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Hybrid-Electric Vehicles

Submitted by:

Gregory Kremer, Ph.D., Ohio University, Athens, Ohio

Problem Statement

You are ready to buy a new car and are concerned
about the high gas prices and the environmental impact
of most automobiles. You have heard about different
kinds of hybrid vehicles and are trying to decide if one
of them is right for you. You asked an engineering firm
to provide input to you. It is your engineering group task
to provide information from which the consumer can
make an intelligent decision.

Background

Although pure electric vehicles have failed in the market
(due to limited range and high cost), hybrid-electric
vehicles have been successful. The power for a hybrid-
electric vehicle (HEV) comes from an electric motor
(powered by a rechargeable propulsion battery pack) in
combination with a standard automotive engine, usually
an internal combustion (IC) engine or a compression
ignition (Cl) engine. This power sharing arrangement
allows use of a smaller and more efficient engine sized
for the average vehicle load since the motor supplies
the additional power needed for the peak loads of
acceleration and hill climbing. Additional efficiency and
fuel economy benefits for hybrid vehicles can be realized
by using the electric motors to quick-start the vehicle
(allowing the vehicle to shut down rather than idle when
stopped) and to generate electricity (via a regenerative
braking arrangement that uses the motor as a generator
to create electrical power to recharge the propulsion
batteries).

Hybrid-electric vehicles with larger battery packs
designed for extended electric-only operation (usually
from 10 to 60 miles) are called plug-in hybrids (PHEV,
where a PHEV-20 has a 20 mile range in electric
mode). Their great advantage is that they get between
3 and 8 miles per kilowatt-hour (kWh) during electric
operation, which equates to about 100 to 300 miles
per gallon gasoline equivalent (mpg_ge). The cost of
energy per mile in electric mode is also much less than
for most standard cars. One additional benefit is that
these vehicles could use off-peak electricity to charge

the batteries, which is lower cost and could increase

the efficiency and the life of power plants since they
would not have to ramp down production on their big
generators every day. Running cars off of electricity also
generates significantly less greenhouse gases.

One of the major issues with hybrid vehicles (especially
plug-in hybrids) is battery cost and weight. The popular
gasoline-electric hybrids closely monitor battery charge
levels and keep the charge level in the safe region by
using power from the engine to turn the generator
when battery charge gets low due to heavy use of

the motor. In a plug-in hybrid, although the battery
capacity is much larger, the batteries are discharged
significantly during electric operation, and rechargeable
batteries tend to die much faster if they are consistently
discharged below 40% of their capacity. Replacement
batteries are very expensive and will not likely be covered
as part of a warranty.

Assumptions and Givens

Emissions

e Internal combustion engines burn a mixture
of hydrocarbon compounds (gasoline) in the
presence of oxygen. A perfectly efficient burn
yields carbon dioxide, water vapor, and energy, but
at realistic efficiency levels the emissions include
the components of smog (hydrocarbons, carbon
monoxide and oxides of nitrogen) and respirable
particles.

e Pollutants that are controlled by vehicle emissions

standards:
Clean Car Campaign-
SULEV Standard
Pollutant .
(grams/mile)
Hydrocarbons (HC) 0.01
Carbon Monoxide (CO) 1.0
Nitrous Oxides (NOXx) 0.02
Particulate Matter (PM) 0.01
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Emission ratings for vehicles

e ZEV: Zero Emission Vehicles have zero tailpipe
emissions and are 98 percent cleaner than the
average new 2003 model year vehicle. They include
electric vehicles and fuel cells.

e AT PZEV: Advanced Technology PZEVs meet SULEV
tailpipe emission standards, have zero evaporative
emissions and include advanced technology
components. A plug-in hybrid or a compressed
natural gas vehicle would qualify in this category.

e PZEV: Partial Zero Emission Vehicles meet
SULEV tailpipe emission standards, have a
15-year /150,000-mile warranty and have zero
evaporative emissions.

e  SULEV: Super Ultra Low Emission Vehicles are
90 percent cleaner than the average new 2003
model year vehicle. That translates to "only"
1 pound of emissions after 15,000 miles (when
using low-sulfur gasoline), compared to 10 pounds
for the average car.

e There are currently no national regulations on
carbon dioxide emissions (some will phase in during
2009).

e 32% of the total amount of carbon dioxide (CO,)
emissions in the U.S. is due to transportation. 60%
of the transportation related CO, emissions are from
light duty vehicles (automobiles and light trucks),
with the other 40% from trucking, shipping, and
mass transportation.

e  Most SULEV and PZEV cars reach the emissions
levels by adding a quick-heating catalytic converter,
adding a steel gas tank and fuel lines, and including
a system that keeps vapors from escaping from the
tank. However, these measures are not effective
in reducing CO, emissions, which are directly
proportional to the amount of fuel combusted and
inversely proportional to fuel economy.

e The fuel economy on some PZEV cars is pretty
disappointing. The 2005 Ford Focus ZX4 ST gets
only 23 mpg city/32 mpg highway. Only a bit better
are the Honda Accord LX sedan (24/34) and the
Nissan Sentra (28/34).

e Average CO, emissions for conventional IC engine
powered automobiles: 0.66 Ib/mile.

e 1.5 pounds of CO, is emitted per 1 kWh of
electricity generated.

Energy and Efficiency

The corporate average fuel economy (CAFE) regulations
mandate that all major U.S. automakers must produce
and sell vehicles that on average meet a certain level of
fuel economy. The CAFE standard is a combined
city/highway standard assuming 55% of driving is done
in the city and 45% is done on the highway.

e Corporate Average Fuel Economy (CAFE) for
automobiles based on EPA drive cycles: 27.5 mpg

e Corporate Average Fuel Economy (CAFE) for light
trucks and SUV's: 20.7 mpg

e The U.S. fleet is composed of approximately
65% cars and 35% light trucks and SUV's.

e Actual Fuel Economy for most vehicles is 10% lower
than EPA estimates.

o Efficiency of battery charger: 90%

e 33.5 kWh per gallon of gasoline (energy
equivalence).

e The average number of miles each U.S. motor
vehicle is driven each year: 15,000 miles

e The average number of years for the original owner
to use a light duty vehicle as a primary vehicle
before selling it or sending it to the junkyard: 6

e 1 kW solar system produces on average 100 kWh
per month, ranging from about 2 kWh daily average
in winter to 6 kWh daily average in summer.

e Average cost of electricity produced by a residential
solar system: 25 cents per kWh

e Average cost of electricity produced by private
energy companies: 10 cents per kWh

Economics

e Due to the two power sources and the high cost of
NiMH batteries and sophisticated control systems,
the average hybrid-electric vehicle costs $2,000
more than a similarly equipped conventional vehicle.
Due primarily to the additional batteries, a plug-in
hybrid-electric vehicle with a 20 mile electric-only
range costs $5,000 more than a similarly equipped
conventional vehicle (or $3,000 more than a
standard hybrid vehicle).
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According to the Energy Information Administration,
recent improvements in battery cycle life means it

is highly probable that NiMH batteries can meet
130,000 to 150,000 lifetime mileage for HEVs,
PHEVs with less than 60 miles of electric driving
range, and battery electric vehicles (BEVs).

Other than the cost of fuel, the operating costs for a
hybrid-electric vehicle are the same as the operating
costs for a conventional internal combustion engine
powered vehicle.

At the time of this writing, the average cost of a
gallon of regular unleaded gas in the U.S.: $3.00

Vehicles

The Honda Civic Hybrid uses Integrated Motor Assist
(IMA) technology to control a 93 hp 1.3L i-VTEC
four cylinder engine paired with a 20 hp electric
motor to achieve good performance and an

EPA estimated city/highway fuel economy of

49/51 miles per gallon (actual values reported by
owners are 45 mpg average). The Civic hybrid also
meets Advanced-Technology Partial Zero Emissions
Vehicle (AT-PZEV) standards in all 50 states.
Equipped with a continuously variable transmission
(CVT), the Civic Hybrid can deactivate all four of its
cylinders and operate using only the electric motor
in certain steady-state cruising situations. Compared to
the 2006 Civic Sedan with an automatic transmission,
the Civic Hybrid provides a city fuel economy
increase of approximately 63 percent and a highway
fuel economy increase of 27 percent. Manufacturer’s
suggested retail price (MSRP) for the base model is
$22,100. The Honda Civic hybrid technology is not
conducive to being converted to a PHEV.

The Toyota Prius' Hybrid Synergy Drive® combines
an efficient 76 hp gas engine with a 67 hp electric
motor powered by a 28 hp nickel-metal hydride
traction battery to achieve a hybrid system net
power of 110 hp. It has good performance and a
combined city/highway EPA mpg rating estimate of
55 (actual values reported by owners are 48 mpg
average). As for emissions, the mid-size hybrid

is designed to exceed the standards for a Super
Ultra Low Emission Vehicle (SULEV) and achieve an
Advanced Technology Partial Zero Emission Vehicle
(AT-PZEV) rating. MSRP for the base model is
$20,800.

The Toyota Prius has a 201 volt, 1.3kWh battery
pack mounted under the rear passenger seat. If the
battery is fully charged and the engine warmed up,
you can drive for short distances at speeds up to
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42 mph without the gasoline engine turning on.

By replacing the standard battery with a

9 kWh Lithium-ion pack and modifying the control
system, the Prius can be successfully converted into
a PHEV-60 which can travel up to 60 miles in electric
mode using only 0.125 kWh per mile (by decreasing
the battery state of charge). After the battery is
reduced to about 20% of its capacity, the PHEV
operates in hybrid mode until it can be plugged in to
restore the battery to full capacity.

The Ford Escape Hybrid SUV drives like a normal
SUV, performs superbly and has comfortable seating
for five, a versatile cargo area, and a 1,000-pound
towing capacity. The EPA estimated city/highway
fuel economy is 36/31 mpg (actual values reported
by owners are 28 mpg average), compared to
22/26 mpg for the non-hybrid Ford Escape. MSRP
for the base hybrid model is $25,000, compared to
MSRP for the base non-hybrid model of $20,000.

On a basis of total energy use, for a 150 mile trip
the mpg_ge of a Prius PHEV-60 is most nearly:

about the same as Prius HEV

30 mpg_ge greater than Prius HEV
30 mpg_ge less than Prius HEV

90 mpg_ge greater than Prius HEV
250 mpg_ge greater than Prius HEV

Pon oo

On a fuel and energy cost-basis, the distance that a
Prius PHEV-60 can travel for $1 is most nearly:

same as Prius HEV

1.5 times farther than a Prius HEV
2 times farther than a Prius HEV
3/4 as far as a Prius HEV

4 times farther than a Prius HEV

Pon oo

The total cost (purchase cost plus operating cost)
for the Honda Civic Hybrid over a 6-year operating
period is most nearly:

same as the Honda Civic

$100 less than the Honda Civic
$700 less than the Honda Civic
$300 more than the Honda Civic
$500 more than the Honda Civic

Pon oo

The amount of CO, reduction due to driving a Prius
HEV as compared to a conventional automobile
would be most nearly:

a. 4,800 lbs. per year
b. 250 lbs. per year
¢. 1,000 lbs. per year

d. 10,000 Ibs. per year
e. 100 lbs. per year
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25. The amount of fuel savings per year due to driving
a Ford Escape Hybrid as compared to a conventional

SUV would be most nearly:

a. 1,600 gallons d. 0 gallons
b. 545 gallons e. 133 gallons
c. 270 gallons

26. The range that a Toyota Prius HEV driver could
travel on one tank (12 gallons) of gas based on
actual reported fuel economy as compared to EPA
estimated fuel economy is most nearly:

d. 65 miles more
e. 85 miles less

a. the same
b. 10 miles less
C. 25 miles less

27. The operating cost difference between a solar
powered Prius PHEV-60 compared to a private
electric utility powered PHEV-60 for a year of
driving, assuming 75% of the yearly mileage is
in EV only mode, is most nearly:

d. $ 30 lower
e. $ 300 lower

a. $10 higher
b. $200 higher
c. $0

28.

29.

30.
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The amount of CO, emitted by the original owner of
a Ford Escape hybrid SUV compared to the owner of
a non-hybrid version is most nearly:

a. the same d. 75% less
b. 25% less e. 100% less
c. 50% less

The distance that a Prius PHEV-60 owner could live
from work to be able to commute year round using
only the electricity provided by a 1kW residential
solar system used exclusively to charge batteries for
the vehicle is most nearly:

a. 1 mile d. 13 miles
b. 3 miles e. 43 miles
c. 7 miles

The amount of time to pay back the extra cost of a
Prius PHEV-20 compared to a Prius HEV (assuming
75% of the driving is in EV mode) is most nearly:

a. 22 years d. 5 years
b. 13 years e. 1year
C. 8years
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Problem #3
Hybrid-Electric Vehicles
21. Answer d
Actual mpg reported by owners of Toyota Prius Hybrid Electric vehicle: 48 mpg
The Prius HEV-60 can run for 60 miles on “electric only” using 0.125 kWh/mile.
The energy equivalence of gasoline is: 33.5 kWh/gallon
Therefore, for the first 60 miles the mpg gasoline equivalent (mpg_ge) of the
Prius HEV-60 is:
With the total trip being 150 miles, the remaining 90 miles will be done with
48 mpg.
Therefore, the overall mpg_ge of the Prius HEV-60 for the 150-mile trip is:
(60 miles)(26‘8mpg_ge) N (90 miles)(4$mpg_ge) — 136mpg_ge
150miles 150miles
Therefore, the mpg_ge difference of the Prius HEV-60 and the Prius HEV is:
136 mpg_ge — 48 mpg_ge = 88 mpg_ge greater
22. Answer e
The Prius PHEV-60 can travel on electricity for the first 60 miles.
The cost per mile in this mode is:
(0.125 kWh/mile)($0.10/kWh) = $0.0125/mile
1.215(::0:% = 80 miles
So $1.00 for fuel will get us 80 miles but this is only good for the first 60 miles.
(60 miles) ($0.0125/mile) = $0.75
TEAMS 2007
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For the remaining $0.25 from the dollar - and using the 48 mpg actual reported
mpg for the Toyota Prius Hybrid Electric - the HEV will travel the following

distance:
48miles | 1gallon ($ 0.2 5) _ dmiles
gallon )\ $3.00 '

Therefore, the total distance for the PHEYV is:
(60 miles under EV) + (4 miles under HEV) = 64 miles

If the $1.00 was used exclusively for HEV we would have gone as far as:

48 miles (lgallonj(ﬂ;l .OO) — l6miles
gallon )\ $3.00

PHEV -distance _ 64miles 4
HEV -distance  16miles

23. Answer ¢

We will use the EPA estimated city/highway fuel economy of 49/51 miles/gallon
of the Civic Hybrid to calculate the EPA mpg rating for the Civic.

Using the 49/51 miles/gallon estimate for the Civic Hybrid, and using the
following facts: (a) 49 miles is 63% fuel economy increase and (b) 51 miles is a
27% fuel increase over the Civic, we determine:

e 49 mpg
Fuel Economy for Civic in City = ———==30m
y Yy 163% pg
S1mpg

Fuel Economy for Civic in Highway =

1270, yompe

Then since the actual fuel economy is for most vehicles 10% lower than EPA
estimates, we adjust the ratings:

(30 mpg) (90%) =27 mpg
(40 mpg) (90%) = 36 mpg

The CAFE standard assumes 55% of the time the car is driven in the city and only
45% is driven on the highway:

TEAMS 2007
Part I and Part II Solutions 17
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24.

(55%) (27 mpg) + (45%) (36 mpg) = (14.85 + 16.2) mpg
then the answer for the Honda Civic is 31 mpg.

The total 6-year operating cost for Honda Civic is:

[ﬁ]{ 3 llfl:iilles}( 15,000 miles/year)(6 years) = $8,709

The total 6-year operating cost for the Honda Civic Hybrid is:

Extra cost for a Hybrid car = $2,000

$3 ) _Leal (15,000 miles/year)(6 years) + $2,000
gal \ 45mpg

Note that the extra cost for a Hybrid car is $2,000 and that the average number of
miles each U.S. motor vehicle is driven each year is 15,000 miles.
Honda Civic Hybrid Cost = $8,000

(Regular — Hybrid) , = $8,709 - $8,000 = $709

cost

Answer a

The average CO , emissions for conventional internal combustion engine powered
automobiles is: 0.66 lb/mile.

The actual mpg for the Prius HEV is: 48 mpg.

The Corporate Average Fuel Economy (CAFE) for automobiles based on EPA
drive cycles is: 27.5 mpg.

Actual fuel economy for most vehicles is 10% lower than EPA estimates.
On the average a vehicle in U.S. is driven for 15,000 miles per year.

CO, emissions are directly proportional to the amount of fuel combusted and
inversely proportional to the fuel economy.

Actual mpg for average vehicle = 27.5 mpg — 2.75 mpg

=24.75 mpg

TEAMS 2007
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If a 24.75 mpg vehicle emits 0.66 Ib CO , /mile then the Prius HEV emits:

(MJ(O.% Ib CO,/mile) = 0.34 IbCO, /mile
48 mpg

The reduction in CO , emissions for the Prius HEV compared to the average
automobile is:

(0.66 —0.34) Ib CO, /mile = 0.32 Ib CO , /mile

Expand this to an entire year:

(0.32 1b CO, /mile)(15,000 miles/year) = 4,800 Ib decrease.

25. Answer ¢
The Corporate Average Fuel Economy for an SUV is: 20.7 mpg.
The actual fuel economy is 10% lower = 20.7 mpg — 2.07 mpg
=18.6 mpg
The actual Ford Escape Hybrid combined city/highway fuel economy is = 28 mpg
The fuel consumption per year for the Hybrid is:
15,000 miles/year _ 536 gallons
28 mpg
The fuel consumption per year for a Standard vehicle is:
15,000 miles/year _ 806 gallons
18.6 mpg
Savings per year: 806 gallons — 536 gallons =270 gal.
26. Answer e
TEAMS 2007
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27.

The Prius Hybrid has a combined city/highway EPA mpg of 55 while actual
values reported are 48 mpg average. This represents a drop of 7 mpg.

55 mpg — 48 mpg = 7 mpg.
With one tank of gas (12 gallons):

(12 gallons)(7 mpg) = 84 miles

Answer b

With the 15,000 miles per year, the 75% of the EV mode and the 25% of the
HEV mode correspond to:

(15,000 miles/year)(0.75) = 11,250 miles in EV mode
(15,000 miles/year)(0.25) = 3,750 miles in HEV mode

The Prius is successfully converted into a PHEV-60 that travels 60 miles in
electric mode using 0.125 kWh per mile.

The cost per mile using solar electricity is:

mile kWh

( 0.125 kWhj( $0-25j — $0.03125/mile

The cost per mile using public grid electricity is:

(0.125kWhj($0.10

=$0.0125/mile
kWh

mile

With the efficiency of the battery charger being 90% the total annual cost for solar
use is:
$0.03125

(11,250 miles) mile = $390.63
0.90

And for Grid use the total annual cost is:

$0.0125

(11,250 miles) | —mile  |_¢156.25
0.90

TEAMS 2007
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The difference is = $390.63 - $156.25 = $234.38

28. Answer b

CO, emissions are directly proportional to the amount of fuel combusted and
inversely proportional to fuel economy.

We will also use the 15,000 miles per year that on the average a vehicle is driven
and the 6 years being the time an original owner uses a vehicle as a primary
vehicle.

The actual mpg for a Hybrid Ford is: 28 mpg.

The non-hybrid combined estimated mpg is:

(22 mpg)(0.55) + (26 mpg)(0.45) = 23.8 mpg

and the actual mpg is:

23.8 mpg —2.38 mpg = 21.42 mpg

The savings using a Hybrid are:

28 mpg —21.42 mpg = 6.58 mpg

For 6 years the amount of miles driven is:

(15,000 miles/year)(6 years) = 90,000 miles

The number of gallons of gas used is:

For the Hybrid: | 22:200MI1eS | _ 5 514 3 gal
28mpg
For the Non-Hybrid: 20,000 miles =4,201.7 gal
21.42mpg

Difference: 4,207.1 gal — 3,214.3 gal = 987.4 gal.
Percent reduction:

987.4 gal

————— =23.5% reduction in fuel use and in CO , emission.
4,201.7 gal

TEAMS 2007
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29.  Answerc
The daily average kWh in the summer from a 1 kW solar system is: 6 kWh.
During the winter, the production drops to: 2 kWh.
The Prius HEV-60 uses 0.125 kWh per mile and the charger efficiency is 90%.

Energy Consumption per mile is:

0.125 kWh/mile
0.90

j: 0.139 kWh/mile

The Mileage during the summer is:

( 6 kWh/day

— |=43.2 miles/day
0.139 kWh/mile

The Mileage during the winter is:

( 2 kWh/day

— | =14.4 miles/day
0.139 kWh/mile

w = 7.2 miles each way per day.

30.  Answerd
The Prius PHEV-20 costs $3,000 more than a standard hybrid vehicle.

With 90% charger efficiency and 0.125 kWh/mile we have 0.139 kWh/mile.

With $0.10/kWh it yields: $0.0139/mile.

For the PEV-20, the amount spent per year for the EV mode or the 11,250 miles
is:

[1 1,250miles]($0.0139

jz $156.38/year
year

mile
For the standard hybrid vehicle the cost per mile is:

TEAMS 2007
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( $3j('@m j=$&mnymm

gallon /| 48 miles

With 11,250 miles/year the total cost becomes:

[1L250nnmS]($00625

- ) =$703.125/year
mile

year

Difference: $703.125 - $156.38 = $546.7/year saved

To cover $3,000 it will take:

[ $3000

—— | = 5.48 years
$546.7/year

TEAMS 2007
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Hybrid Electric Vehicles

Submitted by:
Greqgory Kremer, Ph.D., Ohio University, Athens, Ohio

Task 1 Task 3

List all of the criteria that you think should be considered ~ What single change to federal regulations concerning

when purchasing a new vehicle, then select the 2 criteria vehicles (such as emissions levels, CO, emissions, fuel

that you think are most important, and explain the economy, speed limit, or any other regulation) do you
reason for your selection. think would have the largest positive impact on the

general health and well being of our global society?
Task 2 Explain your answer.

According to the "law of unintended consequences, "
there are often many additional implications to the
decisions we make. What are some of the possible
unintended consequences (both positive and negative)
of making a large-scale switch from gasoline and
diesel engine powered vehicles to PHEVs? Explain
your position on whether the positives outweigh the
negatives, or vice-versa.
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Part 11
Problem #3
Hybrid-Electric Vehicles

TASK 1:

Safety, performance, cost, emissions, fuel economy, color, style,
reliability, useful life, cost, utility, where it was manufactured, materials
and energy used in its manufacture, warranty, fuel type, ability to be used
with alternative fuels,... Discussion of most important criteria should deal
with issues that extend beyond the individual and indicate an awareness of
global impact of the decision.

TASK 2:

Positive: changes to home energy systems, changed driving patterns,
increased awareness of the amount of energy used in transportation,
shopping closer to home (within PHEV range), living closer to work,
(within PHEV range), more electronics in vehicles...

Negative: more serious accidents due to increased vehicle weight,
concerns with high voltages for service and rescue personnel, possible
accidents due to quiet cars (people in neighborhoods not knowing a car is
coming), more used batteries that need to be recycled or landfilled, less
money for people to spend on other goods (in the short run), more difficult
for some people to afford a car, fewer gas stations needed (may be a
positive for using less resources, or a negative if it leads to some
unemployment)...

TASK 3:

Discussion of highest impact change should deal with synergistic or
combined impact, such as the fact that fuel economy improvements do not
only use less fuel and create correspondingly less emissions, but they also
create savings throughout the supply chain, since less fuel has to be
processed and transported, and the regulations drive the development of
new technologies, and it lessens the likelihood of a war over oil, etc.
Changes to speed limits increase safety while at the same time decreasing
fuel use, but they also keep people on the road for longer times, which
may discourage long trips...

TEAMS 2007
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