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Summary

Introduction

This report presents the interim results of the Argonne National Laboratory (ANL) Hybrid
Electric Vehicle Technology Assessment (HEVTA). Hybrid electric vehicles, or HEVs, are
vehicles with drivetrains that combine an electric drive (including electric motor and some form
of electricity storage) with arefuelable power plant (e.g., an internal combustion engine). This
combination is capable of significantly improving vehicle efficiency (see Box 1). Toyota' s Prius
and Honda s Insight cars are both HEV s, the first commercial examples.

A full technology assessment (TA) examines the effects on society of introducing a new
technology or expanding the use of an existing technology, including afull range of costs and
benefits. This assessment focuses particularly on the energy impacts and costs of HEV's. The
focusison the individual vehicle. We do not attempt to project the impacts of alternative
scenarios when large numbers of HEV s gradually penetrate the vehicle fleet.

Box 1. How a Hybrid Drivetrain Saves Ener gy

The primary goal of using a hybrid drivetrain is saving energy. By using an electric motor
and battery to augment a vehicle's engine, energy can be saved by several means:

* Regenerative braking. The motor is used in generator mode to brake the vehicle,
generating electricity to be stored in the battery and thus recapturing some of the energy
normally lost as heat in conventional brakes.

= Enginedownsizing. The power added by the electric drive may allow the engine to be
downsized, maintaining most engine operation at a higher percentage of rated torque, which
is generally more efficient.

=  “ldle-off.” Use of the motor as a starting motor, with the battery available to run the
accessories, allows the engine to be turned off during stops (and perhaps also during braking
and coasting), saving energy that would otherwise be lost during these events.

=  Electric launch. In some configurations, the motor alone can be used to accelerate from a
stop, avoiding a driving mode where the engine in a conventional drivetrain would be
particularly inefficient.

The HEVTA uses two primary models:

1. ADVISOR (Advanced Vehicle Simulator), built by the National Renewable Energy
Laboratory, estimates the second-by-second energy use and emissions of avehicle over
adefined driving cycle. Later versions of ADVISOR also allow the power capacity of
the drivetrain components to be defined from a set of performance requirements, e.g.,
0-60 mph acceleration (Z60) times. ANL has a so built a performance model that sizes
the drivetrain based on performance requirements; this model is embedded in
HEV COST (Hybrid Electric Vehicle Component Sizing and V ehicle Cost model).
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HEV COST first sizes the components of the vehicle, then estimatesits retail price by
individually pricing the drivetrain componentsin an HEV that are not shared with a
similarly performing conventional vehicle (CV), e.g., battery, engine, and other
drivetrain components, using equations based on their power and energy requirements,
and adding these prices to a pre-established price for the common components. In other
words, the model assumes that hybrids and CV's are essentially identical except for
some minor structural additions to the hybrid to accommodate the electric drive, plus
the drivetrain itself.

Description of the Vehicles Evaluated

The vehicles are midsized passenger cars, with the interior space of such cars asthe

Chrydler Intrepid and Ford Taurus and the external dimensions of the dlightly smaller Chrysler
Cirrus and Chevrolet Malibu. The current versions of the Intrepid and Taurus weigh about
1,418 kg (3,125 Ib); the 2010 CV versions will weigh about 1,225 kg (2,767 1b). The “gliders’
(bodies without drivetrains) are projected to weigh about 922 kg (2,029 Ib) in 2010. The HEV
versions will have gliders that are 5% heavier to account for structural reinforcement needed to
accommodate heavier drivetrain components.

The CVsand HEV s share all nondrivetrain components,! including basic body structure,

tires, and aerodynamic shape. Four types of hybrid design are examined:

1

Parallel grid-independent full hybrid (FHEV), with engine sized to maintain a
specified constant gradeability and battery/motor sized to satisfy (in concert with the
engine) the Z60 requirement. Grid independence means that all energy requirements
are satisfied by fuel carried onboard; batteries are recharged by electricity from engine-
driven generation and regenerative braking.

Paralld grid-independent mild hybrid (MHEV), with engine power midway
between full hybrid and CV and battery and motor sized to satisfy the Z60 requirement.

Series grid-independent FHEV, with engine and electric motor (continuous rating)
sized for gradeability, battery sized to provide boost for accel eration requirements, and
electric motor (maximum power) sized for full acceleration power requirements.2

Parallel and series grid-dependent hybrids, designed to operate part of the time as
full electric vehicles, so battery and electric motor are sized to satisfy a separate
electric vehicle (EV) acceleration requirement, and the engine is sized to provide the
minimum specified gradeability.

1 Except for the small weight gain of the HEV bodly.

2 |n other words, there are two separate sizing criteria for the electric motor. Although the gradeability

criterion requires less power than the acceleration criterion, the motor’ s continuous power rating will be
lower than its peak rating. Therefore, actual motor size may be determined by either the acceleration or
the gradeability criterion, depending on motor design and the gradeability and acceleration criteria used.
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The HEV s examined use simple control strategies. Parallel vehicles use the motor to launch
the vehicle and provide all torque below a specified launch speed, with the engine turned off.
Above that speed, the engine isturned on and used as aload follower, generally satisfying all
torque requirements up to the engine’ s maximum capability. The exception occursif torque
demanded falls below a set limit. For example, during a downhill coast or during braking, the
engine shuts off. When the engine is turned on, the motor assists the engine only if the desired
torque is higher than the engine’ s maximum capability (e.g., during high acceleration). During
braking, the motor provides all braking force up to its maximum capacity, feeding the electricity
generated to the batteries, the mechanical brakes provide any additional braking force needed.
Finally, if the battery state of charge (SOC) goes below a specified lower bound, the engineis
designed to increase its torque output above the level demanded by the tractional load and
accessory power load, with the excess torque passing through the motor (acting as a generator) to
charge the battery.

Results

If compared to recent widely publicized studies that evaluate hybrid vehicle technology, this
oneis unique with respect to the variability in types of hybrids, potential levels of performance,
and variety of driving cycles evaluated. It is harrow in the sense that it emphasizes cost only,
ignoring issues of emissions of criteria pollutants and the rich variability of consumer
preferences. Thus, it evaluates only the critical aspect of the potential marketability of hybrids.
The results are encouraging enough to recommend that examinations of their value for purposes
in addition to saving fuel for the owner are important, and could make a significant difference to
market success. For example, there might be a change of consumer valuation of a capability for
all-electric operation in an emergency, in light of the terrorism of September 11. Thus, this study
has some strengths and weaknesses that readers should be aware of. Wider reading on the
attributes of hybrids is recommended, but this study does complement others available.

With regard to the focus of this study — costs — the findings imply that research to reduce
dollar cost per unit of performance of electric drive components remains highly desirable. Thus,
the aggressive research goals of DOE — which if successful would drop coststo alevel where
hybrids would be attractive on a net cost basis only — remain important. In our analysis, we do
not see such costs naturally emerging from market forces. Without any cost reduction
breakthroughs, we estimate that parallel “mild” hybrids should be within striking distance of
widespread marketability after several years of experience in producing the vehicles, and after
production and sales reach hundreds of thousands of vehicles. It is easy to imagine “niche
market” success of such hybrids based on factors other than cost that are important to consumers
and society. However, it is difficult to imagine widespread displacement of the conventional
vehicle at the costs that we estimate, unless (as we discuss in the report) fuel pricesrise
considerably from levels of the last decade, and remain high. The latter alternative isless
desirable than achievement of cost-for-performance breakthroughs through continuing research
and development of drivetrain components. Specifics on our results follow.

The ADVISOR model was used to evaluate the vehicles' performance over seven driving
cycles, ranging from the stop-and-go NY CC (New Y ork City Cycle) to the fast and high-power
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REPO5 (Representative No. 5 Cycle), with year 2010 vehicle characteristics. The HEV COST
model evaluated vehicle costs for years 2005-2020. Key results are as follows:

1.

HEVsachieve the largest percentage gain in fuel economy over CVson the slowest
driving cycles. Thisis not a surprising result, since the inefficiencies of slow, stop-
and-go driving — high idling losses, high braking losses, highly inefficient engine
operation — are exactly the losses hybrid drivetrains are designed to combat. The
implication of this conclusion appearsto be that HEV s will be most advantageousin
dense urban environments. This conclusion must be tempered, however, by the
possibility that miles driven per vehicle will be lower in areas where traffic is slower; if
so (and available dataimply that it is so), gallons of gasoline saved per vehicle per
year, the most relevant measure of benefit, will not vary as much across different
driving environments as implied by the percentage gain resullts.

Parallel HEVsarelikely to be more efficient than seriesHEV's, with both having
fuel economy that isless sensitiveto performancethan a CV. The clearest
difference between the two types of hybrid isthat the parallel HEV’ s engine drives the
wheels directly through the differential and transmission for much of its operation,
whereas the series HEV’ s engine must first generate el ectricity through the generator
and then drive the wheel s through the motor. The latter is aless efficient route, given
existing electric drive component efficiencies. This could change, of course. The lack
of sensitivity of HEV fuel economy to required performance may be largely an artifact
of the design rule used in this study for FHEV's; afaster Z60 time is obtained by
increasing the power capacity of the electric motor and battery rather than that of the
engine, whereas vehicle efficiency is quite dependent on engine rated power relative to
average load. Generally, the higher the ratio of rated power to average power, the less
efficiently the engine operates during normal driving.

Hybrids' mpg improvement over CVsincreases asthe acceleration times go down.
The obvious result of HEV fuel economy insensitivity to Z60 time is that moving
toward faster vehicles will tend to increase the efficiency advantage of the hybrid
drivetrain, since CV fuel economy is very sensitive to engine power requirements.
However, it isimportant to stress that the “faster” HEV will retainits limited
gradeability and towing capability, while the faster CV will increase its previous
advantage over the HEV in these performance factors.

Parallel hybrids are cheaper than series. The crucia cost difference between series
and parallel hybridsis caused by the electric motor — the parallel HEV' s motor
provides boost power to supplement the engine, while the series HEV' s motor must
provide all needed tractive power and thus must be much more powerful (and more
expensive). The parallel HEV requires a more expensive automotive (multigear)
transmission because the engine drives the wheels, whereas a series HEV requires at
most atwo-gear transmission (and possibly just one), because the motor, which solely
drives the wheels in this configuration, can provide high torque through a wide speed
range. Neverthel ess, the motor is a very expensive component, and its cost far
outweighs the effect of the transmission difference.
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Demanding better acceleration performanceis expensive. The U.S. automobile
market has been steadily moving toward lower and lower Z60 times. Thisis expensive
inaCV, but is considerably more expensive — on the order of twice as expensive to
move from a 12-second Z60 to an 8-second Z60 — for a parallel HEV, using this study’s
design rule (engine sized for gradeability, battery/motor for Z60). This observation led
usto add “mild” hybrids (hybrids with more engine and less motor and battery) to the
analysis, because we concluded that the trend to faster vehicles would drive designers
of HEVsin this direction.

HEV life cycle costs ar e extremely sensitive to assumptions, but they appear likely
to exceed CV life cycle costsunlessfuel pricesriseto well over today’slevels.
Electric drivetrain components are extremely expensive, but prices should be reduced
over time with learning and higher production rates. Thus, breakeven fuel prices—
prices for which CV and HEV life cycle costs would be even — will come down over
time. However, our best guess at component prices yields very high breakeven gasoline
prices for our hybrids — about $2.50/gallon for ayear 2020 parallel hybrid with
8-second Z60, and considerably higher for lower performing vehicles and for earlier
years. Prospects |ook better for mild hybrids (breakeven prices below $2.00/gallon by
2020 for an 8-second 260 mild hybrid), but lower performing vehicles have breakeven
prices well above $2.00/gallon. We note that these estimates are for the average

U.S. driver. For those hybrid vehicle owners who spend more hours driving than the
average, the breakeven point will be a bit lower.

In comparison to CVs, grid-connected HEVs (HEVGrids) can achieve large
reductionsin oil use, and lesser but significant reductionsin greenhouse emissions
and total energy use, but at very high purchase and life cycle costs. On the other
hand, grid-connected HEV s do not cost a great deal more than grid-independent HEV s
(if the latter must match their maximum accel eration performance with their engines
on), yet they use substantially less oil and result in a moderate reduction in greenhouse
emissions. Grid-connected HEV s are attractive conceptually because they are capable
of operating part-time as EVsand can “refuel” a portion of their travel from the electric
grid, which offers significant air quality benefits, aswell as the potential to capture
large savings in ail use, and can significantly reduce overall energy use and greenhouse
emissions. Our estimates imply, for example, that a grid-connected HEV with 33-mile
range might use one-third as much gasoline asa CV that matched its hybrid-mode
acceleration performance (that is, with its engine on), and about half as much asa CV
matching its all-el ectric acceleration performance. However, these benefits come at a
high price, both in initial investment and in life cycle costs. Comparing the same
vehicles, we estimate the CV to be from 20 to 24% cheaper than the comparable

HEV Grid in 2020, with life cycle costs lower by 5 cents or more per mile in 2020.

Long-run (i.e., 2020) incremental pricesof the parallel HEVsexamined in this
study vary from a 12% increment to a 32% increment, increasing as one proceeds
from a mild hybrid to a full hybrid to a grid-connected hybrid. The estimates for
parallel hybrids range from 12 to 14% for the three MHEV cases, from 16 to 19% for
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the FHEV cases, and from 25 to 32% for the HEV Grids with all-electric range from 23
to 33 miles.

The percentage increase estimates in this study may be compared to those developed in
the recent study by Weiss et al. (2001), done at MIT, and by Graham et al. (2001),
under EPRI management. The one comparable case fromthe MIT study isan MHEV.
The estimated increase in price is 9%, less than estimated in this study. The base
method price increases from the EPRI study for the two FHEV cases examined are 20
and 21%. Though published earlier, the price estimates in the EPRI study were
completed later than for this study. ANL’s HEV cost estimation team worked with the
EPRI study group to generate price increase estimates that reflect revised electric drive
costs from those in this study. More optimism about component characteristics was
included. The“ANL method” price increase estimates for the two EPRI FHEV cases
were 12 and 13%, well below the 16 to 19% estimated here. The largest difference
resulted from more optimism concerning battery costs. The EPRI base method price
increase estimates for the hybrid with about 20 miles of all-electric range was 32% — at
the top end of this study’s estimate of 25 to 32%. Therevised “ANL method” gave
21% for this EPRI case.

Compared to the one MHEV case in the MIT study, this study’s MHEV price increase
estimates are a bit higher. Compared to the two comparable FHEV and one
comparable HEV Grid cases from the EPRI study, the estimates in this study are a bit
lower. Therevisions of the ANL method initiated in this study, and included in the
EPRI study, are more optimistic than this study’s estimates. A significant part of the
difference arose from observation of rapid improvement of components used in
marketed hybrids. This rapid improvement, occurring over less than two years,
suggests that this study may be unduly pessimistic, at |east about the rate of cost
reduction that is possible for hybrid vehicle components.

The key hybrid components — battery (or other storage device), €l ectric motor, and
controller —are al under continuing development. DOE has established aggressive
goals to reduce energy storage coststo levels well below those used in this study.
Potential exists to substantially reduce motor and power electronics costs as well.
Although the probability of achieving very high levels of cost reduction is not clear,
success would significantly improve hybrids' cost-effectiveness and their prospects for
mass market penetration.

Methodology Issues

The tools and methods available to the study team have limitations that the reader should

understand in order to judge the robustness of the results and to be guided in future analysis. Key
issues are:

1.

Comparing CVsto HEVs. A key goal of the study isto compute unambiguously the
changes in energy use and emissions associated with introducing hybrid vehicles. The
two HEV sintroduced to the U.S. marketplace both have changes from current vehicles
that go beyond substituting a hybrid drivetrain for a conventional one, e.g., the Insight
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has a low-mass aluminum body, and the Prius has acceleration performance somewhat
below typical vehicles of its class. The HEVTA attempts to avoid comparing apples to
oranges by assuming that all physical aspects of a CV and HEV being compared, aside
from those dictated by hybridization, are identical. In other words, we assume that both
vehicles have identical bodies and identical tires except for a small weight gain by the
hybrid to “beef up” its structure for electric drive components.® Furthermore, we assure
the comparability of a measure of performance by designing the hybrid drivetrain to
match the Z60 capability of the CV to which it is being compared. However, there are a
number of problems with creating a perfect CV/HEV comparison, some of which are
associated with limitations to the tools we have, and some of which are associated with
inevitable differences between CVsand HEVs.

= Gradeability. Most hybrids will have limitations to their gradeability because
of the combination of engine downsizing and sharp limits to battery capacity. If
long-term gradeability is limited to what can be achieved by the engine
operating alone (to avoid draining the battery), an HEV with Z60 capability
equal to that of a CV will have substantially less grade-climbing capability (as
well astowing capacity). Thus, an HEV/CV pair will rarely be performance-
equivalent.

= Establishing equivalent acceleration performance. In our analysis, the Z60
of the vehiclesisthe crucial variable for achieving performance equivalence.
However, there is no industry standard for measuring Z60, and our research
shows that different test organizations have arrived at significantly different
Z60 estimates for identical vehicles, apparently because of different test
protocols. If anything, the sharp differencesin CV and HEV operations make it
more difficult to match Z60 performance. In other words, thereis no
unambiguous way to define a matched CV/HEV pair of equal Z60 performance.

=  Seectinga CV/HEV engine pair. In comparing apaired CV and HEV, it is
important to avoid attributing to hybridization any effects that are dueto
technology differences that are irrelevant to hybridization. In some cases, thisis
easy. For example, in comparisons between the Toyota Prius and Toyota
Coralla, the Prius has variable valve control (VVC) and the Corolla does not.
Because hybridization is not a prerequisite for VV C and does not even make its
use more logical, its positive effect on fuel economy should not be counted as a
hybridization benefit. In many cases, however, defining a paired set of CV/HEV
power plantsis not easy. It is difficult even when the conceptual decisionis
made to use two engines of identical technology but different power,* because it
isunlikely that two such engines with fuel consumption and emissions maps of

3 Admittedly, thisis asimplistic assumption because it disregards variations in the amount of additional
structural materials caused by differencesin hybrid performance and potential electric range.

4 Moreover, it isnot clear that “identical technology” isin fact an appropriate goal for a CV/HEV engine
pair, since the demands on the engine are quite different in CV and HEV drivetrains.



the appropriate size will be available. The more practical method of analyzing
such an engine pair isto use mathematical scaling techniques to construct pairs
of engine maps from the maps of a single engine. Unfortunately, such scaling
may introduce significant errorsinto the maps.

2. Engine maps. Aside from the scaling problem discussed above, there are significant
problems with obtai ning adequate engine maps for HEV engines. First, there are few
emissions maps available; in attempting to model vehicle emissions, we were forced to
rely on maps constructed from second-by-second emissions data that stretched the
measurement state-of-the-art. Second, available fuel consumption maps contain few
data at idle and none at negative load (during braking and coasting) despite the
substantial fuel consumed during these conditions on the standard driving cycles.
We*“filled in” the fuel consumption maps with data we obtained from government
testing programs.

3.  Emissions modeling. Emissions rates are extremely sensitive to engine and catalyst
changes that are difficult to model accurately. For example, small variationsin engine
conditions can cause large changes in emissions, but available transmission models for
multiple vehicle applications are unlikely to accurately represent where on the engine
map the engine will operate as commanded by the transmission. In fact, the original
transmission model in ADVISOR moved the engine into regions of the engine mapsin
which real-world engines would not operate. Also, tailpipe emissions are sensitive to
temperature and other variations in the catalyst that are hard to predict and likely to
vary with changes in drivetrain design strategy. In light of continuing skepticism about
the emissions results, as well as real-world results for the Prius and Insight hybrids that
contradict early (high) hybrid estimates from our early modeling work,> ANL has
chosen to report only energy use results in this report.

4. Accounting for costsand other design factors. ANL’s analysis of equivalent CVs
and HEV sis based on asimple set of performance targets and design rules rather than
on the sophisticated design process that would actually occur in developing a
commercia vehicle. This basiswill tend to distort some of the conclusions about the
way energy use varies with changes in performance targets and other factors, since the
simple design rules may cause changes in the vehicle configuration that are quite
different from the way real-world designers might react to the same target changes.

5. Accounting for technological change. Because this analysis attempts to compare CV's
and HEVsin the future (all the ADVISOR runs and the summary cost results presented
in Section 4 are keyed to the year 2010), ideally the analysis would account for likely
technological changes that would be expected to have occurred by that date. Although
the analysis incorporates projections about change for some technologies, such as
nickel metal hydride (NiMH) batteries, other technologies are left unchanged from

5 Santini, D.J., J. Anderson, J. He, S. Plotkin, A. Vyas, and D. Bharathan, 1999, Gasoline-Fueled Hybrid
vs. Conventional Vehicle Emissions and Fuel Economy, Ninety-Second Annual Meeting and Exhibition
of the Air and Waste Management Association, Paper 99-851, St. Louis, Mo., June.
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their 1990s versions. For example, the difficulty of changing engine fuel consumption
maps to account for technological change hasled ANL to leave the available maps
unchanged; the maps used are from a 1995 Saturn. One effect of this particular decision
may be to increase the apparent fuel economy boost of the HEV, because a more
modern engine might reduce some of the inefficiencies that the HEV drivetrainis
designed to target. On the other hand, we did not assume that hybridization might allow
use of amore efficient engine. In fact, the Prius uses a more efficient Atkinson-cycle
engine — one that could not be used in a conventional vehicle. In addition, the great
uncertainty of the future rate of technological change could affect the accuracy of the
boost estimate in either direction. For example, the assumed year 2010 energy density
of the HEVS NiMH batteries is actually substantially below the actual energy density
of the recently introduced MY 2000 Prius; technological progress has moved much
faster than we assumed when we began this analysis.






Section 1
Introduction

This report presents the results of the first phase of Argonne National Laboratory’s (ANL’S)
examination of the costs and energy impacts of light-duty hybrid electric vehicles (HEV's).6 We
call thisresearch an HEV Technology Assessment, or HEVTA. HEV s are vehicles with
drivetrains that combine electric drive components (el ectric motor, electricity storage) with a
refuelable power plant (e.g., an internal combustion engine). The use of hybrid drivetrainsis
widely considered a key technology strategy in improving automotive fuel efficiency. Two
hybrid vehicles — Toyota s Prius and Honda' s Insight — have been introduced into the U.S.
market, and all three auto industry participants in the Partnership for a New Generation of
Vehicles (PNGV) have selected hybrid drivetrains for their prototype vehicles.

The HEVTA isbeing conducted for the U.S. Department of Energy (DOE), Office of
Transportation Technologies (OTT), in support of its basic mission statement:

The Office of Transportation Technologies will work in partnership with the domestic
transportation industry, energy supply industry, and research and devel opment
organizations to develop and promote user acceptance of advanced transportation
vehicles and aternative fuel technologies which will reduce oil import requirements,
and reduce criteria pollutant emissions and greenhouse gases. The Office will also
develop a strong transportation technology base to enable this industry to assure strong
competition in the domestic and world markets.”

The study methodology incorporated the following goals:

A. Anexamination of HEV design options, on the basis of an extensive literature review,
discussions with analysts and component and vehicle developers, and technical
analysis.

B. Selection of aset of design options for analysis. In particular, our two DOE sponsors,
the Office of Transportation Technologies' Planning and Assessment Group and its
Office of Technology Utilization, have different interests:

6 Thisanalysisinvolves, as much as possible, constant technology and comparable performance
comparisons of HEV's and conventional vehicles (CV's). Argonne has made use of the Advanced Vehicle
Simulator (ADVISOR) model developed by the National Renewable Energy Laboratory (NREL) and,
throughout this project, with the participation of D. Bharathan of NREL, has worked with NREL to
improve ADVISOR, especialy its smulation of CVs.

7 OTT website, www.ott.doe.gov/ottover.html
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= Panning and Assessment isinterested in HEV s that closely resemble conventional
vehicles and will not rely on grid electricity; all of their energy is obtained from
their onboard fuel. These are the type of vehicles being designed by the PNGV.

= Technology Utilization isinterested in HEV s that obtain a portion of their energy
from the grid and probably will operate part of the time in a pure electric mode.

C. Simulation of the energy use and air emissions of vehicle operation. Thistask includes
development of necessary simulation models; selection of appropriate vehicle driving
cyclesto simulate real-world driving; analyzing vehicle physical characteristics, such
astotal weight, engine and battery size, and power (including development of models
to calculate these characteristics); and executing the simulation models. The key
simulation tool we use isthe Advanced V ehicle Simulator, or ADVISOR mode,
developed by the National Renewable Energy Laboratory. ADVISOR provides
estimates of a vehicle's energy use and emissions for arange of driving cycles by
calculating the second-by-second forces on the vehicle and the power demanded from
each component of the drivetrain, from the tires to the engine, using maps of efficiency,
fuel use, and/or emissions for each component. ADVISOR is also capable of doing
“forward” calculations starting with throttle behavior and estimating the effect on each
drivetrain component in turn, to finally calculate the effect on vehicle movement.

D. Calculation of the purchase and life cycle costs of the vehicles analyzed, aswell as
exploration of some of the design trade-offsimplied by cost considerations.

As of the end of Phase |, we have succeeded in our original goalsfor A and B and made
substantial progress on goals C and D. In regard to goal C, we have found the task of vehicle
modeling to be more challenging than we had anticipated. We have worked to overcome a
number of problems; including (1) a scarcity of publicly available engine fuel economy and
emissions maps, with those available having limited or no datain important operating areas, and
(2) limitsto the capabilities of the early versions of the ADVISOR vehicle simulation model we
began working with. Among other things, the ADVISOR version with which we began did not
accept engine maps with negative torque data, it did not inform the user when available engine
plus battery power could not match the requirements of the more vigorous driving cycles, and its
transmission model caused the engine to operate in an unrealistic fashion. We now are satisfied,
for the most part, with our ability to use the upgraded versions of ADVISOR to model vehicle
energy use, but we remain skeptical of our emissions results, and so we do not report them here.

For goal D, we have completed but not yet documented a cost and component sizing model,
HEV COST (Hybrid Electric Vehicle Component Sizing and Vehicle Cost Model). We have used
the present version of HEV COST to conduct several cost analyses of conventional and hybrid
electric vehiclesfor this report and will continue to update and modify it.

We intend this report to accomplish the following:

= Present the preliminary results of our vehicle modeling and the necessary
background information related to the modeling exercise. Appendix A to
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Section 1 describes the basic vehicle designs, component choices, and types of
driving we have examined in this phase of the study.

= Describe the modeling improvements we have made, specifically, development of
the HEV COST model that computes, in addition to cost, hybrid vehicle weight
and component power characteristics.

»  Describe what the study team has learned about hybrid vehicle modeling
methodol ogy.

Thisreport is organized as follows:

Section 2, Hybrid-Electric Vehicles: Theory and Design — We discuss the energy
implications of hybrid systems, the basic types of vehicle designs, and the relationship between
design choices and vehicle performance.

Section 3, Methodology and M odeling I ssues

Vehicle modeling — We discuss in detail the models we use (the HEV COST design model to
“build” the vehicle, ADVISOR to cross-check HEVCOST and to simulate vehicle operations)
and various methodology issues: choosing control strategies for the vehicles, problems
encountered in modeling vehicle operations and the work done toward achieving solutions, and
constructing a methodology to project the magnitude of vehicles' use of electricity from the grid
when the option of ordinary refueling also exists and competes with electric refueling.

Estimating the electricity and gasoline use of grid-connected hybrids — We describe the
assumptions and method used for estimating the split between fuel-driven and grid electricity-
driven miles for hybrids with grid-connection capability.

Section 4, Fuel Consumption and Cost Results (for both CVs and HEVS) — We present a
definition of the scenarios analyzed, key caveats, and the vehicle modeling results.

In presenting our results, we have tried to be careful to present fair comparisons of
conventional and hybrid electric vehicles. In our experience, many reports describing the benefits
and costs of new types of vehicles, e.g., electric vehicles, have failed to account for important
differences between the new vehicles and conventional ones or have failed to configure the new
vehicles being analyzed in such away that they fulfill the same functions as the conventional
vehicle. Appendix B to Section 1 describes some of the important concerns that arisein
comparing different vehicles.
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Section 1 Appendix A
At What Types of Vehicles
Are We Looking?

In this phase of the HEVTA, we have examined a series of vehicles designed to be as
identical as possible from the driver’s point of view. That is, to the extent possible, the driver
wouldn’'t know which vehicle he was driving except when he had to refill (or recharge) the
vehicle. In every example, the basic vehicle is a midsized passenger car that retains the same
basic platform (the car minusits drivetrain). That is, regardless of whether the vehicleisa
conventional vehicle or one of severa different types of hybrids, and regardless of its
performance, the body structureisidentical (exception: the hybrids' 5% greater structural weight
accounts for added structure needed for batteries, etc.), the aerodynamic drag coefficient is
identical, the assumed accessory load isidentical, and the rolling resistance coefficient is
identical. Only the drivetrain changes.

Furthermore, although CV's and hybrids will not perform identically, performance is held to
beidentical or near-identical in some important ways. In particular, vehicles being compared will
have either identical Z60 times if they are independent of the grid, or identical Z60 timesin at
least one mode of operation if the hybridsin the group are grid-dependent and will operate part-
time as electric vehicles. Although hybrids with downsized engines will have long-term
gradeability inferior to that of their matching CV's, the hybrids are held to minimum standards
developed for the Partnership for a New Generation of Vehicles— 55 mph up a 6.5% grade for
20 minutes. Some of the hybrids evaluated here exceed this minimum considerably, but still are
not as capable as CVs.

The hybrid vehicles examined in this analysis use nickel metal hydride batteries whose
performance is based on existing batteries used in the Toyota Prius (Japanese market version)
and RAV-4, and a permanent magnet motor based on a Unique Mobility design.

The components of a hybrid drivetrain can be sized in a number of ways to satisfy
performance requirements. The baseline hybrid drivetrain in thisanalysisis sized by matching
engine power to that needed to achieve long-term gradeability, with the motor and battery then
sized to allow achievement of the Z60 requirement. Thistype of design is designated a “full”
hybrid in that it produces a vehicle with substantial electric “boost.” The engine is considerably
smaller than that of the equivalent CV, because the power required for the PNGV gradeability
limit is considerably less than accel eration power requirements; generally, the downsizing is of
the order of 40% or so for a 12-second Z60 requirement, and somewhat more for more
demanding Z60 requirements. We also examine a design with alarger engine and smaller battery
and motor, which isdesignated a“mild” hybrid.
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The following types of vehicles are examined:

= Conventiona vehicles

= Parallel and series grid-independent full hybrids
= Paralel grid-independent mild hybrids

= Parallel and series grid-connected hybrids

Because high power has been a valuable commodity in the U.S. automobile market, we examine
arange of Z60 timesfor the vehicles. For CVs and grid-independent hybrids we examine 12-, 10-
, and 8-second Z60s; for grid-connected hybrids we examine 12-, 14-, and 16-second Z60sin all-
electric mode, tested with HEV battery at 0.2 state of charge (SOC).

Hybrid vehicles may employ avariety of strategiesto control the use of engine, battery, and
electric motor in powering the vehicle. Parallel hybrids, in particular, split the responsibility for
driving the wheel s between the engine/transmission pathway and the battery/electric motor
pathway; furthermore, the engine can be used to recharge the battery. In the parallel hybrid
vehicles examined in this phase of the study, we assume that the vehicles are launched
electrically (with electricity from the battery) to a preset speed, with the engine off; the engineis
then turned on, and power responsibility is then shifted to it, with the motor available to provide
aboost if the power demanded exceeds the engine' s capability. The engine is automatically
turned off when the vehicle is braked or isat idle or coasting. Braking is accomplished with the
motor to the maximum extent possible, with electricity generated by regenerative braking fed to
the battery. Other strategies are possible, of course, and will be investigated as the study
proceeds.

16



Section 1 Appendix B
What Is a Vehicle?

It is not difficult to design a vehicle that attains afuel economy of several hundred miles per
gallon; actually, afew thousand miles per gallon is possible under ideal conditions. However,
such vehicles have little or no utilitarian value — more than likely, they will accommodate one
person (the driver) under extremely confined conditions (lying down inside a lightweight shell to
minimize aerodynamic drag and weight); they will have very low power in order to minimize
engine size and weight and to ensure that the engine operates generally at an efficient load; they
will therefore have minimal performance and, in fact, might have little or no hill-climbing
capability and low top speed; they will have no power accessories, and possibly minimal braking
capability; and they will offer little or no protection in a crash, again to minimize weight.
Although vehicles designed to garner fuel efficiency records may be an extreme example, their
example should serve as awarning that vehicle analysis should examine carefully whether
vehicle design options satisfy the range of criteria that define a vehicle acceptable to the current
or some future marketplace in terms of performance, safety, comfort, and other characteristics.

Vehicle criteria of importance to the marketplace include:

= Performance — range, acceleration capability, gradeability, load-carrying ability,
including towing ability, and top speed/cruising speed;

= Emissions — compliance with regulatory requirements;

= Safety — crashworthiness, handling/braking capability, protection from hazardous
materials, and compliance with regulatory requirements;

= Moderate purchase cost and operating costs;
= Convenience of refueling;
= Rdiability and cost of repair;

= Comfort and convenience, including adequate passenger and storage space, heating and
cooling capacity, etc.

Moving to hybrid vehicles raises a number of issues with respect to these criteria:

Repeatability of performance. A hybrid sreliance on a battery or other energy storage
system of limited capacity to supplement its onboard power unit (OBPU) when maximum power
is demanded implies that the vehicle' s performance capability may be reduced if the energy
storage is depleted or otherwise limited. For example, a hybrid may use its engine to satisfy high
power requirements of long duration (high speed cruise, ascent up long grades) and a battery to
add supplemental power for rapid acceleration. If a number of rapid accelerationsis demanded in
quick succession, the battery may offer inadequate power because of charge depletion or
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overheating. Some hybrid storage devices are especially vulnerable to charge depletion because
of their low storage capacity, e.g., ultracapacitors. Thus, a hybrid may offer differing levels of
protection against reduced performance caused by depletion of its stored energy, with different
implications for the required power capability of the OBPU (Tamor, M.A., 1996, Ford Motor
Company, unpublished material).

= Full protection — all operation can be supported by the OBPU acting alone (here, the
OBPU'’ s power would have to match the vehicle’ s maximum power requirement);

= Steady-state protection — all constant-speed operations (high speed cruise, very long
grades) can be supported by the OBPU, energy storage supports some transients that do
not last long, e.g., accelerating to highway speeds (OBPU power between 60 and 100%
of maximum required); both the Prius and Insight hybrids appear to meet this
requirement, although the Prius has a dashboard light that alerts the driver to alow SOC
in the battery;

= Statistical protection — performance failure can occur extremely rarely, or only in non-
normal operations (OBPU power between 30 and 60% of maximum);8 and

= No protection — performance failure can occur, but vehicle will warn driver before it
happens, driver must adjust accordingly (OBPU power less than 30% of maximum)
(Tamor 1996).

According to Tamor, vehicle designers will likely avoid both “full protection” because it
negates much of the potential efficiency benefit of the hybrid (with no weight savings from the
OBPU and the added weight of energy storage and motor), and “no protection” becauseit is
unlikely to be acceptable to drivers. The market viability of statistical protection is not clear,
particularly for mass market vehicles.

Emissions performance. Aside from their potential to improve vehicle energy efficiency,
hybrid configurations have been advocated as a means of substantially reducing vehicle
emissions by eliminating or reducing engine excursions into |oad/speed regimes where emissions
are high, reducing engine size, providing time to electrically heat the catalyst before cold starts,
accommodating the use of OBPU technologies that are inherently low emitters, and “electrifying
miles,” as discussed elsewhere. Another potential emissions advantage, not foreseen prior to the
commercialization of hybrid vehicles, israpid catalyst warm-up regardless of driving conditions
following start-up. Thisis characteristic of the new Prius hybrid. On the other hand, some
concerns were previously raised about possible emissions surges caused by multiple hot restarts
(for hybrids that turn the engine off at idle and low loads, or when the battery reaches a SOC
maximum). However, emissions tests have thus far failed to detect significant emissions surges
on restart.

8 Presumably, the vehicle would warn the driver in the rare event of a potential performance loss.
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Although both Prius and Insight have excellent emissions performance, it is not clear that
the nature of the drivetrain will be the deciding factor in this performance (vehicles with
conventional drivetrains have been shown to be capable of extremely low emissions). Hybrids
may, of course, be no lessinvulnerable to control system malfunctions than conventional
vehicles, although some hybrid advocates have proposed that the reduced speed/load range
(assuming the energy storage will absorb most transient power requirements) of the OBPU will
reduce malfunctions.®

Performancein electric vehicle (EV) mode. Some hybrid configurations can operate for
several miles using only their stored energy, with the OBPU off. As discussed elsewhere, this
mode might be considered standard operating procedure for the beginning of al trips, or asa
special mode for use in EV-only zones or during a gasoline/diesel fuel emergency. The storage
device will have to be extremely large or have very high specific power, however, to be able to
satisfy vehicle performance criteria expected under full power (OBPU plus storage), so the
development of high-specific-power batteries may be crucial to this type of design. The market
acceptance of areduced power mode (if an ultra-high-specific-power battery is not available) is
not certain, though clearly it will depend on the circumstances that cause the EV mode to be
selected and the precise nature of the performance compromises.

Safety concerns. The primary safety concerns with hybrid drivetrains are associated with
the specific characteristics of any new drivetrain components that may be added (e.g., high
temperature materials in certain battery types, volatility of new fuels, high pressure storage
tanks,10 etc.). In general, however, there appear to be few safety concerns that are unique to
hybrid drivetrains.

The PNGV has established a variety of vehicle targets associated with fuel economy and
emissions, performance, vehicle dynamics and structure, and other characteristics. A portion of
theseis presented in Table 1. It is possible that diverse design efforts will tend to coal esce around
these targets, because they represent characteristics that are proven in the marketplace. That is,
they are designed to match the overall performance of successful conventional vehicles, though
with some compromises associated with the characteristics of hybrid drivetrains. It isimportant
to note, however, that the characteristics of the current light-duty fleet have evolved as an
interaction between consumer needs and the characteristics of conventional internal combustion
engine (ICE) drivetrains. Designers of hybrid drivetrains can squeeze the integrated
physical/operating design of their drivetrains to match those of current ICE drivetrains, or they
might instead choose, at some market risk, to accept the differences between hybrid and
conventional vehicles and design to the hybrid’ s strengths, accentuating short-term acceleration,

9 Although the hybrid’s engine will be on fewer hours than a conventional vehicle's engine, and will
experience fewer transients, it will be turned on and off considerably more often. The effect on the
potential for emission control malfunctions needs to be determined.

10 Although new fuels may be used with conventional drivetrains (i.e., the safety concerns are not specific to
hybrids), their use in hybrids may be more likely because hybrid configurations can better accept power
plant/fuel combinations that may be ill-suited to conventional use because of their poor static and/or
dynamic matching with vehicle power requirements.
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for example, at some cost in long-duration gradeability or other characteristic. Only time and
market experience will tell which design direction is most likely to succeed.

Table 1 Selected PNGV Performance
Guidelines

Vehicle Performance at 77% State of Charge

Peak acceleration 17 fsec?

0-60 mph accel 12 seconds
0-85 mph accel 25 seconds
40-60 mph pass time 5.3 seconds

Maximum speed (minimum) 85 mph

continuous

Gradeability, forward & 30% at gross vehicle weight
reverse launch (GVw)

Gradeability, forward 6.5% @55 mph for 20 minutes

(GVW w/full accessory load)
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Section 2
Hybrid-Electric Vehicles:
Theory and Design

2.1 Background

Hybrid electric vehicles (HEV S) represent a cross between a conventional automobile and
an electric vehicle. They combine an electric drivetrain, including battery or other energy storage
device, with a quickly refuelable power source such as a gasoline or diesel engine, fuel cell, or
gas turbine. This refuelable power source, called an onboard power unit or OBPU, generally can
recharge the storage device and may drive the wheels either directly (as can the electric motor)
through a mechanical drivetrain, or indirectly by providing electric power to the motor. If the
refuelable source can drive the wheels directly (in parallel with the electric motor), thisisa
parallel hybrid; if the refuelable source’ s function isto supply electricity to the motor (and to
recharge the storage device), with only the motor driving the wheels, thisis a series hybrid.

The hybrid concept is by no means a new one. A Woods gasoline-electric coupe selling for
$2700 was introduced in 1916. This early hybrid electric vehicle combined a four-cylinder
gasoline engine with an electric motor and a battery half the size of those used in contemporary
electric cars. Like today’ s Toyota Prius, it used its electric drive for low speeds and the gasoline
engine for higher speeds and to recharge the batteries (Schiffer 1994). Sixty years later, the
Electric and Hybrid Vehicle Research, Devel opment, and Demonstration Act of 1976 authorized
the U.S. Department of Energy (DOE) to encourage and support research and devel opment of
hybrid vehicles (U.S. DOE 1994). DOE subsequently sponsored major studies beginning in the
late 1970s with teams led by the Jet Propulsion Laboratory (JPL) and the Aerospace Corporation.
These studies included both in-depth computer simulations of hypothetical vehicles and the
design, construction, and testing of prototype vehicles (Burke 1992). The JPL/GE Near-Term
Hybrid Vehicle program, which ran from 1978-82, devel oped a working vehicle, called the
HTV-1, with aparallel hybrid drivetrain (Burke 1992).11

The target performance of the vehicles contemplated and built in these early programs was
between that of conventional gasoline vehicles and electric vehicles of the time, and comparable
to the relatively low-powered diesel vehicles then available. The Department of Energy has since
embarked on programs that aim to produce vehicles with performance more likely to compete
with conventional gasoline-powered vehicles. The Department has pursued both its own research
program, the Electric and Hybrid V ehicles Program,12 and a joint government/industry program,
the Partnership for a New Generation of Vehicles (PNGV), initiated in 1993 by the

11 At the time this vehicle was built, the available motors, controllers, and inverters were much heavier than
those available today. The 80-90 kW that would have been demanded with a series configuration —
which demands considerably more power in the electric drivetrain than does a parallel configuration —
would have been difficult to package.

12 Egtablished in response to the Electric and Hybrid Vehicle Research, Development, and Demonstration
Act of 1976.
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U.S. government and the United States Council for Automotive Research (representing Chrysler,
Ford, and General Motors). The PNGV'’s primary goal isto develop afully competitive family
car with fuel economy up to 3 times current levels; the PNGV research team has settled on a
hybrid drivetrain as an integral part of this vehicle.

The DOE and PNGV have been driven largely by concerns about oil savings. Interest in
hybrid vehicles stems also from the State of California’ s Zero Emission Vehicle (ZEV)
requirements, which demand that automakers doing business in California begin producing
substantial quantities of ZEV s within the next decade.13 The ZEV requirements are driven by air
quality concerns, and the California Air Resources Board (CARB) proposes allowing hybrids to
attain partial ZEV credits (that is, each hybrid vehicle will be counted as a fraction of one
electric vehicle). The previous version of the ZEV proposals were as follows (Air Resources
Board 1999):

= Thevehicle must first meet Super ultralow emissions vehicle (ULEV) emissions
requirements!4 at 150,000 miles, to establish a base 0.2 allowance

= A qualifying vehicle accumulates additional allowance above 0.2 if it:

Has a zero emission range of 20 miles (0.3 allowance) to 100 miles or more
(0.6 alowance)

— Within its zero emission range, employs a strategy to maximize grid recharging
(0.1 alowance, but total ZEV range allowance is limited to 0.6)

— Usesfue with inherently low fuel cycle emissions (up to 0.2 allowance)

— Employs advanced ZEV componentry (e.g., advanced batteries) but doesn't
otherwise qualify for zero emission range credits (0.1 allowance).

Under this system, a Super ULEV hybrid with a 20-mile ZEV range and some mechanism to
maximize grid recharging would earn an allowance of 0.2+0.3+0.1 = 0.6. The ZEV systemis
currently being modified, with potential provisions including a reduction in the minimum electric
vehicle (EV) range for a grid-connected hybrid, and initial award (e.g., for 2002) of 1.8 credits
for a 20-mile range grid-connected hybrid.1>

13 The original requirements demanded that 2% of vehicles offered for sale would be ZEV's by 1998, with
the percentage rising to 10 by 2002. The 1998 requirement was eliminated, and the 2002 requirement is
being reconsidered.

14 Including zero evaporative emissions, meeting onboard diagnostic requirements for 150,000 miles, and
extending emission controls warranty (including the battery warranty) to 150,000 miles.

15 Personal communication, Chuck Shulock, Air Resources Board, 8/22/2001.
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More recently, interest in hybrids has also been driven by concerns about global warming.
Hybrids' increased fuel efficiency and their enhanced potential to use alternative fuels (see
discussion in Section 2.3) may yield significant reductionsin emissions of carbon dioxide, the
key greenhouse gas.

2.2 Energy Use in Conventional Vehicles

To understand how a hybrid may save energy, it is necessary first to examine how
conventional vehicles use energy:

In order to maintain movement, vehicles must produce power at the wheels to overcome
aerodynamic drag (air friction on the body surfaces of the vehicle, coupled with pressure forces
caused by the air flow), rolling resistance (the resistive forces between tires and the road
surface), and any resistive gravity forces associated with climbing a grade. Further, to accelerate,
the vehicle must overcome the natural resistance of its mass to acceleration, called inertia— most
of the energy expended in acceleration is then lost as heat in the brakes when the vehicleis
brought to a stop.16 And in addition, the vehicle must provide power for accessories such as
heating fan, lights, power steering, and air conditioning.

Finally, avehicle will need to be capable of delivering power for acceleration with very
little delay when the driver depresses the accelerator, which may necessitate keeping the power
source in a standby (energy-using) mode.

A conventional engine-driven vehicle usesits engine to translate fuel energy into shaft
power, directing most of this power through the drivetrain to turn the whedls. Substantial
amounts of energy are lost along the way. Within the engine, for example, moving parts —
especially pistons, crankshaft, and valves — create friction; there are a number of aerodynamic
and fluid drag losses (“pumping losses’) because air must be pumped through air cleaner, intake
manifold, valves, and exhaust system, and, most importantly, because spark-ignition engines
reduce their power output by throttling the air flow which causes additional aerodynamic losses
that are very high even at light loads. Much of the heat generated by combustion cannot be used
for work and is wasted, both because heat engines have theoretical efficiency limits, and because
attaining even these limits is impossible because some heat is lost through cylinder walls before
it can do work, and some fuel is burned at |ess than the highest possible pressure (OTA 1995).

Fuel is aso burned while the engine is experiencing negative load (during braking) or when
the vehicle is coasting or at a stop, with the engine at idle.

Although part of engine losses would occur under any circumstances, part occur because in
conventional drivetrains, engines are sized to provide very high levels of peak power for the
accel eration capability expected by consumersl’ — perhaps 10 times the power required to cruise

16 Some of this energy is also lost as aerodynamic drag and rolling resistance losses.

17 For a mass market family car in today’s market, the ability to accelerate from O to 60 mph in 12 seconds
may be a minimum capability.

23



A

at 60 mph — but are operated at most times at a small fraction of peak power where they are quite
inefficient. Having such alarge engine also increases the amount of fuel needed to keep the
engine operating when the vehicle is stopped or during braking or coasting, and increases |osses
due to the added weight of the engine, which increases rolling resistance and inertial losses. Even
gradeability requirements (example: 55 mph up a 6.5% grade) require only about 60 or 70% of
the power needed to accelerate from 0 to 60 mph in under 12 seconds.18 Multispeed
transmissions allow the engine to operate within afairly narrow speed regime across the range of
vehicle speeds, allowing the engine to stay in the most efficient parts of the engine map more of
the time than would be the case with fewer gears— but at the cost of losses in the transmission
itself.

Figure 2-1 shows how fuel energy istranslated into work at the wheelsfor atypical midsize
vehicle in urban and highway driving as represented by U.S. Environmental Protection Agency
(EPA) driving cycles.2® The part of the figure at the right represents the tractive losses incurred
by the vehicle as afraction of the total fuel energy. Some highlights of the figure are:

= At best, only one-fifth of the fuel energy reaches the wheels and is available to overcome
the tractive forces, and thisis on the highway cycle when idling losses are at a minimum,
braking loss is infrequent, and shifting is far less frequent.

= Braking and idling losses are extremely high in (EPA cycle) urban driving and even
higher in more congested driving, e.g., within urban cores during rush hour. Braking loss,
that is, the shedding of the kinetic energy of motion through heat generated by the
brakes, represents 46% of all tractive losses in urban driving. Idling losses represent
about one sixth of the fuel energy on this cycle.

= Lossesto aerodynamic drag, afifth or less of tractive losses in urban driving, are more
than half of the tractive losses during highway driving.

18 Depending on relative inertia and other losses and on the vehicle load specified for both acceleration and
gradeability requirements.

19 Note that the box labeled “kinetic” represents the potential energy built up in accelerating the vehicle.
Thisenergy islost as heat in braking and in the rolling and aerodynamic losses that occur as the vehicle
decelerates. In other words, regenerative braking's “target” for recapture is not the full potential energy
of the vehicle, because rolling resistance and aerodynamic drag will always be responsible for part of the
braking forces when the vehicle is slowed. Another factor that can limit the amount of kinetic energy
recoverable is the number of axles driven. For safety, both axles must brake, so only four-wheel drive
cars can target the full braking energy. Front-wheel drive cars fare a bit better than rear-wheel drive cars
because, in most cars, the front brakes do the larger share of the braking.
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Figure 2-1 Energy Flow (from fuel energy to power at the wheels) for a Midsize
Automobile

2.3 Energy Savings Potential of Hybrid Drivetrains

In terms of overall energy efficiency, the conceptual advantages of a hybrid over a
conventiona vehicle are:

Regenerative braking. A hybrid can capture some of the energy normally lost as hest to
the mechanical brakes by using its electric drive motor(s) in generator mode to brake the
vehicle;

Mor e efficient operation of the onboard power unit (OBPU), including elimination
(or sharp reduction) of idle. A hybrid can avoid some of the energy |osses associated
with engine operation at speed and load combinations where the engine isinefficient by
using the energy storage device to either absorb part of the OBPU’ s output or augment it
(or even substitute for it), allowing it to operate only at speeds and loads where it is most
efficient. When an HEV is stopped, rather than running the engine at idle, whereit is
extremely inefficient, the control system may either shut off the engine, with the storage
device providing auxiliary power (for heating or cooling the vehicle interior, powering
headlights, etc.), or run the engine at a higher-than-idle (more efficient) power setting
and use the excess power (over auxiliary loads) to recharge the storage device. When the
vehicle control system can shut the engine off at idle, the drivetrain can be designed so
that the drive motor also serves as the starter motor, allowing extremely rapid restart due
to the motor’ s high starting torque.

Smaller, lighter OBPU. Because the storage device can take up part of the load, a
hybrid's OBPU can be downsized. In some cases, the OBPU can be sized for the highest
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sustained loads, not for (higher) short-term acceleration loads. Consequently, the OBPU
can have a significantly lower power rating than the engine in a conventional vehicle.
This allows the engine to be run at a higher fraction of its rated power, generally at
higher efficiency, during most driving. Also, the reduced engine weight is mildly
beneficial to fuel economy.20

Potential for alternative OBPU technologies. Conventional drivetrains use piston
engines because such engines do afair job, when coupled with multispeed transmissions,
of efficiently matching vehicle load requirements (static matching), and an excellent job
of rapidly boosting or reducing power to match the vehicle’' s changing loads (dynamic
matching). Most alternative power sources do not share these matching characteristics.
For example, turbine engines are extremely inefficient at the low loads typical of normal
driving, and are slow to respond to changing load, but they can burn awide variety of
fuels and are small and lightweight in relationship to their power output. In a hybrid
drivetrain, the storage device could assume the load-following role, compensating for the
turbine's slow response, and allow the turbine to operate in a high output, efficient mode
by absorbing its excess energy output. Remaining roadblocks for turbines include high
NOy emissions at high loads and the need for further development of the ceramic
materials used to increase their efficiency.

There are counterbalancing factors reducing hybrids' energy advantage, including:

Potential for higher weight. Although the fuel-driven energy source on a hybrid
generally will be of lower power and weight than the engine in a conventional vehicle of
similar performance, total hybrid weight is likely to be higher than the conventional
vehicle it replaces because of the added weight of the storage device, electric motor(s),
and other components. This depends, of course, on the storage mechanism chosen, the
vehicle performance requirements, and so forth. The hybrid configurations examined in
this report [conventional internal combustion engines (ICES) and nickel metal hydride
batteries] were consistently heavier than their conventional vehicle (CV) counterparts.

Electrical losses. Although individual electric drivetrain components tend to be quite
efficient for one-way energy flows, in many hybrid configurations, electricity flows back
and forth through componentsin away that leads to cascading losses. Further, some of
the components may be forced to operate under conditions where they have reduced
efficiency. For example, like ICES, most el ectric motors have lower efficiency at the
low-speed, low-load conditions often encountered in city driving.2! Without careful
component selection and a control strategy that minimizes electric losses, much of the
theoretical efficiency advantage often associated with an electric drivetrain can be lost.

20 Although, as discussed below, this weight benefit will likely be more than offset by the weight of the
electric drivetrain components.

21 with parallel hybrids, the motor may be quite small, so that low-speed “low vehicle load” conditions may
actually be fairly high load when measured against the motor power rating.
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2.4 Emissions Trade-Offs

Because hybridization changes the way a vehicle s engine is operated, emissions
performance should change as well. For the most part, hybrid features seem to offer severa
advantages in controlling emissions. the power available from the electric motor can help keep
engine operation away from high-emission regions; engine downsizing will mean that normal
vehicle loads will be at a higher percentage of engine rated power (which is generally more
efficient and less polluting) than in a conventional drivetrain; the power absorbing capability of
the battery allows the engine to be run in a startup mode that shortens the cold start period,
reducing starting emissions; and electric heating of the catalyst is more feasible than in a
conventional drivetrain. One early emissions concern with hybrid operation was the possibility of
emissions spikes from multiple hot and warm restarts. Many of the hybrid powertrain control
strategies discussed by researchers envision the engine being turned off and restarted several
times during atrip. For example, some hybrids will have electric launch, with the engine turned
on only when the vehicle reaches a predetermined speed or when total vehicle load reaches a
predetermined level; this strategy is used in the Prius. Also, both Prius and Insight, and probably
most future hybrids, will use “idle off,” where the engine is shut down during a stop (it can also
be shut down during braking and coasting). The engine is then restarted when positive torqueis
demanded (or when a minimum speed is attained after a stop). Thus far, the excellent emissions
performance of both Prius and Insight imply that the concern about emissions spikes may not be
aproblem, although it is worth further study.22 It is worth noting that the high level of control of
engine operation available in ahybrid can also help prevent emissions spikes, for example, the
Insight’s control system uses the electric motor to bring engine rpm up to operating levels before
injecting fuel during an engine restart, reducing the possibility of any emissions spike.23

In hybrids with substantial all-electric range, the capability to operate in a zero emission
mode yields emissions advantages whether or not the battery is recharged by the grid or by the
vehicle’'s own engine. The ZEV capability can allow dramatic changes in the amount, timing, and
location of emissions that might be used to advantage to improve air quality. The key advantages
are locational and temporal:

= Locational. Thistype of hybrid can operate, at least for atime, in an electric vehicle
(EV) mode within a dense urban core. With grid recharge, the recharge electricity may
be generated at a power plant quite distant from the urban area. Engine recharge for at
least a portion of these vehicles will occur outside of the core (for example, a suburban-
based hybrid might switch its engine off on entering the core, and restart it when it
returns to the suburbs in the evening).

22 Highly sophisticated emissions measurement technology, allowing detailed study of emissions variation
on avirtualy instantaneous basis, has become available in the last few years. Thisisthe type of
technology needed to examine issues such as emissions spikes after warm restarts, and Argonne National
Laboratory currently is using this technology to examine the emissions trade-offs made possible or
caused by hybridization. Industry is undoubtedly conducting similar research.

23 pPersonal communication, John German, Honda North America.
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= Temporal. For many areas, there is atheoretical advantage to having vehicle emissions
shifted from early morning to late afternoon because of the role of sunlight in producing
smog. Hybrids with substantial EV range may be able to operate in EV mode during the
morning commute or in other morning driving, switching their engines on only in the
afternoon when emissions may have less impact on ozone concentrations.

We stress that the temporal advantage is theoretical because, to the best of our knowledge,
no air quality modeling research has been conducted to verify that a shift of morning emissions
to the afternoon will provide an ozone air quality benefit. Results should vary depending on
whether the battery recharge for the ZEV operation comes from the grid or from afternoon (or
overnight) engine recharging. Results will also depend strongly on the location and emissions
properties of recharging power plants and on the specific ozone formation chemistry of the air
basin where the vehicles are operating.

2.5 Elements of Hybrid Design

In hybrids, the major design choices involve selecting the type and size of OBPU,
motor/generator, storage device, and other components, and designing an operating strategy that
directs the operation of the components and channels energy flows through the drivetrain.

Although there are numerous ways to configure a hybrid drivetrain and a variety of waysto
characterize various groups of hybrids, dividing hybridsinto series and parallel typesisan
obviousfirst-order characterization, and the one adopted here to describe the design choices
associated with hybrids.

2.5.1 Parallel Hybrids

In parallel hybrids, both the OBPU and the el ectric motor(s) can drive the wheels, either
separately (each takes one drive shaft), or through atransmission or gear set with two or more
input shafts, or through use of an integrated motor/engine set where the motor can also serve as
the starter. Figure 2-2 shows asimplified layout of aparallel hybrid with engine and
battery/electric motor(s) powering separate driveshafts. A commonly discussed mode of
operation for parallel hybrids has the vehicle operating like an EV at low speeds, with only the
motor(s) engaged (thisis called electric launch); the OBPU engages only at higher speeds. This
operating strategy keeps engine operations away from low load operations that generally produce
high hydrocarbon (HC) and carbon monoxide (CO) emissions and inefficient fuel use. Within
this basic design, there are anumber of choices of aternative operating strategies. For example,
one operating strategy would limit motor usage to electric launch, regenerative braking, and
power boosting when the OBPU could not handle the power demand by itself. In other words,
once the OBPU is engaged after an electric launch, it would provide all of the power needed to
run the vehicle, with the motor disengaged except during braking (to be used as a generator for
regenerative braking) or under high load (e.g., during high acceleration) to provide boost power
to the engine. When the vehicle is stopped, the engine can be turned off and the accessories run
by the battery. Toyota's Prius HEV operates this way. Although Toyota callsthe Prius a
“parallel/series’ hybrid, from the basis of energy flows it may be most appropriately called a
parallel hybrid.
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Figure 2-2 One Example of a Parallel Hybrid Drivetrain

An alternative operating strategy is to use the motor as a more frequent supplement to the
engine, to smooth transients or keep the engine out of operating regions where it isless efficient
or likely to generate higher emissions. To maximize efficiency, the vehicle control system could
be programmed to alow the motor to supplement the engine whenever its net “round trip”
efficiency (including battery charge and discharge efficiency, motor efficiency, etc.) exceeded
that of the engine pathway. Refinements of this strategy would smooth the load by allowing the
engine to lag the instantaneous load by a short time interval and respond to the time-averaged
load, with the storage device providing either the power boost or power absorption function as
needed to satisfy the instantaneous load. This strategy reduces the transient |osses but increases
battery losses compared to the instantaneous load-follower (Cuddy and Wipke 1996).

An alternative, sometimes called a mild hybrid system, is to use the motor only as a power
booster and for regenerative braking, with no “all-electric” operation; in this case, the motor and
storage device may be relatively small and thus |ess expensive, but there is |ess opportunity to
keep the engine out of less-efficient operating regions and lessened capability for recapturing
braking energy. The Honda Insight HEV fitsinto this category.

Until fairly recently, parallel hybrid designs had generated less interest than series hybrid
designs among automakers and researchers, perhaps because they are harder to design and
analyze. A parallel hybrid operating in the city will have to turn its OBPU on and off frequently,
and smoothly and efficiently combine the changing torques of OBPU and motor, decoupling and
recoupling one or the other from the driveshaft when needed (Burke 1992) — not an easy task for
either the control system or the transmission.

Although series hybrids are mechanically simpler than parallel hybrids and would seem to
be easier to design, an important advantage of the parallel hybrid isthat it can obtain the
efficiency advantages of the series hybrid (use of regenerative braking, engine downsizing, and
maintenance of OBPU operationsin the better parts of its operating map) with amore efficient
connection of OBPU shaft power to the wheels. In other words, the combination of transmission,
torque converter, and differential is more efficient than the series hybrid’ s shaft-to-wheel path of
generator/alternator, (possibly) inverter, motor/controller, transmission or reduction gear and
(unless direct drive wheel motors are used) differential. Another major advantage isthat a
parallel hybrid’s electric motor will be significantly smaller than that required on a series hybrid,
since in the series case the motor provides the sole motive power to the wheels. Thisyieldsa
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significant cost savings. Because most conceptions of the parallel hybrid have the engine doing
more load-following than in a series layout, and the engine being frequently turned on and off,
there had been concerns that attaining low emissions might be substantially more difficult than
with a series layout (Burke 1992). As noted above, this concern now appears to have been
misplaced.

Toyota' s and Honda' s recent successes with the Prius parallel/series hybrid (Toyota) and
Insight parallel hybrid (Honda) indicates that anticipated barriers are not insurmountable. Both
vehicles attain low emissions, high fuel economy, and smooth operation. Good design and the
rapid advances in onboard computing capability appear to have overcome the parallel system’'s
operational complexity.

2.5.2 Series Hybrids

In a series hybrid, the OBPU drives a generator, whose electrical output powers an electric
motor driving the wheels and any accessories when needed, and charges a storage device when
the device's state of charge (SOC) drops below a desired range. Figure 2-3 shows a simplified24
diagram of a series hybrid layout.
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Figure 2-3 One Configuration of a Series Hybrid Drivetrain

In a series configuration, all of the tractive power needs are met by the motor, which obtains
electricity from either the engine/generator directly or from the battery. Aswith the paralel
hybrid, the control system must decide how to trade off the operating advantages and
disadvantages of the various energy paths available to the system — in this case, the “engine to
generator to motor” path and the “battery to motor” path, with the battery being recharged from
the engine, regenerative braking, and for grid-connected hybrids, the grid. For a grid-independent
hybrid, frequent use of the battery to drive the motor may force the engine to recharge the
battery, which adds the battery’ s infout charging losses to the engine to motor path; the control
system will generally avoid engine recharge unless battery charge is getting dangerously low or
the engine would otherwise be forced to operate quite inefficiently. But in a grid-connected

24 Missing are inverters and controllers; if alternating current (ac) motors are used, an alternator could be
used in place of a generator (with an inverter between the alternator and battery).
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hybrid, the system will often favor the battery to motor path, to maximize the amount of grid-
recharging that can be obtained.

2.5.3 Component Sizing

The size of the powertrain components, that is, their rated peak and continuous power and,
where applicable, energy storage capacity, depends on the basic operating strategy of the
powertrain, vehicle characteristics that determine loads (vehicle mass, aerodynamic efficiency,
tire efficiency), and performance requirements established for the vehicle, e.g., requirements for
minimum Z60 time.

2.5.3.1 A Dated “Thermostat” Concept

We should first clear up a common misperception of what a hybrid will ook like. A
common early conception of a hybrid was of avehicle with asmall engine operating at a constant
output, at its maximum efficiency design point, providing the average energy needed by the
vehicle, with a battery (or flywheel or ultracapacitor or other storage device) acting as aload
follower, providing any power needed above the average load (e.g., for acceleration or hill-
climbing) and absorbing excess engine power when the power needed was below the average
load (e.g., during idle or moderate speed cruise).

One problem with this conception is that some trips are made under higher-than-average
load conditions for long time periods, e.g., trips with the vehicle heavily loaded, at very high
speeds, and/or with significant uphill grades. Consequently, to be able to handle such trips, the
engine output power for the hybrid described above would have to be much higher than
“average,” or else the storage device would have to be large enough to provide the extra power
needed without losing its charge — an expensive proposition.

In fact, the performance requirements for normal vehicles make this type of
thermostat/constant engine power operation impractical. In the U.S. market, conventional light-
duty vehicles are high performance vehicles, satisfying, virtually without exception, a number of
demanding standards for acceleration performance, gradeability (hill-climbing ability), sustained
high speeds, and long range. For example, the requirement for gradeability (e.g., 55 mph up a
6.5% grade) demands the sustained use of power (under PNGV requirements, for 20 minutes)
well above the average encountered in normal driving. Operating constantly at its “ best
efficiency” point, an engine capable of satisfying gradeability requirements by itself would likely
have to be larger than the engine in the conventional drivetrain it replaced (OTA 1995; Murrell
1995).25 Thus, obtaining the hoped-for small engine requires either that the thermostat strategy

25 For amidsized auto with a Z60 time of about 12 seconds and gradeability of 60 mph at 6-percent grade
with 2 passengers, gradeability requires about 60% of acceleration power (OTA 1995). For a group of
modern 4-valve engines, power at the maximum efficiency point averaged 40% of peak power, with a
range from 20 to 68%; for 2-valve engines, maximum efficiency power averaged 50% of peak power,
with a 35-71% range (Murrell 1995). Assuming a 40-percent maximum efficiency point and a 60-percent
gradeability point implies that a constant speed engine in a hybrid drivetrain, operating at its best
efficiency point, would have to be rated at 50-percent higher power than the engine in the conventional
drivetrain it replaces.
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be abandoned and the engine be allowed to follow the load up to its full rated capacity (with
some cost in efficiency and emissions performance), or that the storage device be capable of
supplying the extra power needed.

Incorporating a battery large enough to provide substantial power assist to the engine over
long periods would not be easy. Currently available batteries are capable of providing their peak
power only for short periods, because they generate a great deal of heat on rapid discharge.
Although batteries could simply be made large enough to provide adequate power for
gradeability on a sustained basis (at well below their peak capacity), the trade-off in size, weight,
and cost for most batteries would be unacceptable. Some recent battery designs appear to
combine reasonable energy storage capability with very high specific power, which might help to
solve this problem; however, these batteries are just beginning to become commercially
available.26 Storage devices such as ultracapacitors and flywheels can provide high power more
readily than batteries of equal size and weight, but they generally have low specific energy, so
that anything but a very large device would have limited capability of sustaining along hill climb
or other extended-duration high power episode. Unless drivers are willing to accept substantial
deterioration of performance on such occasions, adesign that requires battery power assist for
extended events like hill climbing will not be commercially feasible.

2.5.3.2 Grid-Independent Hybrids

Given the impracticality of the small “average power” engine, how should the powertrain
components of a hybrid be sized? Although various combinations of engine/battery/motor size
will work, one obvious starting point is an engine sized to at least satisfy gradeability
requirements, since the long duration of these requirements implies that we may not want to rely
on battery power to satisfy them. For the case examined by OTA (midsized car, lightly loaded
gradeability of 60 mph up a 6% grade, zero to 60 mph acceleration (Z60) time of 12 seconds), a
hybrid vehicle engine sized to just meet the requirements would have about 60% of the peak
output of the conventional engine drivetrain it replaces (OTA 1995; Murrell 1995). The battery
and motor would then be sized to allow the vehicle to meet acceleration requirements, which
typically are considerably more demanding in terms of maximum power than the gradeability
requirements.2’

One way to operate this grid-independent drivetrain isto alow the control system to select
whatever combination of engine, motor, and battery output satisfies a presel ected objective —
highest net efficiency, lowest emissions, etc. Selecting as an objective the minimization of
energy useis likely to result in the engine following the load above a minimum load, thereby
keeping engine operations away from low load operations that generally produce inefficient fuel
use and high emissions. At loads below the minimum (for example, during braking or an actua
stop, or low speed cruise), either the engine would be shut off and the storage device would

26 Asdiscussed in Section 3, new NiMH battery designs have shown substantial increases in specific
power, with batteriesin Toyota s Prius hybrid attaining nearly 500 kW/kg.

27 Motors have both continuous and peak power ratings because of cooling limitations. For acceleration
requirements, the motor’s peak rating can be used.
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power the vehicle, or the engine would be run within its most efficient region (which would
produce more power than demanded by the vehicle) and the storage device would absorb the
engine's excess power. At loads above the engine's rated power, or above the engine's efficient
operating region (for example, during rapid acceleration), the storage device would supplement
the engine. This operating strategy seeks to use the storage device only when its net “round trip”
efficiency is greater than that of the engine-to-wheels pathway.

This basic type of design (engine sized to provide hill-climbing capability, storage device
sized to provide boost power for short-term acceleration) is, of course, not the only design
option. For example, if time limits are placed on the requirement for continuous power for grade
climbing, such as the PNGV-specified 20 minutes, the storage device might provide a portion of
this power, leading to a design with a higher power storage device (with possibly higher storage
capacity aswell) and smaller engine.?8 Recent development of high power storage devices with
good energy density2® make this option appear more feasible.

In aparallel system, another alternative design, a“mild hybrid,” would be one in which the
engine was more powerful and the motor and storage device less powerful, so that the
motor/storage device provided only some boost power and a smaller regenerative braking
capability as well as the ability to turn the engine off during idle or braking. Thistype of design
represents atrade-off of fuel economy boost versus cost. Using alarger engine will reduce the
fuel economy boost of the hybrid, but at a savingsin vehicle cost — the battery/el ectric motor
portion of the drivetrain is more expensive, on amargina $/kW basis, than the engine/
transmission portion of the drivetrain.

2.5.3.3 Grid-Connected Hybrids

An alternative advocated by some — especially those seeking to maximize zero emissions
capability —isto design the vehicle as afull performance electric vehicle, with an engine to
provide extended range. This vehicle could run in a pure electric mode on days when its total
miles traveled were below its all-electric range, or for the first portion of daily travel on days
with longer travel (or during some intermediate portion of the travel, if thisis advantageous). The
number of miles thus electrified then would be primarily a function of the size and specific
energy and power of the storage device. For storage devices with substantial energy storage (and
thus high all-electric range), most drivers might use the engine only rarely, recharging the storage
device each night. To assure full performance on extended-length trips, however, the engine
would have to have as much power as the “power booster” engine above.30 For designs with

28 Note, however, that there would be a theoretical possibility that such a design would occasionally deplete
its reserve storage capacity, forcing the vehicle to “limp home” in an engine-only mode.

29 The original Japanese version of the Toyota Prius hybrid had NiMH batteries attaining approximately
500 kW/kg specific power and 45 Wh/kg specific energy (Hermance 1998). The 2000MY U.S. Prius has
aredesigned battery pack achieving a 880 W/kg specific power (Toyota 2000).

30 That is, sized for gradeability on engine power alone. On along trip, the battery would eventually be
substantially depleted, and would then be incapable of providing alengthy power boost for along grade.
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enough EV range to alow the majority of milestraveled to be “fueled” by the grid, the engine's
size and weight would be more important considerations than its fuel efficiency; a small,
lightweight gas turbine or two-stroke spark ignition (Sl) engine might be a good choice for such
designs.

The advantages of a grid-connected hybrid include:

= Thevehicle can operate in zero emissions mode for a considerable distance, allowing
entry to areas that might otherwise be restricted to conventional vehicles and providing a
substantial emissions benefit over a grid-independent hybrid.

= |t canusegrid electricity for asignificant fraction of its total travel, reducing gasoline
use.

= Intheevent of an oil crisis, it could be used as a short-range EV, providing
transportation capability and thus supplementing domestic oil supplies.

The key disadvantage is that the design will be substantially more expensive than a grid-
independent hybrid — the increased battery size and, for parallel designs, increased motor size3!
dictate considerable additional costs with no offsetting reduction in engine requirements.

An important design point for grid-connected hybrids is the relationship between battery
longevity and the operating SOC range of the battery during hybrid operation. After the vehicle
has traveled its full EV range and the engine is turned on, the control system will seek to
maintain battery charge within a predetermined range as the vehicle operates in hybrid mode.
The lower thisrangeis, the more grid electricity can be used, since the amount of grid rechargeis
proportional to beginning SOC minus ending SOC. However, there is some possibility that
battery longevity may suffer if the operating range is too low. Vehicle designers must select an
operating range based on trading off the potential for more grid recharging versus the (potential)
loss of battery longevity at lower SOC operating ranges.

As discussed in Section 2.1, the State of California Air Resources Board has specified that
hybrid vehicles with substantial EV range can obtain ZEV credits toward vehicle manufacturers
ZEV goals — an added advantage of a grid-connected design.

2.5.3.4 Limited Performance Hybrids

Relaxation of requirements for full performance and range equivalence allows more
flexibility in vehicle design, though perhaps at the cost of reduced consumer satisfaction. For
example, a hybrid designed to operate as afull function EV (often referred to asa “range
extender”) could use an engine sized only to allow high speed cruise capability, forgoing full
gradeability for longer trips to minimize engine size and weight (and cost) and maximize fuel

31 To alow reasonable performance in EV mode.
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efficiency.32 Similarly, relaxing gradeability requirements for a grid-independent hybrid could
alow the engine to be considerably smaller, with the improved fuel economy thisimplies. If the
Z60 requirement were retained, however, the vehicle designer would have to either retain the
larger engine or install alarger, more powerful battery and motor, at considerable added cost.

2.5.4 Role of Component Efficiency

In hybrid-electric powertrains, the engine is used as a generator of electricity (itsonly role
for series hybrids) and producer of power that flows to the wheels through a transmission
(parallel hybrids only). When engines are used for electricity generation, their shaft power turns
agenerator or alternator, producing electricity that flows either directly to the electric motor(s)
(which turns the wheels through direct drive, reduction gears, or atransmission) or to the storage
device, whereit is stored for later use. When the motors are used for braking, they produce
electricity that must be stored by the storage device, aso for later use to power the vehicle. When
battery storage and alternating current (ac) motors are used, the electricity flowing from the
engine to either the motors or battery must be inverted, since the battery requires direct current
(dc) and the motors, ac; and flow from the battery to the motors must be inverted to produce the
required ac. Similarly, electricity produced by ac motor braking would have to be inverted before
being stored by the battery, then inverted again later when it is required for use by the motor.
Conseguently, the hybrid drivetrain’s “electric path” from the engine shaft to the wheels loses
energy in the alternator or generator, inverters (if needed), motor/controller acting both as motor
and as generator/aternator, reduction gear or transmission, and storage device (in both charging
and discharging as well as storage). Generally, the “electric” pathway from engine to motor
(partly direct, partly through the storage device) is less efficient than the mechanical pathway of
transmission, differential, etc. it complements (in aparallel hybrid) or replaces (in a series
hybrid). The hybrid gains its advantage from regenerative braking, the smaller engine operating
in a more efficient mode than the engine it replaces, and the elimination of idle fuel flow.
However, the need to obtain relatively high energy efficiencies from each of the componentsin
the hybrid drivetrain is obvious if hybrids are to attain fuel economy superior to conventional
vehicles, even with these latter advantages.

Each component in the drivetrain can use alternative technol ogies with significant variation
in efficiency, cost, size, and weight. Because most batteries have relatively poor infout efficiency
—80% istypical for alead acid battery — hybrids with battery storage should be designed to
minimize production of excess electricity from the engine that must be stored. This can be
trangated into a maxim that average engine output should be the minimum possible consistent
with the need to maintain reasonable levels of engine efficiency (which may fall off dramatically
at light load). Were batteries to be devel oped with much higher in/out efficiency — DOE has
measured 1998 SAFT America Li-ion batteries designed for power-assist hybrids at 93% in/out
efficiency (Sutula et al. 2000), for example — the need to minimize use of the storage pathway
would diminish.

32 |f grade climbing requirements were anticipated in advance, the engine could be turned on early to
maintain charge and allow the vehicle' s gradeclimbing ability to be sustained longer.
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The efficiency of capture of regenerative braking is also controlled by component efficiency
aswell as design choices. Assuming four-wheel braking for safety, a portion of braking energy
will belost if the vehicle has two-wheel drive, since only the powered wheels can capture
braking energy. Since the motor(s) can exert braking force equal only to their horsepower, a
portion of the energy exerted during hard braking will be lost to the mechanical brakes,33 and a
fraction will be lost to the motor gearing or transmission. And a fraction of that captured by the
motor/generators (alternators) will be lost at the battery and possibly in inversion to dc power
and back again to ac.

2.5.5 Trends in Hybrid Efficiency over Time

Over time, improvements in component technology and substantial redesign of some key
hybrid system elements, particularly engines, should yield improved efficiency. Ongoing
research efforts in electronic components and el ectric motors should yield important
improvements in component efficiency as well as reductions in component size and weight, both
yielding improved vehicle efficiency. Further, if hybrid sales grow to sufficient levels, vehicle
manufacturers will substitute engines specifically designed for hybrid service for the off-the-
shelf designs that dominated early prototypes. Note again that the Prius engine was purposely
built for hybrid operation, with a unique combination of Atkinson Cycle design and lightened
components to take advantage of its restriction to operating below 4,500 rpm (Toyota 2000).

On the other hand, it is far from certain that hybrid drivetrains' incremental improvement
over baseline conventional drivetrains will grow with time, and it may shrink. Thisis because
many ongoing improvements to conventional drivetrains focus on reducing the same
inefficiencies that hybridization addresses. For example, variable valve timing and lift systems
and cylinder deactivation — found in the Mitsubishi MIVEC system and being introduced in other
engines — dramatically cut pumping loss, leaving less energy waste for a hybrid drivetrain to
reduce. If direct injection stratified charge (DISC) engines are introduced to the U.S. market
(they currently are attaining a substantial share in the Japanese market) in the future, the waste
“target” for hybrid drivetrains to help reduce will shrink further. In the OTA study, for example,
amidsized vehicle was examined for three timeframes (1995, 2005, and 2015) in both series
hybrid (with advanced lead acid battery) and “ advanced conventional” form where vehicle
designs were identical in all aspects except the drivetrain — so that all efficiency differences can
be attributed to the drivetrain. Despite assumed improvements in hybrid component efficiency,
the efficiency advantage of the hybrid over the advanced conventional vehicle was found to
shrink over time — from 30% in 1995 to 25% in 2005 to below 23% in 2015 (OTA 1995). On the
other hand, assumptions about component efficiency are extremely important to these results. In
the OTA analysis, for example, substituting a flywheel for the battery in the 2015 vehicle, which
greatly boosts storage in/out efficiency and reduces overall vehicle weight, increased the hybrid-
to-advanced conventional efficiency advantage to 38% (OTA 1995). In areal-world example of
improvement in HEV fuel efficiency, Toyota managed to boost the performance on the EPA

33 Maximum braking power will likely be higher than maximum motor power, since 60-0 mph braking time
and distance should be expected to be substantially shorter than 0-60 mph acceleration time and distance,
and acceleration uses both motor and engine (for parallel hybrids).
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Highway cycle of its Prius HEV from about 54 mpg in 1998 to 58 mpg in 2000 with an
improvement in Z60 time from about 14.5 seconds to 12.7 seconds (Hellman et al. 1998; Toyota
2000). In other words, trends in the efficiency boost afforded by hybridization will depend on the
balance between improvements in hybrid designs and components and improvementsin
conventional drivetrains that attack the same sources of inefficiency addressed by hybridization.
The net effect of these two opposing forces over timeis uncertain.
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Section 3
Methodology and Modeling Issues

3.1 Modeling the Vehicle

This section describes the modeling of the energy use and emissions of vehicle operation.
The question we are trying to address in our vehicle modeling sounds deceptively simple: What
isthe impact on fuel consumption, emissions, and performance of “hybridizing” a drivetrain, that
is, shifting from a conventional drivetrain to a hybrid one? From a hardware standpoint, we are
trying to measure the energy, emissions, and performance impact of removing the conventional
drivetrain and substituting a hybrid one, that is, removing the engine/transmission/differential
and substituting one of a potential variety of hybrid drivetrains (for example, an engine/
generator/battery/electric motor/power split device combination), with whatever structural
changes might be necessary.

3.1.1 ADVISOR Model and Validation

V ehicle performance (accel eration capability, gradeability, fuel use, and emissions) are
estimated using the ADVISOR (Advanced Vehicle Simulator) model developed by the National
Renewable Energy Laboratory (NREL) in support of the Department of Energy’s hybrid
propulsion system program. ADVISOR is programmed in the MATLAB®/Simulink®
environment using a modeling approach that combines backward- and forward-facing
calculations.

The backward approach begins with a required speed trace that the vehicle must meet. The
model first calculates the force that must be exerted at the wheels to move the vehicle as the trace
requires, and checks to see whether the tires can deliver the required force without slipping. It
then works backwards through the powertrain, calculating what each component must do to
alow the vehicle to meet the trace, for example, the power that the engine must exert. For each
calculation, the model enforces limits on what can be achieved, for example the motor/controller
has speed, torque, and current limits. When the powertrain cannot achieve what is demanded, the
vehiclewill fall behind the trace.

For this backward approach, the model estimates the capabilities and efficiency of key
components by using tables or maps of efficiency or fuel use (or emissions) versus output torque
and speed (for engines and motors). These tables and maps normally are produced by steady-
state testing, so they reflect conditions after warmup. ADVISOR simulates the effect of engine
and catalyst warmup, as well.

In the forward-facing approach to vehicle modeling, the computational path starts with
driver behavior, that is, throttle and braking behavior, calculates the effect on engine power, and
continues through the transmission and the remainder of the drivetrain to compute the tractive
force at the tire/road interface, which then resultsin an effect on vehicle movement. Asin the
backward-facing approach, limits on wheel dlip are applied to ensure that the vehicle does not
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accelerate faster than the wheels' adhesion capabilities will alow. Inertia effects of the drivetrain
are also accounted for.

ADVISOR acts as a purely backward-facing model aslong as none of the torque or other
limits of the powertrain components are exceeded by the requirements of the speed/time trace.
The model is very fast in the backward-facing mode, so that multiple iterations of vehicle cases
can be run quickly. In our evaluations, examination of the difference in the desired vs. the actual
speed-time trace was used to determine whether a vehicle could “match the trace.” All cases
reported here do so; in earlier reported cases (Wang et al. 1997), one vehicle did not meet the
most aggressive trace.

When the work reported here was done, few actual hybrid vehicles had been tested, and
necessary details for broad sensitivity analysis of varying hybrid electric vehicle (HEV)
performance capabilities, e.g., alibrary of engine and motor maps, were rather limited. Further,
since only the Prius HEV had been thoroughly tested when this work was conducted, validation
of ADVISOR against real-world hybrid vehicle performance was very limited. However, ANL
and NREL tested the model in a number of ways:

= ANL hasvalidated ADVISOR against numerous conventional vehiclesfor Z60 and
against two Saturn SL1 models[1.9-L single overhead cam (SOHC) with manual and
automatic transmission] and a VW Passat [1.9-L turbocharged direct injection (TDI)
manual] for fuel economy.

= Since the model is capable of operating in a backward-facing mode and partialy in a
forward-facing mode, NREL has created tests in which simulated vehicles are measured
using both modes. The first test asks the vehicle to meet atime/speed trace that it cannot
satisfy, forcing the model into a forward-facing mode. The second test simulates the
vehicle' s performance on speed traces that are iteratively changed until the trace is found
that is exactly the fastest that the vehicle can accelerate. For thistrace, ADVISOR works
strictly as a backward-facing model. ADVISOR achieved very similar results for both
0-60 mph acceleration and energy consumption in both modes (Wipke et al. 1999).

» NREL tested earlier versions of ADVISOR against industry models using identical
inputs, with similar results (Wipke et a. 1999).

» Researchers at Virginia Polytechnic Institute ran ADVISOR using data from their
FutureCar competition entry, a series hybrid, simulating the speed trace used by the
actual vehicle and comparing actual to modeled results for fuel use and battery energy
use. The ADVISOR results matched the test results within the uncertainty of the test
measurements (Wipke et al. 1999).

3.1.2 Rules for Comparing Vehicles and Modeling Difficulties
Ideally, the hybrid vehicle/conventional vehicle pair being compared would follow a set of

rules designed to make the comparison as “fair” as possible. The following rules are designed to
ensure afair assessment of the impact of shifting from a conventional drivetrain to a hybrid one:
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1. Everything outside the drivetrain, with the exception of any needed structural
reinforcements, will be the same. In other words, both the HEV and the conventional
vehicle (CV) towhich it is being compared should have the same aerodynamics, same
basic structure and materials (except for reinforcements forced by the heavier hybrid
drivetrain components), and the same tires (with allowances for differencesin vehicle
weight). This rule would be relaxed if the layout and space demanded by the hybrid
drivetrain either forces negative changes or allows positive ones in vehicle size and/or
aerodynamics.

2. Theenginesin the conventional drivetrain and hybrid drivetrain generally will be
different in rated power but of the same design except for changes made possible or
logical by the hybridization. Changes could range from minor design changes that take
advantage of the narrower engine operating regime the hybrid design allows, to totally
changing the auxiliary power unit (APU) technology, e.g., using agas turbine in the
hybrid if the hybrid operating strategy did not require the APU to follow the load.

3.  Thetwo vehicles should perform as similarly as possible, except where performance
differences are inevitable because of problems too expensive to fix or advantages too
attractive not to take advantage of. The primary performance indicators we used are
zero to 60 mph acceleration (Z60) time and gradeability, matching within reasonable
limits of accuracy the Z60 times of the two vehicles, but allowing hybrids to meet a
minimum gradeability standard considerably below that achievable by the conventional
vehicle. We have not at this time estimated and compared passing acceleration for the
two vehicles, though thisis another performance indicator that is of importance to
vehicle designers.

Where these rules are not followed, it is our contention that differences in fuel consumption,
emissions, and performance between a hybrid vehicle and conventional vehicle should not be
attributed solely to hybridization. For example, the 1999 Japanese version of the Toyota Prius
has often been compared to the 1999 U.S. Toyota Corolla, avehicle of roughly similar size made
by the same company. However, the Prius has several features different from the Corolla (low
rolling resistance tires, areduced coefficient of aerodynamic drag but larger frontal area, and
variable valve control) that impact fuel economy but have nothing to do with hybridization. That
is, these features could just as easily have been applied to vehicles with conventional drivetrains.
Also, the Priusis significantly slower than the Corolla, with Z60 time of about 14.5 seconds,
were the Corolla’'s gear ratios adjusted and engine size reduced to match the Prius's performance,
its fuel economy would be significantly increased. The effects of these differences should be
accounted for separately from the effects of hybridization. On the other hand, the effect of three
additional, unique Prius features probably should be included as an effect of hybridization. These
features are Prius’'s use of an Atkinson cycle in the engine,34 its lighter engine components (the
availability of boost power from the motor allows engine speed to be limited to 4,500 rpm,

34 The Atkinson cycle, if used in a gasoline engine of a given displacement, will sharply reduce the power
of the engine while increasing its efficiency. This cycleis not appropriate for a conventional drivetrain,
but a hybrid can overcome its power disadvantage and thereby obtain the benefit of its higher efficiency.
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yielding less stress on the engine), and its continuously variable transmission, whose unique
design is made possible only by the combination of electric motor, generator, and engine.3>

3.1.2.1 Selecting a Conventional Engine/Hybrid Engine Pair for Comparison

A key problem in modeling the effects of hybridization is the difficulty of modeling a hybrid
engine that represents only those features (particularly, lower power and size/weight) alowed by
the hybridization. There are both philosophical and practical problems.

A philosophical problem isthat reducing engine size while maintaining “al else equal,” that
is, maintaining the same level of technology and the same design, may not represent the best
comparison between conventional and hybrid drivetrains. Instead, the degree of operating control
afforded by a hybrid drivetrain may make it attractive to the vehicle designer to eliminate some
engine enhancements normally used in a conventional drivetrain to maintain high engine
efficiency over awide range of operating conditions. For example, although the Toyota Prius has
variable valve control and the baseline Toyota Corolla does not, it may be more likely that a
hybrid designer would remove a costly pre-existing variable valve system in hybridizing a
conventional drivetrain. Thisis because some hybrid engine management strategies keep the
engine within fairly narrow operating limits — negating much or al of the benefits of avariable
valve system, which is designed to overcome the efficiency trade-offs inherent in an engine with
fixed valve timing and widely varying operating conditions. Note that a hybrid drivetrainis
substantially more complex than a conventional drivetrain and the added components such as
motor/controller and battery are very expensive. Thus, a primary task facing the designer of a
hybrid vehicle isto remove costs wherever possible, because the vehicle will be competing with
simpler, less expensive conventional vehicles.

The issue of making an “apples to apples’ comparison becomes even more difficult if the
hybrid engine is a gas turbine or other device that becomes practical because of the hybrid
drivetrain’s ability to use the battery/electric motor to follow the load, with the engine providing
baseload power. For such a hybrid, it is difficult to identify an appropriate baseline engine for
comparison’s sake. In this report, however, we deal only with hybrids using conventional
gasoline engines.

Thereisapractica problem with the goal of keeping all else equal. In moving from a
baseline conventional drivetrain to a hybrid drivetrain with a matched (but smaller) engine, the
modeler must downsi ze the engine without losing the basis for a valid comparison. The two most
obvious downsizing methods are to scale the engine down (mathematically) or to find fuel
consumption and emissions maps of a smaller engine whose design is similar enough to the
original that any fuel economy and emissions differences between the two engines are primarily
afunction of engine size rather than design differences. An examination of the fuel economy and
emissions performance of engines with essentially equivalent power but different designs reveals

35 Theinclusion of the latter as a benefit of hybridization may be controversial because continuously
variable transmissions (CV Ts) can be added to conventional drivetrains; however, the transmission of the
Priusis both less expensive and more efficient than a“conventional” CVT would be, thus, hybridization
makes this type of CVT use more likely.
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that design differences can yield large differences in emissions and fuel economy. Unfortunately,
there are few engine families that retain constant design over arange of displacements and power
output. Consequently, modeling the hybrid’ s engine by selecting a conveniently-sized engine
map from the library makes it difficult to distinguish which part of any energy and emissions
differences between the conventional and hybrid vehicles are due to hybridizing the drivetrain
and which are due to differences in engine design.

Another approach to modeling areduction in power isto reduce peak rpm (modeled by
deleting the engine map above the selected peak rpm), as done in the Prius. However, it appears
more likely that, in the long term, automakers will place physically smaller enginesin their
hybrids, and obtain them by redesigning off-the-shelf engines, designing new engines, or
purchasing smaller engines from suppliers. We could model reduced displacement by assuming a
reduction in the number of cylinders, but there would be changes in noise, vibration, and
harshness (NVH) in an engine downsized in this manner, and thiswould still provide limited size
options. Finally, we could model a downsized engine by reducing the peak torque line and
associated isobars of a baseline engine by a constant. This option is attractive because it offers an
infinite number of power levels. However, the approach ignores the real-world discontinuities
that arise when cylinders are reduced in size, which is the physical analog of this approach.

We have chosen the scaling approach of reducing the peak torque line and associated
isobars of the baseline CV engine by a constant to achieve the map of a downsized engine of the
same technology. We note, however, that this approach automatically introduces errors into the
modeling process.

In this study, we seek to project the effect of hybridization in the future, given the likelihood
that large numbers of hybrid vehicles will not enter the U.S. market until 2005 or later. Some
components of hybrid and conventional drivetrains are changing at a faster pace than others,
partly because they are at different stages of development and partly because there are different
levels of resources being expended toward their improvement. Consequently, current state-of-
the-art data may not reflect likely future increases in component efficiencies, complicating the
modeling process. Although higher future efficiencies can be assumed in the modeling process, it
is not possible to recreate the effects of the unknown design and materials changes that will
likely accompany the increase.

Finally, although this analysis attempts to compare conventional and hybrid vehicles that are
close to equivalent in performance, in practice the two will not have identical performance
characteristics, and in some cases differences may be large. In particular, using our design rules,
an HEV’ s gradeability will be inferior to the “ performance equivalent” CV'’s grade-climbing
ability. Also, grid-connected hybrids expected to operate part-time as EV's may have substantially
different performance from CV's. For example, in the cases we examined, the hybrid’s
acceleration capability in EV mode was inferior to the CV, although the development of higher-
specific-power batteries may eventually allow equivalent performance; in HEV mode, for the
parallel designs, the HEV' s accel eration was somewhat superior to the CV. Some HEV designs
with limited battery energy storage may occasionally encounter driving situations in which the
batteries have been discharged and only engine power is available, reducing performance
capability temporarily. The Toyota Prius has awarning light to alert driversto low battery charge

43



A

and reduced performance. In other words, readers of this and other analyses of HEV capability
should be aware of the potential for some “apples to oranges’ comparisons where side-by-side
comparisons are between vehicles whose performance capability is not completely equivalent.
Further, the drivetrain changes may make the performance of hybrids very sensitive to design
details, including control strategies, with subsequent uncertainty in predicting what performance
actually will be. For example, the Z60 time of a hybrid will depend strongly on whether the
control strategy allows the engine to be left on when the vehicle is stopped (which would,
however, increase fuel use) or, when the vehicleis electrically launched, whether the engine will
be turned on at low vehicle speeds when high power isdemanded. If the engineisturned off
when the vehicle is stopped, accel eration time will al'so depend on the delay between the power
demand signal (depressed accelerator) and engine start and attainment of full power. The
potential for vehicle-to-vehicle variation in these factors further complicates the attainment of
fair comparisons between vehicles.

The following discussions lay out more of the modeling difficulties we encountered.
3.1.2.2 Engine Maps

Engine maps are representations of an engine’s fuel consumption or emissions
characteristics in which brake-specific fuel consumption or emissions are plotted as a function of
rpm on the x axis and torque [or brake mean effective pressure (BMEP)] on they axis. What
appears on the fuel consumption map are iso-bsfc lines, that is, lines of constant brake-specific
fuel consumption; the maps look similar to topographic maps showing lines of constant
elevation. Similarly, the emission maps have iso-emissions lines with the same x and y axes. For
conventional vehicles, ADVISOR and other second-by-second vehicle simulation models
combine these maps with atransmission model (which determines where on the map the engine
will be operating for a given demand for power) and, for emissions calculations, a catalyst model
to estimate the instantaneous fuel consumption and emissions of the vehicle. For hybrids, maps
of electric motors, controllers, batteries, and/or generators are also necessary.

Having accurate engine mapsis crucial to obtaining credible fuel consumption and
emissions estimates for hybrids and conventional vehicles, but obtaining adequate maps is far
from simple. Aside from the prablem of scaling discussed above (Section 3.2.2.1), we
encountered the following problems:

1. Availability of emissions maps. A reasonable number of fuel consumption maps for
engines of various sizes and technology levels are available in the scientific literature
or informational literature prepared by engine and vehicle manufacturers. There are
very few maps of emissions available, however. We did have access to maps and data
from the Federal Test Procedure Revision Project (FTPRP) and the National
Cooperative Highway Research Program (NCHRP). These projects measured second-
by-second emissions and fuel consumption as the vehicles followed prescribed driving
cycles. This project stretched the measurement state-of-the-art, particularly with regard
to equipment response times and dealing with lags between engine changes and tail pipe
emission responses. Perhaps as aresult of these issues, we found that our estimates of
fuel consumption using FTPRP and NCHRP data disagreed with published engine map
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information for the same engines by afew percent, generally giving optimistic results.
Presumably, there are similar problems with the emissions maps, although we did not
have the same opportunities to compare these with manufacturers' data. Despite these
problems, however, we had no other source of emissions data, and our emissions maps
were derived directly from the FTPRP and NCHRP emissions data.

Gapsin theavailable fuel consumption maps. Given the measurement difficulties
noted above with FTPRP and NCHRP fuel consumption data, we chose to use
manufacturers’ fuel consumption maps as the baseline for usein ADVISOR. However,
these maps provided accurate information only for positive load conditions, and then
only for moderate and higher load levels. Much of the time, however, engines operate
at low or even negative load, i.e., a idle and during braking or coasting (negative load
implies “engine braking” is occurring). Although the rate of fuel consumption at idle or
during braking or coasting is low, the time a conventional vehicle spends at these
conditionsis so high during most cycles that the fuel consumed during these conditions
isimportant (e.g., between 15 and 20% of total fuel consumed during the EPA FTP
cycle). Because alarge portion of a hybrid's fuel economy advantage over a
conventional vehicle is due to the way it handles engine operations during low and
negative load (it turns the engine off or maintains engine output at an efficient level,
using any excess output to recharge the battery), accurately measuring energy use for
both CVs and hybrids during these periods is important to accurately gauging hybrids
fuel economy advantage. For this reason, we used FTPRP and NCHRP fuel
consumption datato fill in the low and negative load areas on the published maps. Note
that CV s use fuel during these conditions, whereas hybrids often do not (their engines
usually are turned off).

No accounting for enginetransient effects. The published fuel consumption maps we
used are constructed by running the engine at constant speed and load, measuring fuel
consumption rates, and then repeating the measurements over the desired range of
speed and load. Thus, the maps measure steady-state fuel consumption and provide no
information on effects of engine transients in operations such as acceleration and
deceleration. This may be important to the modeled comparisons of hybrids and
conventional vehicles because some hybrid designs moderate or eliminate most engine
transients. On the other hand, accurate fuel economy results are obtainable for CV's
without accounting for engine transients, since validated simulations of conventional
vehicles have used the same type of steady-state engine maps that are used here for
simulating hybrid vehicles. At thistime, we are not able to estimate the magnitude of
the effect of not accounting for engine transients.

Difficulty of modeling emissions. Emissions rates for hydrocarbons and carbon
monoxide can vary by thousands of percentage points as engine and catalyst conditions
change, demanding alevel of precision in tracking these conditions that is difficult to
obtain in modeling. For example:

= Using a“onesizefitsall” transmission model means that, however accurate the
emissions map, potentialy large errors can be introduced by differences between
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the rpm/torque points selected by the model and the actual points that would have
been selected by the physical transmission.

= Emissions control state of the art changes quite rapidly, so available data are often
“behind the curve.”

= Tailpipe emissions are afunction of both engine out emissions and catalyst
efficiency; the latter is highly sensitive to temperature variations, variations from
stoichiometric exhaust conditions that may occur during decel eration, and other
conditions that are hard to predict and are likely to vary with changesin
manufacturer design strategy.

* Runsof ADVISOR predicted that a small emissions “spike” occurs at hot or warm
restart of the engine. Some limited experimentation on a single engine/control
system combination found that such spikes were small for the time between engine
startstypical of hybrid operation. Control strategies for hybrids often demand that
the engine be turned off and on several times during adriving cycle, yielding
multiple hot or warm restarts. Thus, further experiments to ensure accurate
prediction of restart emissions may be important in modeling hybrid emissions.
However, the nature of the emissions reaction to restarts will depend on the
behavior of the catalyst and the precise details of the engine and emissions control
strategy and hardware (aside from the catalyst, monitors and computer controls may
also be important). These details are not likely to be known for new or hypothetical
hybrid vehicles; control system data are far more proprietary than engine maps.
We do note that the 1999 Prius hybrid is as clean as many clean gasoline vehicles,
so the aforementioned spikes do not appear to be a problem for this vehicle
(Santini et a. 1999).

We concluded that the emissions estimates produced by our ADVISOR runs probably were an
order of magnitude less reliable than the fuel consumption estimates. We have decided in this
report to present only the fuel economy results until the reliability of the emissions estimates
made with ADVISOR has at least been verified by ongoing second-by-second emissions
testing at ANL.

3.1.2.3 Adequacy of Transmission Modeling

At every moment of the driving cycle, the transmission determines the operating point of the
engine, that is, the combination of BMEP and rpm that will produce the required load. This
means that an accurate transmission model is needed to provide accurate estimates of both fuel
consumption and emissions, since these are functions of where on the fuel consumption and
emissions maps the engine is operating.

To test the validity of ADVISOR'’ s transmission model, we compared “data clouds’ (plotted
second-by-second data points that show where the engine is operating across the entire driving
cycle) for vehicle dynamometer tests from the Federal Test Procedure Revision Program
(FTPRP) and for modeled results from ADVISOR. We discovered that the original version of
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ADVISOR'’s 5-speed transmission model tended to put the modeled engine into a portion of the
maps where real engines do not operate. Figure 3-1 shows a fuel consumption map for the Saturn
1.9-L SOHC engine, with the shaded area illustrating those portions of the map where the
FTPRP-tested engine operated. The ADVISOR-model ed engine often operated in region C on the
map, alower efficiency region outside the shaded area, on the same driving cycle tested in the
FTPRP. The differences between the actual tested engine and the ADVISOR-modeled engine
apparently occurred because the ADVISOR transmission model emphasized increases in engine
rpm to obtain higher power, whereas areal conventional vehicle transmission emphasizes
increases in torque to obtain more power. In other words, where areal transmission would
increase power by pushing the engine operating point up in the figure, the early ADVISOR
transmission simulation pushed the operating point to the right, into region C.36
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Figure 3-1 Saturn 1.9-L Fuel Use Map with FTPRP Coverage

36 Region A is an area of the map that empirical information implied cannot be reached by a conventional
transmission. The Toyota Prius, with a unique continuously variable transmission, can reach region A.
Region B represents deceleration. Point | representsidle.
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After the Hybrid Electric Vehicle Technology Assessment (HEVTA) project developed this
evidence and developed a basis for appropriate changes to the model, NREL, ADVISOR’s
developer, incorporated recommended revisions to the shift logic of the transmission model in
ADVISOR. The revised transmission model now reasonably reproduces areal transmission’s
behavior in a conventional vehicle. This project aso provided funding for development of the
automatic transmission model added to ADVISOR. The transmission model was devel oped by
Dill Murrell.

3.1.2.4 Zero to 60 mph Acceleration Times

Zero to 60 mph accel eration time represents a key factor both in defining vehicle
performance, to ensure that vehicle-to-vehicle comparisons are truly between equivalent vehicles,
and in sizing the powertrain correctly.3” Consequently, it is extremely important to be able to
consistently and accurately translate powertrain (and other vehicle) characteristicsinto Z60 times
and vice versa.

We encountered significant problems with measuring and estimating Z60 time. First, there
appears to be no industry standard for physically measuring Z60 time, so that different testing
organizations consistently obtain different Z60 values for identical vehicles. The differences are
particularly stark for manual transmission cars, which is not surprising since the degrees of
freedom afforded the drivers are that much greater than with an automatic transmission. Second,
estimating Z60 time requires a complex calculation with several judgment inputs, so that
estimated Z60 time values appearing in the literature should not be used without understanding
the underlying test protocols. Two vehicles of apparently identical performance, as indicated by
estimated Z60 times obtained under different test protocols from different sources, would
probably perform quite differently if tested in the field.

Z60 measurements. We examined Z60 test times from Consumer Reports, Car and Driver,
and Daniel Heraud' s “ Carpoint” website, and found significant differences among the three
sources. The largest differences were between manual transmission cars tested by Consumer
Reports and Car and Driver, with Consumer Reports' test times about 17% slower than Car and
Driver’s. For higher performance cars with Z60 times of about 6 seconds, Car and Driver’stests
brought the cars to 60 mph about 1 second faster than Consumer Reports'. The gap widened to
about 2 seconds for Z60 times approaching 12 seconds.38

37 With regard to powertrain sizing, Argonne' s baseline method has been first to size the engine to achieve
vehicle minimum continuous gradeability requirements of 6.5% grade @ 55 mph for 20 minutes, and
then to size the battery and electric motor to achieve the Z60 time goal (8, 10, or 12 seconds).

38 These values reflect plotted statistical fits of recent (1994-1998) values of Z60 time versusinertia
weight/peak power rather than compared tests of identical vehicles, but the results resemble an earlier
examination of test results from Consumer Reports and enthusiast magazines for identical vehicles
(Santini and Anderson 1993).
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A comparison of test results for automatic transmission-equipped cars between Consumer
Reports and the Heraud website show considerably smaller differences, which isnot surprising
given the fewer degrees of freedom available with an automatic transmission.

There are limited performance tests for hybrids available. EPA conducted Z60 tests on the
Japanese version of the Prius during extensive testing for fuel economy and emissions
performance (Hellman et al. 1998). EPA found that the Japanese Prius’' s Z60 times varied
significantly with the state-of-charge of the battery. With the battery fully charged, this Prius's
Z60 time was about 14 seconds. After deliberately discharging the battery by coasting down
rather than braking, thus avoiding regenerative braking, the Z60 times increased gradually to
about 20 seconds or so, with the 20-second Z60 probably about the acceleration capability of the
engine alone, without motor assist.

Car and Driver conducted similar tests of the Japanese Prius, at full and zero battery state of
charge (SOC). More recently, Consumer Reports and Toyota have published Z60 test results for
the U.S. version, presumably at full SOC. Finally, both Car and Driver and Consumer Reports
have tested the Insight, with Car and Driver testing it at varying states of charge.

Figure 3-2 plots the Z60 times for both conventional and hybrid vehicles from Consumer
Reports, Heraud (conventional only), and Car and Driver as afunction of the vehicle power-to-
weight ratio, and adds a standard EPA equation of the relationship (for conventional drivetrains)
for comparison’s sake. The figure also shows some results from ADVISOR runs, for
conventional vehicles. These tests confirmed that ADVISOR predicted slower acceleration with
automatic transmissions than with manual transmissions, though the difference may not be quite
asgreat asin Consumer Reports' tests.

Modeling Z60 time. We also discovered that aternative models (and methods) we had been
using to estimate Z60 time for identical vehicles gave different estimates. We had been using two
models, ADVISOR and Hybrid Electric Vehicle Component Sizing and V ehicle Cost model
(HEVCOST), to estimate either Z60 time given vehicle characteristics, or drivetrain component
power given required Z60 time (and gradeability). Our initial versions of HEVCOST and
ADVISOR were close in predictions of Z60 times for series HEV's (within ~ 0.5 second
difference) but were far apart in Z60 predictions for conventional vehicles and parallel hybrids —
with HEVCOST predicting significantly faster Z60 times (or lower power requirements to obtain
the same Z60 time). The differences in results led to careful reexamination of both approaches.
After these evaluations, we made changes to both models, bringing them closer together in their
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estimates, and better matching them to measured Z60 times. Some of the obvious areas of
concern in estimating Z60 time are:

= For hybrids, is the engine on or off at start? The need to turn the engine on will cause a
delay in reaching full power, although the electric motor can launch the vehicle (at lower
acceleration) even with the engine off. ADVISOR assumed the engine was on in series
HEV calculations, but off in parallel HEV calculations; inits original version,

HEV COST assumed the engine is on for both types of hybrids. In al likelihood, hybrids
will be designed to turn the engine off at stop, at least for a default mode, to conserve
fuel .39 However, hybrid designs may allow drivers to override the engine off feature.
This raises the question of whether announced 260 times will reflect normal (engine off
at stop) driving conditions or competitive (engine on) conditions. Further, if the engineis
on, different testing organizations testing a manual transmission HEV may use a
different starting rpm. We suspect that Consumer Reports startsitstests at idle and Car
and Driver starts at higher rpm. The relative positions of the best Car and Driver test of

39 However, for effective emissions control, after first start-up the engine probably will not turn off until the
catalyst reaches lightoff temperature; the Prius engine behaves this way.
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the Insight, and the single Consumer Reportstest of the Insight (Figure 3-2) are
consistent with this expectation.

For manual transmission cars, how long are the transmission shift delays? Thisisa
function of driver and transmission capability. Vehicle simulation models are likely to
have a single transmission model for al vehicles. The ADVISOR model does alow the
analyst to specify shifting delay, gear ratios, final drive ratio, and torque converter
characteristics; any good model should do so.

Does the model consider wheel dip? For full power accel eration, wheel slip can add
significantly to Z60 times, since tire/pavement adhesion limits affect the amount of
power that can be used for acceleration. Note that the type and size tires used are a
critical determining factor. As part of our model verification and calibration process, we
modified the wheel slip submodel in ADVISOR, increasing the adhesion limits and
reducing achievable Z60 times.

Are the transmission shift points always at the redline? Note that a typical Z60 test will
have one or two upshifts, with the second upshift often occurring quite close to 60 mph
(so that small differences in the shift point can place the second shift inside or outside of
the Z60 test); the difference in delay time between one or two shiftsis not insignificant.
In an actual test run, an aggressive tester might avoid the second shift by leaving the
transmission in second gear and briefly exceeding the redline.

Is engine inertia accounted for? At startup (unless the test driver races the enginein
neutral) and after each shift, there is a small delay for the engine to reach the high rpm
required for maximum power. We added an inertial component to our early version of
ADVISOR to improve the accuracy of its Z60 calculation; the effect was to increase
dlightly estimated Z60 times.

3.1.2.5 Hybrid Design and the Impact of Cost Considerations

Our modeled comparisons of equivalent conventional and hybrid vehicles have the
disadvantage that the hybrid vehicle’' s design is based on a simplistic set of performance targets
and design rules rather than the sophisticated design process that would actually occur in
developing a commercial vehicle (for example, accounting for cost and a range of performance
requirements including start-up acceleration, passing acceleration, top speed, shift feel, etc). In
this study, the base vehicles are designed to meet simple Z60 and 55 mph gradeability targets,
with the sizing of drivetrain components generally obeying simple rules: engine sized to meet the
gradeability target; battery and motor sized to provide the additional power needed to meet the
acceleration target. These rulesyield a vehicle that superficially performsin a manner similar to
a conventional vehicle and whose overall performanceis likely to be acceptable to most users.
However, the modeled vehicle design lacks two important considerations:

The fuel economy and emissions outputs have not been used to redesign the vehiclein
an iterative fashion. It is quite possible that other design rules could produce a more
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efficient and/or lower emitting vehicle that still performed adequately or, alternatively,
that strategies to hold emissions or fuel consumption down could diminish performance.

2. Cost estimates were similarly not used in the initial set of model runsto redesign the
vehicle. Thus, following the design rules, acceleration performance improvements were
obtained primarily by increasing battery and electric motor power capacity, even though
increasing engine power probably would be cheaper at U.S. fuel prices. The selected
approach does result, however, in better fuel economy.

The HEVTA has conducted some sensitivity analysis to allow for the second consideration, e.g.,
allowing engine power to exceed gradeability requirements (with reduced motor and battery
power requirements) to produce aless expensive vehicle. However, in general it must be
remembered that the hybrid designs studied to date are likely to be significantly different from
eventual commercial designs.

3.1.2.6 Fair Treatment of Time and Context

A fair treatment of the hybrid/conventional comparison will ensure that assumptions about
technological progress and context will apply to both drivetrains. Thus, if the hybrid is assumed
to be equipped with an advanced, efficient battery and electric motor that might not be available
until 2005, comparing it to a 1999 conventional vehicle introduces a bias against the CV. It
would be fairer to the comparison to assume improvements to the conventional drivetrain that
could be expected to be made by 2005, although this clearly introduces additional uncertainties.
The likely result would be that the relative fuel-economy advantage of the hybrid will shrink,
because advanced engines and transmissions will reduce some of the same losses that are
targeted by hybridization.

A more subtleissueis context: if the hybrid is commercially feasible despite its higher cost,
this probably means that, in the scenario being modeled, fuel economy isvalued highly. This
might mean, for example, that turning the (conventional) engine off during zero road load
situations (braking, coasting, standing) would be acceptable to consumers. Turning the engine off
during stops, braking, and coasting is atypical strategy for a hybrid and a significant source of its
fuel savings; if the conventional drivetrain could use the same strategy, this would narrow the
fuel consumption gap between the two. But if the design for idle-off involved replacing the
starter and alternator with an integrated motor/generator and using alarger battery, this might
stretch the traditional meaning of “conventional drivetrain.” Such adesign could also be
considered an extreme example — the mildest of mild hybrids.

3.1.2.7 Calculating the Energy Use of Grid-Connected Hybrids

Computing the energy use of grid-connected HEV'sis complicated by their dual mode of
operation and potential for recharge from the electrical grid. For grid-independent HEVs,
computing energy use is simply a matter of modeling fuel use over selected driving cycles and
reporting vehicle fuel use either separately for each cycle or for atime period consisting of
several cycles of different types, strung together. Either way, thisis a straightforward exercise,
with al energy supplied by asingle fuel stored onboard. That computing the energy use of a
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grid-connected hybrid is not straightforward can be demonstrated by following the course of a
day’stravel (Figure 3-3):

We can assume that the vehicle begins the day as an electric vehicle (EV), with the
battery fully charged (e.g., at 0.95 SOC) and the engine not operating. This may not
always be the case, since vehicle operators might want to “save” the vehicle’s EV range
for later in the trip (or day) when the vehicle might have to operate in an urban area open
only to zero emission vehicles. Some European cities have established “zero emission
zones,” and conceivably some American cities might do the same. However, where
ozone reduction is the primary focus, reducing early morning emissions — requiring
initial use of the vehicle in zero emissions mode — seems most likely.

Assuming an EV range R, if the vehicle' stotal travel islessthan R miles, the vehicle
will operate all day on battery power and end the day at a battery SOC greater or equal to
the minimum alowed (e.g., 0.2 SOC, which is the value we have assumed in our
analysis). If the vehicle isrecharged at night, all of that day’s miles (< R) may be said to
have been powered from the grid.

Braking
event

Acceleration
event

state of charge

|—T—| | time or distance >

Figure 3-3 A Day’s Driving for a Grid-Connected Hybrid Vehicle:
SOC vs. Time or Distance
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= |f thevehicle stravel onthat day is greater than R, after R miles the engine will turn on
and the vehicle will operate in hybrid mode. For atime after the engine starts, the engine
will work to recharge the battery until it reaches a predetermined state-of-charge range
selected to allow both long battery life and high potential for grid recharging.4? After this
range is reached, the vehicle's control system will seek to keep the battery SOC within
this (narrow) operating range, to extend battery life. When the battery is recharged
overnight, the grid can provide only that electricity needed to raise the battery’s charge
from the SOC when the vehicle was turned off (either somewhere between 0.2 and the
bottom of the operating range if the vehicleisturned off before the operating rangeis
reached, or somewhere within the operating range if the vehicle isturned off later) to the
fully charged state. On these days, the grid will have provided the energy to power some
number of mileslessthan R, with the rest powered by the vehicle' s onboard fuel.

Uncertainty about the SOC range likely to be chosen for normal HEV operations introduces
difficulty in estimating the amount of grid electricity that a grid-connected hybrid can use. As
noted above, on trips that significantly exceed the hybrid’ s EV range, the amount of recharging
will depend on the difference between the SOC at the end of the trip (somewhere in the SOC
operating range) and the maximum SOC, say 0.95. The lower the SOC operating charge range,
the more potential thereisin the battery for recharging. Thus, the choice of operating rangeis
likely to be atrade-off between maximizing battery longevity, which might require afairly high
SOC range (e.g., 0.5-0.6%1), and maximizing the amount of grid electricity used, which would
require alow range (e.g., 0.2-0.3). At thistime, we do not know enough about the quantitative
effect on battery longevity of different operating SOC ranges to provide a reliable assumption
about the range likely to be chosen by manufacturers. It is our understanding, however, that a
wide swing in SOC from almost fully charged (0.95) to aimost fully depleted (0.2) will have a
highly detrimental effect on battery life compared to a modest 0.5-0.6 swing.

Individual driving characteristics of grid-connected hybrids present another uncertainty
about their energy use. A simple example will illustrate the dilemma. If a grid-connected HEV
were to travel 10,000 miles per year, it would average about 27 miles per day. If its EV range
were 30 miles and itstravel extremely regular, for example, if it were amail delivery vehicle
with a 27-mile daily route, or primarily acommuting vehicle with a 27-mile round trip, it might
rarely be forced out of its EV mode and could “fuel” most of its miles from the grid. On the other
hand, if itstravel were highly irregular, with amix of “short travel” days (during which it was
idle or traveled only afew miles) and days when it was used intensively, with daily distances
well beyond its EV range, half or more of its travel could be fueled by its onboard fuel stores.

40 Maximizing grid recharge means selecting as low an SOC operating range as possible (but still avoiding
SOCs below the point where specific power experiences sharp declines, about 0.2 SOC in the NiMH
batteries that we simulated), e.g., 0.2-0.3 SOC. Maximizing battery life may imply a higher SOC
operating range, but we are not aware of data on the interplay of battery life and operating range.

41 The Prius HEV uses an SOC range in this vicinity. ANL tests show that battery SOC stays within arange
of 0.55 and 0.60 on the Japanese 10.15 cycle (personal communication, Aymeric Rousseau, Argonne
National Laboratory).
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Consequently, understanding the usage patterns of grid-connected HEV s will be crucial to
estimating the nature of their energy use.

In other words, a grid-connected HEV will use both grid electricity and fuel to power its
miles, with the split between the two determined in large part by the type of driving being done,
the vehicle' s electric range, and the operating SOC range. A vehicle that travels short distances
daily might obtain all its energy from the grid; one that travels long distances might obtain
considerably less than half its energy from the grid.

HEV energy use can be modeled from the “daily miles traveled” data available from the
Nationwide Personal Transportation Survey (FHWA 1997). Figure 3-4 (cumulative share of
vehiclestraveling vs. total miles traveled daily) shows that, on an average day, about 40% of
vehicles driven travel less than 20 miles.42 We might assume that HEV's conform to the daily
travel distance distribution reported by the survey. However, using this dataimplicitly assumes
that the travel patterns of grid-connected HEVswill be identical to the patterns of all vehicles,
and this seems unlikely. Grid-connected HEV s will be more expensive than both CVsand grid-
independent HEVsin initial costs and, at U.S. gasoline and electricity prices, probably in life
cycle costs aswell, and their performance is somewhat limited in EV mode. They are likely to be
purchased by individuals who either require, or value highly, their EV capability, and these will
not be average drivers. Although we can, and will, specul ate about their tripmaking
characteristics,43 computing electricity and fuel use involves adding another uncertainty to the
aready large number of uncertainties present in our other calculations of HEV energy use.

Assuming that the full range R can be recharged electrically when the day’ stravel distance
exceeds R (that is, ignoring the previously discussed loss of rechargeable distance that occurs
after the HEV mode commences), HEV s with a 20-mile EV range could recharge 40% of all
miles traveled electrically (this potential was first recognized by Reuyl and Schuurmans 1996).
This percentage of recharge may be reduced substantially when engine-induced rechargeis
considered, with the amount depending on the minimum SOC and the HEV operating SOC
range. In all likelihood, our accounting for engine recharge (assuming a 0.5-0.6 SOC operating
range) would reduce the 20-mile HEV to about 25-30% el ectrification. If battery longevity can
be maintained with avery low operating SOC range, then this percentage would move upwards
toward 40%.

42 Note that the graph represents only a snapshot of what happens on an average day, and on a different
day, it isquite possible that a different group of vehicleswill be traveling less than 20 miles. In other
words, the graph does not mean that 40% of vehicles travel less than 20 miles per day as an annual
average (that is, 6,300 miles/year); it ismore likely that far fewer vehiclestravel thislittle over the
course of ayear. Strictly speaking, the graph means only that the average driver drives less than 20 miles
about 4 days out of every 10 that he or she drives.

43 We would guess that purchasers of grid-connected hybrid vehicles would spend more-than-average time
in congested urban driving conditions (where HEV s achieve maximum benefit/mile) or at least in non-
highway conditions, drive more miles than most such drivers, and regularly return to alocation where the
vehicle can be recharged.
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the Nationwide Personal Transportation Survey

3.2 Cost Modeling

The Hybrid Electric Vehicle Component Sizing and Vehicle Cost model, HEVCOST, isa
direct extension of the conventional and electric vehicles manufacturing and retailing cost
analysis described by Cuenca, Gaines, and Vyas (2000) and Vyas et a. (1998). A few aspects
were adapted for hybrid electric vehicles (HEVs). The analysisrelies on first identifying those
vehicle components that would be common between a CV and a hybrid electric vehicle, and then
estimating the CV retail price share of these common components. The analysis then develops a
Separate estimate of the cost of those components unique to the HEV — primarily the powertrain.
Using arelationship between vehicle component manufacturing cost and retail price devel oped
by the study team, the retail price of the HEV components (mostly the powertrain) are
determined and added to the price of the shared components to yield total vehicle price.

Argonne devel oped a separate procedure (described in Appendix C) for estimating
powertrain component power requirements and mass, and cost equations were derived for the
powertrain components as a function of the component power ratings. The resulting estimates
serve as a useful initial value for the ADVISOR model, which then iterates to a more exact set.

The cost estimation procedure is designed to be applied to high-volume production of hybrid
electric vehicles. It assumes that the body and chassis components of a hybrid electric vehicle
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will be very similar to a conventional vehicle and will be mass-produced by an original
equipment manufacturer (OEM).

3.2.1 Common Components’ Retail Price Equivalent

The cost analysis separates the conventional vehicle into four groups. (1) body, (2) engine,
(3) transmission, and (4) chassis. The retail price contributed to electric vehicles by each group
was determined by Cuenca, Gaines, and Vyas (2000), who also classified each component or
group of components as fully common, partially common, or not common between conventional
and electric vehicles. Subsequently, that analysis was extended to apply to hybrid electric
vehicles and isreported in Table 3-1.

With the exception of the instrument panel and the heating, ventilating, and air-conditioning
(HVAC) system, the body group is expected to remain practically the same between aCV and an
HEV. The HEV instrument panel will have specific displays for new components and HEV
operation. Its HV AC system ducts and blowers will be very similar to those of aCV, but the
system would be powered and configured differently. Although the initial HEV's are expected to
have an internal combustion engine (ICE) power plant, the entire engine group is identified as
“not common” because proposed HEV engine systems are different from those used in the CV's.
Aside from having lower power ratings than their CV counterparts, HEV engines are not likely to
have a separate alternator and a starter. They may have one alternator/starter or they may use,
when one is available, agenerator for starting the engine. HEV engines may operate within a
narrower range of speeds than a CV engine and may use combustion cycles, such as the Atkinson
cycle used by the Toyota Prius, that a CV engine would not.

The transmission group, too, is marked “not common.” The paralel HEV’s transmission
must coordinate two power sources, an |CE and an electric motor. Several novel approaches are
being devel oped for this configuration, much different from the present CV transmissions. In the
series configuration, the motor could be connected to asimple gear drive to transmit its power,
although some applications might require a two-speed transmission. In either configuration, a
separate cost estimate is required. Within the chassis group, several subgroups are marked
“partially common.” The exhaust system, fuel storage, and fluids subgroups are likely to be
smaller and perhaps different from the CV'’s systems. The steering and brake subgroups may
differ in their power source and design. The chassis electric system may use a different power
source and voltage, depending upon the OEM design choices.

The analysis discussed in this report assigns shares of retail price to each group of the CV
components for a midsize car — afour-door sedan with afour-cylinder engine, automatic
transmission, and air-conditioning (HEV COST aso can evaluate minivan and subcompact
vehicles). Table 3-2 provides a summary of the allocation by major groups.
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Table 3-1 Common and Dissimilar Components of CV and HEV

CV Groups and Subgroups

Fully
Common

Partially
Common

Not
Common

Body Group

Body-in-white

Paint and Coatings

Glass

Interior Body Trim

Exterior Body Trim

Seats

Instrument Panel

Restraint System

Body Electrical Components

Heating, Ventilating, Air-Conditioning (HVAC)
Engine Group?

Base Engine

Emissions Control

Engine Accessories

Engine Electrical Components

Cooling System
Transmission Group®

Transaxle

Clutch and Actuator

Transmission Controls
Chassis Group

Frame

Suspension

Steering

Brakes

Exhaust System

Fuel Storage

Final Drive

Wheels and Tires

Bumpers, Fenders, and Shields

Chassis Electrical Components

Accessories and Tools

Fluids

X X X X X X

X X

x

X X X X

X

X X X X X

X X

a Although the HEV has an engine, the entire engine group will be designed differently.

Hence it is treated as “not common.”

reduction gears.

An HEV transmission could range from a continuously variable transmission to a set of




Table 3-2 Allocation of MSRP to Midsize Car Groups and
Common Components

Share Common
Vehicle Group CV Price Share (%) to HEV (%)
Body group 28.46 28.46
Engine group 21.53 0.00
Transmission group 5.03 0.00
Chassis group 23.94 22.78
Vehicle assembly 21.04 21.04
Total 100.00 72.28

With the assumption that the common body and chassis components will be mass produced
and assembled the same way for both CV and HEV, the shares also provide an estimate of the
retail price of these componentsin amidsize HEV. The analysis adds the cost of powertrain
components to this common component price to yield an estimate of the potential HEV retail
price.

3.2.2 Allocation of Indirect Costs

A vehicle' sretail priceincludes costs that are not associated directly with its manufacturing,
but were incurred in other areas of vehicle manufacturing and retailing. These costs include
research and devel opment, engineering, depreciation and amortization, corporate overhead,
retirement and health benefits, vehicle distribution, advertising, dealer support, and profit. A
vehicle s retail price structure can be broken down as shown in Table 3-3.

The cost of manufacturing, including assembly, typically accounts for about 50% of the
retail price. This relationship can be extended to individual components. The analysis doubles
the “factory gate” cost of a component manufactured by an OEM to arrive at its contribution to
the vehicle retail price. Several components of the HEV, such as motor, motor controller and
power electronics, and generator, are not likely to be produced by an OEM, however. These
components would likely be procured from independent suppliers who would include warranty,
R&D and engineering, and depreciation and amortizing costs in their component prices. These
non-OEM HEV powertrain component prices are multiplied by afactor of 1.5 to arrive at their
contributions to the vehicle retail price. The two multiplication factors are similar to those
resulting from two other methodol ogies (Borroni-Bird 1996; OTA 1995).

The battery pack is a unique component. Though most likely to be procured from an
independent supplier, it will require only assembly and testing. We assume that a multiplication
factor of 1.15 applied to the battery pack cost is the minimum feasible cost multiplier for this
expensive HEV component. It is lower than the 1.50 factor applied to the other outsourced
components, and this admittedly low factor is used in the analysis.
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Table 3-3 Vehicle Manufacturing and Retail Price Structure

Retail Price Share (%)
By Major By Sub-
Major Cost Category Cost Subcategory Category category
Production 67.0
Manufacturing 50.0
Warranty 5.0
R&D and Engineering 6.5
Depreciation and Amortization 5.5
Selling 23.5
Distribution 20.0
Advertising and Dealer Support 3.5
Administration and Profit 9.5
Corporate Overhead 5.0
Retirement and Health Benefits 2.0
Gross Profit 25
Total 100.0 100.0

Bear in mind that there are substantial differences among vehicle manufacturersin
allocating indirect costs and determining retail prices. The prices derived by this analysis should
be viewed as representative of average pricesin a market operating in a manner similar to today’s
retail market, with the implicit assumption that manufacturers do not need to artificially
subsidize HEVsin order to make them more acceptable to a risk-averse buying population.

3.2.3 Component Cost Information

The model uses a default midsize car cost of $22,500 for a vehicle capable of accelerating
from 0-60 mph in 10 seconds. The resulting retail price equivalent share of the common
components (between the conventional car and the HEV) is $16,270. The cost model then adds
to this the estimated retail price contribution of the power unit and associated system, motor,
inverter and power electronics, optional generator, transmission and/or gear drive, battery pack,
system control, and other components for HVAC and electric auxiliaries.

The database containing the required component cost and performance information was
developed using data from published sources coupled with technical judgment on learning and
production volume-related improvements. The mass and power computation procedure uses the
performance information and determines the ratings of each powertrain component. The cost
modeling procedure uses the resulting power ratings and a set of equations to compute cost of the
powertrain components. The information presented here is from the default database. The cost
model uses four pointsin time. The first year assumes an annual production of 25,000 vehicles.
The next three points in time represent rising annual production levels of 50,000-100,000,
100,000-200,000, and 250,000 or more. Thus, the cost estimation procedure does not estimate a
potential HEV price for aninitial production phase when several components would be
manufactured in small quantities using less-than-optimal methods. In the description below, we
use cost information for the 50,000-100,000 production level.
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The component cost data reported below are “manufacturing” costs at the OEM factory
gate. Thefinal price to the consumer is computed through application of the above-mentioned
multiplication factors.

3.2.3.1 OEM Manufactured Components

The vehicle body, power unit and associated system, transmission and/or gear drive, system
control, and HVAC and other components are assumed to be manufactured by the OEM.
Table 3-4 shows fixed and variable terms used by the cost model.

Table 3-4 Methodologies Used for Estimating OEM-Manufactured
Component Costs

OEM Manufactured Cost Function Minimum Variable Cost
Component Type Power (kW) Fixed Cost ($) (B/kW)
Power unit and system Linear a 394 24.9
Transmission: parallel Step 50° 270 5.0
Motor gear drive Step 50° 85 1.7
System control Fixed 202
HVAC and other Fixed 250

& A minimum 20 kW power unit size assumed.
® The variable cost is zero up to this rating.

The second column in the table, “ cost function type,” indicates the method of cost
computation. The methods are: (1) linear, in which fixed plus variable cost per kW values are
used; (2) step, in which the cost remains unchanged until a minimum power rating listed in the
third column is reached and, thereafter a variable cost per each additional kW is added; and
(3) fixed, in which the cost does not change.

3.2.3.2 Outsourced Electric Powertrain Components

The cost model assumes that all electric powertrain components, motor/generator and
inverter/controller with power electronics, are procured from outside suppliers. We used data
supplied by a DOE contractor to develop a set of linear functions (Duleep 1998). Table 3-5
shows fixed and variabl e terms used by the cost model.

Table 3-5 Fixed and Variable Terms Used for
Estimating Electric Drive Component Costs

Outsourced Fixed Variable Cost

Component Cost ($) ($7kwW)
Motor/generator 200 13.7
Inverter & power electronics 425 19.0
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3.2.3.3 Outsourced Battery Pack

The battery cost numbers presented in this report are for the nickel metal hydride (NiMH)
battery only. At the time of developing the HEV cost methodology, NiMH batteries had just been
introduced in both Toyota's RAV-4 electric vehicle and its Prius HEV . The characteristics of
these EV and HEV battery packs are very different. The EV battery pack has high specific
energy while the HEV battery pack has high specific power. Since the motor in a power-assist
(grid-independent) HEV is used intermittently and must be capable of producing high power for
short periods of time (e.g., during maximum acceleration), its battery pack should be optimized
for high power. Consequently, we assumed that the battery packs for grid-independent hybrids
would be similar to the Prius's battery back. We a so analyzed dual-mode (grid-connected)
HEV s, which required battery packs with high energy storage as well as power output. For this
vehicle type, we assumed an intermediate level of the nickel metal hydride battery with energy
and power density characteristics in between the RAV -4 type and Prius type batteries. For
estimating cost per kilowatt-hour, we used areport by the California Air Resources Board
(CARB) Battery Advisory Panel (Kalhammer et al. 1995) and an ANL Delphi study (Vyaset al.
1997) for guidance. The characteristics and costs for the three batteries are shown in Table 3-6.

Table 3-6 Nickel Metal Hydride Battery
Characteristics and Costs

Battery Specific Specific Energy Cost
Type Power (W/kg) (W-h/kg) ($/kWh)
High power 520 46 639
Intermediate 350 52 567
High energy 184 73 426

We note that the newly introduced U.S. version of the Prius has a significantly improved
battery pack with specific power of 880 W/kg (Toyota 2000), 75% higher than the previous
version. The cost of the new pack is reported as half of the previous version.#4

3.2.4 Modeling Concerns

Projecting the costs and retail prices of future vehicles and vehicle components has tended
to be problematic even for conventional vehicles, and there is substantial controversy about how
much hybrid vehicles will cost. Obvious problem areas for this analysis include:

1. Direct information on component prices to original equipment manufacturersisrarely
available; the OEMs generally hold this information as confidential. In addition, the
manufacturers treat the prices they pay to component manufacturers as confidential
information. Another potential source of information, retail prices for particular
components, may be available only in limited situations, because many components of
interest are integral to the vehicle and are not separately priced. Even when prices are

44 Nakamura, N., Toyota Motor North America, Inc., personal communication.
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available, they often do not reflect actual cost plus profit, but instead reflect the
manufacturer’s estimate of how the market values the components. Thus, the existing
price data are of limited help in supporting cost projections.

2. Hybrid engine costs are problematic for two reasons: first, they are extrapolations from
larger, more powerful engines designed for CV's; and second, hybrid duty cycles are
different from CV cycles, so the design of a purpose-built hybrid engine will be
different from that of an engine built for aCV. In the Prius, for example, Toyota has
restricted the rpm level of the engine and has been able to cut costs by using some
lighter, less expensive components as a result.4>

3. Theéelectric drive components presently are built in small quantities at high prices that
do not reflect savings associated with mass production. Further, thereis avigorous
R&D program aiming at improving (altering) the designs for key components, further
complicating the task of projecting costs and retail prices. The HEVCOST
methodology ignores current costs and estimates high volume costs by starting from the
materials in the components, building in normal markups. However, uncertainties
associated with changes in materials, production methods, and power densities
(yielding reductions in materials) remain.46

4. Estimating fuel and electricity costs for both grid-independent and grid-dependent
hybrids run into a number of prablems. We have modeled HEV onroad fuel economy
by multiplying the ADV ISOR-estimated corporate average fuel economy (CAFE)
values by the current EPA onroad degradation factor of 0.85 (we used alower value,
0.80, as the degradation factor for conventional vehicles; this reflects the shift in
driving to more congested conditions, a shift that will have less impact on HEV s).
However, the 0.85 degradation factor was devel oped for vehicles with conventional
drivetrains and is unlikely to be accurate for HEV's. We have adopted the 0.85
degradation factor as a default value for HEV s until better data are available. Another
concern for grid-dependent HEV s is uncertainty about the percentage of energy use
supplied by the grid.
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Section 4
Results of Vehicle Modeling

This section describes the results of the Advanced Vehicle Simulator (ADVISOR) and
Hybrid Electric Vehicle Component Sizing Cost and V ehicle model (HEV COST) modeling of
vehicle energy use and cost (see discussion in Section 3 for a discussion of why we have chosen
not to present criteria emissions results).

4.1 Description of the Vehicles Evaluated

The HEVTA has focused on a midsized passenger car, primarily because thisis the focus of
the current Partnership for a New Generation of Vehicles (PNGV) research and because the
results can be applied, with some caution and modification, to most of the light-duty vehiclesin
the U.S. fleet. The current vehicles on which the HEVTA vehicles are based — the Chrysler
Intrepid, Chevrolet Lumina, and Ford Taurus — are assumed to be slightly downsized (in external
dimensions) for the timeframe of the analysis, 2005-2020. They are also assumed to have
advanced low rolling resistance tires and greatly improved aerodynamics.

For sizing, we have chosen the current Chrysler Cirrus and Chevrolet Malibu as having the
approximate external dimensions of a future midsize car that has undergone a process of interior
space and structural redesign accompanied by substantial weight reduction. The current cars
weigh about 1,418 kg (3,125 Ib). By 2010, with an ultralight steel (ULS) body, these cars would
be expected to weigh about 1,255 kg (2,767 |b), with the body and chassis (basically, the car
without its drivetrain) assumed to contribute 73.5% of the vehicle mass, or 922 kg (2,029 1b).
When these vehicles are converted to hybrid electric vehicles (HEV'S), their body and chassis
weight is assumed to increase by 5% to account for any additional structural strength needed to
support the battery pack and power-electronic components.”

As discussed previously, to obtain afair comparison between hybrid and conventional
vehicles, we have assumed that al the vehicles share the same body characteristics and similar
performance, measured as zero to 60 mph acceleration (Z60) time. All of the vehicles are
essentially identical except for differencesin their drivetrains and the 5% structural weight
difference. The hybrids also must satisfy a gradeability requirement, although the conventional
vehicles have better gradeability due to their larger, more powerful engines. Table 4-1 showsthe
basic body characteristics assumed for the 2010 and 2020 vehicle.

47 Note that this 5% factor is somewhat arbitrary, for two reasons: firgt, it is possible to design the battery
pack in such away that it becomes an integral and supporting part of the body structure, thus reducing or
eliminating the need for added structural weight; and second, the size and weight of the battery pack and
electronic components, thus the added structural weight required, will vary significantly depending on
the vehicle' s performance requirements and on whether it is expected to be capable of operating all-
electrically, with some recharging from the grid.
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Table 4-1 Midsize HEV Characteristics

Vehicle Characteristics 2010 2020

Body and chassis mass in kg (Ib in parenthesis)

Ultralight steel body 969 (2,136) 959 (2,114)
Aerodynamic and rolling

Frontal area (square meters) 2.06 2.01
Coefficient of drag (Cd) 0.26 0.24
Coefficient of rolling resistance (Cr) 0.0075 0.0065

We examine a number of different types of hybrid design, including:

Parallel grid-independent full hybrid, with engine sized to provide the power to maintain
gradeability requirements, and battery/motor sized to provide adequate boost to the engine to
allow attainment of the Z60 requirement.

Parallel grid-independent mild hybrid, with less battery and motor power and more engine
power than the parallel grid-independent hybrid. Engine power is precisely midway between the
conventional vehicles (CVs) and full hybrid’s engine power, with battery and motor power
consequently sized to provide enough boost to satisfy the Z60 requirement.

Series grid-independent full hybrid, with engine and electric motor (continuous rating) sized for
gradeability, battery sized to provide boost for accel eration requirements, and electric motor
(maximum power) sized for full acceleration power requirements.48

Parallel and series grid-dependent hybrids, designed to operate part of the time as full electric
vehicles, so battery and electric motor are sized to satisfy a separate electric vehicle (EV)
acceleration requirement, and the engine is sized to provide full HEV gradeability. For the
parallel hybrids we examined, this combination tends to allow especially rapid acceleration when
both engine and battery/motor are engaged simultaneously, because the battery and motor are
considerably larger than those found in a parallel grid-independent hybrid.

For the grid-independent vehicles, we examine power levels that will allow Z60 times of 8,
10, and 12 seconds. The original PNGV guidelines call for Z60 times of 12 seconds, but this
value has been outrun by changes in the fleet. The current average Z60 time for midsize carsis
10.5 seconds, vs. 11.4 seconds in 1994 when the guidelines were established (Heavenrich and
Hellman 1999). Trends of increasing power and decreasing Z60 times appear to be robust. For
grid-connected vehicles, we examine power levels that will allow all-electric Z60 times of 12,
14, and 16 seconds. Keeping all-electric Z60 times for these vehicles more modest makes sense
because the powerful and very expensive electric motors needed to allow faster acceleration

48 |n other words, there are two separate sizing criteria for the electric motor. Although the gradeability
criterion requires less power than the acceleration criterion, the motor’ s continuous power rating will be
lower than its peak rating. Therefore, actual motor size may be determined by either the acceleration or
the gradeability criterion, depending on motor design and the gradeability and acceleration criteria used.
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would make these vehicles extremely expensive (they are already considerably more expensive
than the grid-independent hybrids).

The drivetrain components of both conventional and hybrid vehicles will likely be
substantial improvements over those available today. For example, it seems quite possible that,
by 2010, the engines driving both conventional and hybrid vehicles will be mature versions of
recently-introduced direct injection stratified charge (DISC) gasoline engines, direct injection
(DI) diesels (if emissions problems are solved), or other advanced technol ogies. Recent progress
in electrical drive technology implies that batteries, motors, and power electronics will have both
higher efficiency and higher specific power than those available today. All such developments
will increase the efficiency of hybrid vehicles, although use of advanced engines and
transmissions in conventional vehicles may shrink the relative efficiency advantage of the
hybrids (see Section 2.5.5).

Tables 4-2 and 4-3 show the assumed characteristics of the batteries and other hybrid
drivetrain components for 2010 and 2020. The study team decided not to try to simulate an
advanced engine, in part because appropriate engine maps were not available. The base engine,
from which the HEV and CV engines were scaled, is a 1994 version of a 63 kW (85 horsepower)
single overhead cam (SOHC) 1.9-L Saturn engine. The battery characteristics are based on the
results of a Delphi study conducted by ANL as well as published characteristics of the batteries
used in Toyota's Prius hybrid (Japanese market version*9) and RAV-4 electric vehicles. The
motor, generator, and inverter characteristics are based on the performance of a Unique Mobility
SR218H permanent magnet motor and CA40-300L inverter, with assumed improvements over
time. The efficiencies shown in Table 4-3 are those attained during high-power acceleration (that
is, during peak loading of the components) and are used to determine the battery power capacity
needed to allow the vehicle to achieve acceleration goals. Future analysis will explore the effects
of changing the various component assumptions.

Table 4-2 Nickel Metal Hydride Battery Characteristics

High-Energy/ Low-Energy/
Low-Power Intermediate High-Power

Battery
Characteristic 2010 2020 2010 2020 2010 2020

Specific power (W/kg) 184 203 350 386 520 573
Specific energy (Wh/kg) 73 79 54 58 46 50
Cost ($/kWh) 426 382 533 478 567 508
Cost ($/kW) 169 149 82 72 50 44

49 The version of the Prius introduced into the U.S. market has an upgraded battery pack attaining a specific
power of 880 W/kg, versus the earlier Japanese version’s 500 W/kg. We based our battery on the earlier
Japanese version.
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Table 4-3 Specific Power and Efficiency Values for HEV
Drivetrain Components

Component Type 2010 2020
Specific Power (W/kg)
Motor and generator Permanent magnet 1,300 1,400
Auxiliary power unit Gasoline 330 340
Motor with inverter 1,025 1,110
Transmission (parallel HEV) 1,320 1,360
Transmission (series HEV) 1,650 1,700
Efficiency (%)
Motor and inverter Permanent magnet 90 93
Battery (one-way) Nickel metal hydride 93 95
Transmission 93 95

4.2 Vehicle Control Strategy

Ideally, the computer onboard a hybrid vehicle will respond to the driver’s power demands
by combining engine and battery power capabilities in an optimum manner, with “optimum”
defined as a predetermined function of energy use and emissions. For example, optimum might
be defined as minimizing fuel consumption with emissions held below Tier 2 limits. To
accomplish this, the computer would have to continuously examine the energy losses associated
with each path for tractive power (e.g., engine to transmission to differential to wheels, battery to
motor to reduction gear to differential to whedls) and select the most efficient combination that
delivered the required power while checking to ensure that emissions constraints were not
exceeded. The National Renewable Energy Laboratory (NREL ), the developer of ADVISOR, has
examined such control strategies (Johnson 2000).

Up to this point, the Hybrid Electric Vehicle Technology Assessment (HEVTA) analyses
have used a simpler control strategy. For parallel vehicles, the motor is used to launch the vehicle
and provides all torque below a specified launch speed, with the engine turned off. Above that
speed, the engineisturned on and used as aload follower, generally satisfying al torque
requirements up to the engine’ s maximum capability. The exception occurs if torque demanded
falls below a set limit, for example during a downhill coast or during braking, and the engine
shuts off. When the engine is turned on, the motor assists the engine only if the desired torqueis
higher than the engine’ s maximum capability, e.g., during high acceleration. During braking, the
motor provides all braking force up to its maximum capacity, feeding the electricity generated to
the batteries; the mechanical brakes provide any additional braking force needed. Finally, if the
battery state of charge (SOC) goes below a specified lower bound, the engine deliberately
increases its torque output above the level demanded by the tractional load and accessory power
load, with the excess torgque passing through the motor (acting as a generator) to charge the
battery.

4.3 Driving Cycles

All of the vehicles are tested under avariety of driving conditions to evaluate HEV costs
and benefits under arange of conditions, identify potential market niches for HEV's, and evaluate
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HEV and CV performance on the standardized government tests used to measure “official”
vehicle fuel economy. These driving conditions are represented quantitatively by “driving
cycles.”

Driving cycles are defined by second-by-second profiles of vehicle speed; Figures 4-1a-e
show five of the seven cycles examined in our analysis. Each profile determines the second-by-
second power reguirements of the vehicle being tested, which in turn (in conjunction with
vehicle efficiency attributes) determine the vehicle operation regimes (rpm, torque, etc.) and
vehicle fuel economy and emissions performance.

Standard driving cycles are used for certifying motor vehicles for compliance with fuel
economy and emissions regulations. In the United States, emissions compliance for alight-duty
vehicle is measured by driving the vehicle (on a dynamometer) over adriving cycle called the
federa testing procedure (FTP, see Table 4-4). Under this procedure, the vehicle isfirst driven
through the FUDS (federal urban driving schedul€) cycle, hot-soaked for about 10 minutes, and
then driven through the first 505 seconds of the FUDS. Emissions are collected in three separate
bags. The first bag covers the first 505 seconds of the FUDS, which represents cold-started
operations; the second bag covers the rest of the FUDS, which represents hot-stabilized
operations (the bag is switched with the engine running); and the third bag covers the repeated
(after the 10-minute hot soak) first 505 seconds of the FUDS, which represents hot-started
operations. Emissions of the three bags are weighted together and combined with the results of a
supplementary driving schedule recently added to the testing (see discussion below) to determine
if agiven vehicle meets applicable emission standards.

For compliance with corporate average fuel economy (CAFE) standards, the fuel economy
of motor vehiclesis measured under both the FTP and the Highway cycle. A composite
city/highway fuel economy is calculated by applying the formula

1/fud economy = (0.55/FTP fuel economy) + (0.45/Highway fuel economy)

The FUDS and Highway cycles were developed in the early 1970s to represent urban and
highway driving, respectively. However, the Highway cycle was developed with afocus on
accommodating the capability of vehicle dynamometer testing facilities available at the time,
with less focus on representing actual freeway driving patterns. Also, since the late 1980s,
studies have found that both the FUDS and the Highway cycle under-represent the
aggressiveness of actual on-road driving patterns (Austin et al. 1992; U.S. EPA 1993).
Consequently, the U.S. EPA and California Air Resources Board (CARB) have made efforts to
identify on-road driving behaviors and develop driving cycles that are more representative of
real-world driving (Effaand Larsen 1993; Enns et al. 1995). The Representative No. 5 cycle
(REPO5), developed by the U.S. EPA using data from Atlanta, Baltimore, and Spokane, is
intended to represent aggressive urban freeway driving patterns. The U.S. No. 6 cycle (US06) is
ashort version of the REPO5 which EPA has included as an additional bag (Bag 4) in arevised
FTP to address emission impacts of aggressive driving (U.S. EPA 1995). Compared with the
FUDS and the Highway cycle, these two newly developed cycles have higher average speeds,
maximum speeds, maximum accel eration rates, and maximum decel eration rates.
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Table 4-4 Characteristics of Seven Driving Cycles

NYCC JAPAN10/15 FUDS FTP US06 HWY REPO05

Time duration, sec 600 660 1372 1877 600 765 1400
Distance, miles 1.2 2.59 7.5 11 8 102 20
Avg. Speed, mph 7.1 14.1 195 21.2 48 48.2 515
Max. Speed, mph 27.7 43.5 56.7 56.7 80.3 59.9 80.3
Max. decel, mph/sec -5.9 -3.3 -33 69 -33 -71
Max. accel, mph/sec 6 1.6 3.3 3.3 8.5 8.5
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Table 4-4 presents key characteristics of the above-described seven cycles, which are used
inthe HEVTA to evaluate each CV and HEV.

Other cycles have been devel oped to represent driving patternsin downtown areas of large
cities. The New York City cycle (NY CC), developed in the 1970s, was intended to represent
particularly congested inner cities. A sixth cycle, the Japan 10/15 cycle, also represents
congested driving. It is particularly relevant for an evaluation of hybrid vehicles because the two
hybrids that have been commercially introduced thus far — Prius and Insight — are both Japanese
and had, until 1999, been tested only on this cycle.

4.4 Other Critical Assumptions

Most of the ADVISOR modeling examined 2010 vehicle configurations. Because of the
(assumed) sharp changesin HEV purchase costs from 2005-2020, we wished to examine how
life cycle costs changed over this same time period. To roughly approximate the changesin fuel
costs over time, we ran ADVISOR for parallel grid-independent hybrids and their competing
CVsusing projected 2020 vehicle parameters (which included lighter weight and more efficient
electrical components than were presumed to be available in 2010). The ratio of ADVISOR-
derived 2020 mpg and fuel coststo 2010 mpg and fuel costs for the parallel grid-independent
hybrids and CV s was presumed to apply to al other models (series grid-independent, parallel
mild hybrids, and both parallel and series grid-connected HEV's). Further, 2005 and 2015 values
for all vehicles were estimated by interpolating from the 2010 and 2020 values.

4.5 Estimating Energy Use From Grid-Connected HEVs

Asdiscussed in Section 3.1.2.7, uncertainties in the trip characteristics and battery
management strategies of grid-connected HEV s complicate the accurate estimation of their
energy use, particularly the split between grid-powered and fuel-powered operations. At this
point, we have modeled grid-connected HEV sin hybrid operation (that is, after the period of EV
operation and engine recharge) for the six driving cycles discussed above, and in EV operation
over the FUDS cycle. Aside from reporting on these results, we will estimate average energy use
results based on the assumption that the grid supplies energy for an average daily distance equal
to 60% of the vehicle’'s EV range, with the remainder of daily travel supplied by on-board fuel.
In measuring life cycle energy costs, we assume that both CVs and HEV s in hybrid operation
travel the CAFE cycle, and grid-connected hybridsin EV mode travel the FUDS cycle.%0

The 60-percent recharge value was obtained by examining the three possible options for a
grid-connected HEV’ s daily travel, assuming that the battery SOC range for hybrid operation is
either 0.4-0.5 or 0.5-0.6°L;

50 Thisis primarily because our initial modeling runs modeled the EV-mode energy use only for the FUDS
cycle. In the future, we will model the EV-mode energy use over the range of driving cycles, and make
our vehicle-to-vehicle comparisons using multiple cycles.

51 Thisis aconservative value for the state-of-charge range, selected out of concern for battery longevity.
See discussion in Section 3.1.2.7.
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1. Dayswhen the vehicletravelslessthan its EV range R: All miles are recharged by the
grid; the vehicle is awarded something less than R grid-miles on those days (zero if the
vehicle does not travel at all).

2. Dayswhen the vehicle travels more than its EV range but less than the distance to full
hybrid operation: For 0.4-0.5 SOC operation, the vehicle is recharged by the grid from
0.325 SOC?2 t0 0.95 SOC, or 0.625 SOC, or 0.625/.75 = 0.83R; for 0.5-0.6 SOC
operation, the vehicleis recharged from 0.375 SOC to 0.95 SOC, or 0.575 SOC, or
0.77R.

3. Dayswhen the vehicle travels farther than the distance to full hybrid operation: The
vehicleisrecharged from the grid, for 0.4-.5 SOC operation, from 0.45 SOC to 0.95
SOC, or 0.5 SOC, or 0.5/0.75 = 0.67R; for 0.5-0.6 SOC operation, the vehicleis
recharged from 0.55 SOC to 0.95 SOC, or 0.53R.

Given these three options, daily grid-energized operations for 0.6R miles seems a reasonable
value, athough definitive assumptions about the type of driving patterns most likely for such
vehicles would, of course, push this estimate in one direction or the other. Also, if the battery
SOC range for hybrid operation can be kept low (e.g., at 0.2-0.3 SOC) without unduly
compromising battery longevity, the fraction of grid-recharged miles will be somewhat higher
than 0.6R.

4.6 Model Results

The full results of the ADVISOR and HEV COST modeling are presented in the tables in
Appendix A. The following discussion presents some key conclusions drawn from these results.

1. HEVsgainthelargest fuel economy advantage over CVson the slowest driving
cycles.

Figure 4-2a shows how hybrids' fuel economy advantage over conventional vehicles
depends sharply on driving cycle. Asthe figure shows, HEV s appear to do best, in relative terms,
on sow cycleswith agreat deal of stop-and-go traffic.

52 Assuming that, on average, the vehicle is shut down when the battery SOC is midway between 0.2 SOC
and the middle of hybrid operation, 0.45 SOC.
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Figure 4-2a HEV Fuel Economy Advantage over CVs, for Different Driving Cycles
(2010 parallel grid-independent ultralightweight steel [ULS] HEV, 10-second Z60)

These results are logical when one examines the sources of fuel savings by HEV's. We
expect hybrid vehiclesto excel relative to CVs under driving conditions where CVslose
substantial amounts of energy in ways that hybrids do not. In slow, congested traffic, CVslose
large amounts of energy to braking losses, idling, and engine operation at low efficiency points.
Hybrids recapture part of braking losses, minimize idling by turning off the engine when the
vehicle isn't moving, and, in most hybrid configurations, avoid using the engine at its lowest
efficiency points either by using only the battery and motor to drive the vehicle at very low
speeds, or always keeping engine power high enough to remain efficient, bleeding off excess
power to recharge the battery.

The modeled parallel grid-independent ultralightweight steel (ULS) hybrid approximately
doubles the efficiency of a comparable CV on the very slow NY CC and Japan 10/15 cycles. This
result is compatible with the reported fuel economy gain of the Toyota Prius hybrid on the
Japanese cycle. Although these cycles are far from typical for U.S. driving, the result implies that
hybrids will be particularly effective in congested city driving, for example, for urban taxicabs,
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transit buses, and even garbage trucks,>3 all of which stop frequently and operate during much of
the day in crowded, slow traffic.

In contrast, the hybrids' fuel economy gains on the Highway and other fast cycles are far
more modest — about 30% for the full hybrid and 20% for the mild hybrid, for the 10-second Z60
case. If anything, these gains seem high, because there islittle braking and idling on the cycle,
and engines in conventional drivetrains tend to run fairly efficiently at highway speeds, yielding
less opportunity for savings compared to city driving, especially when the hybrid’ sweight gainis
factored in. In fact, we would expect that most of any (Highway cycle) savings to be had from
hybridization would come from the effects of engine downsizing, that is, on the efficiency effects
of running at a higher percentage of the engine’s rated power. Because of our initial skepticism
about the highway cycle fuel economy results, we examined the effects of engine downsizing on
conventional drivetrains (see Section 4 Appendix B) to gain some perspective on the relative
benefits of such downsizing. As shown in Appendix B, the ADVISOR Highway results seem
reasonably consistent with the mpg benefits associated with engine downsizing in CVs.

At first glance, the implications of this conclusion are that maximum fuel savings from
hybrids would be obtained from drivers in congested urban areas. This conclusion must be
tempered by the possibility that vehicle miles traveled per vehicle may vary among different
kinds of areas. Santini and Vyas (1999) point out that different data sources (e.g., the Nationwide
Personal Transportation Survey, cross-national data on miles driven/vehicle and average driving
speeds) imply that the number of hours/day most drivers are willing to spend in their carsfalls
within afairly narrow range. On afixed time budget, vehicle miles traveled per vehicle varies
inversely with average driving speed. In other words, personal vehicles based in congested urban
areas may accumulate fewer miles of driving per year than suburban-based vehicles. Newman
and Kenworthy (1989) previously reached precisely this conclusion. Thus, drivers of hybrid
vehicles living in congested areas may drive less than hybrid owners living in suburban areas,
partially nullifying the large fuel economy advantage they hold over comparable CVs.

Figure 4-2b shows the implications in fuel savings of assuming that vehicles are driven the
same number of hours per day, by showing the gallons of gasoline saved by full and mild hybrids
(compared to a CV) in 10 hours of driving. With this assumption, full hybrids' superiority in
slow, stop-and-go urban driving essentially disappears; driving in higher speed conditions saves
more gasoline even though gallons saved per mile goes down. For mild hybrids, the relationship
between type-of-driving and fuel savingsis a bit different, with savings on the slowest cycles
showing a small advantage.

53 In a separate analysis for the DOE Office of Heavy Vehicle Technologies, ANL has evaluated the effect
of hybridizing Class 3-7 heavy-duty vehicles. See An et a. (2000).
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Figure 4-2b HEV Fuel Economy Advantage over CVs, Measured in Gallons Saved in
10 Hours of Driving

2. Paralled HEVsarelikely to be more efficient than seriesHEVs, with both having
fuel economy that isless sensitiveto performancethan aCV.

Figure 4-3 shows the fuel economy of comparably-performing CV's and grid-independent
HEV s as afunction of acceleration performance.

Our modeled results show aclear efficiency advantage for parallel HEV s over series HEVs.
Examining the way the alternative configurations use energy, the clearest differenceisthat the
parallel HEV's engine drives the wheels directly through the differential and transmission for
much of its operation, whereas the series HEV' s engine must first generate electricity through the
generator and then drive the wheels through the motor. The parallel HEV' s direct engine/
transmission/differential route is more efficient than the series HEV’ s engine/generator/motor
route, accounting for much of the efficiency difference between the two vehicles. Further, the
series vehicle will likely be heavier than the parallel vehicle because the series’ motor is by far
the more powerful of the two, having to provide all motive power to the vehicle, and the series
engineis aso somewhat larger (compared to the full hybrid) to compensate for the less efficient
driveline. The series hybrid may, however, be capable of capturing more braking energy, because
the larger motor is capable of exerting far more braking force, leaving less work for the
mechanical brakes; this capability gives the series hybrid a small offset to the efficiency
advantages of paralel hybrids.

77



YEAR 2010 ULS GRID-INDEPENDENT VEHICLES
55
50 & - ——
B — " —
oo .., - —
o2 s4—m——————— - -us L
E E LE TS LT
o 9 -
gE . ~
o 8 mbem o ARALLEL HEV T—
o _ == PARALLEL MHEV T~
@) g 30 T = = SERIESHEV =
O g— - o\ S~ -
25
20
12 10 8
Z60 time

Figure 4-3 Fuel Economy Variation of CV and HEVs with Z60 Requirements
(year 2010 ultralight steel grid-independent vehicles)

We emphasize that our results apply to passenger carsin normal driving. Urban buses may
yield different results because their stop-and-go, |ow-speed duty cycles may make the series
hybrid configuration more competitive.>*

The results also show that hybrids' fuel economy levelswill not vary with vehicle
performance to the same extent as do CV's. In going from a 12-second Z60 time to an 8-second
time, the CV'’sfuel economy lossis 28.3%, in contrast to the mild (parallel) hybrid's 10.7%, the
full (parallel) hybrid's 8.4%, and the series hybrid’ s 5.5%. The results generally conform well
with our understanding of how CV's and hybrids use energy. In a CV, amore powerful engine
used to obtain better acceleration performance will, aside from adding weight, have increased
idle losses and tend to operate further away from its maximum efficiency point during most
driving (assuming identical engine design). Thisyields a significant penalty in fuel economy.
Hybrids minimize idle losses, so the increased idle losses that occur when a CV engine gets
larger should not occur with a hybrid. This, plus the fact that the mild hybrid’ s engine increases
in power less than does the CV's engine (the mild hybrid gains performance by increasing both
engine power and motor/battery power) may account for why the mild hybrid pays such a small
penalty in fuel economy. Finally, both the full (parallel) hybrid and series hybrid designed
according to our convention — engine sized for gradeability, motor/battery for acceleration — gain
accel eration performance primarily by increasing motor and battery power, so their engines will

54 We note that the two hybrid buses tested in Northeast Advanced Vehicle Consortium, 2000, were both
series hybrids.
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get only slightly bigger. Thus, there will belittle in the way of added losses from adeclinein
engine efficiency over the driving cycle. The major fuel economy penalty will come from added
weight, which isasmall increment.

3. Hybrids mpgimprovement over CVsincreases asthe acceleration times go down.

Figure 4-4a shows the degree to which our simulated HEV s attain afuel economy
improvement over CV's, as afunction of acceleration time.

An obvious result of the CV fuel economy sensitivity to acceleration requirements and the
hybrids' lack of such sensitivity isthat the hybrids' relative fuel economy advantage over CVs
increases as accel eration times decrease. In other words, the more powerful the vehicle, the more
fuel hybridization will save. Thisisimportant because PNGV’s original 12-second 0-60 mph
acceleration time target has become outmoded. The U.S. fleet has grown increasingly powerful
and faster during the past decade, and 10 seconds now seems a more likely target for a midsized
car right now, and 8 seconds might well be the target by the time PNGV cars are actually
marketed. Thus, in terms of acceleration performance, the market is driving light-duty vehicles
(LDVs) inadirection that is favorable for hybridization.

1.8 +— Mfull hybrid

E mild hybrid

CAFE improvement over CV

12 seconds 10 seconds 8 seconds

Z60 time

Figure 4-4a Hybrid Vehicles' Fuel Economy Improvement over CVs
as a Function of Acceleration Times (year 2010 ULS parallel HEV)
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It isimportant to avoid overgeneralizing this conclusion. Hybrids do not perform identically
to CVs. In particular, as shown in Figure 4-4b, grid-independent hybrids will suffer in long-
duration gradeability, because over time their batteries cannot sustain speeds on steep grades that
CV drivetrains can easily sustain. The same holds true of towing capability — hybrids cannot tow
as much weight as CV s with the same accel eration capability, because of their downsized
engines. Thus, drivers concerned primarily with acceleration may view HEV s as plainly superior
to CV's because of their large fuel economy boost; drivers with wider needs who are buying more
power for towing or other reasons aside from accel eration capability might not be interested in
hybrids despite their fuel economy advantage.
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Figure 4-4b CV and HEV Gradeability at 55 mph, Grid-Independent
Parallel Hybrids

4. Parallel hybridsare cheaper than series.

Figure 4-5 compares the projected sales prices of ayear 2010 ULS CV with comparably-
performing®® (10-second Z60 time) HEVs.

55 However, as discussed above, the hybrids will have |ess gradeability and towing capacity than CVswith
the same acceleration capability.
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Figure 4-5 Projected Year 2010 Cost of CVs and Hybrids

Without sharper-than-expected decreases in the cost of electrical system components, hybrid
vehicles will be more expensive than CV's, and series hybrids will be more expensive than
comparable paralldl hybrids. Thisis because the hybrids' cost savings from their smaller engines
and transmissions (and, for the series hybrid, elimination of a multi-gear transmission) do not
fully offset the high costs of the hybrids’ motor/controller and battery. As shown in Table 4-5,
the series hybrid actually has alarger engine than a comparable parallel (full) hybrid (though no
transmission) and requires a much larger motor/controller, virtually assuring (with our price
expectations) that it will be more expensive than the parallel hybrid.

Table 4-5 Component Power Requirements
of HEV Drivetrains (10-second Z60, year 2010
ULS vehicles)

mild parallel full parallel series

Motor Size, kW 22 43 87
Engine, kW 65 46 54
Battery, kW 25 49 46
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5. Demanding better acceleration performanceis expensive.
Figure 4-6 shows how vehicle sales price varies with acceleration.

The cost model results show that obtaining better acceleration performance is expensive for
all vehicles, but especially so for hybrids. For the case shown, moving from 12-second Z60 to
8 seconds costs $3,900 for a CV but $7,200 for aparallel full hybrid and $5,700 for a series
hybrid. The high cost of performance for afull parallel hybrid led us to examine the mild hybrid,
because it became apparent that vehicle designers aiming at higher performance would have to
trade off fuel economy performance and cost. Because the mild hybrid obtains increased
performance by increasing both engine and motor/battery power, it can obtain this performance
less expensively than afull hybrid, which increases only motor/battery power (because an engine
kW is less expensive than a motor/battery kW).
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Figure 4-6 Vehicle Cost as a Function of Acceleration Requirements
(2010 ULS grid-independent vehicles)

6. HEV lifecycle costs are extremely sensitive to assumptions but appear likely to
exceed CV life cycle costsunlessfuel pricesriseto well over today’slevels.

As shown in Appendix A, under our baseline assumptions, life cycle costs for full HEVs
exceed those of competing CVsin all cases. Because fuel costs are a modest proportion of total
life cycle costs, it would take a large increase in gasoline price to create an incentive (equal life
cycle costs for HEVs and CVs) to purchase HEVs. Figure 4-7 shows the “ breakeven” gasoline
prices (prices at which life cycle costs for the two vehicles would be equal) for CVs and parallel
grid-independent ultralight steel hybrids with batteries that last the vehicle lifetime, at three
performance levels (Z60 times of 8, 10, and 12 seconds). Parallel grid-independent hybrids have
the lowest life cycle costs of the full hybrids evaluated thus far. The higher performance HEV's
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Figure 4-7 Breakeven Fuel Prices for CVs and Parallel Grid-
Independent Full Hybrids, for Three Performance Levels

are more cost-effective, relative to their competing CV's, than the lesser performers, so their
breakeven gasoline prices are lower — but still high in comparison to today’ s gasoline prices.
Although the difference in purchase price between the HEV and CV grows considerably in
moving toward higher performance, this is more than offset by growth in the HEV' s fuel savings
over the CV.

The breakeven gasoline prices get considerably lower over time, primarily because the cost
of the hybrid's electrical components are presumed to drop considerably during this time period
due to the effects of higher production (economies of scale) and learning.

As noted, the values in Figure 4-7 are based in part on the assumption that continuing
battery development and the use of control strategies that maximize battery life will eliminate the
need to replace the battery during the vehicle lifetime. Failure to reach this goal will increase life
cycle costs significantly. For example, one battery replacement during the lifetime of the
12-second full hybrid above increases the breakeven gasoline price by about $0.50/gal in 2005
and $0.20/gal in 2020.

Figure 4-8 examines breakeven costs for “mild” variants of the parallel grid-independent
hybrid. The mild hybrids have somewhat lower purchase costs than the full hybrids and pay a
moderate penalty in fuel economy. The 12-second vehicles are dlightly less cost-effective than
the full hybrids; the faster, more expensive 10- and 8-second vehicles have superior cost-
effectiveness. By 2015, the 8-second Z60 mild hybrid’s breakeven fuel costs dip well below
$2/gallon. Although $2/gallon is considerably higher than the 2015 gasoline price projected by
the Energy Information Administration (EIA) Annua Energy Outlook, it appears a plausible
price in the context of recent ail price fluctuations. In other words, it appears possible that these
hybrids may be cost-effective in the 2015-2020 time frame, if their modeled fuel economy
advantage and life cycle costs prove correct.
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Figure 4-8 Breakeven Fuel Prices for CVs and Parallel Grid-
Independent Mild Hybrids, for Three Performance Levels

7. Grid-connected HEV's can achievelargereductionsin oil, and significant
reductionsin total energy use and greenhouse emissions, in comparison to CVs,
but at very high purchase and life cycle cost.

Grid-connected HEV s are attractive conceptually because they are capable of operating
part-time as EVs and can “refuel” a portion of their travel from the electrical grid, which offers
significant air quality benefits as well as the potential to capture large savingsin oil use and
overall energy use. Figure 4-9 compares the total vehicle energy cost/mile of comparable parallel
grid-connected and grid-independent HEV s and CV's (with the grid-connected HEV's, HEV Grid
in the figure, presumed to travel adaily distance equal to 60% of their EV range on the FTP with
grid-recharge and the remainder on the CAFE cycle, and the CVs and grid-independent HEV s
traveling 100% of their miles on the CAFE cycle). Two CV's and two grid-independent HEV s are
portrayed because it is not clear which offers the best comparison to the grid-connected vehicle.
The CV8 and FHEV 8 vehicles (attaining 8-second Z60 times) match the HEV Grid' s hybrid-
mode (combined engine/electric motor operation) accel eration capability, and the CV 12 and full
HEV (FHEV) 12 match the HEV Grid’ s EV-mode accel eration capability. The HEV Grid energy
cost is only about half of the CV12's energy cost and a still smaller fraction of the CV8's energy
cogt, partly because it is more efficient in hybrid operation and partly because it is much more
efficient in EV operation. However, neither of the grid-independent FHEV s have substantially
higher energy costs than the HEV Grid, primarily because the heavier HEV Grid is less efficient
in ordinary hybrid operations than either of the grid-independent HEV's, and the HEV Grid' s less
expensive all-electric operation is not so much less expensive than the FHEV'S' gasoline
operation that it lowers the total energy costs all that much.

Asshown in Figures 4-10 and 4-11, both the initial purchase price and the life cycle costs of
the grid-connected HEV s are much higher than that of the CV's, which is not surprising because
the HEV Grids require substantially larger batteries and motor/controllers than grid-independent
HEV s — the battery to provide the range and power needed to operate in EV mode, and the
motor/controller to provide enough power to attain the required 12-second Z60 time. However,
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Figure 4-10 Vehicle Cost Comparison: Grid-Connected and Grid-
Independent Parallel HEVs vs. CV
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the 8-second Z60 grid-independent hybrid (FHEV 8) costs amost as much as the HEV Grid and
has life cycle costs nearly as high.

Figure 4-12 compares the gasoline use of “performance-equivalent” CV's, grid-independent
parallel HEVs,%6 and grid-connected parallel HEV's in average long-term operation (that is,
assuming that the grid-connected HEV operates part-time in all-electric mode and recharges its
batteries overnight) in urban driving. Because the grid-connected HEV recharges a substantial
portion of its miles from the grid, with virtually all grid electricity from nonpetroleum sources, it
uses only about 1/3 as much gasoline as the CV and a bit more than half as much as the grid-
independent HEV.

Finally, Figure 4-13 compares the fuel-cycle greenhouse emissions of “performance-
equivalent” CVsand (parallel) grid-independent and grid-connected HEV s.57

56 All five vehicles have the same 0-60 mph time (8 seconds) when their engines are operating (e.g., the
HEVGrid isin hybrid mode); the grid-connected HEV attains a 12-second 0-60 mph time in EV mode.

57 Assumptions: national average grid electricity, low sulfur reformulated gasoline (RFG) with no
oxygenates, half of the grid-connected hybrid’s miles are grid-recharged (based on about
13,000 miles/yr, 32.6 mile all-electric range calculated by ADVISOR run), 194,803 gCO,/10° Btu
electricity (from Table B48, Vol 3, GM 2001); gasoline well-to-tank emissions of 21,619 gCO,/10° Btu
(Table B5, Vol 3, GM 2001); gasoline combustion emissions of 98,096 gCO,/10° Btu and energy
content of 115,500 Btu/gallon (from GREET 1.6 spreadsheet).
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The grid-connected HEV offers a moderate reduction in greenhouse emissions over the grid-
independent hybrids for this case, with the one exception being the 12-second Z60 full HEV; in
the latter comparison, the HEV' s Grid advantage in all-electric operation (next to the last column
in the figure) is neutralized by a disadvantage in hybrid operation (because the heavier battery
and motor required by the grid-connection reduce overall efficiency). The key question hereis
whether the 12-second FHEV represents afair comparison to the Grid HEV, which matches the
FHEV'’ s performance when operating all-electrically but far exceedsit in hybrid operation.

These results are particularly sensitive to the type of recharge electricity assumed and the
hybrid-mode SOC operating range of the battery. Graham et al. (2001) assert that battery
longevity will not suffer unduly by operating the battery within alow SOC range, offering more
rechargeable miles than assumed here, and a greater advantage in greenhouse emissions for the
HEV Grid (note the next-to-the-last column in the figure, which shows the rate of greenhouse
emissions when the vehicle is operating electrically). Also, the national average electricity
assumed here isfairly heavily weighted toward codl; if grid recharge were weighted toward
natural gas combined cycle plants or toward renewables, the greenhouse gases associated with
the grid recharge would be considerably less than assumed here. For athorough analysis of
possible attributes of grid-connected HEV's, including cost, oil use, electricity use, emissions, and
marketability, see Graham et al. (2001).

8. Long-run (i.e., 2020) incremental prices of the parallel HEVs examined in this
study vary from a 12% increment to a 32% increment, increasing as one proceeds
from a mild hybrid to a full hybrid to a grid-connected hybrid. The estimatesfor
parallel hybridsrangefrom 12 to 14% for thethree MHEV cases, from 16 to 19%
for the FHEV cases, and from 25to 32% for the HEVGridswith all-electric range
from 23to 33 miles.

The percentage increase estimates in this study may be compared to those developed in the
recent study by Weiss et al. (2001), done at MIT, and by Graham et al. (2001), under EPRI
management. The one comparable case from the MIT study isan MHEV. The estimated
increase in price is 9%, less than estimated in this study. The base method price increases from
the EPRI study for the two FHEV cases examined are 20 and 21%. Though published earlier, the
price estimates in the EPRI study were completed later than for this study. ANL’SHEV cost
estimation team worked with the EPRI study group to generate price increase estimates that
reflect revised electric drive costs from those in this study. More optimism about component
characteristicswasincluded. The“ANL method” price increase estimates for the two EPRI
FHEV cases were 12 and 13%, well below the 16 to 19% estimated here. The largest difference
resulted from more optimism concerning battery costs. The EPRI base method price increase
estimates for the hybrid with about 20 miles of all-electric range was 32% — at the top end of this
study’ s estimate of 25 to 32%. Therevised “ANL method” gave 21% for this EPRI case.

Compared to the one MHEV case in the MIT study, this study’s MHEV price increase
estimates are a bit higher. Compared to the two comparable FHEV and one comparable
HEV Grid cases from the EPRI study, the estimates in this study are a bit lower. The revisions of
the ANL method initiated in this study, and included in the EPRI study, are more optimistic than
this study’ s estimates. A significant part of the difference arose from observation of rapid
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improvement of components used in marketed hybrids. This rapid improvement, occurring over
less than two years, suggests that this study may be unduly pessimistic, at least about the rate of
cost reduction that is possible for hybrid vehicle components.

The key hybrid components — battery (or other storage device), €l ectric motor, and
controller —are al under continuing development. DOE has established aggressive goals to
reduce energy storage costs to levels well below those used in this study. Potential existsto
substantially reduce motor and power electronics costs as well. Although the probahility of
achieving very high levels of cost reduction is not clear, success would significantly improve
hybrids' cost-effectiveness and their prospects for mass market penetration.
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Modeling, 11/1999-3/2000

91



A

Performance and fuel economy datafor CV, "mild" HEV, and "full" HEV

Design targets
0to 60 time, 12 sec 12 sec 12 sec 10 sec 10 sec 10 sec 8sec 8sec 8sec
0.2 starting SOC
55 mph gradeability "float" "float" 6.50% "float" "float" 6.50% "float" "float" 6.50%
Vehide type convent-  "mild"HEV ~ "full"HEV | convent-  "mild"HEV  "full"HEV | convent-  "mild" HEV "full" HEV
ional (CV)  mid-sz.apu parallel  |ional (CV) mid-sz.apu parallel  |ional (CV) mid-sz.apu parallel
parallel grid indep. parallel grid indep. parallel grid indep.
grid indep. grid indep. grid indep.
Vehide attributes
Cd, Crr, frontal area notes notes notes notes notes notes notes notes notes
empty mass (kg) 1175 1246 1247 1248 1321 1328 1366 1453 1466
body material (notes) uls uls uls uls uls uls uls uls uls
APU (KW) (notes) 66 55 44 85 65 46 116 82 49
battery(@20%soc) KW n/a 16 28 n/a 25 49 n/a 43 85
motor - peak KW n/a 14 25 n‘a 22 43 n/a 39 75
motor - cont. KW n/a 10 17 n‘a 15 30 n‘a 27 51
Hevcost 0-60 time (soc) 12 12 12 10 10 10 8 8 8
Hevcost 55 mph NE NE 6.5% NE NE 6.5% NE NE 6.5%
gradeability
Advisor (A2.1.1) results (notes)
55 mph gradeability 12.4% 9.0% 6.6% 16.0% 10.7% 6.7% 21.4% 13.2% 6.8%
0-60 time (initial soc) 12sec 122sec(0.2) 12sec(0.2) | 99sec  10sec(0.2) 9.8sec(0.2) | 8lsec 81lsec(0.2) 8sec(0.2

Advisor (A2.1.1) fuel economy results (mpg)
(SOC max/min=.7/.6 - notes)

Driving Cycle
NYCC 15.7 244 26.7 133 236 26.2 10.6 219 24.6
Japan 1015 28.1 47.1 50.7 24.0 457 48.6 193 413 46.1
FTP cycle (city) 322 27 46.7 217 413 452 22.6 379 25
CAFE 375 46.6 50.9 326 45.0 494 26.9 416 46.6
US06 331 35.2 383 30.2 35.1 385 26.4 34.7 374
Hwy 47.1 524 57 416 50.4 55.7 35.0 47.2 52.8
REP5 380 403 a4 343 39.9 438 29.6 386 4.7

A2rundate:  11/24/99 11/24/99 11/24/99 11/24/99 11/24/99 11/24/99 11/28/99 11/28/99 11/28/99

Notes: « For all vehicles : Cd = 0.26, Crr = 0.0075, frontal area = 2.06 sq.m
« For all vehicles : 5-speed manual transmission (gears of 3.45, 1.94, 1.29, 0.97, 0.75 ; axle of 3.89)
» ULSs = ultralight steel; al (not applicable here) = aluminum
+ APU for "mild hybrids" is halfway between CV and full HEV APU sizes
+ HEV ADVISOR accel. & grade runs made at initial SOC = 0.2
+ HEV ADVISOR mpg runs made for SOC range 0.7 to 0.6 .B93
» mass, APU, battery, and motor specified by HEVCOST, but after iterations to match with ADVISOR. Both
ADVISOR and HEVCOST were modified repeatedly until they matched empirical data, as discussed in text.
+ ADVISOR version used was A2.1.1 (of 13 Apr99). Current versions may not produce identical results.
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Performance and fuel economy data for various parallel and series

Design targets

0 to 60 mph time(sec) float float float 12 10 8 12 12 12
grade (%) float float float 6.5 6.5 6.5 6.5 6.5 6.5
EV range (mi) 23.2 26.3 30.5 n/a n/a n/a 211 24.0 28.2
All electric 0-60 time (sec) 16.0 14.0 12.0 n/a n/a n/a 16.0 14.0 12.0
Vehicle type parallel parallel parallel series series series series series series
grid grid grid grid indep. grid indep. grid indep. grid grid grid

connected connected connected

connected connected connected

Vehicle attributes

Cd, Crr, frontal area notes notes notes notes notes notes notes notes notes
empty mass (kg) 1439 1491 1566 1341 1404 1513 1468 1504 1559
APU (kW) 48 49 50 52 54 56 56 57 59
battery(@20%soc) kW 62 73 89 30 46 75 60 70 85
interm.power interm.power interm.powerl high power high power high power| interm.power interm.power interm.powel
motor - peak kW 54 64 78 71 87 115 70 72 75
motor - cont. kW 37 44 53 49 60 79 48 49 51
Advisor (A2.1.1) results
grade (%) 6.7 6.7 6.6 6.9 7 6.9 7 7.1 7.2
Z60 time (init. soc) 9.1(0.2) 8.6(0.2) 81(0.2) [11.8(0.2) 9.7(0.2) 7.9(0.2) | 12.3(0.2) 12.2(0.2) 12.1(0.2)
all EL Z60 time (init. soc) | 15.9 (0.30) 13.7 (0.30) 12.0 (0.30) n/a n/a n/a 15.6 (0.30) 13.6 (0.30) 12.2(0.30)
all EL Z60 time (init. soc) | 15.9 (0.25) 13.7 (0.25) 12.0 (0.25) 16.2 (0.25) 14.0(0.25) 12.3(0.25)
all EL Z60 time (init. soc) | 16.1 (0.20) 13.9 (0.20) 12.0 (0.20) 17.4 (0.20) 15.0(0.20) 12.7 (0.20)
all EL range (miles) 23.2 27 32.6 n/a n/a n/a 211 24.2 29.9
(SOC max/min=.95/.2)
A2 run date:] 12/15/99 12/15/99 12/15/99 12/15/99 12/15/99 12/15/99
Advisor (A2.1.1) fuel economy results
(SOC max/min=.7/.6)
Driving Cycle
NYCC 25.3 24.2 23.7 23.0 23.8 23.2 24.6 24.9 22.8
Japan 1015 46.4 45.2 44.1 40.7 39.7 374 38.7 38.8 34.0
FTP cycle (city) 43.3 42.2 41 38.8 38.1 37.0 38.7 39.1 38.2
CAFE 47.5 46.4 45.1 43.9 42.9 41.5 43.2 43.3 42.2
US06 37.7 36.9 36.2 311 31.2 31.9 32.0 31.8 317
Hwy 53.8 52.8 51.5 52.2 50.9 48.5 50.5 50.0 48.2
REP5 42.2 415 40.8 38.2 375 36.6 36.9 37.1 36.6
pDD pEE pFF sGG sHH sll sJJ sKK sLL
A2 run date)] 12/10/99 12/10/99 12/10/99 11/30/99 12/1/99 12/1/99 12/10/99 12/10/99 12/10/99
Notes: « For all vehicles : Cd =0.26, Crr = 0.0075, frontal area = 2.06 sq.m

« For all vehicles : 5-spd manual trans. (gears of 3.45, 1.94, 1.29, 0.97, 0.75 ; axle of 3.89)
+ HEV ADVISOR accel. & grade runs made at initial SOC = 0.2

+ HEV ADVISOR mpg runs made for SOC range 0.7 to 0.6
- all electric (EL) Z60 and ranae for vehicle with APU = 0 kW.
« all electric range made for SOC range 0.95 to 0.20

» mass, APU, battery, and motor specified by HEVCOST
+ ADVISOR version is A2.1.1 (of 13 Apr99)
« grid connected vehicles use intermediate power battery (350W/kg, 52Wh/kg at 20% soc)
« grid independent vehicles use high power battery (520W/kg, 46Wh/kg at 20% soc)
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Argonne National Laboratory: Center for Transportation Research
A Methodology for Projecting Parallel Hybrid Electric Vehicle Cost
(All costs are in 1995 dollars. Battery costs estimated for the HEVTECA project.)

HEVTECA (Parallel, Grid-independent, UL Steel, HP Batt, 8-12s Z60 Time, APU for 6.5% Grade): ADVISOR-2 Components Matching

Vehicle type: Midsize Car
Z60 Time: 12 seconds
Battery type: NiMH (High Power)

Vehicle type: Midsize Car
Z60 Time: 10 seconds
Battery type: NiMH (High Power)

Vehicle type: Midsize Car
Z60 Time: 8 seconds
Battery type: NiMH (High Power)

Item 2005 2010 2015 2020 2005 2010 2015 2020 2005 2010 2015 2020
Purchase Price Purchase Price Purchase Price
Conventional Vehicle $ 21,200 $ 21,200 $ 21,200 $ 21,200|$ 22,500 $ 22,500 $ 22,500 $ 22,500|$ 25,100 $ 25,100 $ 25,100 $ 25,100
Hybrid Electric Vehicle
Common components $ 16,270 $ 16,270 $ 16,270 $ 16,270 $ 16,270 $ 16,270 $ 16,270 $ 16,270|$ 16,270 $ 16,270 $ 16,270 $ 16,270
Additional aluminum cost $ - $ - $ - $ -8 - $ - $ - $ -/ - $ - $ - % -
Auxiliary Power Unit $ 2940 $ 2980 $ 2970 $ 3,070|$ 3030 $ 3080 $ 3030 $ 3120|$ 3220 $ 3230 $ 3,180 $ 3,290
Generator $ 69 $ 590 $ 550 $ 5200 710 $ 610 $ 550 $ 540|$ 740 $ 630 $ 570 $ 550
Inverter & Power Electronics [$ 1,870 $ 1,440 $ 1170 $ 1,020($ 2660 $ 2,040 $ 1570 $ 1,370|$ 4,240 $ 3060 $ 2,290 $ 1,950
Motor $ 970 $ 80 $ 710 $ 680|% 1,480 $ 1190 $ 1010 $ 960|$ 2370 $ 1870 $ 15530 $ 1430
Transmission $ 900 $ 80 $ 800 $ 790|$ 1,130 $ 1060 $ 980 $ 970|$ 15520 $ 1420 $ 1,310 $ 1,280
System control $ 420 $ 410 $ 390 $ 3BO|$ 420 $ 410 $ 390 $ 350|$ 420 $ 410 $ 390 $ 350
Other body parts $ 400 $ 390 $ 380 $ 370|$ 400 $ 39 $ 380 $ 370|$ 400 $ 390 $ 380 $ 370
Additional HVAC Cost $ 120 $ 110 $ 110 $ 110($ 120 $ 110 $ 110 $ 110|$ 120 $ 110 $ 110 $ 110
First Battery Price $ 2320 $ 1,840 $ 1590 $ 1,430($ 3960 $ 3210 $ 2,700 $ 2460|$ 7,020 $ 5570 $ 4,650 $ 4,170
Total HEV Price $ 26,900 $ 25710 $ 24,940 $ 24,610|$ 30,180 $ 28,370 $ 26,990 $ 26,520 $ 36,220 $ 32,960 $ 30,680 $ 29,770
Operating Cost Operating Cost Operating Cost
Conventional Vehicle
Fuel cost (c/mi) 4.26 4.28 4.28 421 487 4.93 4.95 491 6.02 5.97 5.89 5.72
Non-fuel cost (c/mi) 4.90 4.97 5.05 5.20 4.90 4.97 5.05 5.20 4.90 4.97 5.05 5.20
Total cost (c/mi) 9.16 9.26 9.33 9.41 9.77 9.90 10.00 10.11 10.92 10.94 10.94 10.92
Hybrid Electric Vehicle
Electricity cost (c/mi) - - - - - - - - - - - -
Fuel cost (c/mi) 3.04 2.97 2.88 2.79 3.12 3.06 2.98 2.90 334 3.24 313 3.02
Non-fuel cost (c/mi) 5.55 5.63 5.72 5.89 5.55 5.63 5.72 5.89 5.55 5.63 5.72 5.89
Battery cost (c/mi) 2.81 211 1.76 1.60 4.80 3.69 2.99 2.76 8.51 6.40 5.16 4.67
Total cost (c/mi) 11.40 10.71 10.36 10.28 13.47 12.38 11.69 11.55 17.39 15.28 14.01 13.58
Life-cycle Cost Life-cycle Cost Life-cycle Cost
Conventional Vehicle
Purchase Price (c/mi) 20.80 20.50 20.20 20.20 22.08 21.75 21.44 21.44 24.63 24.27 23.91 2391
Operating Cost (c/mi) 9.16 9.26 9.33 9.41 9.77 9.90 10.00 10.11 10.92 10.94 10.94 10.92
Less Scrappage Value (c/mi) (0.13) (0.13) (0.12) (0.12) (0.14) (0.14) (0.13) (0.13) (0.15) (0.15) (0.15) (0.15)
Total Life-cycle Cost (c/mi) 29.84 29.62 29.40 29.48 3171 31.52 3131 31.41 35.39 35.06 34.71 34.69
Hybrid Electric Vehicle
Purchase Price - Battery (c/mi) 24.12 23.08 22.25 22.09 25.73 24.32 23.14 22.92 28.65 26.48 24.80 24.39
Operating Cost (c/mi) 11.40 10.71 10.36 10.28 13.47 12.38 11.69 11.55 17.39 15.28 14.01 13.58
Less Scrappage Value (c/mi) (0.15) (0.14) (0.14) (0.14) (0.16) (0.15) (0.19) (0.14), (0.18) (0.16) (0.15) (0.15)
Total Life-cycle Cost (c/mi) 35.37 33.65 3247 32.23 39.03 36.55 34.69 34.33 45.87 41.59 38.66 37.82
Important HEV Parameters Important HEV Parameters Important HEV Parameters
Motor power (kW): Peak 26 25 23 23 46 43 40 40 81 76 70 68
Motor power (kW): Constant 18 17 16 16 32 30 28 28 56 52 48 47
APU power (kW) 46 44 41 40 48 46 42 41 52 49 45 44
Generator power (kW) 15 14 14 13 16 15 14 14 17 16 15 15
Battery power (kW) 31 28 26 25 53 49 44 43 94 85 76 73
Battery energy (kWh) 27 25 23 22 4.6 44 39 37 8.2 7.6 6.7 6.3
Battery mass (kg) 62 54 48 44 106 94 81 75 188 164 139 127
Total vehicle mass (kg) 1,276 1,247 1,217 1,201 1,364 1,328 1,284 1,265 1,525 1,468 1,407 1,377
Zero-to-60 mph time(s) 12.0 12.0 12.0 12.0 10.0 10.0 10.0 10.0 8.0 8.0 8.0 8.0
Estimated all-elec range (mi) 7 7 6 7 12 11 11 11 19 19 18 18

Parallel Grid-independent FHV: HEVCOST Model Run with ADVISOR mpg (for CV & HEV) dated 11/28/99, PNGV p1& CV5 (with default gear ratio) runs .
The default battery life used, requires one battery replacement.

Run date: 3/30/2000
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A Methodology for Projecting Parallel Hybrid Electric Vehicle Cost

(Al costs are in 1995 dollars. Battery costs estimated for the HEVTECA project.)

HEVTECA (Parallel, Grid-independent, UL Steel, HP Batt thru HEV Life, 8-12s 760 Time, APU for 6.5% Grade): ADVISOR-2 Components

Matching
Vehicle type: Midsize Car Vehicle type: Midsize Car Vehicle type: Midsize Car
Z60 Time: 12 seconds Z60 Time: 10 seconds Z60 Time: 8 seconds
Battery type: NiMH (High Power) Battery type: NiMH (High Power) Battery type: NiMH (High Power)
Item 2005 2010 2015 2020 2005 2010 2015 2020 2005 2010 2015 2020
Purchase Price Purchase Price Purchase Price
Conventional Vehicle $ 21,200 $ 21,200 $ 21,200 $ 21,200 $ 22,500 $ 22,500 $ 22,500 $ 22,500|$ 25,100 $ 25,100 $ 25,100 $ 25,100
Hybrid Electric Vehicle
Common components $ 16,270 $ 16,270 $ 16,270 $ 16,270 $ 16,270 $ 16,270 $ 16,270 $ 16,270|$ 16,270 $ 16,270 $ 16,270 $ 16,270
Additional aluminum cost $ - $ - % - $ -/ - $ - % - $ -/ - 3 - % - 5 -
Augxiliary Power Unit $ 2940 $ 2980 $ 2970 $ 3,070|$ 3030 $ 3,080 $ 3030 $ 3120|$ 3220 $ 3,230 $ 3180 $ 3,290
Generator $ 690 $ 59 $ 550 $ 520($ 710 $ 610 $ 550 $ 540|$ 740 $ 630 $ 570 $ 550
Inverter & Power Electronics [$ 1,870 $ 1,440 $ 1,170 $ 1020|$ 2660 $ 2040 $ 1570 $ 1370|$ 4,140 $ 3060 $ 2290 $ 1,950
Motor $ 970 $ 80 $ 710 $ 680|$ 1480 $ 1,190 $ 1010 $ 960|$ 2370 $ 1,870 $ 1530 $ 1,430
Transmission $ 900 $ 80 $ 800 $ 790($ 1130 $ 1,060 $ 980 $ 970|$ 1520 $ 1420 $ 1,310 $ 1,280
System control $ 420 $ 410 $ 390 $ 30($ 420 $ 410 $ 390 $ 350|$ 420 $ 410 $ 390 $ 350
Other body parts $ 400 $ 390 $ 380 $ 370($ 400 $ 390 $ 380 $ 370|$ 400 $ 390 $ 380 $ 370
Additional HVAC Cost $ 120 ¢ 110 $ 110 $ 110($ 120 $ 110 $ 110 $ 110|$ 120 $ 110 $ 110 $ 110
First Battery Price $ 2320 $ 1840 $ 1590 $ 1,430($ 3960 $ 3210 $ 2,700 $ 2460|$ 7,020 $ 5570 $ 4,650 $ 4,170
Total HEV Price $ 26,900 $ 25,710 $ 24,940 $ 24,610 $ 30,180 $ 28,370 $ 26,990 $ 26,520 $ 36,220 $ 32,960 $ 30,680 $ 29,770
Operating Cost Operating Cost Operating Cost
Conventional Vehicle
Fuel cost (c/mi) 4.26 4.28 4.28 4.21 4.87 4.93 4.95 491 6.02 5.97 5.89 5.72
Non-fuel cost (c/mi) 4.90 4.97 5.05 5.20 4.90 4.97 5.05 5.20 4.90 4.97 5.05 5.20
Total cost (c/mi) 9.16 9.26 9.33 9.41 9.77 9.90 10.00 10.11 10.92 10.94 10.94 10.92
Hybrid Electric Vehicle
Electricity cost (c/mi) - - - - - - - - - - - -
Fuel cost (c/mi) 3.04 297 2.88 2.79 312 3.06 2.98 2.90 334 324 313 3.02
Non-fuel cost (c/mi) 5.55 5.63 5.72 5.89 5.55 5.63 5.72 5.89 5.55 5.63 5.72 5.89
Battery cost (c/mi) 2.28 1.78 151 1.36 3.89 3.10 2.57 2.34 6.89 5.38 4.43 3.97
Total cost (c/mi) 10.87 10.38 10.12 10.04 12.55 11.80 11.27 11.14 15.78 14.26 13.28 12.88
Life-cycle Cost Life-cycle Cost Life-cycle Cost
Conventional Vehicle
Purchase Price (c/mi) 20.80 20.50 20.20 20.20 22.08 21.75 21.44 21.44 24.63 2427 2391 2391
Operating Cost (c/mi) 9.16 9.26 9.33 9.41 9.77 9.90 10.00 10.11 10.92 10.94 10.94 10.92
Less Scrappage Value (c/mi) (0.13) (0.13) 0.12) (0.12) (0.14) (0.14) (0.13) (0.13) (0.15) (0.15) (0.15) (0.15)
Total Life-cycle Cost (c/mi) 29.84 29.62 29.40 29.48 3171 31.52 3131 3141 35.39 35.06 34.71 34.69
Hybrid Electric Vehicle
Purchase Price - Battery (c/mi) 2412 23.08 22.25 22.09 25.73 24.32 2314 2292 28.65 26.48 24.80 24.39
Operating Cost (c/mi) 10.87 10.38 10.12 10.04 12.55 11.80 11.27 11.14 15.78 14.26 13.28 12.88
Less Scrappage Value (c/mi) (0.15) (0.14) (0.19) (0.14) (0.16) (0.15) (0.19) (0.14), (0.18) (0.16) (0.15) (0.15),
Total Life-cycle Cost (c/mi) 34.84 33.31 32.23 31.99 38.12 35.97 34.27 33.92 44.25 40.58 37.93 37.12
Important HEV Parameters Important HEV Parameters Important HEV Parameters
Motor power (kW): Peak 26 25 23 23 46 43 40 40 81 76 70 68
Motor power (kW): Constant 18 17 16 16 32 30 28 28 56 52 48 47
APU power (kW) 46 44 41 40 48 46 42 41 52 49 45 44
Generator power (KW) 15 14 14 13 16 15 14 14 17 16 15 15
Battery power (kW) 31 28 26 25 53 49 44 43 94 85 76 73
Battery energy (kWh) 2.7 25 23 2.2 4.6 4.4 3.9 37 8.2 7.6 6.7 6.3
Battery mass (kg) 62 54 48 44 106 % 81 75 188 164 139 127
Total vehicle mass (kg) 1,276 1,247 1,217 1,201 1,364 1,328 1,284 1,265 1,525 1,468 1,407 1,377
Zero-to-60 mph time(s) 12.0 12,0 12.0 12.0 10.0 10.0 10.0 10.0 8.0 8.0 8.0 8.0
Estimated all-elec range (mi) 7 7 6 7 12 11 11 11 19 19 18 18

Parallel Grid-independent FHV: HEVCOST Model Run with ADVISOR mpg (for CV & HEV) dated 11/28/99, PNGV p1& CV5 (with default gear ratio) runs .
The battery life increased to last the life of HEV.

Run date: 3/30/2000
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A Methodology for Projecting Parallel Hybrid Electric Vehicle Cost

(Al costs are in 1995 dollars. Battery costs estimated for the HEVTECA project.)

HEVTECA (Parallel, Mild Grid-independent, UL Steel, HP Batt, 8-12s Z60 Time, APU=6.5% Grade+0.5*Gap): ADVISOR-2 Components

Matching

Vehicle type: Midsize Car (MHV)
Z60 Time: 12 seconds (B)
Battery type: NiMH (High Power)

Vehicle type: Midsize Car (MHV)
Z60 Time: 10 seconds (B)
Battery type: NiMH (High Power)

Vehicle type: Midsize Car (MHV)
Z60 Time: 8 seconds (B)
Battery type: NiMH (High Power)

Item 2005 2010 2015 2020 2005 2010 2015 2020 2005 2010 2015 2020
Purchase Price Purchase Price Purchase Price
Conventional Vehicle $ 21,200 $ 21,200 $ 21,200 $ 21,200 $ 22,500 $ 22,500 $ 22,500 $ 22,500 $ 25,100 $ 25,100 $ 25,100 $ 25,100
Hybrid Electric Vehicle
Common components $ 16,270 $ 16,270 $ 16,270 $ 16,270 $ 16,270 $ 16,270 $ 16,270 $ 16,270|$ 16,270 $ 16,270 $ 16,270 $ 16,270
Additional aluminum cost $ - $ - % - $ -1/ - $ - % - $ -/ - 3 - % - 5 -
Auxiliary Power Unit $ 3460 $ 3530 $ 3500 $ 3620($ 3980 $ 4,030 $ 3970 $ 4,170|$ 4880 $ 4,870 $ 4,800 $ 4,930
Generator $ 690 $ 590 $ 530 $ 520/ 870 $ 740 $ 660 $ 630|$ 1020 $ 840 $ 740 $ 700
Inverter & Power Electronics [$ 1,370 $ 1,100 $ 900 $ 800|$ 1,730 $ 1350 $ 1,080 $ 960|$ 2,480 $ 1,870 $ 1460 $ 1,250
Motor $ 690 $ 59 $ 530 $ 520({$ 890 $ 760 $ 660 $ 630|$ 1,350 $ 1110 $ 920 $ 870
Transmission $ 900 $ 80 $ 800 $ 790($ 1,100 $ 1,040 $ 960 $ 960|$ 1470 $ 1380 $ 1,270 $ 1,240
System control $ 420 $ 410 $ 390 $ 350|$ 420 $ 410 $ 390 $ 350|$ 420 $ 410 $ 390 $ 350
Other body parts $ 400 $ 390 $ 380 $ 370|$ 400 $ 39 $ 380 $ 370|$ 400 $ 390 $ 380 $ 370
Additional HVAC Cost $ 120 ¢ 110 $ 110 $ 110($ 120 $ 110 $ 110 $ 110|$ 120 $ 110 $ 110 $ 110
First Battery Price $ 1270 $ 1050 $ 860 $ 800|$ 2020 $ 1640 $ 1350 $ 1,260|$ 3590 $ 2,820 $ 2390 $ 2,110
Total HEV Price $ 25590 $ 24,900 $ 24,270 $ 24,150 $ 27,800 $ 26,740 $ 25,830 $ 25,710 $ 32,000 $ 30,070 $ 28,730 $ 28,200
Operating Cost Operating Cost Operating Cost
Conventional Vehicle
Fuel cost (c/mi) 4.26 4.28 4.28 421 4.87 4.93 4.95 491 6.02 5.97 5.89 5.72
Non-fuel cost (c/mi) 4.90 4.97 5.05 5.20 4.90 4.97 5.05 5.20 4.90 4.97 5.05 5.20
Total cost (c/mi) 9.16 9.26 9.33 9.41 9.77 9.90 10.00 10.11 10.92 10.94 10.94 10.92
Hybrid Electric Vehicle
Electricity cost (c/mi) - - - - - - - - - - - -
Fuel cost (c/mi) 3.32 3.24 3.15 3.05 3.42 3.36 3.28 3.19 3.74 3.63 351 3.38
Non-fuel cost (c/mi) 5.55 5.63 5.72 5.89 5.55 5.63 572 5.89 5.55 5.63 5.72 5.89
Battery cost (c/mi) 154 121 0.95 0.90 2.45 1.88 1.50 141 4.35 3.24 2.65 2.37
Total cost (c/mi) 1041 10.08 9.82 9.84 11.42 10.88 10.49 10.49 13.64 1251 11.88 11.64
Life-cycle Cost Life-cycle Cost Life-cycle Cost
Conventional Vehicle
Purchase Price (c/mi) 20.80 20.50 20.20 20.20 22.08 21.75 21.44 21.44 24.63 2427 2391 2391
Operating Cost (c/mi) 9.16 9.26 9.33 9.41 9.77 9.90 10.00 10.11 10.92 10.94 10.94 10.92
Less Scrappage Value (c/mi) (0.13) 0.13) 0.12) (0.12) (0.14) (0.14) 0.13) (0.13), (0.15) (0.15) (0.15) (0.15),
Total Life-cycle Cost (c/mi) 29.84 29.62 29.40 29.48 3171 31.52 3131 3141 35.39 35.06 34.71 34.69
Hybrid Electric Vehicle
Purchase Price - Battery (c/mi) 23.86 23.06 22.30 22.25 25.30 24.27 23.32 23.30 27.88 26.34 25.10 24.86
Operating Cost (c/mi) 10.41 10.08 9.82 9.84 11.42 10.88 10.49 10.49 13.64 1251 11.88 11.64
Less Scrappage Value (c/mi) (0.15) 0.14) (0.14) (0.14) (0.16) (0.15) (0.14) (0.14) (0.18) (0.16) (0.15) (0.15)
Total Life-cycle Cost (c/mi) 34.12 33.00 31.99 31.95 36.56 34.99 33.67 33.64 41.34 38.69 36.82 36.34
Important HEV Parameters Important HEV Parameters Important HEV Parameters
Motor power (kW): Peak 15 14 13 13 23 22 20 20 41 39 35 34
Motor power (kW): Constant 11 10 9 9 16 15 14 14 28 27 24 24
APU power (kW) 57 55 51 50 68 65 60 60 87 82 76 74
Generator power (KW) 15 14 13 13 22 21 20 20 28 26 25 24
Battery power (kW) 17 16 14 14 27 25 22 22 48 43 39 37
Battery energy (kWh) 15 1.4 1.2 1.2 2.3 2.2 1.9 1.9 4.2 38 3.4 3.2
Battery mass (kg) 34 31 26 24 54 48 40 38 96 83 71 65
Total vehicle mass (kg) 1,270 1,246 1,214 1,202 1,351 1,321 1,280 1,269 1,504 1,453 1,400 1,373
Zero-to-60 mph time(s) 12.0 12,0 12.0 12.0 10.0 10.0 10.0 10.0 8.0 8.0 8.0 8.0
Estimated all-elec range (mi) 4 4 4 4 6 6 5 6 11 10 10 10

Parallel Grid-independent MHV: HEVCOST Model Run with ADVISOR mpg (for CV & HEV) dated 11/28/99. The default battery life used, requires one battery replaceme
Run dated: 3/30/2000 (The MHVs' APU are sized in-between the corresponding CV and FHV capable of 6.5% grade.)

96



A

Argonne National Laboratory: Center for Transportation Research
A Methodology for Projecting Parallel Hybrid Electric Vehicle Cost

(Al costs are in 1995 dollars. Battery costs estimated for the HEVTECA project.)

HEVTECA (Parallel, Mild Grid-independent, UL Steel, HP Batt thru HEV Life, 8-12s Z60 Time, APU=6.5% Grade+0.5*Gap): ADVISOR-2
Components Matching

Vehicle type: Midsize Car (MHV) Vehicle type: Midsize Car (MHV) Vehicle type: Midsize Car (MHV)
Z60 Time: 12 seconds (B) Z60 Time: 10 seconds (B) Z60 Time: 8 seconds (B)
Battery type: NiMH (High Power) Battery type: NiMH (High Power) Battery type: NiMH (High Power)
Item 2005 2010 2015 2020 2005 2010 2015 2020 2005 2010 2015 2020
Purchase Price Purchase Price Purchase Price
Conventional Vehicle $ 21,200 $ 21,200 $ 21,200 $ 21,200($ 22,500 $ 22,500 $ 22,500 $ 22,500|$ 25,100 $ 25,100 $ 25,100 $ 25,100
Hybrid Electric Vehicle
Common components $ 16,270 $ 16,270 $ 16,270 $ 16,270|$ 16,270 $ 16,270 $ 16,270 $ 16,270|$ 16,270 $ 16,270 $ 16,270 $ 16,270
Additional aluminum cost $ - $ - % - $ -/ - $ - % - $ -/ - 3 - % - 5 -
Augxiliary Power Unit $ 3460 $ 3530 $ 3500 $ 3620($ 3980 $ 4,030 $ 3970 $ 4170|$ 4880 $ 4,870 $ 4,800 $ 4,930
Generator $ 690 $ 590 $ 530 $ 520/$ 870 $ 740 $ 660 $ 630|$ 1020 $ 840 $ 740 $ 700
Inverter & Power Electronics [$ 1,370 $ 1,100 $ 900 $ 800|$ 1,730 $ 1350 $ 1,080 $ 960|$ 2,480 $ 1,870 $ 1460 $ 1,250
Motor $ 690 $ 59 $ 530 $ 520({$ 890 $ 760 $ 660 $ 630|$ 1,350 $ 1110 $ 920 $ 870
Transmission $ 900 $ 80 $ 800 $ 790($ 1,100 $ 1,040 $ 960 $ 960|$ 1470 $ 1380 $ 1,270 $ 1,240
System control $ 420 $ 410 $ 390 $ 30($ 420 $ 410 $ 390 $ 350|$ 420 $ 410 $ 390 $ 350
Other body parts $ 400 $ 390 $ 380 $ 370($ 400 $ 390 $ 380 $ 370|$ 400 $ 390 $ 380 $ 370
Additional HVAC Cost $ 120 ¢ 110 $ 110 $ 110($ 120 $ 110 $ 110 $ 110|$ 120 $ 110 $ 110 $ 110
First Battery Price $ 1270 $ 1050 $ 860 $ 800|$ 2020 $ 1640 $ 1350 $ 1,260|$ 3590 $ 2,820 $ 2390 $ 2,110
Total HEV Price $ 25590 $ 24,900 $ 24,270 $ 24,150 $ 27,800 $ 26,740 $ 25,830 $ 25,710 $ 32,000 $ 30,070 $ 28,730 $ 28,200
Operating Cost Operating Cost Operating Cost
Conventional Vehicle
Fuel cost (c/mi) 4.26 4.28 4.28 4.21 4.87 4.93 4.95 491 6.02 5.97 5.89 5.72
Non-fuel cost (c/mi) 4.90 4.97 5.05 5.20 4.90 4.97 5.05 5.20 4.90 4.97 5.05 5.20
Total cost (c/mi) 9.16 9.26 9.33 9.41 9.77 9.90 10.00 10.11 10.92 10.94 10.94 10.92
Hybrid Electric Vehicle
Electricity cost (c/mi) - - - - - - - - - - - -
Fuel cost (c/mi) 332 324 3.15 3.05 3.42 3.36 3.28 3.19 3.74 3.63 351 3.38
Non-fuel cost (c/mi) 5.55 5.63 5.72 5.89 5.55 5.63 5.72 5.89 5.55 5.63 5.72 5.89
Battery cost (c/mi) 1.25 1.02 0.82 0.76 1.98 1.59 1.29 1.20 352 2.73 2.28 2.01
Total cost (c/mi) 10.12 9.89 9.69 9.70 10.96 10.58 10.28 10.28 12.81 11.99 11.50 11.28
Life-cycle Cost Life-cycle Cost Life-cycle Cost
Conventional Vehicle
Purchase Price (c/mi) 20.80 20.50 20.20 20.20 22.08 21.75 21.44 21.44 24.63 2427 2391 2391
Operating Cost (c/mi) 9.16 9.26 9.33 9.41 9.77 9.90 10.00 10.11 10.92 10.94 10.94 10.92
Less Scrappage Value (c/mi) (0.13) (0.13) 0.12) (0.12) (0.14) (0.14) (0.13) (0.13) (0.15) (0.15) (0.15) (0.15)
Total Life-cycle Cost (c/mi) 29.84 29.62 29.40 29.48 3171 31.52 3131 3141 35.39 35.06 3471 34.69
Hybrid Electric Vehicle
Purchase Price - Battery (c/mi) 23.86 23.06 22.30 22.25 25.30 24.27 2332 23.30 27.88 26.34 25.10 24.86
Operating Cost (c/mi) 10.12 9.89 9.69 9.70 10.96 10.58 10.28 10.28 12.81 11.99 11.50 11.28
Less Scrappage Value (c/mi) (0.15) 0.14) 0.14) (0.14) (0.16) (0.15) (0.14) (0.14) (0.18) (0.16) (0.15) (0.15)
Total Life-cycle Cost (c/mi) 33.83 32.81 31.85 3181 36.09 34.69 33.46 3343 40.52 38.17 36.45 35.99
Important HEV Parameters Important HEV Parameters Important HEV Parameters
Motor power (kW): Peak 15 14 13 13 23 22 20 20 41 39 35 34
Motor power (kW): Constant 11 10 9 9 16 15 14 14 28 27 24 24
APU power (kW) 57 55 51 50 68 65 60 60 87 82 76 74
Generator power (KW) 15 14 13 13 22 21 20 20 28 26 25 24
Battery power (kW) 17 16 14 14 27 25 22 22 48 43 39 37
Battery energy (kWh) 15 14 1.2 1.2 23 2.2 1.9 1.9 42 38 34 3.2
Battery mass (kg) 34 31 26 24 54 48 40 38 9 83 71 65
Total vehicle mass (kg) 1,270 1,246 1,214 1,202 1,351 1,321 1,280 1,269 1,504 1,453 1,400 1,373
Zero-to-60 mph time(s) 12.0 12.0 12.0 12.0 10.0 10.0 10.0 10.0 8.0 8.0 8.0 8.0
Estimated all-elec range (mi) 4 4 4 4 6 6 5 6 11 10 10 10

Parallel Grid-independent MHV: HEVCOST Model Run with ADVISOR mpg (for CV & HEV) dated 11/28/99. The battery life increased to last the life of HEV.
Run dated: 3/30/2000 (The MHVs' APU are sized in-between the corresponding CV and FHV capable of 6.5% grade.)
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(Al costs are in 1995 dollars. Battery costs estimated for the HEVTECA project.)

HEVTECA (Parallel, Mild Grid-independent, UL Steel, HP Batt thru HEV Life, 8-12s Z60 Time, APU=6.5% Grade+0.5*Gap): ADVISOR-2
Components Matching

Vehicle type: Midsize Car (MHV)
Z60 Time: 12 seconds (B)
Battery type: NiMH (High Power)

Vehicle type: Midsize Car (MHV)
Z60 Time: 10 seconds (B)
Battery type: NiMH (High Power)

Vehicle type: Midsize Car (MHV)
Z60 Time: 8 seconds (B)
Battery type: NiMH (High Power)

Item 2005 2010 2015 2020 2005 2010 2015 2020 2005 2010 2015 2020
Purchase Price Purchase Price Purchase Price
Conventional Vehicle $ 21,200 $ 21,200 $ 21,200 $ 21,200($ 22,500 $ 22,500 $ 22,500 $ 22,500|$ 25,100 $ 25,100 $ 25,100 $ 25,100
Hybrid Electric Vehicle
Common components $ 16,270 $ 16,270 $ 16,270 $ 16,270|$ 16,270 $ 16,270 $ 16,270 $ 16,270|$ 16,270 $ 16,270 $ 16,270 $ 16,270
Additional aluminum cost $ - $ - % - $ -/ - $ - % - $ -/ - 3 - % - 5 -
Augxiliary Power Unit $ 3460 $ 3530 $ 3500 $ 3,620($ 3980 $ 4,030 $ 3970 $ 4170|$ 4880 $ 4870 $ 4,800 $ 4,930
Generator $ 690 $ 590 $ 530 $ 520/$ 870 $ 740 $ 660 $ 630|$ 1020 $ 840 $ 740 $ 700
Inverter & Power Electronics [$ 1,370 $ 1,100 $ 900 $ 800|$ 1,730 $ 1350 $ 1,080 $ 960|$ 2,480 $ 1,870 $ 1460 $ 1,250
Motor $ 690 $ 59 $ 530 $ 520({$ 890 $ 760 $ 660 $ 630|$ 1,350 $ 1110 $ 920 $ 870
Transmission $ 900 $ 80 $ 800 $ 790($ 1,100 $ 1,040 $ 960 $ 960|$ 1470 $ 1380 $ 1,270 $ 1,240
System control $ 420 $ 410 $ 390 $ 30($ 420 $ 410 $ 390 $ 350|$ 420 $ 410 $ 390 $ 350
Other body parts $ 400 $ 390 $ 380 $ 370($ 400 $ 390 $ 380 $ 370|$ 400 $ 390 $ 380 $ 370
Additional HVAC Cost $ 120 ¢ 110 $ 110 $ 110($ 120 $ 110 $ 110 $ 110|$ 120 $ 110 $ 110 $ 110
First Battery Price $ 1270 $ 1050 $ 860 $ 800|$ 2020 $ 1640 $ 1350 $ 1,260|$ 3590 $ 2,820 $ 2390 $ 2,110
Total HEV Price $ 25590 $ 24,900 $ 24,270 $ 24,150 $ 27,800 $ 26,740 $ 25,830 $ 25,710 $ 32,000 $ 30,070 $ 28,730 $ 28,200
Operating Cost Operating Cost Operating Cost
Conventional Vehicle
Fuel cost (c/mi) 4.26 4.28 4.28 4.21 4.87 4.93 4.95 491 6.02 5.97 5.89 5.72
Non-fuel cost (c/mi) 4.90 4.97 5.05 5.20 4.90 4.97 5.05 5.20 4.90 4.97 5.05 5.20
Total cost (c/mi) 9.16 9.26 9.33 9.41 9.77 9.90 10.00 10.11 10.92 10.94 10.94 10.92
Hybrid Electric Vehicle
Electricity cost (c/mi) - - - - - - - - - - - -
Fuel cost (c/mi) 332 324 3.15 3.05 3.42 3.36 3.28 3.19 3.74 3.63 351 3.38
Non-fuel cost (c/mi) 5.55 5.63 5.72 5.89 5.55 5.63 5.72 5.89 5.55 5.63 5.72 5.89
Battery cost (c/mi) 1.25 1.02 0.82 0.76 1.98 1.59 1.29 1.20 352 2.73 2.28 2.01
Total cost (c/mi) 10.12 9.89 9.69 9.70 10.96 10.58 10.28 10.28 12.81 11.99 11.50 11.28
Life-cycle Cost Life-cycle Cost Life-cycle Cost
Conventional Vehicle
Purchase Price (c/mi) 20.80 20.50 20.20 20.20 22.08 21.75 21.44 21.44 24.63 2427 2391 2391
Operating Cost (c/mi) 9.16 9.26 9.33 9.41 9.77 9.90 10.00 10.11 10.92 10.94 10.94 10.92
Less Scrappage Value (c/mi) (0.13) (0.13) 0.12) (0.12) (0.14) (0.14) (0.13) (0.13) (0.15) (0.15) (0.15) (0.15)
Total Life-cycle Cost (c/mi) 29.84 29.62 29.40 29.48 3171 31.52 3131 3141 35.39 35.06 3471 34.69
Hybrid Electric Vehicle
Purchase Price - Battery (c/mi) 23.86 23.06 22.30 22.25 25.30 24.27 2332 23.30 27.88 26.34 25.10 24.86
Operating Cost (c/mi) 10.12 9.89 9.69 9.70 10.96 10.58 10.28 10.28 12.81 11.99 11.50 11.28
Less Scrappage Value (c/mi) (0.15) 0.14) 0.14) (0.14) (0.16) (0.15) (0.14) (0.14) (0.18) (0.16) (0.15) (0.15)
Total Life-cycle Cost (c/mi) 33.83 32.81 31.85 3181 36.09 34.69 33.46 3343 40.52 38.17 36.45 35.99
Important HEV Parameters Important HEV Parameters Important HEV Parameters
Motor power (kW): Peak 15 14 13 13 23 22 20 20 41 39 35 34
Motor power (kW): Constant 11 10 9 9 16 15 14 14 28 27 24 24
APU power (kW) 57 55 51 50 68 65 60 60 87 82 76 74
Generator power (KW) 15 14 13 13 22 21 20 20 28 26 25 24
Battery power (kW) 17 16 14 14 27 25 22 22 48 43 39 37
Battery energy (kWh) 15 14 1.2 1.2 23 2.2 1.9 1.9 42 38 34 3.2
Battery mass (kg) 34 31 26 24 54 48 40 38 9 83 71 65
Total vehicle mass (kg) 1,270 1,246 1,214 1,202 1,351 1,321 1,280 1,269 1,504 1,453 1,400 1,373
Zero-to-60 mph time(s) 12.0 12.0 12.0 12.0 10.0 10.0 10.0 10.0 8.0 8.0 8.0 8.0
Estimated all-elec range (mi) 4 4 4 4 6 6 5 6 11 10 10 10

Parallel Grid-independent MHV: HEVCOST Model Run with ADVISOR mpg (for CV & HEV) dated 11/28/99. The battery life increased to last the life of HEV.
Run dated: 3/30/2000 (The MHVs' APU are sized in-between the corresponding CV and FHV capable of 6.5% grade.)
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(All costs are in 1995 dollars. Battery costs Estimated for the HEVTECA Project.)
HEV (Series, Grid-Independent, UL Steel, HP Batt, 8-12s Z60 Time) ADVISOR2 Components Matching

A

Vehicle type: Midsize Car Vehicle type: Midsize Car Vehicle type: Midsize Car
Z60 Time: 12 seconds Z60 Time: 10 seconds Z60 Time: 8 seconds
Battery type: NiMH (High Power) Battery type: NiMH (High Power) Battery type: NiMH (High Power)
Item 2005 2010 2015 2020 2005 2010 2015 2020 2005 2010 2015 2020
Purchase Price Purchase Price Purchase Price
Conventional Vehicle $ 21,200 $ 21,200 $ 21,200 $ 21,200|$ 22500 $ 22,500 $ 22,500 $ 22,500 | $ 25,100 $ 25,100 $ 25,100 $ 25,100
Hybrid Electric Vehicle
Common components $ 16270 $ 16,270 $ 16,270 $ 16,270 |$ 16,270 $ 16,270 $ 16,270 $ 16,270 ($ 16,270 $ 16,270 $ 16,270 $ 16,270
Additional aluminum cost $ -8 - 8 -3 -8 -8 -8 -3 - |8 -8 -8 -8 -
Auxiliary Power Unit $ 3410 $ 3380 $ 3390 $ 3400|% 3500 $ 3430 $ 3440 $ 3510|$ 3690 $ 3580 $ 3,600 $ 3,620
Generator $ 1680 $ 1330 $ 1150 $ 1,050($ 1730 $ 1,350 $ 1150 $ 1,080($ 1810 $ 1410 $ 1200 $ 1,110
Inverter & Power Electronics | $ 3,890 $ 2,920 $ 2290 $ 1930|$ 4610 $ 3410 $ 2630 $ 2270($ 590 $ 4320 $ 3300 $ 2,790
Motor $ 2240 $ 1760 $ 1520 $ 1410|$ 2680 $ 2090 $ 1780 $ 1640|$ 3490 $ 2670 $ 2240 $ 2,070
Gear Drive $ 280 $ 250 $ 240 $ 230($ 340 $ 300 $ 290 $ 280|$ 450 $ 400 $ 380 $ 370
System control $ 420 $ 410 $ 390 $ 350($ 420 $ 410 $ 390 $ 350(|$ 420 $ 410 $ 390 $ 350
Other body parts $ 400 $ 390 $ 380 $ 370($ 400 $ 390 $ 380 $ 370 $ 400 $ 390 $ 380 $ 370
Additional HVAC Cost $ 120 $ 110 $ 110 $ 110($ 120 $ 110 $ 110 $ 110|$ 120 $ 110 $ 110 $ 110
First Battery Price $ 2470 $ 1970 $ 1720 $ 1540($ 3810 $ 3010 $ 2630 $ 2400|$ 6280 $ 4910 $ 4280 $ 35830
Total HEV Price $ 31,200 $ 28,800 $ 27,500 $ 26,700 |$ 33,900 $ 30,800 $ 29,100 $ 28,300 |$ 38900 $ 34,500 $ 32,200 $ 30,900
Operating Cost Operating Cost Operating Cost
Conventional Vehicle
Fuel cost (c/mi) 4.26 4.28 4.28 421 4.87 4.93 4.95 4.91 6.02 5.97 5.89 5.72
Non-fuel cost (c/mi) 4.90 4.97 5.05 5.20 4.90 4.97 5.05 5.20 4.90 4.97 5.05 5.20
Total cost (c/mi) 9.16 9.26 9.33 9.41 9.77 9.90 10.00 10.11 10.92 10.94 10.94 10.92
Hybrid Electric Vehicle
Electricity cost (c/mi) - - - - - - - - - - - -
Fuel cost (c/mi) 353 3.44 334 324 3.63 3.52 3.40 331 3.75 3.64 3.52 339
Non-fuel cost (c/mi) 5.55 5.63 5.72 5.89 5.55 5.63 5.72 5.89 5.55 5.63 5.72 5.89
Battery cost (c/mi) 2.99 2.26 1.90 173 4.62 3.46 2.92 2.69 7.61 5.65 4.75 4.29
Total cost (c/mi) 12.07 11.34 10.97 10.85 13.79 12.62 12.04 11.89 16.90 14.92 13.98 13.57
Life-cycle Cost Life-cycle Cost Life-cycle Cost
Conventional Vehicle
Purchase Price (c/mi) 20.80 20.50 20.20 20.20 22.08 21.75 21.44 21.44 24.63 24.27 2391 2391
Operating Cost (c/mi) 9.16 9.26 9.33 9.41 9.77 9.90 10.00 10.11 10.92 10.94 10.94 10.92
Less Scrappage Value (c/mi) (0.13) (0.13) 0.12) 0.12) (0.14) (0.14) (0.13) (0.13) (0.15) (0.15) (0.15) (0.15)
Total Life-cycle Cost (c/mi) 29.84 29.62 29.40 29.48 3171 31.52 3131 3141 35.39 35.06 3471 34.69
Hybrid Electric Vehicle
Purchase Price - Battery (c/mi) 28.19 25.94 24.56 23.97 29.53 26.87 25.22 24.68 32.01 28.61 26.60 25.79
Operating Cost (c/mi) 12.07 11.34 10.97 10.85 13.79 12.62 12.04 11.89 16.90 14.92 13.98 13.57
Less Scrappage Value (c/mi) (0.18) (0.16) (0.15) (0.15) (0.19) 0.17) (0.16) (0.15) (0.20) (0.18) (0.16) (0.16)
Total Life-cycle Cost (c/mi) 40.08 3711 35.38 34.68 4313 39.32 37.10 36.42 48.71 43.35 40.42 39.20
Important HEV Parameters Important HEV Parameters Important HEV Parameters
Motor power (KW): Peak 76 71 69 67 93 87 84 81 125 115 110 107
Motor power (kW): Constant 52 49 47 46 64 60 58 56 85 79 75 73
APU power (kW) 56 52 49 46 58 53 50 48 62 56 53 50
Generator power (kW) 54 50 48 45 56 51 48 47 59 54 51 49
Battery power (kW) 33 30 28 27 51 46 43 42 84 75 70 67
Battery energy (KWh) 29 27 25 23 44 4.1 38 36 73 6.7 6.1 5.8
Battery mass (kg) 66 58 51 47 102 89 79 73 168 144 128 117
Total vehicle mass (kg) 1,386 1,341 1,310 1,281 1,457 1,401 1,364 1,336 1,591 1,513 1,465 1,426
Acceleration time 0-60 mph (s) 12.0 12.0 12.0 12.0 10.0 10.0 10.0 10.0 8.0 8.0 8.0 8.0
Estimated all-elec range (mi) 5 5 5 5 8 8 8 8 14 13 12 13

Series Grid-independent FHV: HEVCOST Model Run with ADVISOR mpg (for CV & HEV) dated 12/1/99. The default battery life used, requires one battery replacement.

Run date: 3/30/2000
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(All costs are in 1995 dollars. Battery costs Estimated for the HEVTECA Project.)
HEV (Series, Grid-Independent, UL Steel, HP Batt thru HEV Life, 8-12s Z60 Time) ADVISOR2 Components Matching

Vehicle type: Midsize Car
Z60 Time: 12 seconds
Battery type: NiMH (High Power)

Vehicle type: Midsize Car
Z60 Time: 10 seconds
Battery type: NiMH (High Power)

Vehicle type: Midsize Car
Z60 Time: 8 seconds
Battery type: NiMH (High Power)

Item 2005 2010 2015 2020 2005 2010 2015 2020 2005 2010 2015 2020
Purchase Price Purchase Price Purchase Price
Conventional Vehicle $ 21,200 $ 21,200 $ 21,200 $ 21,200|$ 22500 $ 22,500 $ 22,500 $ 22,500 | $ 25,100 $ 25,100 $ 25,100 $ 25,100
Hybrid Electric Vehicle
Common components $ 16270 $ 16,270 $ 16,270 $ 16,270 |$ 16,270 $ 16,270 $ 16,270 $ 16,270 ($ 16,270 $ 16,270 $ 16,270 $ 16,270
Additional aluminum cost $ -8 - 8 -3 -8 -8 -8 -3 - |8 -8 -8 -8 -
Auxiliary Power Unit $ 3410 $ 3380 $ 3390 $ 3400|% 3500 $ 3430 $ 3440 $ 3510|$ 3690 $ 3580 $ 3,600 $ 3,620
Generator $ 1680 $ 1330 $ 1150 $ 1,050($ 1730 $ 1,350 $ 1150 $ 1,080($ 1810 $ 1410 $ 1200 $ 1,110
Inverter & Power Electronics | $ 3,890 $ 2920 $ 2290 $ 1930|$% 4610 $ 3410 $ 2630 $ 2270|$ 5900 $ 4320 $ 3300 $ 2,790
Motor $ 2240 $ 1760 $ 1520 $ 1410|$ 2680 $ 2090 $ 1780 $ 1640|$ 3490 $ 2670 $ 2240 $ 2,070
Gear Drive $ 280 $ 250 $ 240 $ 230($ 340 $ 300 $ 290 $ 280|$ 450 $ 400 $ 380 $ 370
System control $ 420 $ 410 $ 390 $ 350($ 420 $ 410 $ 390 $ 350(|$ 420 $ 410 $ 390 $ 350
Other body parts $ 400 $ 390 $ 380 $ 370($ 400 $ 390 $ 380 $ 370 $ 400 $ 390 $ 380 $ 370
Additional HVAC Cost $ 120 $ 110 $ 110 $ 110($ 120 $ 110 $ 110 $ 110|$ 120 $ 110 $ 110 $ 110
First Battery Price $ 2470 $ 1970 $ 1720 $ 1540($ 3810 $ 3010 $ 2630 $ 2400|$ 6280 $ 4910 $ 4280 $ 35830
Total HEV Price $ 31,200 $ 28,800 $ 27,500 $ 26,700 |$ 33,900 $ 30,800 $ 29,100 $ 28,300 |$ 38900 $ 34,500 $ 32,200 $ 30,900
Operating Cost Operating Cost Operating Cost
Conventional Vehicle
Fuel cost (c/mi) 4.26 4.28 4.28 421 4.87 4.93 4.95 4.91 6.02 5.97 5.89 5.72
Non-fuel cost (c/mi) 4.90 4.97 5.05 5.20 4.90 4.97 5.05 5.20 4.90 4.97 5.05 5.20
Total cost (c/mi) 9.16 9.26 9.33 9.41 9.77 9.90 10.00 10.11 10.92 10.94 10.94 10.92
Hybrid Electric Vehicle
Electricity cost (c/mi) - - - - - - - - - - - -
Fuel cost (c/mi) 353 3.44 334 324 3.63 3.52 3.40 331 3.75 3.64 3.52 339
Non-fuel cost (c/mi) 5.55 5.63 5.72 5.89 5.55 5.63 5.72 5.89 5.55 5.63 5.72 5.89
Battery cost (c/mi) 2.42 1.90 1.64 1.47 3.74 291 251 2.29 6.16 4.75 4.08 3.65
Total cost (c/mi) 11.50 10.98 10.70 10.59 12.91 12.07 11.63 11.49 15.46 14.02 13.31 12.93
Life-cycle Cost Life-cycle Cost Life-cycle Cost
Conventional Vehicle
Purchase Price (c/mi) 20.80 20.50 20.20 20.20 22.08 21.75 21.44 21.44 24.63 24.27 2391 2391
Operating Cost (c/mi) 9.16 9.26 9.33 9.41 9.77 9.90 10.00 10.11 10.92 10.94 10.94 10.92
Less Scrappage Value (c/mi) (0.13) (0.13) 0.12) 0.12) (0.14) (0.14) (0.13) (0.13) (0.15) (0.15) (0.15) (0.15)
Total Life-cycle Cost (c/mi) 29.84 29.62 29.40 29.48 3171 31.52 3131 3141 35.39 35.06 3471 34.69
Hybrid Electric Vehicle
Purchase Price - Battery (c/mi) 28.19 25.94 24.56 23.97 29.53 26.87 25.22 24.68 32.01 28.61 26.60 25.79
Operating Cost (c/mi) 11.50 10.98 10.70 10.59 12.91 12.07 11.63 11.49 15.46 14.02 13.31 12.93
Less Scrappage Value (c/mi) (0.18) (0.16) (0.15) (0.15) (0.19) 0.17) (0.16) (0.15) (0.20) (0.18) (0.16) (0.16)
Total Life-cycle Cost (c/mi) 39.51 36.76 3511 34.42 42.26 38.76 36.69 36.01 41.27 42.45 39.75 38.56
Important HEV Parameters Important HEV Parameters Important HEV Parameters
Motor power (KW): Peak 76 71 69 67 93 87 84 81 125 115 110 107
Motor power (kW): Constant 52 49 47 46 64 60 58 56 85 79 75 73
APU power (kW) 56 52 49 46 58 53 50 48 62 56 53 50
Generator power (kW) 54 50 48 45 56 51 48 47 59 54 51 49
Battery power (kW) 33 30 28 27 51 46 43 42 84 75 70 67
Battery energy (KWh) 29 27 25 23 44 4.1 38 36 73 6.7 6.1 5.8
Battery mass (kg) 66 58 51 47 102 89 79 73 168 144 128 117
Total vehicle mass (kg) 1,386 1,341 1,310 1,281 1,457 1,401 1,364 1,336 1,591 1,513 1,465 1,426
Acceleration time 0-60 mph (s) 12.0 12.0 12.0 12.0 10.0 10.0 10.0 10.0 8.0 8.0 8.0 8.0
Estimated all-elec range (mi) 5 5 5 5 8 8 8 8 14 13 12 13

Series Grid-independent FHV: HEVCOST Model Run with ADVISOR mpg (for CV & HEV) dated 12/1/99. The battery life increased to last the life of HEV.

Run date: 3/30/2000
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(All costs are in 1995 dollars. Battery costs are based on the ANL Delphi study.)
HEVTECA (Parallel, Grid-Connected, UL Steel, Intermediate Batt, 12-16s All-electric) ADVISOR-2 Components Matching

A

Vehicle type: Midsize Car Vehicle type: Midsize Car Vehicle type: Midsize Car
All-electric Z60 Time: 16 seconds All-electric Z60 Time: 14 seconds All-electric Z60 Time: 12 seconds
Battery type: NiMH (Intermediate) Battery type: NiMH (Intermediate) Battery type: NiMH (Intermediate)
Item 2005 2010 2015 2020 2005 2010 2015 2020 2005 2010 2015 2020
Purchase Price Purchase Price Purchase Price
Conventional Vehicle $ 23,700 $ 23,700 $ 23,700 $ 23,600 |$ 24,300 $ 24,300 $ 24,300 $ 24,300 |$ 25,000 $ 25,000 $ 25,000 $ 25,000
Hybrid Electric Vehicle
Common components $ 16270 $ 16,270 $ 16,270 $ 16,270 |$ 16,270 $ 16,270 $ 16,270 $ 16,270 ($ 16,270 $ 16,270 $ 16,270 $ 16,270
Additional aluminum cost $ - $ - % - $ -1/ - $ - % - 8 -5 - - $ - 5 -
Auxiliary Power Unit $ 3170 $ 3180 $ 3240 $ 3340|% 3220 $ 3230 $ 3290 $ 3400|$% 3310 $ 3280 $ 3390 $ 3510
Generator $ 740 $ 630 $ 570 $ 550(% 740 $ 630 $ 590 $ 550($ 760 $ 630 $ 590 $ 570
Inverter & Power Electronics | $ 3,200 $ 2410 $ 1910 $ 1640|$ 3670 $ 2720 $ 2130 $ 1820|$ 4320 $ 3180 $ 2490 $ 2110
Motor $ 1810 $ 1440 $ 1250 $ 1160|$ 2090 $ 1640 $ 1410 $ 1310|$ 2470 $ 1950 $ 1,660 $ 1,540
Transmission $ 1290 $ 1190 $ 1,160 $ 1130|$ 1410 $ 1300 $ 1260 $ 1,230|$ 1580 $ 1460 $ 1420 $ 1,390
System control $ 420 $ 410 $ 390 $ 350($ 420 $ 410 $ 390 $ 350(|$ 420 $ 410 $ 390 $ 350
Other body parts $ 400 $ 390 $ 380 $ 370($ 400 $ 390 $ 380 $ 370 $ 400 $ 390 $ 380 $ 370
Additional HVAC Cost $ 120 $ 110 $ 110 $ 110 $ 120 $ 110 $ 110 $ 110 | $ 120 $ 110 $ 110 $ 110
First Battery Price $ 7520 $ 6010 $ 5350 $ 4820($ 89%0 $ 7080 $ 6250 $ 5580|% 10950 $ 8630 $ 7,700 $ 6,850
Total HEV Price $ 34940 $ 32,040 $ 30,630 $ 29,740|$% 37,300 $ 33,780 $ 32,080 $ 30,990 |$ 40,600 $ 36,310 $ 34,400 $ 33,070
Operating Cost Operating Cost Operating Cost
Conventional Vehicle
Fuel cost (c/mi) 5.33 5.34 5.32 5.22 5.60 5.59 5.55 5.42 5.95 5.91 5.83 5.66
Non-fuel cost (c/mi) 4.90 4.97 5.05 5.20 4.90 4.97 5.05 5.20 4.90 4.97 5.05 5.20
Total cost (c/mi) 10.23 10.32 10.37 10.42 10.50 10.57 10.59 10.62 10.85 10.89 10.88 10.86
Hybrid Electric Vehicle
Electricity cost (c/mi) 0.93 0.88 0.84 0.80 1 1.03 0.98 0.95 1.36 1.26 120 117
Fuel cost (c/mi) 1.84 1.76 170 1.65 1.63 1.56 151 1.46 1.38 1.30 1.26 121
Non-fuel cost (c/mi) 5.55 5.63 5.72 5.89 5.55 5.63 5.72 5.89 5.55 5.63 5.72 5.89
Battery cost (c/mi) 12.15 9.31 7.93 7.16 14.47 10.97 9.27 8.29 17.69 13.37 11.42 10.18
Total cost (c/mi) 20.47 17.58 16.19 15.51 22.77 19.20 17.48 16.59 25.97 21.56 19.60 18.45
Life-cycle Cost Life-cycle Cost Life-cycle Cost
Conventional Vehicle
Purchase Price (c/mi) 23.26 2291 22.58 22.49 23.85 23.49 23.15 2315 24.53 2417 23.82 23.82
Operating Cost (c/mi) 10.23 10.32 10.37 10.42 10.50 10.57 10.59 10.62 10.85 10.89 10.88 10.86
Less Scrappage Value (c/mi) (0.15) (0.14) (0.14) (0.14) (0.15) (0.15) (0.14) (0.14) (0.15) (0.15) (0.15) (0.15)
Total Life-cycle Cost (c/mi) 33.34 33.09 32.81 32.76 34.20 3391 33.60 33.63 35.23 34.91 34.55 34.54
Hybrid Electric Vehicle
Purchase Price - Battery (c/mi) 26.91 25.16 24.09 23.74 27.81 25.81 24.61 2421 29.10 26.76 25.44 24.98
Operating Cost (c/mi) 20.47 17.58 16.19 15.51 22.77 19.20 17.48 16.59 25.97 21.56 19.60 18.45
Less Scrappage Value (c/mi) 0.17) (0.16) (0.15) (0.15) 0.17) (0.16) (0.15) (0.15) (0.18) (0.17) (0.16) (0.15)
Total Life-cycle Cost (c/mi) 4721 42.59 40.12 39.10 50.40 44.85 41.94 40.66 54.89 48.16 44.88 43.28
Important HEV Parameters Important HEV Parameters Important HEV Parameters
Motor power (KW): Peak 59 55 54 52 70 65 63 61 85 80 77 75
Motor power (kW): Constant 41 38 37 36 48 45 43 42 58 55 53 51
APU power (kW) 51 48 46 45 52 49 47 46 54 50 49 48
Generator power (kW) 17 16 15 15 17 16 16 15 18 16 16 16
Battery power (kW) 68 62 59 57 81 73 69 66 99 89 85 81
Battery energy (kWh) 9.9 9.2 8.6 8.2 118 10.9 10.1 9.5 14.4 13.2 125 11.7
Battery mass (kg) 202 177 160 148 241 209 188 171 294 255 231 210
Total vehicle mass (kg) 1,495 1,441 1,404 1,374 1,556 1,494 1,451 1,417 1,647 1,570 1,527 1,488
Accl time on APU+Battery (s) 9.1 9.1 9.1 9.2 8.6 8.6 8.7 8.7 8.1 8.1 8.1 8.1
Accl time on Battery-only (s) 16.0 16.0 16.0 16.0 14.0 14.0 14.0 14.0 12.0 12.0 12.0 12.0
Estimated all-elec range (mi) 22.7 232 22.4 21.8 25.9 26.3 254 24.3 30.0 30.5 29.7 28.1

Parallel Grid-Connected FHV: HEVCOST Model Run with ADVISOR mpg (for CV & HEV) dated 12/10/99. The default battery life used, requires one battery replacement.

Run date: 3/30/2000
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(All costs are in 1995 dollars. Battery costs are based on the ANL Delphi study.)
HEVTECA (Parallel, Grid-Connected, UL Steel, Int Batt Lasts Veh Life, 12-16s All-electric) ADVISOR-2 Components Matching

Vehicle type: Midsize Car
All-electric Z60 Time:16 seconds
Battery type:NiMH (Intermediate)

Vehicle type:Midsize Car
All-electric Z60 Time:14 seconds
Battery type:NiMH (Intermediate)

Vehicle type: Midsize Car
All-electric Z60 Time:12 seconds
Battery type:NiMH (Intermediate)

Item 2005 2010 2015 2020 2005 2010 2015 2020 2005 2010 2015 2020
Purchase Price Purchase Price Purchase Price
Conventional Vehicle $ 23,700 $ 23,700 $ 23,700 $ 23,600|$ 24,300 $ 24,300 $ 24,300 $ 24,300|$ 25,000 $ 25000 $ 25,000 $ 25,000
Hybrid Electric Vehicle
Common components $ 16,270 $ 16,270 $ 16,270 $ 16,270 $ 16,270 $ 16,270 $ 16,270 $ 16,270 $ 16,270 $ 16,270 $ 16,270 $ 16,270
Additional aluminum cost $ - % - % - $ -1/ - $ - % - $ -/ - $ - - 5 -
Augxiliary Power Unit $ 3170 $ 3,180 $ 3240 $ 3340($ 3220 $ 3230 $ 3290 $ 3400|$ 3310 $ 3280 $ 3390 $ 3510
Generator $ 740 $ 630 $ 570 $ 550($ 740 $ 630 $ 590 $ 550|$ 760 $ 630 $ 590 $ 570
Inverter & Power Electronics |$ 3,200 $ 2,410 $ 1910 $ 1640|$ 3670 $ 2720 $ 2130 $ 1,820($ 4320 $ 3,180 $ 2490 $ 2110
Motor $ 1810 $ 1440 $ 1250 $ 1,160($ 2,090 $ 1,640 $ 1410 $ 1310|$ 2470 $ 1950 $ 1,660 $ 1,540
Transmission $ 1290 $ 1,190 $ 1,160 $ 1,130($ 1,410 $ 1,300 $ 1,260 $ 1,230|$ 1580 $ 1460 $ 1420 $ 1,390
System control $ 420 % 410 % 390 $ 350($ 420 $ 410 $ 390 $ 350|$ 420 $ 410 $ 390 $ 350
Other body parts $ 400 $ 390 $ 380 $ 370|$ 400 $ 390 $ 380 $ 370|$ 400 $ 390 $ 380 $ 370
Additional HVAC Cost $ 120 ¢ 110 $ 110 $ 110($ 120 $ 110 $ 110 $ 110|$ 120 $ 110 $ 110 $ 110
First Battery Price $ 7520 $ 6,010 $ 5350 $ 4,820($ 8960 $ 7,080 $ 6,250 $ 5580|% 10,950 $ 8,630 $ 7,700 $ 6,850
Total HEV Price $ 34940 $ 32,040 $ 30,630 $ 29,740|$ 37,300 $ 33,780 $ 32,080 $ 30,990|$ 40,600 $ 36,310 $ 34,400 $ 33,070
Operating Cost Operating Cost Operating Cost
Conventional Vehicle
Fuel cost (c/mi) 5.33 5.34 5.32 5.22 5.60 5.59 5.55 5.42 5.95 5.91 5.83 5.66
Non-fuel cost (c/mi) 4.90 4.97 5.05 5.20 4.90 4.97 5.05 5.20 4.90 4.97 5.05 5.20
Total cost (c/mi) 10.23 10.32 10.37 10.42 10.50 10.57 10.59 10.62 10.85 10.89 10.88 10.86
Hybrid Electric Vehicle
Electricity cost (c/mi) 0.93 0.88 0.84 0.80 111 1.03 0.98 0.95 1.36 1.26 1.20 117
Fuel cost (c/mi) 1.84 1.76 1.70 1.65 1.63 1.56 151 1.46 1.38 1.30 1.26 121
Non-fuel cost (c/mi) 5.55 5.63 5.72 5.89 5.55 5.63 5.72 5.89 5.55 5.63 5.72 5.89
Battery cost (c/mi) 7.38 5.81 5.10 4.59 8.79 6.84 5.95 5.32 10.75 8.34 7.34 6.53
Total cost (c/mi) 15.70 14.08 13.35 12.94 17.08 15.07 14.17 13.62 19.03 16.54 1551 14.80
Life-cycle Cost Life-cycle Cost Life-cycle Cost
Conventional Vehicle
Purchase Price (c/mi) 23.26 2291 22.58 22.49 23.85 23.49 23.15 2315 2453 24.17 23.82 23.82
Operating Cost (c/mi) 10.23 10.32 10.37 10.42 10.50 10.57 10.59 10.62 10.85 10.89 10.88 10.86
Less Scrappage Value (c/mi) (0.15) (0.14) (0.14) (0.14 (0.15) (0.15) (0.14) (0.14) (0.15) (0.15) (0.15) (0.15
Total Life-cycle Cost (c/mi) 33.34 33.09 3281 32.76 34.20 3391 33.60 33.63 35.23 3491 34.55 34.54
Hybrid Electric Vehicle
Purchase Price - Battery (c/mi) 26.91 25.16 24.09 23.74 27.81 25.81 2461 2421 29.10 26.76 25.44 24.98
Operating Cost (c/mi) 15.70 14.08 13.35 12.94 17.08 15.07 14.17 13.62 19.03 16.54 1551 14.80
Less Scrappage Value (c/mi) 0.17) (0.16) (0.15) (0.15 0.17) (0.16) (0.15) (0.15) (0.18) 0.17) (0.16) (0.15
Total Life-cycle Cost (c/mi) 42.44 39.09 37.29 36.53 44.72 40.73 38.62 37.68 47.94 43.13 40.79 39.63
Important HEV Parameters Important HEV Parameters Important HEV Parameters
Motor power (kW): Peak 59 55 54 52 70 65 63 61 85 80 7 75
Motor power (kW): Constant 41 38 37 36 48 45 43 42 58 55 53 51
APU power (kW) 51 48 46 45 52 49 47 46 54 50 49 48
Generator power (kW) 17 16 15 15 17 16 16 15 18 16 16 16
Battery power (kW) 68 62 59 57 81 73 69 66 99 89 85 81
Battery energy (kWh) 9.9 9.2 8.6 8.2 11.8 109 10.1 95 14.4 132 125 117
Battery mass (kg) 202 177 160 148 241 209 188 171 294 255 231 210
Total vehicle mass (kg) 1,495 1,441 1,404 1,374 1,556 1,494 1,451 1,417 1,647 1,570 1,527 1,488
Accl time on APU+Battery (s) 9.1 9.1 9.1 9.2 8.6 8.6 8.7 8.7 8.1 8.1 8.1 8.1
Accl time on Battery-only (s) 16.0 16.0 16.0 16.0 14.0 14.0 14.0 14.0 12.0 12.0 12.0 12.0
Estimated all-elec range (mi) 22.7 23.2 22.4 21.8 25.9 26.3 254 24.3 30.0 30.5 29.7 28.1

Parallel Grid-Connected FHV: HEVCOST Model Run with ADVISOR mpg (for CV & HEV) dated 12/10/99. The battery life increased to last the life of HEV.

Run date: 3/30/2000
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A

(All costs are in 1995 dollars. Battery costs are based on the ANL Delphi study.)
HEV (Series, Grid-Connected, UL Steel, Int Batt, 12-16s All-electric) ADVISOR2 Components Matching

Vehicle type: Midsize Car Vehicle type: Midsize Car Vehicle type: Midsize Car
All-electric Z60 Time: 16 seconds All-electric Z60 Time: 14 seconds All-electric Z60 Time: 12 seconds
Battery type: NiMH (Intermediate) Battery type: NiMH (Intermediate) Battery type: NiMH (Intermediate)
Item 2005 2010 2015 2020 2005 2010 2015 2020 2005 2010 2015 2020
Purchase Price Purchase Price Purchase Price
Conventional Vehicle $ 21,200 $ 21,100 $ 21,100 $ 21,100 |$ 21,300 $ 21,100 $ 21,100 $ 21,100 [ $ 21,800 $ 21,900 $ 21,600 $ 21,600
Hybrid Electric Vehicle
Common components $ 16,270 $ 16270 $ 16,270 $ 16,270 ($ 16,270 $ 16,270 $ 16,270 $ 16,270 | $ 16,270 $ 16,270 $ 16,270 $ 16,270
Additional aluminum cost $ - $ - % - $ -5 - % - $ - % - - - $ - 3 -
Augxiliary Power Unit $ 3600 $ 3530 $ 3550 $ 3620|% 3650 $ 3580 $ 3600 $ 3620($ 3690 $ 3630 $ 3650 $ 3,670
Generator $ 1,760 $ 139 $ 1,180 $ 1110($ 1,780 $ 1410 $ 1200 $ 1,110|$ 1810 $ 1440 $ 1220 $ 1,130
Inverter & Power Electronics $ 3600 $ 2640 $ 2200 $ 1890($ 3670 $ 2690 $ 2220 $ 1910|$ 3780 $ 2810 $§ 2270 $ 1950
Motor $ 2320 $ 1740 $ 1570 $ 1460($ 2370 $ 1,780 $ 1590 $ 1480|$ 2450 $ 1870 $ 1620 $ 1510
Transmission $ 510 $ 430 $ 430 $ 410($ 520 $ 440 $ 430 $ 420|$ 530 $ 460 $ 440 $ 430
System control $ 420 $ 410 $ 390 $ 350|$ 420 $ 410 $ 390 $ 350($ 420 $ 410 $ 390 $ 350
Other body parts $ 400 $ 390 $ 380 $ 370 $ 400 $ 390 $ 380 $ 370|$ 400 $ 390 $ 380 $ 370
Additional HVAC Cost $ 120 $ 110 $ 110 $ 110 | $ 120 $ 110 $ 110 $ 110 | $ 120 $ 110 $ 110 $ 110
First Battery Price $ 7410 $ 5820 $ 5170 $ 4650($ 8630 $ 6790 $ 6070 $ 5410|$ 10400 $ 8240 $ 7250 $ 6,510
Total HEV Price $ 36,500 $ 32,800 $ 31,300 $ 30,300 % 37,900 $ 33,900 $ 32,300 $ 31,100 [$ 39,900 $ 35,700 $ 33,600 $ 32,300
Operating Cost Operating Cost Operating Cost
Conventional Vehicle
Fuel cost (c/mi) 4.25 4.20 4.20 4.14 4.27 4.22 4.19 413 451 4.56 4.45 4.40
Non-fuel cost (c/mi) 4.90 4.97 5.05 5.20 4.90 4.97 5.05 5.20 4.90 4.97 5.05 5.20
Total cost (c/mi) 9.15 9.17 9.25 9.34 9.17 9.19 9.24 9.33 9.41 9.53 9.50 9.60
Hybrid Electric Vehicle
Electricity cost (c/mi) 0.92 0.85 0.81 0.77 1.07 0.99 0.94 0.89 1.29 1.20 113 1.07
Fuel cost (c/mi) 2.09 2.03 1.97 191 1.88 1.82 177 171 1.60 1.52 1.48 143
Non-fuel cost (c/mi) 5.55 5.63 5.72 5.89 5.55 5.63 5.72 5.89 5.55 5.63 5.72 5.89
Battery cost (c/mi) 11.97 9.01 7.66 6.91 13.94 10.52 9.00 8.04 16.80 12.77 10.75 9.67
Total cost (c/mi) 20.53 17.53 16.16 15.47 22.44 18.96 17.43 16.53 25.23 21.12 19.08 18.06
Life-cycle Cost Life-cycle Cost Life-cycle Cost
Conventional Vehicle
Purchase Price (c/mi) 20.80 20.40 20.10 20.10 20.90 20.40 20.10 20.10 21.39 21.17 20.58 20.58
Operating Cost (c/mi) 9.15 9.17 9.25 9.34 9.17 9.19 9.24 9.33 9.41 9.53 9.50 9.60
Less Scrappage Value (c/mi) (0.13) (0.13) 0.12) 0.12) (0.13) (0.13) 0.12) 0.12) (0.13) (0.13) (0.13) 0.13)
Total Life-cycle Cost (c/mi) 29.83 29.44 29.23 29.32 29.94 29.47 29.22 29.31 30.67 30.57 29.95 30.05
Hybrid Electric Vehicle
Purchase Price - Battery (c/mi) 28.55 26.08 24.90 24.44 28.72 26.21 24.99 24.48 28.95 26.55 2511 2457
Operating Cost (c/mi) 20.53 17.53 16.16 15.47 22.44 18.96 17.43 16.53 25.23 21.12 19.08 18.06
Less Scrappage Value (c/mi) (0.18) (0.16) (0.15) (0.15) (0.18) (0.16) (0.15) (0.15) (0.18) (0.17) (0.15) (0.15)
Total Life-cycle Cost (c/mi) 48.89 43.45 40.90 39.76 50.98 45.01 42.27 40.86 54.00 4750 44.03 42.48
Important HEV Parameters Important HEV Parameters Important HEV Parameters
Motor power (kW): Peak 79 70 72 70 81 72 73 71 84 76 75 73
Motor power (KW): Constant 54 48 49 48 56 49 50 49 58 52 51 50
APU power (KW) 60 55 52 50 61 56 53 50 62 57 54 51
Generator power (KW) 57 53 50 49 58 54 51 49 59 55 52 50
Battery power (kW) 67 60 57 55 78 70 67 64 94 85 80 7
Battery energy (kWh) 9.7 8.9 8.4 7.9 113 104 9.8 9.3 13.7 12.6 11.7 111
Battery mass (kg) 199 172 155 143 232 200 182 166 280 243 218 200
Total vehicle mass (kg) 1,538 1,464 1,429 1,395 1,577 1,500 1,461 1,419 1,634 1,554 1,503 1,459
Accl Time on APU+Battery (s) 12.0 12.3 12.3 12.2 12.0 12.2 12.3 12.3 111 111 11.4 11.4
Accl Time on Battery-only (s) 16.0 16.0 16.0 16.0 14.0 14.0 14.0 14.0 12.0 12.0 12.0 12.0
Estimated all-elec range (mi) 20.9 21.1 20.4 20.1 23.7 24.0 235 23.0 27.6 28.2 27.3 26.9

Series Grid-Connected FHV: HEVCOST Model Run with ADVISOR mpg (for CV & HEV) dated 12/10/99. The default battery life used, requires one battery replacement.

Run date: 3/31/2000
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(All costs are in 1995 dollars. Battery costs are based on the ANL Delphi study.)
HEV (Series, Grid-Connected, UL Steel, Int Batt Lasts Veh Life, 12-16s All-electric) ADVISOR2 Components Matching

Vehicle type: Midsize Car
All-electric Z60 Time: 16 seconds
Battery type: NiMH (Intermediate)

Vehicle type: Midsize Car
All-electric Z60 Time: 14 seconds
Battery type: NiMH (Intermediate)

Vehicle type: Midsize Car
All-electric Z60 Time: 12 seconds
Battery type: NiMH (Intermediate)

Item 2005 2010 2015 2020 2005 2010 2015 2020 2005 2010 2015 2020
Purchase Price Purchase Price Purchase Price
Conventional Vehicle $ 21,200 $ 21,100 $ 21,100 $ 21,100 |$ 21,300 $ 21,100 $ 21,100 $ 21,100 [ $ 21,800 $ 21,900 $ 21,600 $ 21,600
Hybrid Electric Vehicle
Common components $ 16270 $ 16270 $ 16,270 $ 16,270 |$ 16,270 $ 16,270 $ 16,270 $ 16,270 [ $ 16,270 $ 16,270 $ 16,270 $ 16,270
Additional aluminum cost $ - $ - % - $ -5 - % - $ - % - - - $ - 3 -
Augxiliary Power Unit $ 3600 $ 3530 $ 3550 $ 3620|% 3650 $ 3580 $ 3600 $ 3620($ 3690 $ 3630 $ 3650 $ 3,670
Generator $ 1,760 $ 139 $ 1,180 $ 1110($ 1,780 $ 1410 $ 1200 $ 1,110|$ 1810 $ 1440 $ 1220 $ 1,130
Inverter & Power Electronics $ 3600 $ 2640 $ 2200 $ 1890($ 3670 $ 2690 $ 2220 $ 1910($ 3,780 $ 2810 $ 2270 $ 1,950
Motor $ 2320 $ 1740 $ 1570 $ 1460|$ 2370 $ 1,780 $ 1590 $ 1480($ 2450 $ 1870 $ 1620 $ 1510
Transmission $ 510 $ 430 $ 430 $ 410($ 520 $ 440 $ 430 $ 420|$ 530 $ 460 $ 440 $ 430
System control $ 420 $ 410 $ 390 $ 350|$ 420 $ 410 $ 390 $ 350($ 420 $ 410 $ 390 $ 350
Other body parts $ 400 $ 390 $ 380 $ 370 $ 400 $ 390 $ 380 $ 370|$ 400 $ 390 $ 380 $ 370
Additional HVAC Cost $ 120 $ 110 $ 110 $ 110 | $ 120 $ 110 $ 110 $ 110 | $ 120 $ 110 $ 110 $ 110
First Battery Price $ 7410 $ 5820 $ 5170 $ 4650|$ 8630 $ 6790 $ 6070 $ 5410($ 10400 $ 8240 $ 7250 $ 6,510
Total HEV Price $ 36,500 $ 32,800 $ 31,300 $ 30,300 % 37,900 $ 33,900 $ 32,300 $ 31,100 [$ 39,900 $ 35,700 $ 33,600 $ 32,300
Operating Cost Operating Cost Operating Cost
Conventional Vehicle
Fuel cost (c/mi) 4.25 4.20 4.20 4.14 4.27 4.22 4.19 413 451 4.56 4.45 4.40
Non-fuel cost (c/mi) 4.90 4.97 5.05 5.20 4.90 4.97 5.05 5.20 4.90 4.97 5.05 5.20
Total cost (c/mi) 9.15 9.17 9.25 9.34 9.17 9.19 9.24 9.33 9.41 9.53 9.50 9.60
Hybrid Electric Vehicle
Electricity cost (c/mi) 0.92 0.85 0.81 0.77 1.07 0.99 0.94 0.89 1.29 1.20 113 1.07
Fuel cost (c/mi) 2.09 2.03 1.97 191 1.88 1.82 177 171 1.60 1.52 1.48 143
Non-fuel cost (c/mi) 5.55 5.63 5.72 5.89 5.55 5.63 5.72 5.89 5.55 5.63 5.72 5.89
Battery cost (c/mi) 7.27 5.63 4.93 4.43 8.47 6.56 5.78 5.15 10.21 7.97 6.91 6.20
Total cost (c/mi) 15.82 14.14 13.42 12.99 16.97 15.01 14.21 13.65 18.64 16.32 15.24 14.59
Life-cycle Cost Life-cycle Cost Life-cycle Cost
Conventional Vehicle
Purchase Price (c/mi) 20.80 20.40 20.10 20.10 20.90 20.40 20.10 20.10 21.39 21.17 20.58 20.58
Operating Cost (c/mi) 9.15 9.17 9.25 9.34 9.17 9.19 9.24 9.33 9.41 9.53 9.50 9.60
Less Scrappage Value (c/mi) (0.13) (0.13) 0.12) 0.12) (0.13) (0.13) 0.12) 0.12) (0.13) (0.13) (0.13) 0.13)
Total Life-cycle Cost (c/mi) 29.83 29.44 29.23 29.32 29.94 29.47 29.22 29.31 30.67 30.57 29.95 30.05
Hybrid Electric Vehicle
Purchase Price - Battery (c/mi) 28.55 26.08 24.90 24.44 28.72 26.21 24.99 24.48 28.95 26.55 2511 2457
Operating Cost (c/mi) 15.82 14.14 13.42 12.99 16.97 15.01 14.21 13.65 18.64 16.32 15.24 14.59
Less Scrappage Value (c/mi) (0.18) (0.16) (0.15) (0.15) (0.18) (0.16) (0.15) (0.15) (0.18) (0.17) (0.15) (0.15)
Total Life-cycle Cost (c/mi) 4419 40.06 38.16 37.28 4551 41.06 39.05 37.97 47.41 42.70 40.19 39.01
Important HEV Parameters Important HEV Parameters Important HEV Parameters
Motor power (kW): Peak 79 70 72 70 81 72 73 71 84 76 75 73
Motor power (KW): Constant 54 48 49 48 56 49 50 49 58 52 51 50
APU power (KW) 60 55 52 50 61 56 53 50 62 57 54 51
Generator power (KW) 57 53 50 49 58 54 51 49 59 55 52 50
Battery power (kW) 67 60 57 55 78 70 67 64 94 85 80 7
Battery energy (kWh) 9.7 8.9 8.4 7.9 113 104 9.8 9.3 13.7 12.6 11.7 111
Battery mass (kg) 199 172 155 143 232 200 182 166 280 243 218 200
Total vehicle mass (kg) 1,538 1,464 1,429 1,395 1,577 1,500 1,461 1,419 1,634 1,554 1,503 1,459
Accl Time on APU+Battery (s) 12.0 12.3 12.3 12.2 12.0 12.2 12.3 12.3 111 111 11.4 11.4
Accl Time on Battery-only (s) 16.0 16.0 16.0 16.0 14.0 14.0 14.0 14.0 12.0 12.0 12.0 12.0
Estimated all-elec range (mi) 20.9 21.1 20.4 20.1 23.7 24.0 235 23.0 27.6 28.2 27.3 26.9

Series Grid-Connected FHV: HEVCOST Model Run with ADVISOR mpg (for CV & HEV) dated 12/10/99. The battery life increased to last the life of HEV.

Run date: 3/31/2000
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Section 4 Appendix B
Reality Check on ADVISOR Results: Highway
Cycle Fuel Savings for Parallel Hybrids

The ADVISOR results for the parallel grid-independent hybrids show strong improvements
(relative to the conventional drivetrain) in fuel economy on the Highway cycle. For example,
among vehicles achieving a 10-second Z60 time, the full hybrid achieves a 21% improvement in
fuel economy, and the mild hybrid (MHEV) achieves an 11% improvement. These values appear
high in relation to other results we are aware of, though comparisons should be made with
caution because of differences in assumptions and vehicle details. For example, OTA’s analysis
of a series hybrid yielded an 8-percent improvement on the highway cycle for a Taurus-sized
(full) hybrid with 12-second Z60 time (OTA 1995). An (1999) estimated that shifting from a
Corolla conventional vehicleto aPrius-like hybrid (which is part series, part parallel) and
adjusting for performance yielded about a 4% gain on the Highway cycle. Note, however, that
series hybrids should be inferior to parallel hybrids in steady highway driving because of higher
electrical losses.

To obtain a better sense of whether the ADVISOR results are plausible, we examined the
energy flows and engine efficiency results of the ADVISOR runsin more detail and collected
and examined fuel economy test results from a group of vehicles with alternative engine options
with different power levels, to examine the effect of engine power on Highway cycle fuel
economy.

Table 1 presents key ADVISOR results for the Highway cycle for the vehicles. The results
indicate that the Highway mpg improvements increase with increased CV engine displacement
and power and with vehicle performance. The mild hybrids appear to obtain more improvement
in fuel economy than the full hybrids for each percent reduction in engine power. If correct, this
implies diminishing returns as the degree of hybridization increases. Both full and mild hybrids
are significantly heavier than the equivalent CV, but thereis little weight difference between the
two hybrids. This hasimplications for the fuel economy savings achievable by the hybrids, since
added weight yields higher inertia and rolling resistance forces that the vehicles must overcome.
However, as we discuss el sewhere, the effects on fuel economy of mass changes are not as great
for ahybrid as for a conventional vehicle.
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Table 1 ADVISOR Results for Parallel Grid-Independent ULS Hybrids

12 seconds 10 seconds 8 seconds

Factor CV  MHEV FHEV CV MHEV FHEV CV  MHEV FHEV
Mass, kg 1175 1246 1247 1248 1321 1328 1366 1453 1466
Engine power, kW 66 55 44 85 65 46 116 49 82
% Power drop 17 33 24 46 29 58
Hwy fuel eco, mpg 47 52 57 42 50 56 35 47 53
% Fuel eco increase 11 21 24 34 35 51
Af.e, %/AKW, % .65 .64 1.00 74 1.21 .88

ADVISOR output includes alist of energy flows through various parts of the drivetrain,
e.g., the energy storage system, engine, clutch, motor/controller, gearbox and wheel/axle, etc.
Examining these flows during the Highway cycle for the 12-second CV and the pair of parallel
grid-independent hybrids yields the following conclusions:

1. Thelargest part of the HEVS fuel economy gain comes from increases in engine
efficiency, including (according to our interpretation of the ADVISOR accounting
system) the effects of idle-off.

2.  Theengine efficiency gain that comes with reductions in displacement and power is
highly nonlinear, so that the gain achieved by the MHEV’ s reduction fromthe CV is
nearly as great as that achieved by the FHEV, even though the FHEV' s power reduction
is much greater.

3. Regenerative braking gains for the hybrids are relatively small in the Highway cycle,
though thereis little difference between the FHEV and MHEV despite the MHEV'’s
smaller motor and battery. Thisimplies that the braking events on the Highway cycle
are mild enough that the MHEV' s small motor and battery can handle most of them
with little need for the mechanical brakes.

4. Lossesinthe energy storage system are significantly higher in the MHEV than the
FHEV. Thisis not surprising because, with its smaller battery, swingsin SOC are wider
and more frequent in the MHEV.

The overall implication of these conclusionsis that the largest share of energy savings on
the Highway cycle will come from increased efficiency of operation of the engine, due to more
frequent operation at points of lower fuel consumption. Given the speed profile of the cycle,
most of this should come from the effects of engine downsizing and the resulting frequency of
operation at a higher fraction of wide open throttle, where this engine technology is most
efficient. A small amount also comes from turning the engine off during braking and coasting.
Thus, an examination of the fuel economy effects of engine downsizing should then give us a
better idea of the realism of the ADVISOR results for the hybrids.
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One way of examining the effects of engine downsizing on fuel economy is to examine the
fuel economy ratings of car models that offer multiple engine choices. There are a considerable
number of vehicleslisted in the Fuel Economy Guide with two engine options for the same
vehicle. Figure 1 shows a plot of the percentage change in highway mpg versus the percentage
change in engine displacement for a number of such vehicles. All the vehicles have manual
transmissions (to match the simulated ADVISOR vehicle) and none have four-wheel drive
(4WD) or all-wheel drive (AWD). In addition, engine pairs were excluded when it was clear that
the pair had substantially different technology, e.g., where only one of the pair was turbocharged.
Displacement was used as a proxy for horsepower (which is not given in the guide), which
conforms with the scaling routine in ADVISOR.®8 This means that the last row in Table 1,
AOf.e,%/AkW,%, will be identical to Af.e,%/Adisplacement,%.

There are anumber of ways to draw the curve of Af.e,% versus Adisplacement,%, as shown
in the figure. Theratio of averages, which is appealing because it passes through the origin,
yields avalue of 0.623 for Af.e,%/Adisplacement,% and Af.e,%/AkW,%. This matches well with
the ADVISOR results for the 12-second vehicles (0.63 for the full hybrid) but not with the results
for the faster vehicles. Note, however, that this ratio accounts only for engine downsizing, and
captures no other effects.

It is not obvious whether or not the net effects of hybridizing, aside from engine
downsizing, will be positive. These effects are:

= Engine off during idling (only 6 seconds, or less than 1% of the cycle time, on the Highway
cycle) and deceleration

= Regenerative braking gains

= Lossesinthe energy storage system

= Losses associated with added weight

As discussed above, downsizing the engine seems likely to be the primary factor affecting
the change in Highway fuel economy when one shifts from a CV to an HEV of equivalent
performance. Consequently, the relative similarity between the Af.e,%/AkW,% obtained from
ADVISOR and that obtained from the comparison of paired vehicles from the Fuel Economy
Guide is reassuring.

58 Thisis an approximation, at best.
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Section 4 Appendix C
Power and Mass Computations
for Initial Vehicle Sizing

Hybrid electric vehicles (HEVS) are expected to meet two performance criteriain order to
compete successfully with conventional vehicles. Thefirst criterion is the time required to
accelerate from zero to 60 mph. The vehicles must also be able to negotiate a minimum grade at a
constant speed. Argonne developed a model to compute power requirements associated with
these criteria. Each drivetrain component is sized to meet the power requirements and its massis
then computed. The model is described in this section.

Power Requirements

The procedure presented here estimates power requirements for accelerating on aflat road
(no grade) and negotiating a grade represented by an angle 0 at a constant speed. We assume
that the air is still and vehicles are not required to accel erate from a stop to the maximum speed
up ahill or aramp.

Acceleration Power

A hybrid vehicle that has an inertia mass of M, and is accelerating on aflat road (i.e., 0°
grade) would require a power P, specified by the following equation.

Pa= Mvv;—dll + % PACV® + M\gvC:r @)

where
v = Vehicle speed,
© = Air density,
A =Vehiclefrontal area,
Cyq = Coefficient of aerodynamic drag,
g = Gravity, and
C, = Coefficient of rolling resistance.
The power in equation 1 is at the wheels. After the acceleration power is determined, the
drivetrain components would be sized to allow for losses at various levels. Since the vehicleis

accelerating from a stop to a maximum speed vy, the accel eration power requirementsin
equation 1 can be restated by integrating the first term from zero to v,
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m m

_ My |1 2 tm ,OACd tn o
Pa = . {EV"‘ +Crgjovdt}+ o _[0 vidt 2

Where t,,, is the time taken to reach the maximum speed.

The speed v in equation 2 is a function of time t. Under conditions involving a smooth
acceleration, the speed and time relationship can be plotted as shown in Figure 1. Assuming that
the vehicle speed and time relationship is approximated by a hyperbolic function, speed v in
equation 2 can be expressed as:

X

t

tm

V=Vm

©)

The exponent x in the above equation has a value in the range of 0.5-0.66 for zero to 60 mph
acceleration (Z60) times of 8-13 seconds.

Time

Figure 1 Vehicle Speed and Time Relationship during Acceleration

Two approaches were explored for computing the accel eration power requirements: (i) by
integrating equation 2, and (ii) by solving the power equation between time t,, and t,;+0.1.

Thefirst approach provides an average value for the acceleration power. The integrated
eguation 2 hastwo terms. The first term provides the power requirement for moving the vehicle
mass and the second term provides the average power required for overcoming air resistance.

The simplified equation for acceleration power P, can be written as shown below.

Pa= ain + bl 4@
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V2 Cig gt VA |
=M 42| vdt=—"+ CigVvm 5
al 2tm tm ‘[O 2tm 1+X 9 ( )
and
PACd ptn 1 3
b = dt=—— PACq 6
= b 21+ 2x) ©)

Equation 4 shows that the accel eration power has two parts: oneislinear to vehicle mass
and the other is a constant that depends on vehicle design. Theterm “a;,” isafunction of
accel eration specifications (i.e., maximum speed and time to reach it) and rolling resistance. The
term “b,” represents power required to overcome the aerodynamic drag and is a function of drag
coefficient and frontal area. The aerodynamic power requirement does not depend on vehicle
mass.

The second approach provides an estimate of passing power requirement at the maximum
speed v, Since the vehicle accelerates for only 0.1 seconds, this estimate would be very close to
the maximum power required to reach the target speed. This approach would provide a power
value higher than the first approach.

Equation 2 is used for this approach. The value of v is vy, here for aerodynamic drag and
rolling resistance, thetime rangeist,, to t,,+0.1, and dt has avalue of 0.1. The equation can be
used in the following form.

X tm *
Pa=Mw_ vm[tmto'lj _V’"{H +0.1+%,0ACdvfn +M,gv,C, (7)
2 +0. x ]
:Mvv—mll(tmt OlJ -1+ pAC,V + M, gv,C ®

This equation can be simplified in aform similar to that of equation 4:
P,=aM, +b 9)

where

2 X
a= V—m[(thr—Olj - 1] +Cgv,, (20
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b= % PAC,V? (11)

Grade-Climbing Power

Power (Pg) required for negotiating a grade that is represented by angle 6 at a constant speed
Vg could be written as follows:

Py = % pACdVZ + My, sind + M.gv, C: cosd (12)

This equation can be simplified as:

Pg=cMv +d (13)

where
c=gv,(sin@+C:cosé) and (14)
d= %pACdvg (15)

The grade-climbing power requirement also has two parts, one linear to vehicle mass and
the other a constant dependent on vehicle design. The term c represents the effects of grade
specifications (i.e., speed and grade angle) and rolling resistance, while the term d represents the
power required to overcome aerodynamic drag.

Both the acceleration and grade climbing power requirements are dependent on vehicle
mass. The acceleration power requirement is usually higher than the grade-climbing power
requirement because the inertial forces that must be overcome during rapid acceleration generally
will outweigh the weight force of agrade climb (unless the grade is extremely steep). The
Partnership for aNew Generation of Vehicles (PNGV) has compiled a set of vehicle
specifications. Under these specifications a high fuel economy vehicle should accelerate from
zero to 60 mph in 12 seconds and should be able to sustain a constant speed of 55 mph for
20 minutes while climbing a 6.5% grade. Figure 2 shows the general relationship between the
two power requirements and vehicle mass under these specifications. The gap between the two
power requirements increases as vehicle mass increases.

112



| — —— —
For grade climbing

Power Requirement

Vehicle Mass
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Vehicle Mass

A vehicle has three distinct mass groups: (1) body, (2) chassis, and (3) drivetrain. The body
and chassis for the hybrid and conventional vehicles would be nearly identical. The conventional
vehicle mass and contributions by individual group have been analyzed earlier (Stodolsky et al.
1995a; OTA 1995). Conventional steel vehicles have 73-74% of their total vehicle massin body
and chassis groups. The optimal use of ultralight steel might reduce the total vehicle mass by
10-12% while optimal use of aluminum would reduce the total mass by 31% (Stodolsky et al.
1995b; OTA 1995; AlSI 1998). In the case of a hybrid vehicle, a smaller power unit (PU), a
motor and an inverter, a generator, a battery pack, and a gear-drive or transmission (depending
upon the hybrid design) will replace the conventional engine and transmission.

Thetotal inertiamass M, is expressed as follows:
Mv = Mb + Mch + Mat + M (16)
where:

M, = Body mass,

Mcn = Chassis mass,

Mg = Drivetrain mass, and
M, = Load.

The body and chassis mass, My, and M, depend on vehicle design and their sum Mg can be
treated as fixed.

113



A

The drivetrain has several components, each with its own efficiency and specific power.
The efficiency helps determine the power rating for the component, and the specific power
determinesits mass. The drivetrain massis specified as:

Ma = Mpu + Mbat + Mmot + Mgen + Mean (17)
where

Mp, = PU mass,

Mpae = Battery mass,

Mmot = Motor and inverter mass,
Mgen = Generator mass, and
Mgya = Transmission mass.

Let S Soatr Srots Syens @Nd Sran be the specific power for each of the five components and Py, P,
Prmot, Pgen, @Nd Py be the power ratings. Then mass of each component can be computed as
power divided by specific power:

Mpu = Pou/ S (18)
Moat = Pat/ Soat (19)
Mot = Prrot/ Srot (20)
Mgen = Pgen/ Spen (21)
Muan = Puan/ Sran (22)

These mass and specific power values are for the complete component assembly including
auxiliary and/or supporting units. For example, the motor assembly includes the inverter.

Component Sizing

The acceleration and grade-climbing power estimates from the above described procedure
represent power delivered at the wheels. Each component has its own power conversion
efficiency and some losses are involved in mechanical components such as bearings. A design
factor, k, is used to account for other losses and contingencies.

The power rating of adrivetrain component depends upon the HEV system configuration,
series or paralel. The motor deliversall the required power through the transmission in a series
HEV while both the power unit and motor deliver power through the transmission in a paralel
HEV. A seriesHEV’stransmission is simple, consisting of afew reduction gears, while a
parallel HEV's transmission isrelatively complex, requiring linking of the two power sources.
Also, the power unit’slink to the drive axle requires greater control compared to the link of a
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motor. The component sizing procedures are different for the two configurations with some
assumptions common to both. We assume that the power unit supplies the total power necessary
for grade climbing in both the configurations. The battery usually supplies the difference
between the power required to accelerate from zero to 60 mph and that for grade climbing. The
battery power would be higher if the HEV isrequired to have some al-electric travel capability
unless much lower acceleration capability was acceptable for the all-electric vehicle operations.

When HEV’ sinternal combustion engine (ICE) power unit is sized to meet the minimum
grade-climbing power and the battery pack is sized to meet the difference between accel eration
and grade-climbing power values, the battery-supplied power is usualy greater than 25% of the
total HEV power. Such HEVs are termed full HEV's. The ICE represents a mature and
affordable technology while the electric drive, consisting of motor, inverter/controller, and
battery pack, represents an evolving technology. Consequently, it would be economical to
reduce the size of the electric drive in some cases. By specifying a higher grade-climbing
requirement and keeping the Z60 time unchanged, a user may increase the power rating of the
ICE power unit. Since traction motor and battery provide the difference between acceleration
and grade-climbing power requirements, their sizes are reduced with increase in the gradeability
specification. Consequently, the battery power share of total power drops. Such HEVsare
termed mild HEVs.

Series HEV

Figure 3 shows a schematic diagram of the series HEV drivetrain. The power unit is
connected to the generator. The generator supplies power to either the motor or the battery pack.
The battery pack supplies power to the motor and also receives some recharge electricity fed
back from the motor (acting as a generator) during regenerative braking. The motor is connected
to the transmission (or reduction gears) to drive the wheels. The gears also transmit power back
to the motor during regenerative braking.

1

Power Unit —{ Generator

l

Battery [ Motor &>

aAlLQ Jea

o'

Figure 3 Series HEV Drivetrain Components and Their Connections
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Let Ngen, Nmot, @ Nyan e the average power efficiency of the generator, motor, and transmission,
respectively. These efficiencies are for the component assemblies including supporting units.
The formulas for computing acceleration power requirement P, and grade-climbing power
requirement P, are specified in equations 9 and 13, respectively. The component power ratings
for a series HEV that is not required to have any all-electric acceleration capability can be
computed as follows:

Peu = Po/rvan /ot oen (23)
Poen = Pg/ frant ot (24)
Prot = Pa//ran (25)

Poa = (Pa = Po)/ranton (26)

The accel eration power requirement is assumed to be larger than the grade-climbing power
requirement in the above equations. Alternatively, the PU power can be computed on the basis of
the smaller of P, and Py, with motor power based on the larger of the two values, and battery
power on the absolute value of the difference. The grade-climbing power requirement will
exceed the accel eration power requirement when the grade to be negotiated is high and the time
allowed to accelerate from zero to 60 mph is also high. In such a case, the battery would be used
only at low speeds and during grade climbing. The battery would also serve its usual function of
asink to absorb excess energy during the periods of low power demand and braking. The motor
power should always be based on the larger of the two power requirements to satisfy the highest
power demand.

A seriesHEV that isrequired to have an al-electric accel eration capability will have a
larger battery pack. This battery pack size is determined by the time required to accelerate from
a stop to the maximum speed v;,, on battery power alone. Let P be the all-electric acceleration
power requirement:

Pe=a'My +b' 27)

Where a' and b' are parameters that match the required all-electric acceleration timet,, in
equation 8.

The battery power is computed as follows:

Poat = Pe/ [Jtran/Jmot (28)

The equations 9 and 13 for power computation require that the vehicle inertia mass M, be
known. However, the vehicle inertia mass has four contributors (see equation 16): body, chassis,
drivetrain, and load. The body and chassis mass depend on the type of vehicle (i.e., small or
midsize car) and type of material (i.e., conventional steel, ultralight steel, or aluminum) while the
drivetrain mass depends on the power requirements. The load is usualy fixed, but may have
different values for acceleration and grade climbing (the PNGV vehicle criteria measure
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acceleration with aload of 300 pounds, whereas gradeability is measured with a higher load of
1100 pounds). Thus, the power and mass computation, in part, depend on the drivetrain
component mass.

Mass for a Series HEV with No All-Electric Acceleration Capability

The total vehicle mass M, is defined as:
Mveh = Mt + Mat
where
M; = Fixed mass (i.e., sum of body and chassis mass),
Mg = Drivetrain mass,
Let
P. = Power requirements for acceleration,
Py = Power requirements for grade climbing,
M. = Mass of drivetrain component “c”,
P. = Power rating of drivetrain component “c”,
S = Specific power of drivetrain component “c”, and
n. = efficiency of drivetrain component “c.”
Then the drivetrain mass is estimated as shown below:

Mat = Mot + Mpu + Mgen + Mbat + Mtran

_ Pmot Ppu Pgen Pbat Ptran
=—+ +—+ +
St Su Se Sa S

Pa Pg Pg + Pa - Pg + Pa

= + +
/71ranSnot [tran/Jgen /7motS)u /71ran/7mothen /71ran/7motS:al /7tranSran

1,11
/7tran/7n‘ot/79enSJu /7tran/7mothen /7tran/7motS)aI

= Py L + ! + L + Pg
/7tranSnot /7tran/7motSDaI /7tranSran

= aPa + fsPg (29)
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(1 1 1) 1(1 1 1
&= + + = + +—
/7tranSnot /71ran/7motS>at /71ranSran [rans St /7motSJat Sean

f :{ 1 + 1 - 1 ]: 1 ( 1 + 1 - 1 J
/7tran/7mot/79en$)u /7tran/7mothen /7tran/7m018>at [trans ﬂmtﬂgenS)u /7mothen /7mot8)at

Total vehicle mass Mven = Mt + Ma:= Mr + &Pa+ Py .

Note that acceleration power P, and grade-climbing power P, are computed with inertia mass
values that include some load. The design factor k is applied to account for other losses.

Mven = Mt + &k[a( Mven + Maload) +b] + fsk[C( Mven + Mgload) +d]
where
Maoad = the load during acceleration and

Mgioad = the load during grade climbing.

Mveh — ekaMven — fskcMven = Mr +ek(aMacad +b) + fsk(CMgioad +d)

Mt + &k(aMaload +b) + fsk(CMgIoad +d)
1- k(esa + fsC)

Muen = (30)

Mass for a Series HEV with All-Electric Acceleration Capability

The above procedure applies to aseries HEV that is not required to accel erate on battery
power. A series HEV may be required to have some all-electric acceleration capability to reduce
emissions. Such an HEV would function as an electric vehicle aslong as its battery maintains a
state of charge above a predetermined minimum level. The power unit would turn on when the
battery charge reaches this predetermined level. The State of California appears to prefer such an
HEV because it would not have any tail pipe emissions while running on battery power.

The drivetrain mass of such a series HEV is determined as follows.

Let P, = Power requirements for all-electric acceleration (Pe <= Py)
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Then
Mdat = Mmat + Mpu + Mgen + Moat + Miran

_ Prmt Ppu Pgen Pbat Ptran
=—+ +—+—+
St Su S S San

Pa Pq Pq Pe Pa

= + + + +
/7tranSnot /71ran/79en/7mot3)u /]tran/]mothen /]tran/]mots;)at /71ranSran

P —1
/7tran/7mot8)at

1 + 1
[tran ot ﬂgenSJu ﬂtran/]mthen

Pt v |ip,
/7tranSmt /7tranSran
e, Pa+ f _Pg+h;Pe (31)

where
'—L(LJ, 1 }
& [ran St Sran 1

C1 [ 1 1 j
= + ,and
[tran /7mot/79en3)u /7mothen

f

' 1

hs= /7[ran/7motS>at .

Total vehicle mass Mver =Mt + Ma =M +€, P, + f P, + h,P..
The power requirements P, and P, are computed with aload of My e and Py is computed with a
load of Myeae. AlSO, the design factor k is applied:

Muen = Mr + g K[a(Muen + Macaa) + b] + f . K{C(Muen + Mgcaa) + d] + h K[@' (Muen + Macas) + b']
where &' and b’ are the parameters that match the all-electric accel eration time reguirement.
Muen — @, kalMen — . KeMuen — by Ka' Muen = My + g, K(@Macsa + b) + . K(CMyoas + d) +
ho k(@' Macas +b')

_ M + e k(aMaa +b) + . K(CMyos + d) + h k(@ Macss + b -
veh — T ;
1- k(esa+ f.c+ hsa')
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Parallel HEV

A schematic diagram of the parallel HEV drivetrain is shown in Figure 4. In a parallel
HEV, both power unit and motor supply power to the wheels. A generator is optional because
the motor can be reversed during episodes of low power demand to recharge the battery.
Normally, the mator is the primary source of power during low speeds and congested conditions.
Since extended periods of congested driving under such a control strategy could drain the battery
and the motor cannot generate any power to recharge the battery when the vehicle is stopped,
parallel HEVs may be equipped with a generator. In our analysis, we assumed that all paralel
HEV s would be equipped with a generator.

1

o | =
| Generator [ Power Unit T 9
"""""""""""" =}
............................................. &

i o

' ' >
Battery ~—— Motor |j=—mo8» é’
2

r

Figure 4 Parallel HEV Drivetrain Components and Their Connections

The power rating of the generator would depend on the vehicle control strategy. It could
supply power directly to the motor or only to the battery pack. Thus, a generator’s power rating
could be equal to or lower than the power rating of the motor. We assumed the generator to have
one-third the power rating of the power unit in our computations. Using the earlier described
convention, the power ratings of parallel HEV drivetrain components are computed as follows,
assuming no all-electric acceleration capability:

Ppu = Py / Miran (33)
Pgen = Pg / 3 tran Mmot (34)
Prot = (Pa - Pg) / [rant (35)
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Poat = (Pa - Pg) / [tran/mot (36)

In the above computations, acceleration power demand is assumed to be larger than the
grade-climbing power demand. Thisassumption istrue for most driving conditionsin the United
States. The battery supplies the difference between accel eration and grade-climbing power
demands. The motor is connected to the transmission and uses power from either the battery or
the generator. The motor may draw power from both the battery and the generator under some
control strategies.

A parallel HEV may be required to have some all-electric acceleration and travel capability.
Such aparallel HEV would have alarger battery pack, alarger motor, and could benefit from a
larger generator. However, the generator size is limited by the PU power rating, its prime mover.
The power regquirements for these three components are determined as follows:

All-€electric acceleration power requirement Pe = a' My +b'.

where &' and b’ satisfy the all-electric acceleration time requirement.

Poat = Pe/ [ran/ ot (37)
Prot = Pe/ Mtran (38)
Pgen = Pg /3/7[ran/7mot (39)

Mass for a Parallel HEV with No All-Electric Acceleration Capability
Thetotal vehiclemass M= Mt + Mat

Where M; is the fixed mass and Mg is the drivetrain mass.

Mgt = Mot + Mpu + Mgen + Moat + Miran

_ Pmat Ppu Pgen Pbat Ptran
=+ + —+ +
St Su S Sa S

Pa - Pg Pg Pg Pa - Pg Pa
= + + + +
/71ranSmt /7tranSJu 3/71ran/7mot$3en /71ran/7motS)al /71ranSran

1 1 1
=Pa + + +
/7tranSmt [tran /7motSbat /7tranSran

P[ 1 1 1 1 j
g - -
ﬂtranSpu /7tranSmt 3l7tranl7rmts_;en I7tran/7rmtSoat

= epPa + prg (40)
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where

1(1 1 1
&= —+ +— | and
[fran St /]’mtS)at Sran

1(1 1 1
+

1

=t | -1 - .
P [tran ( S S 3/7mothen /]motSJatJ

The vehicle mass M, can be computed the same way as was done for the series HEV (see

equation 30):

M + epk(aMaload + b) + fpk(CMgload +d)

Myven =

Mass for a Parallel HEV with All-Electric Acceleration Capability

1- k(epa + fpc)

(41)

A pardlel HEV that is required to have some al-electric acceleration capability would
likely have a larger battery pack, motor, and generator. The drive train mass is computed as

follows;
%+%+ Py Pe

Py P

Ma =

Pg( 1.1 1 J Pe( 1
= —t—+ +
Hran Sran Spu 37mos;;en Hran Sran

=f D Pg + hp P-
where
f'p= 1 ( t,r, 1 ) and
[ran Sian S)u ~?i7motSJen

' 1 1 1 1
h p= + + .
[ran ( Stan St /7motSban

Noticethat h, iscomputed the same way as €, in equation 40.

— +—+

+ + +
/7(rarSran /ﬁrar)Spu /7(ranSnot %raﬂﬂmot&en /7tran/7motS)at

1 1
Smot ﬂnntshat

The vehicle mass Mg, is computed as follows:

M= M: + £ kP + h, kPe

=M + f"D K[c(Mven + Mgioad) + d)] + h'p k[a'(Mven + Maicad) + b']
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Mi+ fK(CMagess + ) + iy k(@ Macoa + )
1- k[f ,C+ h'pa')

(43)

Application of the Procedure

The following example demonstrates the application of the above-described power and mass
computing procedure to amidsize car. Datafor the example were gathered from several sources
and were complemented with technical judgment in some cases.

Midsize HEV

Two midsize cars (1998 model year Chrysler Cirrus and Chevrolet Malibu) provide a
baseline conventional vehicle (CV) for thisexample. The cars have an average mass of 1,418 kg
(3,125 Ib). Assuming that the future cars will use ultralight steel, we can assign a mass of
1,322 kg (2,915 Ib) in 2005, an 11% reduction. We assume that more improvements will result
in a0.5% reduction in mass every 5 years after 2005. We also assume that the body and chassis
mass contribute 73.5% of the total vehicle mass (Stodolsky et al. 1995a). An HEV’s body and
chassis are assumed to have 5% higher mass than a CV'’s due to additional components for power
electronics and stiffeners to support the battery pack. The resulting body and chassis mass
valuesare shownin Table 1. Three body types arelisted in Table 1: (1) ultralight stedl body,

(2) partial aluminum body, and (3) maximum aluminum body. A partial aluminum vehicle could
weigh 10% less than its ultralight steel body counterpart and a maximum aluminum vehicle could
weigh 22% less than its ultralight steel body counterpart (Stodolsky et al. 1995b).

The selected baseline vehicles are 70.5 inches wide and 55.3 inches tall. These dimensions
were kept unchanged in thisanalysis. A factor is applied to the vehicle cross section to account
for ground clearance and side curvatures. This factor was 0.83 in 2005, 0.82 in 2010, 0.81in
2015, and 0.80in 2020. The resulting frontal area ranged from 2.09 square metersin 2005 to
2.01 sguare metersin 2020. We also assume that the future cars will have much lower
aerodynamic drag coefficients and their tireswill have very low rolling resistance. Table 1 also
lists aerodynamic and rolling resistance parameters.

Some design criteria are necessary for computing power requirements. The vehicleis
required to accelerate from zero to 60 mph (26.82 m/s) in some fixed time. It should also have
sufficient power to climb a predetermined grade at a constant speed. Table 2 lists maximum
grade and acceleration requirements. The vehicles characterized here are capabl e of negotiating
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Table 1 Midsize Vehicle Characteristics

Characteristics 2005 2010 2015 2020
Body & Chassis Mass in kg (Ib in parenthesis)
Ultralight steel body 974 (2,147) 969 (2,136) 964 (2,125) 959 (2,114)
Partial aluminum body 876 (1,931) 872(1,922) 868(1,914) 863 (1,903)
Maximum aluminum body 759 (1,673) 756 (1,667) 752 (1,658) 748 (1,649)
Aerodynamic and Rolling
Frontal area (m?) 2.09 2.06 2.04 2.01
Coefficient of drag (Cd) 0.27 0.26 0.25 0.24
Coefficient of rolling resistance (Cr) 0.0080 0.0075 0.0070 0.0065
Table 2 Other Design Parameters
Item 2005 2010 2015 2020

Maximum grade at 55 mph (%) 6.5 6.5 6.5 6.5

Time to accelerate from zero to 60 mph (s) 12 12 12 12

Time to accelerate from zero to 60 mph all-electrically 16 16 16 16

(s) (where applicable)

Loading during acceleration (kg) 136 136 136 136

Loading during grade climbing (kg) 499 499 499 499

the maximum grade on PU power only. They do not have enough electrical power to negotiate
these grades. We characterize two vehicles each for parallel and series hybrids. One of these two

vehicles does not have any all-electric accel eration capability while the other has such a

capability. The vehicleswith all-electric acceleration capability would have larger battery packs

that would be charged from the electricity grid. They are often referred to as grid-connected

HEVs. Theall-electric acceleration time is specified the same for both series and parallel grid-
connected HEV s in our example. The table also shows vehicle loading during acceleration and
grade climbing. The acceleration load of 136 kg is adapted from USEPA’s standard procedure.
The grade-climbing load of 499 kg represents 6 passengers and 91 kg of luggage and is adapted

from the vehicle specifications compiled by the Partnership for a New Generation of

Vehicles (PNGV).

Battery

This example uses a modified version of the ANL’s Delphi Study data for the nickel metal

hydride battery (Vyas et a. 1997). Delphi respondents appear to have specified battery
technol ogies that were prevalent in the early 1990s. These data should now reflect the

availability of high specific-power batteries for HEV use (Table 3). This update was done by
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Table 3 Nickel Metal Hydride Battery Characteristics
for CV-like, Grid-Independent HEV

Characteristic 2005 2010 2015 2020

Specific power at 20% SOC (W/kg) 500 520 546 573
Specific energy (Wh/kg) 43 46 48 50

applying factors to the Delphi Study data. The factors for specific power and specific energy
were computed by using the battery data for Toyota Prius and Toyota RAV-4.59

An alternative set of battery characteristics that has lower specific power and higher specific
energy was developed for the grid connected HEV. Such batteries would have characteristics
that fall somewhere in the middle of the characteristics of Toyota Prius and RAV-4 batteries.
Factors were devel oped to arrive at a set of battery characteristics that would provide a range of
20 milesin 2005. The characteristicsin Table 4 incorporate these factors.

Component-Specific Power and Efficiencies

The power computation procedure requires specific power and efficiency information for
each drivetrain component. Table 5 liststhe values used in this analysis. We analyzed dataon
Unique Mobility motor SR218H and inverter CA40-300L. The motor has a peak specific power
of 1,110 W/kg and the two units have a combined specific power of 875 W/kg. We assumed a
10% increase in the specific power by 2005.

Power and Mass Computations

In this analysis, we assumed that the hybrid cars would have ultralight steel bodies. Vaues
for such fixed parameters as gravity and air density are taken from standard physical tables. The
value for gravity is 9.8 m/s” and air density is 1.23 kg/m®. Also, we apply adesign factor, k, in
computing power to account for other mechanical losses and contingencies. Thevalue of kis1.1
in these examples.

Table 4 Nickel Metal Hydride Battery Characteristics for
EV-like, Grid-Connected HEV

Characteristic 2005 2010 2015 2020

Specific power at 20% SOC (W/kg) 335 350 370 385
Specific energy (Wh/kg) 49 52 54 56

59 This calculation was completed prior to the U.S. introduction of the Prius; the U.S. version is equipped
with an improved battery that attains a higher specific power than used here.
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Table 5 Specific Power and Efficiency Values for Drivetrain Components

Component Type 2005 2010 2015 2020

Specific Power (W/kg)

Motor & generator Permanent magnet 1,225 1,300 1,350 1,400
Power unit Gasoline 325 330 335 340
Motor with inverter 960 985 1,010 1,035
Transmission For parallel HEV 1,300 1,320 1,340 1,360
For series HEV 1,625 1,650 1,675 1,700
Efficiency (%)
Motor & inverter Permanent magnet 90 92 92 93
Generator Permanent magnet 95 95 95 96
Transmission-during acceleration 90 92 92 92

Parallel HEV with No (or Minimal) All-Electric Acceleration
First we apply the procedure to the year 2005 parallel HEV that is not required to have any
all-electric acceleration capability. The HEV will have the high specific-power battery with the

characteristics shown in Table 3. The vehicle will accelerate from zero to 60 mph in 12 seconds.
The value of exponent x (in equation 3) was set at 0.56.

The power regquirement P, for acceleration from zero to 60 mph (26.82 m/s) = k(aMv +b) .

2 [(t,+01)" 82 1)
= Vn K n ) —1]+crgvm=2682 {(12+01J —1}+0.008><9.8><26.82

ol ot 0.1 12

=335+2.1=356WIkg
1 1

b= PAC;, =7 x1.23x 2.09% 0.27 % 26.82° = 66952 W

The power requirement P, for grade climbing at a constant speed of 55 mph (24.59 m/s) =
k(CMv + d) .

. 0.065 1
C=Qgvlsind + C:Cosf)=9.8x 24.5 —+0.008><—] =17.6 W/kg
o ) J1+0.0652 J1+0.0652

d =%pACdVgg =0.5%x1.23x2.09%0.27 x 24.593 =5160.1 W

Ms + epk(aManad +b) + fpk(CMgload +d)

M = 1- k(epa + pr)

126



A

ep_l(lJr 1 +1J_1(1+ 1 +1j:4_481x10_3

" | Sm mSa Sen) 0.9(960 0.9x500 1300
ottt , 1 1) ifr 1, 1 1 \_pis8x10°
M| Se Sw FmSe  JmSa) 0.9(325 960 3x0.9x1225 0.9x500

_ 974+ 4.481x10°° x1.1%(35.6x136+66952) +0.128x10°° x 1. 1x (17.6x499+51601)
veh —
1-1.1%(4.481x10°° x35,6+0.128x10°° x17.6)
Pa = k(aMy+b) =1.1x[35.6x (1257 +136) + 6695 .2] = 61,909W = 61.9 kW

=1257kg

Po = k(cMv + d) =1.1x[17.6 x (1257 + 499) + 5160.1] = 39,575W = 39.6 KW
Pru = Py//uan = 39.6/0.9 = 44 KW

Pgen = Py / Juan/mor = 39.6/(3% 0.9 % 0.9) =16.3 kW

Prot = (Pa = Pg) /fvan = (61.9 - 39.6) /0.9 = 24.8 KW

Phac = (Pa— Py)/frarl ot = (619 — 396)/(09% 09) = 276 KW

M = Ppu/Sw = 44000/325 =135.3 kg

Mot = Prrot/ Snr = 24800/960 = 25.8kg

Men = Pgen/ Spen = 16300/1225 =13.3 kg

Mba: = Phat/ S = 27600/500 = 55.2 kg

Muan = Pa//JranSran = 61900/(0.9 x 1300) = 52.9kg

Parallel HEV with All-Electric Acceleration Capability

In this example, the parallel HEV is expected to accelerate, all-electrically, from zero to
60 mph in 16 seconds. The battery power is assumed to be available immediately and no
gearshifts are necessary. The power unit is sized to provide the grade climbing power. The
value of exponent x in equation 3is0.49 for all-electric acceleration. The combined power unit
and battery power would be much higher than what is needed for accelerating the vehicle from
zero to 60 mph in 12 seconds. The vehicle is assumed to be equipped with a battery pack that
has the characteristics listed in Table 4. The battery pack has lower specific power and higher
specific energy compared to the battery pack used for the parallel HEV that has no all-electric
acceleration capability.

Power for accelerating the vehicle, all-electrically, from zero to 60 mph (26.82 m/s)
isPe=k(a' Mv+Db').
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2 x 2 049
a=m (16 * 0'1] 1|+ Cgum=2082 (@j ~1|+0.008x9.8% 26,82 = 22 + 2.1= 24.1W/Kg
01\ 16 o1 |16

b'=b=6695.2W

The values of ¢ and d remain unchanged.
_Mi+ f k(cMyoa + d) + h_ (@' Macas + b')

1-k(f,c+ha’)

potft,1, 1 :i( 1 1, 1 j=4.609><10-3
oo\ S Sw | FweSe) 091300 325 3x0.9x1225

veh

. 1 1 1 1
h = + +
b Nuan \ Stran Smot ] mot Seat

iyt 1 | _s5e07x10

0.9(1300 960 0.9%x335

974+ 4.609%10-% x 1.1x (17.6 % 499 + 5160.1) + 5.697 x10-2 x 1.1x (24.1x 136 + 6695.2)
1-1.1%(4.609%10-3 x17.6 + 5.697 x10-3 x 24.1)

Pe = k[a' (Muen + Macar) + b'] =1.1[24.1(1457 + 136) + 6695.2] = 49,582 W = 49.6 kW

Mveh =

=1457 kg

P = K[C(Muen + Myoa) + d] = 1.1[17.6(1457 + 499) + 5160.1] = 43,441W = 43.4kW
Pru = Py//uan = 43.4/0.9 = 48.3kW
Prot = Pe//ran = 49.6/0.9 = 55.1kW
Paen = Py / Juan o = 43.4/(3% 0.9% 0.9) =17.9kW
et = Pe/uani ot = 49.6/0.9% 0.9 = 61.2 kW
Mo = Ppo/Sw = 48300/325 = 148.5kg
mot = Pmat/ S = 55100/960 = 57.4 kg
Men = Pgen/ Syen = 17900/1225 = 14.6 kg

Mbat = Poar/ St = 61200/335 =182.7 kg
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= Pru+ Pt _ 103400 _ 79.5kg
Sran 1300

Because thisHEV has a large battery pack and a power unit that is capable of negotiating a 6.5%
grade at a constant speed of 55 mph, its performance on combined PU and battery power would
be very good. The acceleration time can be computed by solving the equation for time (t.,). The
power P, is replaced by the sum of grade climbing power Py and all-electric accel eration power
Pe.

2My| (t, +0.1)"

0.1

m

1/x

P, +P)/k-050AC,v3 —C gv.M

m:01_[{|:( g E)/ fM d"m rg m V:|01+1} _ J
Vm v

Because the Z60 time on combined PU and battery power is expected to be close to 8 seconds,
we assign avalue of 0.6 to the exponent x.

1/06
=01+ 93000/1.1-0.5%1.23%x2.09%0.27% 26.828 —0.008x9.8x 26.82x (1457+136) w0141l -1
26.822 x(1457+136
= 9.2 seconds
Series HEV with No All-Electric Acceleration Capability

The year 2005 series HEV would be equipped with the high specific power battery listed in
Table 3. The acceleration power requirement Pa = k(aMv +b):

"ol 12 0.1
The vaue of b, ¢, and d remain unchanged at 6695.2, 17.6, and 5160.1, respectively.

2 0.56 2
= V—m{(lz'l] - 1} +C,gv. = 2582 (0.004658) + 0.008x 9.8 26.82 = 33.5+ 2.1= 35,6 Wikg

_ Mr + &k(aMaload + b) + fsk(CMgload + d)
Mveh -
1-k(ea+ fc)

&:1(1+ 1 +1J 1(1+ 1 +1J:4'13x10_3

s\ St oSt Sen ) 0.94( 960 0.9x500 1625
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fs = + - = + - =243x%x10-3
[trans /7mot/79enS)u /7mothen /7mots;>at 0.94{09%x095%x325 0.9x1225 0.9x500

_ 974+ 4.13x10-3 x1.1(35.6 X136 + 6695.2) + 2.43x10-3 x1.1(17.6 x 499 + 5160.1)
1-1.1(4.13%103 x 35.6 + 2.43x 103 x17.6)

Mveh

=1,344 kg

Pa=1.1/35.6(1344 +136) + 6695.2] = 65,331W = 65.3kW

Py =1.1[17.6(1344 + 499) + 5160.1] = 41,262V = 41.3kW

P = 41.3/0.94x 0.9 % 0.95 =51.3kW

Pgen =41.3/0.94x 0.9 = 48.8kW

Pmt = Max{65.3/0.94, 41.3/(0.94 x 0.675)] = 69.5kW
The above motor power shows its peak power rating based on the higher of the two power needs:
(2) for acceleration and (2) for grade climbing. We used the motor’s peak power rating for the
accel eration power requirement, which isto be met for 12 seconds. Because the motor is
required to provide constant grade climbing power for 20 minutes or more, we used the motor’s
constant power rating for grade climbing. A ratio of 0.675 between constant and peak specific

power, derived from the runs of Advanced Vehicle Simulator (ADVISOR) for the Unique
Mobility motor SR218H, is used here:

Pra = (65.3 - 41.3)/0.94% 0.9 = 28 5kW
M = 51300/325 = 158kg

Moen = 48800/1225 = 39.8kg

Mot = 69500/960 = 72.4Kg

Me: = 28500/500 =57 kg

Muan = 65300/ (1625 x 0.94) = 42.8kg

Series HEV with All-Electric Acceleration Capability

This series HEV will accelerate, all-electrically, from zero to 60 mph in 16 seconds. The
battery, which has the characteristicsin Table 4, is sized to provide the power for this
acceleration. The motor is sized to provide constant power for grade climbing because its
constant power rating is assumed to be only 67.5 of the peak power rating.
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2 . X 2 0.49
a= Yo [W*OL) 1 6 gy, = 22822 [101) T, 008 x 9.8 26.82 = 24.1Wikg
01 01 | 16

b'=b =6695.2

Thevalues of a, b, ¢, and d remain unchanged at 35.6, 6695.2, 17.6, and 5158.4, respectively.

M + e k(aMaoa +b) + fK(CMyoss + d) + k(@ Macsa + 1)
1- k(e;a+ f;c + h;a')

veh

e's:i(i+ 1 j: 1 ( 1 + 1 }21.76x10‘3
[tran St Sran 0941960 1625

TN R S T - L s L1 1=479x10°
[ran /7mot/796nSpu /7mothen 0.94( 09x0.95x325 0.9x1225

S 1
hs= NuanllosSt 0.94% 0.9 % 335

=3.53x103

_974+1.76x10-3 x1.1(35.6 136 + 6695.2) + 4.79%x 103 x1.1(17.6 x 499 + 5158.4) + 3.53x10-3x1.1(24.1x 136 + 6695.2)
v 1-1.12(1.76x10-3x35.6 + 4.79%10-3 x17.6 + 3.53x10-3 x 24.1)

=1,488 kg

M

P, =1.1[35.6(1488 +136) + 6695.2] = 70982 W = 71kW
P, =1.1[17.6(1488 + 499) + 5158.4] = 44,041 W = 44KW
P, =1.124.1(1488 +136) + 6695.2] = 50,414 W = 50.4 KW

Py = Py /Mol el T =44/(0.94% 095 0.9) = 54.8kW

Poc = M8X(P, /a0, Py /Cllya) = 71/0.94 = 75.5KW

(C = constant to peak power ratio = 0.675)

Pgen = g /,7tran,7mot = 44/(094 x 09) = 521kW
Pa = P./MyanToe =50.4/(0.94%0.9) =59.6 kW

M ,, =54800/325=168.6kg
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M ., =75500/960 = 78.7kg

M, =52100/1225=42.5kg

M,, =59600/335=177.9 kg

M., =71000/(0.94x1625) = 46 5kg

tran
This grid-connected HEV has a combined power of 111 kW from its generator and battery that
can be delivered to its wheels. However, its motor has a peak power of only 75.5 kW. ItsZ60
time on combined power unit and battery power is limited by the size of its motor. Because the
motor is sized to meet a 12-second Z60 time, the HEV cannot accel erate any faster.
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