable pract ical 
differences in seasonal changes in the 
crankcase oils' condition, due to vari­
ations in diesel fuel compositio n, and 
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drastic temperature differences across 
seasons. 

RECOMMENDATIONS: 
Because the Tier 3 and 4 locomotive 
did not meet the time requirement, 
they were excluded from this study, 
However, recent information has been 
provided that affirmed at one major 
fueling location the summer fuel will 
be with 17% HDRD, and the passing of 
time would allow the inclusion of Tier 
3 and Tier 4 locomotives in such as 
study. Therefore, it is suggested a fol­
low up paper using data with a higher 
concentration of renewable fuels and 
Tier 3 and 41ocomotive be written for 
the either 2017 or 2018. 
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Appendix I 
Statistical Analysis Methodology 

The data were analyzed using 
non-linear least squares regression 
with indicator variables. This would 
be equivalent to the more familiar 
Analysis of Variance (ANOVA), if the 
used oil properties followed straight 
lines with time. 

DATASET 
The railroad provided four 

datasets: 
1. Used oil analysis for almost three 

years, from January 2013 to 
November 2015, including 
a. Locomotive unit number 
b. Sampling location 
c. Date of sample 
d. Used oil measured properties, as 

listed in Table A 1 
2. Maintenance records, including 

dates of oil changes for the same 
time period 

3. Records of fuel purchased at all 
fueling locations used during the 
same time period 

4. Locomotive information, including 
a. Locomotive unit number 
b. Engine manufacturer (i.e., 

2-stroke or 4-stroke) 
c. Engine specifications, such as 

power rating and emissions 
''Tier" 

These four were combined by 
merging on locomotive unit number 
and date, creating new variables: 
a. Time since last oil change (i.e., oil 

life) 
b. Whether FAME (Fatty Acid Methyl 

Ester) was included in the last fueling 
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c. Whether HDRD (Hydrogenation­
Derived Renewable Diesel) was 
included in the last fueling 

The qualitative variables, such 
as engine manufacturer, emissions, 
tier, season, etc. were converted to 
"Indicator Variables" (discussed later), 
and a statistical model "Growth" 
parameter was added for a total of 41 
variables per record. 

The resultant dataset contained 
over 35,000 records for over 950 loco­
motives, comprising almost 1.4 million 
data points. 

DATA PREPARATION AND 
EXCLUSION 

As explained in the body of the 
paper, biomass fuels were only used 
during the summer months, April 
through September; no biomass fuel 
was used during the winter months, 
October through March. Data gath­
ered during the "transition" months -
March, April, September, and October 
-were excluded because the locomo­
tive might have run on a mixture. That 
removes about 113 the data. 

Samples dated before the first 
recorded maintenance date for a loco­
motive were excluded because the oil 
life is unknown. An additional 3000 
records were excluded because the date 
of last maintenance was ambiguous. 

For the final analysis, almost 
18,000 records compnsmg over 
725,000 data points were included in 
the statistical analysis. 

DATA SEGMENTATION INTO 
"CASES" 

It would be conceptually simple to 
divide the dataset into three classes: 1) 
samples exposed to neither FAME nor 
HDRD, 2) samples exposed to FAME, 
and 3) samples exposed to HDRD, and 
then perform a standard Analysis of 
Variance (ANOVA) to test whether fuel 
type had any effect on the oil proper­
ties. There are a few problems with this 
approach: 
1. The fuel classes, as defined, do 

not have the same distribution of 
engine types. 
a. Two-stroke and four-stroke 

engines are expected to behave 
differently 

b. Tier 0, Tier 1, and Tier 2 
engines are expected to behave 
different} y. 

2. This approach assumes the mea­
sured property is roughly constant 
during the drains. 
a. Most properties increase or 

decrease during the drain. 
b. The rate of increase or decrease 

depends on the engine type, as 
well as the fuel. 

3. Differences due to fuel type could 
be caused by the seasonal varia­
tion, since season is not an explicit 
variable. 

4. All the variation associated with 
engine type is attributed to error, 
which lowers the statistical power 
of the test (that is, its ability to 
detect differences). 

A more rigorous approach is to 
include engine type and season, as well 
as fuel composition. The five engine 
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types included are: 
1. Four-stroke, Tier 0 
2. Four-stroke, Tier 1 
3. Four stroke, Tier 2 
4. Two-stroke, Tier 0 
5. Two-stroke, Tier 2 

Each of these ran during the two 
defined seasons: 
1. Summer 
2. Winter 

And, each of these could have one 
of three defined fuel types: 
1. Diesel only 
2. FAME blended into diesel 
3. HDRD blended into diesel 

Five engine type times two season 
times three fuel types gives 30 "cases," 
for which the results could be different. 
A successful statistical model must 
account for the 30 combinations. 

One way to do that is to fit each 
of the 30 cases separately, and then 
compare the results by fuel type. As 
shown in the next section, the mathe­
matical function has three parameters, 
so this approach would result in 90 
fitted parameters for each of the 10 
properties. 

A better approach is to fit all 30 
cases at once, with parameters that 
indicate the difference of one case from 
the other; these are called "Indicator 
Variables" and are shown below. 

MATHEMATICAL MODELING 
FUNCTIONS 

Used oil exhibits different types 
of evolutionary behavior in engines, 
depending on factors such as engine 

model, fuel composition, power 
demand cycles, etc. Linear growth 
is very familiar, and some properties 
follow such curves. Some properties 
- usually the ones with low values -
are in equilibrium most of the time and 
exhibit what seems to be a constant 
value. Another very common shape is 
asymptotic exponential growth, shown 
in Figure A I , which is justified by the­
oretical considerations9

• Often, the 
observed linear or constant behaviors 
are special cases of the exponential 
growth - near either the beginning of 
the end of the curve. 

The general equation for such 
growth is: 

y =A+ B * [1- e (-time'n] 

(AI) 

where Y is the measured property 
and A, B, and C are fitted parameters. 
Parameter A is the starting value (which 
may be zero, a fixed known value, or 
allowed to "float" to the fitted value); 
parameter B is the amount the property 
increases in the long run (note: B will 
be negative for properties that decrease, 
such as Base Number); parameter Cis 
a time constant - a measure of how 
long it takes the property to increase or 
decrease. 

This is the equation that would 
need to be fit 30 times for each mea­
sured property, resulting in 90 esti­
mated parameters and "using up" 90 
degrees of freedom, which reduces the 
ability to detect differences. 

Instead, "Indicator Variables" were 
used to account for factors expected to 
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influence oil properties (often called "blocking" variables). As an example, consider 
a situation with one blocking variable ("season") that takes two values "summer" 
and "winter"). Instead of fitting Equation 1) twice (generating six fitted parameters 
and using 6 degrees of freedom), fit the equation: 

y =A+ (Bs * Is + Bw * Iw) * [ 1 - eHirnci(Cs •ts +Cw •twll] 

(A2) 

where Is and Iw are the indicator variables, taking the values 1 or 0 if the data 
point does or doesn't "indicate" the blocking variable: Is= 1 for the summer and 
0 for the winter; IW is the opposite10

• The parameter "A" doesn't require indicator 
variables because we expect the starting value to be the same for all cases (i.e., it is 
the same oil). 

Using indicator variables, the 30 cases described above can be fit with 17 
parameters, instead of 90. The full equation is: 

Y = b,, + (b1 + b: * Cycle + b3 * Tl + b. * T2 + b~ * Cycle • T2 + b,, * Winter+ b7 * FAME+ b" * HDRD) * II -E) 

and 

E = e(-time/(b9 + blO. Cycle+ bll • Tl + bl2 * T2 + bl3 *Cycle. T2 * bi..J *Winter+ bl5 *fAME+ bl6. HDRD)) 

(A3) 

where 
Cycle is an indicator variable: 0 for 4T; 1 for 2T 
T 1 is an indicator variable: 1 for Tier 1; 0 for Tier 0 and Tier 2 
T2 is an indicator variable: 1 for Tier 2; 0 for Tier 0 and Tier 1 
Winter is an indicator variable: 1 for Winter; 0 for Summer 
FAME is an indicator variable: 1 for FAME content; 0 for no FAME content 
HDRD is an indicator variable: 1 for HDRD content; 0 for no HDRD content 

and 
b

0
, b

1
, ....... , b

16 
are the fitted parameters. 

Of particular interest are the fitted parameters b7 and b8, which represent the 
difference in oil property due to FAME and HDRD, respectively. 

To give more physical meaning to the statistical interpretation, the predicted 
value for each property at 184 days was estimated with error bars, for each of the 
three fuel types, and compared in Table 5. 
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Endnotes: 
1. Details of the non-linear fitting procedure are in Appendix 1 
2. Columns Winter, FAME, and HDRD are the differences due to that effect. 
3. Approximate repeatability of test method 
4. 95% Confidence Interval of difference estimate 
5. Property value in Winter minus value in Summer 
6. Property value with FAME minus value without FAME 
7. Property value with HDRD minus value without HDRD 
8. Statistically significant if difference is greater than 95% CI 
9. MJ. Cannon, et.al., "Interactions between engine design, oil consumption 

and lubricant performance," Paper CEC97-EL09, Fifth CEC International 
Symposium on the Performance Evaluation of Automotive Fuels and 
Lubricants, Goteborg, Sweden, 13-15 May 1997 

10. With two exclusive blocking variables, the equation can be further simpli­
fied by omitting one. In this case, omitting Is will fit B5 and Cs to their values 
for summer and Bw and Cw to the difference between summer and winter (as 
opposed to the~ for winter). 

Table Al 
Used 011 Measured Properties 

Included? Property Abbreviation Method Units 
Yes Viscosity at VlOO 

Kinematic mm2/s 100oc 
Yes Pentane lnsolubles PI Filtration mass% (calculated) 
Yes Acid Number AN 0664 (calculated) mgKOH/g 
Yes Base Number BN 04739 mgKOH/g (calculated) 
Yes Soot Soot 

Fuel Dilution FD 
Water Content Water 

Infrared Absorbance 
Yes Oxidation Ox 
Yes Nitration Nit 

Sulfatlon Sulf 
Aluminum AI 
Barium Ba 
Boron B 
Calcium Ca 
Chromium Cr 

Yes Copper Cu 
Yes Iron Fe 
Yes Lead Pb Inductively-Magnesium Mg 

Molybdenum Mo 
Coupled ppm 

Nickel Ni 
Plasma (ICP) 

Phosphorus p 
Potassium K 
Silicon Si 
Silver Ag 
Sodium Na 
Tin Sn 
Zinc Zn 
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Figure A1 
Example of Non-Linear Oil Degradation 
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Constitution and By-Laws Locomotion 
Maintenance Officers Association 

Revised September 22, 2003 

Article I - Title: 
The name of this Association 

shall be the Locomotive Maintenance 
Officers Association (LMOA). 

Article II- Purpose of the 
Association 

The purpose of the Association, 
a non-profit organization, shall be to 
improve the interests of its members 
through education, to supply locomo­
tive maintenance information to their 
employers, to exchange knowledge 
and information with members of the 
Association, to make constructive rec­
ommendations on locomotive mainte­
nance procedures through the technical 
committee reports for the benefit of the 
railroad industry. 

Article m- Membership 
Section 1-Railroad Membership 

shall be composed of persons currently 
or formerly employed by a railroad 
company and interested in locomotive 
maintenance. Membership is subject 
to approval by the General Executive 
Committee. 

Section 2- Associate Membership 
shall be composed of persons currently 
or formerly employed by a manufac­
turer of equipment or devices used 
in connection with the maintenance 
and repair of motive power, subject 

to approval of the General Executive 
Committee. 

Associate members shall have 
equal rights with railroad members 
in discussing all questions properly 
brought before the association at 
Annual Meeting, and shall have the 
privilege of voting or holding elective 
office. 

Section 3~ Life membership shall 
be conferred on all past Presidents. Life 
membership may also be conferred on 
others for meritorious service to the 
Association, subject to the approval by 
the General Executive Committee. 

Section 4- Membership dues for 
individual railroad and associate mem­
bership shall be set by the General 
Executive Committee and shall be 
payable on or before September 30th 
of each year. The membership year 
will begin on October 1 and end on 
September 30. Members whose dues 
are not paid on or before the opening 
date of the annual convention shall 
not be permitted to attend the annual 
meeting, shall not be eligible to vote 
and/or shall not be entitled to receive a 
copy of the published Pre-Convention 
Report or the Annual Proceedings of 
the annual meeting. Failure to comply 
will result in loss of membership at the 
end of the current year. Life members 
will not be required to pay dues, but 
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be entitled to receive a copy of the 
Pre-Convention Report and Annual 
Proceedings. 

Article IV- Officers 
Section 1- Elective Officers of the 

Association shall be President, First 
Vice President, Second Vice President, 
and Third Vice President. Each officer 
will hold office for one year or until 
successors are elected. In the event an 
officer leaves active service, he may 
continue to serve until the end of his 
term, and, if he chooses, he may con­
tinue to serve as an executive officer 
and be allowed to elevate through the 
ranks as naturally as occurs, to include 
the office of President. 

Section 2- There shall be one 
Regional executive officer assigned 
to oversee each technical committee. 
Regional Executives shall be appointed 
from the membership by the General 
Executive Committee for an indef­
inite term, with preference given to 
those having served as a Technical 
Committee Chairperson. A Regional 
executive who leaves active service 
may continue to serve as such, and 
shall be eligible for nomination and 
election to higher office. 

Section 3- There shall be a General 
Executive Committee composed of the 
President, Vice Presidents, Regional 
Executives, Technical Committee 
Chairpersons, and all Past Presidents 
remaining active in the association. 

Section 4- There shall be a 
Secretary- Treasurer, appointed by, and 
holding office at the pleasure of the 
General Executive Committee, who 
will contract for his or her services with 

appropriate compensation. 
Section 5- All elective officers and 

Regional Executives must be LMOA 
members in good standing. (See Article 
III, Section 4.) 

Article V- Officer, Nomination, and 
Election of 

Section 1- Elective officers shall 
be chosen from the active member­
ship. A Nominating Committee, com­
posed of current elective officers and 
the active Past Presidents, shall submit 
the slate of candidates for each elective 
office at the annual convention. 

Section 2- Election of Officers 
shall be determined by a voice vote, or 
if challenged, it shall require show of 
hands. 

Section 3- Vacancies in any elec­
tive office may be filled by presidential 
appointment, subject to approval of the 
General Executive Committee. 

Section 4- The immediate Past 
President shall serve as Chairman of 
the Nominating Committee. In his 
absence, this duty shall fall to the cur­
rent President. 

Article VI- Officers- Duties of 
Section 1- The president shall 

exercise general direction and approve 
expenditures of all affairs of the 
Association 

Section 2- The First Vice President, 
shall in the absence of the President, 
assume the duties of the President. He 
shall additionally be responsible for 
preparing and submitting the program 
for the Annual Meeting. 

The Second Vice President shall 
be responsible for selecting advertising. 
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He will coordinate with the Secretary­
Treasurer and contact advertisers to 
underwrite the cost of the Annual 
Proceedings. 

The third Vice President will be 
responsible for maintaining a strong 
membership in the Association. He will 
ensure that membership applications 
are properly distributed, monitoring 
membership levels and reporting same 
at the General Executive Committee. 

The Vice Presidents shall perform 
such other duties as are assigned them 
by the President. 

Section 3-The Secretary-Treasurer 
shall: 

A. Keep all the records of the 
Association. 

B. Be responsible for the finances 
and accounting thereof under the 
direction of the General Executive 
Committee. 

C. Perform the duties of the 
Nominating Committee, and General 
Executive Committee without vote. 

D. Furnishing security bond in 
amount of $5000 of behalf of his/her 
assistants directly handling Association 
funds.Association will beat the expense 
of such bond. 

Section 4-The Regional Executive 
officers shall: 

A. Participate in the General 
Executive Committee meetings. 

B. Monitor material to be pre­
sented by the technical committees to 
ensure reports are accurate and perti­
nent to the goals of the Association. 

C. Attend and represent LMOA 
at meetings of their assigned technical 
committees. 

D. Promote Association activities 
and monitor membership levels within 
their assigned areas of responsibility. 

E. Promote and solicit sup­
port for LMOA by helping to obtain 
advertisers. 

Section 5-Duties of General 
Executive Committee: 

A. Assist and advise the President 
in long-range Association planning. 

B. Contract for the services and 
compensation of a Secretary-Treasurer. 

C. Serve as the Auditing and 
Finance Committee. 

D. Determine the number and 
name of the Technical Committees. 

E. Exercise general supervision 
over all Association activities. 

F. Monitor technical papers for 
material considered unworthy or inac­
curate for publication. 

G. Approve topics for the Annual 
Proceedings and Annual Meeting 
program. 

H. Approve the schedule for the 
Annual program. 

I. Handle all matters of Association 
business not specifically herein 
assigned. 

Section 6-The General Executive 
Committee is entrusted to handle 
all public relations decisions within 
LMOA and coordinated associations 
with confidentiality. 

Article VII-Technical Committees 
The technical committees will 

consist of: 
Section 1-Achairperson,appointed 

by the President and approved by the 
General Executive Committee. 
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Section 2- A vice Chairperson, 
selected by the chairperson and 
approved by the President. 

Section 3-Committee members as 
follows: 

A. Representatives of operating 
railroads and regional transit authorities 
submitted by their Senior Mechanical 
and Materials Officers and approved 
by the President of LMOA. 

B. Representatives of locomotive 
builders designing and manufacturing 
locomotives in North America. 

C. The Fuel and Lube Committee 
will include members from major oil 
companies or their subsidiaries as 
approved by the General Executive 
Committee. 

D. At the direction of the General 
Executive Committee, non-railroad 
personnel may be allowed to partici­
pate in committee activities. 

Section 4-AII individuals who 
are on technical committees must be 
LMOA members in good standing (See 
Article III, Section 4). 

Section 5-Subjects for technical 
papers will be selected and approved 
by the General Executive Committee. 

Article vm-Proceedings 
Section 1-The Locomotive 

Maintenance Officers Association 
encourages the free interchange of 
ideas and discussion by all its attend­
ees for mutual benefits to the railroad 
industry. It is understood that the 
expression of opinion, or statements 
by attendees in the meetings, and 
the recording of papers containing 
the same, shall not be considered as 

representatives or statements ratified 
by the association. 

Section 2-Those present at any 
meeting called on not less than thirty 
days advance written notice shall con­
stitute a quorum 

Article IX-Rules of Order 
The proceeding and business 

transactions of this Association shall 
be governed by Robert Rules of Order, 
except as otherwise herein provided. 

Article X-Amendments 
The Constitution and By-Laws 

may be amended by a two-thirds vote 
of the active members present at the 
Annual Meeting. 
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