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Abstract

In this study, electric-drive vehicles with series powertrains were configured to utilize alithium-
ion battery of very high power and achieve sport-sedan performance and excellent fuel economy.
The battery electrode materialsare LiMn,O, and Li,TisO,,, which provide a cell area-specific
impedance of about 40% of that of the commonly available lithium-ion batteries. Data provided
by EnerDel Corp. for this system demonstrate thislow impedance and also a long cyclelife at
55°C. The batteriesfor these vehicleswere designed to deliver 100 kW of power at 90% open-
circuit voltage to provide high battery efficiency (97-98%) during vehicleoperation. This results
in battery heating of only 1.6°C per hour of travel on the urban dynamometer driving schedule
(UDDS) cycle, which essentially eliminates the need for battery cooling. Three vehicleswere
designed, each with series powertrains and simulation test weights between 1575 and 1633 kg: a
hybrid electric vehicle (HEV) with a 45-kg battery, a plug-in HEV with a 10-mile electric range
(PHEV 10) with a 60-kg battery, and a PHEV 20 with a 100-kg battery. Vehicle simulation tests
on the Argonne National Laboratory’ s simulation software, the Powertrain System Analysis
Toolkit (PSAT), which was devel oped with MATLAB/Simulink, showed that these vehicles
could accelerate to 60 mphin 6.2 to 6.3 seconds and achieve fuel economies of 50 to 54 mpg on
the UDDS and highway fuel economy test (HWFET) cycles. Thistype of vehicle shows promise
of having a moderate cost if it is mass produced, because thereis no transmission, the engine and
generator may belessexpensive since they are designed to operate at only one speed, and the
battery electrodematerial sareinexpensive.
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1. I ntroduction

Lithium-ion batteries show promisefor powering hybrid electric vehicles (HEV) and plug-in
hybrid vehicles (PHEV s), but the batteries under development differ widely intheir capabilities.
Also, avariety of vehicle types are under consideration and the requirements for their batteries
vary considerably: some demand high energy per unit volume and weight, and others place
greater emphasis on high power. For these vehicle applications, the batteries are required to have
safe and consistent performance throughout alife of about 15 years and be available in mass
production at a moderate price.



2. Status of Advanced Battery Development

Table 1 presentsthe characteristics of several lithium-ion batteriesin various stages of
development. These batteriespromise markedly different levelsof performancefor the various
criteriafor which batteriesare evaluated for the HEV and PHEV applications.

The LiNiggC0q15Al0.0s0, (NCA)-graphite system has good power and energy characteristics
because of its high voltage, good el ectrode specific capacities and good area-specificimpedance
(AS) [1, 2]. Projectionsshow it would have a moderate cost in production and good lifeif the
state of charge (SOC) is maintained between 90% and 30%. Work remainsto be doneto increase
the useful fraction of the (SOC) range and achieve excellent battery life (15 years). Also, at
present the NCA electrode has atendency to release significant amounts of oxygen during

thermal runaway, resultingin oxidation of theelectrolyte [3,4]. Thegraphite el ectrode adds
chemically bound energy to such a catastrophic incident.

Table 1. Selected Lithium-lon Battery Systems for Plug-In Hybrid Electric Vehicles

System NCA- LFP- MS- MNS- MN-
Graphite Graphite TiO TiO Graphite
Electrodes
Positive LiNiggCop15Alpos ~ LiFePO, LiMn,Os  LiMnysNigsOs  LizaMnggNig 202
Negative Graphite Graphite LigTisO12 LigTisO12 Graphite
Capacity, mAh/g
Positive 155 162 100 130 275
Negative 290 290 170 170 290
Voltage, 50% 3.6 3.35 2.52 3.14 39
SOC
ASlI for 10-s 25 25 9.2 100 25
Pulse, ohm-cm?
Saf ety Fair Good Excellent Excellent Excellent
Life Potential Good Good Excellent Unknown Unknown
Cost Moderate Moderate Low Moderate Moderate
Status Pilot Scale Pilot Scale  Develop. Research Research

The LiFePO, (LFP) electrode is more stable and does not generate oxygen during heating and,
thus, appearsto be safer at thistime than the NCA electrode. Otherwise, the performances of the
first two systemsin Table 1 are expected to be similar, but the L FP-graphite system shows
promise of aslightly lower raw material cost. However, devel oping alow-cost process for
preparing nano-LiFePO, material, which isrequired for good power, requires additional effort.

Thethird systemin Table 1, MS-TiO, has electrodes with low capacity, and the couple has lower
voltage than those of thefirst two systems. Thelithium-spinel positive el ectrode does not form a
good couple with a graphite negative el ectrode because manganese dissol vesin the el ectrolyte
and poisonsthe graphite electrode [5-8]. Against alithium-titanate electrode, however, it formsa
very stable couple, albeit with alow voltage. Thetitanate electrode hasavoltage that is 1.5V
higher than that of lithium, whereasagood graphite electrodeisonly about 0.1 V higher. The
combination of low voltage and low specific capacitiesfor both electrodes in the MS-TiO system



resultsin lower specific energy for the battery than for most lithium-ion systems. Thisis
somewhat mitigated by the very stable performance and long cyclelifefor 100% discharges, as
discussed bel ow, which permit operating M S-TiO batteries over the SOC range of 100% to 10%
for the PHEV application. Another favorable characteristic of the MS-TiO systemisvery low
ASl, whichresultsinvery high power. The safety characteristics appear to be excellent; itisvery
tolerant of excessive voltage upon charging, with amuch reduced likelihood of lithium deposition,
and the stored chemical energy inthe systemisvery low when compared with that of systems
with graphite electrodes. Aswill be shown by the data that follow, the cyclelife for the MS-TiO
systemisexcellent. Cost projectionsare only tentative, but the MS-TiO system appearsto have
inherent advantages over the other systemsin that its electrode materials have low cost and are
plentiful.

Thefourth systemin Table1, MNS-TiO, issimilar to the MS-TiO system, but with amanganese-
nickel spinel positive electrode that operates at avery high voltage versuslithium (4.8 V at full
charge) and with improved capacity relative to manganese spinel. At the present timethe ASI is
higher than for the MN-TiO system, but it is believed that this can beimproved sufficiently to
achievetherequired power (100 kW for the PHEV sin this study) for a 40-milerange PHEV.

The highest capacity positive electrodein Table 1 isin the MN-graphite system devel oped at
Argonne[9,10]. Thiswould result in the lowest battery weight for a40-mile PHEV for the
batteriesreviewed in Table 1. This system requires more development work, but it illustratesthe
improvementsin battery performancethat may comein thefuture.

3. Spind-Titanate Battery Performance M odeling

3.1 Approach

Despiteitslow capacity and low voltage, we have studied the MS-TiO system to determineif a
battery-vehicle combination could be found that exploits the very high power of the MS-TiO
system. A type of vehiclethat may be particularly enhanced by very high battery power isone
with a series-connected powertrain with sport-sedan performance. For such avehicleto achieve
high fuel economy, the engine should operate close to its peak efficiency, which requiresthat the
battery have high power to accept charging at ahigh rate. Therefore, we decided to design a
battery that could discharge at the 100-kW rate for a 10-s burst at 90% open-circuit voltage
(OCV) sothat the overall battery efficiency would exceed 97% for most vehicle-driving cycles.
The high battery power would al so make possible higher vehicle performancethanisusually
expected of HEV s and more like that of a sport-sedan.

Through a collaboration between Argonneand EnerDel, experimental data became available that
establish the low area-specificimpedance of the MS-TiO system and the promising long cycle
life for deep discharges, which justify the assumption that the battery can be operated between
100% and 10% SOC. Two typesof modeling were required to characterize the battery for
vehicle smulation studies: (1) design modeling to determine the battery weight, volume and
electrical performance and (2) impedance modeling. Theexperimental dataand modeling are
discussed below.



32 Experimental Data

Testswith a1.8-Ah MS-TiO cell demonstrated outstanding power; 97% of the capacity measured
at the 1C discharge rate was delivered at the 50C rate (Fig. 1) [11]. Theseresults were correlated
to obtain the impedance equationsrequired for the vehicle simulation tests.

The capacity stability was demonstrated in testsin which the entire cell capacity was discharged
and charged at the 5C rate at an elevated temperature of 55°C to accelerate degradation. After
2,300 cycles there waslittleindication of capacity loss (Fig. 2) [11]. Pulse power
characterization testswere carried out at 30°C after 1,000 and 2,000 cycles and demonstrated
little loss of power with cycling, and incidentally, restored thefull initial capacity. The promising
results obtained in these aggressive tests at high temperature indicate that MS-TiO batteries may
be able to achieve the 5,000 cyclesrequired for the PHEV application.
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Figure 1. Lithium-ManganeseSpinel/Lithium-Titanate 1.8-Ah Cell Charged
at 1C Rate and Discharged at Varying Rates at 30°C [11]
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Figure 2. Deep Discharging of Lithium-Manganese Spinel/Lithium-Titanate Cell
to Demonstrate Long Cycle Life [11]

3.3 Battery Design Modeling

We have devel oped amethod, based on Excel spreadsheets, for designing cells and batteries that
has been applied for several battery systems. Inrecent years, the method has been used primarily
for designing lithium-ion batteriesfor HEVs and PHEVs[12,13]. One form of input for this
method istest results from measurements of capacity and ASI on small cells with areas of only a
few square centimeters. It isalso possibleto accept datafrom larger cells by accounting for the
resistance of the current collection systeminthetested cells. The method cal culates the volumes
and weights of all of the cell and battery components and the electrical performance of the battery.
By this method, three batterieswere designed for a series-connected vehicle from the datain
Table 1 for the MS-TiO system and from other proprietary input. The results are shown in Tables
2and 3.



Table2. Cell Parametersfor Lithium-Manganese Spinel/Lithium-Titanate
Batteriesfor HEVsand PHEV's

Cdll Parameters
Cell Capacity (1/Crate), Ah

Positive First Charge Loading Density, mAh/cm®
Negative-to-Positive 1% Charge Capacity Ratio

Maximum V oltage on Charging, V
Average Voltage on Discharge, V
Positive Electrode

Active Material

Thickness of Coating (each side), um
Negative Electrode M aterial

Active material

Thickness of Coating (each side), pm
Total Cell Area, cm’
Cdll Dimensions, mm

Height

Width

Thickness
Cell Weight, g
Power, W
Cell Specific Power, kW/kg
Cell Specific Energy (1/C rate), Whikg

*Based upon energy usage of 300 Wh/mile.

HEV

10.0
0.54
10
2.7
251

Li1.06MN1.0404
25

Li 4T| 5012
21
20,500

189
104
12.2
471
1251
2.66
53

10-Mile*
PHEV
16.6
0.88
10
2.7
251

Li1.06MN1.0404
40

L|4T| 5012
34
20,500

219
116
12.4
648
1251
1.93
64

20-Mile*
PHEV
33.3
179
10
2.7
251

Li1.06MN1.0404
82

Li 4T| 5012
70
20,500

219
187
12.5
1102
1251
114
76



Table 3. Battery Parametersfor Lithium-Manganese Spinel/Lithium-Titanate

Batteriesfor HEVsand PHEV's
Battery Parameters HEV

Number of Cellsin Battery 80
Number of Modules (10 cells each) 8
Energy Storage (1-h rate), kwWh 2.0
Useable Energy

HEV, 60% to 35% SOC 0.50

PHEV, 100% to 10% SOC
Discharge Power (10 s), kW 100
Discharge Voltage af Full Power (50% SOC), V 181

% of Open Circuit Voltage 90
Power Density, kW/L 3.59
Current on Discharge, A

At Rated Power (50% SOC, 90% OCV) 552.5

Maximum Allowed (30 s) 560.0
M aximum Regeneration Power, KW

Short-Term (2-s regen braking) 100

Long-Term (up to 60 ) 70
Maximum Charge Voltage, V 216
Insulated Battery Wall Thickness, mm 7
Battery Dimensions, mm

Length 852

Width 266

Height 123

Volume, L 28
Weight, kg 45
Total Weight of Cells, % of Battery Weight 84
Cooling Fluid (exterior of modulesonly) Air

* Based upon energy usage of approximately 300 Wh/mile.

10-Mile*
PHEV

80
8
3.3

3.0
100
181
90
2.81

552.5
560.0

100
70
216
7

973
270
135
36
60
86
Air

20-Mile*
PHEV

80
8
6.7

6.0
100
181
90
181

552.5
560.0

100
70
216

973
274
207
55
100

88
Air



34 ImpedanceModeling

On the basis of the data shown in Figures 1 and 2, the impedance of the experimental cell was
modeled to fit Equation (1) in Figure 3 [14].
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Equation (1) 1000*(OCV-V))/I. = R = Ro+Rp *Ip./I.+Rp,*Ip,/I.
Where, OCV = open circuit voltage, V

V| = cell voltage, V

R = total cell impedance, milliohms
Ro = cell internal ohmic resistance, milliohms

Rp; = first internal polarization resistance, milliohms
Rp. = second internal polarization resistance, milliohms
I = cell load current, A
Ip: = current through first polarization resistance, A
Ip2 = current through second polarization resistance, A
The values for Ip; and Ip, are derived by integration of the differential equation:

Equation (2) dip/dt = (I.-1p)/t
Figure 3. Impedance Model for Lithium-Manganese Spinel/Lithium-Titanate Batteries [14]

Theresultswere adjusted to simulate a 1-Ah cell to facilitate usein cal culating battery impedance
for any desired capacity and number of cellsand are shownin Table 4, in which the values of
Tau; and Tau, aretime constants expressed in secondsfor the two polarization resistancesin the
model.

Theimpedance parametersfor the 1-Ah Cell of Table 4 were applied for the 100-kW batteries of
Table 3with theresult illustrated in Table 5.



Table4. Parametersfor Calculating Impedance of a1-Ah Lithium-Manganese
Spinel/Lithium-Titanate Cell

DOD,% OCV Ro Rp. Rp. Tau, Tau,
0 2.661 0.00320 0.00220 0.00100 10 270
10 2.621 0.00320 0.00220 0.00120 10 270
20 2.593 0.00320 0.00209 0.00130 10 270
30 2.569 0.00320 0.00220 0.00130 10 270
40 2.543 0.00320 0.00230 0.00140 10 270
50 2514 0.00320 0.00266 0.00140 10 270
60 2.483 0.00320 0.00313 0.00132 10 270
70 2.446 0.00320 0.00355 0.00108 10 270
80 2.408 0.00320 0.00420 0.00100 10 270
90 2.368 0.00320 0.00500 0.00100 10 270
95 2.336 0.00380 0.00600 0.00100 10 270
100 16 0.00440 0.00700 0.00100 10 270

Table 5. Impedance, Voltage, and Current for 10-second Power Burst
for 100-kW Lithium-Manganese Spinel/Lithium-Titanate Batteries

10-sBurst Discharge at 100 kW 10-s Bur st Power
SOC, % R-10s v %OCV A at 560 A, kW

100 0.0342 1954 91.8 511.8 108.5
90 0.0343 191.8 91.5 521.3 106.7
80 0.0338 189.6 914 527.3 105.6
70 0.0343 187.2 911 534.2 104.3
60 0.0348 184.6 90.7 541.7 103.0
50 0.0364 181.0 90.0 552.5 101.2
40 0.0386 176.8 89.0 565.6 9.1
30 0.0405 1722 88.0 580.8 96.9
20 0.0435 166.5 86.5 600.4 94.2
10 0.0472 160.0 84.4 625.2 91.3

5 0.0562 149.2 79.9 670.1 87.0

0 0.0652

4, Vehicle Simulation for High-Power Batteries
4.1  Approach

The Powertrain System Analysis Tool (PSAT) [15, 16], developed with MATLAB/Simulink, isa
vehicle-modeling package used to simul ate performance and fuel economy. It allowsoneto
realistically estimatethewheel torque needed to achieve adesired speed by sending commandsto
different components, such asthrottle position for the engine, displacement for the clutch, gear
number for the transmission, or mechanical braking for the wheels. In thisway, we can model a
driver who follows a predefined speed cycle. Moreover, ascomponentsin PSAT react to
commandsrealistically, we can employ advanced component model s, take into account transient



effects(e.g., enginestarting, clutch engagement/disengagement, or shifting), and develop redlistic
control strategies. Finally, by using test datameasured at Argonne’ s Advanced Powertrain
Research Facility (APRF), PSAT has been shown to predict the fuel economy of several hybrid
vehicleswithin 5% on the combined cycle. PSAT isthe primary vehiclesimulation package used
to support the U.S. Department of Energy’ s(DOE'’ s) FreedomCAR research and devel opment
activities.

4.2 Vehicle Characteristics

Severa vehiclesweresized for different specifications based on the same vehicle attributes:

o HEV
o PHEV with 10 miles All Electric Range (AER)
o PHEV with 20 miles All Electric Range (AER)

The main component masses are shown in Table 6 and Table 7 lists the main
characteristics of the smulated midsize car.

Table 6. Mass of Vehicle Components (kg)

Component HEV PHEV 10 PHEV20
EngineMass 120 120 120
Generator Mass 86 86 87
Motor Mass 144 144 146
Battery Mass 45 60 100
VehicleMass 1575 1590 1633

Table 7. Vehicle Main Specifications

Component Specifications
Engine 2004 US Prius
Electric machine  Ballard IPT - Induction
Single Gear Ratio 2
Fina DriveRatio 3.8
Frontal Area 2.1m?
Drag Coefficient  0.25
Rolling Resist. 0.007 (plus speed related term)
Wheel radius 0.317m

Asshown in Figure 4, the configuration selected is a series engine hybrid, very similar to the one
usedinthe GM Volt [17].
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Figure 4. Series Engine Configuration

Fivedriving cyclesare considered in the study to evaluate the impact of advanced lithium-ion
batterieson fuel economy: UDDS (urban dynamometer driving schedule), HWFET (highway fuel
economy test), LA92 (1992 test datafrom Los Angeles), NEDC (new European driving cycle)
and Ford ATDS. The main characteristics of each cycle are summarized in Table 8.

Table 8. Drive Cycle Characteristics

Unit ubDDS HWFET LA92 ATDS NEDC
Duration S 1372 764 1435 1799 1180
Distance km/mi 11.92/7.45 16.38/10.24 15.7/9.81 25.2/15.75 10.9/6.84
Average Speed mph 195 48.26 24.6 315 20.86
Average Accel m/s* 05 0.19 0.67 0.55 0.59
Average Decel m/s? -0.57 -0.22 -0.75 -0.55 -0.78
Number stops 17 1 16 18 13
Percent Stops 18.92 0.65 16.3 20.73 24.9

Notethat all the simulations performedin PSAT represent hot conditions.

43  Component Sizing Algorithm

The components of the different vehicleswere sized to meet the same vehicle performances:
e 0-60 mphinlessthan 7sec
e Gradeahility of 6% at 65 mph

To quickly size the component model s of the powertrain, an automated sizing processwas
developed. A flow chart illustrating the sizing process logic is shown in Fig. 5. While the engine
power istheonly variablefor conventional vehicles, HEV shavetwo variables engine power and
electric power. Inthat case, the engineis sized to meet the gradeability requirementswhilethe
battery is sized to meet the performance requirements. In the study, we also insure that the
vehicle can capture the entire energy from regenerative braking during decel erations on the
UDDS.

Similar tothe HEV configuration, the engine and generator powers are sized to meet the
gradeability requirements. Inadditionto HEVs, the battery power hasto be sized to follow the
UDDSdriving cyclewhilein al-electrical mode. Finaly, the battery energy issized to achieve



therequired AER of the vehicle. The AER is defined as the distance the vehicle can travel on the
UDDSwithout starting the engine. Note that a separate control algorithm isused to simulate the
AER. Thisagorithm forcesthe engine to remain off throughout the cycle, regardless of the
torgue request from the driver.

Vehicle Assumptions

Motor Power
| ]

Battery Power
]

Engine Power
v

Battery Energy

No

Convergence

Yes

Figure 5. PHEV Component Sizing Process
The main component characteristicsresulting from the sizing algorithm are described in Table 3.

Table 9. Component Sizing Results

HEV PHEV10 PHEV20
Engine Power kw 100 100 102
Generator Power kw 95 95 96
Motor Power kw 130 130 132
Battery Power kw 100 100 100
VehicleMass kg 1575 1590 1633
Accel. Time 0-60 mph S 6.2 6.2 6.3

4.4  Control Strategy Philosophy

The control strategy of the PHEV s can be separated into two distinct modes, as shown in Fig. 6
e Charge-Depleting (CD) Mode: Vehicle operation on the electric drive, engine
subsystem or both with anet decreasein battery SOC.
e Charge-Sustaining (CS): Vehicle operation ontheelectric drive, engine
subsystem or both with a‘ constant’ battery state-of-charge (i.e., withina
narrow range), whichissimilar to that in current production HEVs.

During asimulation, the engineisturned on when the battery SOC islow or the power requested
at thewheel cannot be provided by the battery alone. Turning the engine on expends fuel but
conserves battery energy, so that more miles can be traveled before the battery reachesits
discharged state. When theengineis ON, it isoperated closeto itsbest efficiency curve. Asa



result, the battery is being charged by the engine during low power requests, leading to lower
electrical consumption.

Theinitial SOC of the battery, which is also the battery’ s maximum charge, is 100%, and the
final SOC of the battery, which isalso the battery’ s minimum charge, is 10%. For the CD mode,
the enginelogic waswritten in StateFlow and used several conditions, such as battery SOC,
motor power limits, and vehicle speed, to determine when the engine should turn on and the
output torque of the engine. Thelogic of the CS mode was similar to that of current HEV's.
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Figure 6. Control Strategy SOC Behavior on the UDDS

45  Fue Economy Results

Aspreviously mentioned, several driving cycles have been considered to eval uate the benefits of
the advanced lithium-ion batterieson PHEV's. Table 4 summarizesthe electrical consumption on
each PHEV vehicle onthe first cycle of each drive cycle. Theseresultshighlight the differences
between the different drive cycles. Asexpected, the standardized drive cycles(UDDS, HWFET
and NEDC) require alower electrical consumption than the cyclesthat are more “ real-world” .
The ATDSisthe most aggressive drive cycle.

Table 10. PHEV Electrical Information

UDDS HWFET NEDC LA92 ATDS
10 miles Elec Cons. First Cycle (Wh/mile) 2246 2043 2341 2826 190.4(1)

AER  All Electric Range (miles) 13.8 14.3 12.8 10.3 9.5
20miles Elec Cons. First Cycle (Wh/mile) 2579 2099 2416 2979 3008
AER  All Electric Range (miles) 26.6 28.6 26.5 20.4 19.9

(1) Engine started during thefirst cycle



Because the primary goal of PHEV sisto maximizethefud displacement, thefollowing analysis
focuses on fuel consumption. Figure 7 showsthe evolution of the fuel economy when each cycle
isrepeated 10 times.
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The benefit of high-power batteriesis noticeable on the more aggressive driving cycles (Fig. 8).
When an engine start would have been necessary for low power batteries, theinitial distance can
be performed in EV mode without any help from the engine. Note, however, that previous
studies [18] have demonstrated the need to know thetrip distanceto properly minimizefuel
consumption. However, higher battery power allowsadditional flexibility in deciding when to
start the engine.
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Figure 8. Fuel Economy Evolutionon LA92 and ATDS

Table5 showsthe charge sustaining fuel economies of the different vehicles. Dueto increased
vehiclemass, thefuel economy decreasesdlightly with an increasein All Electric Range.



Table 11. Charge Sustaining Fuel Economy (mpg)

UDDS HWFET NEDC LA92 ATDS

HEV 51.9 54.4 52.3 39.3 40.0
PHEV 10 51 53.3 515 38.6 38.8
PHEV 20 49.6 52 50.5 37.9 38

Figure 9 showsthe evolution of the electrical consumption for theUDDSand ATDSdrive cycles.
Theimpact of the cycle aggressiveness can be seen by the slope of the electrical consumption. In
the case of the ATDS, the slope is much stiffer than for the UDDS.
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Theefficiencies of the vehicle componentsarevery high asillustrated in Table 11 for theUDDS
cycle. Improvement inthe fuel economy for these vehicles could be achieved by increasing the
motor efficiency. An additional motor of low power (30-50 kW) could be provided to be used
under light loads under which it could operate at higher efficiency than the high-power motor
(130 kW) inthe evaluated designs.

Table 11. Component Average Efficiencies (%) on UDDS

Component HEV PHEV10 PHEV20
Engine 36.9 37.2 37.2
Generator 91.9 91.9 91.9
Motor 80.4 80.4 804
Battery 98.4 975 97.4
Gear 97.5 975 975

The high battery efficiency, resultsin very little battery heating. One hour of travel onthe UDDS
cyclewould heat up the PHEV 10 battery by only1.6 °C under adiabatic conditions.

5. Conclusions

High vehicle performance, of the type expected from sport sedans, and high fuel economy can be
achieved at the same time by avehicle having a series powertrain and a high-power manganese
spinel/lithiumtitanate battery. Further improvement infuel economy might result from
improving themotor efficiency. Thisbattery can provide high power at such high battery
efficiency that battery cooling isvirtualy unnecessary. Thistype of vehicle shows promise of



having a moderate cost if it is mass produced because there is no transmission, the engine and
generator may belessexpensive since they are designed to operate at only one speed and power,
and the battery electrode materialsareinexpensive.
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