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Executive Summary

This report is part of a series of evaluations from the U.S. Department of Energy (DOE). DOE,
through the National Renewable Energy Laboratory (NREL), has been tracking and evaluating
new propulsion systems in transit buses and trucks for more than 10 years using an established
and documented evaluation protocol. These DOE/NREL vehicle evaluations are a part of the
Advanced Vehicle Testing Activity (AVTA), which supports DOE’s FreedomCAR & Vehicle
Technologies Program.

The role of AVTA is to bridge the gap between research and development and commercial
availability of advanced vehicle technologies that reduce U.S. petroleum use while improving air
quality. The main objective of AVTA projects is to provide comprehensive, unbiased evaluations
of advanced vehicle technologies. Data are collected and analyzed for operation, maintenance,
performance, cost, and emissions characteristics of advanced technology fleets and comparable
conventional technology fleets operating at the same site. By comparing available advanced and
conventional technology vehicles, AVTA evaluations help fleet owners and operators make
informed purchasing decisions.

DOE/NREL evaluated the original 10 prototype diesel-hybrid buses from Orion and BAE
Systems (model Orion VI buses) operated at New York City Transit (NYCT). That evaluation
was reported in July 2002 and provided results from the prototype buses from 1998 through
2001. This report focuses on 10 new compressed natural gas (CNG) and next generation diesel
hybrid electric bus propulsion systems in NYCT’s transit buses. Both of these propulsion
systems are alternatives to standard diesel buses and allow for reductions in petroleum use and
emissions (usually focused on reductions of particulate matter and oxides of nitrogen). CNG
propulsion is an alternative to diesel fuel use, and diesel hybrid propulsion allows for increased
fuel economy, which, in turn, reduces petroleum use.

Evaluation Design

This report describes the evaluation results for new Orion VII low floor buses at NYCT with
CNG propulsion (equipped with Detroit Diesel Corporation Series S0G CNG) and new hybrid
propulsion (equipped with BAE Systems’ HybriDrive propulsion system). These final results
represent a 12-month evaluation of these two groups of buses (October 2004 through September
2005).

The CNG buses evaluated were part of an order of 260 Orion VII CNG buses ($319,000 each)
that started into service in September 2003 at Jackie Gleason Depot and later at West Farms
Depot. NYCT expected the buses to seamlessly replace older diesel buses after CNG fueling
infrastructure was added and training was completed at the newly opened West Farms Depot.

The hybrid buses we evaluated were part of an order of 125 Orion VII hybrid buses ($385,000
each) with the BAE Systems series hybrid propulsion system. The buses started service in March
2004 at Mother Clara Hale Depot in Manhattan and later were also introduced at Queens Village



Depot in Queens. This group of buses is the first large commercial hybrid bus delivery for Orion
and BAE Systems.

The evaluation we present in this report examines 10 new CNG Orion VII buses (model year
2002) selected at random from the West Farms Depot, and 10 new hybrid Orion VII buses
(model year 2002) chosen at random from the Mother Clara Hale Depot. This evaluation of the
Orion VII CNG and hybrid buses compares buses that are the same age and the same bus
platform. The CNG and hybrid buses have been operated on similar duty-cycles and the
maintenance practices at the two depots appear to be similar. Older (non-exhaust gas
recirculation [EGR] engine equipped) diesel buses at both West Farms (model year 1994) and
Mother Clara Hale (model year 1999) depots were included in this evaluation for limited
comparisons of mileage, fuel economy, and roadcalls for standard diesel technology. The
evaluation team selected 10 vehicles from each study group for analysis; which was determined
to be a sufficient number to provide some degree of statistical significance to the results
obtained.

Implementation Experience

NYCT reported that the implementation experience of the CNG (260 buses) and hybrid (125
buses) fleets went well, and the buses were quickly put into full service. NYCT, Orion, and BAE
Systems reported that the buses are performing as expected.

Facilities: A large CNG compression station was built at West Farms Depot that has the ability
to compress 6,600 scfm of natural gas and fuel a bus in less than 5 minutes. Combustible gas
detection was added for the maintenance area to accommodate the use of natural gas buses. The
total cost of facility improvements at West Farms was $7.4 million including the station, facility
improvements, and $2 million for blasting through solid rock to bury the high pressure gas lines.
The hybrid buses required additional space at the Mother Clara Hale facility for two battery
conditioning stations ($70,000 each); an overhead crane was also added to enable mechanics to
service the battery tubs on top of the hybrid buses.

Operator comments. The bus operators reportedly like the new buses (both the hybrid and CNG
buses)—especially the acceleration of the hybrid buses.

Mileage accumulation: Mileage accumulation for the entire order of 260 CNG buses through
September 2005 was nearly 12 million miles with a general usage rate of 2,400 monthly miles
per bus. The entire order of 125 hybrid buses accumulated nearly 4 million miles through
September 2005 with a general usage rate of 2,400 monthly miles per bus for Mother Clara Hale
Depot and around 2,900 monthly miles per bus for Queens Village Depot.

Reliability: Both the CNG and hybrid bus fleets experienced miles between roadcalls (MBRC)

rates above NYCT’s required 4,000 MBRC (nearly 6,000 MBRC for CNG, and about 5,000
MBRC for hybrid).
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Evaluation Results

The following results and discussion focus only on the evaluated operating depots and study bus
groups.

Duty Cycle

We have used average speed as an indicator of the general duty cycle for the evaluation
locations. The average speed for the CNG buses at West Farms Depot was 6.5 mph for 2004 and
6.3 mph for 2005. The average speed or general duty cycle for the hybrid bus evaluation
location, Mother Clara Hale Depot, was 6.5 mph and 6.1 mph for 2004 and 2005 respectively.
The average speeds are comparable between the two evaluation locations. The buses at the two
depots were randomly dispatched on all standard bus routes.

Bus Use

For the detailed study groups, the CNG buses had 3% lower bus use compared to the hybrid
buses (2,295 monthly average mileage per bus for CNG buses and 2,370 monthly average
mileage per bus for hybrid buses). This supports the premise that these two study groups are
being used in a similar fashion. The diesel buses studied from Mother Clara Hale Depot had an
average monthly mileage per bus of 2,385. Also, the monthly average mileages per bus for the
CNG and hybrid study buses are similar to the overall fleet and appear to be representative of
typical operation.

Fuel Economy

e (NG Buses—The CNG study group fuel economy was 1.70 miles per diesel energy
equivalent gallon for the 12-month evaluation period. The CNG average fuel economy is
25% lower than the diesel study buses operating at West Farms Depot (2.28 mpg). Based on
the duty cycle at West Farms (average speed between 6.3 mph and 6.5 mph), this lower fuel
economy is within expectations based on previous CNG studies'.

Note: The NYCT bus duty cycle is a severe application for spark ignited (SI), natural gas
engines because of the slow average speed (6.3 - 6.5 mph) and frequent stops, which
indicates the engine is operating at a low speed and load for much of its operating time. SI
engines typically have a lower thermal efficiency at low speed and load than compression
ignition (CI) diesel engines. Consequently, lower natural gas fuel economy is expected in
this type of operation.

Both the DDC Series 50 diesel and DDC Series 50 CNG engines are no longer available for
new transit buses. The DDC Series 50G natural gas engine, operated by NYCT is not the
newest technology natural gas engine (fuel and electronic controls) currently available.
Newer engines from other manufacturers may have shown better results.

' For example, DART’s LNG Bus Fleet, Final Results, 2000, NREL, NREL/BR-540-28739
(www.nrel.gov/vehiclesandfuels/fleettest/pdfs/28739.pdf) and Alternative Fuel Transit Buses, Final Results, 1996,
NREL, NREL/TP-425-20513 (www.eere.energy.gov/afdc/pdfs/transbus.pdf)
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Hybrid Buses—The hybrid study group 12-month average fuel economy was 3.19 mpg,
which was 34% higher than the non-EGR diesel buses (average 2.38 mpg for a 12-month
period) operating at Mother Clara Hale Depot and 40% higher than the non-EGR diesel buses
(average 2.28 mpg for a 12-month period) operating at West Farms Depot.

The hybrid bus average fuel economy for the 12-month evaluation period fluctuated between
60% and 120% higher than the CNG buses based on diesel gallon equivalent units. Figure
ES-1 shows 12 months of average monthly fuel economy for the two diesel study groups,
CNG, and hybrid buses. The two diesel study groups have similar average fuel economy
results for the evaluation period shown. The hybrid bus fuel economy has fluctuated
generally between 26% and 52% higher than for the diesel buses (in the same time frame) at
Mother Clara Hale Depot; however, during the summer months (June 2005-September
2005), this positive difference dipped as low as only 12% (better compared to diesel average)
for one month during the summer.
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Figure ES-1. Average Fuel Economy (MPG)

The hybrid bus average fuel economy had a much larger decrease/fluctuation in fuel economy in
the summer months (June through September) than any of the other three study bus groups
shown. According to BAE Systems, much of this decrease is due to an increase in energy
consumption for air conditioning. Although air conditioning load is similar for all four study bus
groups, this is compared as a percentage to a much lower overall fuel consumption for the hybrid
buses (see Figure ES-2). Additional factors such as different engine sizes, CNG engine thermal
efficiency changes with loading, and others likely contribute to the magnitude of the summer
versus winter fuel economy differences between the three different propulsion types. In other
words, all four study bus groups have a significant increase of energy consumption for air
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conditioning in the summer months, but this increase represents a much larger percentage of
overall fuel consumption for the hybrid buses, resulting in a larger penalty in fuel efficiency.
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Figure ES-2: Average Fuel Consumption (Diesel Equivalent Gallons per Mile)

Fuel Cost

Fuel cost for the CNG buses is based on the commodity natural gas price paid by NYCT and an
additional charge from Trillium USA to pay the operation and maintenance cost of the CNG
fueling station. The average natural gas commodity price during the evaluation period was $1.00
per therm and the Trillium USA charge was $0.25 per therm for a total cost of $1.25 per therm or
$1.74 per diesel energy equivalent gallon. The average diesel fuel cost—sulfur content less than
30 parts per million (ppm)—was $1.78 per gallon during the evaluation period. This translates
into a CNG bus study group fuel cost per mile 45% higher than the hybrid buses and 31% higher
than the diesel study group at West Farms Depot.

Total Maintenance Costs

This evaluation focuses on bus operations spanning the first two years of the minimum 12-year
life of a transit bus. This short evaluation period does not provide enough of the capital and
operating costs to understand the full 12-year life cycle cost of the CNG, or hybrid buses. In
order to gain a complete understanding of costs, one must examine the purchase cost of the
buses, cost of facility modification or addition, warranty cost, operations cost (and savings), and
longer term maintenance costs (such as engine rebuilds or replacements, traction battery
replacements, brake repair savings, etc.). However, the intent of this evaluation is to provide
accurate actual capital and known operations costs experienced for hybrid and CNG vehicles for
the time period selected.
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Total maintenance costs include mechanic labor at a standardized $50 per hour rate (this is not a
NYCT mechanic labor rate) and parts, but do not include warranty costs.

The hybrid and CNG buses have had many repairs covered under warranty which are not
included in this analysis. The cost of warranty repairs is accounted for in the bus purchase price
set by the bus manufacturer. Not accounting for warranty repairs in the evaluation of total
maintenance cost offers an incomplete picture of true maintenance cost. However, the
maintenance cost reported with the absence of warranty costs does reflect the actual cost to the
transit agency for the time period evaluated. Therefore, the maintenance cost analysis presented
here does not include warranty repairs, but is limited to labor and parts costs associated with
repair work performed by NYCT mechanics. This analysis is not predictive of maintenance
costs which will be assumed by the transit agency beyond the warranty period. The general
warranty on these particular hybrids is two years from date of purchase, with some drivetrain
components warranted beyond two years. The exact components and warranty periods are
negotiated by NYCT and Orion, and are contractual.

The CNG buses’ average total maintenance cost was $1.29/mile which was 5% higher than the
hybrid buses ($1.23/mile) during the evaluation period. Diesel baseline vehicle maintenance
costs were not compared due to the older age of the diesels relative the CNG and hybrid vehicles.

Propulsion-Related Maintenance Costs

Propulsion-related maintenance costs include repairs for transmission, non-lighting electrical
(charging, cranking, and ignition), air intake, cooling, exhaust, fuel, engine, electric propulsion,
and hydraulics. The CNG buses’ average propulsion-related maintenance costs per mile were 5%
lower than the hybrid buses. A summary of propulsion-related maintenance costs is shown in
Table ES-2.

Table ES-2. Summary of Propulsion-Related Maintenance Cost per Mile Comparisons*

System CNG ($/mile) | Hybrid ($/mile) | Hybrid vs. CNG

Total Propulsion-Related 0.349 0.367 5% (higher)

Exhaust 0.020 0.024 22% (higher)
Fuel 0.058 0.015 -74% (lower)
Engine 0.064 0.061 -5% (lower)

Electric Propulsion/Transmission 0.036 0.181 403% (higher)
Non-Lighting Electrical 0.101 0.042 -58% (lower)
Air Intake 0.012 0.006 -53% (lower)
Cooling 0.053 0.031 -41% (lower)
Hydraulic 0.005 0.007 62% (higher)

* The cost comparisons are provided as hybrid compared to CNG as the baseline.
((Hybrid cost per mile/CNG cost per mile)—1) * 100% = Percent comparison

Other Important Maintenance Costs
In addition to the above measured maintenance costs, this report includes additional information
on four maintenance cost topics because of their relevance to hybrid propulsion technology.

e Engine—NYCT plans to replace the smaller than standard transit bus diesel engine used in
the hybrid buses at approximately year six out of the 12-year life. A standard diesel or CNG



bus would typically have one engine overhaul during the 12-year life without any planned
engine replacements.

e Traction Batteries—The traction batteries for the NYCT hybrid buses are sealed gel lead-
acid batteries in two separate tubs of 23 batteries each or 46 battery modules total. These
batteries (based on recommendations from the manufacturer), are expected to last at least
three years, and then they will need to be replaced (or three sets of traction batteries during
the 12-year life of the bus). A total of 22 traction batteries were replaced for the 10 study
buses during the evaluation period. This translates into a 4.8% per year replacement rate.
BAE Systems reports that analysis shows that none of those 22 traction batteries had failed,
and they rolled out a software change in April 2006 (after this evaluation ended) to reduce
the number of unnecessary traction battery replacements. While this software change could
potentially improve battery life, it may also affect fuel economy; however, this software
change occurred after the end of this evaluation period and the impact on fuel economy is
unknown.

e PMI—this is preventive maintenance inspection labor time spent on the buses. Based upon
the data collected during this evaluation, the hybrid buses had 50% more labor spent on
scheduled maintenance time. However, due to the way in which the NYCT mechanics record
their time, additional unscheduled activities are included in what is defined as PMI. No
difference in PMI labor is expected between the CNG and hybrid buses. Recognizing this,
but reporting the unmodified data collected on PMI costs, total PMI labor costs are: CNG—
$0.12/mile vs. hybrid—3$0.18/mile.

e Brakes—brake repairs and reline activities are a large expense for transit bus operations.
The study’s hybrid buses use regenerative braking, which converts energy back into the
electric propulsion generator to slow down the vehicle instead of using only the mechanical
brakes. This braking energy is then stored in the traction batteries for later use, and provides
increased fuel efficiency for the hybrid buses. Hybrid buses are expected to have reduced
brake reline and repair costs because they use regenerative braking. During this evaluation,
the hybrid buses had brake repair costs that were 79% lower than for the CNG buses (CNG—
$0.18/mile vs. Hybrid—3$0.04/mile). CNG buses had nine four-wheel relines (planned at
approximately 18,000 miles), and the hybrid buses had none as of the end of the evaluation.

Roadcalls

In this report, a roadcall (RC) is defined as an on-road failure of an in-service bus, which results
in a bus being taken out of service or replaced on-route. RCs are a direct indicator of reliability
for transit buses. Miles between RC (MBRC) is a typical industry measurement for RC
performance for transit buses. NYCT expects transit buses to meet or exceed a rate of 4,000
MBRC for all RCs. The CNG buses had nearly 6,000 MBRC. The hybrid buses had around
5,000 MBRC.

For RCs related only to the propulsion system, the hybrid buses are around 8,000 MBRC, and
the CNG buses are just above that at nearly 9,000 MBRC. For comparison, the older diesel buses
at Mother Clara Hale Depot have the highest MBRC of the groups at just above 10,000.
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What’s Next?

DOE/NREL has started evaluating the EGR equipped hybrid buses from the order of 200
operating at Manhattanville Depot. This new evaluation provides an opportunity to look at
newer MY2004 diesel engine technology to be utilized in the hybrid buses, improvements in the
BAE electric propulsion system, and traction battery replacement experience. Results from this
evaluation will be available in 2007.

NYCT recently announced an additional order of 500 Orion/BAE Systems hybrid buses. The
price for this additional hybrid bus purchase was reported to be a little less than $500,000 each,
which is reportedly about $150,000 more than a similar, new standard diesel bus. The hybrid
buses in this evaluation were reported to cost $385,000 or about 25%-30% higher than a similar
new standard diesel bus.
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Changes and Additions Since the Interim Report

This final evaluation report updates the New York City Transit Hybrid and CNG Transit Buses:
Interim Evaluation Results, January 2006, NREL/TP-540-38843. The interim report covered the
first eight months of a 12-month evaluation (October 2004 through September 2005) at New
York City Transit of their Orion VII CNG and hybrid (from the order of 125) buses. This report
completes the 12 months of data evaluation with the addition of the summer months (June 2005
through September 2005). This update also includes updates in average diesel fuel costs, which
increased significantly by the end of the evaluation period. Additional maintenance information
and analysis have been provided in this report including more attention to missing parts costs and
work orders as well as describing the experience to date with traction battery failures.

Overview

This report includes results of an evaluation of the operation of new compressed natural gas
(CNG) and diesel hybrid electric buses from Orion Bus Industries (model Orion VII buses)
operating at New York City Transit (NYCT). This evaluation is completed by the U.S.
Department of Energy (DOE). DOE, through the National Renewable Energy Laboratory
(NREL), has been tracking and evaluating new propulsion systems in transit buses and trucks for
more than 10 years with an established and documented evaluation protocol®.

DOE/NREL previously evaluated the original 10 prototype diesel
hybrid buses from Orion and BAE Systems operated at NYCT (model
Orion VI buses). Results from that evaluation® were published in July
2002 and provided information on the prototype buses from 1998
through 2001.

NYCT’s Clean Bus Program was created in 1992 to lower bus fleet
emissions. In 2000, NYCT established a policy of only purchasing
low emission buses for new bus orders. This policy, coupled with
NYCT’s desire to achieve the best fuel economy, has resulted in
NYCT’s purchase order for hybrid buses. The NYCT Clean Bus
Program currently includes several activities:
e Use of CNG buses
e Replacement of the oldest diesel engines (two-stroke) with newer low emissions engines
(Detroit Diesel Series 50 exhaust gas recirculation engines)
e Use of ultra low sulfur diesel fuel for all diesel equipment (starting in 1998 with less than
30 parts per million (ppm) sulfur, expected to be less than 15 ppm starting in 2006)
e Addition of diesel particulate filters (DPF) to the existing and new diesel engines
e Use of hybrid propulsion buses with engines equipped with DPFs.

? General Evaluation Plan, Fleet Test & Evaluation Projects, July 2002, NREL, NREL/BR-540-32392,
www.nrel.gov/vehiclesandfuels/fleettest/pdfs/32392.pdf.

3 NYCT Diesel Hybrid-Electric Buses, July 2002, NREL, NREL/BR-540-32427
www.eere.energy.gov/afdc/pdfs/nyct diesel hybrid final.pdf.
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Hybrid technology was tested at NYCT in an effort to explore options other than CNG
technology. This is because not all of NYCT’s operating depots are cost-effective candidates for
CNG infrastructure due to space constraints inside buildings and the proximity of neighboring
buildings. In early 2000, NYCT ordered 260 CNG buses in two orders from Orion Bus Industries
(order one was 125 buses, order two was 135 buses). At the same time, NYCT made a
commitment to purchase two orders of buses with the BAE Systems hybrid propulsion system
from Orion Bus Industries. One order was for 125 buses, the other for 200 buses.

Once NYCT made this commitment to purchase new CNG and hybrid buses, DOE and NREL
started planning the next phase of evaluation work, which is reported here. The current
DOE/NREL evaluation work is a part of DOE’s Advanced Vehicle Testing Activity (AVTA).

This evaluation report examines evaluation results from 10 buses from the order of 260 CNG
Orion VII buses and 10 buses from the first hybrid order of 125 hybrid buses. The DOE/NREL
evaluation of the hybrid and CNG buses is now complete through the standard 12-month
evaluation. Evaluation of 10 buses from the order of 200 hybrid buses is also under way and will
be reported in a future evaluation report.

NYCT and MTA Bus (both a part of Metropolitan Transportation Authority) recently made a
joint order for an additional 500 Orion VII/BAE Systems diesel hybrid buses — 216 buses for
NYCT and 284 buses for MTA Bus. This order of hybrid buses also allows for 389 additional
hybrid buses in options. NYCT intends to add hybrid bus operations to the East New York and
Casey Stengel depots as well as converting the entire Manhattanville Depot to only diesel hybrid
bus operation.

DOE / NREL Advanced Vehicle Testing Activity

The role of AVTA is to help bridge the gap between research and development (R&D) and
commercial availability for advanced vehicle technologies that reduce petroleum use while
meeting air quality standards. AVTA supports DOE’s FreedomCAR & Vehicle Technologies
Program by examining market factors and customer requirements and evaluating performance
and durability of alternative fuel and advanced technology vehicles in fleet applications.

The main objective of AVTA projects is to provide comprehensive, unbiased evaluations of
advanced technology vehicles. Data collected and analyzed include the operation, maintenance,
performance, cost, and emissions characteristics of advanced technology vehicles and
comparable conventional technology in fleets operating at the same site. By comparing available
advanced and conventional technology vehicles, AVTA evaluations help fleet owners and
operators make informed purchasing decisions and also provide valuable data to DOE regarding
the maturity of the technology being assessed.

In this evaluation at NYCT, the CNG bus study group was used as the baseline group. The CNG
bus propulsion technology has been available since the early 1990s and has been used by many



transit agencies. For the last six years, CNG bus purchases have accounted for up to 24% of all
new transit bus purchases each year in the United States”.

The AVTA team recently conducted or is in the process of conducting several evaluations of
advanced propulsion heavy duty vehicles (Table 1). For information on these and other
evaluations, visit www.nrel.gov/vehiclesandfuels/fleettest.

Table 1. AVTA Heavy Vehicle Evaluations

Fleet Location Vehicle Technology Evaluation Status
Series hybrid, BAE Systems Interim report for CNG
New York City | Manhattan, Bronx, | Orion VIl 40-ft HybriDrive propulsion system and Hybrid (order of
Transit NY transit bus (diesel), Order of 125; DDC 125)
S50G CNG engines
New York Git Orion VII 40-ft ﬁe[)ie%hybrid, BA;E Systertns Just under way, Interim
ew York Ci rion - riDrive propulsion system '
Transit Y Manhattan, NY transit bus (d)i/esel), Orgerpof 200 (nyext Report due by end of

generation)

2006

King County

New Flyer 60-ft

Parallel hybrid, GM-Allison

Interim report
completed in 2006;

Metro Seattle, WA Elrjt;culated transit E"50 System (diesel) Final report planned for
fall 2006
. . ; Series hybrid, Capstone .
IndyGo Indianapolis, IN Ebus 22-ft bus MicroTurbine (diesel) Completed in 2005
Knoxville Series hybrid, Capstone

Area Transit

Knoxville, TN

Ebus 22-ft bus

MicroTurbine (propane)

Completed in 2005

Norcal

San Francisco, CA

Peterbilt/378, Class
8 truck

Cummins Westport ISXG
high pressure direct injection
LNG and diesel

Completed in 2004

Host Site Profile—NYCT

NYCT is a part of the Metropolitan Transportation Authority (MTA), which is a public-benefit
corporation chartered by New York State in 1965 (www.nyct.org/index.html). In 2004, MTA

had an annual operating budget of $8 billion and serviced 7.7 million passengers daily through
seven major operating divisions:

New York City Transit (NYCT)
Long Island Rail Road (LIRR)

Long Island Bus (LI Bus).
Metro-North Railroad
Bridges and Tunnels

Capital Construction Company
e MTA Bus

This report focuses on the bus operations within the NYCT division, which operates 27 rail lines
(660 track miles and 6,210 rail cars) and 244 bus routes (2,017 miles) with average weekday
ridership of 7 million, or more than 2 billion passengers a year. The NYCT Department of Buses

* Based on data from the American Public Transportation Association (APTA) Fact Books for 2000 through 2005.


http://www.nrel.gov/vehiclesandfuels/fleettest
http://www.nyct.org/index.html

operates 4,483 buses from the following 18 operating depots in the five boroughs of New York
City.

Bronx Brooklyn
e West Farms e Jackie Gleason
e Gun Hill e Fast New York
e Kingsbridge e Flatbush

e Fresh Pond
Manhattan e Ulmer Park
o 126" Street
e Mother Clara Hale Queens
e 100" Street e Jamaica
e Manhattanville ¢ Queens Village
e M.J. Quill e (asey Stengel
Staten Island
e (Castleton
e  Yukon

This evaluation focuses on the West Farms Depot in the Bronx Division and Mother Clara Hale
Depot in the Manhattan Division. Other depots, including Jackie Gleason, Queens Village, Fresh
Pond, and Manhattanville, were also involved in the activities described in this report.

Emissions Reductions Drive the Need for CNG and Hybrid Propulsion

The U.S. transit market, including NYCT, has been under public and EPA pressure to reduce
emissions from large transit buses—especially those in urban areas (see Table 2).

Conventional diesel bus propulsion technology (non-hybrid) has also made emissions reduction
improvements and is required to become much cleaner in the next few years. PM levels have
been restricted to a low level of 0.05 g/bhp-hr since 1996 and are being regulated even lower
starting in 2007. Future PM regulations are forcing the use of diesel particulate filters (DPFs)
and will require ultra low sulfur diesel fuel (less than 15 ppm sulfur). This level of PM has been
addressed by changes in control of engine combustion, and, in a few cases, a diesel oxidation
catalyst (DOC) was added.



Table 2. EPA Emissions Requirements for Transit Buses

Carbon Hydrocarbons

Vodel | Monoxide (CO) (HC) NOx PM
g/bhp-hr g/bhp-hr g/bhp-hr g/bhp-hr

1990 15.5 1.3 6.0 0.60

1991-1992 15.5 1.3 5.0 0.25

1993 15.5 1.3 5.0 0.10

1994-1995 15.5 1.3 5.0 0.07

1996-1997 15.5 1.3 5.0 0.05

1998-2003 15.5 1.3 4.0 0.05

2.4 combined or 2.5 with a limit
2004-2006* 15.5 of 0.5 for non-methane 0.05
hydrocarbons
2007-2010 15.5 0.14** | 0.2 0.01

* The 2004 standard was moved up to 2002 as part of an agreement between the U.S. Environmental Protection
Agency (EPA) and engine manufacturers.
** Non-methane hydrocarbons (NMHC)

NOx levels were reduced from 4.0 g/bhp-hr in 1998 to 2.4 g/bhp-hr combined NOx and HC in
2004 (CNG levels are 2.5 g/bhp-hr NMHC + NOx with a limit of 0.5 g/bhp-hr NMHC). The
2004 level was actually moved up to 2002 based on an agreement between EPA and diesel
engine manufacturers. The emissions reduction requirement of 2.4 g/bhp-hr HC + NOx caused
several diesel engine manufacturers to use EGR to help reduce NOx levels. The use of EGR will
have some effect on durability and fuel economy compared to non-EGR engines. The buses in
this study did not utilize EGR equipped engines. The next order of 200 (which will be evaluated
by NREL) will have EGR equipped Cummins engines.

The development of diesel hybrid bus propulsion systems is exciting for the transit industry
because the systems offer potentially improved fuel economy during a time of fuel economy
penalties for diesels engines with added emissions control systems. These systems may also offer
an alternative to CNG which offer improved emissions over conventional diesels, but suffer from
a fuel economy penalty.

AVTA Project Design and Data Collection

AVTA evaluation projects focus on using a standardized process for data collection and analysis,
communicating results clearly, and providing an accurate and complete evaluation. The
evaluation in this report is focused on hybrid buses from NYCT’s first commercial purchase of
125 Orion VII hybrid buses and new CNG buses from an order of 260 Orion VII CNG buses as
the baseline propulsion technology. These hybrid and CNG buses have been operated at two
different depots at NYCT, which have similar average speeds as discussed later. In order to
explore the standard baseline at each of these two depots, the operations of older diesel buses
were included to compare to the hybrid and CNG buses at their respective depots. This
extension of the evaluation looked at bus usage, fuel economy, and roadcall rate comparisons
only.

The AVTA evaluations focus on data collection and analyzing advanced propulsion systems
compared to baseline propulsion systems. The results from these evaluations are a snapshot of



experience and actual capital and operating costs at a given location and for a given period of
time. At this time, the AVTA evaluations do not include an attempt at life-cycle cost modeling.

AVTA evaluations also track multiple vehicles within a fleet in order to provide enough data
samples to ensure some level of statistical significance. In this case, 10 vehicles of each
technology were chosen for data analysis and the AVTA team felt that this number of vehicles
should provide accurate and statistically valuable data.

All 40-foot buses at the two depots included in this evaluation (West Farms and Mother Clara
Hale Depots) were dispatched randomly on all routes. There were no restrictions on the CNG or
hybrid Orion VII buses at the two depots in this evaluation report. NYCT expects the new CNG
buses to have diesel-like reliability and operating costs. The CNG buses do not have restrictions
other than only operating from the two CNG depots. The hybrid buses were expected to be
slightly less commercial than the CNG buses due to the lack of industry experience with hybrid
propulsion technology. However, NYCT operated the hybrid buses with the intent that they be
treated just like any other diesel bus for reliability and operations.

Data for this evaluation were taken from NYCT’s data system, MIDAS. Data parameters
included the following:

Diesel fuel consumption by vehicle

CNG fuel consumption by vehicle

Mileage data from every vehicle

Preventive maintenance action work orders, parts lists, labor records, and related
documents

e Records of unscheduled maintenance, including roadcalls and warranty actions by
vendors (when available in the data system).

Vehicle System Descriptions

Table 3 shows a summary of vehicle system descriptions for the CNG, hybrid, and two extended
comparison diesel study groups of buses. The following discussion includes descriptions of each
of the four study groups of buses and detailed differences between the CNG and hybrid buses
versus their respective diesel baseline buses.

CNG Buses at West Farms Depot

Ten CNG buses operating at West Farms Depot were selected from the order of 260 Orion VII
low floor, model year 2002 CNG buses. The CNG buses use the DDC Series 50G engine. NYCT
did not purchase the optional catalyst for emissions aftertreatment for these buses.



Table 3. Vehicle System Descriptions

. West Farms Mother Clara Hale
Vehicle System - - -
CNG Buses Diesel Buses Hybrid Buses Diesel Buses
Number of Buses 10 9 10 9
Bus Manufacturerand | - Orion VIl Low | 5\ High Floor | Orion VI, Low Floor | Orion V, High Floor
Model Floor
Model Year 2002 1994 2002 1999
Length/Width/Height 40 /102 in/135 in 40 ft/102in/121 in 40 /102 in/132 in 40 /102 in/121 in
GVWR/Curb Weight 42,540/31,400 Ibs 40,000/28,500 Ib 42,540/31,840 Ib 40,000/28,500 Ib
Passenger Capacit 37 Seated, 39 Seated, 38 Seated, 39 Seated,
y 36 Standing 36 Standing 32 Standing 36 Standing

Engine Manufacturer Cummins ISB
and Model DDC S50G DDC S50 (not EGR equipped) DDC S50
Rated Horsepower 275 bhp @ 2,100 275 bhp @ 2,100 270 bhp @ 2,500 rpm 275 bhp @ 2,100

rpm rem rpm
Rated Torque 900 Ib-ft @ 1,200 890 Ib-ft @ 1,200 660 Ib-ft @ 1,600 rpm 890 Ib-ft @ 1,200

rpm rem rpm

.. . Retrofit DPF, Retrofit DPF,
Emissions Equipment None Johnson Matthey Engelhard DPX Johnson Matthey
E;aatiirr?ger/Regeneratlve Retarder Retarder Regenerative Braking Retarder
: 125 diesel

Fuel Capacity equivalent gallons 125 gallons 100 gallons 125 gallons
Bus Purchase Cost* $313,000 $290,000 $385,000 $290,000

* Costs listed in the table are actual costs at the time of purchase

Diesel Extended Comparison Buses at West Farms Depot
Although West Farms Depot is intended to be an all-CNG bus operating depot, some diesel
buses have been operating there. The number of diesel buses operating at the depot decreased as
the newer CNG buses were brought into service. The evaluation in this report used 10 Orion V
high floor diesel buses for a limited comparison to the CNG bus evaluation of mileage usage,

fuel economy, and roadcall rate results.

The diesel buses are model year 1994 and close to the end of their useful life. These diesel buses
have DDC Series 50 diesel engines. One bus (number 416) had been repowered with a newer
DDC Series 50 EGR engine as part of a test program. This bus was removed from the evaluation
due to its significant difference in operation; however, some comments on this vehicle are
provided in this evaluation.

Hybrid Buses at Mother Clara Hale

Ten hybrid buses fro