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ABSTRACT

Alternative energy sources to replace diesei fuel have
been sought in heavy vehicle applications to reduce
dependenice on imported oil and to reduce
environmental impact of tailpipe emissions. Spark
ignited iean burn natural gas fueled engines have found
applications in transit buses, school buses and trucks.
West Virginia University, through use of one of its
Transportable Heavy-Duty Vehicie Emissions Testing
Laboratories, characterized the emissions of a transit
bus chassis intended for use in Cairo, Egypt. Funding for
the research was provided by Chemonics International,
Inc. who was managing the Cairo bus program. The bus
chassis was powered by a Cummins CB.3G engine that
was fueled by compressed natural gas (CNG). The
laboratory employed a chassis dynamometer utilizing
fiywheels to mimic vehicle inertia and air-cooled eddy
current power absorbers to account for road ioad.
Engine exhaust was routed to a full-scale dilution tunnel,
and regulated gas emissions and particulate matter in
the exhaust were measured. The vehicle was exercised
through portions of the SAE J1376 standard procedures,
namely the Central Business District (CBD) cycle, and
Anerial (ART) cycle during emissions characterization.
The emissions resuits of this bus chassis show lower
leve! emissions of carbon monoxide (CO), non-methane
hydrocarbon (NMHC) and particulate matter (PM) when
compared to similar Cummins C8.3 CNG powered
school buses without catalytic converters, and similar
emissions level ot NO,. Test results on the Caro bus
chassis without a catalytic converter show higher CO,
NO,, and NMHC emissions compared to those school
buses. The bus chassis with a catalyst had low
emissions levels and is suited to use in transit operations
to improve ambient air quality measures.

INTRODUCTION

Many regions have found themselves under pressure o

comply with the Clean Air Act. Clark, et al. [1], have
presented a discussion of the increasing demands to
reduce PM from heavy-duty vehicles. In particular, a
Health Effects Institute report has associated diesel PM
with respiratory disease {2]. One response to such
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pressures has been the introduction of alternatively
fueled vehicies into public transit and school bus fleets.

Working with the United States Department of Energy
(DOE) Office of Transportation Technologies (OTT),
West Virginia University (WVU) has designed,
constructed, and operates two transportable heavy-duty
vehicle emissions testing laboratories (Figure 1). The
laberatories customarily travel to transit agencies and
trucking facilities to measure vehicle emissions. Detailed
information pertaining to the transportable laboratories
can be found in technical papers [3, 4, 5], which present

. the design of the two laboratories, and present previaus

emissions data collected from both conventional and
alternatively fueled vehicles.

Detailed information pertaining to the transportable
taboratories can be found through the Internet at the
following web sites:

. ) . r.wvu.edu/~ i |
boratory htmi (WVU Transportable Laboratory)

s  hitp://www.afdc.nrel.goviweb view/emishdv. html
(NREL database)

s  http://'www.ott.doe gov/ (DOE OTT)
LABORATORY DESCRIPTION

on top of the instrumentation trailer, and one of the
sets of flywheeis and power absorbers used to
mimic vehicie inertia and road load losses.



Each laboratory consists of a dynamometer test bed and
an instrumentation traiier. The test bed is designed such
that a tractor truck can transport it to the test site. Once
the test bed is lowered to the ground, subject vehicles
can then be driven on and secured to the test bed.
Before a vehicie is mounted on the test bed, the outer
drive wheels of the vehicle are removed and replaced by
special hub adapters (Figure 2). This provides a
connection to transmit power diractly from the drive axle
of the vehicle to the dynamometer. Each dynamometer
unit consists of speed-increasing gearboxes with a
power absorber and a fiywheel set. Each flywheel set
consists of a series of selectable discs used to simulate
vehicle inertia. Each power absorber applies a retarding
force to simulate additional load to reflect air drag and
rolling resistance that the vehicle would encounter during
operation,

“Road load" is the power required driving a vehicle on
levei road at steady speed. It was calculated using the
following equation [6):

Pr =(C Mg+ %puCDAVVI)V (1)

Where P, = road-load power
C, = coeflicient of rolling resistance
7 = ambient air density
Cp = drag coefficient
A, = frontal area of vehicle
V = vehicle speed

For the present research, road load was predicted using
a drag coefficient of 0.79 and a coefficient of tire rolling
resistance of 0.00938. During the test cycle, inline torque

cells and speed transducers monitor axle torque and
speed.
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Figure 2 -- Hub adapter close-up

The instrumentation trailer houses the emissions
measurement equipment, data acquisition system and
the control hardware necessary for the operation of the
test bed. Exhaust emissions from the subject vehicle are
piped to a 45cm diameter dilution tunnel integrated into
the instrumentation trailer, The tunnel mixes the exhaust
with ambient air, which both cools and dilutes the
exhaust. Dilution tunne! flow is controlled using a critical
flow veniuri system (CVS). A two-stage blower system

S e = v s

maintains critical flow through various sized wventur
throat restrictions to maintain a constant volume fiow of
dilute exhaust during testing. The flow rate used in the
present research was approximately 1350 standard
ft*min {0.64 m¥sec) for all transient tests.

TEST METHODS

After the laboratory was set up at the home base in
Morgantown, WV, a comprehensive calibration schedule
was followed to insure that the gas sampling system,
associated analyzers, and test bed instrumentation were
working properly. in particular, each analyzer was
calibrated and checked using ten evenly spaced
concentrations of the gas under consideration with air as
the diluent. The integrity of the dilution tunnel and
associated plumbing was verified weekly using a
propane injection. This procedure involved introducing a
known amount of propane Into the dilution tunnei using a
critical flow orifice injaction kit. The hydrocarbon
concentration measured using the hydrocarbon analyzer
was then compared te that calculated from the injection
kit. Recovery differences of -0.860%, and -0.558% on
Seplember 30,1999 indicated that there were no ieaks
and that the analysis system was cperating satisfactorily.
Propane Injections with recovery differences less than
12% were also conducted on October 8, October 12,
and October 13 to monitor system performance after
changing the venturi that controls tunnel flow to different
sizes when doing steady state lests. .

Two different simulated vehicle test weights (TW) were
calculated, representing the typical in-use seated vehicle
weight (SVW) and rated gross vehicle weight (GVW),
The SVW was calculated to be 30,110 Ibs (13,670kg) by
summing the chassis weight, vehicle body weight,
driver's weight, and the weight of half the maximum
passenger load. The GVW is calculated to be 35,210 tbs
by summing the chassis weight and the payload.
Average human weight was taken as 150 Ibs (68kg).

The vehicle was operated on the dynamometer to warm
the vehicle’'s engine and transmission as well warming
dynamometer equipment. The vehicte was operated until
the differentials of the dynamometer system reached
100°F {37.8°C). This provided a uniform startmg point for

2!! testing.

At least one practice test cycle was then performed to
allow the driver to become familiar with vehicle
characteristics, and to allow the instrument operator to
determine proper analyzer seitings. Prior to taking the
first data set, the vehicle's transmission was set lo
neutral and the engine was allowed to idle for a period of
17 minutes. The vehicle was then driven though a set of
practice ramps to expel constituents that may have
collected in the exhaust system. Twenty seconds after
compiletion of the final practice ramp, data collection was
initiated as the vehicle was operated through the
transient test schedule.



The driver was provided with a visual speed trace on a
monitor displaying both the actual and the desired
vehicle speed. The driver was instructed to follow the
desired speed irace as ciosely as possible. While the
driver operated the vehicle through the speed cycle,
emissions concentrations and vehicle performance were
monitored and recorded in the instrumentation trailer at a
10Hz rate.

Dilute exhaust sampies were drawn from heated sampie
probes located 4.5m from the mouth of the dilution
tunnel. The samples were routed to the respectiva
analyzers using heated sampling lines. Levels of carbon
monoxide (CO), oxides of nitrogen (NO,), hydrocarbon
(HC), and carbon dioxide (CO,) were measured
continuously, then integrated over the complete test
cycle. A sample of the ambient "background” air was
coliected in a Tedlar® bag and analyzed at the end of
each test. The background measurements were then
subtracted from the continuous measurements.

For each test on a CNG fueled vehicle, a sample of the
dilute exhaust was collected in Tedlar® bags. These
samples were shipped to the Mechanical and Aercspace
Department gas chromatograph laboratory for
hydrocarbon speciation analysis. A Varian 3600 gas
chromatograph was used to determine the ratio of
methane to nan-methane hydrocarbons (NMHC).

A gravimetric measurement of particulate matter was
obtained using 70mm filters, weighed before and after
testing. The filters were conditioned for temperature and
humidity in an environmenta! chamber before each
weighing to reduce error due to variation in water
content. In addition, a Rupprecht & Patashnick tapered
element oscillating microbalance (TEOM) was used to
monitor the real-time instantaneous PM.

Figure 3 ~ Fuel tank nging on a load cell for
continuous mass fuel flow measurement

To measure the mass fuel consumption on a continuous
basis, an apparatus was fabricated to hold a light-weight
aluminumffiber-wound cylinder which acted as the fuel
storage for the bus chassis. A load cell was used to
measure the instantaneous weight of the cylinder, from

which the instantaneous fueling rate can be determined.
( Figure 3)

in order to ensure that the data gathered represented
the vehicle's performance, testing was considered to be
complete only when a minimum of four complate tests
was performed and the tests were shown to be
statistically repeatable. in the case that data from one
test were known to be incomect due to driver error or
analyzer malfunction, only data from satisfactory tests
were used to determine emissions averages,

TEST CYCLES

The bus chassis tested in this program was exercised
through the Central Business District (CBD) speed-
versus-time cycle and Arterial (ART) cycle, as described
by the Society of Automotive Engineers' Recommended
Practice J1367. The CBD driving cycle was deveioped
as a general representation of the transit bus operation
in a downtown business district. This cycle consists of
fourteen identical segments, each segment including 10
seconds of acceleration, 18.5 seconds of 20mph
{32.2km/nr) cruise, 4.5 seconds of deceleration and 7 -
seconds of idle. The total distance covered by the cycle
was 2 miles (3.2km) over a period of 568 seconds. The
CBD cycle target speed schedule is shown in Figure 4.
A sample actual driving speed vs. time plot from the
CBD Cycle is shown in Figure 24.
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Figure 4 — CBD Test Schedule
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The ART cycle consists of four identical segments, each

segment including 29 seconds of acceleration, 22.5
senonds of 40mph (64 4km/fhr) cruise, 8 seconds of
deceleration and 7 seconds of idle. The ART cycle target
speed schedule is shown in Figure 5. A sample actual
driving speed vs. time plat from the ART Cycle is shown
in Figure 25.

The bus chassis was tested both with and without the
catalytic converter inline to monitor the emissions
changes for both CBD cycle and ART cycle.
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Figure 5 — ART Test Scheduls

Four sets of steady state tests were also performed to
serve as 2 method to identify “defeat” strategies that
could result in increased emissions levels. One set of
tests was run at the rated horsepower engine speed of
2400 RPM with five different loadings. The second set
was run at the rated torque engine speed of 1400 RPM
with five different loadings. The third set was run at the
engine speed of 1900 RPM which was between the
rated maximum power and rated maximum engine
torque. The fourth set was run with the engine idling in
neutral gear. The bus transmission was locked to the
third gear for the 2400 RPM and 1900 RPM steady state
tests, and it was locked to the fourth gear for the 1400
RPM steady state tests. For all three different engine
speeds, to establish the maximum Ipading for that
engine speed, the bus was first brought up the tarpet
engine speed, then gradually loaded with the power
absorbers to a level when the engine speed started
dropping. Five different loadings for each non-idie
engine speed were then 0%, 25%, 50%, 75% and 100%
of the maximum lpading for that speed. Each non-idie
steady state operating point was tested for five minules,
except that for the maximum loading, when the power
absorbers could not hold for the load that long and
started losing torgue, less time was employed. Half an
hour was employed for the idle tests to give an over all
average. All steady states tests were conducted both
with and without the catalytic converter inline. All steady
state points were tested until sufficient steady state data

were collected, Data were taken only after bus reached
a steady state.

TEST VEHICLE

The tested transit bus chassis is one of the CNG bus
chassis for a USAID-funded project in Cairo, Egypt,
managed by Chemonics International, Inc. The chassis

serial number of 28277. More detailed angine
information is listed in Table 1.

The CNG fuel used for testing was provided by a CNG
compressor station adjacent to the WVU test facility, with
the natural gas provided by Hope Gas Inc. GC analysis
showed a 95.1% level of methane in the CNG fuel,

E T S i
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Figure 6 — Transit bus chassis tested. The engine Is
at the rear of the chassis. '

Table 1 - Engine Information

[ Engine Model Cummins C8.3-250G
| Engine Type 4-Cycle; In-Line; 6-Cyclinder
Aspiration Turbocharged/Charge Air
Cooled
Certification EPA & CARB
Compression Ratio 10.5:1
| Engine 1D Number 45884141
CPL Code 2463
Engine Rated Power BHP 250 @ 2400 RPM
Peak Torgue 660 ft-tb @ 1400 RPM
LFraine Disolacgment |33




between this bus chassis with similar buses previously
characterized by the WVU research team (Table 7).
Results from sleady state tests were presented in gram
per second (Table 8) and grams per axle hp-hr {Table
9). Table 10 shows the TEOM and 70mm filter data
comparison; Table 11 and Table 12 show the speciated
carbonyl analysis resuits, and Table 13 shows fuel
consumption caicufation using different methods. In
addition, each test is described in 2 “short report’
appended to this document.

TRANSIENT TESTS

Table 2 through Table 5 present the eight transient test
results of the bus chassis using the CBD cycle and the
ART cycle, both with and without a catalytic converter
inline, and with the test weight of seated GVW and rated
GVW. Table 6 presents the summary of these eight
lests. Figure 7 through Figure 11 show the sample
continuous emissions of CO, CO, NQ,, and HC, and
continuous exhaust temperature through an ART cycle
test. Figure 12 through Figure 16 shows the average
emissions in grams/mile for CBD and ART cycles.

As shown in the summary table (Table 6), HC, CO and
NQ, were substantially lower for the catalyst than the
non-catalyst tests. For the CBD cycle, emissions with
catalyst had the effect of reducing NO, by 42% for
seated vehicle weight (SVW) tests and about 18% for
rated gross vehicle weight (GVW) lests. CO was
reduced more than 10-fold for both SVW and GVW.
NMHC was reduced more than 30-fold for both SVW
and GVW. There was minor or no effect of PM for SVW
and about 30% of PM reduction for GVW was observed.
For the ART cycle, emissions with catalyst had the effect
of reducing NO, by 51% for SVW and about 37% for
GVW tests. CO was reduced more than 10-fold for both
SVW and GVW tests. NMHC was reduced more than 7
times for SVW and about 17 times for GVW tests. PM
was reduced by about 30% for both SVW and GVW
tests. The catalyst is an oxidizing catalyst and the bus
chassis has lean bum operation. It is expected that the
catalyst would diminish HC and CO content of the
exhaust substantially, Aithough oxidizing catalyst may
reduce the soluble organic fraction of PM, the levels of
PM from this bus chassis were so low that they were at
the limits of detection of the laboratory. Levels of NO,
reauction ascribea to the catalyst were higher wan the
authors would have anticipated.

COMPARISON WITH SIMILAR BUSES

Emissions from this bus chassis were compared with
emissions from similar Cummins C8.3-250 engine
school buses tested in California in 1998 [7] (Table 7).
Eleven CNG engines tested in reference [7} were 1997
model Cummins spark ignited lean burn CB8.3-250G
engines (CPL 2167) with oxygen sensor feedback
control, and did not utilize an after-treatment device.
Three diesel engines tested in reference [7] were 1998
model Cummins compression ignited, turbo-charged

C8.3-250 engines (CPL 1568), and utiized a catalytic
converter (# 26285).

Test data comparison (Table 7) shows that the
Chemonics {Cairo) bus chassis with a catalyst had lower
CO, NMHC and PM emissions than the D2 and CNG
school buses tested in California, while the NO,
emissions were equivalent. The PM emissions from the
Chemonics bus chassis were 82% lower than the PM
emissions from the school buses in Caiifornia. Also, the
NO, was 4% lower than the NO, emissions from the
comparative diesel buses. The Chemonics bus chassis
tested without a catalyst had higher CO, NO, and NMHC
than those from the school buses tested, while PM
emissions were still lower. The test weight for the
Chemonics bus chassis was about 5.5% higher than the
CNG school buses, and the fuel economy was about
12% lower than that from the CNG school buses.

STEADY STATE TEST RESULTS

The steady state results from Table 8, Table 9 and
Figures 17 to 20 show no defeat or off-cycle emissions.
This is asserted because the emissions from transient
tests yielded NO, values, in g/axle hp-hr, that were
generally not exceeded by the steady state operation.
For example, the CBD value of 41.11 grams over 4.36
axie hp-hr (9.43 gfaxie hp-hr NQ,) is exceaeded by only
few of the steady state point emissions values. There
was a substantial reduction of .CO, NMHC, and NO,
emissions with a catalyst inline to those without a
catalyst. This trend in these results matches the results
from transient tests. PM emissions were very low for
these sleady state tests, and were below our measuring
capacity. The PM weights on 70mm filters were barely
detectable and close to their respective background
filters weights. PM data listed in Table 8 and Tabie 9 are
not considered to be above the laboratory detection iimit.

TEOM TESTS AND RESULTS

The real-time instantaneocus PM was monitored by using
a Rupprecht & Patashnick tapered element oscillating
microbalance (TEOM) model 1105 for all transient and
steady state tests. The TEOM pumps a constant flow
sample (2LPM) of diluted exhaust ges through a small
filter, the mass of which is continuously inferred. The key
component of the TEOM is a holiow, tapered, oscillating
element on which the filter is mounted. During opetation,
the element oscillates at its natural frequency. Simply, it
cah be represented by a spring-mass system in which a
change in mass correlates to a change in resonant
frequency. As the filter weight changes due to particulate
build up. the frequency of the element oscillation
changes. By measuring the resonant frequency, the
change in mass on the filler can be inferred, The TEOM
was primarily designed for diesel vehicle instantaneous
PM monitoring, and it was not accurate for natural gas
fueled vehicle PM integrated mass calculation. The PM
emissions were extremely low for the Chemonics NG
vehicle, and there was high water content in the exhaust,
which will be attached to the filter and add and remove



transient mass. The evaporatioh of the water on the fllter
after a pericd of time will decrease the mass an the filter.
The total mass from TEOM from a transient test (Figure
21) shows this water evaporation process.

Table 10 lists all TEOM data and the comparison with
the 70mm filter data. All PM weight on the TEOM filter
was calculated by subtracting the initial weight from the
final weight. Total cycle PM data from TEOM was not
corrected with background because the background
measurement of TEOM was below a reasonable
measurament limit. For comparison, the total PM data
from 70mm filters were not corrected for background.
The ratio of TEOM PM mass over 70mm filter PM mass
is only for reference. It was concluded that the emissions
of this bus chassis were below the limit for which TEOM
detection was practical. The 70mm filter PM should be
employed to characterize this bus chassis, and even in
that case the accepted methods have margined
accuracy.

CARTRIDGE CARBONYL ANALYS!IS RESULTS

Cartridge carbonyl analysis was conducted by
Automotive Testing Laboratory, inc. in Ohio. Cartridge
samples were collected by using aldehyde (2,4-DNPH
cartridge) sampling system. One standard liter per
minute (SLPM) dilute exhaust was run through the
cartridge during the test, controlled by a mass flow
contreliar. Only selected tests were chosen for 2,4-
DNPH cartridge sampling. Original detailed analysis
results are listed in Table 12. Formaldehyde and
acetaldehyde were also calculated in grams per cycle for
all samples (Table 11). Because of the lack of the
background sample, all final calculations of grams per
cycle were not background corrected. However, the
background correction for aldehydes would be minor.
100% of cartridge recovery was all assumed for all
calculation. From the analysis, Formaldehyde takes the
majority of the NMHC in the emissions, ranging from
70% up to about 96%. This is expected for the
combustion of methane. Also, data showed that the

catalyst reduced formaldehyde by an average ratio of
30.

FUEL CONSUMPTION MEASUREMENT

A fuel tank was hung by a load cell to monitor the
continuous fuel mass flow for all transient tests. This
apparatus was not applied to steady state tests because
the fuel tank was not big encugh for a complete heavy
ioading steady state test. A comparison between the
carbon weight from emissions and from the fuel tank
weight loss was made for transit tests, as shown in
Table 13. Less than 5% of difference was found batween
these two measurements. The short reports appended lo
this report show fuel consumption based on CO,
measurements. These have, therefore, been verified by
the weighing method.

GENERAL DISCUSSION

1. The bus engine hesitated after idling for period of
time. The bus couid only run up to about 3 MPH even
though the driver maintained a full throttle. This
happened at the beginning of each test or after the
engine was idling for about more than 20 seconds.
This problem sometimes caused the whole test run to
be void, and the reason for this problem was unclear.
A very high HC emission was noticed accompanying
this hesitation, and caused the non-repeatabiiity of
HC from run to run. A sample CBD run that includes
this behavior is shown in Figure 22. After days of
frustration, it was observed that, if the driver pushed
the gas pedal and applied the brake simultaneously
with the bus not moving, it eliminated the problem.
After the bus was running, there was no lack of power
to keep up with the eyclg. This was the only functional
concern identified.

2. NO, emissions were not repeatable from run to run for
some of the transient tests. The reason for that is far
some of the ramps in the transient test, NO, was high
during the cruise time. {Figure 23) This NO, mode
would not repeat itself from ramp to ramp, causing a
lower non-repeatability of the NO, emissions,
However, these variations may have been driver
induced and are not believed to be a cause for
concem of an indication of an intended off cycle
strategy.

CONCLUSIONS

Emissions from a CNG fueled ftransit bus chassis
powered by Cummins C83-250G engine were
characterized using a chassis dynamomaster based test
procedura with the Central Business District test cycle
and Arerial test cycle, and 15 non-idle steady state
tests, both with and without cataiytic aftertreatment
devices. This CNG powered bus chassis (with catalyst)
showed a lower CO, NMHC, and PM emissions rate to
those of similar Cumming C8.3 powered CNG (without
catalyst) and Diesel (with catalyst) school buses tested
in California in 1998. It should bs noted that the CO,
NQ,, and NMHC measured from the engine without
catalyst were higher than those with a catalyst It is
concluded that this bus chassis did not show steady
state “off.cycle” emissions behavior and that this bus
chassis emitted emissions consistent with the demand
for ambient air quality improvement.
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APPENDIX

Emissions components and fuel economy measured or calculated:

CO:
NO,:

FIDHC:

Carbon monoxide measured by Rosemount 880A NDIR analyzer from Tedlar® bag sampte.

Oxides of nitrogen measured by Rosemount 955 NQ/NO, analyzer from continuous channe! integrated
over test time.

Total hydrocarbon measured by the Rosemount 402 hydrocarbon analyzer using flame ionization
detection (FID), without any response factor correction.

CH,, NMHC: Methane and Non-methane Hydrocarbon measured by West Virginia University Gas Chromatograph

PM.
CO;:

mile/gal:

BTU/mile;
Mites:

(GC) laboratory. A sample of the dilute exhaust was collected in individual Tedlar® bags and the ratio of
CH4 to NMHC is determined through hydrocarbon speciation analysis

Particulate matter measured using 70mm filters (grams/milg)

Carbon dioxide measured by Rosemount 868 NDIR analyzer from continuous channel integrated over
test time.

Fuel economy calculated using carbon count method. For CNG fuel, 137 ft* CNG as STP is equivalent to
one gallon of diesal fuei.

Calculated fuel energy used by the vehicle, in BTU/mite.

Total actual driving aistance

Short reports are attached below.
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Table 13 -- Fuel consumption comparison between through fuel tank welght and
emissions analysis

Fuel Tank
Initinl Weight  Final Weight  Difference.  Carbon W eight Emissions Carban
Test# {bs.) {lbs.) {grams) _lgrams) Weight (grams) % Difference

1336-01 79.2 75.5 1706 1277 1267 -0.8%
1336-02 84.3 80.5 1735 1299 1289 +0.7%
1336-03 78.0 74.2 1711 1281 1308 2.1%
1336-04 82.5 78.8 1697 1270 1247 -1.8%
1336-05 76.1 72.3 1725 1292 1279 -0.9% L
1336-06 83.6 79.8 1725 1292 1339 3.7%
1337-02 89.0 85.9 1417 106] . 1084 2.2%
1337-03 76,7 73.5 1460 1093 1067 -2.4%
1337-04 86.7 83.7 1384 1036 1050 1.4%
1337-05 §1.2 78.1 1403 1050 1054 0.4%
1337-06 75.9 72.9 1446 1082 1087 0.5%
1339-02 76.1 72,7 1536 1150 1171 1.9%
1339-03 90.1 86.7 1574 1178 1163 -1.3%
1339-04 84.3 80.9 1578 1182 1136 -3.9%
1339-05 78.5 75.0 1597 1196 1187 -0.8%
1339-06 86.4 83.1 1526 1143 1175 2.8%
1340-01 73.9 69.7 1910 1430 1430 0.0%
1340-02 88.0 83.9 1858 1391 1409 1.3%
1340-03 81.3 77.3 1844 1380 1414 2.5%
1340-04 8§7.7 83.6 1839 1377 1418 3.0%
1340-05 80.4 76.2 1886 1412 1443 2.1%
1340-06 73.8 69.7 1901 1423 1403 -1.4% ,
1352-01 83.1 79.0 1844 1380 1400 1.4% b
1352-04 80.8 76.6 1920 1437 1388 -3.4%
1352-05 86.3 82.3 1806 1352 1371 1.4%
1353-01 79.8 76.4 1531 1146 1140 -0.6%
1353-02 83.8 85.6 1465 1096 1105 0.7%
1353-03 83.1 79.9 1465 1096 1097 0.1%
1353-04 87.1 83.9 1455 1089 1097 0.7%
1354-01 85.2 B2.3 134) 1004 1039 31.4%
1354-02 85.9 83.0 1318 986 1010 2.4%
1354-03 80.8 77.7 1384 1036 1007 -2.8%
1354-04 90.4 874 1375 1029 1032 0.2%
1355-01 85.0 §1.1 1782 1334 1316 -1.3%
1355-04 899 86.2 1721 1288 1304 1.3%
1355-05 84.0 80.4 1649 1235 1287 4.2%

1355-06 872 833 1782 1334 1297 -2.8%
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for CBD Cycle and ART Cycle
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Figure 13 -- Average CO2 Em
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for CBD Cycle and ART Cycle
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Figure 14 — Average NOx Em
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for Steady State Tests
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Figure 17 -- CO Em

§ I
i PEOT %001 ‘WdNHO0P!
PROT %G. 'WelHOOYL
PBO7 %05 ‘WdN00v |
PROT %52 'WJHOOYI
| PEGT %0 ‘WdHO00Y
.P3°'I %00t 'WdH0061

i P07 %S5/ WJNHO006!L
I PEOT %05 'WdN00861

PBOY %52 'WdB006L
PBEOT %D ‘WdMO0EL
[l PEOT %001 'WdHO0YZ

RN peo %SL ‘WdNoobE
BN PEOT %05 ‘WdN00rZ

fll PeoT %62 ‘WaNO0PE
PEOT %0 ‘WdHODPZ

(
1
v
|
i
i
[
|
|
+
|

Test Set Up

op
| PEO %00} "Well00Y |
PROT %S L ‘WHOOY |
§ peo %08 ‘Wanoop
L peo) %sz; "WedH00p1
i peOT %0 ?wauoon
B PeC %001 'WdH006
|- PEOT %5, ‘WJH0061
[ peon %05 "WdH0081
peo %9{; "WdN006L
P20 %0 [WdYO006 )

peOT %001 WHOO0KZ
peoy %G 'WANOOZ
PEOT %05 'WAHOOVZ
peoy %s% "WdHO0pZ
PeoT %0 indyoove

©
pad
Q

puoles/swesB

004 {-------

T s TR T T




-

for Steady State Tests

Issions

Figure 18 -- CO2 Em

]

r...v
o "W
e i

I S s o
: E peo %OL "WdH00yL
' PeoT %s:z ‘WeHO0w!
? *' ' { P07 %08 ‘Warnioovs
| | f E PROT %52 "Wel00v |
PEOY %0 'WdHO0wL
: . PECT %001 "WaX006
! ' E PROT %S ‘WelH00BH
PROT %08 ‘Wk008H
x ¥ P20 %S¢ ‘Wn008L
: @R pron %0 ;fwaaoost
e ' ¥ Bl peoq %o{;t ‘WdHo0vZ
! ' PeOT %54 ‘WAHO0YE
i peo] %oé 'WdHO00vZ
] | peo %sé "WdH00$Z
! : : : | peot %0 }wdaoovz
: , : 1 aipi
: J Pe0 %00} ‘WoHO0YL
. B P07 %S4 WeHoopL
: 1 peO %OQI 'Wddnor|
; : PROT 853 WdN00v
' 9 e %0 InaooyL
. . B peo7 %004 ‘WN006H
: : ' g peot s 'Wao0ss
. ' ' PeO] %09 ‘Weld008
: B peoT %SE ‘WaHDOG
' I peo %0 Indw0081
TS EEEEET peon %001 ‘WAMOOVZ
; o ' I Peot %S. WAMODHE
_ ' ) ot %08 ‘WHoovZ
_ ' B Peo %Sz We00vZ
: ! . B pect %0 INgN00YZ
o o o o o !
S 3 © © s
puodas/swesd ’
1
|
I
|

Test Set Up



at

for Steady State Tests
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Test Sequence Number: 1336

WVU Test Reference Number: CI-EXP-CNG

Fleet Owner Full Namea
Fleet Address

Fleet Address (City, State, Zip)

Vehicie Type

Vehicle ID Number (VIN)
Vehicle Manufacturer
Vehicle Model Year

Gross Vehicle Weight (GVW) (Ib.)
Vehicle Total Curb Weight (ib.)

Vehicle Tested Weight (Ib.)
Odometer Reading (mile)
Transmission Type
Transmission Configuration
Number of Axles

Engine Type

Engine ID Number

Engine Displacement (Liter)
Number of Cylinders
Engine Rated Power (hp)

Primary Fuel

Catalytic Converter Manufacturer

Test Cycle
Test Date

Engineer
Driver

E

Chemonics lnterriational inc.
1133 20th §t. NW, Suite 600
Washington, DC 20036

Chassis Bus
Not Available
Thomas Built
1999

35210

16455

30110

11

Automatic
5-Speeds

2

Cummins C8.3-250G
45884141

8.3

6

250

CNG
Donaldson
CBD
10/4/99

W. Xie
G. England

1336 Average 1.48 20.1 8.10
Std. Dev, 0.07 2.0 0.72
CV% 4.9 10.1 8.9

Test Purpose:

Collect emission data on a Chemanics transit bus chassis operating on CNG fuel,

Special Procedures:

Flywheel was set up to simulate the seated gross vehicle weight (GVW). Bus had a catalytic converter instalied.

Observations:

The bus engine hesitated for the first ramp, causing high hydrocarbon emissions.

A value was measurad and identified as an apparent outlier, and therefore is not reported and not used to
compute other parameters o the average values,
A value cannot be calculated bacauss the paramelers requirad for calculation are not available.



Test Sequence Numbar: 1337
WVU Test Reference Number: CI-EXP-CNG-ART

Fieet Owner Fuit Name
Fleet Address

Fleet Address (City, State, Zip)

Vehicle Type

Vehicle |D Number (VIN)
Vehicle Manufaciurer
Vehicle Mode! Year

Gross Vehicle Weight (GVW) (Ib.)
Vehicle Total Curb Weight (Ib.)

Vehicle Tesled Weight (lb.)
Odometer Reading (mile)
Transmission Type
Transmission Configuration
Number of Axies

Engine Type

Engine ID Number

Engine Disptacement (Liter)
Number of Cylinders
Engine Rated Power (hp)

Primary Fuel

Catalytic Converter Manufacturer

Test Cycle
Test Date

Engineer
Driver

Emissions Results (g

Chemonics International ing.
1133 20th St. NW, Suite 600
Washington, DC 20036

Chassis Bus
Not Available
Thomas Built
1999

35210

16455

30110

1

Automatic
5-Speeds

2

Cummins C8.3-250G
45884141

8.3

]

250

CNG
Donaldson
ART
10/5/98

W. Xie
G. England

T Rin Sed. No. - T

1337-1 . 2,
13372 0.65 17.0 12.8 11.6 0.08 0.047 1038 3.81 33746 2.00
1337-3 0.99 12.8 110 10.0 0.02 0.043 1912 387 33233 2.00
13374 0.56 22.8 9.2 8.3 0.12 0.025 1877 3.05 32538 2.02
1337.5 0.60 151 8.0 73 0.07 0.032 1886 3.94 32648 2.02
1337.8 1.03 16.0 10.2 9.3 0.05 0.025 1947 3.80 33707 2.01
1337 Average 0.77 17.5 10.2 9.3 0.07 0.035 1912 387 33182 2.0
Std. Dev. 0.19 3.9 18 17 0.04 0.008 27 0.08 530 0.01
CV% 25.2 22.0 17.6 17.8 556 26.7 1.4 16 16 0.5

Test Purpose:

Collect emission data on a Ghemonics transit bus chassis operating on CNG fuel.

Special Procedures:

Flywhee! was set up to simulate the seated gross vehicle weight (GVW). Bus had a catalytic converter installed.

Observations:

The bus engine hesitated for the first ramp, causing high hydrocarbon emissions.

™ Avaiue cannal be calculated because the parameters requirad far calculation are not available.




Test Sequence Number; 1339
WVU Test Reference Number: CI-EXP-CNG-ART-GVW

Fleet Owner Full Name Chemonics international In¢.
Fleet Address 1133 20th St. NW, Suite 600
Fleet Address (City, State, Zip) Washington, DC 20036
Vehicle Type Chassis Bus
Vehicle iD Number (VIN) Not Availabla
Vehicle Manufacturer Thomas Built
Vehicle Model Year 1999
Gross Vehicle Weight (GVW) (Ib.) 35210
Vehicle Total Curb Weight (lb.) 16455
Vehicie Tested Weight (Ib.) 35210
Odometer Reading (mile) "
Transmission Type Automatic
Transmission Configuration 5-Speeds
Number of Axles
Engine Type Cummins C8.3-250G
Engine ID Number 45884141
Engine Displacement (Liter) 8.3
Numbsr of Cylinders 6
Engine Rated Power (hp) 250
Primary Fuel CNG
Catalytic Converter Manufacturer Donaldson
Test Cycle ART
Test Date 10/6/99
Engineer W. Xie
Driver 3. England
Emissions Results Imtle
B, - )i NG R 'aﬂg;;ae;efs;e._.aNMu LA
1339.2 0.99 18.2 11.3 10.3 0.042 . .
1339-3 0.63 18.1 10.3 84 0 06 0.038 2040 3.63 35383 2.05
1339-4 . 0.17 19.1 9.7 8.9 0.04 0.032 2031 3.65 35191 2.02
1338-5 1.11 18.4 10.7 9.7 0.08 0.043 2102 3.52 36467 2.03
1339-8 0.45 17.9 8.7 7.9 0.07 0.034 2052 3.62 35502 2.07
1330 Average 0.67 18.5 10.1 8.2 0.05 0.039 2057 3.60 35662 2.04
Std. Dev. 0.39 06 1.0 0.9 0.01 0.003 27 0.05 498 0.02
CV% 57.8 3.2 g.B 8.9 26.0 8.2 1.2 1.4 1.4 1.0

Test Purpose:
Callect emission data or 2 Chemonics transit bus chasssis aparating on CNG fuel.

Special Procedures:
Flywheel was set up to simulate the rated gross vehicle weight (GVW). Bus had a catalytic converter installed.

Observations:
The bus engine hesitated for the first ramp, causing high hydrocarbon emissions.




Test Sequence Number: 1340
WVU Test Reference Number: CI-EXP-CNG-GVW

Fleet Owner Full Name
Fieet Address

Fleet Address {City, State, Zip)

Vehicle Type

Vehicle ID Number (VIN)
Vehicle Manufacturer
Vehicle Modsi Year

Gross Vehicle Weight (GVW) (ib.)
Vehicle Total Curb Weight (ib.)

Vehicie Tested Weight (ib.)
Odometer Reading {miie)
Transmission Type
Transmission Configuration
Number of Axles

Engine Type

Engine |ID Number

Engine Displacement (Liter)
Number of Cylinders
Engine Rated Power (hp)

Primary Fuel

Catalytic Converter Manufacturer

Test Cycle
Test Date

Engineer
Driver

Emissions Results( /mile
~Ruf Seq:No.f

Chemonics International Inc,
1133 20th St. NW, Suite 600
Washington, DC 20036

Chassis Bus
Not Available
Thomas Built
1909

35210

16455

35210

11

Automatic
5-Speeds

2

Cummins C8.3-250G
45884141

8.3

8

250

CNG
Donaidson
cB8D
10/7/99

W. Xie
G. England

1340-1

1340-2

1340-3

1340-4

1340-5

1340-6

1340 Average 1.56

22.2

‘88 006 1 0.018

2.95

43541

Std. Dev. 0.48

4.0

1.1 0.01 0.014

585

CV% 21.6

18.2

13.3 16.1 79.0

1.3

1.3

Tast Pumng_a__:_

Coliect emission data on a Chemonics transit bus chassis operating on CNG fuel.

Special Procedures:

Flywheel was set up to simulate the rated gross vehicle weight (GVW). Bus had a catalytic converter installed.

Observations:

The bus engine hesitated for the first ramp, causing high hydrocarbon emissions.

" A value cannot be calculated because the parameters required for calculation are not available,




Test Sequence Number: 1352
WVU Test Referance Number: CI-EXP-CNG-GVW-NOCAT

Fleet Owner Full Name
Fleet Address

Fleet Address (Cily, State, Zip)

Vehicle Type

Vehicle ID Number (ViIN)
Vehicle Manufacturer
Vehicle Model Year

Gross Vehicle Weight (GVW) (ib.)
Vehicle Total Curb Weight (Ib.)

Vehicle Tested Weight (Ib.)
Cdometer Reading {mile)
Transmission Type
Transmission Configuration
Number of Axies

Engine Type

Engine {0 Number

Engine Displacement (Liter)
Number of Cylinders
Engine Rated Power {hp)

Primary Fuel
Test Cycle
Test Date

Engineer
Driver

Emissions Results (glmlle)

Chemonics International Ing.
1133 20th St. NW, Suite 600
Washington, DC 20036

Chassis Bus
Not Available
Thomas Built
1999

35210

16455

35210

11

Automatic
5-Speeds

2

Cummins CB.3-250G
45884141

8.3

6

250

CNG
CBD
10/13/99

J. Boyce
G. England

R (0T T L O T o SR NPT AEIBHE
1352-1 19.7 31.0 .
1352-4 18.3 26.8 24.8
1352-5 186 235 32.8
1352 Average 189 271 296 25.3 1.78 0.027 2365 3.05 42163 2.04
Std, Dev. 0.7 3.7 4.2 4.1 0.54 0.018 15 0.02 320 002 |
CV% 3.9 13.8 14.2 16.1 30.4 714 0.6 0.8 0.8 08

Test Purpose:

Collect emission data on a Chemonics transit bus chassis operating on CNG fuel,

Special Procedures:

Flywheel was sel up to simulate the rated gross vehicle weight (GVW). The catalytic converter installed was bypassed

before the test.

Observations;

The bus engine hesitated for the first ramp, causing high hydrocarbon emissions.



Test Sequence Numbar: 1353
WVU Test Reference Number: CI-EXP-CNG-ART-GVW-NOCAT

Fieet Owner Full Name

Fleet Address

Fieet Address (Cily, State, Zip)

Vehicle Type

Venhicle ID Number (VIN)

Vehicle Manufacturer

Vehicle Model Year

Gross Vehicle Weight (GVW) (Ib.)
Vehicle Total Curb Weight {Ib.)

Vehicle Tested Weight (Ib.)
Odometer Reading (mile)
Transmission Type
Transmission Configuration
Number of Axles

Engine Type

Engine ID Number
Engine Displacement (Liter)

Number of Cylinders

Chassis Bus
Not Available
Thomas Buiit
1989

35210
16485
35210

Automatic
5-Speeds.

Cummins C8.3-250G
45884141
8.3

Chemonics International inc.
1133 20th St. NW, Suite 600
Washington, DC 20038

Engine Rated Power {hp) 250
Frimary Fuel CNG
Test Cycle ART
Test Date 10/13/89
Engineer J. Boyce
Driver G. England
Em:ssmns Resuits (g.‘mlle) _‘
- Run.Seq. No- - -GO R e T P T 1 v e T
13531 10.6 22.7 15.8 13.2 1.18 0.083
13583-2 11.5 36.6 13.8 12.0 0.61 0.054
1353-3 10.56 33.5 14.5 12.4 0.85 0.059
13534 11.6 25.2 - - el 0.064
1353 Average 11.0 29.5 14.7 12.5 0.88 0.060 1933 .77 34088 2.03
Std. Dev. 0.6 6.6 1.0 0.6 0.29 0.005 28 0.05 467 0.02
CV% 5.0 22.3 6.8 5.0 33.0 7.8 1.4 1.4 1.4 0.9

Test Purpose:
Collect emission data on a Chemonics transit bus chassis operating on CNG fuel.

Special Procedures:

Fiywheel was set up to simuiate the rated gross vehicle weight (GVW), The catalytic converter installed was bypassed

before the test.

Observations:
The bus engine hesitated for the first ramp, causing high hydracarbon emissions.

™ Avalue cannot be calculated because the parameters required for caiculation are not available.




Test Sequence Number: 1354
WVU Test Referance Number: CI-EXP-CNG-ART-NOCAT

Fleet Owner Full Name
Fleet Address

Fleet Address (City, State, Zip)

Vehicle Type

Vehicle ID Number (VIN)
Vehicle Manufacturer
Vehicle Model Year

Gross Vehicle Weight (GVW) (Ib.)
Vehicle Total Curb Weight (ib.)

Vehicle Tested Weight (Ib.)
Odometer Reading (mile)
Transmission Type
Transmission Configuration
Number of Axies

Engine Type

Engine ID Number

Engine Displacement (Liter)
Number of Cylinders
Engine Rated Power (hp)

Primary Fuel
Test Cycle
Test Date

Engineer
Driver

Emlssions Rnsults (g/mile)

Chemonics Intemational inc.
1133 20th St. NW, Suite 600
Washington, DC 20036

Chassis Bus
Not Available
Thomas Built
1999

35210

16455

30110

11

Automatic
5-Spaeds

2

Cummins C8.3-2500
45884141

8.3

6

250

CNG
ART
10/14/99

W. Xie
C. Leasor

Fuel Econom

- Run-Beg:Nei o iBE TN DG R T RME L B s el a e AT LR it AR | e
" 1354-1 8.36 33.5 13.8 11.8 073 0.059 1826 4.00 32114 2.02
1354-2 8.74 34.8 14.6 12.8 0.57 0.047 1771 412 31228 2.02
1354-3 8.80 36.7 13.1 11.4 0.53 0.042 1771 4.13 31124 2.02
13544 S.07 38.0 13.2 114 0.69 0.052 1805 4.05 31717 203
1354 Average 9.24 35.8 13.7 11.8 0.83 0.050 1793 4.07 31545 2.02
Std. Dev. 0.40 1.9 0.7 0.7 0.09 0.007 27 0.06 459 0.01
CV% 4.4 5.2 5.2 5.6 15.0 14.3 1.5 1.5 1.5 0.3

Test Purpase:

Coliect emission data on a Chemonics transit bus chassis operating on CNG fuel,

Special Procedures:

Flywheei was set up lo simulate the sealed gross vehicle weight (GVW). The catalytic converter instailed was bypassed

before the test.

Observations:

The bus engine hesitated for the first ramp, causing high hydrocarbon emissions.

e

e s




Test Sequence Number: 1355
WVU Test Reference Number: CI-EXP-CNG-NOCAT

Fleet Owner Fult Name
Flest Address

Fleet Address (City, State, Zip)

Vehicle Type

Vehicle ID Number (VIN)
Vehicle Manufacturer
Vehicle Model Year

Gross Vehicle Weight (GVW) (lb.)
Vehicle Total Curb Weight (Ib.)

Vehicle Tested Weight (lb.)
Odometer Reading (mite)
Transmission Type
Transmission Canfiguration
Number of Axles

Engine Type

Engine D Number

Engine Displacement {Liter)
Number of Cylinders
Engine Rated Power (hp)

Primary Fuel
Test Cycle
Test Date

Engineer
Driver

Emissions Results (g/mile)

Chemaonics International Inc.
1133 20th St. NW, Suite 600
Washington, DC 20036

Chassis Bus
Nat Available
Thomas Built
1999

35210

16455

30110

11

Automatic
5-Speeds

2

Cummins C8.3-250G
45884141

8.3

8

250

CNG
CceD
10/14/99

W. Xie
C. Leasor

CRUNBag NG E G DL pbk
1355-1 20.3 . . A
1355-4 19.0 349 24.4 21.4 0.90 . 3.20 40198 2.02
1355-5 19.5 35.4 223 18.8 161 0.047 2211 3.26 39372 2.04
13556 204 35.6 24.2 20.4 1.72 0.048 2222 3.24 30675 2.03
1355 Average 198 340 243 21.0 1.29 0.048 2943 3.21 40016 2.02__|

Std. Dev. 0.7 0.9 1.7 19 0.43 0.002 33 0.05 636 0.01

CV% 33 2.7 7.0 8.9 33.4 42 15 16 1.8 0.7

Test Purpose:

Collect emission data on a Chemonics transit bus chassis operating on CNG fuei.

Special Procedures:

Flywheel was set up to simulate the seated gross vehicle weight (GVW). The catalytic converter installed was bypassed

hefore the test.

Observations:

The bus engine hesitated for the first ramp, causing high hydrocarbon emissions.
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