
UC Berkeley
Earlier Faculty Research

Title
Assessment of the Greenhouse Gas Emission Reduction Potential of Ultra-Clean Hybrid-
Electric Vehicles

Permalink
https://escholarship.org/uc/item/95c5g351

Authors
Burke, A.F.
Miller, M.

Publication Date
1997-12-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/95c5g351
https://escholarship.org
http://www.cdlib.org/


Assessment of the Greenhouse Gas Emission
Reduction Potential of Ultra-Clean Hybrid-
Electric Vehicles

A.F. Burke

M. Miller

Working Paper
UCTC No. 376

The University of California

Transportation Center

University of California

Berkeley, CA 94720



The University of California
Transportation Center

The University of California
Transportation Center (UCTC)
is one of ten regionaI units
mandated by Congress and
established in Fall 1988 to

support research, education.
and training in surface trans-
portation. The UC Center
serves federal Re,on IX and
is supported by matching

grants from the U.S. Depart-
ment of Transportation, the
CaIifornia Department of
Transportation (Caltrans), and
the University.

Based on the Berkeley

Campus. UCTC draws upon
existing capabilities and
resources of the Institutes of
Transportation Studies at
Berkeley, Davis, Irvine, and
Los Angeles; the Institute of
Urban and Re~onal Develop-
ment at Berkeley; and several

academic departments at the
Berkeley, Davis. Irvine. and
Los Angeles campuses.
FaculLy and students on other

University. of California
campuses may participate in

Center activities. Researchers

at other universities within the
region also have opportunities
to collaborate with UC faculty
on selected studies.

UCTC’s educational and
research programs are focused
on strategic planning for
improving metropolitan
accessibility, with emphasis

on the special conditions in
Region IX. Particular attention
is directed to strategies for
using transportation as an

instrument of economic
development, while also ac-
commodating to the region’s
persistent expansion and
while maintaining and enhanc-
ing the quality, of life there.

The Center distributes reports

on its research in working
papers, monographs, and in
reprints of published articles.
It also publishes Access, a
magazine presenting sum-

maries of se!ected studies. For
a list of publications in print,
write to the address below.

University of California
Trav~port~tion Center

108 Naval Architecture Building
Berkeley, California 94720
Tel: 510/643-7378
FAX: 510/643-5d56

The contents of this report reflect the views of the author who is responsible
for the facts and accuracy of the data presented herein. The contents do not
necessarily reflect the official views or policies of the State of Ca/ifom/a or the
U.S. Department of Transportation. This report does not constitute a standard,
specificat/on, or regulation.



Assessment of the Greenhouse Gas Emission Reduction
Potential of Ultra-Clean Hybrid-Electric Vehicles

A.F. Burke
M o Miller

Institute of Transportation Studies
University of California
Davis, CA 95616-8762

Working Paper
December 1997

UCTC No. 376

The University of California Transportation Center
University of California at Berkeley



TABLE OF CONTENTS

TABLE OF CONTENTS ............................................................................. i

ACKNOWLEDGMENTS & DISCLAIMER ....................................................... ii

ABSTRACT ............................................................................................ iii

INTRODUCTION ..................................................................................... 1

TECHNOLOGY AND DESIGN CONSIDERATIONS ........................................... I

SIMULATION RESULTS OF EXHAUST EMISSIONS AND FUEL ECONOMY ......... 3

FULL FUEL CYCLE EMISSIONS ................................................................. 4

REGULATORY CONSIDERATIONS .............................................................. 6

SUMMARY AND CONCLUSIONS ................................................................ 8

TABLES

Table ES-1 Hybrid Vehicle and Driveline Characteristics used in the Vehicle
Simulations ........................................................................ 10

Table ES-2(a) Running Emissions for Electric/Hybrid Vehicles on the FUDS
cycle ............................................................................... 11

Table ES-2(b) Running Emissions for Electric/Hybrid Vehicles on the
FUDS/HWY cycle ................................................................ 12

Table ES-3 Summary of Hybrid Vehicles Fuel Economy Results on the
FUDS and Highway Cycles ..................................................... 13

Table ES-4 Comparisons of the Fuel Economy of Conventional ICE and
Series Hybrid Vehicles ........................................................... 14

Table ES-5 Comparisons of Fuel Economy for Series and Parallel
Hybrid Vehicles - AVTE Results ............................................... 15

Table ES-6(a) Total Full Fuel Cycle Emissions for Electric/Hybrid Vehicles
(charge depleting mode) on the FUDS Cycle .................................. 16

Table ES-6(b) Total Full Fuel Cycle Emissions for Electric/Hybrid Vehicles7
(charge depleting mode) on the FUDS/HWY Cycle .......................... 17

Table ES-7(a) Total Full Fuel Cycle Emissions for Electric/Hybrid Vehicles
(charge sustaining mode) on the FUDS Cycle ................................ 18

Table ES-7(b) Total Full Fuel Cycle Emissions for Electric/Hybrid Vehicles
(charge sustaining mode) on the FUDS/HWY cycle ......................... 19

Table ES-8 Total Full Fuel Cycle CO2 Emissions for ICE, Electric, and
Hybrid Vehicles using various engines and a fuel cell ....................... 20



Acknowledgments
This report resulted from an integrated study of hybnd/electric vehicle technology

supported by several agencies - the California Air Resources Board (CARB) via 
contract with the California Energy Commission (CEC) via a contract with the United
States Environmental Agency (USEPA), the National Renewable Energy Laboratory
(NREL), and the University of California Transportation Center (UCTC). The primary
technical monitor of this study was Dr. James Lemer of CAtLB. His patience and that of
the other agencies were essential to the successful completion of the work, because the
scope of the study and the time it took to complete it was much greater than was
originally planned in the work statements for the contracts.

Disclaimer
The statements and conclusions in this report are those of the contractor and not

necessarily those of the California Air Resources Board. The mention of commercial
products, their source or their use in connection with material reported herein is not to be
construed as either an actual or implied endorsement of such products.

ii



Abstract
The study focused on the emission reduction and fuel economy benefits of the

application of hybrid/electric powertrain technology to tight-duty vehicles (mid-size and
compact passenger cars). The approach taken was to calculate the exhaust emissions (gm/mi) 
energy use (Wh/mi and mpg) for a wide range of vehicle designs (steel and light-weight materials),
engines, energy storage devices, control strategies, and driving cycles using two vehicle simulation
programs (SIMPLEV and AVTE). The full fuel cycle total emissions were then calculated for
each of the hybrid designs using an EXCEL macro, which used as inputs the vehicle simulation
results and upstream emissions to account for the vehicle evaporative and refueling emissions and
the production and distribution of the fuel and electricity used by the vehicles. The total
emissions calculations included the effects of the vehicle use-pattern.

The key conclusions drawn from the results of the study were the following: (1) light-
duty vehicles using an engine-powered hybrid driveline can have up to double the fuel economy
and thus one-half the total CO2 emissions of conventional ICE vehicles of the same weight and
road load, (2) Vehicles using a load-leveled fuel cell fueled with compressed hydrogen can have
about one-third the total CO2 emissions of a conventional vehicle using gasoline, (3) the
calculated total emissions of mid-size, battery-powered vehicles in the LA Basin are close to or
less than the CARB EZEV standards, (4) hybrid vehicles with an all-electric range of 50 miles 
more have total emissions close to those of an electric vehicle for a use-pattern of 10,000 miles
per year, (5) regulated emissions and CAFE standards for light-duty vehicles should be set 
terms of total full fuel cycle emissions for NMOG, CO, NOx, and CO2 rather than exhaust
emissions and mpg as is current practice, and (6) the marketing of advanced hybrid vehicles,
including fuel ceil powered vehicles, will be driven by CAFE or other vehicle efficiency standards
and not regulated emission standards, because the ultra-clean emission standards can also be met
using advanced engine technologies in conventional engine drivelines with catalytic exhaust alter-
treatment without large retooling investments by the auto industry.

o°.
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Introduction
This study was performed for the California Air Resources Board (CARB), the California

Energy Commission (CEC), and the United States Environmental Agency (EPA) to assess 
greenhouse gas reduction potential of ultra-clean hybrid-electric vehicles. By ultra-clean is meant
vehicles that have exhaust emissions much lower than the CARB ULEV standards and/or full fuel
cycle emissions close to the CARB EZEV standard. The study focused on the utiliization of
hybrid-electric drivelines in passenger cars incorporating the best technologies currently being
developed and driveline control strategies thought to yield the highest fuel economy and lowest
exhaust emissions with those technologies. During the period of the study (September 1995 to
September 1997), there were many announcements by auto companies and component suppliers
around the world of new advanced prototype vehicles and components. Every attempt was
made to include these new technologies in the report up through October 1997.

Designs of mid-size and light weight compact cars were considered with the performance,
fuel economy, and emissions of the vehicle designs being simulated on various driving cycles
using special computer so,ware that describes the vehicle and their drivelines in detail. Almost
fifty (50) hybrid vehicle designs were studied. The baseline fuel was reformulated gasoline, but
consideration was given to the use of other fuels - diesel, compressed natural gas, and hydrogen
(in a fuel cell). The energy use and full fuel cycle emissions of each of the vehicle designs were
determined for a range of vehicle use-patterns using a multi-sheet spreadsheet model written as a
macro in EXCEL. The use-pa~terns of the vehicles were described in terms of total annual
mileage and daily travel statistics.

The study identifies a wide range of technologies that could be utilized to design and
produce passenger cars that have much lower emissions and energy use than those presently
being marketed. Discussions are given of the regulatory consequences of the results of the study
as they relate to what emission standards for NMOG, CO, and NOx could be met and what
reductions in fuel consumption and CO2 emissions would result from the introduction in the
market of these technologies. Costs to the auto industry and consumers of introducing these
advanced vehicle technologies were not considered in this study. Without doubt very large
investments would be required of the auto industry before it could be expected that the price to
consumers of the ultra-clean, high efficiency hybrid vehicles discussed in this report would be
comparable to those currently being marketed.

Technology and Design Considerations
This study focused on possibilities for the design of hybrid-electric vehicles using

advanced electric driveline and energy storage components, advanced engine/generators, and fuel
cells with system controls that would minimize both energy consumption and emissions.
Control systems were considered that permitted vehicle operation in both all-electric and hybrid
modes depending on the use-pattern of the vehicle. The performance (acceleration and
gradeability) of the vehicles is comparable to the passenger cars presently being marketed. No
compromises in pefformance~ comfort, or safety are postulated in the vehicle designs studied.



All weight and road load reductions projected in the designs are consistent with that premise. In
this respect, the vehicles considered in this study are comparable to those being developed in the
Partnership in a New Generation Vehicle (PNGV) program.

All the hybrid-electric vehicle designs utilize high voltage AC three-phase motors and
associated inverters with the incorporation of high levels of regenerative braking. Consideration
was given to the use of both electric vehicle batteries (similar to those being developed by the
USABC) and pulse power devices (pulse batteries, ultracapacitors, and flywheels) for energy
storage. In all cases, device characteristics (energy and power density, resistance, etc.) assumed
were consistent with available test data for advanced devices or relatively near-term projections.
No breakthroughs in energy storage design have been assumed° The energy storage units in the
various vehicle designs were sized to meet an all-electric range requirement so that the vehicle
could be operated in a charge depleting mode if desired. All-electric ranges between 20 and 60
miles were considered in the study as a means of evaluating the effect of all-electric range on
vehicle emissions for different use-patterns. In the case of ultracapacitors, the unit was sized to
load level the engine or fuel cell on the various driving cycles and the vehicles could be operated
only in a charge sustaining mode. In the case of batteries, the main technology considered was
nickel metal hydride and the ultracapacitors utilized porous carbon and an organic electrolyte
(3Wcell). For vehicles with a significant all-electric range, it was assumed that the battery was
recharged daily from the wall plug.

Vehicle designs were considered using engines and fuel cells. The engines were used in
both series and parallel driveline configurations. Fuel injected gasoline (port and direct), diesel
(swirl chamber and direct injection), and Stifling engines were considered in this study. In the
series hybrids, the engines powered a generator (permanent magnet type). In the parallel
hybrids, the engine was connected directly to the transmission through a clutch. Except for the
Stifling engine, the engines were operated in the on-off mode with the vehicle control strategy
determining if the engine was on or offand its power setting. In most cases, the engine operation
depended on the vehicle speed and/or the state-of-charge of the energy storage unit. Advanced
catalyst emissions control systems were used with the gasoline and diesel engines. In the case of
the gasoline engines, high conversion efficiency (96.5%) three-way catalysts were used assuming
stoichiometric engine operation. For the diese! engines, a lean bum catalyst having conversion
efficiencies of 90% for HC and CO and 40% for NOx were assumed. In all cases, it was
assumed the catalyst was electrically heated and operated at high temperature at all times. No
exhaust a~er-treatment was used for the Stifling engines. Series hybrid designs using Proton
Exchange Membrane (PEM) fuel cells fueled with compressed hydrogen were included in the
study. In all cases, the fuel cell was load leveled using a nickel metal hydride battery. As with
engines, the fuel cell was sized to meet the vehicle gradeabilily requirement (65 mph on a 6%
grade). The fuel cell system efficiency was varied with net output power to account for auxilary
loads.

Two sets of passenger car designs were studied. One set were mid-size cars designed
using a steel chassis, load bearing exterior panels, and suspension/running components. These
vehicles are five-passenger cars much like the Ford Taurus. The hybrid mid-size cars studied
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were about 100 kg lighter than 1996 models and had a lower drag coefficient (Cd=.27 compared
to about .3 for present models). The second set of vehicles studied were light-weight compact
cars (four passengers). These hybrid vehicles were assumed to be built with the maximum use 
light-weight materials resulting in a test weight of about 800 kg, which is 300 kg less than
comparable 1996 models. These vehicles are equivalent to the Ford Project 2000 vehicle. The
energy use and emissions of both sets of vehicles were analyzed for the same hybrid drivelines
(scaled to reflect the change in vehicle weight and road load), control strategies, and driving cyles.
The vehicle and driveline characteristics used in the simulations are given in Table ES-1.

Simulation Results of Exhaust Emissions and Fuel Economy
Computer simulations were performed for both the mid-size and compact, light-weight

vehicle designs for a number of driving cycles - FUDS, FHWDS, FUDSWAY, ART14, ART34,
FW31, FW70, UC-92, and US06. Simulations were performed for both series and parallel hybrid
driveline configurations, but the emphasis was on series configurations. The simulations were
done using the SIMPLEV (developed at INEL) and AVTE (developed at NREL and UC Davis)
programs. Only series hybrid vehicle simulations were done using SIMPLEV, but both series
and parallel simulations were performed using AVTE. The simulation results for series hybrid
vehicles using various engines are given in Table ES-2 for the FUDS and FUDSWAY driving
cycles. Results for other driving cycles are given the main report. It is clear from the table that
both the fuel economy and exhaust (running) emissions vary over a wide range depending on the
engine in the vehicle. The results indicate that meeting the ULEV NMOG and CO emission
standards should be possible using all the engines, but that meeting the ULEV NOx standard with
the diesel engines will require the development of catalysts with much higher conversion
efficiencies than those presently available. Meeting a particulate emission standard of .01-.04
gm/mi with the diesel engines will also require much further development. Meeting exhaust
emission standards significantly below ULEV appear to be possible with both the fuel -injected
gasoline and Stifling engines.

Fuel economy simulation results for various engines in series hybrids are compared in
Table ES-3 for the FUDS and FHWDS driving cycles. For both the mid-size and compact cars,
fuel economy depends significantly on the technology used in the driveline. The use of diesel
engines results in the highest fuel economy (miles per gallon of diesel fuel) ; however, from the
energy consumption (kJ/mi) and CO2 emission (grn C02/mi) points-of-view, the advantage of
the diesel engine relative to the gasoline-fueled engines should be discounted to reflect the higher
energy and the carbon content per gallon of diesel fuel compared to gasoline. These discount
factors are 15-20%. The simulation results also indicate that for the same type of engine, the fuel
economy can be 10-20% higher using ultracapacitors in place of the batteries as the energy
storage device. The highest fuel economies are projected for vehicles using fuel cells. The fuel
economies of the fuel cell vehicles using compressed hydrogen are about twice those of hybrid
vehicles with the direct injected gasoline engines and about 50% higher than vehicles with diesel
engines. All the fuel cell vehicle designs used a fuel cell load-leveled with a nickel metal hydride
battery permitting it to operate at high efficiency at all times.



Comparisons between the fuel economies of conventional passenger cars and those using
series hybrid drivelines are shown in Table ES-4. The hybrid vehicles had the same weight and
road load as the conventional cars. The utilization of the hybrid driveline resulted in about a 50%
improvement in fuel economy for the FUDS cycle and about a 10% improvement on the
FHWDS (highway cycle). The fuel economy of the conventional cars were taken from the EPA
Fuel Economy Guide corrected by 10% for the FUDS and 22% for the highway cycle. The small
improvement on the highway cycle relative to FUDS cycle is due to the higher average power on
the highway cycle and the lack of opportunity for energy recovery in regenerative braking on that
cycle. Comparing the fuel economy results in Table ES-3 for port injected gasoline engines with
those in Table E$-4, one can conclude that for the FUDS cycle most (at least 75%) of the fuel
economy improvement is due to the hybrid drive not the reduction in road load of the hybrid
vehicles, but that on the highway cycle, most of the fuel economy improvement of the hybrid
vehicle is due to the reduced road load.

The fuel economy of series and parallel hybrid vehicles are compared in Table ES-5 for
both the compact, lightweight and mid-size cars. The series hybrids are assumed to operate only
in the charge sustaining mode, but the parallel hybrids can operate in either the charge sustaining
or charge depleting mode. In the case of the parallel hybrid in the charge depleting mode, the fuel
economy is given for gasoline alone and at the powerplant including the energy needed to recharge
the batteries from the wall-plug. For hybrid vehicles using gasoline engines (port injected), the
fuel economy of the parallel hybrid vehicles in the charge sustaining mode (batteries recharged
from the engine - not the wall plug) is 9-12% higher than that of the series hybrids; for the
powerplant efficiency (33%) assumed in the calculations, the parallel hybrids operating in the
charge depleting mode (battery charged only from the wall plug) had only 1-4% higher equivalent
fuel economy than the same vehicle operating in the charge sustaining mode. If the batteries were
recharged using electricity from a higher efficiency powerplant, the fuel economy advantage of
the parallel hybrid in the charge depleting mode would be higher. For hybrid vehicles using the
swirl chamber diesel engine, the differences in the fuel economy of series and parallel hybrids are
smaller than for vehicles using gasoline engines; the differences between parallel hybrids in the
charge sustaining and charge depleting modes are also smaller using the diesel engine (see Table
ES-5). These differences between the gasoline and diesel engine results are due to the higher
efficiency of the diesel engine (closer to the powerplant efficiency) and the smaller variation 
the efficiency of the diesel engine with output power. In terms of the effect of driveline
configuration and operating mode on fuel economy, the advanced engines can be expected to be
like the diesel engine.

Full Fuel Cycle Emissions
The full fuel cycle emissions of the hybrid vehicles are the total of all the emissions

associated with the operation of the vehicle and the production, distribution, and dispensing of
the fuel and electricity to the vehicle. The total emissions were calculated for all the vehicle



designs utilizing an EXCEL spreadsheet model that uses as inputs the vehicle simulation results
previously discussed for the electricity consumption, fuel economy, and exhaust emissions in the
all-electric and hybrid modes and the upstream refueling, evaporative, and fuel production
emissions based on energy usage - both fuel and electricity. Both regulated emissions (NMOG,
CO, and NOx) and CO2 emissions were calculated. Each type of emission is discussed
separately in the following sections.

Regulated Emissions
The total NMOG, CO, and NOx emissions for the FUDS and FUDSWAY driving cycles

are given in Tables ES-6 and ES-7 for charge depleting and charge sustaining operation of the

various hybrid .vehicle designs. Results are also shown for electric vehicles and conventional ICE
vehicles for comparison with those for the hybrid vehicles. The results shown in the tables are
for the baseline use pattern of 7500 miles per year random travel and a round-trip to work of 15
miles. Hybrid vehicles operated in the charge depleting mode have total emissions comparable to
those of electric vehicles if their all-electric range is 50 miles or greater. Hybrid vehicles operating
in the charge sustaining mode have much greater NMOG emissions than electric vehicles when
the refueling and evaporative emissions are included. The calculated total emissions of the
electric vehicles are close to the EZEV standards when the battery charging is done in the LA
basin.

Hybrid vehicles in the charge sustaining mode that use gasNine engines can have total
emissions at or near ULEV standards if the refueling and evaporative emissions are zero, but
much above the EZEV standard° Hybrid vehicles operating in the charge sustaining mode using
diesel engines have NMOG (excluding refueling and evaporative emissions) and CO emissions 
or below ULEV, but their NOx emissions are well above ULEV primarily because of the
relatively low conversion efficiency of their catalyst for NOx. Meeting total emission standards
below ULEV for charge sustaining hybrid vehicles using these engines will require the
development of exhaust emission treatment systems very much like those required in
conventional ICE vehicles to meet the same standards. For gasoline engines those system are
presently close to being developed. For diesel engines, considerable development is needed even
to meet the ULEV NOx standard.

Total emission results are also shown in Table ES-7 for fuel cells using hydrogen
produced by reforming natural gas. All the emissions are due to the production of the hydrogen
as the regulated exhaust emissions from the fuel cell powered vehicles are zero. The NMOG and
NOx emissions shown for the mid-size car are slightly below the ULEV standards. These
emissions are based on hydrogen production emissions of 22 gm NMOG/GJ H2 and 191 gm
NOx/GJ H2 taken from the report NREL/TP-463-6157, Mark, J., orals. The total emissions
from hydrogen-fueled fuel cell powered hybrid vehicles would be below EZEV if the hydrogen
were produced from solar energy and could be much below that shown in Table ES-7 if the
emissions from the natural gas reformer were greatly reduced.

Total CO2 Emissions



The total CO2 emissions (gm/mi) for the various vehicle designs, including conventional
gasoline engine powered (ICE) and electric (EV) vehicles, are shown in Table ES-8 for both charge
depleting and charge sustaining operation of the hybrid vehicles. The all-electric range of the
charge depleting hybrid vehicles is 60 miles. The range of the electric vehicles is 80-120 miles.
All the vehicles are operated on the baseline use-pattern (7500 miles random miles and a 15 mile
round-trip to work). The results in Table ES-8 indicate that the difference in the CO2 emissions
between operating a hybrid vehicle in the charge depleting and charge sustaining modes, regardless
of its all-electric range, is not large using nickel metal hydride batteries. This was not the case for
the regulated emissions which were much lower when the hybrid vehicle was operated in the
charge depleting mode. The CO2 emissions of the engine powered hybrids do not vary (about
25%) as much as might be expected based on the differences in their fuel economies, because of
the higher energy content of a gallon of diesel fuel compared to gasoline and the higher carbon to
hydrogen ratio of the diesel fuel. The CO2 emissions in the charge depleting mode depend
primarily on the all-electric range of the hybrid and the type of batteries used.

The CO2 emissions for fuel cell powered, electric, and ICE powered vehicles are also
shown in Table ES-8. The fuel cell powered, hydrogen fueled vehicles are projected to have the
lowest CO2 emissions by 25 -30% when compared to the most efficient of the engine powered
vehicles even when the hydrogen is produced by reforming natural gas. The CO2 emissions of
the conventional ICE vehicles are directly proportional to their fuel economy, which is projected
to be much less than the hybrid vehicles. ICE powered vehicles will have low CO2 emissions
only when their fuel economy is greatly increased. The CO2 emissions of the electric vehicles
are dependent on the type of battery used, but can be expected to be comparable to the engine
powered hybrids and significantly higher than the fuel cell powered vehicles. For electric
vehicles, careful attention must be given both to the energy consumption at the battery (vehicle
road load and driveline efficiency) and battery recharging efficiency ( battery overcharge and
charger efficiency) to achieve low CO2 emissions. The results shown in Table ES-8 indicate that
the CO2 emissions of vehicles are highly dependent on the technologies used to power them and
can vary by a factor of at least two for the same size and weight of vehicle.

Regulatory Considerations
The study indicates that technologies have been and are being developed that permit the

design and marketing of hybrid-electric vehicles that have much lower total emissions of both
regulated pollutants and CO2 than present passenger cars. When vehicles utilizing these
technologies will be marketed depends both on consumer demand and government regulations.
There is little doubt that consumers would welcome vehicles with double the present fuel
economy and much lower air quality related emissions, but bringing such vehicles to the market at
costs comparable to current prices will require very large investments by the auto industry.
These investments are not likely to occur in the foreseeable future without government
regulations that require much higher fuel economy than needed to meet the present CAFE
standard of 27.5 mpg. The state of California has low emission standards (ULEV) in place and
is considering even tighter standards (SULEV) for the future. Recent advances in emission
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control technologies for engines seem to indicate that even the SULEV exhaust emission standard
can be met with ICE powered cars, especially those using gasoline engines. These cars would
likely have CO2 emissions essentially the same as present cars unless diesel engine technology is
developed that can meet the ultra-clean emission standards. Hence it does not appear that tighter
regulated emission standards will be the driving force for the introduction of the hybrid-electric
technologies assessed in this report. The driving force for their introduction wilt be a significantly
higher CAFE standard and/or a significantly higher fuel price either due to an increase in the cost
of oil or a higher fuel tax.

Current emission and fuel economy standards are expressed in terms ofgrn/mi for the
exhaust emissions and miles per gallon (mpg) for the fuel economy. Separate standards are set
for refueling and evaporative emissions on an event basis (refueling at a pump or diurnal daily
cycles). The primary changes in setting emission standards that are suggested by this study are
that all emissions (NMOG, CO, NOn, and particulates) should be specified as total emissions
(gm/mi) generated in connection with the electricity and fuel used by the vehicle. Instead of fuel
economy (mpg), the efficiency of the vehicle should be expressed in terms of the total
gmCO2/mi, including fuel production. Emission standards and vehicle efficiency given in this
way can be applied in a consistent manner to electric, hybrid, and conventional engine powered
vehicles using various liquid and gaseous fuels and electricity generated using different energy
sources and technologies. This approach would eliminate the present confusion between
comparing vehicles meeting exhaust emission standards with other vehicles meeting total emission
standards (EZEV). The results of this study show clearly that for vehicles meeting the ULEV
and lower exhaust emission standards, the upstream (evaporative~ refueling, and fuel.
production/distribution) emissions are dominate and that the evaporative and refueling emissions
must be reduced to near zero if the total regulated emissions from either conventional or hybrid
vehicles are to be EZEV or lower.

Setting emissions and efficiency standards for electric and hybrid vehicles is not a simple
matter, because their total emissions depend on their use-pattern and where (geographic area) the
batteries are recharged. In the case of electric vehicles, the efficiency standard should be set in
terms of kWh/mi from the wail plug for a specified average daily use (miles) of the vehicle. This
would permit the calculation of the total emissions (regulated and CO2) from the electric vehicles
in a given region based on how and where the electricity in that region was generated. Setting the
standards for hybrid vehicles is more complex than for electric vehicles, because they can use
both electricity and chemical fuels with the fraction of each energy source used depending on the
control strategy for the vehicle and its use-pattern. When a hybrid is used in the charge
sustaining mode, measurement of its fuel economy and exhaust emissions are no different than for
a conventional ICE vehicle if the state-of-charge of the electrical energy storage unit (battery or
pulse power device) is the same at the beginning and end of the dynamometer test. However,
verifying that this is the case for a particular driving cycle is not simple without instrumenting
the electrical energy storage unit. Determining the total emissions of a hybrid vehicle operated in
the charge depleting mode is even more dependent on data from the electrical energy storage unit
than for a hybrid operating in the charge sustaining mode, because the electricity and fuel usage
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represent comparable energy (kWh) and both are dependent on the driving cycle, control
strategy, and use-pattern. Development of test procedures for hybrid vehicles is currently in
progress and must be completed before it can be verified that particular vehicles meet whatever
total emission standards are set. This study indicates that rethinking both the emission
standards and the test procedures are needed to accommodate electric and hyrid vehicles and
alternative fuels. This rethinking process will be dependent on the technologies that are expected
to be present in the future advanced vehicles.

Summary and Conclusions
This study focused on the emission reduction and fuel economy benefits of the

application of hybrid/electric powertrain technology to light-duty vehicles (mid-size and compact
passenger cars). The approach taken was to calculate the exhaust emissions (gm/mi) and energy
use (Wh/mi and mpg) for a wide range of vehicle designs (steel and light-weight materials),
dfiveline technologies, control strategies~ and driving cycles using two vehicle simulation
programs (SIMPLEV and AVTE). The vehicle designs utilized various engines (injected gasoline,
diesel, and Stifling) and PEM fuel cells for on-board generation of electricity. Both series and
parallel hybrid driveline configurations were analyzed. Batteries (lead-acid,nickel metal hydride,
and lithium-ion) and ultracapacitors were considered as the energy storage units. The annual full
fuel cycle total emissions were then calculated for each of the hybrid vehicle designs, as well as
for electric (battery-powered) and ICE vehicle designs, using an EXCEL (macro) spreadsheet,
which used as inputs the simulation results from SIMPLEV and AVTE and upstream emissions
to account for vehicle evaporative and refueling emissions and the production and distribution of
the fuel and electricity used by the vehicles. The total emissions calculations included the effect
of the vehicle use-patterns. The baseline use-pattern was 7500 miles random use per year and a
15 mile round-trip to work.

The following major conculsions were drawn based on the results of the study:

I. Light-duty vehicles using an engine-powered hybrid driveline can have up to double the fuel
economy and thus one-half the CO2 emissions of conventional ICE vehicles of the same weight
and road load.
2. Vehicle using a loadqeveled PEM fuel cell fueled with compressed hydrogen produced by
reforming natural gas can have about one-third the total full fuel cycle CO2 emissions of a
conventional vehicle using an gasoline ICE engine.
3. The exhaust emissions of all vehicles (hybrid and conventional) can be reduced to sub-ULEV
levels using advanced electrically heated catalyst systems and computer engine control.
4. The full fuel cycle emissions of all advanced light-duty vehicles (hybrid and ICE powered)
are primarily dependent on upstream emissions and the emissions of these vehicles will not be
close to EZEV levels unless their evaporative and refueling emissions are essentially zero and
deterioration with use is minimal.
5. The calculated total emissions of electric (battery-powered vehicles) are dependent on the
recharge characteristics of the batteries used and the relevant powerplant emissions. For the LA



Basin, the calculated values for mid-size EVs emissions are close or less than the CARB F_.ZEV
standards.
6. When operated in the charge depleting mode (batteries recharged from the wall-plug), hybrid
vehicles with a 50 mile or gremer all-electric range have total full fuel cycle emissions close to that
of an electric vehicle for the baseline use-pattern (10,000 miles per year).
7. The total CO2 emissions on the FUDS/Highway driving cycle (charge sustaining operation) 
a parallel hybrid vehicle are 12-15% lower than that of a series hybrid vehicle using the same
port injected gasoline engine. The difference in the CO2 emissions of the series and parallel
hybrid vehicles is only 2-3% using a swift chamber diesel engine.
8. It would be technically mor rational to regulate emissions and the CAFE standards for light-
duty vehicles in terms of total full fuel cycle emissions for NMOG, CO, NOx, and CO2 rather
than regulating exhaust emissions and miles per gallon (mpg) as is current practice. This
approach would place ICE, electric, and hybrid vehicles using various fuels on an equal footing.
9. Given continued rapid improvements in ICE vehicle emissions, the introduction into the
market of advanced hybrid vehicles, including fuel ceil powered vehicles, will be driven by CAFE
or other vehicle efficiency and/or greenhouse gas emission standards arid not by regulated
emission standards even if those standards are for total full fuel cycte emissions.
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Table ES-3: Summary of Hybrid Vehicle Fuel Economy Results on the FUDS and
Highway Cycles

Miles Per Gallon

Vehicle Engine Energy Storage FUDS Highway

Mid-size Honda Gasoline Ni. Mt. Hy. Bat. 36.1 45.4

Direct Injection Gasoline 47.3 56.0

Sw. Ch. Diesel 49.7 56.8

Direct Injection Diesel 60.5 71.1

Stirling 50.0 57.2

Honda Gasoline Capacitor 44.3 47.3

SWo Ch Diesel Capacitor 62.3 65.7

Fuel Cell (H2) Ni. Mt. Hy. Bat. 89.2 105.0

Light-weight Honda Gasoline Ni. Mt. Hy. Bat. 69.6 71.4
Compact

Direct Injection. Gasoline 82.9 84.9

Sw. Ch. Diesel 98.2 95.6

Direct Injection Diesel 107.3 110.4

Stilling 89.5 92.7

Honda Gasoline Capacitor 81.4 75.5

Sw. Ch. Diesel Capacitor 109.8 104.0

Fuel Cell (H2) Ni. Mt. Hy. Bat. 163 179

13



TableES.4: Comparisons of the Fuel Economy of Convenli<mal
ICE and Series Hybrid Vehicles

Test
Vehicle(t) Weight Transm. City(2) Highway<z>

(kg)
Mid-size

Conventional 1668 A4 22 36
ICE (Ford Taurus)

Series Hybr(d 1655 33.9 38.6
(gasoline engine, charge

sustaining)

Sub-compact

Conventional 958 A3 33 44
ICE (Geo. Metro) M5 43 55

Series Hybrid
(gasoline engine, charge
sustaining)

956 56.3 57.0

(I) Conventional and Series Hybrid Vehicles had same weight, CDA, and 

(2) FueI economy of ICE Vehicles were taken from the 1997 EPA Fuel
Economy Guide corrected by 10% for FUDS and 22% for highway
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Table ES-8: Total Full Fuel Cycle CO2 Emissions for ICE, Electric, and Hybrid
Vehicles using various engines and a fuel cell

gm C02/mi

Vehicle Engine Depl. Sustain°

Mid-size Honda Gasoline 179 226

Direct Injection Gasoline i87 182

Sw. Ch. Diesel 190 t97

Direct Injection Diesel 190 163
Stirling 187 176

Fuel Cell 119

Light-weight
Compact Honda Gasoline 117 130

Direct Injection Gasoline 117 110

Sw. Ch. Diesel 121 110

Direct Injection Diesel 121 101
Stifling 117 102

Fuel Cell 68

Mid-size EV-Pb. Acid 148

EV - Ni. Mt. Hy. 210

EV - L i - ion 108

ICE - ULEV (27.5 mpg) 347

ICE - SULEV (35 mpg) 268

Light-weight
Compact EV - Pb. Acid 108

EV - Ni. Mt. Hyd. 136
EV - LL - ion 69

ICE - ULEV (40 mpg) 234

ICE - SULEV (75 mpg) I25

2O
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Assessment of the Greenhouse Gas Emission Reduction Potential of
Ultra-Clean Hybrid-Electric Vehicles

A. F, Burke
M. Miller

Abstract
The study focused on the emission reduction and fuel economy benefits of the

application of hybrid/electric powertrain technology to light-duty vehicles (mid-size and
compact passenger cars). The approach taken was to calculate the exhaust emissions (gm/mi) 
energy use (Wh/mi and mpg) for a wide range of vehicle designs (steel and light-weight materials),
engines, energy storage devices, control strategies, and driving cycles using two vehicle simulation
programs (SIMPLEV and AVTE). The full fuel cycle total emissions were then calculated for
each of the hybrid designs using an EXCEL macro, which used as inputs the vehicle simulation
results and upstream emissions to account for the vehicle evaporative and refueling emissions and
the production and distribution of the fuel and electricity used by the vehicles. The total
emissions calculations included the effects of the vehicle use-pattemo

The key conclusions drawn from the results of the study were the following: (1) light-
duty. vehicles using an engine-powered hybrid driveline can have up to double the fuel economy
and thus one-half the total CO2 emissions of conventional ICE vehicles of the same weight and
road load, (2) Vehicles using a load-leveled fuel cell fueled with compressed hydrogen can have
about one-third the total CO2 emissions of a conventional vehicle using gasoline, (3) the
calculated total emissions of mid-size, battery-powered vehicles in the LA Basin are close to or
less than the CARB EZEV standards, (4) hybrid vehicles with an all-electric range of 50 miles 
more have total emissions close to those of an electric vehicle for a use-pattern of 10,000 miles
per year, (5) regulated emissions and CAFE standards for light-duty vehicles should be set 
terms of total full fuel cycle emissions for NMOG, CO, NOx, and CO2 rather than exhaust
emissions and mpg as is current practice, and (6) the marketing of advanced hybrid vehicles,
including fuel cell powered vehicles, will be driven by CAFE or other vehicle efficiency standards
and not regulated emission standards, because the ultra-clean emission standards can also be met
using advanced engine technologies in conventional engine drivelines with catalytic exhaust after-
treatment without large retooling investments by the auto industry.

®®°
111



1. Introduction
The contribution of transportation in general and light duty vehicles (passenger cars and

small trucks) in particular to greenhouse gas emissions (primarily carbon dioxide) has been 
subject of a number of conferences, reports, and papers (References I-4) in recent years. 
nearly all the references, hybrid/electric vehicle technology is cited as one of the most promising
approaches to reducing vehicle emissions (exhaust and upstream emissions) and fuel
consumption ( and thus CO2 emissions) regardless of the fuel used. A hybrid-electric vehicle is 
vehicle that utilizes both an electric motor and an engine in its driveline and electricity and a
chemical fuel for propulsion.

This study focuses on the emission reduction and fuel economy benefits of the
application of hybrid/electric vehicle technology to light-duty vehicles. The emissions of
interest are the regulated exhaust pollutants - non-methane organic gases (NMOG), carbon
monoxide (CO), nitrogen oxides (NOx), and particulates (PM10 and PM 2.5) - and 
greenhouse gases - carbon dioxide (CO2), methane (CH4), and Nitrous Oxide (N20). Since 
emission rate (gm/mi) of the primary greenhouse gas (CO2) is directly related to the energy
consumption (miles per gallon or Wh per mile) of a vehicle, calculation of the fuel usage of the
hybrid/electric vehicles is a central issue in this investigation.

Methodology
The approach taken in this study is to calculate the exhaust emissions (gm/mi) and energy

use (Wh/mi and mpg) for a wide range of vehicle designs, driveline technologies, and driving
cycles using the SIMPLEV and AVTE vehicle simulation programs (References 5-7). For
calculating emissions from hybrid vehicles which can operate in an all-electric mode --that is
powered exclusively by batteries charged from the walt-plug -- it is important to define typical
use patterns in order to estimate the extent to which these vehicles are likely to be used in their
all-electric mode. The use-pattern of the vehicles is described in terms of distance to work,
annual mileage, and daily travel statistics. The annual tailpipe emissions and energy useage
(electricity and fuel) of the various hybrid vehicle designs are calculated using vehicle simulation
results and the use-pattern statistics. Emissions other than tailpipe emissions (often refered to as
upstream emissions) -- including evaporative and refueling, fuel distribution, powerplant and
refinery emissions -- are calculated for each vehicle design and use-pattern. The total annual
full fuel cycle emissions (gm/mi) are then calculated using an EXCEL spreadsheet that combines
the tailpipe and upstream emissions for each vehicle design and use-pattern. The spreadsheet
results are then compared with the various emission standards for conventional engine-powered
vehicles using gasoline and the benefits of the hybrid vehicle technologies and alternative fuels
assessed. Most emissions standards for light duB’ vehicles have been set in terms of
taitpipe exhaust emissions with the upstream emissions being determined by other regulations for
evaporative and refueling emissions and emissions from oil refineries and electrical powerplants.
In this study, the emission comparisons, including CO2 emissions, are based on the full fuel



cycle emissions of the conventional and hybrid vehicles and not only on tile exhaust emissions as
has been often done in past studies.

Discussion of Policy Implications

The last section of the report includes an assessment of regulatory changes that could
facilitate the commercialization of hybrid-electric vehicles. The vehicle technologies discussed in
this report are based on electric driveline and energy storage components that are very different
from those currently used by the automobile industry. Making the transition to these new
technologies would be both disruptive and expensive for the auto industry. Hence, even if the
auto industry should conclude that it is not possible to achieve large reductions in energy usage
and CO2 emissions from evolutionary improvements in the current technologies, it would likely
take the industry many years to make the changes to hybrid vehicle technology unless there are
special incentives through new emissions or fuel economy regulations or tax credits for the first
companies or consumers that produce or purchase vehicles using the new hybrid vehicle
technologies.

2.0 Hybrid Vehicle Design Considerations
Before discussing in detail the various hybrid-electric vehicle technologies, it is useful to

consider in more general qualitative terms, various aspects of hybrid vehicle design, because as
discussed in References 8,9 there are several types of hybrid vehicles that can be designed
depending on the primary objective of the design process. In addition, even for a particular
design objective and type of hybrid vehicle, there is a wide variety of components that are
available for use in the driveline of the vehicle. Hybrid-electric vehicles can be designed to
minimze total energy use (energy efficiency and thus CO2 emissions) or to minimize total annual
emissions of regulated gases, primarily those directly related to vehicle operations. Minimizing
these emissions likely requires maximum annual operation in aa all-electric mode and significant
recharging from the wall-plug. This type of hybrid would incorporate large on-board electrical
energy storage and have a fairly long all-electric range. It is often referred to as a "California
Hybrid" as it could qualify for a significant ZEV credit under terms of proposals previously
considered by the California Air Resources Board (Reference 10). Minimizing total energy use
requires minimum vehicle weight and size and thus minimum on-board energy storage consistent
with efficient operation of the driveline in urban driving. A hybrid-electric vehicle designed to
maximize fuel economy in the hybrid mode would have essentially zero all-electric range and thus
be operated in a hybrid mode at all times. The regulated emissions from this type of vehicle
would be essentially independent of use-pattern much like conventional, gasoline fueled vehicles
and would be designed to meet specific exhaust emissions regulations, probably ULEV or lower.
This is the approach being taken in the Partnership for a New Generation Vehicle program
(PNGV).



After deciding whether the primary intent of the design is to minimize annual full fuel
cycle emissions or to minimize total energy useage, the next major design decision is whether to
utilize a series or parallel driveline. In a series driveline, all the torque to drive the vehicle is
applied to the wheels by the electric motor and the fuel is converted to electricity on-board the
vehicles by an engine/generator or a fuel cell. In a parallel drivetine, torque is applied to the
wheels by the electric motor or engine (or both if required) and the most of the fuel is used
directly to power the vehicle when the engine is operating. Either approach can be optimized to
meet emissions or energy useage objectives, but it is likely that it will be easier to minimize
tailpipe emissions using the series driveline and to maximize hybrid mode fuel economy using the
parallel driveline. Driveline designs that can be operated in a combined series/parallel mode have
been conceived and built (Reference I 1 ), but such designs are necessarily more complex, more
difficult to control, and more expensive than either a series or parallel driveline. In this study,
both series and parallel drivelines are analyzed and compared.

Selection of an engine for a hybrid-electric vehicle is influenced by whether the driveline
is to be a series or parallel design. The major difference is that for a parallel design the engine
must be capable of fast response (turn-on and turn-off) as the driver changes power demand and
the vehicle changes speed. Engines for series hybrid vehicles can be turned on and off as required
at a time and rate that is optimum for clean and efficient operation of the driveline system
independent of driver power demand. For these reasons, parallel hybrid vehicles will likely
utilize internal combustion engines (spark or compression ignition) and series hybrids can utilize
either internal or external combustion engines, such as the gas turbine or Stirling engines, or fuel
cells. Engines in a parallel hybrid also must operate clean and efficient over wider RPM and
power (torque) ranges than engines in a series hybrid, because in a parallel hybrid, the engine 
directly connected to the wheels of the vehicle and much of the time provides all the power.
Small engine size is important for all hybrid-electric vehicles, but is probably more important for
the parallel hybrid in which the engine must be positioned near the electric motor and transaxle
under the hood of the vehicle. Hence it appears that the engine requirements for parallel hybrid
vehicles are more demanding than for series hybrids and the engines types that are applicable are
fewer.

The next consideration in the design of the hybrid driveline is selection of the energy
storage unit. The energy density (WhNg) and power density (W/kg) requirements for this 
depend primarily on the all-electric range of the vehicle and the maximum power (kW) rating 
its electric motor/electronics. The requirements will be essentially the same for series and parallel
drivelines. The key parameter is the power density, (W/kg), especially for vehicles with a short
all-electric range. In those cases, the energy stored (kWh) is small and the storage unit is sized 
the power requirement unless its power density is greater than 1-2 kW/kg. Hence, except for
hybrid vehicles having relatively long all-electric ranges (> 25 miles), the energy storage unit must
be a pulse power device, such as a thin-film batter?,, ultracapacitor, or flywheel.



3.0 Fuels, Energy Usage, and Greenhouse Gas Emissions
Hybrid-electric vehicles can be fueled using reformulmed gasoline, diesel fuel, methanol,

natural gas, or hydrogen. [:or hybrid vehicles having energy storage units charged with elctricity
from the wall-plug, the electricity can be generated using coal, oil, natural gas, nuclear, or hydro.
The CO2 emissions for a particular vehicle design depend on the heating value and the
carbon/hydrogen characteristics of the fuel used in the vehicle and powerplant and the energy
usage (mpg and Wh/mi) of the vehicle.

For vehicles fueled with compressed natural gas (CNG), the hydrocarbon taitpipe
emissions contain primarily unburnt methane (CH4), which on a molecular basis is a more active
greenhouse gas than CO2 by a factor of 20-30. On a mass basis, 1 gm CH4 has the effect of
about 70 gmCO2. This is not a serious problem for natural gas fueled vehicles, because the
gm CH4/mi emissions are very small (less than 0.05 %) compared to gmCO2/mi that result from
burning the fuel in the engine. For a fuel of the chemical formula CxHyOz, the CO2gm/mi
emissions from the engine can be expressed as

gmCO2/mi=(FF)* 1/(mpg)gasolineequiv.* 120,600/(kJ/gm)fuei-LHV

The factor FF = 44"x/(12*x +y +16*z) follows from the stoichiometric combusion of the fuel 
CO2 and H20. The gmCO2/mi emissions corresponding to a fuel economy of 27.5 mpg gasoline
equivalent are given in Table 1. The values range from 308 and 321 gmCO2/mi for gasoline and
diesel fuel to 268 and 265 gmCO2/mi for natural gas and methanol. Hence vehicles fueled with
natural gas have about a 20% CO2 emissions advantage over those fueled with gasoline and
diesel fuel for the same fuel energy efficiency. Fuel ceils fueled with hydrogen, of course, have
zero tailpipe CO2 emissions, but as shown in Table 1, the fuel cycle CO2 emissions using
hydrogen can be high if the hydrogen is produced by reforming natural gas (Reference 27).
Hence both the fuel used and the equivalent gasoline mpg combine to determine the greenhouse
emissions of the hybrid vehicle.

For hybrid vehicles that are charged from the wall-plug, it is necessary to include the
CO2 emissions from the powerplant. The wail-plug electricity needed depends on the net
electrical energy from the battery (kWh/mi) and the battery and charger efficiencies. The energy
needed at the powerplant to supply the wall-plug electricity depends on the efficiencies of the
powerplant and the electrical distributions system. The resulting CO2 emissions are given by

gmCO2/mi = 3600*(FF)*(kWNmi)bat / (comb. effic. * (k J/gin)fuel)

The combined efficiency from primary energy at the powerplant to the battery terminals is only
about 21% for a 33% efficient powerplant, so that the CO2 emissions due to the use of
electricity in a hybrid-electric vehicle can be significant. A summary of information on CO2
emissions for various powerplant technologies is given in Reference 12. Selected results
calculated using the above equation for gmCO2/mi are summarized in Table 2. Note from the



table the large difference in the CO2 emissions from conventional coal and natural gas fueled
steam powerplants and the projected improvements in the efficiency and CO2 emissions from
advanced technology gas-fired powerplants in future years.

The total CO2 emissions for a hybrid vehicle are the sum of the tailpipe and power-plant
emissions.

gmCO2/mi = (gmCO2/mi) burnt fuel + (gmCO2/mi)elec.pp. + 65* (gmCH4/mi)

The tailpipe CH4 emissions are typically ten times the non-methane hydrocarbon emissions for
the vehicle. However, the resultant effective contribution to the greenhouse gases of the CH4
tailpipe emissions from a natural gas fueled vehicle is only a few percent.

4. Assessment and Characterization of Technologies for Hybrid-electric Vehicles
The first part of this study was an assessment of advanced technologies for hybrid-

electric vehicles, including small, energy efficient internal combustion engines and gas turbines,
fuel cells, pulse power batteries and ultracapacitors, and electric driveline components. In order
to perform computer simulations of hybrid/electric vehicles, it is necessary to assemble detailed
information on each of the components in their driveline. This information is used to prepare
the inputs for the simulation programs (SIMPLEV and AVTE (References 5,7)), which are 
to calculate the energy consumption and emissions of each of the vehicle designs.
Characterizations of the various driveline components are discussed in the following sections,.
The formats for the component information presented in this report are similar to that given
previously in References 13,14.

4.1 Engines and Emission Control
The key characteristics of an engine are its size and weight for a maximum specified

power rating and its fuel consumption and emission maps as a function of torque and RPM.
These characteristics vary over wide ranges for the different types of engines, which can be
considered for use in hybrid vehicles. Cost and fuel requirements are also important in assessing
engines for hybrid vehicle applications. The engines that could be considered for use in hybrid
vehicles are listed in Table 3a along with a qualitative assessment of their relative advantages and
disadvantages for use in series and parallel hybrid vehicles. As discussed previously in Section 2,
the external combustion engines (gas turbine and Stifling) are best suited for series hybrids for
which fast engine response is not essential. The internal combustion engines can be used in both
series and parallel drivelines and the continued improvements in these engines for use in
conventional vehicles will benefit hybrid vehicles as well. Research and development on gas
turbine and Stirling engines for automobile applications has been in progress for over twenty,
years (References 15-18). More recent work has begun to emphasize the development of these
engines for hybrid vehicles. Quantitative comparisions of the various engines are given in Table
3b.



In the vehicle simulations, the fuel useage and engine-out emissions are calculated over a
specified driving cycle from fuel consumption and emissons maps by summing the sec-by-sec
fuel use and emissions as the power demand varies over the cycle. The engine- out emissions are
then passed through a catalyst to convert the pollutants to CO2, H20, and nitrogen. Detailed
engine map data (assuming steady-state operation) are needed for these calculations (see
Appendix 1 for typical engine maps). More extensive engine data are needed to simulate parallel
hybrid vehicles than series hybrids, because the engine, in a parallel hybrid operates over a much
wider range of power and RPM. For series hybrids, the fuel consumption and emission
characteristics (gm/kWh) are needed only along an operating Iine as a function of power. The
operating line is selected to give the best combination of engine efficiency and low emissions.
For most of the simulation calculations, an electrically heated catalyst is assumed with the
catalyst operating at maximum efficiency at all times. The catalyst efficiencies were varied
according to engine type. Three-way catalyst systems for engines that operate very close to
stoichiometric air fuel ratio are very well developed and have conversion efficiencies for all the
regulated pollutants in excess of 95%. Catalysts for lean bum engines, like the diesel, are not
well developed and conversion efficiencies, especially for NOx, are much lower. The catalyst
efficiencies used in this study are given in Appendix 1. It should be noted that the emissions
calculated in the simulations do not include the effects of engine wama-up and power transients.
These effects can be minimized more easily for series that for parallel hybrid vehicles. Much
further analysis and testing is needed to assess the effect of system warm-up and transients on
the fuel economy and emissions of hybrid vehicles.

As might be expected, no single engine has characteristics that make it the clear choice for
use in hybrid vehicles. In general, the smallest and lighest engines (two stroke and rotary engines)
are not the most efficient and the cleanest (lowest emissions) and the most efficient (diesels) 
not the cleanest. The response of the different engines to sudden changes in power demand
varies considerably making some more suitable for series hybrids than for parallel hybrids and for
use with control strategies involving on/offengine operation. Hence engine choice requires a
complex set oftrade-offs, which are highly dependent on detailed engineering information and
data which are often not completely available. Even within a given engine type, designs can be
optimized to favor efficiency, emissions, or size/weight with special attention being given to the
particular operating mode (torque and RPM range) of series or parallel hybrid vehicles.
Unfortunately, not much work has been done as yet to optimize engines for hybrid vehicle
applications.

Much of the available information for automotive engines is for larger, higher power
engines than would be used in hybrid vehicles, which for most powertrain designs require
significantly smaller engines than conventional cars. Also, due to the proprietary nature of new
engine development and the reluctance of the automobile companies to release emissions data for
their systems intended to meet the various California low emissions standards, very limited
engine map data are available for most of the engine types of primary interest in the present
study and when available, the data are generaic in character rather than for specific engines. The



best source of engine data found was Reference 19, which contains fuel consumption and
emissions maps for both gasoiine and diesel fueled engines and discussions of advanced exhaust
emission treatment for those engines. Nevertheless, there is considerable uncertainty regarding
the engine emission characteristics given in Appendix l even for gasoline and diesel engines° For
alternative engines, such as gas turbine and Stirling, the availability of data is even more limited
and the uncertainity of emissions for those engines is even greater at the present time. Tile
uncertainty of the fuel consumption (bsfc) maps is much less than for emissions, but more
accuracy is required for the bsfc maps because the fuel economies of the various vehicle designs
are expected to vary over a much narrower range than for the emissions. Little hybrid vehicle
test data for fuel economy or emissions are available with which to assess the validity of the
simulation results.

4.2 Fuel Cells
Fuel cells can be utilitized in electric-hybrid vehicles as the means of converting chemical

fuel to electricity on-board. Rapid progress (References 20-22) has been made in the development
of fuel cells, especially Proton Exchange Membrane (PEM) fuel cells, for transportation
applications. This progress (see Table 4) has resulted in a large reduction in the size and weight
of the fuel cell stack and as a result, there is now little doubt that a fuel cell of the required power
(20-50 kW) can be packaged under the hood of a passenger car. The primary question regarding
fuel cells in light duty vehicles is presently how they will be fueled. The simplest approach is to
use high pressure hydrogen as has been done in the most successful bus demonstrations to date
(References 23,24). This approach is satisfactory for small test and demonstration programs, but
since the development of the infrastructure for using hydrogen as a fuel in transportation is likely
to be many years in the future, considerable work (References 25,26) is underway to develop fuel
processors (reformers) to generate hydrogen on-board the vehicle from various chemical fuels (ex.
methanol or hydrocarbon distillates). Most of the hydrogen used for industrial and
transportation applications is presently generated by reforming natural gas using a well
developed technolgy (Reference27). A promising approach to fuel processing to hydrogen on-
board the vehicle is direct oxidation of methanol within the fuel cell stack itself (References
28,29). When the technology for the efficient, direct conversion of a liquid fuel to hydrogen
within the PEM fuel cell is developed, the commercialization of fuel cells in light duty vehicles is
likely to occur rapidly.

If the engine/generator in the series hybrid vehicle is replaced by a PEM fuel cell using
hydrogen as the fuel, the regulated exhaust emissions (HC,CO,NOx) would be essentially zero°
If the hydrogen were generated from solar energy or biomass, the CO2 emissions would be only
those due to the hydrogen distribution and its compression into storage tanks on-board the
vehicle. If the fuel cell is fueled with hydrogen produced from natural gas, the full fuel cycle
emissions would include those generated by the production of the hydrogen at the natural gas
reforning plant and the distribution and compression of the hydrogen. If the fuel cell is fueled
using an on-board reformer and a petroleum-based fuel, the exhaust and CO2 emissions would be



non-zero and possibly more comparable to the case of hybrid vehicles using engines. However,
to evaluate the emissions for this case requires an in-depth analysis of fuel reformers, which was
not part of the present study. Hence in this study, only vehicles utilizing fuel cells fueled with
hydrogen produced from natural gas, solar PV, and biomass are considered. A summary of CO2
emissions for these processes for producing hydrogen is given in Table 5 based on information
taken from References 30 and 31o Note that the CO2 emissions depend markedly on the source
of the hydrogen.

For the hybrid vehicle simulations, the fuel cell can be modeied like either a battery, or an
engine. In the case of modeling like a batteD’, the fuel cell is described in terms of an open-circuit
voltage and a resistance - both being independent of state-of-charge. This approach is used to
determine the detailed current- voltage response of the fuel ceil much like is done for batteries or
ultracapacitors. When modeled as an engine, the efficiency of the fuel cell is determined as a
function of power fraction from test data (Reference 32) for a fuel cell stack. The efficiency
values are then used to calculate the brake specific fuel consumption (gin fuel/kWh) as a function
of power fraction for hydrogen or its gasoline equivalent. The effects of the auxilary loads for air
compression and humidification/cooling pumps are included by using an efficiency factor that is
power fraction dependent. The auxilary loads have the largest effect on the system efficiency at
low net power from the fuel cell, because the auxilary load can not be reduced proportional to
current at the small currents. For example, there is a minimum airflow that can be supplied by
the blower or compressor regardless of the air required by the fuel cell at stoichiometry ratios
(SR) near to I. The efficiency/fuel consumption and efficiency factor inputs used for the PEM
fuel cell simulations in this study are given in Table 6. These inputs are used to calculate the fuel
economy (mpg equivalent) of the fuel cell-powered hybrid vehicles discussed in later sections 
the report. For the fuel cell powered vehicles, it is assumed that the exhaust emissions are zero
using hydrogen as the fuel. The upstream CO2 emissions are then determined from the calculated
fuel useage for different sources of the hydrogen fuel (see Table 5). The fuel cell powered vehicle
designs considered in this study all utilize a battery to toad level the fuel cell and control
strategies that permit the fuel cell to operate at above a minimum power fraction (at least 20%) 
all times. This approach maximizes system efficiency and thus the fuel economy (mpg gasoline
equivalent) of the hybrid vehicle. In addition, it permits effective use of regenerative braking.

4.3 Pulse Power Energy Storage
For the successful development of electric-hybrid vehicle drivelines with mimimal all-

electric range, the availability of electrical energy storage components having high power peak
power capability (W/kg) and high round-trip energy efficiency is critical. The primary role 
the energy storage unit in such a hybrid vehicle is to provide high power during vehicle
accelerations and to recover energy during regenerative braking. The unit needs to store a modest
amount of energy (usually less than 1 kWh) and provide high power (50-100 kW). As shown 
Figure l, this results in peak power requirements for hybrid vehicles that are much higher than
for energy storage devices for electric vehicles. Puise batteries, ultracapacitors, and flywheels are



currently being developed to meet these performance requirements. Projected characteristics of
such devices are shown in Table 7. In the case of batteries and ultracapacitors, considerable test
data are available for laboratory devices and it appears likely that energy storage units meeting
the performance requirements for hybrid vehicles can be developed. For flywheels, the energy is
stored as mechanical energy in a high-speed rotor and electrical energy is put into and taken out
of the rotor through a motor/generator integral to the rotor shaft. This results in a rather complex
system (Figure 2) for which the energy and peak power densities of the system are much less
than that of the rotor alone. The proiection of the flywheel system characteristics are further
complicated by the need for a containment structure that can withstand possible failure of the
rotor (Reference 33,34). For these reasons, projections of the energy and peak power densities
of flywheels are considerably more uncertain than those of pulse batteries and ultracapacitors.
The primary uncertainties for pulse batteries and ultracapacitors are their calendar and cycle lilies.
Little test data are yet available for life cycle testing of these devices. The life of flywheels is
much less uncertain with the primary uncertainty being fatigue weakening of the composite rotor
material. Cost issues are important for all three types of pulse power devices with carbon
material costs being the key factor for both ultracapacitors and flywheels.

Modeling of the energy storage components for hybrid vehicle simulations is relatively
straightforward as all three devices can be treated in terms of an effective open-circuit voltage
(Voc) and a series resistance (R). At any state-of-charge (SOC), the voltage at the terminals 
the energy storage unit can be expressed as

V = Voc - I * R (I)
where I is the electrical current from the unit. For the pulse batteries, the open-circuit voltage
and resistance are determined directly from pulsed discharge and charge tests of the batteries.
The battery size is specified and scaled in terms of the cell Ah rating. For the ultracapacitors,
the open-circuit voltage is linearly related to state-of-charge ( V/Vo = SOC where Vo is the
maximum operating voltage of the capacitor) since the charge on the ultracapacitor is given as Q0
= C* V0 = Ah where C is the capacitance of the device. The energy stored is given by Eo =
1/2*Ah*Vo. The resistance of the ultracapacitor is determined from constant current tests
(Reference 35) of the device. As in the case of the batteries, the resistance of the ultracapacitor
will scale as 1/Ah.

The flywheel is often referred to as an "electromechanical battery", but in terms of
modeling, it behaves more like an ultracapacitor than a battery with its RPM tracking its SOC
like voltage does for an ultracapacitor. The moment of inertia (Ifw) of the rotor acts like the
capacitance of the ultracapacitor. The energy stored in the flywheel can be expressed as Eo =
1/2"( Ifw * RPMo)*RPMo where RPMo is the maximum operating RPM of the rotor.
Comparing the energy expressions for the flywheel and ultracapacitor, the angular momentum
(Ifw * RPM) is equivalent to the charge Qo on the ultracapacitor. Hence the RPM of the
flywheel corresponds to the voltage and the torque of the flywheel corresponds to the electrical
current of the ultracapacitoro Most of the losses in the flywheel system occur in the
motor/generator and the associated electronics so they can be expressed in terms of an effective



resistance (R fw,etT) related to the maximum efficiency and power of the system.

Rfw,eff = ((1- eff, max)/2* Vmax2)/Pmax (2)

where eff, max is the round-trip efficiency of the flywheel system at maximum power (Pmax) and
Vmax is the maximum output voltage of the system. The resistance calculated from Eq. (2) 
used in Eq.(1) to model the electrical characteristics of the flywheel system. The resultant
efficiency is a maximum at high power and high RPM and decreases at low powers and rotor
speeds (flywheel system voltages). Measurements of the efficiency of a protype flywheel
system at Lawrence Livermore National Laboratory are available in Reference 34.

The characteristics (open-circuit voltage and resistance as a function of state-of-charge) 
the pulse power devices are given in Tables 8-10. Characteristics are given for modules of each
type of device and the pulse power unit would consist of a number of modules in series to attain
the required operating voltage for the driveline. The modules are sized (Ah) to yield the energy
storage (Wh or kWh) needed in the unit. For the flywheel, a single module is used with the
required system voltage and equivalent Ah to store the required energy. The round-trip
efficiency (energy out divided by energy in) of the devices is dependent on their resistance.
Hence resistance becomes a key device characteristic for hybrid vehicle applications.

4.4 Electric Driveline Components
The drivelines for the electric-hybrid vehicles incorporate most of the same components

as electric vehicles. These include the motor, inverter, and control electronics and for hybrids
having a significant all-electric range, conventional electric vehicle batteries and an on-board
battery charger. In the case of a series hybrid, the driveIine would also include a generator (and
its control electronics), which is driven by an engine. All of these components are being
developed for electric vehicles and their characteristics are well established. The physical
characteristics (size and weight) of the electric motor and electronics are given in Table 11 
terms of specific volume and weight (liter/kW and kg/kW). It can be anticipated that the size and
weight of motor and electronic components for a given maximum (pulse) power rating (kW) 
continue to decrease with further development. This will make it less difficult to package the
hybrid driveline under the hood of the vehicle. Even using presently available electrical
components, the combined volume and weight of the motor and inverter are less than that of aa
engine of the same peak power. The efficiency of the motor, electronics, and generator are
important in determining the electrical energy useage and fuel economy of the hybrid vehicles.
The efficiency characteristics of these components are input into the simulations using maps of
efficiency as a function of output torque or power and rotational speed (RPM). These maps,
which are given in Appendix 2, are based on test data received from the manufacturers. Each of
the efficiency maps is for an existing unit having a specified power rating and maximum RPM.
For drivelines requiring different power ratings and RPM, the maps are scaled in terms of power
(or torque) and speed fractions.
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For hybrid vehicles with significant all-electric range (greater than 30 miles), the battery
pack can likely be sized to provide both the energy (kWh) for the range and the peak power
(kW) for acceleration. Hence, both the energy density (Wh/kg) and the peak power density
(W/kg) of the batteries used wilI have an important effect on the weight and volume of battery
pack. Depending on these characteristics and the vehicle performance specifications, the
battery pack will be sized by either the energy or the power requirement. For many hybrid
designs, the power requirement wili be the controlling factor° For hybrid vehicles with a short all-
electric range (less than 20 miles), special high power density batteries will be required to meet
the vehicle power requirements.

The battery types considered in this study are sealed lead-acid, nickel metal hydride, and
lithium-ion. The energy density and power characteristics of these batteries are shown in Table
12. The performance characteristics of these batteries are now reseasonably well-established.
What is much less certain are the cost and cycle life of the batteries. This is especially true for
battery designs and test cycles appropriate for hybrid vehcle applications, which require a large
number (several thousand) of partial discharge cycles at high average power. For the hybrid
vehicle simulations, the energy storage batteries are modeled in the same manner as the pulse
power devices - that is in terms of the open-circuit voltage and resistance as a function of state-
of-charge. The inputs (Voc and R vs. SOC) for the batteries used in the present study are given
in Appendix 3. The battery pack of specified voltage and energy storage (kWh) is configured
using a series string of modules having the required cell Ah capacity. The simulation program
automatically scales the module weight and cell resistance to reflect the difference in Ah capacity
between the required value and that oft.he module in the battery input data table. The
uncertainty in the characteristics of presently available energy storage batteries is relatively
small. It can be expected that the performance of batteries will continue to show modest
improvement in the next few years with further development.

S.O Design of Hybrid Vehicles
5.1 Design Specifications

The quantitative assessment of the energy usage and emissions of electric-hybrid vehicles
requires that simulations be performed for specific vehicle designs. These designs will
encompass a wide range of technologies for both the driveline and vehicle chassis and vehicle all-
electric range. This study is primarily concerned with determining the effect of vehicle size,
engine selection, and all-electric range on the full fuel cycle emissions of hybrid vehicles. The
acceleration, top speed, and gradeability of all the vehicles considered were essentially the same -
(1) acceleration from 0-I00 km/h in 12-13 seconds, (2) top speed of at least 120 km/h, and (3) 
gradeability of 96 km/h on a 6% grade. The driveline components in all the designs were sized to
meet these vehicle performance requirements. The key vehicle design paranaeter is all-electric
range since it has a large influence on the fraction of annual miles for which the hybrid vehicle
would be used in the all-electric and hybrid engine operating modes. Vehicle designs having
essentially zero all-electric range using ultracapacitors as the pulse power unit on one extreme and
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those having an all-electric range of 125 km (75 miles) on the other extreme were analyzed. I’he
effect of vehicle weight on the energy use and emissions was studied by comparing the simulation
results for designs using conventional steel and lightweight materials for the body and chassis.
All the vehicles used high efficiency, alternating current (ac) components in the driveline. The
efficiencies of the motor and electronics are typical of state-of-the-art components used in
electric vehicles currently being demonstrated by the large auto manufacturers in the United
States, Europe, and Japan. Designs were prepared using both gasoline and diesel engines in
otherwise identical vehicles in order to compare results with only the engines being different.

5.2 Driveline Configurations
A number of electric-hybrid drive configurations were considered in this study. The two

main categories are series and parallel (see Figure 3). Both configurations can be designed to have
a significant all-electric range. In those cases, it is assumed that the energy battery is charged
from the wall-plug almost daily. For a parallel hybrid vehicle having a significant all-electric
range and the same acceleration capability in the all-electric and hybrid modes, the electric motor
must have the same power rating as that in the comparable series hybrid. If maximum
acceleration performance is achieved only in the hybrid mode using both the engine and motor for
torque, the electric motor in a parallel hybrid can be smaller. For the series hybrid vehicles,
electricity is generated on-board the vehicle using either an engh~e/generator or a fuel cell.

5.3 Vehicle Designs Selected
Two vehicle types were considered in this study. One was a mid-size passenger car (ex.

Ford Taurus) built using 1995 steel body/chassis technology and the other a compact passenger
car (ex. Honda Civic) built using a light-weight aluminum or composite body/chassis. These
vehicle types represent two extremes in vehicle design and the fuel economy and emissions
projections for them can be considered limiting cases for the various driveline technologies. The
weight breakdowns for the vehicles were taken from Reference 36, where a set of hybrid vehicles
that included the two vehicle designs considered in this study were analyzed.

Simulation runs were made for both vehicle types using sealed lead-acid, nickel metal
hydride, and lithium-ion batteries and carbon/organic electrolyte ultracapacitors. The batteries
were sized to yield all-electric ranges between 32 km and 125 km to 75% depth-of-discharge.
The vehicles utilizing ultracapacitors were assumed to have zero all-electric range for purposes of
evaluating energy useage and emissions. It was verified using simulations that all the vehicle
designs of both types had 0-96 km/h acceleration times of 12-13 seconds and gradeability of 96
krn/h on a 6% grade.

Table 13 describes the vehicle characteristics and the driveline configuration and
component ratings for each of the vehicles. Each vehicle and batter3’ combination was evaluated
for at least two engine types and a fuel cell. The appropriate fuel is used for each engine and the
fuel cell. Some designs using ultracapacitors as the pulse power units have also been evaluated.
Simulations were run for each of the vehicle designs for a number of driving cycles and driveline
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control strategies. The power and energy storage requirements for the different driving cycles
vary significantly and the component characteristics given in Table 13 permit the vehicles to
operate over the most demanding of the cycles. The control strategies (to be discussed in Section
6.2) are such that they can be adapted to the various vehicle designs and driving cycles.

6.0 Vehicle Simulations
6.1 Approach and Simulation Programs

The hybrid vehicle simulation results are the basic inputs used to calculate the energy use
and full fuel cycle emissions of the vehicles. Hence it is important that those results be as
realistic as possible and reflect systematic changes in vehicle design and component operating
characteristics as well as the effects of different control strategies and driving cyleso Two hybrid
vehicle simulation programs - SIMPLEV and AVTE - were used in this study. The SIMPLEV
program (Reference 5), which was developed at the Idaho National Engineering Laboratory in the
early 1990s, has been used over the last several years to perform simulations of electric and
hybrid vehicles that incorporate advanced vehicle and drivel ine technologies (References 37,38).
The results from SIMPLEV for electric vehicles have been well validated using dynamometer test
data for a number of vehicles and driveIine technologies (References 39-41). There has not been
appropriate test data available to validate the SIMPLEV results for hybrid vehicles. The AVTE
program is a relatively new simulation program whose development was started at the National
Renewable Energy Laboratory (NREL) in 1994 as the ADVISOR program. Modification and
further development of the ADVISOR program has taken place at the University of California,
Davis (UCD) over the last year as part of a contract with NREL to model driveline components
for hybrid vehicles (Reference 42). The UCD version of the ADVISOR program (referred to 
AVTE) was used in this study.

Results for electric vehicles obtained using the AVTE program at UCD have been found
to agree well (within a few percent) with those obtained using SIMPLEV and with dynamometer
test data. Results for hybrid vehicles obtained using AVTE have also compared well with
calcuated results from SIMPLEV and test data for the UCD AflerShock and Future Car hybrid
vehicles (Reference 43). The component modeling and generaic control strategies are much the
same for the two simulation programs. The primary difference between the two programs is that
the AVTE program uses complete engine maps (gin/kWh vs. torque and speed), while SIMPLEV
describes the engines in terms of an operating line (gin/kWh vs. power fraction). The simpler
SIMPLEV approach is reasonable for series hybrids, but not for parallel hybrids. A second
important advantage of the AVTE program in the present study is that it is written using
MATLAB/SIMUL1NK software and the program can be easily altered to reflect new
technologies and more complete understandings of hybrid vehicle operation. The source code for
SIMPLEV was not available to UCD and hence, changes could not be made to that program as
desired.

In the present study, most of the results presented for series hybrid vehicles were
obtained using SIMPLEV and those for parallel hybrids were obtained using AVTE. This was
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done for several reasons. First, the AVTE program is still under development and as yet, is not
as user friendly as SIMPLEV. Second, the SIMPLEV program files include a wider range of
driving cycles at the present time In the case of parallel hybrids, however, it was found during
the course of the study that the AVTE program was fundamentally more accurate than "
SIMPLEV for parallel driveline configurations. It is anticipated that for future hybrid vehicle
studies at UCD, the AVTE program will become the principal simulation tool as more and more
features are added to it that are not available in SIMPLEV

6.2 Driving Cycles
It is well-known that the energy useage and emissions of conventional ICE and electric-

hybrid vehicles are strongly dependent on how the vehicles are driven (speed, acceleration, stop-
start frequency, grades, etc.). These effects can be evaluated for various vehicle designs by
performing the simulations for different driving cycles. Most simulations to date have been done
for the Federal Urban Driving Schedule (FUDS) and Federal Highway Driving Schedule
(FHWDS). The Federal and California emissions standards and Corporate Average Fuel
Economy (CAFE) standards are set using these driving cycles. It has been recognized by both
the EnvironmetaI Protection Agency (EPA) and the California Air Resources Board (CARB) 
those driving cycles do not adequately represent the manner in which light duty vehicles
(passenger cars and trucks) are actually driven in urban areas. Hence there has been considerable
work (References 44-46) done to develop additional driving cycles, which better represent actual
use of the vehicles° Information on driving cycles was recieved from CARB (Reference 46) for
use in this study. A summary of the various driving cycles is given in Table 14. Speed vs. time
plots of several of the cycles are shown in Fgure 4. These cycles are based on following actual
cars in traffic on the freeways and arterials in California. None of the new cycles is in official
use as yet to set emissions and fuel economy standards, but they do represent the current
thinking at CARB relative to real world use of vehicles under various driving condi~ons.

The driving cycles shown in Table 14 have been input into SIMPLEV and simulations run
for a number of the electric-hybrid vehicle designs. Since the average speed and maximum power
reqmrements of the different cycles vary widely, it can be expected that energy useage and
emissions calculated for the various cycles will also show significant variation. The simulation
results and the full fuel cycle emissions for the different driving cycles will be compared with
those using the conventional FUDS and FHWDS cycles in later sections of the report.

6.3 Control Strategies

6.3.1 Control Strategies for Series Hybrid Vehicles
In general, the intent of the control strategy is to maintain the state-of-charge of the

energy storage unit within a prescribed range regardless of the driving cycle and the resultant
power demand on the driveline. This should be done such that the on-board electrical generator
(engine/generator or fuel cell) is operated at high efficiency and low emissions This is done more
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easily when the energy storage capacity, is reasonably large as with a baiter5’ than when it is small

as using ultracapacitors. The strategy used for vehicles having a significant all-electric range is to
discharge the battery to a prescribed state-of-charge (20-30%) and then to turn-on the engine 
maintain the battery within 10-20% of that condition. Electrical energy is generated at a rate
slightly greater than the average power demand of the vehicle to account for losses associated
with storing the energy. In the case of an engine/generator, a minimum power level is set such
that the engine never is operated below it. Proper selection of this minimum power can have an
important effect on fuel economy. When the battery charge reaches the maximum permitted, the
engine is turned off and it remains offtmtil the battery state-of-charge falls to the engine turn on
state-of-charge. When the series hybrid is operated in this mode, it is termed a charge depleting
hybrid. If the battery is maintained at a high state-of-charge (80%), it is termed a charge
sustaining hybrid and the batter?," is seldom recharged from the wall-plug.

The average power requirement is calculated by time-averaging the electrical power to the
electric driveline. The time period for the power averaging is a system design parameter, which is
usually set between 30 and 120 seconds. Selection of the time averaging parameter is not critical
for systems with large energy storage. It is more critical for systems using ultracapacitors or
flywheels, because in those cases, if the state-of-charge of the pulse power unit falls below a
critical value, the maximum power of the system must be reduced and the vehicle might not be
able to follow the driving cycle. For driving cycles having periods of high peak power,
averaging times of less than 30 seconds may be needed to keep the pulse power unit at an
acceptable state-of-charge. For series hybrids, the engine and generator output power can be
changed relatively slowly without compromising vehicle performance and driveability. This
permits the engine to be turned-on and off in an optimum manner that minimizes emissions and
wasted fuel. Hence the control strategies for series hybrid vehicles are relatively simple and can
be expected to have a minor effect on vehicle driveability.

6.3.2 Control Strategies for Parallel Hybrid Vehicles
The control strategies for parallel hybrid vehicles are more complicated than those for

series hybrids primarily because they are dependent on both vehicle speed and energy storage
unit state-of-charge and should include a criteria for splitting the driveline torque between the
engine and the electric motor. In general, the intent of the strategy is to permit the electric motor
to provide the torque if it can at vehicle speeds below a prescribed value and permit the engine to
provide the torque at higher speeds. If the vehicle is operating in the all-electric mode, the motor
provides the torque and the engine is not turned on regardless of the torque demand or vehicle
speed. Since the all-electric range of a hybrid vehicle is usually less than 80 kin, operation of the
vehicle should change sutomatically to the hybrid mode when the all-electric range is exceeded.
The control strategy in the hybrid mode can be either charge sustaining or charge depleting. In
the case of charge sustaining, the battery state-of-charge is maintained at a near constant value by
a control strategy using electrical energy produced by the engine and the motor acting as a
generator and consequently little eleectrical energy is used from the wall-plug. For the charge

15



depleting case, the control strategy permits the battery state-of-charge to decrease as the vehicle
is driven and the battery is then recharged from the wall-plug at night. Parallel hybrids usually
have a multi-speed transmission so the control strategy must also include a gear shifting algorithm
that depends on whether the motor or engine or both are producing torque. A continuously
varable transmission (CVT) would be particularly attractive for use in a parallel hybrid drivelline
(Reference 47).

In order to achieve high fuel economy with a parallel hybrid, it is necessary to minimize
engine operation below some minimum engine torque (or effective throttle setting) where the
engine bsfc is relatively high and to manage engine turn on and offcareful[y to minimize
emissions and wasted fuel. In urban driving (such as on the Federal Urban Driving Schedule), the
control strategies often result in the engine being turned on and off frequently as the vehicle
speed and power demand vary rapidly in stop-and-go driving. The effects of this on-off engine
operation on fuel usage and emissions for the parallel hybrids are neglected in the present
simulations, so further analysis and vehicle testing is needed to determine whether the high fuel
economy and low emissions projected for parallel hybrids can be attained in practice for actual
vehicles having good dfiveability. The control strategies for parallel hybrids are necessarily more
complex than those for series hybrids and the uncertainty in the simulation results for parallel
hybrids are greater.

6.4 Simulation Results

6.4.1 Summary Tables
A large number of simulation runs were performed for the vehicles shown in Table 13.

Runs were made for all the vehicles on the FUDS and FHWDS and for some of the vehicles on
the other driving cycles (Table 14). Runs were made for most of the electric-hybrid vehicles 
both the all-electric and hybrid operating modes. For vehicte designs having no significant all-
electric range, such as those using uttracapacitors, simulations were made for only the hybrid
operating mode. Simulations were also run for several pure electric vehicles (battery only - no
on-board electricity generation) to obtain electrical energy use values for the calculation of ZEV
full fuel cycle emissions. Most of the hybrid vehicles simulated utilized a series driveline
configuration, but some runs were made for vehicles using a parallel configuration for purposes of
comparing vehicles with series and parallel hybrid drivelines. Most of the simulations were done
using engine/generators, but some runs were done with hydrogen-fueled fuel cells for on-board
electricity generation for comparison with the engine-powered hybrid vehicles. In all cases,
comparisons involving different driveline technologies were made for the same basic vehicle
designs ( weight and road load). The fuels used for each simulation were those appropriate for
the engine or fuel cell utilized in the driveline of the vehicle. The major effects of the different
fuels were on the upstream emissions resulting from the consumption, distribution, and
production of the fuel. Data on the effect of fuel type on the engine maps were not available.
For example, the detailed maps using natural gas as the fuel in spark ignition engines were not
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available for comparison with maps for similar engines using gasoline as the fuel.
A summary of the simulation results for the mid-size (5-passenger) car designs using steel

construction and for the small (4-passenger) cars using light-weight materials is given 
Appendix 4. For each design, the electrical energy use (Wh/mi) and range (mi) to 75% depth-of-

discharge (DOD) for all-electric operation and the fuel economy (miles per gallon) and HC, 
and NOx emissions (gm/mi) for hybrid operation with an engine/generator or fueI celI are given.
Appendix 4 contains the vehicle inputs on which the emissions and energy use calculations
discussed in subsequent sections are based°

6.4.2 Comparison of Simulation Results for Conventional, Electric, and Hybrid Vehicles

Mid-size (5/6 passenger) Cars
Selected simulation results for mid-size hybrid cars (5-passengers) using port injected

gasoline engines are given in Table 15. This is the size car that is being developed in the PNGV
program. The weight of the hybrid vehicles analyzed was only slightly less than that of stock
passenger cars of that class in 1997, but the aerodynamic drag coefficient and tire rolling
resistance were significantly reduced. The fuel economy results for the hybrid vehicles indicate
that large improvements in fuel economy and thus also CO2 emissions can be attained with series

hybrid drivelines even using gasoline engines for on-board electricity generation. This
improvement is due both to the hybrid driveline and reductions in weight and road load. Hence,
it is of interest to determine the improvement due to the hybrid driveline alone. In order do this,
hybrid vehicle simulation runs were made using the same weight and road load characteristics as

found in the 1997 passenger cars. The fuel economies of the conventional ICE passenger cars for
1997 are published in the EPA Fuel Economy Guide (Reference 48). Note that the measured fuel
economy for each of the vehicles listed in the EPA Guide was decreased by 10% for the FUDS
cycle and 22% for the highway cycle to make the published values agree more closely with real
world driving. Hence for comparison with the calculated hybrid vehicle fuel economies, the
published EPA fuel economy values have been corrected back to the measured values (Table 16).
Comparisons between the hybrid and conventional vehicle fuel economies are shown in Table
17. For the FUDS cycle, the series hybrid vehicle with the gasoline engine has 50% higher fuel
economy than the 1997 mid-size car of the same weight and road load. For the Federal Highway
cycle, the hybrid car has only about 10% higher fuel economy than the 1997 mid-size car. The
exhaust emissions of 1997 passenger cars meet the California TLEV (Transitional Low Emission

Vehicle) standards - .125 grldmi NMOG, 3.4 gm/mi CO, .4 gngmi NOx. The simulation results
(Table 15) for the exhaust emissions in the hybrid mode for the series hybrids using gasoline
engines indicate that it should be possible to meet the ULEV emission standards of .04 gm/mi
NMOG and 1.7 gm/mi CO, but that meeting the NOx standard of .2 gm/mi with the three-way
catalyst will be more difficult (require a very high conversion efficiency catalyst), because the

smaller engines used in the hybrid vehicle operate much of the time at high power fractions.
The exhaust emissions in the all-electric mode are, of course, zero, but there are CO2



emissions generated at the electrical powerplant. The powerplant emissions - gmCO2/kWh
depend on the technology and fuel used at the powerplant. The electrical energy use at the wall-
plug depends on the energy use of the car (kWh/mi) and the battery and charger efficiencies.
The battery efficiencies depend on the type of battery used in the car and the average depth of
discharge at which charging is started. The energy use and CO2 emissions for the mid-size
vehicle design in the all-electric mode using several battery types are given in Tables 18. The
CO2 emission calculations were done assuming an average powerplant emission of 505
gmCO2/kWh. The all-electric FUDSWay emissions vary from about 110 gm CO2/mi for fithum
ion batteries to 150 gmCO2/mi for lead acid, and 210 gmCO2/mi for nickel metal hydride
batteries. The primary reason for the differences in the CO2 emissions of the various batteries
are differences in their overcharge characteristics. The corresponding CO2 emissions for mid-size
ICE passenger cars in 1997 are 380 gmCO2/mi on the FUDS cycle and 235 gmCO2/mi on the
Federal Highway cycle.

Compact (4-passenger) Cars
Selected simulation results for compact (4-passenger) hybrid cars using port injected

gasoline engines are given in Table 19. These are relatively small cars having a test weight of 800
kg (1760 lbs) using either aluminum or composites in the vehicle structure and body panels 
reduce the weight. The corresponding conventional cars with similar weight in 1997 are
subcompacts like the Geo Metro. The 1997 subcompact cars have a higher drag coefficient and
roiling resistance than used for the hybrid, but the hybrid has a larger frontal area because it is a
larger, compact vehicle. The fuel economy of the 1997 Geo Metro are shown in Table 17 for
comparison with the corresponding values for the small, light-weight hybrid vehicles using a
gasoline engine. The small hybrid car has a fuel economy of 74 mpg and CO2 emissions of 114
gm/mi. The fuel economy improvement is 65-75% on the FUDS cycle and 35-55% on the
HiWay cycle. The CO2 emissions are corresponding lower for the hybrid vehicle. The
calculated values of the regulated exhaust emissions of the small hybrid car with the gasoline
engine are well below ULEV indicating it should be possible to meet the ULEV standards with a
three-way catalyst. The CO2 emissions for the small vehicle as a 100 mile range, battery-
powered EV are shown in Table 20 for powerplant emissions of 500 gmCO2/kWh. For lithium-
ion batteries, the CO2 emissions are 70 gm/mi for the FUDS and Highway cycles. For lead-acid
and nickel metal hydride, the CO2 emissions are 100 and 130 gmCO2/mi, respectively. The
corresponding CO2 emissions for the conventional subcompact passenger cars in 1997 are 220
gmCO2/mi on the FUDS cycle and 170 gmCO2/mi on the Highway cycle.

Comparison of Series and Parallel Hybrid Vehicles
Calculations were made with the AVTE simulation program to compare the fuel economy

of the mid-size and compact hybrid cars using series and parallel hybrid drivelines. Simulations
were run for each vehicle type on the FUDS and Highway cycles using the same weight, road
load parameters, and driveline components (electric motor/electronics, batteries, and engine).
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Calculations were done for the gasoline engine. Charge sustaining and charge depleting control
strategies were utilized for the parallel hybrids and only charge sustaining for the series hybrids.
The results of the calculations for fuel economy (miles per gallon gasoline equivalent) are given 
"Fable 21. For the charge depleting hybrids, the energy use is expressed as gasoline equivalent
fuel economy at the powerplant, which is calculated from the sum of the gasoline used by the
engine/generator and the gasoline (source energy) that would be needed at the powerplant 
generate the electricity required to recharge the battery. The fuel economy results shown in
Table 21 indicate that the charge depleting parallel hybrids are 12-15% more efficient than the
charge sustaining series hybrids for combined city and highway driving using the gasoline engine,
but the difference is only 2-3% for vehicles using the swirl chamber diesel engine. The
differences between the parallel and series hybrid cases are essentially the same for the city and
highway driving cycles. For the parallel hybrids, the fuel economy of the charge depleting hybrid
was only 1-2 % greater than that of the charge sustaining hybrid. Hence the effect of the
driveline configuration (parallel vs. series) was larger than the effect of control strategy ( charge
depletion vs. charge depleting). It should be noted that these conclusions are to some extent
dependent on powerplant efficiency and the battery and charger efficiences. The values of these
parameters used for the present calculations are shown in Table 21.

Comparisons of Hybrid Vehicles using Batteries and Ultracapacitors
The effect of the characteristics of the energy storage unit on the fuel economy and thus

the CO2 emissions of a series hybrid was investigated by performing SIMPLEV simulations of
hybrid vehicles using batteries and ultracapacitors to load level the engine/generator. Simulations
were run for the FUDS and Highway cycles as well as several of the more demanding other
driving cycles being considered by EPA and CARBo Runs were made for vehicles using 48 and
24 Ah/cell nickel metal hydride batteries and 3V, 2400 F ultracapacitors. The all-electric range of
the vehicles using the batteries were 60 miles and 30 miles, respectively. Comparisions of the
fuel economies of the various vehicles are given in Table 22. For the same driving cycle, the
vehicles using ultracapacitors have consistently higher fuel economy than those using batteries.
Part of this improved fuel economy with ultracapacitors is due to the lighter weight of the
vehicles with the ultracapacitors, but most of the improvement is due to the lower resistance and
thus, the lower losses associated with storing and extracting energy from the ultracapacitors. The
differences in fuel economy are greatest for demanding driving cycles such as the UC-92 and the
ART 14. In addition, the advantage of the ultracapacitors becomes most significant when
compared with the designs using the small 15 Ah battery which has the highest resistance. In
those cases, the fuel economy advantage of the vehicles using ultracapacitor ranges from 17% for
the FUDS to 32% for the UC-92 cycle. On the Highway cycle, the fuel economy differences are
less than 5%. These results (Table 22) indicate that fuel economy in hybrid vehices can 
significantly influenced by the losses (resistance) of the energy storage devices used in the
driveline.



7.0 Vehicle Use-Patterns
7.I Types of Driving

In the real world, passenger cars are driven for a variety of reasons and between many
starting and final destinations. This driving is done in the city and the suburbs on arterials and
freeways and between cities and towns on two-lane and four-lane inter-state highways. The
length of the trips involved vary from a few miles or less to hundreds of miles in a day. The
average speed and the way in which the speed changes with time for the different types of trips
vary markedly. This means that a single or even two driving cycles are inadequate to describe the
general use-pattern of cars. Various cycles (speed vs. time) that have been proposed to account
for different types of driving have been discussed previously in Section 6.2. Hence, to
realistically assess the average annual energy use and emissions from electric-hybrid vehicles is
not a simple matter and the variations in the use of the vehicles must be taken into account in a
systematic manner to make meaningful comparisons of the full fuel cycle emissions of various
electric-hybrid vehicle designs.

In terms of vehicle use-patterns, the primary focus in this study has been on city and
suburban driving and not on long distance inter-city travel. It is for those areas that the operation
of electric-hybrid vehicles is highly use-pattern dependent for a particular design. Operation of
hybrid vehicles for inter-city trips will be primarily on the engine/generator or fuel cell and the
energy use (mpg) is primarily dependent on average speed and can be described in terms of 
simple, nearly constant speed driving cycle. In addition, except for CO2, emissions are of much
less importance for inter-city travel than for city driving.

For urban driving, it is convenient to divide the total miles driven into travel to and from
work and that for all other purposes. The work travel for a particular car owner varies little from
day to day while the all-purpose travel tends to be random varying significantly from day to
day. Information on daily individual travel to and from work and random all-purpose travel can
best be described in terms of statistics. Data from which these statistics can be derived have been
collected for California to a limited extend by State (References 49,50) and for the United States
by the US Department of Transportation (References 51,52). General methods for using these
statistics to analyze the use-patterns of electric and hybrid vehicles are presented in Reference
53,54. Discussions of the application of these methods in the present study are given in the
following sections.

7.2 Annual Mileage
A key consideration in determining the use-pattern of a particular car is the annual mileage

that the vehicle is driven annually. Of particular interest is the annual miles driven in the urban
area - that is in the city and suburbs. The total urban miles driven are the sum of the work travel
and all-purpose trip travel. The work travel miles can be determined simply from the distance
that the car owner lives from his/her place of employment. All-purpose travel miles vary greatly
for different car owners and is in fact a key distinquishing factor determining the effect of use-
pattern on annual emissions and energy use of electric-hybrid vehicles. As discussed in the next
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section, the all-purpose travel miles are assumed to be driven in a random manner and [ead to
well defined daily travel statistics.

7.3 Daily Travel Statistics
The random daily (all-purpose) travel statistics of a particular car owner can be presented

in terms of the cumulative probability distributions shown in Figures 5 and 6. The probability
distributions indicate the fraction of the days that the car owner travels a total of "x" miles or
less and the fraction of the annual random miles traveled on days on which he/she travels "x"
miles or less. Note that the distributions shown are strong functions of annual mileage. In
principle, these distributions should be determined from data obtained from detailed surveys of
[arge numbers of car owners concerning how they use their cars. Unfortunately, such data do
not currently exist and it is necessary to determine the distributions by calculation based on trip
number and trip length statistics for which there are some data. The procedures for calculating
the distributions shown in Figures 5 and 6 are given in detail in References (53,54).

7°4 Calculation of the Use-Pattern
In order to utilize the simulation results given in Section 6.4 to determine the energy

useage and the full fuel cycle emissions of the electric-hybrid vehicles, it is necessary to calculate
the miles per year that the vehicle is operated in the all-electric and hybrid modes. The
calculation requires as inputs the all-electric range (EVR) of the vehicle, the distance (RTWD)
that the owner travels to/from work each day, and the total annual random mileage (ANRM) 
urban driving. The calculation procedure is as follows: (I) determine the maximum
random daily travel (MXRT) for which the vehicle can be operated in the all-electric mode,
MXRT = EVR - RTWD, (2) using the annual random mileage (ANRM), enter Figures 5 and 6 
MXRT arid find the fraction of days (DO and fraction of miles (Mr) for which random daily
travel is less than MXRT, (3) the days per year for all-electric operation is Df’365 and the
random miles traveled on those days is Mf*ANRM, (4) partial all-electric operation will occurs
on (1-Df)’365 days up to a range of MXRT for a mileage of (1-Df)*365*MXRT, (5) the 
travel is all-electric if the range is greater than RTWD for a mileage of 5’ 52* RTWD, (6) the total
mileage for all-electric operation (TEOP) is then TEOP = Mf*ANRM + (I-Df)*365*MXRT 
5*52*RTWD, (7) the mileage in hybrid operation (THOP) is THOP = AMRM - TEOP.

An EXCEL spreadsheet was written that implements the calculation procedure outlined
above for the calculation of the electric and hybrid mode mileages. As inputs to that spreadsheet,
the cumulative probability curves for Dfand Mfwere curvefit for annual mileages of 4300,
7500, and 10400 miles. Results obtained using the spreadsheet are shown in Table 23 for the
three annual mileagesof random driving and associated roundtrip work travel distances.
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8.0 Energy Use and Exhaust Emissions

8.1 Energy Use (Fuel and Electrieity)
In general, an electric-hybrid vehicle uses both a chemical fuel (gasoline, diesel oil, natural

gas or hydrogen) and electricity from the wall-plug. Hybrid vehicles can be designed and/or
operated such that they use only a chemical fuel. In that case, the state-of-charge of the energy
storage unit is maintained in a relatively narrow range using electricity generated on-board the
vehicle and it is never recharged from the wall-plug. This mode of operation is termed - charge
sustaining and nearly all hybrid designs can be operated in that mode with the proper choice of
system control strategy. However, for hybrid vehicle designs with a significant all-electric range,
the total energy use (fuel plus electricity) can be less in a charge depleting mode, in which wall-
plug electricity is used to recharge the battery, than in the charge sustaining mode in which the
battery is recharged on-board the vehicle using fuel. Whether or not this is the case depends on
the efficiencies of the battery charger and the battery (charge/discharge) and the efficiency 
the powerplant at which the electricity is generated as well as the average efficiency of the engine.
The exhaust emissions of the charge depleting hybrid are expected to be lower on an annual basis

than those of the charge sustaining hybrid, because a significant fraction of the driving is done
using wail-plug electricity rather than fuel. It is for this reason that the California Air Resources
Board prefers hybrid designs having a significant all-electric range and operation of the vehicle in
the charge depleting mode.

The fuel and electricity use are calculated from the fuel economy (mpg), electrical energy
consumption (Wh/mi), and the miles per year that the vehicle is driven in the all-electric and
hybrid modes. These calculations have been implemented in a series of EXCEL spreadsheets
using the vehicle simulation results given in Appendix 4 as inputs. Calculations for charge
sustaining and charge depleting operation of the hybrid vehicle designs can be made using the
spreadsheet by simply setting a flag in the input.

8.2 Exhaust Emissions
The annual average exhaust emissions are those vehicle emissions (HC, CO, and NOx)

resulting from the operation of the engine and are directly proportional to the miles driven in the
hybrid mode. These emissions, termed "running emissions", are calculated directly from the
vehicle simulation results (grn/mi). The hybrid vehicles have zero exhaust emission when driven
in the all-electric mode. The evaporative and refueling emissions are included separately as
"upstream emissions" along with the emissions from the generation of the electricity at the
powerplant. The "total" fuel cycle emissions, including CO2, can also be calculated for each of
the vehicle designs using the EXCEL spreadsheet.

8.3 Energy Use and "Running" Emissions for the Various Hybrid Vehicle Designs
The annual fuel and wall-plug electricity use and the "running" emissions for a number of

mid-size electric-hybrid vehicle designs using various engines are shown in Tables 15, 25-29 for
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different driving cycles, use-patterns, andcontrol strategies. A complete set of spreadsheet runs
for all the vehicle designs is given in Appendix 5. "[’he code ibr identii~,ing the vehicle type (first
column in the Tables 25-30) is given in Table 24. The spreadsheet "macro" has the capability to
select a subset of the many possible cases based on user designated values in the code (see the
"selection criteria" in the tables).

The large effect of all-electric range on the fuel use and armuai average running (exhaust)
emissions of charge depleting hybrid vehicles (those charged from the wall-plug) is evident in the
Tables 15, 26-28. For the base case (7500 miles random travel and 15 miles work travel), the
average HC, CO, and NOX exhaust emissions (grrdmi) decrease rapidly as the all-electric range 
increased from 30 miles to 60 mile. For all-electric ranges greater than fifty miles, the annual
average exhaust emissions can be much less than the ULEV standards even for vehicles having
hybrid mode emissions that are above the ULEV standard, if the vehicle is consistently used in
the charge depleting mode with the battery being charged from the wall-plug. The large
differences between the exhaust emissions from hybrid vehicles in the charge sustaining and
charge depleting modes are evident from comparing Table 15 with 27 and Table 25 with 26. In
the charge sustaining mode, the engine is operating a large fraction of the time and the exhaust
emissions are much higher unless the vehicle meets ULEV or lower standards when operating in
the hybrid mode. Designs using a gasoline engine have relatively low emissions (Table 27)
because of the high conversion efficiency (>95%) of the three-way catalyst for all three regulated
pollutants. The advanced engines (Tables 25,26 and 28) have higher NOx emissions than the
gasoline engines. All the engines have low HC and CO emissions and can be designed to meet
very low HC and CO emissions if required by the regulations. The major advantage of the
advanced engines is that they are mare efficient and vehicles using them have higher fuel
economy. In other respects, the port injected gasoline engine is a good choice for hybrid vehicles.

CO2 emission values for the hybrid vehicles are meaningful only if they include both the
chemical fuel used and the electricity used to recharge the battery. Hence the low exhaust CO2
emissions of hybrid vehicles with long all-electric range are not meaningful and comparisons of
charge sustaining and charge depleting hybrids must be done in terms of total emissions including
both the exhaust (running) emissions and the upstream powerplant emissions. This is done in 
later section.

8.4 Off-cycle Emissions
The exhaust emission and fuel economy standards for light duty vehicles are given in

terms of the Federal Urban (FUDS) and Highway (FHWDS) driving schedules. Hence most 
the results discussed in previous studies of hybrid vehicles have considered only those driving
cycles. Considering only results for the two Federal Driving Cycles does not show the complete
picture of hybrid vehicles as it is well known that a significant fraction of vehicle operation
occurs at conditions not included on those cycles and that the exhaust emissions are higher and
the fuel economy is lower on other driving cycles which may be a better representation of how
cars are operated in the real world.
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In driving the FUDS and FHWDS cycles on the dynamometer, the engine in the vehicle
operates over only a portion of its total range of torque and RPM and does not experience all of
the transient conditions that it will experience in actual on-the-road driving. The vehicle systems
(engines, transmissions, and exhaust control systems) are designed and calibrated such that the
vehicles meet the emission standards for the regulated emissions on the FUDS cycle and little
attention is given to emissions at conditions that are not experienced on the cycle. As discussed
in References (55-57), there are engine/vehicle operating conditions that are experienced relatively
frequently in real driving that can result in high emissions that are not accounted for in the
emission standards. These operating conditions generally occur at high speed and high power
during more rapid accelerations and decelerations than are required on the FUDS cycle. Time
spent in these operating conditions is often short (several seconds), but the emissions (gm/sec)
can be very high resulting in a significant contribution to the actual emissions from the vehicle in
actual use. These emissions are often referred to as "off-cycle emissions", because they do not
occur at operating conditions that need to be controlIed to meet emissions measured on the FUDS
cycle. As noted previously, one of the reasons for the development of the various new cycles
(Table 14) by EPA and CARB was to force engine operation and thus emissions control at higher
power levels and speeds than on the FUDS cycle.

This study was not concerned with "off-cycle" emissions by the conventional definition
(References 55-57), but simulations were made using driving cycles other than the two Federal
cycles. As shown in Table 25-30, the fuel economy and emissions on several of the other driving
cycles were less favorable (fuel economy lower and emissions higher) than on the standard
Federal driving cycles. This is especially true for the ART14, UC-92, and US06 driving cycles
that can result in NOx emissions two to three times higher than the FUDS and fuel economy
reductions of over fifty percent from the FUDS values. Simulations were not made of
conventional ICE vehicles on these same cycles, but without doubt the conventional vehicles
would also have higher emissions and lower fuel economy on those cycles. The magnitude of the
effect of the driving cycle on emissions and fuel economy would be greater for the conventional
vehicles, because in most instances of high power demand, the additional power in the case of
the electric-hybrid vehicles is provided by the electric drive portion of the system, which is more
efficient and certainly cleaner than the engine operating at high power in the conventional car. In
addition, especially in series hybrid vehicles, engine and catalyst transients can be minimzed in
the hybrid vehicle and it is during these periods of engine operation that "off-cycle" emissions are
highest. Confirmation of these effects would require study of the modal emissions of
conventional and electric-hybrid vehicles. These types of analysis are discussed in References
(58,59).

9.0 Upstream Emission Calculations
By upstream emissions are meant those emissions which occur prior to the energy (fuel

and electricity) being used in the hybrid vehicle. These include emissions due to the production
of the fuel at the refinery, the distribution of the fuel to the se~,ice station, the refueling of the
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vehicle at the service station, and evaporative emissions from the storage/operation of the vehicle
that are not recycled for use in the vehicle. The fuel-related emissions vary. significantly for the
different fuels. A second type of upstream emissions are those generated at the electrical
powerplant, primarily those resulting from the production of the electricity, and the distribution
of the electricity used to recharge the battery from the wall-plug. The fuel-related emissions are
proportional to the volume (gallons or Scf) of fuel used and the powerplant emissions are
proportional to the kWh taken from the wall-plug. In recent years, there have been number of
studies of fuel-related and powerplant emissions (References 60-62) as various federal and state
agencies have considered the environmental impact of alternative energy use in the transportation
sector. The results of those studies were used as the basis for the upstream emissions
calculations performed in this study. Additional information (Reference 63) was received from 
California Energy Commission (CEC) and the California Air Resources Board (CARB) during 
course of the study.

When calculating the upstream emissions, it is necessary to designate where the vehicle is
being refueled or the batteries charged, because some or even most of the emissions resulting
from the refueling or recharging can occur in a region different from that where the refueling and
recharging takes place. This is particularly true of emissions at a refinery or electrical power
plant. The designations used in this study for the emissions due to the hybrid vehicles are
expressed as LA basin, LA state, and LA total. These designations mean that the
refueling/recharging takes place in Los Angeles (LA) and that the emissions are those that occur
in the South Coast Air basin, the State of California, or anywhere in the United States (total).
Note that the State emissions include the basin emissions and that the total emissions include
the State emissions. In other words, the emissions are accumulative from the smaller to the
larger regions and the emissions (gm/mi) as given can be used to calculate the contribution 
vehicles to the emissions inventory in the basin, state, and the USA. The incremental
emissions in each of the regions from refueling/recharging in LA can be determined by simply
subtracting the emissions (gm/mi) from the next smaller region.

9.1 Fuel-related emissions
Vehicle fuels of current interest are reformulated gasoline, diesel oil, methanol, natural gas

(CNG), and hydrogen. As noted above, the fuel-related emissions include those from the
production of the fuel at the refinery, but not the extraction of the crude oil or natural gas at the
wells. The fuel-related upstream emission factors (gm/gal for liquid fuels and gm/100 scf for
natural gas) used in subsequent calculations of full fuel emissions are given in Table 30.
Emission factors are listed for each of the pollutants (CO, NOx, NMOG, PM (particulate
matter), SOx, and CO2)° When information was available for the different geographic regions (LA
Basin, state of California, and the USA), individual emission factors are given for each of the
regions. It should be noted that there is considerable uncertainty concerning these factors and
that the values given in the various references can be significantly different (References 60-63)0
The values of the emission factors given in Table 30 for gasoline, diesel fuel, and natural gas were

25



taken from Reference 6I, which is a recent study done by Acurex for CARB for the La basin.
The values used were for the Year 2005, not those for the present (1992). The emission factors
(gm/gal) for refueling and evaporative emissions were obtained from CARB. A refueling factor 
.21 gm/gat was used for gas.line.The evaporative emissions factors are use-pattern dependent as
they depend on trips and miles per day, which makes their application in the spreadsheet
somewhat arbitary as one must use average values for the trips and miles per day. The emission
factors for hydrogen (gm/gallon gasoline equivalent) were calculated from emission values given 
Reference 62 for production of hydrogen from natural gas. No technical details were given in
Reference 62 to describe the natural gas reforming processes, so it was not possible to assess the
potential for reducing the relatively high emissions for hydrogen production.

9.2 Powerplant Emissions
Electric and hybrid vehicles can be recharged from the wall-plug using electricity generated

remote from the region in which the vehicle is operated. This means that a fraction of the
resultant powerplant emissions will occur in regions other than where the vehicle is operated°
The emission factors applicable to a particular region should reflect where the electricity for that
region was generated. This is especially important for the LA basin, for which a considerable
fraction of its electricity is generated outside the basin. A second complication in determining the
emission factors for electrical power generation is that powerplants use different fuels and
pollution control technologies and as a result, the emission factors vary considerably between
powerplants and regions. For this study, emission factors (gin/kwh) were obtained from the
California Energy Commission (CEC) for the various regions in California (Reference 63). 
emission factors (Table 3 I) are based on detailed information on the powerplants in California
and several different scenarios for recharging the batteries. The emission factors are for
electricity used in the LA region and are not applicable for electricity used in the state of
California or the USA as a whole. Emission factors must be determined separately for each
region of vehicle use. The change in the emission factors from region to region in Table 32
indicate the accumulation of emissions in the regions with the differences indicating the fraction
of the emissions occurring outside the basin. For example, 48% of the NMOG and 86% of the
NOx emissions for electricity used to recharge batteries in the LA basin are generated outside the
basin.

10.0 Full Fuel Cycle Emissions of Electric and Hybrid Vehicles

10ol Electric Vehicles
The full fuel cycle emissions for electric vehicles using lead-acid, nickel metal hydride, and

lithium-ion batteries have been calculated for recharging in the LA basin. The results are given in
Tables 18, 32, 33 for the LA basin, LA state, and LA total regions. It is of considerable interest
to note that the NMOG and NOx emission results on the FUDS/Highway cycle in the LA Basin
for the mid-size car are close to the CARB EZEV standards of.004 gm/mi NMOG and .02 gm/mi
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NOx. There are, however, significant variations in the emissions due to vehicle range, battery.
type and driving cycle. The CO emissions are well below the EZEV standard of . 17 gm/mi for
all the cases considered. The calculated NMOG and NOx emissions for the small car (Appendix
5) are well below the EZEV standard, because the energy consumption of the small car is 120
Wh/mi compared to 200 Wtfmi for the mid-size car. Both vehicles show higher emissions in the
LA Basin for the more demanding driving cycles, such as the UC-92 and US06 cycles. The
regulated emissions for recharging the electric vehicles are considerably higher if all the emissions
produced in the state of California are included in the calculations. In that case, the emissions of
the electric vehicles are approximately .005-.008 gm/mi NMOG and .03-.04 gm/mi NOx for the
mid-size car and .003-.005 gm/mi NMOG and .015-.025 gm/mi NMOG for the small car.
Including the NOx emissions outside the state of California, the total NOx emissions on the
FUDSWay cycle can be as high as .I-.2 gm/mi for the mid-size electric car. All the emissions are
lowest for electric vehicles using lithium-ion batteries and highest for those using nickel metal
hydride batteries. The differences are due primarily to the more efficient charging characteristics
of the lithium-ion batteries.

The CO2 emissions of the electric vehicles were also calculated (see Tables 18, 32,33).
As with the regulated emissions, the CO2 emissions occur at the powerplant and thus depend on
the characteristics of the powerplant (efficiency and fuel used). The results shown in the tables
are for electric vehicles operating in Los Angeles (LA). Since CO2 is a global pollutant, the CO2
emissions include all the CO2 emitted regardless of where the electricity is generated. The CO2
emissions (gm/mi) vary significantly with vehicle range, battery type, and driving cycle, because
of differences in energy consumption (WbJmi) on the various cycles and battery charging
efficiency. The battery charging efficiency is higher for vehicles with shorter range, because of
the lower average state-of-charge at the start of battery charging. For the FUDSWay cycle, the
CO2 emissions for the mid-size electric cars vary from about I 10 to 210 gm/mi with the lowest
CO2 emissions being for vehicles using lithium-ion batteries and the highest for vehicles using
nickel metal hydride batteries. The CO2 emission results show a strong dependence on vehicle
design (weight and range) and driving cycle making it difficult to state a single value for the CO2
emissions of electric vehicles. Values as low as 65 gmCO2/mi and as high as 275 gmCO2/mi were
calculated.

10.2 Conventional Low Emission ICE Vehicles
The emissions of conventional ICE vehicles are usually discussed in terms of the exhaust

emission standards effective during the year of their sale. The hydrocarbon emissions resulting
from refueling and fuel evaporation in the ICE cars are significant, and their key importance
should not be overlooked in discussions of emissions from electric and hybrid vehicles. Since the
refueling and evaporative emissions depend on the quantity of fuel handled, the full fuel cycle
emissions (gmdmi) are a function of the fuel economy (mpg) of the vehicle. Spreadsheet model
results for the total full fuel cycle emissions of a mid-size car meeting the ULEV exhaust emission
standards are shown in Table 34 for fuel economies between 27.5 and 50 mpg using gasoline as
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the fuel. Results are shown with and without evaporative emissions, in the case of the
hydrocarbon emissions, the full fuel cycle emissions are much higher than the exhaust emissions
with the evaporative emissions being the largest contributor. The total emissions (gm/mi)
decrease slightly as the fuel economy increases. The full fuel cycle hydrocarbon emissions of the
ULEV car are .07-.09 gm/mi excluding the evaporative emission and nearly .20 gm/mi including
the evaporative emissions. Near elimination of the refueling and evaporative emissions appears
to be a requirement if liquid fuels are to be used in hybrid vehicles intended to meet SULEV and
EZEV standards. The contribution of the refinery emissions to the full fuel cycle NOx
emissions is also significant and could present problems for hybrid vehicles having near EZEV
exhaust emissions. These results indicate the full fuel cycle emissions of present gasoline-fueled
vehicles meeting the ULEV exhaust emission standards are much greater relative to those of
electric vehicles than would be the case if one considered only exhaust and powerplant emissions.
Comparing the CO2 emissions of conventional and electric mid-size vehicles (Tables 35)
indicates that most electric vehicles will have significantly lower CO2 emissions even if the
conventional ICE vehicle had a fuel economy of 42 mpg. This advantage of the electric vehicle
will increase as the efficiency of electrical powerplants increases from the present value of about
33% to close to 40% in future years (Reference 12).

Recent progress by the auto industry on natural gas fueled passenger cars indicates that
those vehicles can have very low exhaust emissions. Emission data on a natural gas fueled Honda
Civic (Reference 64) indicates it meets the EZEV exhaust emissions standards at 100,000 miles.
Since there are no refueling or evaporative emissions using natural gas, because the fuel is stored
at high pressure and the fuel system must be sealed, the CNG Honda Civic appears to be an
EZEV vehicle independent of its use-pattern and region of operation. The gasoline equivalent
fuel economy of the CNG Civic on the FUDS is given by Honda in Reference 64 to be 30.5 mpg
compared to 32.4 mpg for the 1997 gasoline fueled Civic. The corresponding CO2 emissions are
261 gm/mi for the gasoline fueled Civic and 242 gm/mi for the CNG fueled Civic. These recent
advances by Honda seem to indicate that using natural gas as the fuel, ICE vehicles can be
designed that meet the EZEV standards including full fuel cycle emissions. The CO2 emissions
of the CNG fueled vehicles can be expected to be slightly lower (5-10%) than similar gasoline
fueled vehicles°

10.3 Mid-size Hybrid Vehicles
Full fuel cycle emissions have been calculated using the spreadsheet model for the mid-

size hybrid vehicle designs described in Table 13. Calculations have been made for gasoline,
diesel, and Stirling engines driving a generator in a series hybrid driveline. The methods of
analysis have been discussed in detail in previous sections of the report. The calculations were
done for three regions o LA Basin, LA state, and LA total- for the regulated emissions (NMOG,
CO, and NOx). Since CO2 is a global pollutant, the same total CO2 emission value is given
regardless of the region being considered for the regulated pollutants. Representative results for
the full fuel cycle emissions and energy use of selected hybrid vehicle designs and use-patterns
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are presented in Tables 36-45. Additional results are given in Appendix 5. The vehicle
identification code used in the tables was given previously in Table 24. Exhaust (running)
emissions for the various vehicle designs have been previousl discussed (Tables 15, 25-29), 
this section will focus on the full fuel cycle emissions, which, of course, include the contribution
of the running emissions.

On each table, the use-pattern assumed for that set of calculations is given in terms of the
total miles driven per year, the round trip distance to work, and the random miles driven. The
use-pattern is intended to describe city/suburban use of the vehicle - that is all use except long
distance intercity travel of over 100 miles. The table also indicates the region (origin) of the
pollution included in the calculations. Note that the emissions for each region include those from
the previous smaller regions (ke. emissions are accumulated from region to region). All the results
given in Tables 36-42 are for zero evaporative emissions. A flag (0 or 1) indicates whether the
hybrid vehicle is operated in the charge depleting or charge sustaining mode. Charge depleting
means that the vehicle is recharged each day from the wall plug and the user maximizes the use of
electricity. This is the optimum mode to mimkrnize running emissions. Charge sustaining means
that the hybrid vehicle is operated using the engine/generator to keep the battery at a near fixed
state-of-charge and the battery is never recharged from the wall-plug. This mode of operation
results in unlimited range without recharging the batter?,, but it maximizes annual running
emissions and fuel consumption.

In the following paragraphs, selected important aspects of the results are discussed for
different engines, energy storage technologies, and use-patterns. Computer runs were made for
many more combinations of technologies, use-patterns, and regions than can be discussed in the
report. Computer outputs for additional cases are given in Appendix 5 as reference material for
further consideration by the reader.

Hybrid Vehicles using Port Iniected Gasoline Engines
Total emissions results for hybrids using nickel metal hydride batteries and a 3-cylinder,

port injected gasoline engine are given in Tables 36-38 for 4300, 7500, and 10,500 annual miles of
random travel. The base case is 7500 miles random travel and an all-electric range of 34 miles.
In this case, there is in a high fraction of all-electric miles (charge depleting), but significant
driving using the engine. The full fuel cycle emissions (Table 37) in the LA basin for this case
excluding evaporative emissions are relatively Iow being less than one-halfULEV for NMOG
(42%) and NOx (24%) for charge depleting operation on the FUDS driving cycle. For charge
sustaining operation ( all miles in the hybrid mode), the total full fuel cycle emissions excluding
evaporative emissions (Table 39) are significantly higher being 45% above the ULEV standard
for NMOG and 33% below the ULEV standard for NOx. The CO2 emissions are 180
gmCO2/mi in the charge depleting mode, which is about one-half that of present ICE cars, and
260 gmCO2/mi in the charge sustaining mode. If the total annual mileage of this vehicle is
increased from I0,000 miles to 15,000 miles (see Table 38), the NMOG and NOx emissions 
the vehicle in the charge depleting mode increase by nearly 50% and the CO2 emission increase
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by about 10% bringing them closer to the ULEV standard and CO2 emissions for a conventional
ICE vehicle. In the charge sustaining mode, the emissions are independent of annual mileage as
the vehicle operates in the hybrid mode at all times. For the case of a t0 mile round-trip to work
and 4300 random miles per year (]able 36), the hybrid vehicle would be used essentially as 
electric vehicle for urban/suburban travel and be used in the hybrid mode for intercity highway
travel only. For this use-pattern, an all-electric range of 34 miles would be sufficient to achieve
near EZEV emission levels.

Next consider a hybrid vehicle design with an all-electric range of 56 miles on the FUDS
driving cycle. For charge depleting operation (recharge from the wall-plug) and 7500 mile random
travel (10,000 total miles), the NMOG and NOx emissions (gm/mi) are reduced by 50% 
65%, respectively, from that of the vehicle having a 34 mile all-electric range° The resultant
emissions are close to, but still above the EZEV standard. The CO2 emissions are essentially
uneffected by the increased all-electric range. For a vehicle traveling 15000 total miles, increasing
the all-electric range to 56 miles, reduces the NMOG and NOx emissions by 60% resulting in
emissions that are stilI well above the EZEV standard. Hence whether increasing the all-electric
range to about 60 miles results in a hybrid vehicle having annual average emissions near EZEV
depends on the use-pattern of the vehicle. The CO2 emissions are only slightly effected by the
all-electric range, but in general, are reduced by increasing the fraction of the miles that the vehicle
is driven on wall-plug electricity. This is the case for the LA Basin and state of California where
most of the electricity used is not generated using coal

Next consider the effect of the driving cycle on total full fuel cycle emissions for the base
use-pattern (15 miles round-trip to work and 7500 random miles per year). Simulation results
are given in Tables 37 and 39 for charge depleting and charge sustaining operation in the LA
Basin. The effect of the driving cycle on total emissions is much greater for charge depleting
than for charge sustaining operation (compare Tables 37 and Table 39), because of the significant
effect that the driving cycle has on the all-electric range of a particular vehicle design. For charge
sustaining operation, the most demanding driving cycles (FW70 and US06) have significantly
higher NOx and CO2 emissions than the FUDS cycle, but the differences in the NMOG and CO
emissions are not as significant. The CO2 emissions for the different vehicle designs, control
strategies, and driving cycles vary by almost a factor of two. In the case of the charge depleting
strategy, the CO2 emissions vary from 162 to 299 gmCO2/mi and for charge sustaining hybrids,
they vary from 206 to 389 gmCO2/mi.

The large effect of evaporative emissions on the total emissions is shown in Tables 40
and 41 for charge depleting and charge sustaining operation in the LA basin. For low exhaust
emission vehicles, it is clear that evaporative emissions much be reduced to near zero values
before it is possible for their total emissions to be near EZEV.

Hybrid Vehicles using Advanced Engines
Simulation results for the total emissions of mid-size hybrid vehicles using advanced

engines are given in Tables 41- 44. The advanced engines include swirl chamber and direct
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injection diesel, direct injection gasoline, and Stirling engines. The emissions given in the tables
are for the baseline use-pattern with vehicle operation in the LA basin with zero evaporative
emissions. Results are given for both the charge depleting and charge sustaining control
strategies.

The emission results for the charge depleting hybrids given in Table 42 indicate that the
total NMOG and CO emissions using the advanced gasoline and dieseJ engines are essentially the
same as using the conventional port injected gasoline engine with the vehicles meeting the EZEV
standard if the all-electric range of the vehicle is 50 miles or greater. The NMOG and CO exhaust
emissions can be reduced to almost any non-zero level using an oxidizing catalyst as is the case
for the conventional gasoline engine. The total NMOG and CO emissions for the charge
sustaining hybrids (Table 44) are well below the present ULEV standards, but well above the
EZEV standards for most of the driving cycles and vehicle designs. The exhaust (running)
NMOG and CO emissions (Table 25) of the charge sustaining hybrids using the direct injection
engines are well above the EZEV and new SULEV (.008 GM/Mt) standards. NMOG and 
exhaust emissions from the vehicles using the Stirling engine are very. low (less than EZEV) even
without a catalyst (Table 29).

The primary challenge with the direct injection diesel and direct injection gasoline engines
is that reduction of the exhaust NOx emissions to. 1 grrdmi and lower requires a very high
efficiency (>95%) NOx catalyst that functions in the exhaust stream from the lean bum direct
injection engines. A recent presentation (Reference 65) by CARB indicates they are considering
lowering the ULEV NOx emission standard to .05 gm/mi and establishing a new SULEV emission
category with a NOx standard of .02 gm/mi, which is the same as the EZEV standard. Without
a lean-bum NOx catalyst with a conversion efficiency comparable to the 3-way catalysts
currently being used in port injected gasoline engines with oxygen sensors, it does not seem likely
the advanced engines will be able to meet the new ULEV or SULEV NOx standards even in the
charge depleting mode unless the engine is operated very infrequently in city driving. This will
require an all-electric range in excess of 60 miles. The hybrid vehicles using Stifling engines have
lower NOx emissions than those using the other advanced engines, but without a catalyst with a
reasonably high NOx conversion efficiency (>75%), charge sustaining hybrid vehicles with
Stifling engines will not meet the EZEV or SULEV NOx standard (.02 gm/mi). Meeting the low
NOx standards becomes more difficult for the driving cycles that are more demanding than the
FUDSWay cycle.

The CO2 emissions for the various hybrid designs using the advanced engines are also
given in Tables 42 -44. The hybrid cars with direct injection diesel and Stirling engines have the
lowest CO2 emissions being 160 gmCO2/mi and 175 gmCO2/mi on the FUDSWay cycle,
respectively. The CO2 emissions for the direct injection gasoline engine are 180 gmCO2/mi. The
reason that the CO2 emissions of vehicles using the direct injection dieset and gasoine engines do
not differ by a greater percentage is that the diesel fuel has a higher energy content per gallon
(15%) and a higher carbon content (6%) than gasoline, which significantly reduces (by 
20%) the fuel economy advantage of the diesel engines. The advanced engines have CO2 exhaust
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emissions corresponding to 55-60 mpg gasoline equivalent. Hence in the mid-size car, they
represent about a 25% reduction in total CO2 emissions compared with hybrid vehicles using the
conventional port injected gasoline engines.

Hybrid Vehicles using Fuel Ceils
Simulations were also run using a fuel cell in the mid-size vehicte to generate electricity

on-board the vehicle. The fuel cell powered hybrids were always operated in the charge
sustaining mode with the battery used to load level the fuel cell. As noted previously in the
report, only the cases of fuel cells fueled with hydrogen stored on-board have been considered
and further it has been assumed the hydrogen was produced by reforming natural gas. Since the
use of a reformer to produce the hydrogen on-board the vehicle was not considered in this study,
the running (exhaust) emissions are zero as for an electric vehic|eo Hence, the total emissions are
those due to the production of hydrogen from natural gas and the distribution and storage of the
hydrogen for use in the hybrid vehicle. Total emissions for the fuel cell powered hybrid vehicles
considered in this study are given in Table 45 for various driving cycles. For hydrogen
produced from natural gas, the total emissions are well above the EZEV standard for both
NMOG or NOx. The CO2 emissions are I ! 5-120 gmCO2/mi for the mid-size car on the
FUDSWay cycle. These CO2 emissions are significantly lower than those obtained for the mid-
sized hybrid using the advanced engines. The CO2 emissions are also much lower than would be
expected if natural gas had been used in place of gasoline or diesel fuel in the engine. If the
hydrogen had been produced from sotar energy rather than natural gas, both the exhaust and total
emissions of the fuel cell powered vehicle would be near zero.

10.4 Compact size (Light-Weight) Hybrid Vehicles
Full fuel cycle emissions have also been calculated using the spreadsheet model for

compact (light-weight) hybrid vehicles described in Table 13. The results for selected designs
and operating conditions are given in Tables 46-49. Additional results are given in Appendix 5.
Much of the discussion given in the previous section for the mid-size hybrid vehicles is
applicable to the smaller, lighter weight hybrids. Hence this section will be much briefer than the
previous section and will only highlight the differences between the emissions and fuel use
characteristics of the two types of hybrid vehicles. The smaller hybrid vehicles (4-passengers)
weigh only about 800 kg compared to about 1550 kg for the mid-size hybrids due primary to the
use of light-weight materials in the chassis and body of the smaller vehicle. It was assumed that
the use-patterns and driving cycles for the two types of vehicles would be the same, so there can
be a direct comparison of their exhaust (running) and total emissions. As would be expected the
energy use and emissions of the small, light-weight hybrids are considerably lower than that of
the larger mid-size car (compare Tables 39 and 47 for the baseline gasoline engine). As in the case
of the mid-size car, the emissions for the charge depleting hybrids are lower than that of the
charge sustaining hybrids. In the charge depleting mode, the NMOG and CO emissions of the
smaller car can be reduced to the EZEV standards with a simple two-way catalyst. This is true
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for both the port injected gasoline engine and the advanced engines (see Tables 46 and 48).
Reducing the NOx emissions for the smaller vehicle to meet the SULEV and EZEV standards will
be less difficult than for the larger car as the engine out emissions are lower. The total CO2
emissions of the small car in the charge sustaining mode on the FUDSWay cycle are 130
gmCO2/mi using the port injected gasoline engine, 110 gmCO2/mi for the direct injected gasoline
engine, and 100 gmCO2/mi for the direct injected diesel and StirIing engines. The improvement in
CO2 emissions by using the advanced engines in the small car is only 15-20%, which is
somewhat less than in the mid-size car. The use of the fuel cell in the small car decreases the
CO2 emission to 60-70 gmCO2/mi even when the hydrogen is produced by reforming natural gas.
This is much lower than the CO2 emissions (96 gmCO2/mi) that would be expected if the

natural gas was used in an advanced engine in the hybrid. The NOx emissions of the fuel cell
powered small car are relatively high at. 11 gm/mi. Further study is needed to determine if the
NMOG and NOx emissions from the hydrogen production from natural gas can be greatly
reduced. There does not seem to be much information on the emissions from the natural gas
reforming processes in the literature.

11. Regulatory Considerations for Electric-Hybrid Vehicles
Simulation results presented in previous sections of the report show that with existing

technology and that currently being developed, electric-hybrid vehicles can be designed that have
emissions considerably below ULEV and significantly higher fuel economy (and thus lower
greenhouse gas emissions) than passenger cars presently available for sale. It seems highly
desirable to get such vehicles into the market in a timely manner in order to reduce smog and
greenhouse gas emissions and to reduce US oil imports. In this section of the report, various
approaches to promote the corm’nercialization of the new hybrid vehicle technologies in the near-
term are discussed and the emissions and fuel economy standards that these vehicles could meet
are identified.

11.1 Approaches for Early Commercialization of Hybrid Vehicles
Most auto industry experts in the United States are very doubtful that market forces

alone will cause the early commercialization of hybrid vehicles solely because of the
attractiveness of their higher fuel economy to potential new car buyers. The principal reason for
this opinion is that the introductory price of the hybrid vehicles would likely be considerably
higher than that of the conventional ICE cars curently being sold to offset the development cost
of the new technologies and the investment in equipment and factories required to produce the
hybrid driveline components and vehicles in large quantities. Hence a key consideration is how
to induce the automobile companies in the US and abroad to make the investment in engineering
resources and capital necessary to develop and manufacture hybrid vehicles when the market for
such vehicles is at best uncertain.

There are two basic approaches. One approach is offer monetary incentives to the
companies and consumers that are early producers and purchasers of hybrid vehicles that meet
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emissions and fuel economy standards that are much cleaner and efficient than vehicles presently
available - that is total emissions approaching EZEV and fuel economy much above (say twice)
that of present vehicles of the same size. This approach is currently being used by some states
and the Federal government to promote the lease of electric vehicles. For example, the capital
value of a Honda EV Plus leased in California is reduced by a $4000 Federal Tax credit and a
$5000 Air Quality District Allowance, but since the base vehicle price is very high ($53999), the
monetary incentives have little bearing on the leased payment of the vehicle. It is only when the
monetary incentives are a significant fraction of the difference in price between the new
technology vehicle and the conventional vehicle that the incentives have a large bearing on
consumer purchasing decisions. This was the case in the 1970’s for solar water heating units in
California where incentives effectively drove the market. When the incentives were eliminated,
the market collapsed. Detailed studies of monetary incentives as applied to tile development
and marketing of advanced, energy efficient vehicles are given in References 66-68. The
approaches suggested in the references are largely untested for cars, but have been found to work
reasonably well for electrical appliances like refrigerators. The monetary incentive approach will
not be considered further in this report.

A second approach would be to set emissions and fuel economy standards for future
years that would require the auto industry to significantly improve their products before they
could be sold. These future emissions standards would be weI1 below ULEV (maybe the
proposed SULEV) and the CAFE (Corporate Average Fuel Economy) standard would 
systematically increased from the present value of 27.5 mpg to about 50 mpg over a period of
years. This approach would force all auto companies to produce cars that meet the stricter
standards and are attractive in features and price to new car buyers in order to remain profitable.
There has been considerable experience with this second approach through the successively
stricter emission standards of California and EPA since 1970 and the CAFE standards for fuel
economy instituted in 1978. History has shown that over the years since 1970 the emissions of
cars has been reduced by a least 95% and that their fuel economy has increased by at least 50%
with essentially no decrease in vehicle performance, comfort, or safety (Reference 5 I). The price
of cars has increased, but car sales have remained high. Whether the "standards" approach was
the best in terms of economic efficiency is debatable, but the improvement in the emissions and
fuel economy of passenger cars over the last 20-25 years is a matter of record. It is doubtful
that these improvements, which almost every one agrees have benefited society, would have
occurred without the emissions and fuel economy standards of the past twenty five years
(References 69,70).

Looking at more recent history, consider the reaction of the automobile industry to the
California EV Mandate, which initially required 2% electric vehicles in 1998 and 10% electric
vehicles in 2003. Along with the EV Mandate, a series of increasingly strict HC,CO, and NOx
standards were imposed on the exhaust emissions of conventional ICE cars. Since their
imposition in 1990 the auto industry has developed technology to meet all the new standards
usually well ahead of the mandatory schedule. It is doubtful whether the auto industry would



have been willing to spend the very large resources necessaD’ to meet the tightening emissions
standards for conventional vehicles in California if they had not had the incentive to attempt to
show thai conventional engine powered vehicles could be made almost as clean as electric vehicles
when the powerplant emissions were included.

This brief review of history indicates that the "standards" approach is a powerful way of
forcing technology change in the auto industry especially if technical information available at the
time the standards are set indicates that at least one technical approach is known that will allow
the industry to meet the new standards. Cost and time considerations regarding the development
for market of the new technologies always will be debated between the ,industry and the public
agencies, but that is to be expected and in the long term heathy. It is best to set the new future
standards without specifying the technology to be used and allow each company to develop the
technologies that best suit their situation° In the present case of standards for significantly
improving the efficiency of light-duty vehicles and thus reducing greenhouse gas emissions, this
means setting total emission standards, including CO2, that are vehicle and fuel technology
neutral and letting the auto industry select and develop the technologies required to meet the
standards. This could result in the development and marketing of hybrid-electric vehicles or it
could result in development of other technologies, such as engine-powered vehicles using
hydrogen or bio-fuels. The work presented in this report indicates that hybrid vehicle technology
is one approach to the development of vehicles with greatly reduced CO2 emissions. The
results obtained in this study can be used as a guide to setting future emissions standards for
light-duty vehicles.

I1.2 Emission Standard Considerations
Current emission and fuel economy standards are expressed in terms of gm/mi for exhaust

emissions and and miles per gallon (mpg) for fuel economy. The emissions are measured on the
Federal Urban Driving Schedule (FUDS) and the fuel economy is for a composite of driving 
the FUDS and FHWS (Federal Highway Schedule) cycles. This approach for specifying the
standards is satisfactory when exhaust emissions are the dominant source of emissions from cars
and all or nearly all vehicles use a single fuel - gasoline -from a pump at a service station. This is
not the case for the vehicles considered in this study that can utililze electricity from the wall
plug and one or more liquid or gaseous fuels. In addition, the fraction of each energy source used
depends on the use-pattern of the vehicle. Further, one of the primary emission gases of
interest is CO2, which is emitted in connection with both the electricity and fuel. For these
reasons, consideration should be given to restructuring the way in which the emission standards
are set and how they are applied to different types of vehicles.

The primary changes that should be considered are that all emissions (NMOG, CO, NOx,
and CO2) should be specified as the total emissions (gm/mi) generated in connection with 
electricity and fuel used by the vehicle and that instead of fuel economy (mpg), the efficiency 
the vehicle should be expressed in terms of the total gmCO2/mi. Emissions and vehicle
efficiency given in this way can be applied to electric, hybrid, and conventional engine powered
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vehicles using various liquid and gaseous fuels and electricity generated using different fuels and
technologies. The CO2 emissions could be interpreted as mpg - gasoline equivalent, if that is
needed to inform the public of the relative fuel economy of the different vehicles. Unlike the
present fuel economy standard, which is set in terms of the corporate (fleet) average (CAFE), 
seems reasonable to set the CO2 standard for each separate class of car based on the interior
volume for passengers and luggage. In this way, the standard can insure the same efficiency for
each class of cars and not favor manufacturers that market mostly small cars. All manufacturers
would be required to utilize equivalent levels of new technology regardless of the average vehicle
size.

In the case of electric cars, the efficiency standard shoutd be specified in terms of
kWhlmi at the wall-plug. In a given region, this would insure that the total emissions for all EVs
of the same interior volume would be the same regardless of vehicle design. The actual total
emissions in a particular region are dependent on where and how the electricity is generated for
that region.
It will probably be necessary to specify an average daily use of the vehicle since battery charging
efficiency depends on battery state-of-charge at the initiation of the charging. There is a wide
variation in electric usage of electric vehicles, much like electrical appliances, and setting the
CO2 standard will force manufacturers to design energy efficient electric vehicles.

Setting the standards for hybrid vehicles is more compJ.ex than for electric vehicles,
because they use both electricity and chemical fuels with the fraction of each energy source used
depending on the control strategy for the vehicle and its use-pattern. As discussed in Section 10,
the emissions of a hybrid vehicle can be determined if its characteristics in the all-electric and
hybrid operating modes are known and the use-pattern is specified. The emission standards
(gm/mi) could be set for one or more specified use-patterns (annual miles and travel statistics).
The government agency (EPA or CAR.B) would specify the test and calculation procedures for
determining the total emissions of hybrid vehicles for each of the use-patterns. The
manufacturers would demonstrate that their vehicles meet the standards when operated as
intended. The test and calculation procedures would include a standard set of upstream emission
factors that would be used by all manufacturers. A standard set of vehicle dynamometer tests
would be required and the application of the data to the set of use-patterns could be performed
on a computer(PC) using government furnished software.

The emission and efficiency standards for conventional engine-powered vehicles would be
closely related to those for hybrid vehicles that have only a hybrid operating mode (that is zero
all-electric range). The emissions of these vehicles would be essentially independent of use-
pattern with only the refueling and evaporative emissions being dependent on annual mileage.
The total emissions would be calculated using the same upstream emission factors as used for the
hybrid vehicles. These factors would apply to all liquid and gaseous fuels.



11.3 Discussion of Emission Standards for Advanced Vehicles
This discussion of emission standards for advanced vehicles will be based on simulation

results for compact and mid-size cars using the same driveline technologies included in the
hybrid-electric vehMes considered in Sections 8-10. The weight of the vehicles ( 1320 kg for the
mid-size and 1000 kg for the compact cars) are somewhat lighter than 1996 vehicle designs, but
not as extreme as the advanced lightweight compact car previously considered (Table 13). 
summary of the vehicle inputs to the EXCEL spreadsheet for these additional vehicles is given in
Table 50. All the vehicle simulation results are for the FUDSWay driving cycle. Spreadsheet
runs were made for these vehicles using evaporative and refueling emissions that were equal to,
one-third of, and one-tenth of the baseline upstream emissions given in Tables 30. All runs were
made for the baseline use-pattern of 7500 miles per year random travel and a 15 mile round-trip
to work. Emissions were calculated for the LA State region as representative of a large region of
national interest. Comparisons have been made (see Table 51) between the total NMOG and
NOx emissions for the hybrid vehicles operating in the charge depleting and sustaining modes
with those of conventional vehicles meeting various exhaust emission standards (ULEV and
SULEV) and electric vehicles using nickel-metal-hydride and lithium ion batteries. The
comparisons are made for the the three levels of evaporative and refueling emissions noted above.
The CO2 emissions of the different vehicle designs are also compared.

The first comparisons (Table 5 I) are made for vehicles using port injected gasoline
engines because that is the engine technology in use today. All the NMOG and NOx emissions
shown in Table 51 are relatively low compared with the exhaust emissions standards in effect
before CARB set its Low Emissions Standards in 1990 (TLEV, LEV,ULEV, ZEV). However,
the totaI NMOG emissions shown in the table for the hybrid vehicle are much higher than the
exhaust emissions for the vehicle and in the case of the charge sustaining mode of operation,
much greater than the ULEV standard (.04 gm/mi). Hence,in the case of NMOG emissions,
there is little relationship between the exhaust emissions of a vehicles and its total emissions.
The total NMOG emissions are higher than the exhaust emissions by factors 10 to 15. This is
the case for the NMOG emissions, because the upstream emissions (evaporative, refueling, and
refinery) are many times greater than the exhaust emissions. Hence continued tightening of the
NMOG exhaust emissions of passenger cars does little to reduce their total NMOG emissions.
The total NOx emissions of the hybrid vehicles in the charge sustaining mode are below the
ULEV standard (.2 gm/mi) and only slightly above the exhaust emissions for the vehicles. The
upstream NOx emissions are not dominate as is the case of NMOG emissions. The total
NMOG and NOx emissions of the hybrid vehicles (all-electric range of about 50 miles) in the
charge depleting mode are much below ULEV, being dominated by the upstream electrical
powerplant emissions, but as shown in Table 51, there is still a significant effect of evaporative
and refueling emissions on the NMOG emissions. Also shown in Table 51 are the total
emissions of conventional ICE cars meeting the ULEV and SULEV standards. As would be
expected based on the discussion of hybrid vehicle emissions, the upstream NMOG emissions
for the gasoline fueled conventional vehicle dominate the exhaust emissions and the total NOx
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emissions are only slightly higher than the exhaust NOx emissions (see Table 52 for the total
emissions of conventional cars meeting the ULEV and SULEV standards with present refueling
and evaporative emissions).

The results shown in Tabie 51 indicate that setting emissions standards for advanced
clean vehicles in terms of exhaust emissions makes little sense and that for these vehicles all
standards should be set in terms of the total emissions, including all upstream emissions at least
including the refinery and powerplant. Total emissions for etectric vehicles are also given in
Table 51 for both the LA Basin and LA State regions. Note that the emission values for the LA
Basin are close to the EZEV standard and that those for the LA State region are in most cases
above the EZEV standard. In atl cases, the total emissions of the electric vehicles are below those
of the hybrid vehicles, but only slightly below for hybrid vehicles operating in the charge
depleting mode. Setting emission standards in terms of total emissions would make comparisons
of the emissions from all types of advanced vehicles possible on a consistent basis. That is not
possible using exhaust emissions as the standard. For example, consider the case of fuel cell
powered vehicles using compressed hydrogen from reformed natural gas (Table 53). The exhaust
emissions from such a vehicle are zero, but the upstream NMOG and NOx emissions are only
slightly below ULEV, certainly not near the EZEV standard as is often claimed.

Vehicle efficiency is presently measured by the Corporate Average Fuel Economy
(CAFE) for each vehicle manufacturer. The standard is currently 27.5 mpg for gasoline fueled
vehicles. It is difficult to apply this type of. standard to advance vehicles that use different fuels
and electricity. Vehicle efficiency is directly related to CO2 emissions and fossil fuel useage.
Hence expressing the fuel economy standard in terms of the total CO2 emissions (gmCO2/mi)
rather than miles per gallon would be a more unified approach as well as a direct method of
stating the reductions in greenhouse gases resulting from changes in vehicle efficiency standards.
For the combustion engines, the exhaust CO2 emissions represent the major fraction of the total
CO2 emission as the upstream CO2 emissions are relatively small (about I2%). Hence the CO2
emissions from engines are dependent primarily on the engine fuel economy and fuel type. For
fuel cells, the key consideration is how the hydrogen is produced either onboard (reformer) 
offboard (stored, compressed gas) the vehicle. In this study, only onboard storage of compressed
hydrogen is considered and all the emissions, including CO2, are upstream emissions. The fuel
economy and total CO2 emissions of the vehicles being discussed in this section are shown in
Tables 54-57. Both the fuel economy and CO2 emissions vary significantly for the different
vehicle types and engines being considered. All the fuel economy values are well above the
present standard of 27.5 mpg and the CO2 emission values are well below the value of 350
gmCO2/mi corresponding to a gasoline fueled vehicle meeting the 27.5 mpg standard. This
indicates there are many options for reducing the CO2 emissions from passenger cars. The
hybrid vehicles using diesel engines have lower CO2 emissions than those using the gasoline
engines, but not by as wide a margin as might be expected. This is because the CO2 emissions
from a diesel engine powered vehicle are 20% higher than from a gasoline engine powered vehicle
having the same fuel economy (mpg). Hence direct use of "mpg" as a measure of CO2 emissions



for diesel and gasoline engine and fuel cell powered vehicles can be misleading and should be

avoided. However, it seems appropriate to recognize the inherently higher fuel economy and
lower CO2 emissions of smaller vehicles (less interior volume) and set different CO2 emission
standards or targets for different size vehicle. These differences are apparent in Tables 54-57.

11.4 Technology Feasible Emission Standards

It is recognized that vehicle emission and efficiency standards are set based on political
and economic considerations as well as technical feasibility. The discussions of emission

standards in this section of the report are based solely on the technical results presented in
previous sections and how, whether, or when these standards could/should be implemented is not
addressed. The key considerations are that the emission standards should be set in terms of totaJ

emissions (exhaust plus upstream emissions) and in order to relate directly to greenhouse gas
emissions, the vehicle efficiency standards should set in terms of CO2 emissions. At the present
time, knowledge of and test procedures for exhaust emissions are well-established, because for
the most part, vehicle emissions have been regulated in terms of exhaust emissions. Information

on upstream emissions, including refueling and evaporative emissions, is much less available and
well defined. There are in place evaporative emission standards and test procedures, but the

consequences of these standards on the NMOG emissions (gm/mi) of cars in actual use are much
less certain. As indicated in Table 30 the evaporative emission standards are event oriented for
the most part, which makes the calculation of the emissions (gm/mi) from them difficult and
uncertain for a particular use-pattern and vehicle operating strategy. As shown in Tables 58, the

contribution of the refueling and evaporative emissions to the total emissions for the advanced
clean vehicles is very large being at least 70% of the total NMOG emissions at the present time.
Hence it seems necessary to virtually eliminate the refueling and evaporative emissions of
vehicles using liquid fuels if such vehicles are going to have total emissions as low as battery-
powered electric, natural gas fueled, and fuel cell (hydrogen from non-fossil sources) powered
vehicles. The total NMOG emissions of these vehicles can be expected to be less than .005
gm/mi. Hence the liquid fueled vehicles must have a closed pressurized fuel system and be
refueled using a rigid connection between the car and the fuel dispensing pump (from an

emissions point-of-view, equivalent to the fuel system in natural gas fueled vehicles). The
exhaust NMOG emissions from hybrid vehicles and possibly from conventional, advanced

engine-powered vehicles (see Reference 71 for information on the Honda ZLEV engine that has
exhaust emissions less than the CARB EZEV standard) can be reduced to below .005 gm/mi using
high (>98%) conversion efficiency catalysts. The total CO emissions standard can be set below
.5 gm/mi and rather easily met if the engine start up exhaust emissions are well managed. The
largest uncertainties concerning the total emissions of liquid fueled vehicles are the upstream
emissions from the refinery (fuel processing) and fuel distribution to service stations. At the
present time, these NMOG emissions are thought to be much greater (.02-.03 gm/mi) than the

.005 gm.mi standard desired based on emissions from powerplants. It seems clear that for
advanced clean vehicles (conventional or hybrids), the exhaust emissions are small compared with
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the upstream emissions, which must be greatly reduced if liquid fueled vehicles are have
emissions comparable to electric vehicles. These problems are much less difficult for charge
depleting hybrids that would use much less liquid fuel than a charge sustaining hybrid (see Tables
54 and 56).

Consideration of NOx emission standards are more complex than for NMOG standards
for at least two reasons. First, it is difficult using the most efficient engines (see Table 50) 
reduce the exhaust NOx emissions from the vehicle to low levels (<. 10 gm/mi) even with catalytic
converters. Thus there is likely to be a trade-off between the NOx standard and vehicle
efficiency. Second, since the powerplant NOx emissions for recharging the batteries in an electric
vehicle are the basis for setting the NOx standard for other vehicles, the dependence of these
emissions on powerplant technology and location make it difficult to determine a single value of
NOx emissions for elecdtfic vehicles. For example, the proposed EZEV NOx standard (.02
grn/mi) is based on NOx emissions from powerplants in the LA basin for recharging EV batteries
in the LA basin. If the total NOx emissions outside the LA basin are included, the total NOx
emissions for the electric vehicle would be about. 1 gm/mi. For liquid fueled vehicles, the effect
of upstream emission on their total NOx emissions is small and their exhaust emissions are a
good measure of their total NOx emissions. Projected NOx emissions of hybrid vehicles using
various engines for charge depleting and charge sustaining operation are given in Tables 54-57.
The exhaust NOx emissions in the charge sustaining mode (no battery charging from the wall
plug) vary between .023 grrdmi for the Stifling engine and .3 gm/mi for the direct injection diesel.
The emissions for the gasoline engines are .05-.09 gm/mio For the 50 mile all-etctric hybrid
vehicles in the charge depleting mode, the NOx emissions approach those of the powerplant for
the region of interest. Hence setting a total NOx standard less than .05 gm NOx/mi would be
difficult to meet even with a mid-size electric vehicle unless one only considers emissions into the
LA basin. The direct injection gasoline engine seems to offer the best choice in terms of low
NOx and high fueI economy (low CO2 emissions). The most efficient engine is the direct
injection diesel, but it has a high NOx emissions (.3 grrdmi) and would require a very high
efficiency catalyst for meet the °05 gm standard. The simulation results for the mid-size car
indicate meeting the SULEV NOx standard (.02 gm/mi) in the charge sustaining mode will 
difficult except possibly with the Stirling engine. The prospects of meeting the °02 gm/mi NOx
standard are better for the compact car. This study did not consider particulate emissions, but
that could evolve into a very important issue for the diesel engines and possibly even for the
direct injection gasoline engine. This should be carefully investigated in a future study.

The approach most often discussed for reducing greenhouse gases (CO2) from light duty
vehicles is to increase the CAFE standard from 27.5 mpg to a higher value over a period of five to
ten years. A more direct approach is to set a CO2 standard (gmCO2/mi) that is lower than the
total CO2 emissions from vehicles presently being sold in compliance with the CAFE standard of
27.5 mpg. Including the upstream CO2 emissions, a gasoline-fueled, mid-size conventional car
with a FUDSWay fuel economy of 27.5 mpg generates 350 gmCO2/mi. The total CO2
emissions have been calculated for all the various electric and hybrid vehicle designs considered in



this study using the EXCEL spreadsheet. Of particular interest in this section are the compact
and mid-size vehicles listed in Table 50. These vehicles have weights and road load
characteristics achievable in the relatively near term (production in 5-10 years) and thus can 
used to project technically feasible CO2 emission standards for that period. "[’he lowest CO2
emissions can be achieved for electric vehicles and hybrid vehicles with an all-electric range of 40-
50 miles in the charge depleting mode. The CO2 emissions of these vehicles are 100-120
gmCO2/mi for the compact car and 155-180 gmCO2/mi for the mid-size car. The CO2 emissions
of the hybrids in the charge sustaining mode vary significantly with engine type and are generally
higher than for the charge depleting mode. For gasoline engines in a hybrid, compact car, the CO2
emissions are 160-180 gmCO2/mi using gasoline engines and 130-160 gmCO2/mi for diesel
engines. For gasoline engines in mid-size cars, the CO2 emissions are 190-220 gmCO2/mi and for
diesel engines, the CO2 emissions are 170-195 gmCO2/mi.

The vehicle efficiency results using the various hybrid vehicle technologies support an
initial reduction of total CO2 emissions for the mid-size car to 220 gmCO2, which corresponds
to a fuel economy of about 45 mpg (gasoline). This can be done using the port injected gasoline
engine technology. Introduction of the direct injected gasoline or Stirling engines could lead to a
"further reduction in CO2 emissions to 180-190 gmCO2/mi and with diesel engines to 170-195
gmCO2/mi. For equivalent engine technology, the CO2 emissions for the compact cars are about
25% less than that of the mid-size hybrid vehicles. These CO2 emission targets represent a 40-
50% reduction from present levels. Using gasoline engines and three-way catalysts, these
reductions in CO2 are achievable with near EZEV exhaust emissions. The total emissions of the
vehicles would critically depend on the evaporative and refueling systems incorporated into the
advanced hybrid vehicles.

The simulations indicate that the lowest CO2 emissions can be achieved using fuel cells
and compressed hydrogen. The values calculated are 100 gmCO2/mi for the mid-size car and 85
gmCO2/mi for the compact car. These represent CO2 reductions of 70-75% from present levels.
Using hydrogen from natural gas, the total NMOG emissions would be .04 gm/mi and the NOx
emissions would be. 18 gm/mi, which are only slightly below the ULEV standards. The
efficiency and emissions of fuel cell powered vehicles are critically dependent on how the
hydrogen required by the fuel cell stack is produced. Production of hydrogen from solar energy
is clearly the best approach in terms of minimizing total emissions and on-board reforming of a
hydrocarbon fuel is the least attractive approach for fueling a fuel cell from the total emissions
point-of-view~ The results of this study clearly show the great potential for fuel cells to reduce
CO2 emissions, but a detailed investigation of the refueling issues for fuel cells is needed to
better define the potential reductions of CO2 emissions and the total NMOG and NOx emissions
to be expected.



Summary and Conclusions
This study focused on the emission reduction and fuel economy benefits of the

application of hybrid/electric powertrain technology to light-duty vehicles (mid-size and compact
passenger cars). The approach taken was to calculate the exhaust emissions (g~/mi) and energy
use (Wh/mi and mpg) for a wide range of vehicle designs (steel and light-weight materials),
driveline technologies, control strategies, and driving cycZes using two vehicle simulation
programs (SIMPLEV and AVTE). The vehicle designs utilized various engines (injected gasoline,
diesel, and Sfirling) and PEM fuel cells for on-board generation of electricity. Both series and
parallel hybrid driveline configurations were analyzed. Batteries (lead-acid,nickel metal hydride,
and lithium-ion) and ultracapacitors were considered as the energy storage units. The annual full
fuel cycle total emissions were then calculated for each of the hybrid vehicle designs, as well as
for electric (battery-powered) and ICE vehicle designs, using an EXCEL (macro) spreadsheet,
which used as inputs the simulation results from SIMPLEV and AVTE and upstream emissions
to account for vehicle evaporative and refueling emissions and the production and distribution of
the fuel and electricity used by the vehicles. The total emissions calculations included the effect
of the vehicle use-patterns. The baseline use-pattern was 7500 miles random use per year and a
15 mile round-trip to work.

The following major conculsions were drawn based on the results of the study:

1. Light-duty vehicles using an engine-powered hybrid driveline can have up to double the fuel
economy and th~ one-half the CO2 emissions of conventional ICE vehicles of the same weight
and road load.
2. Vehicle using a load-leveled PEM fuel cell fueled with compressed hydrogen produced by
reforming natural gas can have about one-third the total full fueI cycle CO2 emissions of a
conventional vehicle using an gasoline ICE engine.
3. The exhaust emissions of alI vehicles (hybrid and conventional) can be reduced to sub-ULEV
levels using advanced electrically heated catalyst systems and computer engine control.
4. The full fuel cycle emissions of all advanced light-duty vehicles (hybrid and ICE powered.) are
primarily dependent on upstream emissions and the emissions of these vehicles will not be close
to EZEV levels unless their evaporative and refueling emissions are essentially zero and the
deterioration with use is minimal.
5. The calculated total emissions of electric (battery-powered vehicles) are dependent on the
recharge characteristics of the batteries used and the relevant powerplant emissions. For the LA
Basin, the calculated values for mid-size EVs emissions are close or less than the CARB EZEV

standards.
6. When operated in the charge depleting mode (batteries recharged from the wall-plug), hybrid
vehicles with a 50 mile or greater all-electric range have total full fuel cycle emissions close to that
of an electric vehicle for the baseline use-pattern (10,000 miles per year).
7. The total CO2 emissions on the FUDS/Highway driving cycle (charge sustaining operation) 
a parallel hybrid vehicle are 12-15% lower than that of a series hybrid vehicle using the same port
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injected gasoline engine. The difference in the CO2 emissions of the series and parallel
hybrid vehicles is only 2-3% using a swirl chamber diesel engine.
8. It would be technically more rational to regulate emissions and the CAFE standards for
light-duty vehicles in terms of total full fuel cycle emissions for NMOG, CO, NOx, and
CO2 rather than regulate exhaust emissions and miles per gallon (mpg) as is current
practice. This approach would place ICE, electric, and hybrid vehicles using various fuels
on an equal footing.
9. Given continued rapid improvements in ICE vehicle emissions, the introduction into
the market of advanced hybrid vehicles, including fuel cell powered vehicles, will be
driven by CAFE or other vehicle efficiency and/or greenhouse gas standards and not by
regulated emission standards even if those standards are for total full fuel cycle emissions.
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Table 1: Carbon dioxide emission (gm/mi) for various fuels
for vehicles having an equivalent gasoline fuel
economy of 27.5 mpg

Fuel gmC02

mi

Gasoline 308

Diesel 321

Natural gas 268

Methanol 265

Hydrogen

from Natural Gas 419

from Biomass 193

from Solar 71



Table 2:
.... [gin 1

? "Carbon Dioxide ~mlsslons~-~iJf°r Vehicle Llecmcity

Usage for Various Powerplant Fuel/Technologies

Powerplant gmC02 ) pp gmC02 ]
Fuel/Technology Efficiency (%) FF IKJ)Fuel

gm j j

Coal Steam 33 3.06 33.2 100 5 314

Oil Steam 33 3.12 42.5 801 250

Gas Steam 33 2°75 45 666 208

Advanced Gas

Tech. 47 2.75 45 468 t46

National

Average (1992) 696 217

Electricity Distribution: efficiency = .95
kwh

Vehicle parameters: .200 -- at battery
mi

Battery efficiency = .75, charger efficiency = .9
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Table 4: Progress in PEM Fuel Cell Stuck Weight and Volume
Reduction (1990-I996)

Fuel Cell Stack Year of Technology*
Characteristic

1990-1 1992-3 1995-6

Output (kW) I3 30

Weight (kg) 4O 40 32

Power Density

kW&g .125 .325 .94

kW/l .156 1.0

Efficiency(%) 47 55%

*Based on.reported characteristics of BaIlard fuel cell stacks.



Table 5: Greenhouse Gas Emissions From Hydrogen
Production and Storage

Fuel Cycle"

Natural gas/Compressed Hz 13.2

Biomass/Compressed H2 6.1

Solar PV/Compressed H2 2.3

*Based on Reference (30, 31)
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Table 8: Discharge Characteristics of Pulse Power Batteries

Sealed Lead-Acid (Thin-Film)

1 Cell Per Module
.083 Module Wt. (kg)
1.25 Ah Capacity
1.23 Puekert Constant
-0°025 Puekert Exponent
3 "C" Rating Time, h
0 DOD 2.08 Voc -0.00175 Resistance (A)
0.1 2.075 -0.00175
0.2 2.07 -0.00175
0.3 2.057 -0.00175
0.4 2.044 -0.00175
0.5 2.022 -0.00175
0.6 2.004 -0.00175
0.7 1.981 -0.00180
0.8 1.949 -0.00190
0.9 1.913 -0.00195
1 1.884 -0.00210

1.3 V Nimthyd
1 Cell Per Module
0.38 Module Wt. (kg)
15 Ah Capacity
17.1 Puekert Constant
-.08 Puekert Exponent
3 "C" Rating Time, h
0 DOD 1.400 Voc -.0018 Resistance (A)
.1 1.379 -.0018
.2 1.358 -.0018
.3 1.338 -.0018
.4 1.317 -.0018
.5 1.296 -.0018
.6 1.285 -.0019
.7 1.265 -.0020
.8 1.241 -.0022
.9 1.222 -.0026
1.0 1.120 -.0030



Table 9: Discharge Characteristics of the Carbon/Organic
Electrolyte Ultracapacitor

Cell Weight: .408 kg
Ah Capacity: 2.77 (3300 F)
Puekert Constant: 2.778
Puekert Constant: -.0022

DOD VOC R(z 

0 3.0 .000206

.I 2.7 .000206

.2 2.4 .000206

.3 2.1 .000206

.4 1.8 .000206

.5 1.5 .000206

.6 1.2 .000206

.7 .9 .000206

.8 .6 .000206

.9 .3 .000206

1.0 .0 .000206



Table 10: Discharge Characteristics of the Lawrence
Livermore Flywheel

Module Weight: 30 kg
Equivalent Ah Capacity: 10Ah (lkWh at 200~)
Puekert Constant: 10
Puekert Exponent: -.00001

DOD (VOC) Equivalent R(A)

0 2OO .02125

.1 180 .02125

.2 160 .02125

.3 140 .02125

.4 120 .02125

.5 100 .02125

.6 80 .02125

.7 60 .02125
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Table 12: Electric Vehicle Battery Module Characteristics

Type (Wh/kg)c/3 (wM)c/3 (W/kg)80%
DOD

Sealed Lead-Acid 40 85 350

Nickel Metal Hybrid 75 220 230

Lithium-ion 110 180 350
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Table 16: Fuel Economy for Conventional ICE Cars (1996-97)

Fuel Economy (mpg)

Model Test Engine Transm. FUDS (~) Highway <2)

Weight (cyl/L/kW)

(kg)
Honda 1182 4/1.6/80 M5 36 49
Civic

4/1.6/80 A4 32 45
Geo 958 4/1.3/41 M5 43 55
Metro

4/1.3/41 A3 33 44
Dodge 1201 4/2.0/99 M5 32 50
Neon

4/2.0/99 A3 28 AA

Ford 1047 4/I .3/47 M5 38 54
Aspire

411.3/47 A3 31 40
Ford 1198 4/2.0/95 M5 31 47
Escort

4/2.0/95 A4 29 44
Honda 1434 4/2.2/98 M5 28 41
Accord

4/2.2/98 A4 26 37
Ford 1662 6/3.0/ A4 22 36
Taurus
Toyota 1469 4/2.2/94 M% 26 4O
Camry

4/2.2/94 A4 26 38
6/3.0/140 A4 21 33

Chrysler 1567 4/2.4/112 A4 22 38
Cirrus

(1) EPA Fuel Economy/.9

(2) EPA Fuel Economy/.78

65



Table 17: Comparisons of the Fuel Economy of Conventional
ICE and Series ttybrid Vehicles

Test
Vehicle"~ Weight Transm. City(2) Highwaya)

(kg)
Mid-size

Conventional 1668 A4 22 36
ICE (Ford Taurus)

Series Hybrid 1655 33.9 38.6
(gasoline engine, charge

sustaining)

.Sub-compact

Conventional 958 A3 33 44
ICE (Geo. Metro) M5 43 55

Series Hybrid
(gasoline engine, charge
sustaining)

956 56.3 57.0

(1) Conventional and Series Hybrid Vehicles had same weight, A, and fr

(2) Fuel economy of ICE Vehicles were taken from the 1997 EPA Fuel
Economy Guide corrected by 10% for FUDS and 22% for highway
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Table 24: Vehicle Powertraia Component and

Driving Cycle Desig~aatioa Nomenclature

FH FU~
ILA
IUC
IUS US06
;At ART|4
A3 ART34
’F3 FIll
F7 RN/0

D
DD IDI
DR D~ RFG
EV EV
FC Fuel
H Hond~
S
UL L/LI~V

74
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Table 30: Summary of Upstream Emission Factors for Different Fuels

Evaporative Emissions !Refueling Emissions RFG

ROG ROG 0.21 grrdgal
~RFG

Running 0.04 gm/mi
Hot Soak 0.36 grnttrip
Diurnal 1.7 grnJday

CNG
:Diesel

Upsffeam Emissions Fuel Table

CNG LA Basin 0.05444 0.08132 0.53875 0 0 297.5068
CNG LA State 0.13509 0.36311 0.71097 0 0 416.6462
CNG LA Total 0.40298 1.09367 1.51487 0 0 733.06
Diesel LA Basi 0.1264 0.20944 O°50752 0 0 593.538
Diesel LA Star 0.1459 0.32351 0.5348 0 01 641.036
Diesel LA Tot~ 0.1956 0.5992 0.62645 0 0 756.228
H2 LA Basin 4 21 2.9 0 0 11695
H2 LA State 4 21 2.9 0 0 11895
H2 LA Total 4 21 2.9 0 0 11695
RFG LA Basin 0.1384 0.30135 1.3427 0 0 857.1819
RFG LA State 0.1702 0.4958 1.3869 0 0 937.4333
RFG LA Total 0.25 0.95576 1.53 0 0 1128.906

C02 Table

CNG 5612.992
[

Diesel 10083.04
H2 0
RFG 8254.045



Table 31: Summary of Powerplant Emission Factors (gut/kWh) for Generation of Electrical
Power used in Various Areas of California

i= , ,

I
Powerpiant

Emissions gm/kWh)
CO Nox ROG ~PM ’SOx C02

JCAState 0.091 0.288 0.023 0.034 0.203 473
=CA Total 0.092 0.326 0.023 0.035 0.:243 489
LA Basin 0.059! 0.058 0.011 0.019 0.004 321
LAState 0.082! 0.093 0.018 o o19 0.004 357
LATotai 0.089 0.414 0.021 0.033 0.311 504
US Total

Note: All numbers from CEC ca~ us~ ELF1N











Table 35: Comparisons of ICE and Electric VehMe on the FUI)SWAY Cycle

Vehicle
gm COJm i

Mid-size ICE

27 mpg 341

35 mpg 268

42 mpg 223

50 mpg 187

Mid-size EV (I00 mile range)

Pb-Acid

Ni. Mt. Hy.

L;.-ion

Light-weight ICE

40 mpg

50 mpg

70 mpg

Light-weight EV (100 mile range)

Pb - Acid

Ni. Mr. Hy.

L;-ion

208

222

I16

234

184

134

107

135

68
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Summary

Table 52: Emissions Breakdowns for Various Low-emission XCF, Vehicles

HYBRID EMISSIONS

Detailed VeMcie Results

!Control Strategy
1

0 0 for charge sustainin9., 1 ___f°r charr~.g_e de letir
i Evaporative Emissior 1 0 for none, 1 for present value
rRunnino or Total 0 0 for total, 1 for runnin~

Random M 750£
!Veh Type: ~d~[z,e., ~..LrL_EV Drive Cycl~ FUDIHWY Work Mile~ 15
Region: lastate Mi. (elec) 0 kW~year C
Fuel RFG Mi. (Hybrid 10860 Gal/year 310.2£

Emissions ’grn/mi)
CO NOx ROG PM SOx CO2

Electric
Upstrean 0.000 0.000 0.000 0.000 0.000¸ 0000

H.ybrid
Upstrean 0.007 0.027 0.038 0.000 0.000 32.254
Running 1.000 0.020 0.008 0.000 0.000 235.8
Evap 0.000 0.000 0.!21 0.000 0.000 0.0
Total 1.007 0.047 0.167 0.000 0~000 268.1

Tot (grrdyr) 10937.6 513.8 1814.2 0.0 0.0r2911395.5
Tot (gmJmi’ 1.007 0.047 0.167 0.000 0.000 268.084

Veh Type: (30ml~Ctp SUL~V !Ddve Cyd~ FUD/HWY i Random M 75OO
Region: lastate i Mi. (elec) 0 ’Work Mile,, 15
Fuel: RFG Mi. {Hybrid 10860 kWh/year 0

Gag’year 212.94
Emissions grrdmi)

CO NOx ROG PM SOx ’CO2
Electric

Upstrearr 0.000 0.000 0.000 0.000 0.000 0.000
Hybdd

Upstrearr 0.005 0.019 0.026 0.000 0.000 22.135
Running 1-.000 0.020 0.008 0.000 0.000 161.8
Evap 0.000 0.000 0.121 0.000 0.000 0.0
Total 1.005 0.039 0.155 0.000 184.0

TOt (~ndy0
0.000

10913.2 420.7 1685.7 0.0 0.0 1998016.5
Tot (grrdmi 1.005 0.039 0.155 0.000 0.000 184

VehType: ]~[18-slZ~ U]_,EV Drive Cycle FUD/HWY Random M 75O0
’Region: lastate 0 Work Miles 15
Fuel RFG Mi.Mi" IHlybC)rid 10860 kWh/year 0

GaK/year 402.22
Emissions (grNmi)

CO NOx ROG PM SOx CO2
Electric

Upstrean 0.000 0.000 0.000 0.000 0.000 0.000
Hybrid

Upstrean 0.009 0.035 O.O57 0.000 0.000 41.811
Running 1.700 0.200 0.040 0.000 0o000 305.7
Evap 0.000 0.000 0.121 0.000 0.000! 0.0
Total 1 #09 0.235 0.218 0.000 0.000¸ 347.5

Tot (_g__~t r 18562.6 2556.4 2367.5 0.01 0.0i 3774031.21
Tot (grnJmi 1.709 0.235 0.218 ooooi 0.0001 348
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Table 58: Total EmL~sions for Electric and Hybrid Vehicles with I996 Evaporative

and Refueling Emissions

HYBRID EMISSIONS

Detailed Vehicle Results

Control Strategy
Evaporative Emissior
Running or Total t 0

Compact EV.
Veh Ty_p_~_ ~ NlmtNyd hal
Region: lastate
Fuel: none

CO NOx
Electric

Upstrearr 0.026 0.123
Hybrid

Upstrearr 0.000 0.000
Running 0.000 0.000
Evap 0.000 0.000
TotaJ 0.000 0.000

Tot (grrdyr) 287.3 1336.3
Tot (grrgmi) 0.026 0.123

Veh Type:
Region:
Fuel: RFG

CO NOx
Electric

Upstrean 0.000 0.000i
Hybrid

Upstrean 0.005 0.019
Running 0.015 0.035:
Evap 0.000 0.000
Total 0.020 0.054

iTot (gin@r) 218.2 591.5i
Tot (grrdmi 0.020 0.0541

Compact-size BT.V
Veh Type: Intno4ta~
Region: lfastate’ Po~ ] Gas. -
!Fuel: RFG

CO NOx
Electric

Upstrean 0.000
Hybrid

Upstrean 0.004 0.017
Running 0.092 0.053
Evap 0.000
Total 0.096 0.070

Tot (gmJyr) 1047.4 760.3
Tot (grn/mi~ 0096 0.070

0
1

Emissions
ROG

0.006

0.000
0.000
0.000
0.000
67.8

0.006
Mid-size ~V
n, DI Gas. Ddve Cyck
lastate Mi. (elec)

T....
0 for charge sustainin~ 1 for chaEge de plettn_g .......
0 for none, 1 for present value [
0 for total, 1 for runntng

Drive C:,/cl(’ FUD/HWY
Mi. {elec} 10860
MI. (Hybrid 0

ML (Hybdd

Emissions

’grn/mi)
PM

0.010

SOx

0.000}

0.000i

ROG

0.092

Random M} 7500
Work Mile~ 15
kWbJyear [ 3227.8

Ga~/year , 0

CO2

149.798

0.000 0.000 0.000
0.000 0.000 0.0
0.000 0.000 0.0!
0.000
106.5

0.000 0.O

0.010

FUDIHWY

1003.8 1626801.9
0.092 149.798

0 Work Mile.,
10860

(gm/mi)
PM

Random M 7500
15

kWh/year 0
Gal/year 221.18

SOx CO2

0.000 0.000 0.000 0.000

0.0000.031 0.000 22.992
0.024 0.000 0.000
0.121 0.000 0.000
0.176 0.000 0.000

I916.7 0.0 0.0
0.176 0.000 0.000

FUD/HVVY
0

I O860

0.000

0o000

Drive Cyd~
ML (elec,)
Mi. (Hybdd

Emissions

0.000

0.027

ROG

0.015
0.121

0.000
0.000

168.1

,0o:o
2075332.9

191

Random M
Work Mile.,
kV~gyear
Gal/year

SOx C02

0.000

0.000
0.000
0.000

0.164 0.000 0.000
1776.3 0.0 0.0

0.0000.164 0.000

0.000

20.O87
146.9

0.0t
167.0

18131467t
167

7500
15
0

193.24
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Appendix I : Characteristics of Engines

bsfc and emissions (HC,CO, and NOx ) vs. power fraction
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Gasoline~
750 8940~
honda
120 ~

25000
0.0 0,0
0.0 0.0
0 347
ii 318
22 ~ 295
33 290
44 290
55 295
67 304
78 313
89 322

1.0 330

3.0
2.7
2.6
2.4
2.2
2.2
2.3
2.6
2.8
2.8

~X

15 0
15 0
15 0
15 0
15 0
15 0
15 0
17 0
20 0
22 0

4
4
5
6

I0
12
8
7
6
6

0
5
0
0
0
0
0
0
0
0

Gasoline
737 8940
Direct injection gasoline
90
30000
0.0 0o0
0.0 0.0
0 650 4.5 1.75 3.5

.ii 260 3.5 1.75 3.0

.22 250 3.0 1.80 3.0

.33 240 3.0 1.90 3.0

.44 240 2,5 2 .I0 3,0

.55 240 2.0 2.20 3.0

.66 240 1,5 2.50 3.5

.75 240 1.4 2 °75 4.0

.85 250 1.5 2.90 4.0
1.0 265 1.5 3.0 4.0

gasoline
750 8940
Moller Rotary 25kW
60
25000
2.0
2,0
0
25
35
5
6
75
9

1.0

1.0
1.0
514 1 ° 5
393 1.5
333 1.3
304 1.2
284 1 .i
278 1.4
280 1,5
284 1.5

(based on SC rotary

1 75 6.50
1 75 6.50
1 95 8.20
2 i0 I0,0
2 20 8,00
2 5O 6 o00
2 75 5.00
3.00 5.75

in JPL rpto )

AI-2



FEV diesel
876 10556
FEV DI supercharged 2-cyl.
2OO
30000
0.0 0.0
0.0 0.0
0 238 1.50

.16 225 1.50
o5 220 .750
.6 220 °700
.75 250 .600
.9 265 .550
i°0 280 .500

1 5
1 25
1 00
i 00
1 00
I 00
i 00

diesel

12.0
12 o5
13.0
13.5
14 o0
14.5
15.0

diesel fuel
876 10556
Swirl chamber turbo-diesel
2O0
40OOO
0.0 0.0
0.0 0.0
0 280 .200 2.00

.16 260 .i00 1.50
.5 237 .060 1.00
,6 250 .040 1.00
.75 260 .020 Io00
.9 270 .040 1.00
1.0 280 .060 1.00

4.00
3.00
2.00
1.50
2.00
3.00
4°O0

Gasoline
740 8835
STM Stirling @
79
22000
0o0
0.0
.19
27
35
44
52
60
69
77
85
94

1.0

0.0
0.0
246
232
220
213
209
2O8
209
211
213
220
223

40% Peak Eff.

0.00i 0.02
0.002 0.04
0.015 0.06
0.037 0.09
0.075 0.13
0.0125 0.26
0.0185 0.39
0.0265 0.53
0.0395 0.67
0 °0505 0.86
0.0609 1.02

0.458
0.422
0.335
0.276
0.234

0.227
0.221
0.216
0.211
0.207
0.203

AI-3
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Appendix III: Characteristics of Electric Vehicle Batteries

Open Circuit Voltage and Resistance vs. Depth-of-Discharge (DOD)

AIII-1



1V Saft-nicd
1 cells per module
4.13 module wt. (kg)
80 Ah capacity
135.97 Puekert constant
-.11780 Puekert exponent
5
0

1
2
3
4
5
6
7
8
9

1.0

"c" rating times h
1 36
1 300
1 272
1 262
1 250
1 230
1 222
1 210
1 200
1 170
I III

- 00061
- 00065
- 00068
- 0007O
- 00072
- 00076

00081
- 00086
- 00099
- 00152
- 00200

14V nimthyd
II cells per module
17.8 module wt. (kg)
88 Ah capacity
115.0 Puekert constant
-.08 Puekert exponent
3 "c" rating time, h
0 1.400 -.00104
.I 1.379 -.00104
o2 1.358 -o00104
.3 1.338 -.00104
.4 1.317 -.00104
.5 1.296 -.00104
o6 1.285 -.00105
.7 1.265 -.00106
.8 1.241 -.00107
.9 1.222 -.00122
1.0 1.120 -.00160

4V lithium ion (Saft)
1 cells per module
.125 module wt. (kg)
3.76 Ah capacity
3.838 Puekert constant
-~0912 Puekert exponent
3
o0

16
33
49
66
82
98

1 00

"c" rating time, h
4.00
3 82
3 75
3 65
3 60
3 50
3 39
3.08

- 1135
- 0880
- 0862
- 0837
- 0860
- 0900
- 095O
- 1050

AIII-2



hawker
6 cells per module

16 module wt. (kg)
40 Ah capacity

60 Puekert constant
-0.160 Puekert exponent

3 C" rating time, h
0~9 0

0.I
0 2
0 3
0 4
0 5
0 6
0 7
0 8
0 9

1

2 12 Voc
2 105
2 087
2 067
2 050
2 030
2 010
1 990
I 965
1.935
1.890

-0 000833
-0 000833
-0 000833
-0 000833
-0 000850
-0 000875
-0 000900
-0 000950
-0 001000
-0 001100
-0 001166

HORIZON
6 cells per module

21.8 module wt. (kg)
90 Ah capacity

126 Puekert constant
-0.1246 Puekert exponent

3 C" rating time, h
0 2.12

0.I 2.105
0.2 2.087
0.3 2.067
0.4 2.050
0.5 2.030
0.6 2.010
0.7 1.990
0.8 1.965
0.9 1.935

1 1.890

-0.000625
-0.000600
-0.000560
-0.000520
-0.000500
-0.000515
-0.000540
-0.000560
-0.000620
-0.000790
-0.000100

bolder
1 cells per module

.083 module wt. (kg)
1.25 Ah capacity
1.23 Puekert constant

-0.025 Puekert exponent
3 C" rating time, h
0 2.08

0.1 2.075
0.2 2.07
0.3 2.057
0.4 2.044
0 ~5 2.022
0.6 2.004
0.7 1.981
0°8 1.949
9.9 1.913

1 1.884

AIII-3

-0.00175
-0.00175
-0.00175
-0.00175
-0.00175
-0.00175
-0.00175
-0.00180
-0.00190
-0.00195
-O.O0~iO



Appendix IV : Complete set of simulation resul~ - inputs to the EXCEL Spreadsheet
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Appendix V: Spreadsheet Outputs for many vehicle, operating modes, and use-patterns
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