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l. Overview

On June 11" Central Vermont Public Service (CVPS) and Green Mountain College (GMC)
officially launched the Plug’n Go initiative to assess the opportunity that plug-in hybrid electric
vehicle (PHEV) technology may represent here in Vermont. CVPS converted two conventional
hybrid electric vehicles (Toyoto Prius) to PHEVs using a Toronto-based company called
Hymotion. The Hymotion conversion adds five kilowatt-hours of additional battery storage, with
leading edge lithium ion battery technology, the control logic, and an external plug to allow
charging from the electric grid.

One of the PHEVSs is being used by CVPS as a pool vehicle, and the second vehicle was leased
to GMC for a period of two-years. The PHEV in use by CVPS is referred to here as Plug’ n Go

1 and the leased vehicle to GMC is referred to as Plug’ n Go 2. The GMC leased PHEV is
being used by GMC faculty in a regular commute pattern. The first driver had an above average
commute distance—approximately 32 miles one-way—and drove the vehicle from September,
2007 through March, 2008. The second GMC drive has a below average commute of just 10
miles one-way, and began driving the vehicle in early April.

A PHEV differs from a conventional hybrid electric vehicle (HEV) commercially available today
in two important ways. First, additional battery storage and a three-pronged plug allow a PHEV
to displace gasoline purchased at the pump with electricity purchased from the electric grid.
Conventional hybrids use the battery pack in what is described as a charge sustaining mode,
meaning the battery pack is subject to shallow cycles of discharging and charging from the
vehicle engine and the regenerative breaking system. In contrast, a PHEV uses a charge
depletion strategy, whereby it uses a much greater percentage of the battery pack for vehicle
operations. Once the battery pack is nearing depletion, the vehicle reverts back to a charge
sustaining mode similar to its non plug-in counterpart.

Each of the vehicles being analyzed here has two separate battery packs, the original one that
comes with a standard Prius using a nickel metal hydride chemistry and the supplemental
battery pack provided as part of the conversion by Hymotion, which uses a non-phosphate
lithium ion chemistry manufactured by A123 Systems Inc. Data on the state of charge for each
of these battery packs can be obtained from the on-board data loggers. Figure 1 below
illustrates the difference between charge sustaining and charge depletion operation, providing
data on the state of charge for both battery packs during a 37 mile trip in Plug’ n Go 2.



Figure 1
State of Charge (SOC) for Hymotion Battery Pack vs. Prius Battery Pack
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The data loggers installed in each vehicle measure a variety of information on the vehicles’
performance. GMC has been collecting and analyzing the performance data on both vehicles
since September of 2007. Due to difficulties with the data logging system and the enormous
size of the data files, it has taken researchers longer than planned to gather and process the
data.

The data files contain time series data on each drive cycle, or trip. When the engine is turned
on a new file is created, collecting a variety of data during the trip, and the file is ended when
the vehicle is turned off. The data in each file is compiled to provide summary statistics for each
particular trip. Table 1 indicates the variables that are calculated from each of the individual trip
files. In addition, a watt meter was used by the driver of Plug’ n Go 2 to record the amount of
energy in KWh used each evening to charge the vehicle.



Table 1

PHEV Performance Data per Trip: Collection and Recording Protocol

Variable

Description

Units

Date (D)

date of the trip

month_day_year

Trip Length (TL)

miles of travel per trip

miles

Trip Duration (TD) number of minutes of the minutes
on/off event
Average Speed average speed of trip mph

(MPH) (miles per hour)
Average Miles Per average fuel economy of mpg (miles of travel
Gallon (MPG) trip per gallon)

Begin SOC Hymotion
pack (B_H_SOC)

state of charge of the
Hymotion battery pack at
start of trip

percentage of
usable energy
remaining in battery
pack

End SOC Hymotion
pack (E_H_SOC)

state of charge of the
Hymotion battery pack at
end of trip

percentage of
usable energy
remaining in battery
pack

Begin SOC Prius
pack (B_P_SOC)

state of charge of the Prius
battery pack at start of trip

percentage of
usable energy
remaining in battery
pack

End SOC Prius pack

state of charge of the Prius

percentage of

(GAS)

trip

(E_P_SOC) battery pack at end of trip usable energy
remaining in battery
pack

kWh Used (kWh) total energy used during kWh

the trip
Gasoline Consumed | total fuel used during the gallons

L. Key Findings

Several key findings resulted from analyses of the data. Summary data, as indicated in Table 1
above, was analyzed for 220 distinct trips. An additional variable was created by subtracting the
state of charge (SOC) of the Hymotion battery pack at the end of the trip from the SOC of the
pack at the beginning of the trip; this variable is called “SOC Change.” This variable indicates
how extensive the charge depletion was for a particular trip. For example a value of 90 or
above would indicate a trip leading to a full depletion of the Hymotion pack.

The raw data is contained in appendix A of this report. The key findings include:

o for the entire dataset (including both Plug’ n Go 1 and Plug’ n Go 2) with summary data
on 220 trips totaling 7,580 miles traveled, the average fuel economy was 55 mpg;



e the average fuel economy for the 84 trips where the variable SOC Change was 10
percent or more (these are trips with vehicle operation to a large degree in charge
depleting mode) was 69.3 mpg, the average distance was 34.0 miles, and the average
speed for these trips was 38.4 mph;

e the average fuel economy for the 136 trips where the SOC Change was less than 10
percent (these are trips with vehicle operation in charge sustaining mode) was 46.1 mpg,
the average distance was 34.8 miles and the average speed for these trips was 40.2
mph;

e as a proxy for temperature the dataset was divided between trips recorded through
October and those recorded after October 31%, 2007, average fuel economy dropped
from 58.5 mpg to 51.5 mpg for these two time periods respectfully, resulting in a 12
percent drop in overall fuel economy due to colder weather and snow tires; and

e each charge cycle of a depleted Hymotion battery pack requires approximately 6 kWh of
energy from the grid as measured through a watt meter, this translates into
approximately 3.8 kWh of energy being delivered to the vehicle drive system, or a 63
percent wall to wheels conversion efficiency.

1. Discussion

The PHEVs being evaluated in this study deliver optimal fuel economy when the Hymotion
battery pack is fully charged before the start of the trip and used in a charge depleting mode.
On average the PHEVs used in this mode achieve approximately 70 mpg equivalent. The
vehicles revert from charge depleting to charge sustaining mode when cumulative miles driven
during a trip reach 37, although the terrain and driver behavior can influence this. Of the 21
trips recorded with fuel economy results of 80 mpg or higher, the trip lengths were equal to or
less than 37 miles.

Given the PHEVs performance when in charge sustaining mode (operating like a conventional
HEV), the additional battery storage and gird charging improves the efficiency by 50 percent—
going from 46.1 mpg to 69.3 mpg. If we assume a 70 mile trip, the vehicle would consume
about 1.5 gallons of fuel when operating in charge sustaining mode. With fuel prices at say
$3.25/gallon this trip would cost the driver $4.88. Alternatively, this same 70 mile trip operating
with a fully charged Hymotion battery pack in charge depleting mode would require one gallon
of gasoline and 6 kWh of electricity. Again assuming the cost of gasoline at $3.25 and
electricity at 12¢/kWh, the cost of this trip would be just $3.97. This translates into a fuel cost
savings of 91¢ for a 70 mile trip.

The round trip inefficiency for these PHEVs is significant. The wall to wheels conversion
efficiency was estimated to be 63 percent. For every kWh delivered to the drivetrain, 1.37 kWh
must be purchased from the utility company. These losses result from inefficiencies in the
charger and the power electronics that deliver power to the vehicle’s drivetrain.



Appendix A

Raw Data for Plug’' n Go 1 & Plug’ n Go 2
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Appendix B

Exit Survey from First Plug’ n Go 2 Driver



Plug-In Hybrid Electric Vehicle Research Project
Driver Exit Survey

Thank you for your participation in the plug-in hybrid (PHEV) research project. Please take a
moment to complete this exit survey.

Name: |Driver 1 |

Age: 32

How many miles did you typically commute each day in the plug’ n go (PHEV)? 76

Did you notice an increase in your monthly electric bills once you began charging the plug’ n go
in at night? Yes / No

Did you ever forget to plug the vehicle in at night when you returned home from campus? Yes/
No

If yes, approximately how many times over the period that you were driving the plug’ n
go did you forget to plug the vehicle in at night? 2-3 times (of these, sometimes | didn’t
push the plug in all the way such that it didn’t charge)

On a scale from 1 to 5 rate the inconvenience of plugging in the car at the end of your daily
commute.

Very Inconvenient No Inconvenience

1 2 3

I~

5

Can you estimate roughly how much money you likely saved each month driving the plug’ n go?
$ 125

Would you ever consider buying a plug-in hybrid vehicle if they were offered by car
manufacturers at a competitive price? Yes/No

Please indicate what things you enjoyed about driving the plug’ n go vehicle.

| loved saving money and | loved saving time when | filled up at the pump. | filled up less often
and it’s quite a small tank. | also enjoyed knowing that there was one less gass guzzler on the
road thanks to this opportunity. Parking was a breeze. The computerized console is pretty fun
and it was interesting to see where the energy was going/coming from.

Please indicate what things you did not like about driving the plug’ n go vehicle.

The only things | didn’t like have more to do with small cars in general. On windy days, or when
the roads were fairly icy or snowy, the car could be difficult to handle. With that said, traction
control and anti-lock brakes certainly kicked in when they needed to. Also, on very cold days



carrml
Text Box
Driver 1


the heater had a tough time warming the car up. Lastly, it was sometimes a challenge fitting
everything | needed to in the car, including really tall people. A tad more cargo room would
have been nice, especially if they could figure out a way to make it bigger and just as fuel
efficient. (One last minute point, not sure if you even care about this one, but some of the
buttons on the steering wheel are a little awkward. Sometimes the radio would get really loud
before | figured out | was resting my hand on the volume.)






