Journal of Transportation Technologies, 2013, 3, 52-57

o5 Scientific
http://dx.doi.org/10.4236/jtts.2013.31006 Published Online January 2013 (http://www.scirp.org/journal/jtts)

#3% Research

Evaluation of In-Use Fuel Economy for Hybrid and
Regular Transit Buses

Shauna L. Hallmark, Bo Wang, Yu Qiu, Robert Sperry
lowa State University, Ames, USA
Email: shallmar@iastate.edu

Received October 9, 2012; revised November 10, 2012; accepted November 24, 2012

ABSTRACT

Fuel costs are a significant portion of transit agency budgets. Hybrid technology offers an attractive option and has the
potential to significantly reduce operating costs for agencies. The main impetus behind use of hybrid transit vehiclesis
fuel savings and reduced emissions. Laboratory tests have indicated that hybrid transit buses can have significantly
higher fuel economy and lower emissions compared to conventional transit buses. However, the number of studies is
limited and laboratory tests may not represent actual driving conditions since in-use vehicle operation differs from
laboratory test cycles. Severa initial studies have suggested that the fuel economy savings reported in laboratory tests
may not be realized on-road. The objective of the project described in this paper was to evaluate the in-use fuel econ-
omy differences between hybrid-electric and conventional transit buses for the Ames, lowa (USA) transit authority.
On-road fuel economy was evaluated over a 12-month period for 12 hybrid and 7 control transit buses. Fuel economy
comparisons were also provided for severa older in-use bus types. Buses other than the control and hybrid buses were
grouped by model year corresponding to US diesel emission standards. Average fuel economy in miles per gallon was
calculated for each bus group overall and by season. Hybrid buses had the highest fuel economy for all time periods for
all bus types. Hybrid buses had a fuel economy that was 11.8% higher than control buses overall and was 12.2% higher
than buses with model years 2007 and higher, 23.4% higher than model years 2004 to 2006, 10.2% higher than model
years 1998 to 2003, 38.1% higher than for model years 1994 to 1997, 36.8% higher for model years 1991 to 1993, and

36.8% higher for model years pre-1991. Differences between groups of buses also varied by season of the year.
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1. Introduction

Fuel costs are a significant portion of transit agency
budgets. Hybrid buses offer an attractive option and have
the potential to significantly reduce operating costs for
agencies. Hybrid technology has been available in the
transit market for some time. There are over 1200 hybrid
buses in regular service in North America in over 40
transit agencies as of 2009 [1]. The magjority are regular
40-foot buses although some smaller (20-foot) shuttle
buses and larger articulated (60-foot) buses are aso in
service.

Hybrid technology offers an attractive option and has
the potential to significantly reduce operating costs for
agencies. The main impetus behind use of hybrid transit
vehicles is fuel savings and reduced emissions. Wayne et
al [2] estimated that use of diesel-electric hybrid busesin
15% of the US transit fleet could reduce fuel consump-
tion by 50.7 million gallons of diesel annually.

However, purchase of hybrid transit buses requires a
significant investment for transit agencies since a hybrid
bus costs approximately 50% to 70% more than a con-
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ventional diesel transit bus [3]. Additionally, early esti-
mates of fuel savings were based on laboratory studies
which demonstrated significant fuel savings and actual
in-use savings may not have may not have materialized
to the extent transit agencies expected.

2. Background

Laboratory tests in general have indicated that the fuel
economy of hybrid transit buses is significantly better
than for regular buses. Chassis dynamometer tests were
conducted for 10 low-floor hybrid buses and 14 conven-
tional high-floor diesel transit buses run by New York
City Transit [4]. Buses were evaluated over three driving
cycles including the Central Business District (CBD),
New Y ork bus cycle, and the Manhattan cycle. The oper-
ating costs, efficiency, emissions, and overal perform-
ance were also compared while both types of buses were
operating on similar routes. They found that fuel econ-
omy was 48% higher for the hybrid buses.

A study by Battelle[5] tested emissions using a dyna-
mometer for one diesel hybrid-electric bus and two regular
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diesel buses (with and without catalyzed diesel particu-
late filters [DPF]). The researchers reported that fuel
economy for the hybrid bus was 54% higher than the two
regular diesel buses. In another study, two buses were
tested using a dynamometer at the National Renewable
Energy Laboratory’s (NREL'S) Refuel facility in Golden,
Colorado [4]. One bus was a conventional diesel and the
other was a hybrid bus and both were tested over several
drive cyclesincluding Manhattan, Orange County Transit
A (OCTA), CBD, and King County Metro (KCM). Re-
sults indicate 30.3% lower fuel use for the KCM cycle,
48.3% lower for the CBD cycle, 50.6% for the OCTA
cycle, and 74.6% for the Manhattan cycle. Fuel economy
was reported in miles per gallon (mpg).

In another study, Clark et al. [6] evaluated six transit
buses with traditional diesel engines, two powered by
spark-ignited compressed natural gas (CNG), and one
hybrid transit bus in Mexico City using a mobile heavy-
duty emissions testing lab. Buses were tested over a
driving cycle representative of Mexico City transit bus
operation, which was developed using GPS data from
in-use transit buses. Depending on how fuel economy
was evaluated, the hybrid bus ranked 4th and 1st in fuel
economy.

Transport Canada [1] summarized several studies
which compared fuel economy for several transit agen-
cies in Canada. In one laboratory study, using the Man-
hattan Test Cycle, a reduction in fuel consumption of
36% resulted for hybrid buses as compared to regular
buses. Results of a test track study showed a 28% fuel
reduction for hybrid transit buses compared to regular
buses when the buses were operated at an average speed
of 10 km/h with 10 stops per kilometer. As average speed
increased the differences in fuel consumption were
smaller.

Barnitt and Gonder [7] collected school bus drive cy-
cle data for a first-generation PHEV school bus and a
conventional school bus. Both were tested over severa
different driving cycles to represent a range of driving
activity. When in charge-depleting mode, the PHEV had
a fuel savings of more than 30% for the Ruban Dyna-
mometer Driving Schedule for Heavy Duty Vehicles and
Rowan University Composite School Bus drive cycles.
Fuels savings of over 50% were noted for the hybrid
school bus for the Orange County Bus cycle. When in
charge sustaining mode, smaller fuel savings were noted.

As noted, many of the studies which have demon-
strated significant improvements in fuel economy were
based on laboratory studies. Fuel economy varies and is
correlated to a number of factors, including number of
stops per unit distance, road grade, surrounding traffic
volume and conditions, environmental conditions, driv-
ing style, type of hybrid technology (parallel versus se-
ries) [8], roadway type, and passenger load [9]. As are-
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sult, actual in-use fuel economy may vary from what has
been reported for laboratory studies.

A few studies are available which have evauated
in-use fuel economy for hybrid transit vehicles. Trans-
port Canada[1] reported that the Toronto Transit Corpo-
ration which has around 500 hybrid buses was only
achieving a reduction of 10% for in-use fuel consump-
tion. The Federal Transit Administration [10] published a
report on the status, current issues, and benefits of hybrid
bus technology. They summarized the experiences from
four transit agencies in the US and found the hybrid
buses had better fuel efficiency, accelerating, and han-
dling experience. The overall fuel economy increases for
New York, Cedar Rapids, and Los Angeles transit agen-
cies were 18%, 15%, 5% respectively. However, these
values were significantly lower than fuel economy esti-
mates which have been reported in laboratory studies.

In arelated study, Hallmark et al. [11] evauated two
plug-in hybrid-electric school buses and 2 regular school
buses. They found that fuel economy was 29.6% and
39.2% higher for the hybrid buses than the control buses.

3. Project Objectives

Laboratory few tests have indicated that hybrid transit
buses can have significantly higher fuel economy com-
pared to conventional transit buses. However, the number
of studies is limited and laboratory tests may not repre-
sent actual driving conditions since in-use vehicle opera-
tion differs from laboratory test cycles. Severa initial
studies have suggested that the fuel economy savings
reported in laboratory tests may not be realized on-road.

This report summarizes the results of a study which
evaluated fuel economy for 12 hybrid transit and 7 con-
trol buses which are part of the Ames Transit Agency,
CyRide. Ames is a community with a population of a-
most 60,000 and is located in the state of lowa, a Mid-
western state in the US.,

The fuel economy of the hybrid buses was compared
to a set of buses with similar characteristics. Fuel econ-
omy comparisons were also provided for several older
in-use bus types. This information is important because
CyRide needed to compare the impact of the hybrid
buses compared to the buses they replaced.

4. Study Background

CyRide, the city bus system for Ames, lowa, is operated
through collaboration between the city and lowa State
University (1SU). CyRide reported 5,447,289 passengers
for fiscal year 2011 and posted 1,185,089 revenue miles
[12].

CyRide regularly operates around 79 buses and pur-
chased 12 hybrid transit buses using a Transit Investments
for Greenhouse Gas and Energy Reduction (TIGGER)
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grant. In addition to the 12 hybrid buses, 7 regular diesel
buses were selected from among the regular diesel buses
in the CyRide fleet. These control buses were selected
since they had similar bus specifications in terms of
manufacture, model year, and engine size as the hybrid
buses as shown in Table 1. Fuel economy was also
tracked for other buses in the CyRide fleet although they
vary in characteristics. Comparison to other buses was
done so that CyRide could compare the hybrids to the
rest of their fleet as well as assess how much improve-
ment was gained over buses that were replaced by the
hybrid buses.

Other buses were grouped into model years corre-
sponding to US diesel emission standards since engines
from years with the same standards would have similar
emission control technology which can affect fuel con-
sumption. US diesel engine standards cover 1991-1993,
1994-1997, 1998-2003, and 2004-2006, and 2007 and
higher [13]. Buses were included in the analysis if they
were operated for the magjority of a season. Several buses
were only used for a very limited period during the

analysis period and were not included in the analysis.
Other bustypes are shownin Table 2.

CyRide operates with 12 fixed routes. The fixed routes
operate every day of the year except Thanksgiving,
Christmas, and New Year's Day. CyRide rotates buses
into and off the system to meet peak travel demands.
Buses are driven over severa routes according to a pre-
scribed schedule (route pattern), depending on when the
bus comes into and leaves the system. Drivers are typi-
cally assigned to a route pattern. In general the buses are
randomly cycled through the various route patterns. As a
result, it was assumed that buses were randomly de-
ployed across routes and any individual bus was equally
likely to be assigned to a particular route and driver.
Consequently it was assumed that over time, differences
due to route, driver characteristics, and passenger loading
were minimized.

The hybrid-electric buses were in use by Fall 2010.
Initially CyRide was not finding that the hybrid buses
were performing as well as expected. The hybrid buses
were the first ones in production and as a result experi-

Table 1. Specifications of both hybrid diesel buses and conventional diesel buses.

Hybrid Diesel Buses

Conventional Diesdl Buses

Bus Number 118, 119, 120, 121, 122, 123, 124, 429, 430, & 431 819, 820, 821, 822, 126, 127, & 128
2010 2008/2010
Capital Cost $521,970 $367,115
Manufacture Gillig Hybrid Gillig
BusType Low Floor Low Floor
] Cummins ‘10 ISL 280 HP, Cummins ‘10 ISL 280 HP,
Engine

inline six cylinders

Transmission Voith DIWA Parallel Hybrid

After treatment Particular Filter (CPF)

Governed Speed 65 mph

Start Date 6/28/2010
Frontal Area 113.5 x 102 ft
Length x Height 40ft x 138in
Curb Weight 29,500 Ibs

inlinesix cylinders
Voith D864.5 4-speed

Particular Filter (CPF)
65 mph

6/28/2010

113.5 x 102 ft

40ft x 138in

25,000 Ibs

Table 2. Specificationsfor other busestracked for fuel economy.

Standard Year Number of Buses Bus Types

Pre-1991 7
1991 to 1993 6
1994 to 1997 7
1998 to 2003 18
2004 to 2006 12

GMC—1973; Orion V—1989

Gillig Phantom—1993

Gillig Phantom—1996; Gillig Phantom—1997

Gillig Lowfloor—1999; Orion V—2000; Orion VV—2002

Gillig Lowfloor—2008; Orion V—2005; Orion V11—2006

Copyright © 2013 SciRes.

JTTs



S.L.HALLMARK ET AL. 55

enced some early issues. Consequently, the manufacturer
made several adjustments to the brake pedals and made
programming adjustments. The first adjustments made in
early summer 2011 to fix the brake pedas, which di-
rectly affects the capture of regenerative energy. Pro-
gramming was conducted to increase fuel economy. The
team collected data prior to July 2011 but since fairly
significant changes had occurred, they did not include
that datain the final analysis.

5. Data Collection

CyRide buses are usualy fueled at the end of their ser-
vice day when they return to the garage. Each time a bus
is fueled is referred to as a fueling period. CyRide tech-
nicians note the amount of fuel used (in gallons) and the
odometer reading for each fueling period. Differences in
odometer readings between fueling periods represents the
operating mileage during the period between fueling
which in most cases was one day. CyRide uses an aver-
age of a 2% blend of bio-diesal. Buses are all fueled from
the same tank.

Fuel and odometer data were provided to the team
weekly or bi-weekly in a hard copy format. Data were
entered into a spreadsheet with date, bus number, fuel
used, and odometer reading. One row of data represents
on fueling period. Data were manually entered by fueling
period by bus. Consequently each row of data (observa-
tion) was one fueling period for a one particular bus.
Data were collected and entered for 50 buses. This re-
sulted in 5746 fueling periods (observations) for the
one-year analysis period.

Data were reviewed to ensure data quality. Outliers
were identified and if they appear to be erroneous data,
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were removed. For instance, odometer readings or fuel

economy that clearly did not make sense were removed.
Since environmental conditions can impact fuel econ-

omy, weather was approximated by using season of the

year. Quarters were designated using the following con-

vention, which aggregates months where weather condi-

tions were the most likely to be similar in lowa:

e Winter (December, January, February);

e Spring (March, April, May);

e Summer (June, July, August);

o Fall (September, October, November).

6. Analysisand Resutls

In addition to the hybrid and control buses, other buses
were grouped by model year corresponding to US diesel
standards as shown in Table 2. Data were further disag-
gregated by season. Fuel economy (in miles per gallon
{mpg}) for each observation was calculated by using
Equation (1):

FE =m/F @)

where;

FE; = fuel economy in miles per gallon for fueling in-
terval i,

m = miles driven during fueling period i,

Fi = fuel used for fueling period .

Average fuel economy was calculated for each bus
group overall and by season. Results are shown in Fig-
ure 1. Average fuel economy by bus group by season is
shown aong with the standard error. Results were also
compared using a t-test. Standard error was calculated
using Equation 2. Standard error is shown as error barsin
Figures1and 2.

® Hybrid
uControl
u'07+
4'04-'06
'98-'03
2'94-'97
u'91-'93
uPre-91

Winter

Figure 1. Average fuel economy (mph) by season by bus group.
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Figure 2. Fuel economy for hybrid and control buses by
season.
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As shown, hybrid buses had the highest fuel economy
for all time periods combined. Hybrid buses had a fuel
economy that was 11.8% higher than control buses (p <<
0) for all times periods and was 12.2% higher than buses
with model years 2007 and higher (p << 0), 23.4% higher
than model years 2004 to 2006 (p << 0), 10.2% higher
than model years 1998 to 2003 (p << 0), 38.1% higher
than for model years 1994 to 1997 (p << 0), 36.8%
higher for model years 1991 to 1993 (p << 0), and 36.8%
higher for model years pre-1991 (p << 0).

Differences between groups of buses also varied by
season. The hybrid bus had average fuel economy that
was 1.3% higher than control buses for fal (p << 0),
16.4% higher for spring (p << 0), 8.6% higher for sum-
mer (p << 0), and 13.3% higher for winter (p << 0). Fuel
economy was highest for almost all bus types in the
spring. Additionaly, as shown average fuel economy
was lower in the summer for most bus types than for the
other seasons. In most cases, fuel economy was highest
in the spring

Fuel economy was compared by season as shown in
Figure 2 for hybrid buses. Fuel economy was highest in

the spring (4.8 mpg) and lowest in the summer (4.5 mpg).

Fuel economy was 6.3% higher in the spring than fall (p
<< 0), 14.4% higher in the spring than in the summer (p
<< 0), and 8.1% higher for spring than winter (p << 0).
Fuel economy was 7.6% higher in the fall than summer
(p << 0) and 1.7% higher in the fall than winter although

the difference was not statistically significant (p = 0.116).

Finally fuel economy was 5.7% higher for the winter
than summer (p = 0.0001).

Similar results were found for control buses as shown
in Figure 2. However differences between seasons were
less pronounced than for the hybrid buses. The highest
fuel economy occurred in the spring and the lowest fuel
economy occurred in the summer (6.7% higher, p =
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0.0014). Fuel economy was also higher in the spring than
in the fall (3.5% higher, p = 0.0315) and winter (5.3%
higher, p = 0.009). Similarly fall has the next highest fuel
economy by season for the control buses and was 3.1%
higher than summer (p = 0.038) and 1.7% higher than
winter (p = 0.157) athough the difference is not statisti-
caly significant. Wintertime fuel economy is 1.3% higher
than summer (p = 0.744) but the difference is not statis-
tically significant.

7. Summary

Hybrid transit wbuses require a significant investment for
transit agencies with purchase price currently being ap-
proximately 50% to 70% higher than a conventional die-
sel bus. Early estimates of cost savings may not have
materialized to the extent transit agencies expected. In
order to justify the expenditure, agencies require more
guantitative information about the on-road fuel economy
for hybrid buses.

In-use fuel economy differences were compared for
hybrid-electric and conventional transit buses for the
Ames, lowa (USA) transit authority, CyRide. On-road
fuel economy was evaluated over a 12-month period for
the 12 hybrid transit and 7 control buses. The hybrid
diesel buses are 2010 Gillig low floor buses with 280 HP
and in line six cylinders. The control buses are 2008/
2010 Gillig low floor diesel buses also with 280 HP and
in line six cylinders. Fuel economy comparisons were
also provided for severa older bus types. Buses other
than the control and hybrid buses were grouped by model
year corresponding to US diesel standards.

Average fuel economy in miles per gallon was calcu-
lated for each bus group overall and by season. A total of
5,746 observations were available for the 12 month
analysis period.

Hybrid buses had the highest fuel economy for all time
periods for all bus types. Hybrid buses had a fuel econ-
omy that was 11.8% higher than control bus overal and
was 12.2% higher than buses with model years 2007 and
higher, 23.4% higher than model years 2004 to 2006,
10.2% higher than model years 1998 to 2003, 38.1%
higher than for model years 1994 to 1997, 36.8% higher
for model years 1991 to 1993, and 36.8% higher for model
years pre-1991. Differences were statistically significant.

Fuel economy for the hybrid buses was highest in the
spring at 4.8 mpg and lowest in the summer at 4.5 mpg
(14.4% higher). Fuel economy for the hybrid buses was
6.3% higher in the spring than fall and 8.1% higher for
spring than winter. Fuel economy was 7.6% higher in the
fall than summer and 1.7% higher in the fall than winter
although the difference was not statistically significant.
Finally fuel economy was 5.7% higher for the winter
than summer.
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Fluctuations were dightly higher over season for the
hybrid versus control buses. This may be due to power
requirements for heating and air condition.

Similar results were found for other bus types with the
highest fuel economy in the spring and lowest in the
summer.

Overdl, hybrid buses reported fuel economy that was
around 12% higher than for similar control buses. Thisis
similar to results found from other in-use studies which
have reported fuel economy improvements from 5% to
18%. These estimates are somewhat lower than the esti-
mates from laboratory studies which have shown im-
provements of 30% to 75%.

8. Study Limitations

Fuel economy is highly correlated to vehicle operation
(amount of time spent in a particular speed/acceleration
range). Fuel economy is aso related to vehicle load
(number of passengers). Ideally, the study would have
collected instantaneous fuel economy and vehicle opera-
tion by instrumenting vehicles. This type of data could
have been collected for a short analysis period; however,
it was felt that tracking the buses over a longer period of
time was more representative of in-use fuel economy.
Additionally, it was not within project resources to in-
strument buses and collect and reduce these data daily
over a 12-month period.

The team did attempt to collect passenger load. How-
ever, CyRide only collects total passengers who utilized
a particular bus on a daily basis (ho information about
where passengers embark or disembark). As a result,
collection of passenger load would reguire data collectors
to be present on the buses, which was not feasible.

Since CyRide does rotate buses over route patterns, it
was assumed that buses would randomly be assigned over
all route patterns over time. Since each route has similar
drivers, route characteristics and passenger loading, rota-
tion across routes would minimize differences. The team
acknowledges that this is not a perfect solution and as-
sumes no bias on the part of CyRide in assigning buses.
Additionaly it cannot account for daily differencesin traf-
fic operations and ridership. These issues, however, are
inherent with any large scale, uncontrolled data collec-
tion study. And the team feels that collection of the data
in-use does provide valuable information to transit agen-
cies that are likely to compare differences in a similar
manner.
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