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Introduction: 
 
The MSHA Approval and Certification Center’s Diesel Laboratory has been conducting a series of tests 
on various diesel fuels with and without the use of a Diesel Oxidation Catalyst (DOC).  These tests 
were conducted on an Isuzu 4JG1T 4 cylinder turbocharged diesel engine.  The fuels examined in the 
study included low and ultralow sulfur petroleum based diesel fuels, biodiesel fuels and blends, and a 
fischer-tropsch coal derived synthetic fuel. 
 
The tests were conducted to examine the changes in engine emissions and performance when changing 
diesel fuels from one type or manufacturer to another and to gage the emissions and performance of 
each fuel when used in combination with a DOC.  The tests measured the Diesel Particulate Matter 
(DPM) gravimetric (mass) emissions and the DPM emissions analyzed for Total (TC), Organic (OC), 
and Elemental (EC) Carbon composition.  The MSHA regulated gas emissions of Carbon Dioxide 
(CO2), Carbon Monoxide (CO), Nitric Oxide (NO), and Nitrogen Dioxide (NO2) of the engine were 
also analyzed for each fuel and DOC combination. 
 
The primary goal of the tests was to determine if there were large emissions performance changes 
when changing from one fuel source to another, and if there were large variations in performance of a 
particular fuel type between manufacturers.  Another goal was to analyze the changes in emissions 
behavior when a DOC is used in combination with the various fuels. 
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The data generated from these series of tests were analyzed for the changes in the emissions 
performance of the engine under each test condition and predictions for the most effective combination 
for alternate mining equipment scenarios were made based on the data generated.  Comparisons of the 
MSHA data to other available fuel tests from the open technical literature and other U.S. government 
research were conducted. 
 
Background: 
 
MSHA has promulgated two final rules for controlling miner’s exposure to DPM in underground 
mines on January 19, 2001: 
 

• 30 CFR Part 57 Diesel Particulate Matter Exposure of Underground Metal and Nonmetal 
Miners 

• 30 CFR Part 72 - Diesel Particulate Matter Exposure of Underground Coal Miners 
 
Diesel Particulate Matter (DPM) is a component of diesel engine exhaust and is described in the 
“METAL AND NONMETAL DIESEL PARTICULATE MATTER (DPM) STANDARD Compliance 
Guide Q&As”1 as follows: 
 

DPM is a component of diesel exhaust. DPM includes diesel soot and solid aerosols such as 
organic carbon compounds, ash, metallic abrasion particles, sulfates and silicates. The majority 
of diesel exhaust particles are less than 1.0 μm in size. Diesel soot particles have a solid core 
mainly consisting of elemental carbon, with a wide variety of other substances attached to the 
surface.  

 
Exposure to high concentrations of DPM can result in a variety of serious adverse health effects. 
These health effects have been found to include: (i) sensory irritations and respiratory 
symptoms serious enough to distract or disable miners; (ii) premature death from 
cardiovascular, cardiopulmonary, or respiratory causes; and (iii) lung cancer. The health effects 
are discussed in the January 2001 and the June 2005 preambles. 
 

Whole DPM samples obtained for gravimetric analysis are the standard method of analyzing engine-
out DPM emissions by MSHA for engine approvals and by the US EPA for compliance with their 
engine emissions regulations.  MSHA’s DPM standard for underground metal and nonmetal mines 
limits miners’ exposure to DPM by regulating total carbon (TC) exposures.  Total carbon was selected 
as a surrogate for DPM for compliance determination purposes because there is no practical sampling 
or analytical method for measuring personal exposure to whole DPM in the underground mine 
environment.  Practical sampling and analytical methods do exist for measuring personal exposures to 

                                                   
1 See http://www.msha.gov/REGS/COMPLIAN/Guides/MNMDPM/MNMdpmcompguide.pdf  

http://www.msha.gov/REGS/COMPLIAN/Guides/MNMDPM/MNMdpmcompguide.pdf
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TC in the underground mine environment, and as noted above, TC is consistently 80% to 85% of DPM.  
Thus, limiting TC exposure is a feasible means of controlling miners’ exposure to DPM.  
 
The rule for metal nonmetal mining allows the use of a wide variety of control technologies to reduce a 
miner’s exposure to DPM.  Compliance with the DPM limits in the final rule is based on in-mine testing 
of the miner’s personal exposure.  Some of the methods that may be used to meet the regulatory 
requirements include: 
 

• Increased/Improved mine ventilation 
• Newer technology diesel engines and mining machines which include enclosed cabs 
• Diesel Oxidation Catalyst2 (DOC) or similar technologies  
• DPM Exhaust Filters 
• Alternate Fuels 

 
These are engineering controls that reduce a miner’s exposure to DPM by reducing its concentration in 
the mine atmosphere.  These and other engineering controls, as well as administrative control methods 
are discussed in detail in the Compliance Guide. 
 
Two of these potential technologies are investigated in this report.  One is the use of alternate fuels.  
Alternate fuels for diesel engines are usually grouped as Biodiesels and Synthetic Diesels.   Biodiesels 
are fuels derived from plant or animal based sources, such as soybeans, vegetable oils, or animal fats.  
Synthetic diesel fuels are some form of non-petroleum based fuel manufactured in a catalytic process 
from a source such as coal, natural gas, or biomass3.  For this research, petroleum-based diesel fuels 
were included in the tests both as a baseline to use for comparison and to test alternate formulations of 
diesel fuel such as low sulfur (LSD) and ultralow sulfur (ULSD) fuels. 
 
The second technology examined in this work is a DOC.  This catalytic technology has a proven record 
of reducing a diesel engine’s emissions of CO, gaseous hydrocarbons, and some components of DPM.  
For each fuel tested, the engine’s emissions were tested with and without the use of the DOC on the 
engine’s exhaust.  From this information, a matrix of several combinations of fuels with and without 
DOC can be compared to find the best combination for a mine’s currently available machines and 
offers options for DPM control strategy. 
 
For purposes of discussion in the appropriate section later in the report, it was imagined certain 
scenarios that a mine operator investigating these technologies might be faced with for his mine.  These 
scenarios are based on what equipment they currently have and steps have already been taken to lower 
their DPM emissions.  Of these scenarios, the data generated by these experiments were used to show 
steps they could take to further reduce DPM.  The scenarios investigated are as follows: 

 
2  A DOC is a device equivalent in operation, if not exact construction, to every automobile’s catalytic converter. 
3  A Biomass source such as wood chips can be used. 
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1. Mining machinery all running petroleum diesel (D-2 LSD used as baseline) and none using 

DOC: what DPM reduction could be expected by only changing fuels? 
2. Mining machinery is already using one of the test fuels (either petroleum or alternate): what 

DPM benefit is there to adding a DOC to this existing fuel choice? 
3. Mining machinery already universally equipped with DOCs: what fuel choice would offer 

the best DPM reductions? 
4. Mining machinery all running petroleum diesel (D-2 LSD used as baseline) and none using 

DOC:  what combination of fuel and DOC will offer best reductions in DPM? 
 
 
Fuels Used for Testing: 
 
Several fuels were used for testing purposes.  These are shown in Table 1, with some of their primary 
properties.  Detailed data sheets on each fuel may be found in Appendix A.   
 
Three petroleum based diesel fuels were tested.  One was a 2005 specification low sulfur diesel (LSD).  
This fuel is a certified4 version of the older EPA D-2 LSD.  This is the fuel that has been used until 
recently as the only fuel for MSHA approval testing of engines5.  D-2 LSD was also until recently the 
typical fuel available for on-highway vehicles.  The second was 2007 specification certified ultralow 
sulfur diesel (ULSD).  ULSD is the new EPA D-2 standard fuel and has been replacing LSD D-2 for on-
highway use.  ULSD D-2 has been accepted by MSHA as an alternate for LSD for approval testing.  
This fuel is also required by several (if not most) engine manufacturers for newer technology engines.  
The third diesel fuel is an on-highway D-2 ULSD purchased from a local distributor.  This fuel is 
representative of a typical ULSD as would be purchased by a mine operator.  It also meets the ULSD D-
2 specification, but is somewhat different in properties and may contain additives not found in the 
certified ULSD. 
 
The biodiesels used in the study were provided by multiple manufacturers.  One fuel was provided by 
the Stepan Company.  The product provided for testing was B100 Biodiesel SB-W, described as a 
soybean oil methyl ester and is part of several products produced by the company for various 
applications, including solvents6.  Two biodiesel fuels were provided by Iowa Renewable Energy REG 
for testing7.  The first formulation was B100 REG-9000-10 which is a pure soy-based biodiesel.  The 
second formulation was B100 REG-9000-5 which was a blend of soy-based biodiesel and animal fat 
derived biodiesel.  The mixture was 60% soy and 40% animal fat.  The final biodiesel tested was a B508 
                                                   
4  Certified in this case means blended and tested to meet the specifications for this type of diesel fuel.  Certified 
fuel is used as the test fuel for EPA engine certifications (and MSHA engine approvals). 
5  See § 7.86 Test equipment and specifications, http://www.msha.gov/30cfr/7.86.htm . 
6  See www.stepan.com/en/products for more information. 
7  See http://www.regfuel.com/biodiesel.html for more information. 
8  B50 is 50% biodiesel and 50% petroleum diesel. 

http://www.msha.gov/30cfr/7.86.htm
http://www.stepan.com/en/products
http://www.regfuel.com/biodiesel.html
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blend of Stepan SB-W and the on-highway ULSD D-2 discussed above.  This mixture was a 50/50 
blend (by volume). 
 
The final fuel used for testing was a Fischer-Tropsch (F-T) synthetic diesel fuel.  This fuel was 
manufactured using GTL technology in South Africa by PetroSA9.  The test fuel is 100% Fischer-
Tropsch10 fuel, (note: it is usually blended with petroleum diesel fuel when sold in South Africa).  
While not generally available in commercial quantities in the United States, it is a fuel with a long 
history of development and some use around the world.  This fuel was provided by Rentech Inc.11 and 
representatives of the W.V. Mingo County Redevelopment Authority who are developing F-T 
processes and potential production facilities in W.V. 
     

Table 1: Fuel Properties. 
 
FUEL API 

Gravity 
S.G. @ 
60F 

Cetane 
No. 

Cetane 
Index 

Sulfur Viscosity Flash 
Point 

 degAPI    ppm cSt @ 40C degF 
Certified 2005 LSD 36.8 0.8370 45 47.3 322 2.5 158 
Certified 2007 
ULSD 

35.2 0.8462 44 44.1 9 2.2 150 

D-2 Highway (typ) 
ULSD 

44.4 0.8088 57.06 n/a 8 2.15 137 

Stepan SB-W   BD n/a 0.8858 49.2 n/a 5.1 n/a 280 
IRE REG-900-10 BD 29.84 0.8794 59.4 n/a 7 4.379 262 
IRE REG-9000-05 
BD12 

28.441 
29.938 

0.8781 50.9 
59.4 

n/a 1 
5 

4.088 
4.379 

246 
295 

B50 mix* n/a 0.843 ~53 n/a ~6.5 n/a ~208 
PetroSA Fischer-
Tropsch Synthetic 

n/a 0.7657 n/a n/a <1 ~1.6 147 

 * 50/50 (by volume) mix of Stepan SB-W and D-2 highway ULSD 
 
Engine:  
 
The engine used in testing all the diesel fuels listed above was an Isuzu 4JG1TMA13.  This is a four 
cylinder turbocharged engine rated at 83 hp at 2500rpm and a peak torque speed of 1800 rpm.  It was 
                                                   
9  See http://www.petrosa.co.za/ under GTL technology for more information. 
 
10  See http://www.fischer-tropsch.org/ and http://www.afdc.energy.gov/afdc/pdfs/epa_fischer.pdf for more 
information on the development of the F-T process. 
11  See http://www.rentechinc.com/ for more information. 
12 This is a blend of two biodiesel batches, the data shows the test results from the two individual batches, data 
from the blended product was not provided. 

http://www.petrosa.co.za/
http://www.fischer-tropsch.org/
http://www.afdc.energy.gov/afdc/pdfs/epa_fischer.pdf
http://www.rentechinc.com/
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approved by MSHA for use in non-permissible areas of coal mines as Approval Number 7E-B095.  
Under MSHA regulations, specified in §7.88 and §7.8914, it requires a ventilation rate of 6000 CFM and 
a Particulate Index of 6500 CFM.  The approval test engine had a weighted average gravimetric DPM 
emission of 11.05 g/hr (0.24 g/bhp-hr) based on the 8 mode steady state cycle shown in Table 2. 
 
The Isuzu 4JG1TMA engine (serial # 8972496660) was donated to MSHA by Isuzu for experimental 
purposes after being used by MSHA and Isuzu for a quality control audit and altitude simulation 
experiments.  It has been used in a number of test programs, including other synthetic diesel fuel tests.  
It has been found to provide a stable platform for testing alternate fuels and after treatment devices and 
has shown stable emissions after repeated baseline tests since 2005.   
 
A comparison of previous engine baselines for the 4JG1T engine to data generated in this test series 
using LSD may be found in Appendix B.  In this comparison it is shown that the engine as used in the 
current tests is not showing any significant deviations from past performance.  In light of the fact that 
the comparison baselines from the past were run with various LSD fuels, some certified, some not and 
that test conditions were not always identical15 the consistency of the engine’s performance is more 
than adequate for alternative fuel testing. 
 
It should be noted that no adjustments whatsoever were made to the engine during testing.  There was 
no attempt to adjust timing to compensate for biodiesel’s inherent changes in injection and ignition 
properties.  Nor was there any attempt to adjust the engines fuel rate to try to match engine 
performance between all the test fuels.  The differences in fuel (mass) consumption, shown in the 
results, would be primarily due to differences in fuel density.   
 
The testing conducted here is therefore a reflection of a simple fuel change in a diesel powered mining 
machine, without any attempt to optimize the engine for the alternate fuel.  Some research on changes 
in injection properties and engine optimization has been carried out by other researchers and this 
information may be found in the discussion section. 
 

 
13  See http://www.isuzu.co.jp/world/product/industrial/j_spe01.html and 
http://www.isuzu.co.jp/world/product/industrial/pdf/j_draw03.pdf for more information. 
14  See http://www.msha.gov/30cfr/7.88.htm and http://www.msha.gov/30cfr/7.89.htm . 
15  The most significant difference between the historical baselines for the 4JG1T engine was exhaust restriction; 
some tests were completed using the manufacturer’s maximum allowable backpressure, while some were run 
with minimal, or some other backpressure setting.  The difference was due to what type of experiment was being 
performed at the time baseline data was needed. 

http://www.isuzu.co.jp/world/product/industrial/j_spe01.html
http://www.isuzu.co.jp/world/product/industrial/pdf/j_draw03.pdf
http://www.msha.gov/30cfr/7.88.htm
http://www.msha.gov/30cfr/7.89.htm
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Diesel Oxidation Catalyst: 
 
The DOC16 used for testing was manufactured by Engine Control Systems (ECS).  It is their Purifier17 
model (Part No. A16-0119, Serial No B106844) and was manufactured on 3/24/08.   It was supplied by 
ECS and sized for the Isuzu 4JG1T engine.  The DOC was new when received, but was run on the Isuzu 
engine for several hours before actual testing began. 
 
Laboratory Equipment and Method: 
 
MSHA’s Approval and Certification Center maintains a fully equipped diesel test laboratory capable of 
performing diesel engine and diesel power package approvals (Title 30 CFR, Part 7 subpart E and F 
regulations).  In addition other technical assistance testing involving diesel engines, fuels and pre-or-
after treatment technologies (filters, DOCs, alternate fuels, additives, etc) are undertaken in the interest 
of improving the mining environment.  Figure 1 shows the engine coupled to a dynamometer and 
instrumented for testing.  Figure 2 shows the dynamometer control room and associated laboratory 
instrumentation. 
 
The laboratory maintains two General Electric eddy current dynamometers.  The dynamometer used 
for this testing was a General Electric TH342, rated for 400 hp.  The dynamometer is controlled using a 
SuperFlow ProATC control sensor box with XConsole interface18.  The ProATC controls the engine’s 
speed, torque and throttle settings and maintains desired set points with automatic PID19 control.  The 
ProATC system also records all data from its own bank of instrumentation, as well as other sensors and 
emissions system in the lab, creating one complete test file of all data to be analyzed. 
 
Gaseous exhaust emissions sampling was performed using a Horiba laboratory sampling bench, which 
can measure the raw undiluted CO2, CO, NO, and NO2 content of the diesel engine exhaust.  The 
Horiba bench contains an AIA-220 infrared analyzer for CO and CO2 measurements.  It contains a 
CLA-220 chemiluminescence analyzer for NOX measurement20.  Gas handling, drying and temperature 
control of the gas sample is controlled by systems embedded in the Horiba sampling bench. 

                                                   
16  More information on DOCs and their effect on engine emissions may be found at 
http://www.epa.gov/otaq/diesel/documents/420f07068.htm and 
http://www.epa.gov/otaq/diesel/documents/420f07068.htm . 
17  See 
http://www.enginecontrolsystems.com/images/products/doc/8.5x10%20AZ%20Purifiers%20and%20Purimuffl
ers.pdf for more information. 
18  See http://www.superflow.com/data/index_269.cfm for more information. 
19 Proportion, Integral, Derivative, see http://en.wikipedia.org/wiki/PID_controller.  
20  The CLA-220 measures NO directly and uses a NOX converter to convert all oxides of nitrogen to NO.  The 
NO2 measurement is made by a total NOX measurement (with sample flow through the converter) and an NO-
only measurement (sample flow bypassing NOX converter).  The difference between these to measurements is the 
NO2 emissions. 

http://www.epa.gov/otaq/diesel/documents/420f07068.htm
http://www.epa.gov/otaq/diesel/documents/420f07068.htm
http://www.enginecontrolsystems.com/images/products/doc/8.5x10%20AZ%20Purifiers%20and%20Purimufflers.pdf
http://www.enginecontrolsystems.com/images/products/doc/8.5x10%20AZ%20Purifiers%20and%20Purimufflers.pdf
http://www.superflow.com/data/index_269.cfm
http://en.wikipedia.org/wiki/PID_controller
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Fuel measurements were made using the Max Flow fuel consumption indicator system.  Combustion 
air flow to the engine was measured using a Meriam Laminar Flow element.  Intake air restriction, and 
exhaust backpressure, barometer, and other pressure measurements were made using various MKS 
pressure sensors and/or pressure sensors embedded in the Superflow control system.  Various 
temperature measurements are read and recorded using the Superflow embedded thermocouple 
readers and J-type thermocouples. 
 
DPM sampling was performed using a Sierra BG-2 micro-dilution test stand21.  This instrument was 
used to collect DPM samples for gravimetric (dpm mass emission) analysis.  Samples obtained from the 
BG-2 are weighed in a clean room using a Mettler Toledo micro balance.  The BG-2 was also used to 
collect DPM samples that were analyzed by MSHA’s Pittsburgh Safety and Health Technology Center 
(PSHTC), Dust Division, for NIOSH 5040 EC/OC analysis.   
 
All testing was done using the MSHA’s part 7, subpart E test protocol22.  This protocol is based on the 
ISO-8178 type C1 standard test protocol23.  The MSHA test protocol is a steady state 8-mode test, and is 
used by MSHA24 for mining engine approvals.  The 8-mode test is also used by the EPA for certain 
classes of off-road engines.   The 8-mode test measures the steady state performance and emissions at 8 
points within the engine’s operating envelope, as shown in Table 2 below.  The weighting factors adjust 
emissions obtained at different test modes to give greater influence to higher load conditions at rated 
speed when calculating average gravimetric DPM emissions25.  For the Isuzu 4JG1TMA engine, the 
rated speed for modes 1 through 4 is 2500rpm and the intermediate speed for modes 5 through 7 is 
1800rpm. 

 
21  See http://www.sierrainstruments.com/techsupport/manuals/im_bg1.pdf for a description of the system 
and its operation. 
22  See http://www.msha.gov/30cfr/7.0.htm .  
23  See http://www.dieselnet.com/standards/cycles/iso8178.html  for more information on the 8-mode test 
protocol. 
24  http://www.msha.gov/30cfr/7.88.htm . 
25 The ISO-8178 method also applies the weighting factors when calculating the mass emissions of the gaseous 
components of the exhaust.  This is not used by the MSHA Part 7 test protocol, as gaseous mass emissions at each 
of the 8 modes are calculated separately and used to compute a maximum ventilation rate for the engine.  For the 
analysis of gaseous emissions, weighting factors were applied per the ISO test protocol to analyze average effects 
and to make the data comparable to EPA data.  Ventilation rates and emissions were also compared modally per 
Part 7. 

http://www.sierrainstruments.com/techsupport/manuals/im_bg1.pdf
http://www.msha.gov/30cfr/7.0.htm
http://www.dieselnet.com/standards/cycles/iso8178.html
http://www.msha.gov/30cfr/7.88.htm
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Table 2: MSHA §7.88 and §7.89 (ISO-8178 Type C1) 8-mode test points. 

 
Mode 1 2 3 4 5 6 7 8 
Engine Speed Rated Speed 

 
Intermediate Speed 
 

Idle 

Torque % 100 75 50 10 100 75 50 0 
Weighting 
Factor 

0.15 0.15 0.15 0.1 0.1 0.1 0.1 0.15 

 
The procedure used for all the fuel tests are outlined in Table 3 below.  The main test variable was fuel 
(8 fuels).  Each fuel was tested under two conditions; with and without the DOC in the exhaust system.  
Two tests were run per condition; a total of 32 tests were run to complete the series.  The data 
generated from the tests on each fuel yielded four 8-mode tests for each fuel.  Two tests were 
completed back to back without the DOC in the exhaust system, and two tests were completed back to 
back with the DOC in the exhaust system.  The engine was run for an average of 3 hours before testing 
with each fuel on the bare engine and 3 hours before testing with each fuel for engine/DOC 
combination. 
 
These tests yielded two sets of performance and gas emission data from each test condition, one set of 
gravimetric DPM samples per condition, and one set of 5040 EC/OC samples per condition26.  This 
yielded whole DPM samples compatible with MSHA approval data and TC data relevant to the 30 CFR 
Part 57 regulations. 
 
The DPM samples collected for NIOSH 5040 analysis27 were used to determine the carbon components 
of the DPM in the exhaust.  The analysis provides the Elemental Carbon (EC), the Organic Carbon (OC) 
and Total Carbon (TC) content of the engine’s raw exhaust in micrograms per cubic meter of exhaust 
gas.  While the concentration of the carbon in raw exhaust is much higher than an in-mine 
environment, it is these components that are diluted by mine air and are collected for compliance 
testing.  Changes in engine-out emissions will directly affect changes in mine air quality, though the 
actual percent change in the mine is dependent on other variables, such as ventilation. 
 
The DPM samples collected for 5040 analysis were sent to MSHA’s PSHTC Dust Division for analysis 
using the same equipment used for processing in-mine personal and area samples.  Data on EC, OC, 
and TC emissions of the engine were returned to the Diesel Lab for analysis.  The gravimetric DPM 

                                                   
26   One of the back-to-back 8-mode tests was used to collect gravimetric DPM samples, one was used to collect 
NIOSH 5040 samples, and gas emission and other data were collected for both. 
27  See http://www.cdc.gov/niosh/nmam/pdfs/5040f3.pdf for 5040 method and 
http://www.cdc.gov/niosh/mining/pubs/pdfs/ifdpm.pdf for information on in-mine sampling methods. 

http://www.cdc.gov/niosh/nmam/pdfs/5040f3.pdf
http://www.cdc.gov/niosh/mining/pubs/pdfs/ifdpm.pdf
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samples were weighed, after appropriate conditioning (per §7.89) and modal and weighted average 
DPM emissions were calculated. 
 
The weighting factors that were applied to the modal gravimetric DPM data are provided in the ISO-
8178 type C1 standard test protocol and are used by MSHA for Part 7, subpart E engine approvals (see 
Table 2).  The DPM emission for each mode is multiplied by the weight factor for that mode in Table 2.  
These are then added together to calculate the weighted average DPM emission for the test28.  There is 
no protocol in the MSHA or ISO test method for analyzing carbon (EC, OC, and TC) data, but the 
carbon samples were obtained and carbon analysis was performed in this test series because the MSHA 
MNM DPM regulation uses TC as the surrogate for DPM.  For compatibility with the test method the 
same weighting factors were applied as gravimetric DPM samples when computing the averages for 
the carbon data29.   
 
As noted above, DPM samples used for gravimetric analysis are the standard method of analyzing 
engine-out DPM emissions by MSHA for engine approvals.  These emissions include the carbon forms 
mentioned above, and other non-carbon solids that comprise DPM.  Some of the “other” materials can 
include sulfates, nitrates, metal particles, ash, silicates, etc.  Normally the carbon component of DPM is 
around 85% or more, but changes in fuel sulfur, fuel additives, and after treatment systems can alter 
the relative percentage of these components.  The gravimetric test does not differentiate the 
components, but gives a total weight of particulate mass.   
 
Gas emissions data and other test data for each 8-mode test were input into the standard 8-mode data 
sheet used by the Diesel Lab for documenting tests.  The two sets of data for each test condition were 
then averaged together into a composite performance for that test condition, which is the data that will 
be discussed in the results section below. 

 
28  Modes 1, 2, 3 and 8 are given a weight factor of 0.15, giving them a higher importance in the resulting average 
than the other modes.  If all were given equal emphasis, then the weight factors would all be 0.125. 
29 The weight factors applied to the steady state 8 mode cycle are used to calculate an average emission based 
upon giving certain modes more effect on the resulting average than others.  In effect, this models an assumed 
duty cycle for the engine.  Calculations where alternate duty cycles could be modeled are discussed in the 
comments at the end of the report. 
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Table 3:  General Procedure for Fuel Testing Experiment 
 

STEP Item 
1 Drain Fuel System 
2 Refill Fuel System with Test Fuel 
3 Input Specific Gravity Data in Fuel Measurement System 
4 Run Engine on Test Fuel at Various Speeds and Loads: Min Time 2.5 hrs Max Time 

3.5 hrs (Ave 3 hours) 
5 Run 8-mode test, collecting gas emission and gravimetric DPM Data 
6 Re-Run 8-mode test, collecting gas emission data and collecting samples for 

NIOSH 5040 test 
7 Analyze each 8-mode test: weigh gravimetric DPM samples, send 5040 samples to 

MSHA Dust Div. for analysis 
8 Analyze tests run in Step 5 and 6: two test average of gas emission data, one test 

sample set for gravimetric DPM, on set of 5040 data 
9 Add (or remove) DOC from Exhaust System 

10 Repeat Steps 4 through 7 
11 Next test fuel: go to step 1 and repeat 
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            (a) 

 
(b) 

Figure 1 (a): Isuzu 4JG1T engine installed and instrumented for testing. (b) View of GE 
dynamometer and SuperFlow Control System.
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Figure 2: Laboratory control room showing XConsole, Horiba Emissions Bench, Sierra BG-2 and miscellaneous other instrumentation.
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Results: 
 
The results of all the testing will be shown below.  More detailed tabulations, data sheets and charts 
showing of the emissions data may be found in Appendix C.  The discussion section to follow will 
delve into what impact this data might have on the decision making for DPM reduction strategies, and 
comparisons of these results to other available data. 
 
DPM Emissions, Gravimetric: 
 
The weighted average gravimetric DPM emissions data for the tests conducted are shown in Table 4.  
The data shows the bare engine DPM emission and the engine/DOC combination DPM emission for 
each fuel tested.   Shown in the table are DPM percent change calculations between bare engine test 
and the LSD baseline, as well as percent changes between with and without DOC and overall change in 
fuel/DOC combinations compared to LSD bare engine baseline.  A graphic representation of the data 
may be found in Figure 3. 
 

Table 4: DPM gravimetric Weighted Average Data 
 

Fuel No. FUEL Bare Engine DPM Engine +DOC DPM
(g/hr) (g/hr) % change w/ DOC % change from LSD-Bare

1 2005 spec LSD Certified 9.03 10.84 20.0 20.0
2 2007 spec ULSD Certified 9.02 7.5 -16.9 -16.9

3 Highway ULSD 7.31 8.74 19.6 -3.2

4 Stepan SB-W  biodiesel 8.47 4.38 -48.3 -51.5

5 IRE REG-9000-10  biodiesel 8.62 4.87 -43.5 -46.1

6 IRE REG-9000-5  biodiesel 8.21 4.73 -42.4 -47.6

7 B50 Mix* 7.78 5.69 -26.9 -37.0

8 PetroSA Fischer-Tropsch synthetic 6.33 6.06 -4.3 -32.9

*B50: 50/50 Mix of Stepan SB-W and Highway ULSD

% change fromLSD -0.1 -30.8

% change fromLSD -19.0 -19.4

% change fromLSD -6.2 -59.6

% change fromLSD -4.5 -55.1

% change fromLSD -9.1 -56.4

% change fromLSD -13.8 -47.5

% change fromLSD -29.9 -44.1

 
 

For the bare engine tests, it is notable that none of the B100 biodiesels lowered gravimetric emissions 
significantly.  The B50 blend did lower the DPM emissions nearly 14% compared to LSD, but the 
highway ULSD sample alone lower DPM 19% compared to LSD.   This lower emission of the highway 
sample is probably due mostly to low density and high cetane number.  Mixing it with SB-W biodiesel 
lowered cetane and raised density, causing higher DPM than the ULSD alone. 
 
It is also notable that the highway ULSD had lower gravimetric DPM than the B100 fuels. 
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For the DOC tests, it was found that the addition of the DOC significantly lowered DPM emissions for 
all the fuels, except F-T which was only slightly lower and LSD and highway ULSD which went up.  
For the LSD adding a DOC increased DPM emissions by 20%; this is postulated to sulfate production in 
the DOC and has been observed in other tests at MSHA.  For the highway ULSD, the increase in DPM 
is unexplained, but could be due to commercial fuel additives in this product. 
 
For the B100 biodiesels adding a DOC significantly lowered DPM, whether you compared it to B100 on 
a bare engine, or compared it with LSD with or without a DOC.  B100 emissions were lowered 42-48% 
with the addition of a DOC.  B100 DPM emissions were lowered 55-59% compared to LSD with a DOC.  
B100 DPM emissions were lowered 46-51% compared to LSD on a bare engine. 
 
For the F-T fuel, bare engine DPM emissions were lowered by 30% compared to LSD.  The addition of 
the DOC did not significantly improve it performance, which will be discussed below.  These results 
are consistent with the F-T fuel tests conducted previously by MSHA on Syntroleum S-2 and Synpar 
200 synthetic fuels. 
 

Fuel Tests Gravimetric DPM Emissions 
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Figure 3: Weighted Average DPM Emission Data (from Table 4). 
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Carbon Emissions, Bare Engine: 
 
The carbon component of the DPM emission, as measured by the NIOSH 5040 samples, are shown in 
Table 5 for the bare engine tests.  Data sheets and charts of the data may be found in Appendix C.  The 
tables show the EC, OC and TC emissions for each fuel test for all 8 of the test modes.  Changes in each 
of these emissions are compared to the baseline emissions for each test mode and an average 
percentage change30 for the entire test is highlighted in the right hand column.  These average changes 
are discussed below. 
 
An interesting result from the bare engine tests include the relative lack of difference in carbon 
emissions in the three petroleum fuels, with the exception of 12.9% lower OC emissions from highway 
ULSD than LSD.  This one significant change is again probably due to the high cetane and low density 
of the highway ULSD. 
 
The B100 fuels all show significant reductions in EC emissions in comparison to the petroleum based 
diesel fuels.  This EC reduction was from 52-61% depending B100 product, when compared to LSD.   
The B50 blend showed an EC reduction of 46%.  The F-T fuel also had a significant EC reduction of 
27.5%. 
 
The B100 fuels all showed significant increases in OC emissions compared to petroleum diesel.  This 
increase varied from 56 to 72% for the B100 fuels.  The B50 fuel had a less significant OC increase of 
27%.  Only the F-T fuel showed both EC and OC reductions, the OC being 37% lower than the LSD 
baseline. 
 
For the B100 fuels, these opposing trends of lowered EC and increased OC resulted in lower TC 
reductions than expected.  This can be observed in the TC (TC=EC+OC) data.  For the B100 fuels, the 
TC emissions were reduced compared to the LSD baseline, but only by 12-13%.  For the B50 blend, the 
TC emissions were reduced 19% compared to LSD31.  The most effective fuel for TC reductions on the 
bare engine was the F-T fuel, with a reduction of 31% compared to LSD. 
 

                                                   
30 As noted previously, this percent change uses the weighted average per the ISO weight factors.  Percent 
changes by mode are also shown in the Table. 
31   It may be speculated that the blended fuel produced some of the EC reduction of B100, without more OC 
increase as B100, allowing moderately better TC performance than B100. 
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Table 5: Carbon Emission (EC/OC/TC) Results from NIOSH 5040 Analysis: Bare Engine Data. 
FUEL TESTING on Isuzu 4JG1T Diesel Engine
EC/OC Carbon DPM Data for Bare Engine

Weighted 
8 Weighted Average

(ug/m3) Average %Difference

Bare Engine Test Test Mode
Fuel No. FUEL 1 2 3 4 5 6 7

(ug/m3) (ug/m3) (ug/m3) (ug/m3) (ug/m3) (ug/m3) (ug/m3)

1 2005 spec LSD Certified EC 22617 25554 18887 14111 32748 24076 16282 1106 18946.3
OC 11468 11104 10198 13718 13341 9673 9510 7616 10682.1
TC 34085 36659 29085 27829 46089 33750 25799 8722 29629.35

% OC in TC 33.6 30.3 35.1 49.3 28.9 28.7 36.9 87.3 41.3 Average

2 2007 spec ULSD Certified EC 25116 30935 19728 13010 34517 23256 16370 20082.15
OC 10718 9786 9564 14488 10348 8618 10689 8403 10184.95
TC 36093 40713 29292 27498 44872 31874 27058 9002 30395.2

% OC in TC 29.7 24.0 32.7 52.7 23.1 27.0 39.5 93.3 40.3 Average

EC % change from LSD 11.0 21.1 4.5 -7.8 5.4 -3.4 0.5 na 6.0
OC % change from LSD -6.5 -11.9 -6.2 5.6 -22.4 -10.9 12.4 10.3 -4.7
TC % change from LSD 5.9 11.1 0.7 -1.2 -2.6 -5.6 4.9 3.2 2.6

3 Highway ULSD EC 21974 27941 16546 17912 43091 24139 10254 1156 19682.15
OC 11284 8948 10225 12634 9819 7052 7969 6621 9309.1
TC 33250 36890 26770 30546 52910 31191 18223 7777 28990.05

% OC in TC 33.9 24.3 38.2 41.4 18.6 22.6 43.7 85.1 38.5 Average

EC % change from LSD -2.8 9.3 -12.4 26.9 31.6 0.3 -37.0 4.5 3.9
OC % change from LSD -1.6 -19.4 0.3 -7.9 -26.4 -27.1 -16.2 -13.1 -12.9
TC % change from LSD -2.4 0.6 -8.0 9.8 14.8 -7.6 -29.4 -10.8 -2.2

4 Stepan SB-W EC 11039 14446 8586 5776 18845 9164 6920 9181.15
 biodiesel OC 14971 18924 20382 17186 14225 16967 18635 12244 16679.45

TC 26009 33370 28968 22962 33070 26132 25556 12564 25908.65
% OC in TC 57.6 56.7 70.4 74.8 43.0 64.9 72.9 97.5 67.2 Average

EC % change from LSD -51.2 -43.5 -54.5 -59.1 -42.5 -61.9 -57.5 na -51.5
OC % change from LSD 30.5 70.4 99.9 25.3 6.6 75.4 96.0 60.8 56.1
TC % change from LSD -23.7 -9.0 -0.4 -17.5 -28.2 -22.6 -0.9 44.0 -12.6

5 IRE REG-9000-10 EC 9131 11127 7260 4080 17239 6968 5059 7462.3
 biodiesel OC 17269 21786 19500 19116 14717 20843 20049 13562 18290.05

TC 26400 32913 26760 23195 31956 27819 25107 14260 25857.65
% OC in TC 65.4 66.2 72.9 82.4 46.1 74.9 79.9 95.1 72.9 Average

EC % change from LSD -59.6 -56.5 -61.6 -71.1 -47.4 -71.1 -68.9 na -60.6
OC % change from LSD 50.6 96.2 91.2 39.3 10.3 115.5 110.8 78.1 71.2
TC % change from LSD -22.5 -10.2 -8.0 -16.7 -30.7 -17.6 -2.7 63.5 -12.7

6 IRE REG-9000-5 EC 10012 11820 6667 4619 14017 6727 5055 7316.65
 biodiesel OC 17185 23246 19896 19683 14530 18524 20301 13352 18355.65

TC 27204 35066 26563 24302 28546 25259 25355 13866 25751.05
% OC in TC 63.2 66.3 74.9 81.0 50.9 73.3 80.1 96.3 73.2 Average

EC % change from LSD -55.7 -53.7 -64.7 -67.3 -57.2 -72.1 -69.0 na -61.4
OC % change from LSD 49.9 109.3 95.1 43.5 8.9 91.5 113.5 75.3 71.8
TC % change from LSD -20.2 -4.3 -8.7 -12.7 -38.1 -25.2 -1.7 59.0 -13.1

7 B50 Mix* EC 14096 14681 8603 8452 17302 14494 6396 10271.4
OC 12374 14089 14668 14807 13744 13724 15885 10437 13551.2
TC 26470 28770 23271 23259 31045 28225 22281 11163 23932.1

% OC in TC 46.7 49.0 63.0 63.7 44.3 48.6 71.3 93.5 60.0 Average

EC % change from LSD -37.7 -42.5 -54.5 -40.1 -47.2 -39.8 -60.7 na -45.8
OC % change from LSD 7.9 26.9 43.8 7.9 3.0 41.9 67.0 37.0 26.9
TC % change from LSD -22.3 -21.5 -20.0 -16.4 -32.6 -16.4 -13.6 28.0 -19.2

8 PetroSA Fischer-Tropsch EC 24423 18580 9290 8775 24354 16964 8871 13740.35
synthetic OC 8359 8650 7853 7144 6948 4935 5203 4213 6784.25

TC 32783 27222 17136 15926 31302 21900 14081 4437 20557.6
% OC in TC 25.5 31.8 45.8 44.9 22.2 22.5 37.0 95.0 40.6 Average

EC % change from LSD 8.0 -27.3 -50.8 -37.8 -25.6 -29.5 -45.5 na -27.5
OC % change from LSD -27.1 -22.1 -23.0 -47.9 -47.9 -49.0 -45.3 -44.7 -36.5
TC % change from LSD -3.8 -25.7 -41.1 -42.8 -32.1 -35.1 -45.4 -49.1 -30.6

Weight Factors:
0.15 0.15 0.15 0.1 0.1 0.1 0.1 0.15

*B50: 50/50 Mix of Stepan SB-W and Highway ULSD

 
 



 

 

 
A&CC Diesel Laboratory   Page 18 of 53 
FILE: P09-38 Attchmt 6 - MSHA-fuel test - Report 2.doc 

Signature:  
 

Carbon Emissions, Engine with DOC: 
 
The carbon component of the DPM emission, as measured by the NIOSH 5040 samples, are shown in 
Table 6 for tests with the DOC.  Data sheets and charts of the data may be found in Appendix C.  The 
tables show the EC, OC and TC emissions for each fuel test for all 8 of the test modes.  Changes in each 
of these emissions are compared to the baseline emissions for each test mode and an average 
percentage change for the entire test is highlighted in the right hand column.  The baselines for 
comparison are the fuel’s data from its bare engine test and the LSD with DOC test (LSD/DOC). 
 
The petroleum diesels all showed reduced OC emissions due to the DOC reacting with the organic 
carbon.  OC was reduced 42-51% compared to each fuel’s bare engine data.  EC emissions appear to be 
nearly unaffected by the addition of a DOC to the engine.  The TC reductions for the petroleum diesels, 
due to the addition of a DOC, were from 12-15%. 
 
The B100’s all showed significant reductions in OC emissions with the addition of a DOC, 63-65%. 
Interestingly OC emissions of the B100’s were still higher than the LSD/DOC combination by 5-10%.   
B50 showed a 60% reduction in OC over its bare engine data, while F-T showed a 31% OC reduction 
over its bare engine data.  
 
Changes in EC emissions for B100’s with a DOC varied between an 8% reduction and a 15% increase, 
depending on fuel.  This minor variation in EC emission did not affect the B100’s overall EC 
improvement over LSD/DOC, which equated to reductions of 58-63%.  EC emissions of B50 with DOC 
were 44% better than LSD/DOC and F-T EC was reduced 26% from LSD/DOC. 
 
All these relative changes in EC and OC translate to a B100 reduction in TC emissions of around 43% 
with the addition of a DOC.  This reduction makes B100’s TC emissions around 44% lower than a 
LSD/DOC combination.  B50’s TC was lowered 29% with the addition of a DOC and is 35% better than 
LSD/DOC.  The F-T fuel’s TC was only marginally lower by 4% by use of the DOC, but still has TC 
25% lower than the LSD/DOC combination.  
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Table 6: Carbon Emission (EC/OC/TC) Results from NIOSH 5040 Analysis: Engine with DOC Data. 
FUEL TESTING on Isuzu 4JG1T Diesel Engine
EC/OC Carbon DPM Data for Engine+DOC Combination
Engine + DOC Test Test Mode Weighted 

7 8 Weighted Average
m3) (ug/m3) Average %Difference

Fuel No. FUEL 1 2 3 4 5 6
(ug/m3) (ug/m3) (ug/m3) (ug/m3) (ug/m3) (ug/m3) (ug/

1 2005 spec LSD Certified EC 23274 28299 20332 14895 33431 27289 15217 906 20004.85
OC 8756 8078 6988 7329 6427 4867 4387 1878 6156
TC 32037 36377 27320 22224 39857 32156 19604 2791 26162.85

% OC in TC 27.3 22.2 25.6 33.0 16.1 15.1 22.4 67.3 28.6 Average
EC % change from bare engine 2.9 10.7 7.7 5.6 2.1 13.3 -6.5 -18.1 5.6
OC % change from bare engine -23.6 -27.3 -31.5 -46.6 -51.8 -49.7 -53.9 -75.3 -42.4
TC % change from bare engine -6.0 -0.8 -6.1 -20.1 -13.5 -4.7 -24.0 -68.0 -11.7

2 2007 spec ULSD Certified EC 23341 28821 20707 12638 41127 28157 16690 20791.55
OC 5637 5764 6048 5926 5472 3935 4622 2422 4976.15
TC 28978 34585 26754 18563 46600 32099 21312 3147 25877

% OC in TC 19.5 16.7 22.6 31.9 11.7 12.3 21.7 77.0 26.7 Average
EC % change from bare engine -7.1 -6.8 5.0 -2.9 19.1 21.1 2.0 na 3.5
OC % change from bare engine -47.4 -41.1 -36.8 -59.1 -47.1 -54.3 -56.8 -71.2 -51.1
TC % change from bare engine -19.7 -15.1 -8.7 -32.5 3.9 0.7 -21.2 -65.0 -14.9
EC % change from LSD w/ DOC 0.3 1.8 1.8 -15.2 23.0 3.2 9.7 na 3.9
OC % change from LSD w/ DOC -35.6 -28.6 -13.5 -19.1 -14.9 -19.1 5.4 29.0 -19.2
TC % change from LSD w/ DOC -9.5 -4.9 -2.1 -16.5 16.9 -0.2 8.7 12.8 -1.1

3 Highway ULSD EC 27260 27093 16735 15755 41303 22586 13569 1059 20143.35
OC 5591 5416 9079 4998 4464 4179 4976 2693 5278.55
TC 32851 32501 25814 20752 45774 26764 18544 3752 25421.1

% OC in TC 17.0 16.7 35.2 24.1 9.8 15.6 26.8 71.8 27.1 Average
EC % change from bare engine 24.1 -3.0 1.1 -12.0 -4.1 -6.4 32.3 -8.4 2.3
OC % change from bare engine -50.5 -39.5 -11.2 -60.4 -54.5 -40.7 -37.6 -59.3 -43.3
TC % change from bare engine -1.2 -11.9 -3.6 -32.1 -13.5 -14.2 1.8 -51.8 -12.3
EC % change from LSD w/ DOC 17.1 -4.3 -17.7 5.8 23.5 -17.2 -10.8 16.9 0.7
OC % change from LSD w/ DOC -36.1 -33.0 29.9 -31.8 -30.5 -14.1 13.4 43.4 -14.3
TC % change from LSD w/ DOC 2.5 -10.7 -5.5 -6.6 14.8 -16.8 -5.4 34.4 -2.8

4 Stepan SB-W EC 10149 12256 7379 4425 20853 9469 6261 8568.4
 biodiesel OC 5278 6291 7180 7084 4812 7429 6845 3986 6027.25

TC 15427 18546 14559 11509 25657 16898 13098 4244 14632.6
% OC in TC 34.2 33.9 49.3 61.6 18.8 44.0 52.3 93.9 48.5 Average
EC % change from bare engine -8.1 -15.2 -14.1 -23.4 10.7 3.3 -9.5 na -6.7
OC % change from bare engine -64.7 -66.8 -64.8 -58.8 -66.2 -56.2 -63.3 -67.4 -63.9
TC % change from bare engine -40.7 -44.4 -49.7 -49.9 -22.4 -35.3 -48.7 -66.2 -43.5
EC % change from LSD w/ DOC -56.4 -56.7 -63.7 -70.3 -37.6 -65.3 -58.9 na -57.2
OC % change from LSD w/ DOC -39.7 -22.1 2.7 -3.3 -25.1 52.6 56.0 112.2 -2.1
TC % change from LSD w/ DOC -51.8 -49.0 -46.7 -48.2 -35.6 -47.4 -33.2 52.1 -44.1

5 IRE REG-9000-10 EC 9692 11151 6277 3789 16583 9371 5647 7607
 biodiesel OC 7563 9439 7790 7124 6057 6510 5781 3474 6787.1

TC 17255 20590 14074 10906 22640 15881 11428 4107 14489.4
% OC in TC 43.8 45.8 55.4 65.3 26.8 41.0 50.6 84.6 51.7 Average
EC % change from bare engine 6.1 0.2 -13.5 -7.1 -3.8 34.5 11.6 na 1.9
OC % change from bare engine -56.2 -56.7 -60.1 -62.7 -58.8 -68.8 -71.2 -74.4 -62.9
TC % change from bare engine -34.6 -37.4 -47.4 -53.0 -29.2 -42.9 -54.5 -71.2 -44.0
EC % change from LSD w/ DOC -58.4 -60.6 -69.1 -74.6 -50.4 -65.7 -62.9 na -62.0
OC % change from LSD w/ DOC -13.6 16.8 11.5 -2.8 -5.8 33.8 31.8 85.0 10.3
TC % change from LSD w/ DOC -46.1 -43.4 -48.5 -50.9 -43.2 -50.6 -41.7 47.2 -44.6

6 IRE REG-9000-5 EC 10428 11594 7550 4770 18110 8876 6223 8233.7
 biodiesel OC 6333 7799 8021 7614 6255 6017 6140 3603 6466

TC 16762 19392 15571 12384 24365 14892 12363 4179 14786
% OC in TC 37.8 40.2 51.5 61.5 25.7 40.4 49.7 86.2 49.1 Average
EC % change from bare engine 4.2 -1.9 13.2 3.3 29.2 31.9 23.1 na 12.5
OC % change from bare engine -63.1 -66.5 -59.7 -61.3 -57.0 -67.5 -69.8 -73.0 -64.8
TC % change from bare engine -38.4 -44.7 -41.4 -49.0 -14.6 -41.0 -51.2 -69.9 -42.6
EC % change from LSD w/ DOC -55.2 -59.0 -62.9 -68.0 -45.8 -67.5 -59.1 na -58.8
OC % change from LSD w/ DOC -27.7 -3.5 14.8 3.9 -2.7 23.6 40.0 91.9 5.0
TC % change from LSD w/ DOC -47.7 -46.7 -43.0 -44.3 -38.9 -53.7 -36.9 49.7 -43.5

7 B50 Mix* EC 14940 18215 9723 7617 21289 14161 6910 11429.4
OC 5977 6915 6415 5973 5657 5084 4577 2605 5415.9
TC 20910 25130 16138 13583 26947 19245 11487 3298 16947.6

% OC in TC 28.6 27.5 39.8 44.0 21.0 26.4 39.8 79.0 38.3 Average
EC % change from bare engine 6.0 24.1 13.0 -9.9 23.0 -2.3 8.0 na 11.3
OC % change from bare engine -51.7 -50.9 -56.3 -59.7 -58.8 -63.0 -71.2 -75.0 -60.0
TC % change from bare engine -21.0 -12.7 -30.7 -41.6 -13.2 -31.8 -48.4 -70.5 -29.2
EC % change from LSD w/ DOC -35.8 -35.6 -52.2 -48.9 -36.3 -48.1 -54.6 na -42.9
OC % change from LSD w/ DOC -31.7 -14.4 -8.2 -18.5 -12.0 4.5 4.3 38.7 -12.0
TC % change from LSD w/ DOC -34.7 -30.9 -40.9 -38.9 -32.4 -40.2 -41.4 18.2 -35.2

8 PetroSA Fischer-Tropsch EC 24669 20418 10726 11380 27878 18509 9195 15068.15
synthetic OC 6425 5501 4653 4643 4895 4497 3598 2450 4617.65

TC 31094 25919 15380 16023 32773 23006 12785 2776 19734.05
% OC in TC 20.7 21.2 30.3 29.0 14.9 19.5 28.1 88.3 31.5 Average
EC % change from bare engine 1.0 9.9 15.5 29.7 14.5 9.1 3.7 na 9.7
OC % change from bare engine -23.1 -36.4 -40.7 -35.0 -29.5 -8.9 -30.8 -41.8 -31.9
TC % change from bare engine -5.2 -4.8 -10.2 0.6 4.7 5.1 -9.2 -37.4 -4.0
EC % change from LSD w/ DOC 6.0 -27.8 -47.2 -23.6 -16.6 -32.2 -39.6 na -24.7
OC % change from LSD w/ DOC -26.6 -31.9 -33.4 -36.6 -23.8 -7.6 -18.0 30.5 -25.0
TC % change from LSD w/ DOC -2.9 -28.7 -43.7 -27.9 -17.8 -28.5 -34.8 -0.5 -24.6

*B50: 50/50 Mix of Stepan SB-W and Highway ULSD Weight Factors:
0.15 0.15 0.15 0.1 0.1 0.1 0.1 0.15  

 
 



 

 

 
A&CC Diesel Laboratory   Page 20 of 53 
FILE: P09-38 Attchmt 6 - MSHA-fuel test - Report 2.doc 

Signature:  
 

Gas Emissions, NO: 
 
Table 7 shows the nitric oxide (NO) emissions for the fuel tests with and without the DOC.  The table 
shows the raw NO emissions (in g/hr) and the ventilation rate calculations; i.e., the CFM of ventilation 
air required to keep NO ambient levels below the MSHA limits in the mine environment.  The table 
also compares the changes in NO emissions for all the tests to the LSD baseline for the bare engine tests 
and compares a fuel’s emissions with a DOC to its bare engine test.  The weighted averages for each 
test are calculated and percent differences are calculated. 
 
For the bare engine tests, the only significant variation in the petroleum diesels was a 13% lower NO 
emission from the highway ULSD compared to LSD.  The B100 fuels did not show any significant 
changes in NO, varying from a 1% reduction to a 7.7% increase.  The B50 NO emission did not vary 
significantly from LSD.  The F-T fuel did lower NO significantly by 27%. 
 
For the tests with the DOC, the emissions of NO did vary somewhat from the bare engine values.  
Generally, the DOC tests produced a reduction in NO emissions on all the fuels tested when compared 
to its bare engine counterpart.  This reduction varied from 11% to a more significant 20% for one of the 
B100 formulas.  These reductions in NO correlate directly to NO2 changes as discussed below32. 
 
Gas Emissions, NO2: 
 
Table 8 shows the nitrogen dioxide (NO2) emissions for the fuel tests with and without the DOC.  The 
table shows the raw NO2 emissions (in g/hr) and the ventilation rate calculations of the CFM of 
required to keep NO2 ambient levels below the MSHA required limits in the mine environment.  The 
table also compares the changes in NO2 emissions for all the tests to the LSD baseline for the bare 
engine tests and compares a fuel’s emissions with a DOC to its bare engine test.  The weighted averages 
for each test are calculated and percent differences are calculated. 
 
For the bare engine tests, NO2 emissions from all fuels were lower than the data from LSD.  The 
petroleum based ULSD fuels were 7-10% lower than LSD.  For the B100’s, NO2 was 8-21% lower than 
LSD.  B50 reduced NO2 by 9%, while the F-T reduced NO2 by 15%. 
 
The DOC tests produced some significant NO2 increases in all fuels due to the DOCs oxidation of NO 
to NO2.  For the petroleum diesels, the average increase varied from 90 to 146%.  For the B100 fuels, 
increases in NO2 due to the use of the DOC varied from 184% to 209% depending on fuel.  B50 fuel 
increased NO2 147%, while the F-T had an increase in NO2 of 99%. 
 

                                                   
32  The reduction in NO is due to the conversion of NO to NO2 by the DOC. 
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These increases in NO2 emissions with the use of a DOC has been noted in other MSHA tests and in 
research conducted by other laboratories.  The effects of this NO2 on the mine environment will be 
covered in the discussion section. 

 
Table 7: NO Emission and Ventilation Rate Calculation for Fuel Tests. 

 
FUEL TESTING on Isuzu 4JG1T Diesel Engine
NO Emissions Data, gr/hr

 with ventillation rates

Bare Engine Test Test Mode Weighted 
8 Weighted Average

Average % Diff

1.8
% change from LSD 2.4 0.9 1.5 0.4 2.2 4.3 1.7 -14.6

-13.3
% change from LSD -11.5 -15.8 -16.2 -14.1 -13.0 -11.2 -13.1 -10.0

7.7
% change from LSD 8.4 7.0 6.9 13.3 6.0 8.4 10.4 1.4

-1.4
% change from LSD -2.6 -4.5 -1.6 0.5 0.0 3.1 -1.8 5.6

5.3
% change from LSD 2.8 1.4 4.7 1.5 7.7 11.3 8.4 19.0

-2.2
% change from LSD -2.3 -3.7 -3.4 -3.8 -1.3 -1.8 1.0 3.7

-26.6
% change from LSD -28.9 -29.1 -27.9 -25.2 -23.6 -24.6 -24.3 -7.2

Fuel No. FUEL 1 2 3 4 5 6 7

1 2005 spec LSD Certified g/hr 266.19 181.75 113.60 30.09 240.84 171.80 110.14 14.72 141.7
CFM Vent 4938 3371 2107 558 4468 3187 2043 273

2 2007 spec ULSD Certified g/hr 272.52 183.40 115.27 30.21 246.15 179.24 112.04 12.57 144.3
CFM Vent 5055 3402 2138 560 4566 3325 2078 233

3 Highway ULSD g/hr 235.47 152.95 95.16 25.83 209.60 152.62 95.69 13.25 122.9
CFM Vent 4368 2837 1765 479 3888 2831 1775 246

4 Stepan SB-W biodiesel g/hr 288.52 194.50 121.47 34.08 255.29 186.30 121.57 14.93 152.6
CFM Vent 5352 3608 2253 632 4736 3456 2255 277

5 IRE REG-9000-10 biodiesel g/hr 259.27 173.66 111.74 30.25 240.79 177.17 108.20 15.55 139.7
CFM Vent 4809 3221 2073 561 4467 3286 2007 288

6 IRE REG-9000-5 biodiesel g/hr 273.66 184.34 118.89 30.54 259.38 191.16 119.34 17.52 149.2
CFM Vent 5076 3419 2205 566 4811 3546 2214 325

7 B50 Mix* g/hr 260.03 175.05 109.68 28.93 237.75 168.69 111.20 15.27 138.7
CFM Vent 4823 3247 2035 537 4410 3129 2063 283

8 PetroSA Fischer-Tropsch Syn. g/hr 189.28 128.80 81.90 22.50 184.05 129.58 83.41 13.66 104.0
CFM Vent 3511 2389 1519 417 3414 2404 1547 253

*B50: 50/50 Mix of Stepan SB-W and Highway ULSD

Engine +DOC Test

 
 

Test Mode
Fuel No. FUEL 1 2 3 4 5 6 7

1 2005 spec LSD Certified g/hr 237.80 153.69 110.25 36.66 211.93 135.22 99.45 17.76 126.2
CFM Vent 4411 2851 2045 680 3931 2508 1845 329

% change from bare engine -10.7 -15.4 -3.0 21.8 -12.0 -21.3 -9.7 20.6
2 2007 spec ULSD Certified g/hr 251.93 154.86 106.47 36.21 214.79 139.21 91.88 18.28 127.9

CFM Vent 4673 2873 1975 672 3984 2582 1704 339
% change from bare engine -7.6 -15.6 -7.6 19.8 -12.7 -22.3 -18.0 45.4

3 Highway ULSD g/hr 202.25 124.14 91.33 30.41 178.94 110.44 81.45 15.78 105.1
CFM Vent 3752 2303 1694 564 3319 2049 1511 293

% change from bare engine -14.1 -18.8 -4.0 17.7 -14.6 -27.6 -14.9 19.1
4 Stepan SB-W biodiesel g/hr 235.08 149.81 106.88 37.74 210.06 131.91 95.39 17.32 123.9

CFM Vent 4361 2779 1983 700 3897 2447 1769 321
% change from bare engine -18.5 -23.0 -12.0 10.7 -17.7 -29.2 -21.5 16.0

5 IRE REG-9000-10 biodiesel g/hr 218.32 135.63 98.32 32.91 184.01 119.93 84.85 17.56 112.6
CFM Vent 4050 2516 1824 610 3413 2225 1574 326

% change from bare engine -15.8 -21.9 -12.0 8.8 -23.6 -32.3 -21.6 12.9
6 IRE REG-9000-5 biodiesel g/hr 224.45 144.90 103.52 35.20 199.28 131.39 95.71 19.61 120.0

CFM Vent 4163 2688 1920 653 3697 2437 1775 364
% change from bare engine -18.0 -21.4 -12.9 15.3 -23.2 -31.3 -19.8 11.9

7 B50 Mix* g/hr 225.48 138.45 95.32 32.74 192.65 119.76 87.48 18.23 114.9
CFM Vent 4183 2568 1768 607 3574 2222 1623 338

% change from bare engine -13.3 -20.9 -13.1 13.2 -19.0 -29.0 -21.3 19.4
8 PetroSA Fischer-Tropsch Syn. g/hr 172.19 112.50 83.57 26.97 153.10 98.08 74.08 15.49 92.8

CFM Vent 3194 2087 1550 500 2840 1819 1374 287
% change from bare engine -9.0 -12.7 2.0 19.9 -16.8 -24.3 -11.2 13.3

Weight Factors:
0.15 0.15 0.15 0.1 0.1 0.1 0.1 0.15

*B50: 50/50 Mix of Stepan SB-W and Highway ULSD

Weighted 
8 Weighted Average

Average % Diff

-10.9

-11.4

-14.4

-18.8

-19.4

-19.6

-17.1

-10.8
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Table 8: NO2 Emission and Ventilation Rate Calculation for Fuel Tests. 

 
 

FUEL TESTING on Isuzu 4JG1T Diesel Engine
NO2 Emissions Data, gr/hr

 with ventillation rates

Bare Engine Test Test Mode Weighted 
8 Weighted Average

Average %Difference

-10.8
% change from LSD 26.3 -38.5 -7.4 5.5 -51.9 -20.7 2.1 12.5

-6.9
% change from LSD 8.6 -5.0 -4.8 5.3 -56.2 -20.5 28.9 -1.5

-21.3
% change from LSD -18.3 -22.9 -35.7 -17.6 -25.2 -15.1 -21.3 15.3

-18.3
% change from LSD -6.0 -35.5 -21.3 -10.1 -45.2 -4.9 3.6 3.9

-8.2
% change from LSD 10.8 -15.1 -12.4 -21.2 -34.7 -7.5 8.9 6.4

-9.2
% change from LSD 5.3 -20.6 -11.8 -18.2 -10.9 -19.9 5.7 -1.0

-14.9
% change from LSD -11.4 -22.1 -19.3 9.1 -22.9 -31.8 14.7 1.2

Fuel No. FUEL 1 2 3 4 5 6 7

1 2005 spec LSD Certified g/hr 18.75 16.60 13.36 7.68 15.45 14.21 8.78 3.49 12.4
CFM Vent 1134 1004 808 465 935 860 531 211

2 2007 spec ULSD Certified g/hr 23.67 10.21 12.37 8.10 7.43 11.27 8.96 3.93 11.1
CFM Vent 1432 617 748 490 449 682 542 238

3 Highway ULSD g/hr 20.35 15.77 12.71 8.09 6.77 11.30 11.32 3.44 11.6
CFM Vent 1231 954 769 489 410 683 685 208

4 Stepan SB-W biodiesel g/hr 15.31 12.80 8.59 6.33 11.56 12.07 6.91 4.03 9.8
CFM Vent 926 774 520 383 699 730 418 244

5 IRE REG-9000-10 biodiesel g/hr 17.62 10.71 10.52 6.90 8.46 13.52 9.09 3.63 10.2
CFM Vent 1066 648 636 418 512 818 550 219

6 IRE REG-9000-5 biodiesel g/hr 20.78 14.09 11.70 6.06 10.09 13.14 9.55 3.71 11.4
CFM Vent 1257 852 708 366 611 795 578 225

7 B50 Mix* g/hr 19.74 13.18 11.79 6.29 13.76 11.39 9.28 3.46 11.3
CFM Vent 1194 797 713 380 833 689 561 209

8 PetroSA Fischer-Tropsch Syn. g/hr 16.61 12.92 10.78 8.38 11.92 9.70 10.06 3.53 10.6
CFM Vent 1005 782 652 507 721 587 609 214

*B50: 50/50 Mix of Stepan SB-W and Highway ULSD

Engine +DOC Test

 
 

Test Mode
Fuel No. FUEL 1 2 3 4 5 6 7

1 2005 spec LSD Certified g/hr 43.92 36.58 12.95 0.00 31.95 43.58 21.14 0.09 23.7
CFM Vent 2657 2213 783 0 1933 2636 1279 5

% change from bare engine 134.3 120.4 -3.1 -100.0 106.8 206.6 140.9 -97.5
2 2007 spec ULSD Certified g/hr 40.88 40.62 18.84 0.00 36.86 48.36 28.18 0.37 26.4

CFM Vent 2473 2457 1140 0 2229 2925 1705 22
% change from bare engine 72.7 298.0 52.3 -100.0 396.3 329.1 214.5 -90.6

3 Highway ULSD g/hr 51.19 41.52 16.56 0.77 41.93 52.37 25.78 0.30 28.5
CFM Vent 3096 2512 1002 47 2536 3168 1560 18

% change from bare engine 151.5 163.2 30.3 -90.5 519.3 363.6 127.8 -91.2
4 Stepan SB-W biodiesel g/hr 55.14 42.17 21.55 0.00 45.51 52.01 26.33 0.33 30.3

CFM Vent 3336 2551 1303 0 2753 3146 1593 20
% change from bare engine 260.1 229.5 150.8 -100.0 293.7 330.7 281.0 -91.9

5 IRE REG-9000-10 biodiesel g/hr 57.19 45.76 21.30 0.32 50.92 57.24 25.24 0.30 32.1
CFM Vent 3460 2768 1288 20 3080 3463 1527 18

% change from bare engine 224.6 327.2 102.5 -95.3 501.6 323.3 177.5 -91.8
6 IRE REG-9000-5 biodiesel g/hr 60.89 39.93 20.78 0.57 57.17 58.90 25.65 0.25 32.5

CFM Vent 3684 2415 1257 34 3458 3563 1552 15
% change from bare engine 193.1 183.5 77.6 -90.6 466.3 348.1 168.5 -93.3

7 B50 Mix* g/hr 45.32 41.18 19.22 0.00 43.69 53.29 24.26 0.09 28.0
CFM Vent 2742 2491 1163 0 2643 3224 1468 6

% change from bare engine 129.6 212.5 63.1 -100.0 217.4 368.1 161.4 -97.3
8 PetroSA Fischer-Tropsch Syn. g/hr 40.48 28.04 9.90 0.16 37.67 37.85 17.24 0.00 21.1

CFM Vent 2449 1696 599 10 2278 2289 1043 0
% change from bare engine 143.7 117.0 -8.1 -98.1 216.0 290.2 71.3 -99.9

Weight Factors:
0.15 0.15 0.15 0.1 0.1 0.1 0.1 0.15

*B50: 50/50 Mix of Stepan SB-W and Highway ULSD

Weighted 
8 Weighted Average

Average %Difference

90.5

138.2

146.1

208.9

215.2

184.5

147.9

99.0
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Gas Emissions, CO: 
 
Table 9 shows the carbon monoxide (CO) emissions for the fuel tests with and without the DOC.  The 
table shows the raw CO emissions (in g/hr) and the ventilation rate calculations of the CFM of required 
to keep CO ambient levels below the MSHA required limits in the mine environment.  The table also 
compares the changes in CO emissions for all the tests to the LSD baseline for the bare engine tests and 
compares a fuel’s emissions with a DOC to its bare engine test.  The weighted averages for each test are 
calculated and percent differences are calculated. 
 
For the bare engine tests, the petroleum diesel’s CO emissions remained within 10% of each other.  For 
B100 fuels CO emissions were reduced by 18-25% compared to LSD.  B50 CO emissions were 19% 
lower than LSD, while F-T CO emissions were also lower than LSD by 13%. 
 
For the DOC tests, all fuels showed almost all CO emissions were eliminated by the use of a DOC.  In 
fact, CO emissions were all but eliminated for all modes, with the exception of test modes 4 and 8.  In 
these modes, the exhaust temperature was generally not high enough for the DOC to oxidize all CO to 
CO2.  In these modes some CO emissions were observed, though much lower than the bare engine 
emissions. 
 
Average drop in CO emissions for petroleum diesels was 85-100% with the use of a DOC.  B100 
emissions were lower by 93-98% with the use of a DOC.  B50 CO emissions were lower by 97%, while 
F-T CO emissions were lower by 98%. 
 
 
Gas Emissions, CO2: 
 
Table 10 shows the carbon dioxide (CO2) emissions for the fuel tests with and without the DOC.  The 
table shows the raw CO2 emissions (in g/hr) and the ventilation rate calculations of the CFM of 
required to keep CO2 ambient levels below the MSHA required limits in the mine environment.  The 
table also compares the changes in CO2 emissions for all the tests to the LSD baseline for the bare 
engine tests and compares a fuel’s emissions with a DOC to its bare engine test.  The weighted averages 
for each test are calculated and percent differences are calculated. 
 
CO2 emissions did not significantly vary with fuel on the bare engine tests, with the exception of the F-
T fuel.  Its CO2 emissions were 10% lower than LSD.  CO2 emissions were also unaffected by the 
addition of a DOC, for any of the fuels tested. 
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Table 9: CO Emission and Ventilation Rate Calculation for Fuel Tests. 

 
FUEL TESTING on Isuzu 4JG1T Diesel Engine
CO Emissions Data, gr/hr

 with ventillation rates

Bare Engine Test Test Mode Weighted 
8 Weighted AverageFuel No. FUEL 1 2 3 4 5 6 7

Average %Difference

3.1
% change from LSD 2.0 2.6 1.1 3.4 5.8 -5.1 0.2 17.9

-9.8
% change from LSD -1.8 -5.3 6.5 -40.5 19.2 -6.1 -7.9 -42.2

-19.3
% change from LSD -23.3 -11.7 -19.0 -30.0 -28.7 -28.8 -15.9 33.5

-17.8
% change from LSD -10.0 -2.1 -6.9 -47.7 -34.3 -20.2 -5.1 -0.2

-24.5
% change from LSD -19.0 -9.7 -20.3 -47.4 -34.9 -31.6 -14.2 -8.8

-19.4
% change from LSD -10.9 -11.4 -10.0 -42.0 -30.8 -12.5 -14.0 -15.7

-12.5
% change from LSD -14.4 -12.8 9.1 -17.5 -32.5 -1.8 14.6 -27.9

1 2005 spec LSD Certified g/hr 54.29 35.72 25.04 61.23 30.81 16.39 14.18 12.03 31.3
CFM Vent 539 355 249 609 306 163 141 120

2 2007 spec ULSD Certified g/hr 55.40 36.63 25.31 63.34 32.60 15.55 14.22 14.19 32.3
CFM Vent 551 364 252 630 324 155 141 141

3 Highway ULSD g/hr 53.29 33.82 26.66 36.42 36.72 15.39 13.06 6.95 28.3
CFM Vent 530 336 265 362 365 153 130 69

4 Stepan SB-W biodiesel g/hr 41.65 31.54 20.28 42.86 21.96 11.67 11.93 16.06 25.3
CFM Vent 414 313 202 426 218 116 119 160

5 IRE REG-9000-10 biodiesel g/hr 48.84 34.97 23.31 32.04 20.25 13.09 13.46 12.01 25.8
CFM Vent 485 348 232 318 201 130 134 119

6 IRE REG-9000-5 biodiesel g/hr 43.97 32.24 19.95 32.22 20.05 11.20 12.17 10.98 23.6
CFM Vent 437 320 198 320 199 111 121 109

7 B50 Mix* g/hr 48.38 31.65 22.53 35.53 21.32 14.35 12.20 10.14 25.2
CFM Vent 481 315 224 353 212 143 121 101

8 PetroSA Fischer-Tropsch Syn. g/hr 46.46 31.13 27.31 50.54 20.80 16.10 16.26 8.67 27.4
CFM Vent 462 309 271 502 207 160 162 86

*B50: 50/50 Mix of Stepan SB-W and Highway ULSD

Engine +DOC Test

 
 

Test Mode
Fuel No. FUEL 1 2 3 4 5 6 7

Weighted 
8 Weighted Average

Average %Difference

-86.4

-85.1

-100.0

-92.7

-98.2

-95.2

-97.3

-97.5

1 2005 spec LSD Certified g/hr 1.22 0.00 0.00 29.56 0.00 0.00 0.00 7.40 4.2
CFM Vent 12 0 0 294 0 0 0 74

% change from bare engine -97.8 -100.0 -100.0 -51.7 -100.0 -100.0 -100.0 -38.5
2 2007 spec ULSD Certified g/hr 1.44 0.00 0.00 31.41 0.00 0.00 0.00 9.69 4.8

CFM Vent 14 0 0 312 0 0 0 96
% change from bare engine -97.4 -100.0 -100.0 -50.4 -100.0 -100.0 -100.0 -31.7

3 Highway ULSD g/hr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0
CFM Vent 0 0 0 0 0 0 0 0

% change from bare engine -100.0 -100.0 -100.0 -100.0 -100.0 -100.0 -100.0 -100.0
4 Stepan SB-W biodiesel g/hr 0.80 0.00 0.00 4.20 0.23 0.00 0.00 8.59 1.9

CFM Vent 8 0 0 42 2 0 0 85
% change from bare engine -98.1 -100.0 -100.0 -90.2 -98.9 -100.0 -100.0 -46.5

5 IRE REG-9000-10 biodiesel g/hr 1.01 0.00 0.00 0.00 0.00 0.00 0.00 2.10 0.5
CFM Vent 10 0 0 0 0 0 0 21

% change from bare engine -97.9 -100.0 -100.0 -100.0 -100.0 -100.0 -100.0 -82.5
6 IRE REG-9000-5 biodiesel g/hr 0.00 0.00 0.00 1.19 0.00 0.00 0.00 6.72 1.1

CFM Vent 0 0 0 12 0 0 0 67
% change from bare engine -100.0 -100.0 -100.0 -96.3 -100.0 -100.0 -100.0 -38.8

7 B50 Mix* g/hr 1.23 0.00 0.00 1.58 0.00 0.00 0.00 2.26 0.7
CFM Vent 12 0 0 16 0 0 0 22

% change from bare engine -97.5 -100.0 -100.0 -95.6 -100.0 -100.0 -100.0 -77.7
8 PetroSA Fischer-Tropsch Syn. g/hr 0.41 0.00 0.00 0.53 0.36 0.00 0.00 3.57 0.7

CFM Vent 4 0 0 5 4 0 0 35
% change from bare engine -99.1 -100.0 -100.0 -98.9 -98.3 -100.0 -100.0 -58.9

Weight Factors:
0.15 0.15 0.15 0.1 0.1 0.1 0.1 0.15

*B50: 50/50 Mix of Stepan SB-W and Highway ULSD  
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Table 10: CO2 Emission and Ventilation Rate Calculation for Fuel Tests. 

 
 
 

FUEL TESTING on Isuzu 4JG1T Diesel Engine
CO2 Emissions Data, gr/hr

 with ventillation rates

Bare Engine Test Test Mode Weighted 
8 Weighted Average

Average %Difference

1.5
% change from LSD 2.3 0.4 1.6 2.1 1.6 2.6 1.7 -8.6

-8.1
% change from LSD -6.0 -9.2 -8.9 -5.8 -8.4 -10.3 -10.1 -3.6

-0.5
% change from LSD -1.4 -0.8 1.7 2.2 -1.5 -2.0 1.7 0.5

-1.4
% change from LSD -2.2 -4.0 1.2 1.3 -1.7 -0.9 -0.1 10.2

0.8
% change from LSD -0.3 -1.8 2.5 1.9 0.9 1.1 4.2 17.7

-2.8
% change from LSD -2.5 -4.7 -1.6 -2.4 -2.8 -3.3 -1.4 2.5

-10.5
% change from LSD -11.1 -12.1 -11.2 -3.2 -11.2 -10.1 -8.6 4.0

Fuel No. FUEL 1 2 3 4 5 6 7

1 2005 spec LSD Certified g/hr 49561.67 37960.34 26179.77 11112.84 37466.47 27730.09 18918.68 2393.43 26937.1
CFM Vent 3122 2392 1649 700 2360 1747 1192 151

2 2007 spec ULSD Certified g/hr 50682.10 38116.28 26611.30 11348.76 38054.78 28444.86 19246.04 2188.60 27349.2
CFM Vent 3193 2401 1677 715 2397 1792 1213 138

3 Highway ULSD g/hr 46572.34 34455.05 23842.35 10470.32 34330.64 24874.17 17012.15 2306.15 24745.1
CFM Vent 2934 2171 1502 660 2163 1567 1072 145

4 Stepan SB-W biodiesel g/hr 48871.44 37659.48 26619.19 11359.65 36894.17 27162.13 19241.14 2406.26 26799.2
CFM Vent 3079 2373 1677 716 2324 1711 1212 152

5 IRE REG-9000-10 biodiesel g/hr 48449.12 36452.19 26498.33 11261.61 36824.16 27484.58 18892.16 2638.30 26551.9
CFM Vent 3052 2296 1669 709 2320 1732 1190 166

6 IRE REG-9000-5 biodiesel g/hr 49406.47 37287.40 26836.36 11328.75 37799.52 28038.41 19721.28 2817.31 27140.9
CFM Vent 3113 2349 1691 714 2381 1766 1242 177

7 B50 Mix* g/hr 48341.96 36168.07 25755.45 10842.00 36426.12 26809.15 18645.03 2454.28 26180.2
CFM Vent 3046 2279 1623 683 2295 1689 1175 155

8 PetroSA Fischer-Tropsch Syn. g/hr 44068.42 33373.94 23250.68 10758.95 33257.19 24930.60 17291.59 2488.12 24101.0
CFM Vent 2776 2103 1465 678 2095 1571 1089 157

*B50: 50/50 Mix of Stepan SB-W and Highway ULSD

Engine +DOC Test

 
 

Test Mode
Fuel No. FUEL 1 2 3 4 5 6 7

1 2005 spec LSD Certified g/hr 49730.22 37583.96 26545.83 11275.04 37690.64 27711.02 19128.31 2445.84 27026.4
CFM Vent 3133 2368 1672 710 2375 1746 1205 154

% change from bare engine 0.3 -1.0 1.4 1.5 0.6 -0.1 1.1 2.2
2 2007 spec ULSD Certified g/hr 51105.09 38565.46 26600.15 11195.67 38569.78 28451.18 19203.65 2567.94 27567.8

CFM Vent 3220 2430 1676 705 2430 1792 1210 162
% change from bare engine 0.8 1.2 0.0 -1.3 1.4 0.0 -0.2 17.3

3 Highway ULSD g/hr 46524.75 34872.78 24552.80 10927.97 35197.91 25525.75 17690.55 2383.74 25184.3
CFM Vent 2931 2197 1547 688 2217 1608 1115 150

% change from bare engine -0.1 1.2 3.0 4.4 2.5 2.6 4.0 3.4
4 Stepan SB-W biodiesel g/hr 48882.10 36478.06 26482.98 11210.56 36078.39 26545.49 18642.61 2280.63 26366.3

CFM Vent 3080 2298 1668 706 2273 1672 1174 144
% change from bare engine 0.0 -3.1 -0.5 -1.3 -2.2 -2.3 -3.1 -5.2

5 IRE REG-9000-10 biodiesel g/hr 48483.31 36089.99 26109.38 11106.74 35535.06 26124.89 17192.09 2389.28 25956.7
CFM Vent 3054 2274 1645 700 2239 1646 1083 151

% change from bare engine 0.1 -1.0 -1.5 -1.4 -3.5 -4.9 -9.0 -9.4
6 IRE REG-9000-5 biodiesel g/hr 48692.86 36084.91 26084.04 11236.53 36815.50 27501.26 19056.74 2661.05 26489.4

CFM Vent 3068 2273 1643 708 2319 1733 1201 168
% change from bare engine -1.4 -3.2 -2.8 -0.8 -2.6 -1.9 -3.4 -5.5

7 B50 Mix* g/hr 48871.32 36386.24 25703.02 11161.90 36512.10 26976.25 18435.94 2598.84 26342.5
CFM Vent 3079 2292 1619 703 2300 1700 1161 164

% change from bare engine 1.1 0.6 -0.2 3.0 0.2 0.6 -1.1 5.9
8 PetroSA Fischer-Tropsch Syn. g/hr 44826.11 33702.06 23906.04 10777.67 33257.31 24822.01 17274.02 2420.38 24341.3

CFM Vent 2824 2123 1506 679 2095 1564 1088 152
% change from bare engine 1.7 1.0 2.8 0.2 0.0 -0.4 -0.1 -2.7

Weight Factors:
0.15 0.15 0.15 0.1 0.1 0.1 0.1 0.15

*B50: 50/50 Mix of Stepan SB-W and Highway ULSD

Weighted 
8 Weighted Average

Average %Difference

0.3

0.8

1.8

-1.6

-2.2

-2.4

0.6

1.0
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Engine Performance: 
 
Table 11 shows the engine performance data (HP) for all the fuels tested.  As can be seen there was little 
change in engine performance with most of the fuels tested.  The performance of biodiesel fuels was 
negligibly different than that of petroleum diesels.  The only fuel having a significant change in engine 
performance was the F-T fuel.  It has and average performance loss (HP) of 8.7% when compared to 
LSD.  This is consistent with past tests on synthetic diesels and is due to the somewhat lower energy 
content of the fuel. 
 
The performance of the engine with a DOC on the exhaust was also not significantly different from that 
of a bare engine.  This is consistent with past engine tests using DOCs, as the increase in exhaust 
backpressure due to the DOC is minimal and does not alter the engine performance. 
 
 

Table 11:  Engine Performance (HP) data. 
 

Bare Engine Test Test Mode
Fuel No. FUEL 1 2 3 4 5 6 7 8

1 2005 spec LSD Certified 84.16 64.31 42.88 9.48 71.96 53.98 35.95 1.52 HP
2 2007 spec ULSD Certified 85.15 64.31 42.83 9.44 72.34 54.86 36.03 0.81 HP

% change from LSD 1.2 0.0 -0.1 -0.4 0.5 1.6 0.2 -46.3 0.4
HP

% change from LSD -2.7 -5.5 -5.7 -0.8 -4.0 -4.8 -4.7 20.0 -4.0

% change from LSD 0.0 -0.2 0.0 0.5 -1.2 -1.6 0.2 -30.8 -0.3

% change from LSD -1.7 -3.9 -0.1 0.8 -3.2 -3.3 -4.6 -11.0 -2.3

% change from LSD -0.2 -2.0 -0.3 -0.9 -1.5 -1.6 0.1 21.3 -0.9

% change from LSD -0.4 -2.1 -0.3 0.5 -1.0 -1.6 0.1 25.2 -0.7

% change from LSD -10.4 -11.1 -11.1 0.5 -9.7 -9.6 -9.3 17.4 -8.7

AVE CHANGE**
3 Highway ULSD 81.89 60.79 40.43 9.40 69.11 51.38 34.26 1.82

AVE CHANGE
4 Stepan SB-W biodiesel 84.18 64.15 42.87 9.53 71.11 53.12 36.02 1.05 HP

AVE CHANGE
5 IRE REG-9000-10 biodiesel 82.77 61.80 42.83 9.55 69.67 52.22 34.29 1.35 HP

AVE CHANGE
6 IRE REG-9000-5 biodiesel 83.98 63.04 42.73 9.40 70.90 53.12 35.98 1.84 HP

AVE CHANGE
7 B50 Mix* 83.82 62.94 42.74 9.53 71.22 53.10 35.97 1.90 HP

AVE CHANGE
8 PetroSA Fischer-Tropsch Syn. 75.37 57.17 38.12 9.53 65.01 48.81 32.62 1.78 HP

AVE CHANGE
*B50: 50/50 Mix of Stepan SB-W and Highway ULSD ** mode 8 discounted in average change

Engine +DOC Test Test Mode
FUEL 1 2 3 4 5 6 7 8

1 2005 spec LSD Certified 83.68 63.06 42.88 9.51 71.28 53.16 36.03 1.48 HP
% change from bare engine -0.6 -1.9 0.0 0.3 -0.9 -1.5 0.2 -2.5 -0.6 AVE CHANGE**

2 2007 spec ULSD Certified 85.66 64.20 42.74 9.49 72.02 54.85 36.01 1.63 HP
% change from bare engine 0.60 -0.17 -0.21 0.47 -0.44 -0.02 -0.07 100.76 0.0 AVE CHANGE

3 Highway ULSD 80.22 59.62 40.55 9.56 68.80 50.56 34.34 1.67 HP
% change from bare engine -2.04 -1.92 0.30 1.65 -0.45 -1.61 0.23 -8.11 -0.5 AVE CHANGE

4 Stepan SB-W biodiesel 83.39 61.86 42.72 9.60 70.67 53.17 35.99 1.52 HP
% change from bare engine -0.94 -3.57 -0.34 0.75 -0.62 0.08 -0.09 44.79 -0.7 AVE CHANGE

5 IRE REG-9000-10 biodiesel 83.07 61.82 42.80 9.48 69.35 52.23 34.27 1.79 HP
% change from bare engine 0.37 0.03 -0.06 -0.72 -0.46 0.01 -0.05 32.49 -0.1 AVE CHANGE

6 IRE REG-9000-5 biodiesel 83.93 61.89 42.77 9.42 71.09 53.11 36.00 1.84 HP
% change from bare engine -0.07 -1.82 0.08 0.20 0.27 -0.02 0.06 0.03 -0.2 AVE CHANGE

8 B50 Mix* 83.24 61.88 41.65 9.51 70.81 53.05 35.17 1.91 HP
% change from bare engine -0.69 -1.68 -2.55 -0.18 -0.57 -0.10 -2.23 0.50 -1.1 AVE CHANGE

8 PetroSA Fischer-Tropsch Syn. 77.41 58.29 39.31 9.52 66.11 49.73 33.41 1.74 HP
% change from bare engine 2.71 1.97 3.13 -0.08 1.70 1.89 2.41 -2.40 2.0 AVE CHANGE

*B50: 50/50 Mix of Stepan SB-W and Highway ULSD ** mode 8 discounted in average change  
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Discussion: 
 
The discussion of the results of the test series completed at MSHA is divided into three parts.  First is a 
discussion of the TC data as it relates to compliance with the 30 CFR Part 57 DPM regulation.  The 
second part is a discussion of the increased NO2 emissions with the DOC.  The third discusses some 
test results found in other research on alternative fuels in diesel engines and compares those to the data 
generated in this test series. 
 
Discussion Part 1: TC reductions in the Mine Environment: 
 
The primary impetus for conducting the tests detailed above was to investigate the variations in 
emissions performance using various fuel formulations and how their emissions performance changes 
with the addition of DOC after treatment.    
 
The data generated from laboratory tests cannot be used to directly compute emissions reductions in a 
mine environment.  The data can be used to imply the likely changes when alternate fuels are used, and 
compare the merits of fuel and after treatment combinations.  Actual reductions in a mine environment 
depend on several other variables33. 
 
Within the specified limits of the data above, these tests can be used to compare the potential capability 
of lowering a mine’s DPM (TC) emissions to comply with the requirements of the 30 CFR Part 57 
regulation for Metal/Non-metal mines.  TC is the portion of DPM sampled in the mine atmosphere to 
determine compliance with the regulation, so a focus on changes in exhaust TC is used describe 
changes in DPM in the mine atmosphere.   
 
To aid the discussion, four scenarios may be envisioned to discuss how fuel choices may be used to 
improve a mine’s TC levels.  These are shown below: 
 

Scenario S-1:  Mining machinery all running petroleum diesel (D-2 LSD used as baseline) and none 
using DOC: what benefit would changing fuels only have on DPM emissions? 
 
Scenario S-2:  Mining machinery is already using one of the test fuels (either petroleum or 
alternate): what DPM benefit is there to adding a DOC to this existing fuel choice? 
 
Scenario S-3:  Mining machinery already universally equipped with DOCs: what fuel choice would 
offer the best DPM reductions? 
 
Scenario S-4:  Mining machinery all running petroleum diesel (D-2 LSD used as baseline) and none 
using DOC:  what combination of fuel and DOC will offer best reductions in DPM? 

                                                   
33 Some of these variables will be outlines in the Conclusions and Comments Section. 
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The TC emission data is used to discuss these scenarios, and the relative changes in TC emissions based 
on these may be found in tabular form in Table 12.  These will be discussed and plotted below. 
 
S-1: Changing Fuels on a Bare Engine: 
 
If a mine has been running their mining equipment using standard petroleum diesel (for a baseline for 
comparison LSD data is used) and does not have engines equipped with a DOC, then what reductions 
in TC emissions could be expected by changing fuels?  Using the data generated in the MSHA test, this 
scenario is plotted in Figure 4. 
 
It is clear that for these tests, changing fuels on a bare engine provides a modest reduction in TC 
emissions for the B100 fuels of around 13%.  The B50 mixture had a somewhat higher 19% reduction 
and the F-T fuel’s 33% reduction was significant. 
 

S-1 Average TC change by changing fuels on Bare Engines
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Figure 4:  TC emissions changes on a bare engine. 
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S-2: Adding a DOC to any fuel: 
 
If a mine has been using either petroleum or alternative fuels and have not equipped their engines with 
DOCs, then what reductions in TC emissions could be expected by adding DOCs to their engines?  
Using the data generated in the MSHA test, this scenario is plotted in Figure 5. 
 
Clearly, the DOC is beneficial in all cases.  For engines running petroleum diesels, adding a DOC 
reduces TC emissions by 12-15%.  For B100 fuels, adding a DOC lowered TC emissions by 43-44%.  B50 
TC was lowered by 29%.  F-T TC emissions were lowered only 4% by the addition of a DOC. 
 

S-2 Average TC change by adding a DOC to an Engine already burning a 
Particular Fuel
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Figure 5:  TC emissions changes by adding a DOC. 
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S-3: Changing Fuels on DOC equipped engines: 
 
If a mine has been running their mining equipment using standard petroleum diesel (for a baseline for 
comparison LSD data is used) and with engines equipped with DOCs, then what reductions in TC 
emissions could be expected by changing fuels?  Using the data generated in the MSHA test, this 
scenario is plotted in Figure 6. 
 
There is no real change in TC emissions between petroleum diesels on DOC equipped engines.  B100 
will lower TC emissions around 44% compared to the same DOC equipped engine running LSD.  B50 
will lower TC by 35% and F-T will be 24% lower than LSD and a DOC. 
 

S-3 Average TC change by changing fuels on DOC Equipped Engines 
Previously running LSD
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Figure 6:  TC emissions changes by changing fuels on DOC equipped engines. 
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S-4: Changing Fuels and adding a DOC: 
 
If a mine has been running their mining equipment using standard petroleum diesel (for a baseline for 
comparison LSD data is used) and does not have engines equipped with a DOC, then what reductions 
in TC emissions could be expected by a combination of adding a DOC and changing fuels?  Using the 
data generated in the MSHA test, this scenario is plotted in Figure 7.  
 
The change in petroleum based diesels with a ULSD/DOC is primarily due to the DOC part of the 
combination, as petroleum diesel’s TC emissions are pretty consistent, and the approximately 15% 
indicated in the chart is the benefit of using the DOC.  The B100/DOC combinations all showed ~51% 
lower TC than a bare engine burning LSD.  B50/DOC was nearly as good, with a TC reduction of 43%.  
The F-T/DOC combination had a TC emission 33% lower than a bare engine burning LSD. 
 

S-4 Average TC change by changing fuels and adding a DOC on 
Previously  Bare Engines running LSD
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Figure 7:  TC emissions changes by changing fuels and adding a DOC. 
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Table 12:  TC Emission Scenarios with Alternate Fuels and DOC. 

Summary of Changes in Total Carbon Emissions of Engines using Various Fuels With and Without a DOC
Base Fuel for Comparison 2005 spec Certified Low Sulfer Diesel (LSD) fuel

Test Mode TC Data (TC (ug/m3))
Weighted 

Weighted Average
8 Average %DifferenceFuels 1 2 3 4 5 6 7

2005 spec LSD Certified Bare 34085 36659 29085 27829 46089 33750 25799 8722 29629.35
with DOC 32037 36377 27320 22224 39857 32156 19604 2791 26162.85

% change in fuel w
2007 spec ULSD Certified

ith DOC -6.0 -0.8 -6.1 -20.1 -13.5 -4.7 -24.0 -68.0 -11.7
Bare 36093 40713 29292 27498 44872 31874 27058 9002 30395.2

%change fr
with DOC 28978 34585 26754 18563 46600 32099 21312 3147 25877 `

% change in fuel w
% change from LS

% change from LS
Highway ULSD

om LSD 5.9 11.1 0.7 -1.2 -2.6 -5.6 4.9 3.2 2.6

ith DOC -19.7 -15.1 -8.7 -32.5 3.9 0.7 -21.2 -65.0 -14.9
D-DOC -9.5 -4.9 -2.1 -16.5 16.9 -0.2 8.7 12.8 -1.1

D-BARE -15.0 -5.7 -8.0 -33.3 1.1 -4.9 -17.4 -63.9 -12.7
Bare 33250 36890 26770 30546 52910 31191 18223 7777 28990.05

%change f
with DOC 32851 32501 25814 20752 45774 26764 18544 3752 25421.1

% change in fuel w
% change from LS

% change from LS
Stepan SB-W

rom LSD -2.4 0.6 -8.0 9.8 14.8 -7.6 -29.4 -10.8 -2.2

ith DOC -1.2 -11.9 -3.6 -32.1 -13.5 -14.2 1.8 -51.8 -12.3
D-DOC 2.5 -10.7 -5.5 -6.6 14.8 -16.8 -5.4 34.4 -2.8

D-BARE -3.6 -11.3 -11.2 -25.4 -0.7 -20.7 -28.1 -57.0 -14.2
Bare 26009 33370 28968 22962 33070 26132 25556 12564 25908.65

 biodiesel %change f
with DOC 15427 18546 14559 11509 25657 16898 13098 4244 14632.6

% change in fuel w
% change from

% change from LS
IRE REG-9000-10

rom LSD -23.7 -9.0 -0.4 -17.5 -28.2 -22.6 -0.9 44.0 -12.6

ith DOC -40.7 -44.4 -49.7 -49.9 -22.4 -35.3 -48.7 -66.2 -43.5
 LSD-DOC -51.8 -49.0 -46.7 -48.2 -35.6 -47.4 -33.2 52.1 -44.1

D-BARE -54.7 -49.4 -49.9 -58.6 -44.3 -49.9 -49.2 -51.3 -50.6
Bare 26400 32913 26760 23195 31956 27819 25107 14260 25857.65

 biodiesel %change f
with DOC 17255 20590 14074 10906 22640 15881 11428 4107 14489.4

% change in fuel w
% change from

% change from LS
IRE REG-9000-5

rom LSD -22.5 -10.2 -8.0 -16.7 -30.7 -17.6 -2.7 63.5 -12.7

ith DOC -34.6 -37.4 -47.4 -53.0 -29.2 -42.9 -54.5 -71.2 -44.0
 LSD-DOC -46.1 -43.4 -48.5 -50.9 -43.2 -50.6 -41.7 47.2 -44.6

D-BARE -49.4 -43.8 -51.6 -60.8 -50.9 -52.9 -55.7 -52.9 -51.1
Bare 27204 35066 26563 24302 28546 25259 25355 13866 25751.05

 biodiesel %change f
with DOC 16762 19392 15571 12384 24365 14892 12363 4179 14786

% change in fuel w
% change from

% change from LS
B50 Mix*

rom LSD -20.2 -4.3 -8.7 -12.7 -38.1 -25.2 -1.7 59.0 -13.1

ith DOC -38.4 -44.7 -41.4 -49.0 -14.6 -41.0 -51.2 -69.9 -42.6
 LSD-DOC -47.7 -46.7 -43.0 -44.3 -38.9 -53.7 -36.9 49.7 -43.5

D-BARE -50.8 -47.1 -46.5 -55.5 -47.1 -55.9 -52.1 -52.1 -50.1
Bare 26470 28770 23271 23259 31045 28225 22281 11163 23932.1

%change f
with DOC 20910 25130 16138 13583 26947 19245 11487 3298 16947.6

% change in fuel w
% change from

% change from LS
PetroSA Fischer-Tropsch

rom LSD -22.3 -21.5 -20.0 -16.4 -32.6 -16.4 -13.6 28.0 -19.2

ith DOC -21.0 -12.7 -30.7 -41.6 -13.2 -31.8 -48.4 -70.5 -29.2
 LSD-DOC -34.7 -30.9 -40.9 -38.9 -32.4 -40.2 -41.4 18.2 -35.2

D-BARE -38.7 -31.4 -44.5 -51.2 -41.5 -43.0 -55.5 -62.2 -42.8
Bare 32783 27222 17136 15926 31302 21900 14081 4437 20557.6

synthetic %change f
with DOC 31094 25919 15380 16023 32773 23006 12785 2776 19734.05

% change in fuel w
% change from LS

% change from LS
*B50: 50/50 Mix of Stepan SB-W and Highway ULSD
Gravimetric or TC DPM Emission Change Scenarios

rom LSD -3.8 -25.7 -41.1 -42.8 -32.1 -35.1 -45.4 -49.1 -30.6

ith DOC -5.2 -4.8 -10.2 0.6 4.7 5.1 -9.2 -37.4 -4.0
D-DOC -2.9 -28.7 -43.7 -27.9 -17.8 -28.5 -34.8 -0.5 -24.6

D-BARE -8.8 -29.3 -47.1 -42.4 -28.9 -31.8 -50.4 -68.2 -33.4

S-1 Bare Engine, changing fuels only
S-2 Adding DOC to an Engine Already Burning a Particular Fuel
S-3 Changing Fuels on DOC Equipped Engines previously running LSD
S-4 Changing Fuels and Adding DOC to Bare engines previously running LSD
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Discussion Part 2: NO2 Increase due to use of a DOC: 
 
The increase in NO2 emissions with the use of catalyzed aftertreatment systems (DOCs and Diesel 
Particulate Filters (DPF)) has been noted in previous MSHA testing and has been documented by other 
research, both during laboratory testing and tests in the mine environment34.   MSHA’s previous tests35 
on DOCs and catalyzed diesel particulate filters (DPF) has shown quite variable NO2 emissions, from 
in some cases a reduction in NO2 compared to a bare engine, to dramatic increases in NO2 emissions.  
In general, there is some moderate NO2 increase due to the platinum catalyst in the DOC oxidizing NO 
to NO2. 
 
MSHA’s past policy on this effect, at least in terms of coal mines, is that this increase in NO2 emissions 
due to DOC (or DPF) use is tolerable as long as the engine’s approved ventilation rate is not violated.  
In other words, if the NO2 ventilation rate is not higher than that listed on the engine approval, the 
after treatment technology in question should not degrade the mine environment significantly.  For 
some DPFs, testing has shown a level of NO2 emissions that far exceeded the ventilation requirements 
for the engine, and these problem systems were reported and prohibited for mine use.  Due to the NO2 
issue in the mine environment, and to a much greater extent CARB36 interest in NO2 in California; 
manufacturers of DOCs and DPFs have worked to reformulate these devices to the extent possible to 
minimize NO2 production. 
 
For engines approved for coal mine use, the MSHA 8-mode test is used to check the NO, NO2, CO and 
CO2 emissions at the 8 test modes.  Using this data, gaseous ventilation rates are calculated for all four 
gases at all 8 modes and the highest ventilation rate from this matrix is used (rounded up per 
§7.88(b)(1) and (2)) as the approved gaseous ventilation rate for the engine.  For example, for the Isuzu 
4JG1T engine used in these tests, the approved ventilation rate is 6000 CFM, based on the NO 
emissions at mode 1. 
 
The NO2 ventilation requirements from the fuel tests on the bare engine and engine/DOC combination 
are shown in Figure 8.  The vertical scale is set to 6000 CFM, the ventilation requirement for the engine.  
It is clearly noted the increase in NO2 emissions between the bare engine and the DOC equipped 
engine.  This increase, while large, does not approach the ventilation requirement of the engine.  With 
adequate ventilation in the mine area where the engine is operating (6000 CFM and above) it does not 
seems likely for NO2 emissions to rise above a miner’s TLV levels for NO2 exposure. 
 
                                                   
34  See http://www.msha.gov/regs/complian/PIB/2002/pib02-04.htm , 
http://www.cdc.gov/niosh/blog/nsb020209_no2.html  and 
http://www.cdc.gov/niosh/mining/pubs/pubreference/outputid2604.htm  and 
http://www.cdc.gov/niosh/mining/pubs/pubreference/outputid2094.htm  for more discussion of this effect. 
35  Contact stackpole.russell@dol.gov for information on MSHA diesel lab testing. 
36 CARB: California Air Resources Board. 

http://www.msha.gov/regs/complian/PIB/2002/pib02-04.htm
http://www.cdc.gov/niosh/blog/nsb020209_no2.html
http://www.cdc.gov/niosh/mining/pubs/pubreference/outputid2604.htm
http://www.cdc.gov/niosh/mining/pubs/pubreference/outputid2094.htm
mailto:stackpole.russell@dol.gov
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In mine environments with inadequate ventilation, where local “dead spots” exist in work areas, or 
other reasons for poor air mixing, it would be possible for NO2 levels to rise to problematic levels faster 
with use of a DOC than without.  But if this event would occur, then other regulated gas levels would 
also be increasing and most likely exceeding their individual TLV limits as well.  For example, say 
ventilation around this Isuzu 4JG1T engine with the DOC is 3000 CFM.  For some of the fuels tested 
with a DOC, this is not adequate ventilation to keep NO2 below 5ppm.  But NO at that point would be 
twice as high as the 25ppm limit and CO2 would also have exceeded its 5000ppm limit.  It is also noted 
that such low ventilation would cause the miner’s personal exposure to exceed the TC limits, even with 
the 50% TC reduction provided by a DOC and B100 fuel. 
 
Therefore, while the increase in NO2 is one undesirable side effect of the use of a DOC, the increase in 
NO2 generally should not affect a well managed mine environment.  MSHA has made mine operators 
aware of these potential increases in NO2 with the use of these technologies and should be monitoring 
and testing for NO2 exposure in localized areas where circumstance might limit ventilation or where 
there was a concentration several mining machines. 
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Fuel Testing NO2 Ventilation Rate Engine + DOC
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(b) 
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Discussion Part 3: Other Testing on Alternative Fuels: 
 
There is a wealth of other data on alternative fuels in the technical literature and in other government 
publications.  Some of this dates back literally decades, especially in the F-T fuel case.  Locating and 
correlating the details of the testing and results is a large and never ending task in a field of continuing 
research.  However, for our purposes, the data generated by this test series should be compared to 
some of the available data from other sources to attempt to discern its relevance to the goals of 
understanding alternative fuel emissions and their potential for improving the a mine environment.  
Some initial research into the literature produced the citations discussed below.  Further research and 
comparisons may be available in future reports or publications. 
 
Part 3 A: EPA Analysis: 
 
One attempt to gather the available data on biodiesel exhaust emissions was the EPA report “A 
Comprehensive Analysis of Biodiesel Impacts on Exhaust Emissions” published in 200237.   This report 
analyzed pre-existing test data on engines, and vehicles on engines, 98% of which were model year 
1997 and earlier.  The report collected at large data set from the literature on biodiesel emission effects 
and used statistical regression techniques to analysis the effect of biodiesel blends (from 0 to 100% 
biodiesel) on the resulting emissions performance of the engine. 
 
The data collection concentrated on actual production engines and diesel vehicles and purposely left 
out data from research (single cylinder) engines, prototype engine technology, and data from test 
cycles that were too far removed from a standard test protocol.  The vast majority of engines 
represented by the data collected were heavy duty on-highway (HDOH) diesel engines, although there 
were relatively small data samples of heavy duty non-road (HDNR) engines and light duty on-
highway (LDOH) engines.  The vast majority of tests were conducted on engines in a laboratory 
environment, though a small data set from diesel vehicles tests were included.  The vast majority of test 
cycles used on these engines were the transient FTP protocol, although some data used the R49 13-
mode cycle (HDOH engines) and 8-mode cycle (HDNR). 
 
Some important information about the data used in the study includes the following: 
 

• Engines: 50% from ’91-93, 19% from ’94-97, 2% from ’98 and newer, remainder ’90 and older 
• Diesel machine type: 80%HDOH engines, 17% HDOH vehicles, 2% HDNR, 1% LDOH 
• Base Fuels: #1 or #2 diesel 
• Biodiesel Fuels: transesterfied from misc plant and animal sources (+ few virgin oil samples) 
• Biodiesel blends:  40+ samples of B20, 40 samples of B100, <10 samples of B50, plus a few other 

blends 
• Test Cycle : 80% Federal FTP transient cycle, 7% EEC R49 13-mode, 2% non-road 8-mode 

                                                   
37 See http://www.epa.gov/otaq/models/analysis/biodsl/p02001.pdf for PDF copy of the report. 

http://www.epa.gov/otaq/models/analysis/biodsl/p02001.pdf
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Although it is not specifically stated, the test protocols used would indicate that DPM measurements 
were all gravimetric, and that none of the research collected or used PM data for specific components 
such as EC or OC measurements.  This will be verified by researching a selection of the reference 
documents.  Assuming the measurements reported are gravimetric, they can be compared to the 
gravimetric results of the MSHA tests. 
 
It is noted specifically in the report that the vast majority of engines were pre-1998 specifications, so 
that newer technologies such as EGR and DPF are not represented.  However in no place is there any 
mention of catalyzed DOCs.  It would seem that technology would deserve some mention, as it was 
already being applied (at least in a limited fashion) in the time period represented by the test data.  So 
it cannot be determined from the report whether the data represents only raw engine data or there is 
some representation of biodiesel emissions that include a DOC on the engine38. 
 
After initially analyzing the available data and potential variables that effect emissions performance, 
the statistical correlations were made using only the HDOH engine data, using the FTP transient cycle.  
Then these correlations were analyzed for second order relationships to detailed information from the 
tests such as fuel source, test cycles, engine groups (based on model years), etc.  Then the predictions 
from the correlations were then compared to the data sets excluded from the initial correlation 
calculations; HDHW diesel vehicle test data, HDNR data, LDOH. 
 
The correlations between biodiesel and emissions changes in NOx, PM, HC and CO are reproduced 
here as Figure 9 (Figure IV.A.1-1, page 37 in EPA report).  Figure 10 shows only the PM correlation 
plotted with the data used to generate the correlation (Figure IV.A.1-3 from page 39 of EPA report).  
Visually, the data in Figure 10 shows significant scatter in the test results; for example, note the 
variation in PM data at 100% biodiesel.  Note again, this is all HWHD data run on FTP cycles, so 
different engine types and test cycles are already excluded.   
 
Some “clustering” of data can be seen in the data as plotted in Figure 10, in that some data is sometimes 
found in semi-distinct groups along the vertical axis of % biodiesel.  No attempt was made using the 
raw data to see if there were distinct relationships in the raw data, but only analyzed the relationships 
in the data relative to the correlation.  There is no way to know from the report if the “clusters” noted 
can be linked to any of second order effects such as biodiesel type differences, engine groups (model 
year), base fuels, duplication of experiments, etc. 
 
The report’s analysis of second order relationships in the correlation showed: 
 

• R49 13-mode data compared to FTP correlation:  appears to be a difference in PM and CO result 
between FTP and R49 – R49 data excluded from final correlations. 

 
38  This is being researched by obtaining representative SAE reports used as references by the EPA. 
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• Fuel Effects: plant and animal bio differing PM results, soybean and rapeseed types produce a 
3-7% difference at the B100 level. 

• Engine Groups: ’91-’93 engine group ~23% better PM emission than other groups at B100 level. 
• Base Fuels: “clean fuels” ( high cetane, low density, low aromatics) produce a different % 

change to biodiesel blends due to better initial (0% blend) performance, but will cause higher 
NOX increases than blends using average diesels. 

 
The report’s comparisons of the correlation to the data excluded from the correlation calculations: 
 

• HDOH Vehicle Tests: PM and HC reductions from vehicle data less than predicted by the 
correlation, NOx data from vehicles shows reduction, not increase in NOx with biodiesel, CO 
reduction from vehicle tests higher than predicted by correlation. 

• Virgin Oils: correlation should not be used to prediction virgin oil behavior 
• HDNR Engine Tests: correlations do a poor job representing test data from non-road engines by 

over-predicting NOX increase, over-predicting PM reduction, over-predicting CO reduction, 
over-predicting HC reduction. 

• LDHW Engines: correlation deviated significantly from LDHW engine data 
 
The deviation of the limited non-road 8-mode engine data was investigated further by comparing it to 
a correlation generated using the HDHW R-49 13-mode data.  The results of this analysis showed that 
clearly the effects from biodiesel deviate between HDHW and HDNR engines.  The difference between 
the R49 correlation and the HDNR engines were: 
 

• Correlation over-predicted NOx increase compared to NR data. 
• Correlation did not match NR PM, CO or HC data – data from NR deviated significantly. 

 
The conclusion from the FTP and R49 correlations when compared to the non-road test data was that 
there appears to be a difference in response between on-highway and non-road when using biodiesel, 
even though technology of the two engine types is quite similar, if not essentially the same.  The 
limited non-road data restricted the ability to make detailed comparisons, but it was concluded that 
the HDHW correlations would not predict HDNR behavior reliably39. 
 
For comparison, the MSHA data was superimposed on the EPA emission correlations, as shown in 
Figure 11.  The MSHA data used bare engine data, and gravimetric DPM data based on the 
assumption the EPA correlations are representative of the same.  It is clearly noted the correlations to 
not appear to correspond to the results of the MSHA non-road tests. 
 
 

                                                   
39 LDNR engine data was not available; nothing can be said for this engine type. 
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Figure 9: EPA Correlations between HDOH FTP test data and percent biodiesel (Figure IV.A.1-1, 

page 37 in EPA report). 
 

 
Figure 10: EPA PM Correlation between HDOH FTP test data and percent biodiesel with test data 

overlaid (Figure IV.A.1-3 from page 39 of EPA report).
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Figure 11:  EPA Emission Correlations for Biodiesel with superimposed MSHA data (MSHA data points color coded to correlation 

curves).
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Part 3B:  University of Minnesota Evaluation (DEEP): 
 
Another citation, in this case particularly applicable to mining, is a study conducted by the University 
of Minnesota of in-mine emissions measurements and comparisons of petroleum and biodiesel 
emissions on mining machines using DOCs.  This study was published in 1998 in connection with the 
Canadian Diesel Emission Evaluation Program (DEEP)40.  Participants included NIOSH, and several 
other organizations listed in the report. 
 
A description of the work from the executive summary says:  

 
“The study characterized the concentration of diesel particulate matter (DPM) and 
exhaust gas emissions in a non-producing test section. During the first week of the 
evaluation a diesel powered scoop was operated on low sulfur, number 2 diesel fuel 
(D2). During the second week the scoop was operated on a 58 % (by mass) blend of 
soy methyl ester (SME) biodiesel fuel and a low sulfur D2. During both weeks the scoop 
was equipped with a pair of identical, advanced design diesel oxidation catalysts (DOC). 
The objective of the evaluation was to determine changes in exhaust emissions and to 
estimate operating costs of a test vehicle fueled with blended biodiesel.”41 

 
The machine used in the study was a Wagner ST-8a scooptram powered by a Deutz F12L413FW 
engine.  The fuels used in the study were low sulfur D-2 and soy biodiesel from NOPEC Corporation.   
The evaluation tested pure D-2 compared to a blend of biodiesel/D-2 (approximately 56% biodiesel).  
 
The DOCs used were provided by the Manufacturers of Emissions Controls Association.  The machine 
was operated daily for approximately 5 hours while emissions samples were collected.  The test 
method used upstream, downstream and on machine sampling for emissions, as well as daily torque 
stall measurements of engine performance and consistency.  Measurements included gas 
measurements, DPM size selective sampling (SS), respirable combustible dust (RCD) and NIOSH 5040 
carbon analysis.  Sampling was normally conducted for 4 days per test condition. 
 
The results of the mine sampling study for the carbon emissions showed that the blended fuel DOC 
combination lowered TC emissions by approximately 21% compared to D-2 DOC combination.  This 
drop incorporated an EC reduction of 28.6% and an OC reduction of 6%.  There was no data collected 
for the bare engine (without DOC) for either fuel tested, so there is not way to characterize the changes 
in EC and OC emissions found between fuel effects and DOC effects.   
 

                                                   
40  See http://www.deep.org/, http://www.canadianbioenergy.com/resources/Mining_DEEP_report.pdf , and 
http://www.deep.org/reports/inco_bio.pdf.  
41  Page 4, http://www.deep.org/reports/inco_bio.pdf.  

http://www.deep.org/
http://www.canadianbioenergy.com/resources/Mining_DEEP_report.pdf
http://www.deep.org/reports/inco_bio.pdf
http://www.deep.org/reports/inco_bio.pdf
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This test comparison approximates the B50 blend in Scenario 3 in the discussion above.  That scenario 
showed a reduction in B50 with DOC of 25% in TC compared to LSD with a DOC.  The corresponding 
EC change was -43% and OC change of -12%.  These results from the MSHA tests compare fairly well 
with in-mine study, considering with differences in basic method, as well as fuel, engine and DOC 
differences. 
 
The study also noted the increased NO2 generation through the use of DOCs.  In raw exhaust 
emissions during the torque stall testing, NO2 emissions downstream of the DOC increased by 185% 
for D-2 and 233% for the biodiesel blend compared to upstream of the DOC.  These results are of the 
same order as those found during MSHA’s testing.  The in-mine air testing revealed that this increase 
in raw emissions did not equate to large NO2 in the mine atmosphere; usual readings for D-2 were 
around 2ppm, for the blend around 2.3ppm. 
 
There was no sampling of the equipment while running with no DOC and LSD.  There was a one day 
sample collected for the biodiesel without the DOC. (conducted at the request of the mining company).  
The sample was too small for comparison to the other data, and could not be compared to D-2 without 
a DOC.  It is interested to note in this sample that the 5040 analysis of this one day sample showed a 
mean OC reading of 0.22 μg/m3 and an EC of 0.14 μg/m3.  This is an unusual reversal of the normal 
ratio of OC to EC; the emissions of OC are 1.57 times the EC emissions.  Though this implies increased 
OC emissions with the use of biodiesel, there is not enough data in the sampling, or comparative data 
for D-2 to make a determination. 
 
Part 3C: Engine Tests of a Caterpillar 3304 PCNA engine. 
 
A series was conducted42 by J. F. McDonald, et al, and published in 199543.  These tests were conducted 
by the University of Minnesota (Center for Diesel Research) and the U.S. Bureau of Mines.  This test 
used a Caterpillar 3304 naturally aspirated, indirect injection engine (100hp) to laboratory test the effect 
of soy-based biodiesel with and without a DOC, and compared to D-2 LSD with and without a DOC.   
 
Tests were conducted in laboratory using 100% biodiesel, a 30/70 blend of biodiesel and D-2, and D-2 
LSD as a baseline for comparison.  Each fuel was tested with and without a DOC.   
 
The test cycle was the ISO-8178 8-mode steady state test, essentially identical to MSHA test cycle.  The 
DPM emissions results were gravimetrically analyzed by the same techniques as used in the MSHA 
tests.  In addition, the DPM samples were characterized using vacuum oven sublimation to separate 
the volatile organic portion of the DPM from non-volatile portion.  Though a different technique, this 

                                                   
42  See SAE 950400. 
43 A paper on in-mine testing from 1997 was prepared by McDonald and may be reviewed in future updates to 
the MSHA report. 
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analysis roughly reproduces and EC/OC analysis in that the volatile organics equate to OC and the 
non-volatile to EC. 
 
The results of the testing showed that for the bare engine overall DPM reductions were insignificant for 
the 30/70 blend, while the B100 biodiesel reduced total DPM by about 31%.  The B100 biodiesel on the 
bare engine had reduced the non-volatile portion of DPM by greater than 50%, but increased volatiles 
(~OC) had offset some of the reduction.   
The results for use of the DOC showed that total DPM was reduced by the DOC by 19% for D-2, for the 
blend by 35%, and for B100 biodiesel the total reduction was 59%.  The analysis of the volatile vs. non-
volatile portions of the DPM showed that the DOC was not having a significant effect on non-volatile 
portion of the DPM, but was dramatically reducing the volatile portion. 
 
The tests also measured the gas emissions of the engine.  The variations in gas emissions were 
generally small, with the exception of CO and NO2.  Weighted average emissions of CO were lowered 
69-74% with the use of the DOC.  Weighted average NO2 emissions increased by 50% with the DOC on 
the blended fuel, and 125% for the 100% biodiesel with a DOC. 
 
Part 3D: Biodiesel Evaluation at Homestake Gold Mine. 
 
McDonald, et al conducted another study of biodiesel in 1997 at the Homestake gold mine. Participants 
included the University of Minnesota (Center for Diesel Research) and NIOSH.  This test was a field 
trial using a Wagner LHD44 machine powered by a Caterpillar 3306 PCNA 150 hp engine.  The 
machine was equipped with an Engelhard DOC for the study.  The testing involved sampling air 
upstream, downstream, and near the machine operator while the machine was working hauling waste 
material in the test section of the mine.  Tests were conducted using LSD D-2 fuel and B100 biodiesel 
fuel supplied by Twin Rivers Technology. 

                                                  

 
The emissions of the machine were monitored over a six week period while using the two fuel types.  
Sampling methods were by the RCD method and size selective sampling using personal diesel exhaust 
aerosol samplers (PDEAS).  The RCD method provides a gravimetric measurement (mass emission) 
changes and the size selective sampling also provides a time weighted average exposure to particulate 
mass.  Emissions were calculated in an energy specific and Time Weighted Average (TWA) exposure 
for mining personnel.  These measurements did not analyze for the carbon types, EC and OC, in the 
samples collected. 
 
Results of the tests showed a dramatic change in mass DPM emissions between the two fuel types.  The 
RCD sampling showed a reduction in RCD TWA combustible dust by 67% between D-2 and B100.  The 
PDEAS sampling showed a reduction of 49% between D-2 and B100.   
 

 
44 LHD=load, haul, dump. 
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The authors noted that the reduction in DPM emissions was greater than previous laboratory 
results (see section 3C above).  They postulated that the greater reduction could be partially 
due to a heavier in-mine load-cycle for the LHD in comparison with the load-cycles used 
during previous laboratory emissions evaluations. They noted that higher loads typically 
increase emissions of EC and reduce the contribution of OC to total DPM emissions, in 
contrast to lighter load modes which generally do the opposite. 
 
Part 3E NIOSH Isolated Zone Study 2004: 
 
NIOSH conducted an extensive study, published in 200445 on several technologies for emissions 
reductions in underground mining.  Some of the technologies included ceramic diesel particulate filters 
(DPFs), DOCs, disposable exhaust filters, and alternate fuels.  This study was performed in an isolate 
section of the Nye Mine under controlled conditions while the machine under test was performing a 
simulated duty cycle of loading and hauling material within the isolated zone of the mine.   
 
Extensive sampling procedures were used for measuring gas and DPM emissions upstream, on the 
vehicle and downstream air from the zone.  Descriptions of the methods and equipment are detailed in 
the report.  Some of the measurements included samples for NIOSH 5040 carbon analysis, a high 
volume sampler for gravimetric mass analysis, real time particulate monitoring, and a size distribution 
/ particle count analyzer for aerosol particle measurement. 
 
The machine used during fuel testing was a Wagner LHD equipped with a Caterpillar 3126B 
turbocharged, after cooled engine of 200hp.  Fuels tested of interest here were a D-1 diesel fuel, an 
ULSD D-2 fuel, and a blend of soy biodiesel46 blended as B20 and B50 blend with D-1 diesel fuel.  Also 
tested was a yellow grease47 biodiesel also blended as B20 and B50 with D-1.  The machine was tested 
with and without the use of a DOC provided by DCL International for some, but not all of the fuels. 
 
Some of the results of the testing applicable here are that EC emissions between D-1 and ULSD were 
not significantly different.  The B20 soy reduced EC emissions by 49%, while B50 soy reduced EC 
emissions by 66% as compared with D-1.  The corresponding yellow grease blends reduced EC 
emissions by 33% and 56% compared to D-1.  The MSHA B50 blend produced an EC reduction of 46% 
for comparison. 
 
Use of the B50 soy in combination with the DOC, produced an EC reduction of 68% compared to D-1 
(the DOC not producing a significant EC improvement over B50 alone).  ULSD with a DOC did reduce 
EC emissions by 24% compared to ULSD alone. 
 

                                                   
45 See http://www.cdc.gov/niosh/mining/pubs/pubreference/outputid2094.htm.  
46 Supplied by Sustainable Systems, LLC 
47  Griffin Industries, Ltd. 

http://www.cdc.gov/niosh/mining/pubs/pubreference/outputid2094.htm
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OC results were not provided in the report. NIOSH does not typically report that data.   
 
The gravimetric analysis samples showed B20 and B50 soy emissions reductions of 32% and 48% in 
total particulate mass (TPM) compared to D-1.  The B20 and B50 yellow grease results showed 
reductions of 30% and 44% compared to D-1.   The MSHA B50 test produced a gravimetric DPM 
reduction of only 13.8% for comparison. 
 
The use of the B50 soy blend with DOC produced a 15% reduction in TPM compared with B50 alone, 
and a 57% reduction in TPM compared to D-1.  The MSHA B50 test produced a 47.5% gravimetric DPM 
reduction for comparison. 
 
Conclusions and Comments: 
 
The following are some conclusions and comments on the testing, analysis and literature review 
contained in this report.  It is divided into three parts.  The first is conclusions and comments relating 
specifically to the laboratory testing conducted by MSHA.  The second is comments concerning the 
analysis and literature discussed in the report.  The third part contains some comments concerning 
issues with variability in emissions reductions using (B100) biodiesel fuels, or any alternative fuel. 
 
Part 1: 
 
The results of laboratory testing conducted by MSHA produced several items of interest, relative to 
diesel emissions from different fuel formulations.  These are listed below: 
 

• DPM production from the petroleum diesel fuels was similar, whether measured by overall 
mass or total carbon (TC) production, though there was some variability. 

• TC emissions of petroleum diesels were reduced by the use of a DOC, though overall mass 
emissions from some petroleum diesels can be increased by the use of a DOC due to formation 
of sulfates, nitrates, etc. 

• Use of B100 biodiesel resulted in a modest reduction in TC and DPM mass emissions when 
compared to petroleum diesel on a bare engine. 

• Use of a B50 blend reduced DPM mass and TC emission on a bare engine. 
• Use of F-T synthetic reduced TC and DPM mass emissions significantly on a bare engine. 
• Use of B100 biodiesel in combination with a DOC resulted in the greatest reductions in both TC 

emissions and DPM mass emissions of any fuel and engine condition tested.  The combination 
of B100 and a DOC achieved greater TC and DPM mass reductions than either B100 on a bare 
engine or a DOC used with petroleum diesel fuel. 

• Use of F-T synthetic fuel in combination with a DOC reduced DPM mass and TC emissions but 
the reduction was similar with the F-T fuel on a bare engine. 
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• Use of a B50 blend in combination with a DOC reduced DPM mass and TC emission, this 
reduction being greater than B50 on a bare engine, but less than B100 in combination with a 
DOC. 

• There was some advantage when using the alternative fuels for reduced CO and reduced NO2 
emissions on the bare engine.  CO2 and NO are not significantly affected.  

• Use of a DOC uniformly eliminated nearly all CO emissions from the engine. 
• Use of a DOC will increase NO2 production, though not to dangerous levels as long as 

adequate mine ventilation is maintained. 
• Engine performance did not significantly vary with any of the fuels tested, save for the F-T fuel, 

which lowered engine power by less than 10%. 
 
Some comments specifically relating to the MSHA testing include the following: 
 

• The EC reductions shown for the B100 fuels were significant when tested on the bare engine.  
The increase in OC production offset much of this improvement, which resulted in low TC 
reductions for the B100 tests on the bare engine.  All three B100 fuels showed this EC reduction 
and OC increase. 

• Based on the data generated in this report, the behavior of the three biodiesel fuels, when tested 
as B100 were very similar.  These B100 test fuels were all soy based fuels, though one was a 
blend of soy and animal fats.  Though biodiesels from other sources, such as yellow grease, 
were not tested here, some of the information from the literature would suggest it would also 
yield similar results when tested under like conditions.   

• It appears variability in emission reductions when using B100 in either a test or field application 
is not primarily a fuel issue; i.e. one B100 should perform like another. 

• Other alternative fuels, such as the F-T fuel and blends of biodiesel and petroleum diesel will 
differ in performance from a B100, but will also produce useful reductions in TC emissions.  It is 
notable that blended biodiesel has less of an OC penalty than B100, and the F-T fuel does not 
shows OC reductions at all load conditions. 

• There is an inherent difference in the resulting emissions reductions when using B100 fuels, or 
any fuel, on a bare engine compared to an engine equipped with a DOC. In MSHA tests, the use 
of a DOC always enhanced any TC emission reduction produced by the biodiesel fuel.  

• For the MSHA tests detailed in this report the goal of the tests was to determine if there were 
significant differences in emissions between available alternate fuels and to determine what 
changes are induced by the use of a DOC.  The tests show how the variables change emissions 
when tested under a particular test cycle and provide information for evaluating fuel and after 
treatment choices.  Applying any specific data point, or percent reduction, as a blanket answer 
to all use conditions is misusing the information presented. 
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Part 2: Analysis and literature review: 
 
Some commentary based on the data analysis and the other research in the discussion section includes 
the following. 
 
 Variability in emission reductions when using B100 fuels is clearly demonstrated when comparing 

the MSHA data and other literature, at least on a bare engine.  It is clearly demonstrated in the EPA 
literature review and the laboratory and field studies discussed.  As noted above, the MSHA testing 
does not find the variability due to fundamental differences between typical B100 fuels.  

 The increase in OC production with use of biodiesels is extensively documented by the MSHA tests 
and other research.  This change in OC production with the use of biodiesels appears to be the 
primary source of the variability in TC results between various tests. EC reductions with biodiesels 
are generally consistent with B100 fuels producing EC reductions of around 50% on a consistent 
basis. 

 There is an inherent difference in the resulting emissions reductions when using B100 fuels, or any 
fuel, on a bare engine compared to the engine equipped with a DOC. It is demonstrated by the 
MSHA test results and the literature discussed above.    

 The use of the DOC will always enhance any TC emission reduction produced by the biodiesel fuel 
by consuming part of the OC emissions.   A combination of B100 with a DOC has demonstrated 
significant DPM reductions using a variety of test methods and analytical techniques.  The MSHA 
test analysis and comparison to other literature shows a combination B100 and DOC as the most 
significant and consistent emission reduction technique48 of those studied herein. 

 
Part 3 B100 Variability: 
 
Some comments on the variability in emissions reductions when using B100 fuel (on bare engines 
primarily) may be found below. 
 
 Due to the demonstrable difference in resulting emissions between biodiesel alone and biodiesel 

with a DOC, it must be made clear to the mining industry there is a difference, and confusion 
resulting from misapplying data from one condition to the other must be avoided, whether that 
confusion emanates within MSHA or the industry.  There is concern by the author that some 
performance expectations for B100 alone are based on data from a B100 with a DOC.  It is also a 
concern that some “common knowledge” as it were, is mixing the two fundamentally different 
behaviors into an aggregate B100 performance. 

 Since EC reductions when testing B100 fuels appear to be uniformly significant and similar in 
value, then the likely source of most TC variability is conditions that change OC production, 
specifically conditions that enhance biodiesels inherent OC increase over petroleum diesel. 

                                                   
48  The B100 with DOC is the most significant reduction combination short of some form of active DPM filtration, 
such as a ceramic DPF. 
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 There are some indications that engine type may play a role in biodiesel variability.  This was 
discussed in the EPA report where their statistical analysis suggested that there was some 
difference between heavy duty and light duty engines, or on-highway and off-highway engines not 
fully explainable by variations in test method.  Engine differences such as naturally aspirated vs. 
turbocharged, turbochargers with and without after cooling, direct vs. indirect injection (and 
others) are potential variables that could affect OC emissions.  Further literature research and/or 
laboratory testing might be able to correlate some engine parameters to OC emission changes, but 
this is beyond the scope of this report. 

 When using laboratory or field experimental data, the test method plays a role in the resulting 
reductions measured.  The EPA statistical analysis appeared to indicate some difference between 
on-highway transient and off-highway steady state testing for example.  Some tests, such as steady 
state and field experiments might be compared and analyzed to better correlate the data to like 
conditions, to eliminate some of the perceived variations in test results, but this is beyond the scope of 
this report. 

 For in mine field applications, duty cycle of the machine will play a role in any emissions changes 
from the use of biodiesels such as B100.  This effect can be implied from the MSHA steady state EC 
and OC data; it can be shown that the EC/OC ratio (and absolute value of the respective carbon 
portions of TC) changes depending on engine load.  Specifically, lower engine loads at a given 
engine speed increased OC’s relative contribution to TC; this is a small but measurable effect for 
petroleum diesels, but is a large dramatic shift for the B100 fuels.  It is possible to use data from the 
MSHA tests, and other literature, to build a simplified “model” of this effect to better characterize 
this variability under a variety of duty cycles.  In this fashion, it should be possible to map the 
boundaries of B100 variability from a duty cycle perspective, but this is beyond the scope of this report.   

 For B100 fuels, it can be predicted that TC reductions should be more significant for engines 
working hard more of the time, than an engine running at low load conditions most of the time, 
where a significant shift to OC production would offset the inherent EC reduction capability of 
B100.  However, since this duty cycle cannot be in detail defined from machine to machine, nor 
mine to mine, this potential variability will remain just that - TC reductions will vary.    

 
Items above beyond the scope of this report may be studied and reported upon if of value and interest to 
MSHA and the mining industry. 
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Appendix A: 
 

Fuel Property Information 
DOC Information 
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Appendix B: 
 

Isuzu 4JG1T-MA Historic Baseline Data 
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Appendix C-1: 
 

Analysis Tables and Charts 
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Appendix C-2: 
 

Test Data Sheets 
 


































































































