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10. ENERGY CONSUMPTION AND EXHAUST EMISSIONS
OF HYBRID VEHICLES

Analyses were conducted for both heat engine/battery-powered
and heat engine/flywheel-powered hybrid vehicles to determine their energy
consumption under several sets of operational conditions: urban driving;
highway driving; and stop-start, low-speed delivery service conditions. In
addition, the impact of such hybrid vehicle usage on vehicle-related exhaust
emissions was determined.

Three vehicles were evaluated in the study: a 2500-1b car, a
4000-1b car, and a 6000-1b van. The vehicle-related energy consumption
and emissions of hybrid vehicles were compared with those of representative
conventional spark ignition-powered vehicles manufactured to meet the
federal emission standards for 1975-76 model year light-duty vehicles:
hydrocarbons (HC) = 1.5 gm/mi, carbon monoxide (CO) = 15.0 gm/mi, and
oxides of nitrogen (NOX) = 3.1 gm/mi. The term ‘'vehicle-related' refers
to the sum of energy (or of emissions) from the vehicle and from the
electric generating plant that is used to supply power for recharging the
hybrid vehicle energy storage device. Therefore, the fuel consumption and
emission characteristics of the generating plant were simulated along with
those of the vehicle.

Hybrid vehicle operation was simulated by use of the computer
program discussed in Section 8 and by use of the performance characteristics
described in Section 5 for powertrain components, in Section 6 for stationary
electric generating plants, and in Section 7 for hybrid and conventionally
powered (baseline) vehicles. The sizing analysis described in Section 9 was
instrumental in specifying the rated power of the heat engine and the gear
ratios required in the powertrain.

The hybrid powertrain examined in greatest detail was series
in configuration. It was operated over the EPA Urban Driving Cycle with the
vehicle simulation computer program. Analytical results were also obtained
for powertrain operation over the EPA Highway Driving Cycle and the U. S.

Postal Service Driving Cycle.
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For each of these driving cycles, the effects of a parallel
configuration and of regenerative braking were determined separately, as
described in Section 8. If engine specific fuel consumption and specific emis-
sions remain unchanged, use of a parallel configuration could be expected to
offer reductions in vehicle energy consumption and emissions from the series
configuration because of the improved powertrain efficiency brought about by
the additional link of the heat engine to the vehicle drive wheels via a single
transmission,

The ability to recover kinetic energy by regenerative braking
during vehicle deceleration, to store the energy, and then to reuse it for
vehicle propulsion has the potential for offering significant reductions in
vehicle energy consumption. Of major importance for a given weight vehi-
cle is the manner in which vehicle deceleration occurs and the efficiency for
energy conversion in the vehicle powertrain. Vehicle deceleration, of course,
varies with driver habits, type of roadway, and type of traffic. Therefore,
regenerative braking was treated parametrically. Based on the discussion
presented in Section 3.3, 10 and 15 percent energy recovery values were
used for comparative purposes for the EPA Urban Driving Cycle, and 15
and 30 percent for the U.S. Postal Service Driving Cycle. (The character-
istics of the EPA Highway Driving Cycle were not favorable to recovery of
any significant amounts of energy by regenerative braking.) The percentage
of energy recovery refers to the percentage of total driving cycle energy
expended at the vehicle drive wheels that is recovered and delivered into
the energy storage system by the regenerative braking system.

In the subsequent discussion, the driving cycle characteris-
tics are described, the powertrain component operation is depicted, and the
vehicle-related energy consu.mption and exhaust emissions are summarized
for select combinations of vehicle design peak cruise speed, peak accelera-
tion, and weight. The effects of discrete variations in component efficiency
and powertrain gear ratios for the series configuration are also covered.

(A matrix showing the parametric variations included in the analysis is given
in Tables 10-1 and 10-2.)

In the presentation of results, hybrid vehicle-related energy

consumption is given as a percentage of conventionally powered vehicle

energy consumption. The hybrid vehicle-related exhaust emissions are

10-2



expressed as a percentage of the 1975-76 federal emission standards and are
shown only for the EPA Urban Driving Cycle. Emissions are not of critical
importance for hybrid vehicle evaluation on the highway and postal cycles
simply because there are no government standards to be met for these cycles;

therefore, no such discussion is included.

10.1 ENERGY CONSUMPTION AND EXHAUST EMISSIONS
FOR HEAT ENGINE/BATTERY HYBRID VEHICLES

Hybrid vehicle characteristics are presented as a function of
time for a 4000-1b series configuration car with a design cruise speed of
65 mph and a nickel-zinc energy storage battery system. Other cruise
speeds, vehicle weights, and powertrain configurations are discussed in
regard to the integrated results that summarize vehicle-related energy con-

sumption and exhaust emissions.

10.1.1 Analysis for EPA Urban Driving Cycle

10.1.1.1 Cycle and Vehicle Propulsion Characteristics

The EPA Urban Driving Cycle encompasses a wide variety of
vehicle speeds, accelerations, and decelerations over a period of 1372 sec-
onds, covering a distance of 7.45 miles with an average speed of 19.55 mph.
The velocity history is shown in Figure 10-1; vehicle speeds range as high
as 56.7 mph. Figure 10-2 shows the vehicle acceleration/deceleration time
profile; decelerations and accelerations reach about the same peak value of
3.3 mph/second. Distance traveled by the vehicle as a function of time is
given in Figure 10-3. The wheel power required for propelling a 4000-1b
vehicle is given in Figure 10-4. Peaking at about 54 hp, this power is neces-

sary to overcome vehicle road load as well as to accelerate the vehicle mass.

i0.1.1.2 Powertrain Component Characteristics

Component characteristics for a series configuration are pre-
sented as a function of time throughout the driving cycle for two different
fixed minimum power settings of the heat engine/generator (see Section 2. 3).

When the minimum power for propulsion is set at zero (T = O)*, the heat

5k
T = fixed minimum power setting of generator expressed as a fraction of
rated power
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engine/generator is not capable of providing any recharging energy to the
battery; all recharging then comes from an electrical wall outlet. Engine
speed and power output for vehicle propulsion, as shown in Figures 10-5

and 10-6, are then required to follow wide excursions from the minimum
power setting in order to provide road-load power for the vehicle. The
speed of the engine is that necessary to provide the brake horsepower out-
put which includes not only the propulsion power shown in Figure 10-6, but
also the vehicle accessory/engine auxiliary load given in Figure 10-7. Hence,
at 4339 rpm, the peak power out of the engine for this illustration is 43.9 hp,
of which 38.3 hp is for propulsion and 5.6 hp for accessories/auxiliaries.

By contrast, at the higher fixed minimum power settings, the
engine speed and power variations are limited to the high-speed portion of
the driving cycle between 200 and 300 seconds. This is seen in Figures 10-8,
10-9, and 10-10 for engine speed, engine power for propulsion, and vehicle
accessory/engine auxiliary power demand, respectively. The power setting
used for illustration in this case (T = 0.30) does provide battery recharge
power and is large enough to completely recharge the battery at the end of
the driving cycle without the need for recharge power from an electrical
wall outlet (in fact, slightly in excess of the power needed for complete re-
charge). The virtual independence of engine operation from wheel power
.requirements, in this case, provides an illustration of how hybrid vehicle
heat engines and emission control systems design requirements can be
markedly different from those for conventionally powered vehicles.

The next two illustrations, Figures 10-11 and 10-12, show
the energy provided at the engine shaft for all vehicle power requirements
as a function of time. When all battery recharging is accomplished with
the heat engine (T = 0. 3), there is about a factor of 3 increase in vehicle
onboard energy compared to the requirements when there is total reliance
on wall charging (v = 0).

Battery characteristics are illustrated in Figures 10-13 through

10-19. The battery effective discharge current™ passing to the electric

The actual discharge current is considerably higher and lasts for only a
fraction of a second because of the ''chopped" power. This value is an
"average'' current, lasting for 1 second, and properly accounts for power
and energy leaving the battery.
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drive motor for vehicle acceleration power is shown in Figure 10-13 for

T = 0. A peak value of about 415 amp is required for a system voltage of
about 110 volts. (A higher system voltage would possibly be chosen for a
finalized design to improve the overall powertrain efficiency.) In Fig-

ure 10-14, a peak value of 390 amp is seen for the case of T = 0.3. In fact,
most of the discharge current values have been reduced from the case of

T = 0. This reduction in battery discharge current is brought about by the
increase in current available from the engine/generator as the fixed mini-
mum power level is increased. As discussed in Section 2, at the lower vehi-
cle speeds, the engine/generator does provide a portion of the vehicle accel-
eration power requirements.

Battery charging current is shown in Figure 10-15 for T = 0.3
(charging current is zero for T = 0). The charging current is limited to a
maximum value of about 50 amp in this case. This limit on charging current
is a function of the battery state of charge, battery capacity, limiting maxi-
mum battery cell voltage, and limiting charging capability of the generator.
For this illustration, the peak current is set by the generator. This is gen-
erally the case; therefore, energy is wasted only when the battery is close
to, or at 100 percent state of charge.

The resulting battery state of charge is shown as a function of
time in Figures 10-16 and 10-17 for 7 values of zero and 0. 3, respectively.
In the former case, almost 10 percent of the battery capacity has been ex-
pended by the end of the driving cycle, while in the latter case the battery
charge has been fully restored. The accompanying cell voltage histories
are given in Figures 10-18 and 10-19; there is little variation from the nomi-
nal value of 1.815 volts.

Because the heat engine is run continuously, battery charging
current from the generator is available even when the battery is fully charged.
This power must be discharged to a passive load and constitutes wasted energy.
An accounting of the wasted energy at the heat engine output shaft is given in
Figure 10-20 for T = 0.30. As noted previously, at this engine/generator
setting, the energy generated is slightly more than required to fully recharge

the battery, and rapid increases in wasted energy are encountered. The final
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value of almost 0.36 kW-hr is about 7 percent of the total energy expended
by the heat engine. (If the battery had an initial state of charge significantly
less than 100 percent, the wasted energy could be decreased almost to zero.)
Electric drive motor characteristics are presented in Fig-
ures 10-21 through 10-25; they are independent of the generator T setting.
The motor speed history is shown in Figure 10-21. It follows the vehicle
speed characteristics given in Figure 10-1 and peaks close to 10,000 rpm
at 240 seconds. In Figure 10-22, the motor power output history is shown.
It follows the vehicle drive wheel power characteristics shown in Figure 10-4
and differs only by the intervening efficiencies of the gear train and differen-
tial; a peak value of about 56 hp is required at close to 200 seconds. The
accompanying motor current and voltage histories are given in Figures 10-23
and 10-24, respectively. Peak motor currents close to 720 amp occur pri-
marily at conditions of high vehicle acceleration at fairly low vehicle speeds.
Motor voltage peaks at about 80 volts and is generally highest at the higher
vehicle speeds. Finally, motor efficiency is shown as a function of time in
Figure 10-25. Values generally range from about 70 to 85 percent, averag-
ing near 78 percent. (Values of 100 percent are anomalies of the computer
program occurring only when the vehicle is stationary.) The very low values
of efficiency (as low as 1 to 2 percent) occur when the vehicle is accelerating
from a stop -- significant power levels are being delivered to the motor

but it is producing a very small power output due to the low rpm.

10.1.1.3 Example of Analyis Results

The previous discussion covered powertrain characteristics
at the lowest and highest values of the generator fixed minimum power setting,
T, to illustrate the variations to be expected as the vehicle negotiates the driv-
ing cycle. By varying T between the low and high values, trends in the criti-
cal parameters defining vehicle energy consumption can be observed. Exam-
ples of these parameters are heat engine power output, engine fuel energy
expended, and engine energy wasted,

At each value of T, the heat engine provides a certain amount
of energy for recharging the battery, as determined at the end of the driving

cycle. Hence, an appropriate independent parameter for plotting summary
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curves of vehicle energy expenditure is a term designated gamma (y). The
parameter y is the fraction of battery recharge energy that is provided by
the onboard heat engine (or heat engine plus regenerative braking). When vy
equals zero, all recharging is accomplished by power from an electric wall
outlet;* when y equals 1.0, all recharging is accomplished by power from
the engine on board the vehicle. Intermediate values allow the recharging
to be divided between these two energy sources. Some examples of heat
engine characteristics related to energy expenditures are given as a func-
tion of y for the series configuration powertrain.

An indication of the variation with y of the heat engine power
available for propulsion is given in Figure 10-26. Values range from zero
horsepower at y of zero to 14,25 hp at y of 1. 0.

The specific engine operation constraints with respect to
horsepower and rpm, as discussed in Section 5, resulted in brake specific
fuel consumption (BSFC) values generally ranging from 0.55 to 0.60. (Mini-
mum BSFC for the selected engine was 0.5.) For fuel with an assumed
energy release content of 18,600 Btu/lb fuel, the engine efficiency ranged
from about 23 to 25 percent. The energy expended over the driving cycle
by the heat engine fuel is plotted in Figure 10-27 as a function of y. Aty
of zero, the 10.7 kW-hr of energy expended was used for providing power to
overcome vehicle road load and vehicle accessory/engine auxiliary loads;
no energy was expended for battery recharging. Aty of 1.0, the 21.5 kW-hr
of energy expended was used for the loads just noted plus the power needed
to fully recharge the battery.

As noted in Section 10.1.1.2, whenever the battery was fully
charged or whenever the generator charging current exceeded the battery
acceptance rate, the excess power was dissipated in a passive load. This
wasted energy, as determined at the engine shaft output, is plotted versus vy
in Figure 10-28. Wasted energy is generally less than 2 percent of the energy
provided by the heat engine, but engine operation in excess of that needed to

fully recharge the battery can increase losses to 7 to 10 percent.

>PEnergy supplied by stationary electric generating plant
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At the end of the driving cycle, the energy contained in all
forms of fuel consumption was determined. The fuel energy consumed was
categorized as follows: (a) heat engine fuel only, (b) heat engine plus electric
generating plant petroleum-based fuels, (c) heat engine plus all electric gen-
erating plant fuels. The results for a series configuration powertrain are
expressed as a percentage of the fuel energy expenditure for conventionally
powered cars (see Section 7), and plotted versus y in Figure 10-29. At
vy = 0, when the electric generating plant provides all battery recharging,
the vehicle heat engine (fueled with gasoline) uses only 60 percent of the fuel
energy of a conventionally powered car. This energy factor rises to about
71 percent when petroleum-based fuels used at the electric generating station
are included. Accounting for energy from all fuels at the electric generating
station increases this figure to about 91 percent. The leveling out of the
heat engine energy consumption curve below y = 0.1 is the result of a reduc-
tion in engine efficiency found at low power output such that about the same
(or slightly more) fuel is expended at the power setting corresponding to
vy = 0, as at the higher power setting for y = 0. 1.

As vy increases and the heat engine provides more of the bat-
tery recharge energy, the energy ratios for each source category tend to
merge and continue to increase until energy expended is greater than for a
conventionally powered car. These trends are indicative of (a) the improved
energy conversion efficiency of electric generating plants (including power
transmission to an electric wall outlet) when contrasted with automotive in-
ternal combustion gasoline engines; and (b) the poorer overall powertrain
efficiency of a series configuration heat engine/battery hybrid car when con-
trasted with a conventional car. However, subject to the assumptions used
in this analysis, the results do show that there are operating regimes for
this particular hybrid vehicle whereby significant savings in petroleum-based

fuels or in all types of fuels can be achieved.

10.1.1.4 Summary of Hybrid Vehicle Energy Consumption

Characteristics

Analysis results for various vehicle weights, powertrain con-
figurations, and performance design criteria are presented as a function of vy.

Additional factors discussed are regenerative braking, vehicle operating
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range, impact of regional characteristics of electric generating plants, and

sensitivity of results to changes in powertrain component characteristics.

10.1.1.4.1 4000-1b Car

Figure 10-30 illustrates the fuel energy consumption charac-
teristics of the 4000-1b heat engine/battery hybrid vehicle when operated
over the EPA Urban Driving Cycle. In all cases, the energy consumption
of the hybrid vehicle is referenced to the gasoline energy consumption of the
baseline conventionally powered vehicle operating over the same cycle (at

14.2 mpg or 2.38 kW-hr/mi, as given in Section 7).

10.1.1.4.1.1 Series Configuration

As shown in Figure 10-30a, the series configuration consumes
approximately 16 percent more energy (and more tanked gasoline) if the heat
engine is used to provide 100 percent of the battery recharge energy. As
more and more wall-plug electricity is used for battery recharge (as the
heat engine fixed minimum power setting is reduced and y becomes smaller),
the fuel consumed by the heat engine is markedly reduced, with a lower level
of 60 percent of equivalent tanked gasoline in the y = 0 to 0.1 range. In this
same y range, the overall energy consumption of the hybrid (tanked onboard
gasoline plus the recharge energy generated by fuel consumption at the utility
power plant) is approximately 90 percent that of the reference baseline vehi-
cle, or approximately a 10 percent savings in total fuel energy consumption.
As noted previously, the leveling out of energy consumption below y = 0.1
for the heat engine is the result of a reduction in engine efficiency found at
low power output such that about the same (or slightly more) fuel is expended
at the power setting corresponding to y = 0, as at the higher power setting
for y = 0.1, (This same characteristic can be seen in subsequent illustra-
tions for the 2500~ and 6000-1b vehicles. )

In order to use less heat engine fuel (gasoline) than the base-
line comparison vehicle, the hybrid vehicle would have to use heat engine
fixed minimum power settings which provide less than 65 percent of the bat-
tery recharge energy required over the driving cycle (y < = 0.65). With
regard to petroleum-based fuels (heat engine gasoline, plus gas and oil at

the electric generating power plant), less than 55 percent of the battery
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recharge energy would be provided by the heat engine (y < = 0.55) in order
to use less energy than the baseline vehicle. To save on total energy (gaso-
line plus all fuels at the electric generating power plant), less than 44 per-
cent of the battery recharge energy would be provided by the heat engine.

It is of interest to note that, as the value of y decreases and
the heat engine supplies a decreasing fraction of the vehicle propulsion
energy needs, the preceding curves have shown a decrease in hybrid vehicle-
related fuel energy consumption. For the curves designated "*heat engine
fuel only," this trend is certainly expected (barring marked changes in engine
efficiency). For the other curves designated as "'petroleum-based fuels
only'" and '"all fuels,'" this trend is due to the fact that, even under hybrid
operating conditions, the onboard heat engine efficiency is less than the
combined efficiencies of stationary electric generating plants and transmis-
sion lines. Therefore, for a given amount of energy delivered, the heat
engine will consume more fuel energy. Thus, as y is reduced and more
reliance is placed on electric wall-plug power for battery recharge energy,

less total fuel energy is consumed per vehicle mile traveled.

10.1.1.4.1.2 Parallel Configuration

As shown in Figure 10-30b, the more efficient parallel con-
figuration of the heat engine/battery hybrid vehicle is approximately equiva-
lent to the conventional baseline vehicle in gasoline consumption when the
heat engine is used to provide 100 percent of the battery recharge energy
(y =1.0). Thus, both gasoline and total energy are conserved in increas-
ing amounts as the fixed minimum power level of the heat engine is reduced
and as more and more wall-plug recharge energy is used (as y becomes

smaller).

10.1.1.4.1.3 Regenerative Braking Effects

Figures 10-30c and 10-30d illustrate the effect of regenera-
tive braking on energy consumption for the series and parallel configurations,

respectively. I'or the series configuration with 15 percent energy recovery,”

operation of the hybrid vehicle at y values below 0.9 would be required to

“Percent of total driving cycle energy recovered and stored in battery by
regenerative braking system
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save gasoline, and at y values below 0.8 to conserve total energy. With
10 percent energy recovery, these y values become 0.8 and 0.6,
respectively.

In the case of the parallel configuration, significant gasoline
and total energy savings are accomplished at all y values with either 10 or

15 percent energy recovery (with increased savings as y is reduced).
10.1.1.4.2 2500-1b Car

The energy consumption characteristics of the 2500-1b heat
engine/battery hybrid vehicle over the EPA Urban Driving Cycle are illus-
trated in Figure 10-31. Here, the basis of comparison is the gasoline energy
consumption of the 2500-1b vehicle given in Section 7 (21.7 mpg or 1.56 kW-
hr/mi). As can be noted, the basic effects of configuration (series versus
parallel) and of regenerative braking are similar to those described for the
4000-1b car.

10.1.1.4.3 6000-1b Van

Figure 10-32 depicts the energy consumption characteristics
of the 6000-1b hybrid vehicle, as compared with the gasoline energy consump-
tion of the baseline vehicle given in Section 7 (9.3 mpg or 3,64 kW-hr/mi).
Again, the basic effects of configuration and of regenerative braking are
similar to those described for the 4000- and 2500-1b hybrid vehicles.

10.1.1.4.4 Range Implications

The preceding plots of energy expenditure versus y have
shown the potential for hybrid heat engine/battery vehicles to conserve
energy, particularly at the lower values of y. For any value of y less than
1.0, the onboard heat engine provides only a portion of battery recharging
needs, and the balance of battery recharging must be accomplished by
energy from electric generating plants. Whenever the battery is depleted
of energy, this form of operation requires the vehicle to be recharged from
an electric wall outlet for a number of hours and implies that overnight
charging, charging at place of work, or battery exchange are necessary
considerations. Hence, the vehicle operating range is affected by the par-

ticular value of y used in the design of a hybrid vehicle, and it is of interest
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to view energy expenditures when plotted versus range. The vehicle design
range to be discussed is for operation on a given type of driving cycle under
standardized conditions with full vehicle power available, but it does not
account for variations that might be induced by local climate or terrain en-
countered in actual driving situations.

Hybrid vehicle design operating range is limited by the more
restrictive of two factors: (a) heat engine rate of consumption of fuel and
size of fuel tank, and (b) rate of depletion of stored battery energy and size
of batteries. An example of the range variation with y for each of the afore-
mentioned considerations is shown in Figure 10-33. .

Recall that, as y increases, the heat engine provides an in-
creasing amount of battery recharge energy. Hence, for a given rate of
battery energy expenditure per mile, as y increases, the vehicle can travel
a greater distance before the battery stored energy is finally depleted. This
is shown in Figure 10-33 by the curve on the left designated ''range based on
battery energy."

Alternatively, though, as y increases, the engine power in-
creases in order to deliver more recharge energy, and its fuel consumption
rate increases. Therefore, for a given size fuel tank (given amount of stored
energy), the vehicle will travel shorter distances. This is shown by the
curve on the right designated ''range based on fuel tank energy."

By selecting the more restrictive case at any vy, it can be seen
that, at the higher values of y, range is based on fuel tank energy, while, at
the lower values of y, range is based on battery energy. Regardless of
whether battery or fuel tank is controlling, the full design operating range
is determined by calculating the energy expenditure per mile for a given
driving cycle and dividing this figure into the stored energy available for
propulsion.

In the ""battery controlling'' regime, additional range could
possibly be extracted after the battery had been exhausted by overriding the
vehicle control system and using the heat engine for all propulsion power.
Due to the inherent design feature of slow engine response to driver demands,
this would result in markedly reduced vehicle acceleration, but, as a backup

system, would allow the driver to avoid being stranded.

10-12



To construct the curves of energy consumption versus range,
curves similar to those shown in Figure 10-33 were used in conjunction with
curves like those shown in Figures 10-30 through 10-32. Because the range
limiting curves give a double value for y at certain vehicle ranges (in this
case between 245 and 275 miles as seen in Figure 10-33), a criterion for
selection was necessary. This was readily resolved by observing that energy
consumption always showed an increase with y. Therefore, the lower value
of y was selected in order to have the system operate at the lesser of the
two possible values for energy consumption. This means that for the vehi-
cle energy consumption versus design range curves to be presented, the bat-

tery is always range-controlling.

10.1.1.4.5 Impact of Design Peak Cruise Speed, Design Peak

Acceleration, Vehicle Weight, and Regenerative

Braking

For a 4000-1b series configuration car designed for different
peak cruise speeds, energy consumption relative to the baseline, conven-
tionally powered car is shown in Figure 10-34 as a function of vehicle de-
sign range. Curves for consumption of all fuels and for consumption of only
petroleum-based fuels are depicted. An example of the double-valued solu-
tion for energy consumption mentioned previously is shown for the 65-mph
cruise case.

The results indicate that total energy savings are possible for
vehicles designed for reduced cruise speeds of 55 and 65 mph and having daily
operating range less than about 105 and 115 miles, respectively.. When con-
sidering saving just petroleum-based fuels for these reduced-speed vehicles,
comparable range values are 200 and 155 miles, respectively. At the lowest
range shown of about 60 miles, these hybrid vehicles consume in all fuels
about 85 to 90 percent of the energy of conventionally powered vehicles, and
only about 65 to 70 percent in petroleum-based fuels. These hybrid vehicles
also have maximum possible design operating ranges slightly less than
conventionally powered vehicles.

The high-speed, 80-mph cruise vehicle shows virtually no

savings in total energy, but petroleum-based fuel consumption can be reduced
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if operating range is limited to less than 95 miles. The maximum possible
range is significantly less than that of the conventionally powered car.

While the vehicle design peak cruise speed does show a sig-
nificant effect on energy consumption, this is not evident for the vehicle de-
sign peak acceleration. Generally, only minor differences would come about
due to slight changes in motor efficiency as the size varies to meet the wheel
power requirements during a sustained acceleration run. Changes in gear
ratio to meet wheel torque requirements would cause the motor to operate at
different speeds, and this would also introduce some small changes in effi-
ciency. The major impact on vehicle operation is to be found in the battery
design requirement area. As design acceleration increases, and power de-
livery needs increase, component weights in the powertrain must increase
accordingly. As shown in Section 9, the weight available for batteries then
decreases and the required specific power (W/lb) of the battery rises sharply.
Reduction in available battery weight would likewise reduce the available
ampere-hour capacity and this would have two effects: (a) the vehicle mini-
mum operational range would be decreased, and (b) allowable battery charg-
ing rates would be reduced, with the potential for more energy to be wasted
during battery recharge.

To illustrate the effect of vehicle weight, a set of energy con-
sumption curves is shown in Figure 10-35 for a constant design peak cruise
speed of 65 mph for three different series configuration vehicle weights:
2500, 4000, and 6000 pounds. The lowest energy consumption and greatest
possible design operating range is found with the 4000-1b car which, as had
been shown in Figure 10-34, has energy savings at design operating ranges
less than 115 miles for all fuels and at ranges less than 155 miles for
petroleum-based fuels. The poorest results are shown by the 2500-1b car,
which results in fuel savings only below the 75-mile range for all fuels and
below 110 miles for petroleum-based fuels. Intermediate results are shown
for the 6000-1b van with commensurate range values of 100 and 140 miles.

A uniform trend of relative energy consumption with vehicle
weight is not evident from Figure 10-35. This is because, in lieu of other
available data, results for the 6000-1b van have had to be compared to the

:nergy consumption of a conventionally powered 6000-1b car, rather than a
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conventionally powered 6000-1b van. The higher aerodynamic drag profile
of the van causes significantly greater expenditure of energy than a car,
even at the moderate speeds of the urban cycle. If a 6000-1b hybrid auto-
mobile had been analyzed, then the curves in Figure 10-35 would have shown
a definite trend of decreasing relative energy consumption with increasing
vehicle weight.

Curves for the same vehicle weights were constructed to illus-
trate, as a function of vehicle design operating range, the effect of regen-
erative braking on energy consumption for both series and parallel configu-
rations, when compared with the baseline, conventionally powered vehicle.
The impact of regenerative braking is quite dramatic, as seen in Figures 10-36
through 10-38 for the series configuration. With 15 percent of vehicle drive
wheel energy recovered in the battery, energy savings are possible at all
ranges shown for both the 4000-1b hybrid car and the 6000-1b hybrid van. If
only petroleum-based fuels are considered, a 10 percent recovery of energy
is sufficient to produce a similar result., The 2500-1b car continues to show
relatively higher energy expenditures than the other hybrid vehicles. Energy
savings are possible throughout the vehicle design operating range only for
15 percent energy recovery and a petroleum-based fuel reference criterion.
At reduced design operating range, the energy savings are quite impressive
for all vehicles; almost 30 percent savings in petroleum-based fuels are
shown at the 100-mile range, seen for the 4000-1b car with 15 percent energy
recovery.

Still greater energy savings are possible with the parallel
configuration, as seen in Figures 10-39 through 10-41. Even without regen-
erative braking, energy savings are available for all vehicles over the entire
design operating range. Both the 4000-1b car and the 6000-1b van have equiva-
lent savings over the conventionally powered vehicle. At the 300-mile range
and with 15 percent recovery of vehicle drive wheel energy, the 4000-1b car
shows savings of better than 15 percent for all fuels and better than 20 per-
cent for petroleum-based fuels. At a reduced design operating range of about
100 miles, these figures change to 25 and 35 percent, respectively.

If, as stated earlier, engine BSFC can be held to the same values

as those associated with the series configuration, the parallel configuration is
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preferred over the series configuration for the type of urban driving that is
characterized by the EPA Urban Driving Cycle. Regenerative braking is
decidedly of significant value in conserving energy. If the added system com-
plexity and cost can be justified, then every effort should be made to include

a prototype regenerative braking system in any future hybrid vehicle in order
to verify the energy recovery potential illustrated in this analysis. Regenera-
tive braking is unique to those vehicle powertrains using energy storage sys-

tems and should be exploited for enhancing the viability of hybrid vehicles.

10.1.1.4.6" Impact of Regional Characteristics in Energy

Sources for Electric Generating Power Plants

The results shown in Section 10.1.1.4.5 were derived for the
nationwide mix of fuels for electric generating stations described in Section 6
of the report. If regional differences are accounted for in defining a particu-
lar fuel mix, then there can be significant changes in the results. For exam-
ple, in the Pacific Northwest almost all electric generating plant operation is
based on hydroelectric power and little fossil fuel is consumed for this pur-
pose. Hence, although the total energy consumed remains the same for any
region in the country, in the Pacific Northwest, for example, essentially
only fuel consumed by the onboard heat engine would apply for evaluation of
consumable natural resources. To present a comparative geographic picture,
energy consumption curves were prepared for four different regions of the
nation and for energy consumption corresponding to three types of fuel
sources: petroleum-based (oil and gas), all fossil fuels (coal, oil, and gas),
and all fuels (nuclear, hydroelectric, coal, oil, and gas).

The results for a 4000-1b series configuration car are con-
trasted with those for the nation as a whole in Figures 10-42 through 10-45.
Clearly, the Northern Pacific region would benefit most from use of the
hybrid heat engine/battery vehicle in terms of energy saved. Relative to
the baseline car, petroleum-based energy savings are now possible at de-
sign operating ranges below 220 miles, whereas the nationwide figure is

155 miles.
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Referring to curves for the other geographic regions, the
East-North-Central region stands to benefit more than the national average
for petroleum-based fuels but would be deficient on a fossil fuel basis. The
New England and Middle Atlantic states reverse this situation and benefit
more than the national average on fossil fuel and are deficient on petroleum-
based fuels., Lastly, the West-South-Central states would receive fewer
benefits than the nation as a whole for both types of fuel sources. The con-

clusions drawn here would hold equally well for the parallel configuration.

10.1.1.4.7 Lead-Acid versus Nickel-Zinc Batteries

The entire previous discussion was based on results obtained
for vehicles relying on nickel-zinc batteries for the energy storage system.
If hybrid vehicles were to be designed and implemented prior to availability
of nickel-zinc batteries, then reliance would have to be placed on lead-acid
battery systems. To ascertain the type of energy savings that might be ex-
pected, a brief analysis of a 4000-1b series configuration car was included
in the study. (The lead-acid battery system analyzed has a specific energy
of 12.7 W-hr/lb.)

The results are shown in Figure 10-46, where relative energy
consumption is plotted versus vehicle design operating range. Comparing
these results to those previously presented for nickel-zinc shows significant
increases in energy consumption at equivalent vehicle range, except at the
very low range values. Energy savings would then be possible only at design
operating ranges less than 90 miles for all fuels and less than about 130 miles
for petroleum-based fuels. Similar effects could be expected for the parallel

configuration.

10.1.1.4.8 Impact of Changes in Powertrain Component

Characteristics

Although the component characteristics used in this study are
considered valid and are based on data from contemporary designs, achieve-
ment of the individual efficiency levels simulated in analyses may not be pos-
sible when the components are integrated into the powertrain and operated

under varying ambient road conditions. Because the conclusions drawn from
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this study are dependent on the selected component characteristics, some
insight into the impact of these characteristics on vehicle energy consumption
is desirable. Hence, at maximum vehicle design range, variations were in-
troduced into battery charge efficiency, differential gear/motor efficiency,
and vehicle accessory/engine auxiliary load. The results are presented in
the form of a ratio S, which is defined as the percent change in vehicle per-
formance factor divided by the percent change in component characteristics.
As an example, if a vehicle energy consumption change of 8 percent (say,
from 2.5 to 2.7 kW-hr/mi) is caused by a 10 percent change in component
efficiency (say, from 80 percent to 72 percent), then the S is equal to -0.8.

The sensitivity factor S is given in Table 10-3 for each of
the component variations noted. The linearized results shown are only indi-
cative of expected changes in vehicle performance because the interaction of
all components and the complexity of the engine map produces nonlinear
effects. Nonetheless, it is seen that, for the restricted case examined,
changes in battery charge efficiency or vehicle accessory/engine auxiliary
loads are not of great significance. The major impact seen is in changes
to differential gear/motor efﬁciency.::< This component-related efficiency
change was selected for calculation simplicity, but it can also be thought of
as a complex of efficiency changes throughout the powertrain. Therefore,
designing motors and associated gear systems for high efficiency at part
load is very important for a series configuration hybrid vehicle that is ex-
pected to demonstrate energy savings while meeting emission standards.
Poor efficiency for this component could readily eliminate the energy sav-
ings at the vehicle operating ranges discussed previously.

Stationary electric generating plant efficiency, electric power
transmission efficiency, and battery recharge efficiency are also factors that
have a direct bearing on the results shown for energy consumption. An
examination of one of these factors, powerplant generating efficiency, showed
that changes in this parameter produced minor changes in vehicle energy
consumption. For example, at the minimum operating range, if the gen-
erating efficiency were decreased by 10 percent (from 38 to 34,2 percent),

then the ratio of hybrid to conventional vehicle energy consumption would

>"Changes in differential gear ratio had little effect and were not
summarized.
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increase by only 3 percent for all fuels and about 1 percent for petroleum-based
fuels. At greater vehicle operating range, however, the increase is less than
1 percent. Therefore, nationwide variations in this factor are generally not
of concern in assessing the potential for energy savings with the hybrid heat

engine/battery vehicle.

10.1.1.5 Summary of Hybrid Vehicle Exhaust Emission

Characteristics

Vehicle-related exhaust emissions relative to 1975-76 federal
standards were determined for the two car weights of 2500 and 4000 pounds and
for the 6000-1b van operating over the EPA Urban Driving Cycle. These
vehicle-related exhaust emissions refer to HC, CO, and NOX em1ssmns from
the vehicle, as well as those from the electric generating plant due to
expenditure of fuel for providing battery recharge energy. Inclusion of
vehicle-only emissions is helpful for ascertaining potential improvement in
ambient air quality for communities with electric generating power plants

in remote locations.

10.1.1,5.1 Impact of Design Peak Cruise Speed, Vehicle

Weight, and Regenerative Braking

Relative emissions for the series configuration are presented
in Figures 10-47 and 10-48 as a function of vehicle design range. Figure 10-47
shows the effect of vehicle design cruise speed as vehicle weight is fixed at
4000 pounds. The highest emissions are produced by a 55-mph design cruise
speed vehicle, and the lowest emissions are generally shown by the 80-mph
vehicle. This effect is just the reverse of the order shown for energy con-
sumption previously. Figure 10-48 shows the effect of vehicle weight for a
design peak cruise speed of 65 mph. The 6000-1b van shows the poorest
emissions, and the 2500-1b car shows the lowest emissions. The HC and
CO emissions appear to be no problem in regard to meeting emission standards.
The NOX emissions are distinctly different and could present a critical vehicle
design problem for the series configuration because, for the 4000-1b car and

the 6000-1b van, they exceed the standard over a substantial portion of vehicle

"Sulfur oxides and particulates were not evaluated.
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design operating range. No such problem in meeting emission standards
exists for the 2500-1b series configuration car.
The low emissions for HC and CO might not be totally

unexpected. The General Motors 140-cubic-inch-displacement engine

selected for the hybrid vehicle has shown markedly low values for these
emissions when used in a conventionally powered car (Chevrolet Vega or
Pontiac Astre) subjected to federal emissions test procedures (Ref. 10-1).

The NOx emissions (gm/mi) increase with design operating
range in a manner similar to that seen previously for fuel energy expendi-
ture. This is due to the increase in heat engine power with y (and, hence,
with range) combined with the heat engine characteristic whereby NOx spe-
cific emissions (gm/hp-hr) increase as power output increases. Because
HC and CO specific emissions generally have characteristics the inverse of
NOX (i.e., decreasing with increasing power), the gram per mile emissions
of these pollutants appear to be almost independent of the design range.

The vehicle-related emissions analysis was extended to vehi-
cles with parallel configuration powertrain and to those with regenerative
braking. Because emissions of oxides of nitrogen appear to be the greatest
problem in meeting the standard, it was selected for illustration. The results
are presented in Figure 10-49.

The series configuration with 15 percent recovery of drive
wheel energy shows significant reductions in the NOX emissions. A 4000-1b
car meets the standards for vehicle design range below about 155 miles when
considering total NOX emissions and below 200 miles for NOx generated
solely by the hybrid vehicle. For total NOx emissions, the 6000-1b van con-
tinues to exceed the standard for all values of design operating range, and
the 2500-1b car is well below the emission standard.

Very similar effects are seen for the parallel configuration
without regenerative braking. For the 4000-1b car, the NOx emission stan-
dard is met at vehicle design range below 160 miles for all emission sources
and below 210 miles for emissions just from the hybrid vehicle. With 15 per-
cent recovery of drive wheel energy, the 4000-1b car meets the standard for
all values of design operating range. The 6000-1b vehicle, however, continued
to exceed the standard except for vehicle-only emissions at the very lowest

design operating range.
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The trends seen for emissions and energy consumption show
a clear proportionality to vehicle weight. This is certainly expected, be-
cause these parameters are proportional to engine power output, which is,
in turn, proportional to vehicle weight. Vehicle weight appears to have a
much stronger impact on emissions than on energy consumption, but this is
only because the reference emission standards are fixed, whereas the refer-
ence energy consumption varies with vehicle weight. In addition, the very
high NOX emission levels of the 6000-1b van are also due to the higher drag
of the van, which requires that greater power be delivered to the drive
wheels.

Some reduction in NOx emissions could be expected by oper-
ating the heat engine with a revised schedule of power versus rpm, but this
would likely result in an increase in fuel energy expenditure, as well as a
possible increase in HC and CO emissions. But, since these emission levels
are already well below the standards, the increase may not be of great con-
cern. A similar tradeoff between emissions and energy consumption could
also be effected by installing a larger engine that would then operate at lower
part-load values.

Overall, though, the NOX emissions are expected to be a fac-
tor possibly limiting the design operating range of hybrid heat engine/battery
vehicles, regardless of the engine power-rpm schedule selected. The larger
and heavier vehicles would be expected to have the greatest limitations on
range, whereas compact and subcompact vehicles should be relatively free
of such problems. These results are, of course, based on the particular
heat engine operating map used in this study. Obviously, much design effort
would be required to match a particular engine to a given vehicle design and
mission in order to arrive at the lowest possible combination of vehicle-

related emissions and fuel energy consumption.

10.1.1.5.2 Impact of Regional Characteristics in Energy

Sources for Electric Generating Power Plants

Because power plant sources contribute only a small fraction
of the overall vehicle-related exhaust emissions, regional changes are not
expected to have any major impact on the emission levels previously pre-

sented. A favorable reduction in emissions would be expected for the Pacific
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Northwest, which relies so heavily on the relatively pollution-free
hydroelectric power. In this case, the curves designated ''vehicle only"
would apply, regardless of the degree of reliance on electric generating

plants for recharge energy.

10.1.1.5.3 Lead-Acid versus Nickel-Zinc Batteries

The vehicle-related exhaust emissions were also determined
for a 4000-1b series configuration vehicle with lead-acid batteries in place
of nickel-zinc batteries. The results relative to 1975-76 federal standards are
presented in Figure 10-50. The emissions of HC and CO are not changed to any

degree from the nickel-zinc systems, but there is a noticeable increase in NOx.

10.1.1.5.4 Impact of Changes in Powertrain Component

Characteristics

The sensitivity factor S was discussed previously in Section
10.1.1.4.8, and results were presented in Table 10-3. The effect of
variations in component performance on exhaust emissions is also given in
Table 10-3. It is seen that, for the restricted case examined, changes in
battery charge efficiency are not of major significance to emissions results.
Vehicle accessory/engine auxiliary loads are only of significance to HC and
CO emissions, but, since these are generally well below emission standards,
this is not of concern. The major impact seen is in changes to differential
gear /motor efficiency. Poor efficiency for these powertrain elements could

have a significant effect on vehicle emissions.

10.1.2 Analysis for EPA Highway Driving Cycle

10.1.2.1 Cycle and Vehicle Propulsion Characteristics

The highway cycle is for the most part represented by nearly
steady cruise speeds, ranging from about 45 to 60 mph, accompanied by mild
acceleration/deceleration rates except at commencement and termination of
the cycle, when the rates reach almost 5 mph/second. The cycle covers
10.2 miles in a period of 765 seconds, resulting in an average speed of
48.0 mph.

The velocity history is shown in Figure 10-51 and the accel-

eration history in Figure 10-52. The corresponding vehicle drive wheel
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power requirements for a 4000-1b car are shown in Figure 10-53. While
the total power required (cruise plus acceleration) is not much different
from the urban cycle, the cruise power levels alone are considerably

higher.

10.1.2.2 Powertrain Component Characteristics

The engine power-rpm restriction used in the EPA Urban
Driving Cycle for balancing fuel consumption and emissions was left un-
changed for the EPA Highway Driving Cycle. With the higher cruise power
levels on this cycle, the engine is required to operate at much higher power
and rpm than in the urban cycle (see Figures 10-54 and 10-55), and this form
of operation could only change if the restricted power-rpm curve were
revised.

The cruise power characteristics, when combined with the
mild accelerations, mean that little energy is transferred into and out of the
battery and that most of the energy expenditure takes place by high-level
power transfer in the engine-generator-motor-wheels circuit for the series
configuration or in the engine-transmission-wheels circuit for the parallel
configuration. While such routes are more efficient than passage of power
through the battery, other complicating factors, as discussed in subsequent
sections, enter into the consumption of energy. In addition, there is far
less reliance on electric generating power plants, because little energy is

extracted from the batteries.

10.1.2.3 Summeary of Hybrid Vehicle Energy Consumption

Characteristics

10.1.2.3.1 4000-1b Car

The energy consumption characteristics of the 4000-1b heat
engine/battery hybrid vehicle operated over the EPA Highway Driving Cycle
are illustrated in Figure 10-56. The energy consumption of the hybrid vehi-
cle is referenced to the gasoline energy consumption of the 4000-1b conven-
tional baseline vehicle over the same cycle (at 19.4 mpg or 1.74 kW-hr/mi

as given in Section 7).
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10.1.2.3.1.1 Series Configuration

The series configuration (Figure 10-56a) consumes
approximately 65 percent more energy (and tanked gasoline) than the refer-
ence vehicle if the heat engine is used to provide 100 percent of the battery
recharge energy. This excessive energy consumption occurs for a number
of reasons. First, the hybrid vehicle is being compared to a conventional
vehicle with an engine/transmission combination operating at high efficiency
over this driving cycle (the generator and drive motor of the hybrid series
configuration have average efficiencies of only 80 and 82 percent, respec-
tively). Second, the selected analysis requirements are such that (a) the
heat engine minimum power level must be maintained throughout the driving
cycle and (b) the battery must be fully recharged at the end of the driving
cycle. The fixed minimum power level of the heat engine needed to meet
this requirement results in the generation of a large amount of battery charg-
ing energy which is largely wasted because, even without recharging, the
battery remains at a high state of charge over this type of driving cycle (i.e.,
one, with few vehicle accelerations and generally high steady-state vehicle
speeds).

Third, a major use of energy on this cycle is attributable to
the vehicle/accessory/engine auxiliary loads which can consume up to 15 per-
cent of the total engine energy output. This arises from the fact that
accessory/auxiliary loads are a function of engine speed, and the hybrid
vehicle uses small engines that must operate at high speed in order to de-
liver the propulsion power levels required for the highway cycle, particu-
larly at the larger values of y. Variable speed drive systems for accessory/
auxiliary loads might aid in reducing the energy consumption of this part of

the powertrain,

10.1.2.3.1.2 Parallel Configuration

The more efficient parallel configuration of the hybrid vehicle
still consumes approximately 35 percent more gasoline than the baseline con-
ventional 4000-1b vehicle, if the heat engine is used to provide 100 percent

of the battery recharge energy (Figure 10-56b). As in the case of the series
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configuration, this is due largely to high accessory/auxiliary loads and wasted
recharge energy that cannot be accepted by the battery during this type of
driving cycle. If the fixed minimum power level is reduced to provide less
than 35 percent of the battery recharge energy (y < 0.35), gasoline usage is
conserved when compared to the baseline vehicle. At y levels below 0.2,

total energy savings also result.

10.1.2.3,1.3 Regenerative Braking Effects

During operation over the EPA Highway Driving Cycle, there
is only approximately 3 to 4 percent of the total driving cycle energy that is
available for recovery through regenerative braking. This results because
of the preponderance of high vehicle speeds, combined with the minimal num-
ber of vehicle decelerations for this driving cycle. Therefore, the effect of
regenerative braking on energy consumption for either the series or parallel

configuration is negligible.

10.1.2.3.2 2500-1b Car

The energy consumption characteristics of the 2500-1b heat
engine/battery hybrid vehicle over the EPA Highway Driving Cycle are illus-
trated in Figure 10-57. Here, the basis of comparison is the gasoline
energy consumption of the 2500-1b vehicle (31,0 mpg or 1.09 kW-hr/mi as
given in Section 7)., The basic effects of configuration (series versus paral-
lel) and of regenerative braking are similar to those described for the
4000-1b car.

10.1.2.3.3 6000-1b Van

Figure 10-58 depicts the energy consumption characteristics
of the 6000-1b hybrid van, as compared with the gasoline energy consumption
of the baseline vehicle (14.1 mpg or 2.4 kW-hr/mi as given in Section 7).
Again, the basic effects of configuration and of regenerative braking are
similar to those described for the 4000- and 2500-1b vehicles. In
the case of the 6000-1b van, however, even the parallel-configured hybrid
vehicle uses more gasoline and total energy than the reference baseline vehi-
cle at y = 0. As noted previously for the urban cycle, the bluff-shaped

van is being compared with a more streamlined baseline vehicle, and the
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disadvantages of its larger aerodynamic drag are even more apparent at

the higher speeds associated with the highway cycle.

10.1.2.3.4 Impact of Vehicle Weight

Energy consumption characteristics of the three vehicle
weights were recast in the vehicle design operational range format for the
parallel conﬁguratibn. (Operational range need not be considered for the
series configuration because this form of hybrid vehicle exceeds the energy
consumption of the conventionally powered vehicle at all values of y.)

The results of the analysis are illustrated in Figure 10-59,

Of the three vehicle weights, the 4000-1b car has the lowest energy consump-
tion. It shows energy savings for all fuels below about 200 miles and below
265 miles for petroleum-based fuels. Commensurate values for the 2500-1b
car are 115 and 150 miles. The 6000-1b van was included solely for com-
parison purposes, since it exceeds the conventional vehicle energy consump-

tion throughout the vehicle design range shown.

10.1.3 Analysis for U.S. Postal Service Driving Cycle

10.1.3.1 Cycle and Vehicle Propulsion Characteristics

The U.S. Postal Service Driving Cycle is characterized by a
series of repetitive mild accelerations (2 mph/second) to various low level
speeds (10 to 20 mph), with each acceleration followed by a coasting period,
a sharp deceleration (braking at almost 5 mph/second), and a stop. A vehi-
cle on this cycle covers a distance of 0.542 miles in 228 seconds for an aver-
age speed of about 8.6 mph.

The velocity history is shown in Figure 10-60 and the accel-
eration history in Figure 10-61. The associated vehicle drive wheel power
required for a 4000-1b car is given in Figure 10-62. The vehicle speeds and
power requirements are quite small and would require only very small com-
ponents in the powertrain. Because the powertrain design remained un-
changed from that established for vehicle cruise speeds of 55 mph and
greater, the analysis results shown herein might be expected to have some

margin for improvement in efficiency.
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10.1.3.2 Powertrain Component Characteristics

Component characteristics are briefly illustrated for a 4000-1b
car designed for 65-mph peak cruise speed. Heat engine power requirements
for vehicle propulsion over this cycle are exceedingly small. Figure 10-63
shows the power level needed for ensuring complete battery recharge (y = 1.0)
at the end of the cycle; it is only about 7 hp. The engine speed for this power
level is almost 1100 rpm (Figure 10-64). At lower levels of y, the power and
rpm are even lower, and the BSFC rises to less favorable values.

Correspondingly, the electric drive motor power and speed
(Figures 10-65 and 10-66) are quite low compared to values found for the
EPA Urban Driving Cycle. The motor efficiency seen in Figure 10-67 is
also quite low because of the low power-low rpm operation. Were the sys-
tem to have been designed for this type of operation with limited maximum

cruise speed (say, 45 to 55 mph), the efficiency could be expected to improve.

10.1.3.3 Summary of Hybrid Vehicle Energy Consumption

Characteristics

10.1.3.3.1 4000-1b Car

The fuel energy consumption characteristics of the 4000-1b
heat engine/battery hybrid vehicle are depicted in Figure 10-68 for vehicle
operation over the U.S. Postal Service Driving Cycle. The energy consump-
tion of the hybrid vehicle has been referenced to the gasoline energy con-
sumption given in Section 7 for a conventionally powered vehicle operated
over the same cycle, which, in lieu of road test data, was calculated to be
8.1 mpg or 4.15 kW-hr/mi.

10.1.3.3.1.1 Series Configuration

As seen in Figure 10-68a, the hybrid vehicle uses much less
energy than the conventional car at all values of y. When the heat engine is
used to provide all of the battery recharge energy, the series configuration
consumes only about 70 percent of the gasoline required for powering the
conventional car. As y is reduced and more battery recharge energy is pro-

vided by wall-plug electricity, the hybrid heat engine energy consumption
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continues to decline with a minimum of 40 percent gasoline required in the
vicinity of y = 0.2. This trend holds as well for the overall hybrid energy
consumption (tanked onboard gasoline plus the recharge energy generated by
fuel consumption at the utility power plant) with a minimum of 55 percent
energy consumption. The rise in energy consumption for lower values of y
is due, as noted previously in the discussion of the urban cycle, to the onset

of poor engine efficiency at very low engine power levels.

10.1.3.3.1.2 Parallel Configuration

As seen in Figure 10-68b, the more efficient parallel configu-
ration results in additional energy savings. At 100 percent use of the onboard
heat engine for battery recharge (y = 1.0), about a 35 percent savings in gaso-
line is possible. Heat engine consumption decays to a minimum near y = 0.2,
as for the series configuration, with a possible savings of about 63 percent

in gasoline and 47 percent savings in overall energy consumption.

10.1.3.3.1.3 Regenerative Braking Effects

Figures 10-68c and 10-68d illustrate the effect of regenera-
tive braking on energy consumption for the series and parallel configura-
tions, respectively., Aty = 1.0 and 30 percent recovery of vehicle drive
wheel energy, the series configuration shows some further decreases in
energy consumption to 62 percent of that for the conventional car. Greater
effects are seen as y decreases. When no recharge energy is provided by
the heat engine, y decreases to no less than about 0. 12 for 15 percent re-
covery and 0. 17 for 30 percent recovery because of the continued introduc-
tion of regenerative braking energy into the battery. At this point, for
30 percent recovery, there are gasoline energy savings of as much as
74 percent and total energy savings of about 57 percent.

The parallel configuration displays very similar results with,
at best, an incremental 4 percent additional savings over the series

configuration.
10.1.3.3.2 2500-1b Car

The energy consumption characteristics of the 2500-1b heat

engine/battery hybrid vehicle over the U.S. Postal Service Driving Cycle
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are illustrated in Figure 10-69. Here, the basis of comparison is the
gasoline energy consumption of the 2500-1b vehicle (12.4 mpg or 2.72 kW-
hr/mi as given in Section 7). As can be seen, the comparative effects of
series versus parallel configurations and of various degrees of regenerative

braking are similar to those described for the 4000-1b car.

10.1.3.3.3 6000-1b Van

Figure 10-70 depicts the energy consumption characteristics
of the 6000-1b hybrid vehicle as compared with the gasoline energy consump-
tion of the baseline vehicle (5.3 mpg or 6.34 kW-hr/mi as given in Section 7).
Again, the basic effects of configuration and of regenerative braking are

similar to those described above for the 4000- and 2500-1b hybrid vehicles.

10.1.3.3.4 Impact of Vehicle Weight and Regenerative Braking

Energy consumption for three series configuration vehicle
weights is presented as a function of vehicle design operational range in
Figure 10-71. The energy savings over a conventional vehicle are quite
remarkable and, even at large design operating range, the energy savings
for all fuels is 35 to 40 percent.

The additional savings possible by use of regenerative braking
is shown in Figures 10-72 through 10-74 for the series configuration and 10-75
through 10-77 for the parallel configuration, With 30 percent recovery of vehicle
drive wheel energy, the total energy consumption of the 4000-1b series config-
uration vehicle is less than half that of the conventional vehicle even at design
operating range as large as 200 miles. For design operating range limited to
about 100 miles, there is about a 60 percent savings in petroleum-based fuel.
Additional savings are available with the parallel configuration.

The sharp rise in energy consumption at the lowest range is
due to the poor engine efficiency at very low power operation producing a
very rapid rise in BSFC and, therefore, higher fuel consumption than found
at somewhat greater engine power levels. The same effect was seen in the
urban cycle, but to a lesser degree.

The major advantage of the hybrid vehicle over the conven-
tionally powered vehicle for the type of stop-and-go driving characterized

by the U.S. Postal Service Driving Cycle is very evident. In contrast to
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the EPA Urban Driving Cycle or EPA Highway Driving Cycle, the
conventionally powered vehicle powertrain here is operating at very low
efficiencies. In addition, there is the problem of idle fuel consumption of

a large engine. Hence, it would seem that an excellent application of the
hybrid vehicle concept would be to multistop delivery cars, vans, or trucks
with operating range requirements that exceed the capabilities of all-electric

powertrains.

10.2 ENERGY CONSUMPTION AND EXHAUST EMISSIONS
FOR HEAT ENGINE/FLYWHEEL HYBRID VEHICLES

Hybrid vehicle characteristics are presented as a function of
time for a 4000-1b series configuration car with a design cruise speed of
65 mph and a steel flywheel energy storage system. Other cruise speeds,
vehicle weights, and powertrain configurations are discussed in regard to
the integrated results that summarize vehicle-related energy consumption

and exhaust emissions.

10.2.1 Analysis for EPA Urban Driving Cycle

10.2.1.1 Cycle and Vehicle Propulsion Characteristics

The characteristics described in Section 10.1.1.1 apply

equally as well to flywheel systems and are not repeated here.

10.2.1.2 Powertrain Component Characteristics

In the same manner as the presentation in Section 10.1.1.2
for battery systems, component characteristics are given as a function of
time throughout the driving cycle for two different fixed minimum power
settings of the output of the transmission that is located between the heat
engine and the flywheel. Because of slight changes in the transmission effi-
ciency, the corresponding minimum power setting of the heat engine is not
fixed, and varies slightly throughout the driving cycle. However, this
approach matches that for the battery system from the standpoint of deliver-
ing fixed power levels to the energy storage system.

Because the energy storage capacity of the steel flywheel in
this study is quite small compared with that for the battery system, the fly-
wheel energy would be depleted before the end of the EPA Urban Driving
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Cycle, if no heat engine recharge power were available. Therefore, a
minimum power setting of about 5.5 hp for propulsion was the lowest the
system could tolerate. The higher value for minimum power setting was
11.4 hp, and this power was sufficient to provide a fully recharged flywheel
at the end of the driving cycle. This power level is significantly less than
that for the battery system and is due to the superior efficiency of the fly-
wheel system.

Heat engine speed and power delivery histories are presented
along with accessory/auxiliary power demands in Figures 10-78 through
10-81. At the lower power setting, the engine rpm is only about 850 rpm
(Figure 10-78), the power for propulsion is about 5.5 hp (Figure 10-79),
the engine auxiliary/vehicle accessory power demand is about 1.6 hp (Fig-
ure 10-80), and the total engine power output is then about 7hp (Figure 10-81).
Figure 10-82 shows the total shaft energy expended by the engine is about
3 kW-hr.

Under the lower minimum power setting, the engine must
quite often increase power output and speed above the minimum level in order
to meet most of the vehicle cruise power demands. Therefore, except at
very low speeds or when the vehicle is stationary, the engine is forced to
undergo considerable speed and power changes (but not nearly as often as
for the battery system where the engine minimum power could be set at
zero). At the higher minimum power setting, these variations are largely
diminished as seen in Figures 10-83 through 10-86. Figure 10-83 shows
an engine speed of about 1050 rpm, Figure 10-84 shows power for propul-
sion of about 9.6 hp, Figure 10-85 shows engine auxiliary/vehicle acces-
sory power demands of about 1.7 hp, Figure 10-86 shows total engine power
output of about 11.3 hp, and Figure 10-87 shows a total engine energy ex-
pended at the shaft of about 3.8 kW-hr,

In regard to the power output history of the transmission that
connects the engine to the flywheel, the same trends are seen by comparing
the two power settings in Figures 10-88 and 10-89. The difference between
these power levels and those for the heat engine is due somewhat to the inter-

mediate gearing between the engine and the transmission, but primarily due
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to the transmission efficiency, which is displayed as a function of time in
Figures 10-90 and 10-91. The efficiency at the lower engine power setting
lies largely between 80 and 88 percent. The efficiency at the higher engine
power setting has improved to a range of 88 to 91 percent. This improve-
ment is due to an increase in input speed to the transmission. Similar effi-
ciency levels for the lower power setting could have been achieved if the
engine-transmission intermediate gearing speed ratio had been changed.
To simplify making computer runs and to avoid devoting excessive time to
system optimization, the gear ratio is fixed. However, the results seen
here point out the importance of gear ratio selection and system optimiza-
tion on the overall powertrain efficiency.

The flywheel characteristics are displayed in Figures 10-92
through 10-105. At the lower engine power setting, the flywheel speed decays
from 24, 600 rpm to about 5000 rpm at the end of the driving cycle (Fig-
ure 10-92). The flywheel power input level of about 4.5 hp is shown in Fig-
ure 10-93; the characteristics are very similar to the transmission output
characteristics and differ only in the efficiency of the intermediate gearing.
Flywheel power output is shown in Figure 10-94, and the wide variation in
power is in marked contrast to the input power level because of the need to
respond to vehicle drive wheel power demands. The parasitic power loss
of the wheel due to windage, bearings, etc. is shown in Figure 10-95, and
ranges from 1.4 down to 0.5 hp at the low wheel speed found at the end of
the cycle. This power loss should be examined very carefully in any system
design because it constitutes a significant part of the energy extracted from
the flywheel for vehicle propulsion (Figure 10-96), and it forms a large frac-
tion of the energy stored in the flywheel. The stored energy in the flywheel
is shown in Figure 10-97 with a decay from 605 W-hr down to almost zero
energy remaining. Figure 10-98 shows this energy storage history as a per-
centage of the initial storage value. Because a minimum decay level for the
wheel was set at 25 percent of the initial value, this is not an acceptable
operating condition for the vehicle. The heat engine power for propulsion
should be increased 45 percent to about 8 hp in order to prevent the energy

storage from falling below 25 percent of the initial value.
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Figures 10-99 through 10-105 present a similar set of curves
for the higher engine power setting. The primary differences noted when
contrasted with the lower power setting are:

a. The flywheel speed is maintained relatively constant and
does not fall below 21, 000 rpm.

b. At some intervals, the flywheel speed rises above the base
level of 24,600 to 25,400 rpm and this overspeed condition must be accounted
for in the wheel design or in the system operation.

Cc. The flywheel power (or energy) extracted for vehicle propul-
sion differs only slightly from the results for the lower engine power setting
because of small changes in transmission efficiency (to be discussed next).

The transmission linking the flywheel to the vehicle drive
wheels (intermediate gearing and differential also required) must undergo
a much more varied speed-torque-power history than the unit that transfers
power from the heat engine to the flywheel. However, it maintains good
efficiency for both engine power settings, as shown in Figures 10-106 and
10-107, with values generally ranging from 80 to 90 percent. The slight dif-
ferences seen in comparing these figures are due to the differences in fly-
wheel speed (resulting in differences in transmission input speed) at any
given time point in the driving cycle. Very low values of efficiency (down
to a few percent) are present briefly when the vehicle is accelerating from
a stop. Except for these isolated instances, the transmission efficiency is
quite high. Considering that no attempt was made to optimize the gear ratios
in the powertrain, it shows the remarkable flexibility in performance for a

continuously varying transmission.

i0.2.1.3 Example of Analysis Results

Just as for the battery-type hybrid, examples of the analysis
results are presented here as a function of y for a 4000-1b vehicle.

Engine shaft power used for propulsion purposes only is shown
in Figure 10-108; it varies from about 5.5 to 9.5 hp, being much lower than
for the battery system at equivalent values of y. Similar lower values are
found for the energy required to be provided by the engine fuel which is a
maximum of about 16.4 kW-hr at y = 1. 0 (Figure 10-109).
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The flywheel speed was not restricted to its initial value of
24,600 rpm, and energy from the engine entering at speeds above this level
was not counted as wasted energy. Therefore, no such curve is presented.
The strength margin of safety for the wheel could permit a small degree of
overspeed, whereas in the battery, when it is fully charged, there is no
means for accepting additional energy and this energy must be wasted.

Vehicle propulsion energy that is provided by various fuel
sources is presented as a ratio to fuel energy required for a conventionally
powered 4000-1b car in Figure 10-110. It is seen that, regardless of whether
the energy from petroleum-based fuels or from all fuels is used as a mea-
sure of performance, the heat engine/flywheel hybrid vehicle is more effi-

cient than the conventionally powered vehicle at all values of y.

10.2.1.4 Summary of Hybrid Vehicle Energy Consumption

Characteristics

Energy consumption characteristics of the flywheel system
are compared for series and parallel powertrain configurations having dif-
ferent amounts of recovered regenerative braking energy. Three vehicle
weights are examined for vehicle operation on three different driving cycles.
In all cases, the energy consumption of the hybrid vehicle is referenced to
the gasoline energy consumption of the baseline, conventionally powered vehi-
cle operated over the same cycles. The impact of design peak cruise speed
is also discussed.,

The results of the analysis are presented in a format very
similar to that used for the battery system. However, because the energy
storage capacity of the steel flywheel is much less than the nickel-zinc bat-
tery, small reductions in the fixed minimum power setting of the heat engine
from that needed to give 100 percent recharge of the flywheel result in large
reductions in allowable vehicle design operating range. This effect tends to
produce curves that show relatively invariant levels of energy consumption
as the vehicle design operating range is varied. Hence, to more clearly
show trends for the analysis results, most of the energy consumption curves
are presented with vy as the independent variable, rather than vehicle design

range.
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10.2.1.4.1 4000-1b Car

Analytical results giving the ratio of hybrid vehicle energy
consumption to conventionally powered vehicle energy consumption are given
in Figure 10-111 as a function of y (the fraction of flywheel recharge energy
supplied by the heat engine or by the heat engine plus regenerative braking).
The effect of regenerative braking is parameterized for energy recovery
values of 0, 10, and 15 percent. In contrast to the hybrid heat engine/
battery system, the flywheel system exhibits four primary differences:

(a) at equivalent values of y, the relative energy consumption is less; (b) for
the series configuration without regenerative braking, the energy consump-
tion is less than for a conventionally powered car at all values of y; (c) the
range of y is considerably less than for the battery system due to the nature
of power transfer wherein all energy supplied by the heat engine passes
through the flywheel and all energy to the vehicle drive wheels is delivered
by the flywheel; (d) the decrease in energy consumption of the parallel con-
figuration, when compared with the series configuration, is not as notice-
able as it was for the battery system because the series flywheel system
has a high powertrain efficiency, and further improvements brought about
by parallel designs have less impact.

The series configuration, shown in Figure 10~111a, consumes
about 93 percent of the fuel used by a conventionally powered car when the
heat engine on board the hybrid car provides all of the flywheel recharge
energy (y = 1.0). This is due to the combination of high efficiency elements
in the powertrain and a heat engine operating near maximum efficiency. In
Figure 10-111b, the parallel configuration operating at y = 1.0 shows about
85 percent of the fuel consumption of a conventionally powered car. When
regenerative braking is included in the powertrain system, the series con-
figuration at y = 1.0 shows about 87.5 and 84.5 percent relative fuel con-
sumption for 10 and 15 percent drive wheel energy recovery, respectively
(Figure 10-111c). Comparable results for the parallel configuration with
regenerative braking are 79.5 and 76.5 percent.

Greater fuel savings are possible as y is reduced from 1.0,
but there is an accompanying sharp reduction in operating range. The fly-

wheel system operating at y values less than about 0.98 experiences
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complete exhaustion of stored energy within a vehicle travel distance as brief
as 25 miles. This results from the small energy storage capability of the
steel flywheel. Therefore, the heat engine on the flywheel system must al-
ways continue to provide recharge energy to the flywheel to prevent rapid
decay in its speed. Because of the necessity for this type of operation, the
prospect of relying on electric generating stations for recharge energy need
not be a consideration in the implementation of this type of hybrid vehicle.
Similar performance is given by the parallel configuration and those systems

using regenerative braking.
10.2.1.4.2 2500-1b Car

Results for this weight vehicle are presented in Figure 10-112
and are seen to be almost identical to those for the 4000-1b car. Aty = 1.0,
the series configuration hybrid fuel consumption is 93 percent of the fuel
consumed by a conventionally powered car (Figure 10-112a). The greatest
fuel savings are again shown by the parallel configuration with 15 percent
recovery of drive wheel energy. As shown in Figure 10-112d, its relative

energy consumption is only 77 percent at y = 1.0.

10.2.1.4.3 6000-1b Van

Slightly lower values for energy expenditure are shown by the
van in Figure 10-113. At y = 1.0, the series configuration uses 92.5 per-
cent of the fuel consumed by a conventionally powered van. This consump-
tion decreases to 73.5 percent, as seen in Figure 10-113d for the parallel
configuration with 15 percent driving cycle energy recovered and the onboard

engine providing all recharge energy.

10.2.1.4.4 Impact of Design Peak Cruise Speed, Design
Peak Acceleration, and Vehicle Weight

For the purpose of showing parametric effects, analytical
results for the series configuration were plotted as a function of vehicle de-
sign operating range and are presented in Figure 10-114. An increase in
vehicle design cruise speed results in a decrease in the relative energy con-

sumption, but the change is quite small. The effect of vehicle weight is even
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less discernible. It is also seen that the high efficiency of this system
provides slightly greater maximum design operating range than for equiva-
lent weight conventionally powered cars. Although not illustrated, there was
no apparent effect of vehicle design acceleration on powertrain efficiency,
and, hence, no effect on energy consumption.

For the case of all fuels, energy savings of 6 to 11 percent
are possible over a wide selection of values for vehicle design operating
range. With consideration of only petroleum-based fuels, additional energy
savings are evident for the most part only at design operating range less
than 50 miles. Hence, in contrast to the heat engine/battery system, the
heat engine/flywheel system on the urban cycle provides energy savings over
a broad set of design operating range values. However, for a short range
design it cannot achieve as much energy savings as the battery system.

It should be noted at this point that, if a conventionally powered
car were equipped with a continuously-variable transmission of the type used
in the hybrid system, the engine in the conventional vehicle could be also ex-
pected to operate at improved efficiency. This consideration would appear
to diminish or possibly eliminate the relative energy consumption superiority
of the hybrid heat engine/flywheel vehicle. However, the hybrid vehicle, with
its energy storage system, can benefit further from the energy-saving poten-
tial of regenerative braking--an operational consideration not present with
the conventionally powered vehicle. Hence, in comparing the best possible
systems, the ability to recover energy through regenerative braking must be
considered as the fundamental gain possible with the heat engine/flywheel

hybrid system for operation in urban driving situations.

10.2.1.4.5 Impact of Regional Characteristics in Energy

Sources for Electric Generating Power Plants

Because the heat engine/flywheel vehicle is not expected to
be designed for reduced operating range where electric generating power
plant energy supplies become a factor for consideration, no analyses are
presented for impact on energy consumption of geographic variations in

power plant fuel consumption characteristics.
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10.2.1.4.6 Energy Savings Potential of Super Flywheel Systems

A brief examination was made of the type of performance that
might be expected from an advanced design, high-speed, plastic-reinforced
composite (Kevlar) flywheel. The intention was to provide greater energy
storage capability than was available with the steel rotor and thereby im-
prove the vehicle operating range whenever the onboard heat engine was not
providing full recharge energy to the flywheel (y< 1.0).

It was assumed for purposes of rotor sizing that a guard ring
was not required, thereby allowing a maximum possible rotor diameter
within the vacuum housing mounted in the hybrid vehicle. Two installations
were selected. One was a 1.436-foot-diameter engine-in-line design of the
type selected by Lockheed, and the other was a 2.0-foot-diameter vertical-
axis design of the type selected by Johns Hopkins (see Section 3.2). The
pertinent design speeds, energy densities, etc., for these Kevlar wheels
can be found in Section 5. 4.

An initial evaluation showed that these flywheels resulted in
totally unacceptable performance because of excessive parasitic losses re-
lated to aerodynamic drag, bearing drag, seal drag, and vacuum pump power
requirements. At design speed, the smaller of the two wheels had a total
parasitic loss of about 11 hp, most of which was related to windage and the
vacuum pump. Hence, a large amount of engine power was required to keep the
wheel recharged, and this resulted in energy consumption 75 percent higher
than for a conventionally powered car. The larger wheel proved to have even
greater losses.

Attempting to lower the pressure to reduce windage losses
only caused a large increase in pump power requirements. Therefore, in
an effort to relieve this problem, it was assumed that improved seals could
be developed to hold pressures in the rotor housing down to 10—3 mmHg with -
out requiring an increase in pump power requirements over those needed to
sustain 5 mmHg pressure. Even this liberal assumption did not produce
results equivalent to those for the case of a steel rotor.

The component performance histories of interest are shown
in Figures 10-115 through 10-120 for the 2. 0-foot-diameter rotor. Gear

ratios had to be revised, of course, to permit the transmissions to accept
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the much higher speed levels of the plastic rotor system. Generally, the
transmission efficiencies (Figures 10-115 and 10-120) are comparable to
those for the steel rotor system.

With the much greater energy storage capability of the plastic
rotor system (Figures 10-118 and 10-119), the rotor speed variation (Figure
10-116) is less than for the steel rotor system. However, the parasitic losses
shown in Figure 10-117 are about 4.5 hp and are still considered excessive
for this system.

The hybrid system relative energy consumption is plotted
versus vehicle design range in Figure 10-121 for a 4000-1b series configura-
tion car operating over the EPA Urban Driving Cycle. As can be seen,
energy savings in all fuels are possible only below about 25 miles and in
petroleum-based fuels below about 50 miles. The minimum design range
did improve, but only slightly from about 7.5 miles for the steel wheel to
17.5 miles for the Kevlar wheel.

Therefore, high-speed plastic wheels do not appear to be a
viable system for the heat engine/flywheel hybrid vehicle, unless parasitic
losses could be reduced to much lower levels. This is desirable, even if
the flywheel energy storage capacity is diminished, because the importance
of capacity is related mainly to how many repetitive peak accelerations of the
vehicle are to be designed into the system. The heat engine will always con-
tinue to resupply energy to the flywheel at most all other times in urban-

type driving.

10.2.1.4.7 Impact of Changes in Powertrain Component

Characteristics

The results of the analysis are somewhat similar to those
for the battery system in that changes in the differential gear/transmission
efficiency created the largestchanges to energy consumption (see Table 10-4).
Compared to the battery system, however, the effect on energy is far less.

Other elements in the powertrain can produce changes similar
to those generated by the gear/transmission. Therefore, component design
efficiencies must be verified to ensure that the hybrid vehicle will meet the
performance projected for it in this study.

No significant changes in energy consumption or emis sions

were discernible when differential gear ratio was varied $10 percent.
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10.2.1.5 Exhaust Emission Characteristics

As noted previously, an evaluation of exhaust emissions for
the hybrid vehicle relative to 1975-76 federal standards is pertinent only to
the urban driving cycle because it is for this cycle that emission standards
have been specified by the federal government. Results of the analysis of
relative exhaust emissions for hybrid heat engine /flywheel vehicle operation
on the urban cycle are presented for a series configuration as a function of
vehicle design range in Figures 10-122 and 10-123. In contrast to the energy
consumption characteristics, the emissions are strongly affected by vehicle
weight and cruise speed.

Figure 10-122 shows the effect of design cruise speed for a
4000-1b car. It is seen that the higher design cruise speeds give lower
emissions; in fact, design cruise speeds of greater than 65 mph are required
for the 4000-1b car to meet the NOX emission standard. As was true for the
battery system, HC and CO emissions are well below the standard.

The effect of vehicle weight is given in Figure 10-123. Again,
for all vehicle weights, the HC and CO emissions are low, compared with
the standards, although CO emissions for the 6000-1b van are close to the
maximum permissible value. The van also has NOx emissions well in excess
of the standards, and the 4000-1b car is marginally acceptable. Although not
illustrated, analysis shows that the use of regenerative braking or the modi-
fication to a parallel configuration on the 4000-1b car can reduce the NOX
emissions well below the standard, even at the higher vehicle range. Such
alternatives are still insufficient to permit the 6000-1b van to meet the NOx
standard. Therefore, for the urban cycle, it is estimated that the hybrid
heat engine /flywheel van will exceed the NOx standard unless a concentrated
effort at revising design cruise speeds, design acceleration, and powertrain

component operation could result in major reductions in NOX emissions,

10.2.2 Analysis for EPA Highway Driving Cycle

10.2.2.1 Cycle and Vehicle Propulsion Characteristics

The cycle and vehicle propulsion characteristics were pre-

sented previously in Section 10.1.2.1.
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10.2.2.2 Powertrain Component Characteristics

The effect of high vehicle speeds on powertrain operation
creates the same need for high engine power coupled with high engine speed,
as was evident for the heat engine/battery hybrid. This is seen in Fig-
ure 10-124, which shows engine shaft power output that is used for vehicle
propulsion on a 4000-1b series configuration car.

Transmission efficiencies for the series configuration are
given in Figures 10-125 and 10-126. The efficiency levels are quite high,
particularly for the transmission linking the flywheel to the vehicle drive
wheels (T3). Under these conditions, the series configuration flywheel
hybrid car can be expected to have greater energy consumption than the
conventionally powered car, because at highway speeds the engine in the
conventional system will be operating at efficiencies as high as those for
the hybrid system and power is transferred through only one transmission
rather than two transmissions. The parallel configuration, however, does
circumvent this problem by providing an alternate power flow path to the

rear wheels through one transmission.

10.2.2.3 Summary of Hybrid Vehicle Energy Consumption

Characteristics

Analysis results for series and parallel configurations in
three vehicle weights are presented in Figures 10-127, 10-128, and 10-129.
In all cases, the y range is very small and, as explained in Section 10.2.1.4.1,
is due to all of the heat engine power flowing through the flywheel to the vehi-
cle drive wheels. As before, unless the vehicle is operated at y values very
close to 1.0, the possible design operating range will be too small to be
feasible, particularly on this driving cycle. Hence, the discussion will be
confined to the case of y = 1.0.

In Figure 10-127a, fuel consumption for the 4000-1b series
configuration car exceeds that for the conventionally powered car by about
16 percent. The parallel configuration (Figure 10-127b) uses energy more
efficiently and shows an excess fuel consumption of only about 4.5 percent.
Equivalent results for the 2500-1b car are 129 and 115.5 percent (Fig-
ure 10-128). Similarly, for the 6000-1b van (Figure 10-129), the results

are 155 and 136 percent--a significantly greater energy consumer.
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These results show that the 6000-1b hybrid van, as a highway
vehicle, consumed much more energy than a conventionally powered auto-
mobile of the same weight. This is due to the large aerodynamic drag of a
van, compared with the reference automobile. The performance of the
2500-1b car is also poor at highway speeds when compared with the con-
ventionally powered car. Only the 4000-1b car in a parallel configuration
has energy consumption comparable to that of the conventionally powered
car on the highway cycle.

As noted for the battery system, the sustained high-speed
driving on the highway cycle does not permit any significant energy recov-
ery through regenerative braking. Hence, this form of operation cannot be

relied on for any energy consumption reduction on this type of driving cycle.

10.2.3 Analysis for U.S. Postal Service Driving Cycle

10.2.3.1 Cycle and Vehicle Propulsion Characteristics

These characteristics were shown previously in Section 10.1.3.1.

10.2.3.2 Powertrain Component Characteristics

As was true for the battery system, the engine power require-
ments are very modest. As seen in Figure 10-130, only about 5.5 hp is
needed over most of the cycle for propulsion needs of a 4000-1b vehicle and
to fully recharge the flywheel. The flywheel parasitic losses are still about
1.4 hp on this cycle. Energy dissipated in this manner is now about 25 per-
cent of that expended at the engine shaft for propulsion needs. At the low
engine power levels on this cycle, flywheel parasitic losses assume even
more importance.

Figures 10-131 and 10-132 show the transmission efficiency
histories. The levels are generally lower than seen on the EPA Urban or
Highway Driving Cycle, particularly for the transmission delivering power to
the drive wheels (T3). This is due to the continual start-stop type of vehicle
operation that causes the transmission to operate at speed and torque ratios
well off design. Some improvement might be expected if the gear ratios
between components were revised from those values found satisfactory for

the EPA cycles,
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10.2.3.3 Summary of Hybrid Vehicle Energy Consumption

Characteristics

As in Sections 10.2.1.4 and 10.2. 2.3, analytical results for
energy consumption are presented as a function of y for three different vehi-
cle weights in series and parallel powertrain configurations. The stop-and-
go driving of this cycle permitted consideration of regenerative braking with
driving cycle energy recovery values of 15 and 30 percent.

As seen in Figures 10-133, 10-134, and 10-135, all hybrid
vehicle weights and configurations show very large savings in energy con-
sumption compared to the conventionally powered vehicle. Again the fly-
wheel system must operate at (or very near) y = 1.0 to sustain any meaning-
ful vehicle range and the discussion is confined to this value.

Figure 10-133a shows about a 42 percent savings in fuel con-
sumption for the 4000-1b series configuration. The greatest fuel savings are
offered by the parallel configuration, which shows a 50 percent savings when
30 percent of drive wheel energy is recovered. Similar results for a 2500-1b
car are shown in Figure 10-134 where the series configuration saves about
40 percent in fuel and the parallel configuration with 30 percent energy re-
covery saves about 48 percent. Equivalent levels for the 6000-1b van are
seen in Figure 10-135 to be about 46 and 55 percent.

As was true for the battery system, the greatest potential
for flywheel hybrid vehicles to save energy would be in applications involv-
ing low-speed, stop-and-go driving. The additional energy savings offered
by parallel configurations and regenerative braking are desirable, if system

costs do not prove to be prohibitive,
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10-43



PIOV -pEel ) ueqin V43 000%
| |
0052
901AIBG [BISOg 000V
A 0009
0052
03 Aemy3tH vdd »
P A
6°0 €L°2
A 16°1
086 °0 gG ¢
8L0°1 )
L°0/8°0 288 °0
L0°0/88°0 A
€9°0/2L°0
L°0/2L°0 000¥%
0009
S9 0052
g
$9
dulZ-193dIN L°0/8°0 0°1 0860 €L ueqin vao 08 000%
I0je'I9UaD) 1035
Lioneg \acwﬂwmwwc%wm um.umﬂﬂrm uww%u\ﬂﬂ.\umwmmmu m..ﬁmuww 9124D vmmnh%moﬂwws.ﬂ ) uhmwwg
Jo °dAL wouiy Aoustoysm | L10ssesdoy | renusisyig | Tenusisyig Burarig WRWEXBIN | 15ryap
s8z1eyn Lispeg paulquod SI2TY9A

NOILVENDIINOD SAIYES ‘@TIDIHAA XdFLLVE/ANIDNA
LVHEH dTd9dAH :SNNY dEZLNdWOD DIdLHNVEVA 04 XITYIVIN

‘1T-01 AIdVL

10-44



ay-m ‘patols A3xeus = F twda Q0T

‘peads [oaym = N !3] ‘snipex [99uym = Y

A

Te2ym Fe1ad3 |  §6£9/0°25/0°1 A A A A ueqan vdd 000¥
[99Ym IB1AdY [0LEZ/S "8S/8TL 0 ueqin vdd 000¥
A 18L/9°22/€65°0 0009
0S¥ /2 LZ/c6%°0 0052
609/9 "¥Z/¥¥S°0 ?01A195 [BISOd 000%
18L/9°22/£65°0 0009
0S¥/7°LZ/€6% "0 0052
A 01 kemyBty vdd A
2 A

8°0 €L

A 26°1

086 °0 962

8L0°7 A
06°0 788°0
2070 A
509/9°%2/%¥5 "0 18°0 000%
182/9°22/£65°0 0009
0S¥ /2°L2/€6¥% "0 9 0052
s
S9
129YyMm 1223§ | S09/9°'%2/¥¥G "0 060 0°1 086 °0 €L ueqin vdd 08 000%
a/n/a | houstom PRI (qdu)
[ooymAL g m 1030 gt UOTSSIWSUERI T ! 91240 paads (an)
jo adAg, SDI3S1I93d0BIBYD dnutdg « peotl /1ean TESD Suiataqg osinID Brom
[ooymALT TooymALg 1055220V [erusa s Id 1enIuaIalrig CMMM_.“MMN\NZ SI2TY2A
pauiquo) i

NOIIVENDIANOD SHAIYHAS ‘ATOIHAA THIHMATA /ANIDONI

LVHH dI¥9dAH :SNNY¥Y dHILNdNOD DIdLINVIVA 9404 XTdILVIN

‘¢-01 HTdV.L

10-45



TABLE 10-3.

SENSITIVITY OF VEHICLE PERFORMANCE TO
POWERTRAIN COMPONENT CHARACTERISTICS:
EPA URBAN DRIVING CYCLE, 4000-LB HEAT
ENGINE/BATTERY CAR, SERIES CONFIGURA -
TION, 65-MPH DESIGN PEAK CRUISE SPEED

S at Maximum Vehicle Design Rangea

Component
Characteristic Energy HC CoO NO,
(all fuels) | Emissions | Emissions | Emissions

Battery Charge
Efficiency -0. 39 -0.25 -0.11 -0.28
Differential Gear/
Motor Efficiency -0.90 -1.66 -1, 86 -1.05
Vehicle Accessory/
Engine Auxiliary +0.10 +0.73 +0. 85 +0.18

Load

'}

a

_ % change in vehicle performance factor

% change in component characteristic

TABLE 10-4. SENSITIVITY OF VEHICLE PERFORMANCE TO
POWERTRAIN COMPONENT CHARACTERISTICS:
EPA URBAN DRIVING CYCLE, 4000-LB HEAT
ENGINE/FLYWHEEL CAR, SERIES CONFIGURA -
TION, 65-MPH DESIGN PEAK CRUISE SPEED

S at Maximum Vehicle Design Rangea

Component
Characteristic Energy HC CcoO NO,
(all fuels) | Emissions Emissions Emissions

Differential Gear/
Transmission -0. 48 -1.38 -0.99 -1.48
Efficiency
Vehicle Accessory/
Engine Auxiliary 0.16 0.55 0.18 0.31

Load

a
S =

_ % change in vehicle performance factor

% change in component characteristic
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HYBRID TO CONVENTIONAL VEH!ICLE
ENERGY CONSUMPTION RATIO (%)
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CONFIGURATION
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FUEL ONLY

PETROLEUM-BASED

b. PARALLEL
— CONFIGURATION

AL FUELS
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FUEL ONLY
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FUELS ONLY
0 —
] —
N S
0 0.2 04 0.6 0.8 10 0 0.2 0.4 0.6 0.8 L0
= e
120 €. SERIES WITH REGENERATIVE d. PARALLEL WITH
o BRAKING REGENERATIVE
S= 10 P — BRAKING
= O ALL FUELS -
= = 100 -
T ALL FUELS
©5
= —
=3 ol HEAT ENGINE |
3¢ FUEL ONLY
. | e o HEAT ENGINE
== FUEL ONLY
E E 40 B pcess —7 nene
T --10% ENERGY RECOVERY_, - = 10% ENERGY RECOVERY
30F— 15% ENERGY RECOVERY ["— 15% ENERGY RECOVERY
A R N 4 1T
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Y

Y

*Fraction of battery recharge energy supplied by heat engine,
or by heat engine plus regenerative braking

“Percent of total driving cycle energy recovered and stored

in battery

FIGURE 10-30. HEAT ENGINE/BATTERY HYBRID VEHICLE ENERGY CON-
SUMPTION CHARACTERISTICS: WEIGHT = 4000 LB, EPA

URBAN DRIVING CYCLE, DESIGN CRUISE SPEED = 65 MPH
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a. SERIES
CONFIGURATION b, PARALLEL
[ALL FUELS CONFIGURATION

—
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(o]

—_
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o O

ALL FUELS

HEAT ENGINE
FUEL ONLY

o WO
o O

HEAT ENGINE
FUEL ONLY

o
[
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HYBRID TO CONVENTIONAL VEHICLE
ENERGY CONSUMPTION RATIO (%)
=)

50/ FUELS ONLY PETROLEUM- BASED
a0l - FUELS ONLY

30 -

ol L | | | Lol = e ]

0 0.2 0.4 0.6 0.8 10 0 02 04 06 08 L0

y* .
120 C. SERIES WITH __ d. PARALLEL WITH
REGENERATIVE REGENERATIVE
10—  BRAKING -7 —  BRAKING

e

§ —
|

[ALL FUELS 1
ALL FUELS — —i

HEAT ENGINE -

FUEL ONLY HEAT ENGINE

FUEL ONLY

HYBRID TO CONVENTIONAL VEHICLE
ENERGY CONSUMPTION RATIO (%)
=

I
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40}———15% ENERGY RECOVERY |7 —15% ENERGY RECOVERY
30| -
| T I oL [ N

0 0204 06 08 1.0 0 0204 0608 10
" Y

“Fraction of battery recharge energy supplied by heat engine,
or by heat engine plus regenerative braking

“Percent of total driving cycle energy recovered and stored
in battery

FIGURE 10-31. HEAT ENGINE/BATTERY HYBRID VEHICLE ENERGY CON-
SUMPTION CHARACTERISTICS: WEIGHT = 2500 LB, EPA
URBAN DRIVING CYCLE, DESIGN CRUISE SPEED = 65 MPH
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HYBRID TO CONVENTIONAL VEHICLE
ENERGY CONSUMPTION RATIO (%)

a. SERIES CONFIGURATION
[ALL FUELS

\— HEAT ENGINE
FUEL ONLY

70
601} -
PETROLEUM - BASED
0 I~ FUELS ONLY
il
0L '
Ll ]
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i~
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FIGURE 10-32.
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b. PARALLEL CONFIGURATION

—

| ALL FUELS

HEAT ENGINE
FUEL ONLY

\— PETROLEUM- BASED
FUELS ONLY

T 1y

0 0.2 0.4 0608 1.0
e
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BRAKING

[ ALL FUELS

HEAT ENGINE
FUEL ONLY
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— — 15% ENERGY RECOVERY

tllIlJ

0 0204 0608 1.0
,

“Fraction of battery recharge energy supplied by heat engine,
or by heat engine plus regenerative braking

“Percent of total driving cycle energy recovered and stored

in battery

HEAT ENGINE/BATTERY HYBRID VEHICLE ENERGY CON-

SUMPTION CHARACTERISTICS: WEIGHT = 6000 LB, EPA
URBAN DRIVING CYCLE, DESIGN CRUISE SPEED = 65 MPH
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400 —

U LIMITING CURVES
= 300 |—
e
— RN
= N
= |
°Z‘ RANGE BASED ON |
S 200}~ BATTERY ENERGY | RANGE BASED
% | ON FUEL TANK
= ENERGY
Y W |
= |
xI y
= 100 BATTERY == FUEL TANK
CONTROLLING CONTROLLING
0 J | | | |
0 0.2 © 0.4 0.6 0.8 1.0

)/ s

*Fraction of battery recharge energy
supplied by heat engine

FIGURE 10-33, HYBRID HEAT ENGINE/BATTERY VEHICLE OPERATIONAL
RANGE: 4000-LB CAR, 65-MPH DESIGN CRUISE SPEED,
SERIES CONFIGURATION
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VEHICLE DESIGN PEAK
CRUISE SPEED (mph)

120+
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ALL FUELS
—— ——PETROLEUM-BASED FUELS ONLY

S
|

HYBRID TO CONVENTIONAL VEHICLE ENERGY CONSUMPTION RATIO (%)
3
|

CONVENTIONAL
VEHICLE RANGE

] | 1 | l | l |

50 100 150 200 250 300
HYBRID VEHICLE DESIGN RANGE (mi)

S
I

S _A

o

FIGURE 10-34. HYBRID HEAT ENGINE/BATTERY VEHICLE-RELATED
ENERGY CONSUMPTION: EPA URBAN DRIVING CYCLE,
VEHICLE WEIGHT = 4000 LB, SERIES CONFIGURATION
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S 130
=
N VEHICLE WEIGHT (Ib)
E.%. 120 4——2500
6000
=
= 4000
Z 10|
(@]
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- VEHICLE RANGE
50— 2500 Ib
L — 6000 Ib
0 | | | L AN
0 50 100 150 200 250 300
HYBRID VEHICLE DESIGN RANGE (mi) 4000 1b

FIGURE 10-35. HYBRID HEAT ENGINE/BATTERY VEHICLE-RELATED
ENERGY CONSUMPTION: EPA URBAN DRIVING CYCLE,
VEHICLE DESIGN PEAK CRUISE SPEED = 65 MPH,
SERIES CONFIGURATION
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FIGURE 10-36. HYBRID HEAT ENGINE/BATTERY VEHICLE-RELATED

ENERGY CONSUMPTION: EPA URBAN DRIVING CYCLE,
VEHICLE DESIGN PEAK CRUISE SPEED = 65 MPH,
2500-LB CAR, SERIES CONFIGURATION
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FIGURE 10-37. HYBRID HEAT ENGINE/BATTERY VEHICLE-RELATED
ENERGY CONSUMPTION: EPA URBAN DRIVING CYCLE,
VEHICLE DESIGN PEAK CRUISE SPEED = 65 MPH,
4000-LB CAR, SERIES CONFIGURATION
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FIGURE 10-38.

50 100 150 200 250 300 350
HYBRID VEHICLE DESIGN RANGE (mi)

HYBRID HEAT ENGINE/BATTERY VEHICLE-RELATED
ENERGY CONSUMPTION: EPA URBAN DRIVING CYCLE,
VEHICLE DESIGN PEAK CRUISE SPEED = 65 MPH,
6000-LB VAN, SERIES CONFIGURATION

10-84



110—

REGENERATIVE BRAKING, % RECOVERY

100}

15

90—

80—

60 |—

50

ALL FUELS
0+ — — — PETROLEUM-BASED FUELS ONLY

30

HYBRID TO CONVENTIONAL VEHICLE ENERGY CONSUMPTION RATIO (%)

0 | | | 1 1 | J
0 50 100 150 200 250 300 350

HYBRID VEHICLE DESIGN RANGE (mi)

FIGURE 10-39. HYBRID HEAT ENGINE/BATTERY VEHICLE-RELATED
ENERGY CONSUMPTION: EPA URBAN DRIVING CYCLE,
VEHICLE DESIGN PEAK CRUISE SPEED = 65 MPH,
2500-LLB CAR, PARALLEL CONFIGURATION
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110 —
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FIGURE 10-40. HYBRID HEAT ENGINE/BATTERY VEHICLE-RELATED
ENERGY CONSUMPTION: EPA URBAN DRIVING CYCLE,
VEHICLE DESIGN PEAK CRUISE SPEED = 65 MPH,
4000-LB CAR, PARALLEL CONFIGURATION
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FIGURE 10-41,

HYBRID VEHICLE DESIGN RANGE (mi)

HYBRID HEAT ENGINE/BATTERY VEHICLE-RELATED
ENERGY CONSUMPTION: EPA URBAN DRIVING CYCLE,
VEHICLE DESIGN PEAK CRUISE SPEED = 65 MPH,
6000-LB VAN, PARALLEL CONFIGURATION
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HEAT ENGINE/BATTERY SYSTEM

EPA URBAN DRIVING CYCLE
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FIGURE 10-42,
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EFFECT OF GEOGRAPHIC REGION ON HYBRID VEHICLE
ENERGY CONSUMPTION: REGION A, NORTHERN
PACIFIC STATES
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HEAT ENGINE/BATTERY SYSTEM
EPA URBAN DRIVING CYCLE
VEHICLE DESIGN PEAK CRUISE SPEED = 65 mph
4000-1b CAR
SERIES CONFIGURATION
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FIGURE 10-43. EFFECT OF GEOGRAPHIC REGION ON HYBRID VEHICLE
ENERGY CONSUMPTION: REGION B, EAST-NORTH-
CENTRAL STATES
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= 7/
T 4
= ;/
2 0
=
o
=
s o0 ALL FUELS
S —-— FOSSIL FUELS ONLY
o —— —— PETROLEUM-BASED FUELS ONLY
—_ -
o
= &
> 0 | 1 | | | J
0 50 100 150 200 250 300

HYBRID VEHICLE DESIGN RANGE (mi)

FIGURE 10-44, EFFECT OF GEOGRAPHIC REGION ON HYBRID VEHICLE
ENERGY CONSUMPTION: REGION C, NEW ENGLAND
AND MIDDLE ATLANTIC STATES
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90—
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10—

60 —

HEAT ENGINE/BATTERY SYSTEM

EPA URBAN DRIVING CYCLE

VEHICLE DESIGN PEAK CRUISE SPEED = 65 mph
4000-1b CAR

SERIES CONFIGURATION

120 —

— ALL FUELS
—-— FOSSIL FUELS ONLY
~——- PETROLEUM-BASED FUELS ONLY

50—

I | | | l J

HYBRID TO CONVENTIONAL VEHICLE ENERGY CONSUMPTION RATIO (%)

0
0

FIGURE 10-45.

50 100 150 200 250 300
HYBRID VEHICLE DESIGN RANGE (mi)

EFFECT OF GEOGRAPHIC REGION ON HYBRID VEHICLE
ENERGY CONSUMPTION: REGION D, WEST-SOUTH -
CENTRAL STATES
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S
|
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— — — PETROLEUM-BASED FUELS ONLY

50 —
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HYBRID VEHICLE DESIGN RANGE (mi)

HYBRID TO CONVENTIONAL VEHICLE ENERGY CONSUMPTION RATIO (%)

o
o

FIGURE 10-46. HYBRID HEAT ENGINE/BATTERY VEHICLE-RELATED
ENERGY CONSUMPTION: EPA URBAN DRIVING CYCLE,
LEAD-ACID BATTERY SYSTEM, VEHICLE DESIGN PEAK
CRUISE SPEED = 65 MPH, 4000-LB CAR, SERIES
CONFIGURATION
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FIGURE 10-47,

-
— ELECTRIC POWERPLANT AND VEHICLE
| ———— VEHICLE ONLY

VEHICLE DESIGN PEAK
= CRUISE SPEED (mph)
r__

1 | | | | 1
— ——65
— 80
< Lfl’ﬁ | | 1 | |

0 50 100 150 200 250 300

HYBRID VEHICLE DESIGN RANGE (mi)

HYBRID HEAT ENGINE/BATTERY VEHICLE-RELATED
EXHAUST EMISSIONS: EPA URBAN DRIVING CYCLE,
VEHICLE WEIGHT = 4000 LB, SERIES CONFIGURATION
(REF.: 1975-76 FEDERAL STANDARDS)
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FIGURE 10-48.

————— ELECTRIC POWERPLANT AND VEHICLE
—————— VEHICLE ONLY

B VEHICLE WEIGHT (Ib)

—

=
—— ——

— v 4000
- l | 2500

| | | | | i
0 50 100 150 200 250 300

HYBRID VEHICLE DESIGN RANGE (mi)

HYBRID HEAT ENGINE/BATTERY VEHICLE-RELATED
EXHAUST EMISSIONS: EPA URBAN DRIVING CYCLE,
VEHICLE DESIGN PEAK CRUISE SPEED = 65 MPH, SERIES
CONFIGURATION (REF.: 1975-76 FEDERAL STANDARDS)
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—ELECTRIC POWERPLANT AND VEHICLE

— — VEHICLE ONLY
300 — a. PARALLEL CONFIGURATION
VEHICLE
WEIGHT (Ib)
g S & 6000
/
100 |- s
0 1 1 | | | | |
= 0 b. PARALLEL CONFIGURATION
= WITH REGENERATIVE BRAKING
L (15% recovery)
S 200} N
[a'
S s -1 6000
=2 /:—’:"”::—f—_
S 100} =" — e 4000
I //’:—_—;:'—-——— e
5 1 L 1 0 1 1 |
300— c. SERIES CONFIGURATION
WITH REGENERATIVE BRAKING
(15% recovery)
o A N - A — — 6000
////
100}~ g g
= W0
/ m—
0 | | L 1 [ | ]
0 50 100 150 200 250 300 350

HYBRID VEHICLE DESIGN RANGE (mi)

FIGURE 10-49. HYBRID HEAT ENGINE/BATTERY VEHICLE-RELATED
NO,, EMISSIONS: EPA URBAN DRIVING CYCLE,
VEHICLE DESIGN PEAK CRUISE SPEED = 65 MPH
(REF.: 1975-76 FEDERAL STANDARDS)
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HYDROCARBONS (%)

CARBON MONOXIDE (%)

OXIDES OF NITROGEN (%)

FIGURE 10-50.

200

100 |~ e

01

60 - ELECTRIC POWERPLANT AND VEHICLE
50 b = ———= VEHICLE ONLY

30 |
20 |-
10

120 —
100 |

80 |
60 -
40 o

ng | I | | 1 J

—
—
—
—

0 | | ! ] ! |
0 50 100 150 200 250 300

HYBRID VEHICLE DESIGN RANGE (mi)

HYBRID HEAT ENGINE/BATTERY VEHICLE-RELATED
EXHAUST EMISSIONS: EPA URBAN DRIVING CYCLE,
VEHICLE DESIGN PEAK CRUISE SPEED = 65 MPH, LEAD-
ACID BATTERY SYSTEM, VEHICLE WEIGHT= 4000 LB,
SERIES CONFIGURATION (REF.: 1975-76 FEDERAL
STANDARDS)
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— e
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oSN
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S 0
o O

ENERGY CONSUMPTION RATIO (%)

=)

HYBRID TO CONVENTIONAL VEHICLE

(2]
(=}

0

a. SERIES b. PARALLEL
CONFIGURATION CONFIGURATION

—ALL FUELS

ALL FUELS

HEAT ENGINE

FUEL ONLY
- PETROLEUM- BASED ;'EE\JCENNFJNE
FUELS ONLY
i B PETROLEUM-BASED
r . FUELS ONLY
L 1 1 ] ¢ L [}
0 0204 06 0.8 1.0 0 0.2 0.4 0.6 08 1.0
Y ¥

*Fraction of battery recharge energy supplied by heat engine

FIGURE 10-58. HEAT ENGINE/BATTERY HYBRID VEHICLE ENERGY

CONSUMPTION CHARACTERISTICS: WEIGHT =
6000 LB, EPA HIGHWAY DRIVING CYCLE, DESIGN
CRUISE SPEED = 65 MPH
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HYBRID TO CONVENTIONAL VEHICLE ENERGY CONSUMPTION RATIO (%)

——— ALL FUELS
—— — PETROLEUM-BASED FUELS ONLY

> 4000
, . VEHICLE WEIGHT (1b)

CONVENTIONAL
VEHICLE RANGE:

2500 1b, 387 mi —=
4000 b, 388 mi —=
6000 Ib, 423 mi —

| | l | | el

0 50

FIGURE 10-59.

100 150 200 250 300 350
HYBRID VEHICLE DESIGN RANGE (mi)

HYBRID HEAT ENGINE/BATTERY VEHICLE-RELATED
ENERGY CONSUMPTION: EPA HIGHWAY DRIVING

CYCLE, VEHICLE DESIGN PEAK CRUISE SPEED =
65 MPH, PARALLEL CONFIGURATION
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HYBRID TO CONVENTIONAL VEHICLE

HYBRID TO CONVENTIONAL VEHICLE

ENERGY CONSUMPTION RATIO (%)

FIGURE 10-68.

ENERGY CONSUMPTION RATIO (%)

100

[ a. SERIES
9ol  CONFIGURATION
80 ALL FUELS
01
60
50 HEAT ENGINE
0 FUEL ONLY
£1]
PETROLEUM-BASED
20+ FUELS ONLY
10
ol—L L 1 1 |
0 0.204 0.6 0.8 1.0
.
100~ ¢ SERIES PLUS
90l  REGENERATIVE
BRAKING
80}
ol ALL FUELS
60
50
40 HEAT ENGINE
30 FUEL ONLY
20 — e
| ——— 15% ENERGY RECOVERY,,
10/~ —— 30% ENERGY RECOVERY
L L1
0

0 0.2 04 06 08 1.0
-

[ b. PARALLEL
—  CONFIGURATION

B ALL FUELS

B HEAT ENG INE

B FUEL ONLY

= \  PETROLEUM-BASED
FUELS ONLY

[ 1 1 1 1

0 02 04 06 08 1.0
y.,:

[ d. PARALLEL PLUS
— REGENERATIVE
BRAKING

ALL FUELS

HEAT ENG INE
FUELS ONLY

~-— 15% ENERGY RECOVERY..
—— 30% ENERGY RECOVERY

| 1 1 i |

0 02 0406 08 1.0
>

*Fraction of battery recharge energy supplied by heat engine,
or by heat engine plus regenerative braking

“Percent of total driving cycle energy recovered and stored

in battery

HEAT ENGINE/BATTERY HYBRID VEHICLE ENERGY

CONSUMPTION CHARACTERISTICS: WEIGHT =
4000 LB, U.S. POSTAL SERVICE DRIVING CYCLE,
DESIGN CRUISE SPEED = 65 MPH
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ENERGY CONSUMPTION RATIO (%)

HYBRID TO CONVENTIONAL VEHICLE
ENERGY CONSUMPTION RATIO (%)

100
90
80
70
60
50
40
30
20
10

0

100
90
80
170
60
50
40
30
20
10

0

a. SERIES
CONFIGURATION

—ALL FUELS7

X, HEAT ENGINE
FUEL ONLY

PETROLEUM-BASED
FUELS ONLY

0 0.2 04 06 08 1.0
X
T c. SERIES WITH

REGENERATIVE
BRAKING

—

ALL FUELS
[— ; \ /
| — /____— :—

N HEAT ENGINE
FUEL ONLY

| =] & |Saa ) -n |
0 0204 0608 10

Y

—==15% ENERGY RECOVERY..
——30% ENERGY RECOVERY

[ b. PARALLEL
CONFIGURATION

—ALL FUELS7

\ HEAT ENGINE

FUEL ONLY

r>

PETROLEUM-BASED
FUELS ONLY

[ 1 11 |
0 0.2 0.4 0.6 08 L0

Y

[ d. PARALLEL WITH
REGENERATIVE
BRAKING

HEAT ENGINE
FUEL ONLY

— Z— ~15% ENERGY RECOVERY ..
| ——30% ENERGY RECOVERY

I
0 0.2 04 0.6 0.8 L0

Y

“Fraction of battery recharge energy supplied by heat engine,
or by heat engine plus regenerative braking

":*Percent of total driving cycle energy recovered and stored

FIGURE 10-69.

in battery

HEAT ENGINE/BATTERY HYBRID VEHICLE ENERGY

CONSUMPTION CHARACTERISTICS: WEIGHT =
2500 LB, U.S. POSTAL SERVICE DRIVING CYCLE,
DESIGN CRUISE SPEED = 65 MPH
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HYBRID TO CONVENTIONAL VEHICLE
ENERGY CONSUMPTION RATIO (%)

a. SERIES
CONFIGURATION

,—ALL FUELS

\ HEAT ENGINE

~ FUEL ONLY

PETROLEUM - BASED
FUELS ONLY

0 02 04 0.6 08 1.0
.

c. SERIES WITH
REGENERATIVE
BRAKING

ALL FUELS

HEAT ENGINE
— FUEL ONLY
7

——— 15% ENERGY RECOVERY.
— —— 30% ENERGY RECOVERY
114
0 02 0.4 0.6 0.8 10

Y

b. PARALLEL
CONFIGURATION

/ALL FUELS

\ HEAT ENGINE

FUEL ONLY

PETROLEUM-BASED
FUELS ONLY

I I R B
0.2 04 06 08 L0

Y
d. PARALLEL WITH

REGENERATIVE
BRAKING

o

ALL FUELS

-
—

HEAT ENG INE
FUEL ONLY

———15% ENERGY RECOVERY.,
—— 30% ENERGY RECOVERY

L 111

0 0.2 0.4 06 0.8 10

Y

“Fraction of battery recharge energy supplied by heat engine,
or by heat engine plus regenerative braking

"""percent of total driving cycle energy recovered and stored

FIGURE 10

-70.

in battery

HEAT ENGINE/BATTERY HYBRID VEHICLE ENERGY

CONSUMPTION CHARACTERISTICS: WEIGHT =
6000 LB, U.S. POSTAL SERVICE DRIVING CYCLE,
DESIGN CRUISE SPEED = 65 MPH
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FIGURE 10-71,

HYBRID VEHICLE DESIGN RANGE (mi)

HYBRID HEAT ENGINE/BATTERY VEHICLE-RELATED
ENERGY CONSUMPTION: U.S. POQSTAL SERVICE
DRIVING CYCLE, VEHICLE DESIGN PEAK CRUISE
SPEED = 65 MPH, SERIES CONFIGURATION

10-117



110 —

S
= 100
= 100
oz
=
o
= o0
a.
=
-
w
5 80
(&)
> REGENERATIVE BRAKING, % RECOVERY
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FIGURE 10-72. HYBRID HEAT ENGINE/BATTERY VEHICLE-RELATED
ENERGY CONSUMPTION: U.S. POSTAL SERVICE
DRIVING CYCLE, VEHICLE DESIGN PEAK CRUISE
SPEED = 65 MPH, 2500-LB CAR, SERIES
CONFIGURATION
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FIGURE 10-73,

50 100 150 200 250 300 350
HYBRID VEHICLE DESIGN RANGE (mi)

HYBRID HEAT ENGINE/BATTERY VEHICLE-RELATED
ENERGY CONSUMPTION: U.S. POSTAL SERVICE
DRIVING CYCLE, VEHICLE DESIGN PEAK CRUISE
SPEED = 65 MPH, 4000-LB CAR, SERIES
CONFIGURATION
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FIGURE 10-74.

50 100 150 200 250 300 350
HYBRID VEHICLE DESIGN RANGE (mi)

HYBRID HEAT ENGINE/BATTERY VEHICLE-RELATED
ENERGY CONSUMPTION: U.S. POSTAL SERVICE
DRIVING CYCLE, VEHICLE DESIGN PEAK CRUISE
SPEED = 65 MPH, 6000-LB VAN, SERIES
CONFIGURATION
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FIGURE 10-75.

250 100 150 200 250 300 350
HYBRID VEHICLE DESIGN RANGE (mi)

HYBRID HEAT ENGINE/BATTERY VEHICLE-RELATED
ENERGY CONSUMPTION: U.S. POSTAL SERVICE
DRIVING CYCLE, VEHICLE DESIGN PEAK CRUISE
SPEED = 65 MPH, 2500-LB CAR, PARALLEL
CONFIGURATION
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FIGURE 10-76.

50 100 150 200 250 300 350
HYBRID VEHICLE DESIGN RANGE (mi)

HYBRID HEAT ENGINE/BATTERY VEHICLE-RELATED
ENERGY CONSUMPTION: U.S. POSTAL SERVICE
DRIVING CYCLE, VEHICLE DESIGN PEAK CRUISE
SPEED = 65 MPH, 4000-L.B CAR, PARALLEL
CONFIGURATION
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FIGURE 10-77.

HYBRID VEHICLE DESIGN RANGE (mi)

HYBRID HEAT ENGINE/BATTERY VEHICLE-RELATED
ENERGY CONSUMPTION: U.S. POSTAL SERVICE
DRIVING CYCLE, VEHICLE DESIGN PEAK CRUISE
SPEED = 65 MPH, 6000-LLB VAN, PARALLEL
CONFIGURATION
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TIME (sec)

TRANSMISSION T2 EFFICIENCY HISTORY (ENGINE-FLYWHEEL LINK):
HEAT ENGINE/FLYWHEEL SYSTEM, SERIES CONFIGURATION,

EPA URBAN DRIVING CYCLE, T =0,22

. aesale . cese
. PPN I . seca
e vese]e . esn
. NP N . teaes
cies eevsofoecseloec.ofe . winle- Y
ceese evesfocce]eaat. . Glllle o mis oo oo
ceee PP D EERRE B . PIRNPEN [POPEIN csee
eoeat ceerfocigfeooeds . cvesfacas cene
et e . sfasee - sescefleocraofance . -
DRI . . o aee - LRI .o LR .. .
e . [N RS . LI seboflédea ebda
PP IS oo . TS IR I B
°
cies]on . . cescfeans ense .
cessfae . . vecaflsces]evee -
P . - cecsfececlonse .
S B . . coecobocoafanns .
B o coa B seasface -
vel- . PN . cavsdone -
I . e . cesefons -
el . v . PUPPINS R -
[
cesafen .o eaos]e
PP B .. esesfe
* 50 .. s .sae . -
R . - cesefacesfesasonas
cees]oe . NS DI EEERY IS
coas|en . . Y PO EEEDY ERTTS
csesfan . . covsfocacfocecfocan
-
S D cease . Y I e o
ceesfes s . cresfecoc)ee by
«o 0. .. DR o o v e - s . -
PR B cvas . ceoofocac].. -
S oof. cseefasasfane .
ceesifas .a PN PR IR RS .
P S P I veasfococfons .
cavefon S NPUNDS PRPINE P .
5 . cessfoon ceesle eeofocca|oacoale cfececfocas
- . . LN . e ee 3 LRI . v v e e . . LY LRI -
- . . Lo a e RS B se e . LY sesafecen - - IR seane
ol . cesolensa]e cesn)e coefeceafioacl. efececfenes
. efooecs]e o] eces|reeeal. cvosfonenfoses ofae .
. efesac]. of- PR B cesefacesfoens ol -
. oo o covofocas]|e cevefoosefrane .- .
. N IR S N B S B B [N DI TR N -
. . B o} . SRS eesefoesealoaactee -
. . B ol . REEE B IR FETEE B2 B . L
. I N RS NP BUMEE R X -
. e ™ 1 =1= vesefeses]onos]en .
B o oas | o o] . [P A eees|sose]escofrosafeacaleesn
. DIPRES I ol . R P e ERREY IR [P N
. cees]e Ol - cenafes NI ] DI PERRS BRI B
. PRPIPIPN I ol . cese]ee PP (i) NN ERERT BB R BB
. coasfonos]es ofe . cencfeo P I Y O I o] es e
[+ » - - . RIS .. Ll K . C R Y I ) .o s ase CRCIC IS s s 00 . - R L
N B [PEAPSH IS I ol PPN I D coeafon saesfecactenasn P 8 oo
. . LI I ‘e . - DY CRCR Y o o0 a o e . .. ve e .ot - . sean
cevefeeraf ko] esesaces]- cofs T N S B I B efoocofocasfonsns
SIPAP (PP . NN R IS el veossfooonfeans evfocea)racsfonns N PR IR I
PP (DO e . DI I IS el veasloecsefanad cefevecfasacfonan N FRTRY BRRRE IR
SPENIE TN . . evee]eens]. oo MM BN R enfe NN Iy efeecefrinc]ecan
cesefonan R B G D oo . ctesfoeas o ol “la
PRSI [ ceaol. PP I sefe - PPN - s P I -
PP [P RS PPN IS celoasa]. vee . ool -1 .
caecliens I S PSR I Y PR i e . P - .
erecfomssfocae veoelosss|osoofoocsefoscafooaclesoafoace ofe esssfoses .
cvaoforeofacan RGN (NN BTy DOtpe Iy PIFGERS ERERY s -1 P R .
NI N PR NP PRI N S EE I R XS B ol NS EEERS .
cevefeanafanen N EER R RS BN R IR IR B afe seacfocea .o
caanlfe 1. leeee]s Y e I e IO .o ceeabesoofoansfoane .
e oo . . ) . . . . s e se v “o e . - -na .o CECIR Y DO s oa s e a0 - S
ceeele ol N FRERE I SRS IDEMDY NP BT B HPSPS DN DI RERRE EEERS .
acas]s ot NS . Y RO ERRRY P P IESPSTIPS IPIRUPOI [POPOPODE (PN .
A R B T -
. NI N PN N B IS B I B I D B B o ea
. PR N B cens 9 EXEX ERER: EFRETS RRER EXXRS ERTRN RERE REP™ ~ = it IR
. (RER) DEXRY F57 .
DRI . .. . . 0 ‘e o LI wofos
ceesn]. .s . .l ceesfenae cofesan
sean]. . . I ceecfooas eses]oaee
PR P . of RN RS eesfenes
e B PR P S P .. A I .
PRI I s COEEE OO0 R R T - T .
veer]e NI DRI R T B .. SRS IS .
vean]e . g R seeefocecfosenfonas
e ws Y s ) s . N cren esacferen
CRCRCAY s e . e e RN DL LI 1 . LR Y DR LRI Y s se e a0 e s sa e L]
eves P PRETY FRTRY PR eosefonosfosocfecaclocoa]loveafoesesfroccfonen
cree OO s - - [P
. cof.ooaf. TS B A eseaflocecfossofeaas
. o n . o e - ne e e . LI Y .. CRC Y .- DR Y LR Y
OO D . ceseloas PN RS veosfososfiacalecas
. o] M ERYS s BN consfoacsfeccafoces
secefussale vesfason eofen sscafoses
.. e o3 o e -1 . “«aeselessea .o . o DS L
raccncS CRONEON IGIOEECS gasfonan P DI IR B
O oeoele PIPSRS [P eafoesaiferaalones
5 - 0K B
. PSP .ee cafescsfenca
. PP P 1S POPIN FEPT
. cone e PG DR R
. (SR I S Y D
. cacofeace PP PRDON INPREY REEEE B
N sesefecan N UMD I EEE R R
. ceoo|oean vesfoesefevertoaaaleann
5 . . B - cene
. . . - N ceee
. . . . - ceas
. . . . . csen
e efescsfecan . B -
PPEPEN clevee]eaae . . -~
ciee efereafenee . B cae
seee efeeen]eons . . cee

91.0
90.0
89.0
88.0
87.0
6
85.0
84.0
83.0
82.0
81.0

(%) AON3IDI343

10-137

FIGURE 10-91.



21°0 = 4+ ‘ATDOXAD DNIATYA NVHIN VAT ‘NOILVINDIINOD
SHIYES ‘WHLSAS TEEFHMATA/ANIONT LVHIH :XYOISIH AAEJS TIIHMX T

(vas) INIL

*2A-0F TINDIA

"00g

00}

g

1]}

]

“hg . 008

008

“00t%

]|

. -QQ

*000b

‘0008

(o
PO

(wdy) Q3348

10-138



21°0 = & *ATOAD DNIAINA NVHIN VAT ‘NOILVINDIINOD SHIYIS
‘WAISAS TAAHMATI /ANIONT LVHAH :X¥YOLSIH LNANI ¥IMOd 1HEHMATI *€6-07 HYNDIA

(ves) IWIL
0oy *00Z *00} *000

“0op

0

00

11 1]

.............

: I

P O

00 0 (] ‘009 111}
* 0 e oo vl . . . > . LI O - . .40 e e e Ly T o v . DR 1 o 4 o o .« . e
IRDOE BOGEH Fop) Sl D' 1 B PN FRIR AT 5 0 Do Y DDA {} O it | B M. & § D Iy | N o JORD | FY B PR
PPRSE PR | At PR b M MOEE 1 5 B DS X D 1. DM IV e | I b0l (DR [ | I ¥, (R | M | PR

cl

‘94

‘02

24

(dy) ¥Imod

‘82

ze

38

ob

10-139



210 = & ‘ATDAD ONIAIYA NVEYN VAT ‘NOILVYNDIINOD SHIYIS

‘WILSXS THIHMXTI/INIONT LVIH :XYOLSIH ILNdINO ¥IMOd TATHMATI

(985) IIL

‘$6-01 TYNOTE

8-

0001

. e o . cﬁ .

N .1
e

......

DI SEACEREES ISR )
............

............
............
............

...............
...............

............

............

RN IR IR AT

............

............
........

....................

........

‘8

‘91

24

‘ce

‘0b

(dy) ¥IMO4

‘Bp

9G

+9

¢l

28~

10-140



21°0 = L ‘ATDAD ONIAIYA NVEIN VI ‘NOILVINDIANOD SHIFIAS ‘WHILSAS
TITHMATA/INIONT ILVHEH :(AYOLSIH SSOT YEMOC DILISVIVd THEHMATI

(%3s) IWLL

‘g

'66-01 TYNDIA

‘00

ot (1S '00Z "0al 000, i 1]1] )] Qg ‘098

111}

"0t

0

0o

AL
BHIdHE

................................................................

e e [N T AR OO S e e [ [ A R A

i

B

3

09q°

08°

4

8

I

b

‘I

(dy) yImod

b
¢l

10-141



2F°0o=+
“AITOXAD ONIATHA NVEEN VAE ‘NOILVINDIINOD SAIYIS ‘WILSXS
TITHMATIL /ANIONS LYHIH (X¥QISIH LNO XDYIANI TVIOL TATHMATI °96-0F TUNDIT

(ves) INIL

10-142

ve

(3uy-m) A!)H]N":I

3%

9°¢

008 00z -0 000 ‘00 00 00, '008 0 004 0 00 ‘00 .
S CEEH EFEE FEEE EFE R G B B B B B B B S B ) B R P R R e :x.vw..\...\:
A FEVE E S Y N B 1 EEES S ) S R B puDZar :
3 EEEE B B S S5 I L .1\..\.1_, gl s ol 2t ]
EEY LRSS ERR) EEEEY ERSS: i e b ¥
S HH HRH B R e crreleniihans :
SEH B oxul BEESE RS q S5 FEEE :
R S B : G
e ) PR EEE E e AL e T s B £ ”._...nuhar_ﬂ.”mgf P T R e e e ._n_“_.&.frxzqﬂ“mm |.:9d3:




21 °0 = L ‘ATIDXD ONIAIYA NVHIN VAT ‘NOILVINDOIANOD STIYHS

‘NILSAS TATHMATI /ANIONT IVIH :(XYOISIH XDYINT AIYOLS TATHMATI °L6-07 HTYNDII

(%9s) IWIL

(15 il i1]174 “001 gog 1] i1} 1] ‘008 “nog i (113 1)} 1] 111}

.........................

............................................................................

................................................

................................................................................

‘08

‘081

'0pZ

‘02e

o
[=]
<
(4-w A9¥3N3

08y

Y [ e l“- 1o '09s
‘0vg
3 024
TEH RN S B o T e = g

10-143



21°0 = L ‘@TOXD ONIATYA NVEIN VAT ‘NOILVINDIINOD SHIYES ‘WIALSAS
TATHMXATL /EINIONT LVHEH XAYOLSIH ADYANT TVILINI/AEYOLS TATHM XTI

(9%5) INIL

‘86-01 TYNDIIL

008

0¢

‘o

09

08

‘oot

021

L) 28

091

T Er Rl D P R o N P R T B NN B T E e 1 F T IR R ER By

(%) 398VHD 40 ALvIS

10-144



22°0 = » *ATOAD ONIATIA NVEEN VAT ‘NOILVINDIINOD SIITHIS
‘WALSAS TATHM XTI /ANIONT LVIH :XYOISIH AAA4S THIAHMXTA °66-01 TYNDIL

(995) INIL

il

b

[==1=]
i w4

RN KRR
M ks SRR

. N e
IERES R0

10-145

(wd)) Q3348



22°0 = 4 ‘ITIDXD ONIAIYA NV vdd ‘NOILVYNDIINOD SIATIIS

‘WILSAS TATHMATI /ANIONT LVAH :XJOLSIH LNANI ¥IMOd TATHMATI

(%%) INIL

*0071-07 HINDIA

00} :
VAL .”m”.u% i?_,_mw

01

T

1

91

81

07

41

e

9

'8¢

(dy) yImod

10-146




o

72,

pE..) »
o o o o

2 2
(dy) ¥Imod

10-147

0
L)




22°0 = 4 ‘ATOXD DNIATYA NVLEN VI ‘NOILVINDIINOD SHTIHS ‘NALSAS
TATHMATI/ANIONT LVAH :XYOLSIH SSOT ¥IMOd DJILISVIVd TATHMATA 207 -0F JdNDIA

(935) INNL

N
-+
[y

- T . - .
IS PP DINRPY [NPENPY INIEEE EXEE) EEEES ERERE EERES ERERS EREAE RS
o - . . “ew

bl 1111} b 1]t} ‘o0 "004 009 ‘005 L1 :

4
P FRETE EEER

09 ]! bt 1]1] °

gL'l

PZ 1

8zl

[
L]
—

gt

........
........

.......................

.....................................................

-EE

(du) ¥Imod

10-148



22°0 = 4 ‘TDAD DNIATYA NVHYN VAT ‘NOILVINDIANOD SHIYJAS ‘WILSAS
THIHM XTI /INIONH LVIH (XAYOLSIH LNO ADYIANT TVIOL TATHMXTI °¢071-07 TUNDII

(v8s) INIL

-
[==4

op*

08°

Z

‘1

«

(u-mn) A9¥INI

10-149



22'o=14
‘I TDAD DNIATEA NVEYN VI ‘NOLLVINDIINOD SATIAS ‘WHLSAS
AAIHMATI IANIONT LVIH AYOLSIH ADYIANA dAYOLS TEAIHMATA “$01-07 IUNDIL
(03s) INIL

g 11V *00Z “004 L X X1 Qg (]3] "0 ‘008 1] ‘a0t ‘0N Qo N YN
---------------------------- I e e PR 0 e ) “ a0 PRI -® e s .« o & e e “ e e “« s e *« "t .o . « s v o e e .. D] oo e e “ e Lidd
RS EETE PETE EESEY EREEY EESEY ERESS SERS) BESEY FESON FASH RESE SO PRTRY PRSHY PRsd boy: :.wmxy.”: x“““x””w: 0] FESHE RS BEEY HEES:
s e [ e e A A :”“Wﬂuﬁ”r EEH B B %“ R
mmwwmmwwm mm.”muuﬁm A ot i P s b B mu.“wm“”m g PR L e "08P

"02gs

‘098

‘009

“U0kg

‘189

‘194

*g08

3

10-150

(4-M) A9¥IN3



22°0 = 1 ‘ETDXAD ONIATYA NVHIN VdA ‘NOILVYINDIINOD SHITYAS ‘WALSAS
TATHM XTI /IANIONT LVIH (X¥OLSIH ADYIANJT TVILINI/AHYOLS THIHMATIA

-oo

‘0

(%) INIL
*004

‘0o

‘00c

11}

‘G0T-07T TINDIA

-D8

‘88

¢6

T

3

4

9L

08

18

(%) 39Y¥VHD 40 3LVIS

cets e sen .e
.o - PRI P P ‘e cre ‘e
NP DS M ER TR BT B e csee .o
. “ee s
“ee .
caese cese
ce e s
P I
e “can
PPN e
N B R “se
SR ceee .
cean ’e
- .nﬁ RGN MUV .@m
.. .1.:.
N Y . T
||I._ i e

001

‘01

‘801

10-151



21°0 = 2 ‘IIDXD ONIATYA NVLEIN VAT ‘NOILVINDIANOD
SAIYAS ‘WIAILSXS TATHM XTI /INIONTE LVIAH :(INIT STIHHM
\ FATYQ AIDIHAA-TIAAHM X TJI) AYOLSIH ADNTIODIIAA €L NQISSONSNVIL °901-07 IWNOI4

(333) INIL

-2 - —90g 008004 0
S T o
—+ e w
B T
HRH o
b s
H AR s
H Mw_wm : B R 1
I 1 R A
: L .:_H,,.‘w?

1 G BB 4V
31 3 R A R v O Y R A

o 3 N A R R R 2 Bz 2 N R E

AERS X1 B3 EE K1 RN EREES &5 B | FEOY G S F b ethe Mt b0 e R B ]

001

10-152

(%) AIN3II443



22°0 = L “OTIDXAD DNIATYC NVEIN VAT ‘NOILVINODIINOD
SHIYHES ‘WHAILSAS TATHMXATI/IANIONT LVIH :(3NIT STITHM
TAITYA TTOTHIA-TATHMXTI) XYOLSIH AONHIDIAAA £ NOISSTNSNVHL

(08s) INWIL

...................... .- .o e ceane
I ERERY THREE B 2R I R iy N EERRY PERTY EEEEY R
MNP PN R RINFIRY | B I EEXRE EEEEE BEEEE) EER N BT B B B

-Qﬂm upﬁ—. -PPP . . -me -Q— ;

............

*L07-01 TYNDIIA

B R

DIEIRS | B SRR EOIREPEE IREPERIR IR R | ICRCECAEN iR

»

BEEEY EERX)

IRERN EXEE]

RN BT

celeqses

RS R
PN B
N

........
...........................

..........

Y
DR
oty

01

or

0§

09

0L

08

001

(%) AONIIOIA3

10-153



FATOAD ONIAIYA NVHEN VI ‘NOILVINDIANOD SATIAS ‘WIISAS
TITHMATI/INIONE LVEH :NOISTNJdOYd Y04 dISN YIMOd INIDNI

VNAVD

‘80F-07 MUNDIA

‘I

T

‘€

‘S

‘8

4

'8

A L° ° 06" 08 04 ° 09 1,5 1) og * 0z ° 0]° ! g -
3 U IERY T PR RRE ) Py FETE) FErm EE A 1 DD M PR ke IR L
SRR e i s e e e R

g
\

(dy) ¥Imod

10-154



dTOXD DNIATYA NVIYN VAT ‘NOILVINDIINOD SHIYWS
‘NILSAS TITHMXTA/INIONT IVEF :QEAIAOYCL ADYINF THAL ANIONE

*6071-

Fl

08 "

T8

e —

ol-

e ]

wl

2 FE ) ) ) G B B ok

G

ST B:

01 IYNOIA

cel

9°el

b1

P b

8l

(u-m1)  A9¥3IN3

Z2°Gt

96l

‘8l

b9t

10-155



dTOXAD DNIAIYA NVIYN VAT ‘NOILVYNDIANOD SHIYIS
‘NWALSAS TATHMATI /ANIONT LVIH :NOILJIWNSNOD ADYANTE TINJ

‘011-01 EYNOIA

L %

............................................................................

SRS BRS04 EOSM B ..\Tnﬁ:zo $13nd

..............................................................

........................

........................

...............................................................................

b

‘92

‘08

‘b8

‘88

Z6

‘36

‘001

‘b0l

‘80!

H

10-156

(%) AYINT IAILVIIY



FIGURE 10-111.
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Percent of total driving cycle energy recovered and stored in

HEAT ENGINE/FLYWHEEL HYBRID VEHICLE ENERGY

CONSUMPTION CHARACTERISTICS: WEIGHT = 4000 LB,
EPA URBAN DRIVING CYCLE, DESIGN CRUISE

SPEED = 65 MPH
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FIGURE 10-112.

HEAT ENGINE/FLYWHEEL HYBRID VEHICLE ENERGY

CONSUMPTION CHARACTERISTICS: WEIGHT =2500 LB,
EPA URBAN DRIVING CYCLE, DESIGN CRUISE

SPEED = 65 MPH
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FIGURE 10-113. HEAT ENGINE/FLYWHEEL HYBRID VEHICLE ENERGY
' CONSUMPTION CHARACTERISTICS: WEIGHT =6000 LB,
EPA URBAN DRIVING CYCLE, DESIGN @RUISE
SPEED = 65 MPH
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FIGURE 10-121

50 100 150 200 250 300
HYBRID VEHICLE DESIGN RANGE (mi)

HYBRID HEAT ENGINE/FLYWHEEL VEHICLE-RELATED
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ELECTRIC POWERPLANT AND VEHICLE
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FIGURE 10-122. HYBRID HEAT ENGINE/FLYWHEEL VEHICLE-RELATED
EXHAUST EMISSIONS: EPA URBAN DRIVING CYCLE,
VEHICLE WEIGHT = 4000 LB, SERIES CONFIGURATION
(REF.: 1975-76 FEDERAL STANDARDS)
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FIGURE 10-133,

HEAT ENGINE/FLYWHEEL HYBRID VEHICLE ENERGY
CONSUMPTION CHARACTERISTICS: WEIGHT =4000 LB,

U.S. POSTAL SERVICE DRIVING CYCLE, DESIGN

CRUISE SPEED = 65 MPH
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11. HYBRID VEHICLE APPLICATIONS AND
POTENTIAL FOR ENERGY SAVINGS

The results presented in Section 10 show that hybrid vehicle
energy consumption and emissions are highly dependent on the characteristics
used for each powertrain component and on the road performance (cruise speed
or acceleration) specified for a given weight vehicle, Furthermore, the results
also reflect (a) the continuous rather than discontinuous form of engine opera-
tion, (b) the particular balance between fuel consumption and emissions that
was selected from the engine characteristics map, and (c) the nonoptimization
of system operation at each discrete value of y, vehicle weight, or design
peak cruise speed.

With a myriad of options available to the vehicle designer, the
present study results represent only a partial view of the potential for energy
and/or emissions savings with hybrid vehicles. Therefore, the intent in the
subsequent discussion is not to show a '"best'' design approach for a given
application, but rather to point out trends that have been revealed through the

analyses presented in Sections 9 and 10 for the particular systems selected

in this study.

11.1 HEAT ENGINE/BATTERY HYBRID VEHICLES

The series configuration with nickel-zinc batteries housed in a
full-performance, full-size, 4000-1lb car can provide energy savings in appli-
cations that do not require cruise speeds in excess of 65 mph and do not
require daily operating ranges in urban driving much beyond 100 to 150 miles.
The operating range of 100 miles is based on saving all types of fuel (oil, gas,
coal, and nuclear), whereas the operating range of 150 miles is based on
saving petroleum-based fuel (o0il and gas). However, a more stringent restric-
tion on vehicle design operating range is needed to meet the 1975-76 federally
mandated emission standards for NOx (HC and CO are no problem, being just
small fractions of the standards). This impact narrows the design operating
range to 100 to 125 miles, depending upon whether the electric generating
plant is in the air quality region (about 100 miles) or outside the air quality

region (about 125 miles). At the lower range, the energy savings is about
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5 percent for all fuels and 15 percent for petroleum-based fuels, when
compared with a conventionally powered car. Therefore, this type of vehicle
appears to be well suited for efficiently meeting most of the personal urban
transportation needs for up to six passengers.

The addition of regenerative braking capability to the vehicle
powertrain can relieve these range restrictions to varying degrees. A recov-
ery of 15 percent of vehicle energy expended at the drive wheels can provide
energy savings at a design operating range in excess of 300 miles, although
the impact of NOx emission continues to limit the range to about 150 miles.

The more complex parallel configuration powertrain in a
4000-1b car, when combined with a regenerative braking system that recovers
15 percent of drive wheel energy, can result in energy savings of better than
15 percent compared to a conventionally powered car, and design operating
range restrictions would be nonexistent even when considering the require-
ment to meet NOX emission standards.

Vehicle weight and design cruise speed have a major impact on
potential for energy savings. Generally the heavier vehicles with lower design
cruise speeds can be expected to produce the greatest savings. Unfortunately,
heavier vehicles produce greater emissions and would have difficulty meeting
the NOx emission standards.

Vehicle design has a marked effect on possible energy savings.
The bluff, high drag, body of a delivery van can be expected to have signifi-
cantly greater energy expenditure and exhaust emissions than the equivalent
weight automobile.

Increased reliance on electric wall power (supplied by stationary
electric generating plants) for battery recharging has a beneficial effect in
terms of reducing energy consumption and NOx exhaust emissions. The pen-
alty for these benefits is a reduction in vehicle design operating range.

If the hybrid vehicle were introduced at an early date, then
possibly only lead-acid batteries could be used. For a series configuration
under these conditions, design operating ranges that result in energy savings
are restricted to about 100 to 125 miles -- similar to when NOX emissions
are the controlling factor.

Although the nickel-zinc batteries considered in this study have

a specific energy of only 22 W-hr/lb (see Section 5. 3), further development
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is expected to increase this measure of performance to about 35 W-hr/1b
(see Section 4.3). When combined with (a) the given allowable powertrain
weight, (b)the design weight of all components except the battery, and (c) the
system voltage, the specific energy sets the battery capacity. This capacity
will have a very significant effect on vehicle design operating range when the
heat engine does not provide full battery recharging. In this respect, the
higher specific energy would improve operating range. Alternatively, a
reduction in allowable powertrain weights from those values assumed in this
study would reduce the range.

Relaxation of vehicle design performance requirements for
cruise speed has the effect of reducing electric drive motor and heat engine/
generator size with the result that more weight and volume are available for
batteries, thereby improving potential operating range. However, a draw-
back :o this approach is that the smaller engine in a fixed weight vehicle
designed for reduced cruise speed seems to produce more NOX emissions.
This effect could nullify the range extension for cases where NOx emissions
restrict the design operating range. Reduced acceleration, though, is expected
to produce positive results for both energy and emissions because this change
in performance would reduce the size of only the electric drive motor.

An additional impact on vehicle range would result if fuel tank
capacity were to be reduced when greater reliance is placed on electric outlet
power for battery recharging. In other words, atlow values of y, where
engine power is low, fuel consumed is less, and the fuel tank capacity can be
lowered. The weight saving could then be transferred to additional weight
available for batteries, thereby improving vehicle range.

Use of the hybrid heat engine/battery vehicle in high-speed
highway driving is generally a poor application. The analysis results indicate
much greater energy consumption and emissions for the series configuration
hybrid than found with conventionally powered vehicles. Only a parallel
hybrid powertrain configuration could be expected to provide comparable
energy consumption and emissions, but ¢~ chieve this result the design
operating range is curtailed and would not necessarily be compatible with

high-speed highway vehicle needs.
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On the basis of limited evidence, the most favorable application
of the heat engine/battery hybrid vehicle would be to low-speed, stop-and-go
driving that is characteristic of certain types of delivery services (e.g., mail
or milk delivery in residential neighborhoods). Under this type of driving
schedule, conventionally powered vehicles consume excessive fuel due to poor
engine brake specific fuel consumption (pounds per horsepower-hour) and to
extensive idle fuel consumption., The use of regenerative braking with hybrid
vehicles would also prove most favorable for repetitive stop-and-go driving.

Introduction of the heat engine /battery hybrid vehicle into the
consumer market would initially prove to be most advantageous in the Pacific
Northwest where more than 90 percent of electrical energy is supplied by
hydroelectric power sources. If vehicle battery recharge energy was derived
from an electric outlet in that region, there is the potential for almost 25 per-
cent savings in petroleum-based fuels at a 100-mile vehicle design range.
Alternatively, the West-South-Central states that currently rely extensively
on natural gas for fueling electric generating plants would benefit the least in
saving petroleum-based fuels.

Because the hybrid heat engine /battery vehicle could be con-
sidered as an intermediate step between the conventionally powered vehicle
and the all-electric vehicle (or as competitive with the all-electric vehicle),
it is of interest to determine the comparable energy savings and design oper-
ating range for all-electric vehicles of equivalent performance. Again, using
the conventionally powered vehicle as a reference, Figure 11-1 presents the
relative energy consumption values for hybrid and all-electric vehicles of
varying weights operating over the EPA Urban Driving Cycle. The design
operating range shown for the all-electric vehicles is quite limited, being no
better than about 60 miles. However, for applications at these low ranges,
the all-electric vehicle shows remarkably improved energy savings* com-
pared with the hybrid vehicle, particularly for petroleum -based fuels. These
savings are basically due to the improved efficiency of electric generating
plants in energy production, when compared with the present automotive,

gasoline-fueled, internal combustion engine.

“This does not account for battery energy that would be needed by the all-
electric vehicle for operating accessories (e.g., power steering, power
brakes, compartment heater) which would also reduce vehicle operating range.
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The poor operating range of the all-electric vehicle can be
improved by relaxing the vehicle performance requirements in order to reduce
the weight of the electric drive motor, thereby having more weight available
for installed battery capacity. This improvement in range is illustrated in
Figure 11-2a for both nickel-zinc and lead-acid battery systems in a 4000-1b
car. Reductions in both acceleration and cruise speed can provide operating
range over 100 miles for the nickel-zinc system. A reduction in allowable
powertrain weight from 1500 to 1210 1b (see Section 7) produces the opposite
effect, and large reductions in range are seen in Figure 11-2b.

The overall assessment is that hybrid heat engine/battery
vehicles can provide energy savings over present, conventionally powered,
vehicles while meeting exhaust emission standards. But the achievement of
this capability requires compromises in vehicle design weight, design cruise
speed, and design operating range. In addition, low-performance, all-electric
vehicles have the potential to approach being competitive with high-performance
hybrid heat engine/electric vehicles in regard to operating range and to pro-
vide even greater reductions in energy consumption and emissions when com-
pared with conventionally powered vehicles. The tradeoff here is performance

versus energy and emissions.

11.2 HEAT ENGINE /FLYWHEEL HYBRID VEHICLES

These systems have virtually no restriction on design operating
range and have a broad potential for energy savings. For urban driving appli-
cations, a comparison with conventionally powered vehicles shows 8 to 10
percent fuel energy savings for series configurations and 15 to 18 percent for
parallel configurations. Additional savings would be possible with regenerative
braking. For example, the parallel configuration with this feature can save
as much as 27 percent in energy consumption on the same basis of comparison.

All these savings apply basically to petroleum-based fuels
because this type of hybrid system must operate with the heat engine providing -
just about all the recharge energy required. The very small energy storage
capacity of the flywheel compared with nickel-zinc batteries precludes any
other form of operation. (Recharging from outside sources rapidly reduces

operating range to generally less than 30 miles.) Hence, there is no reliance
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on electric generating stations, and there is no geographic partiality governing
introduction of the vehicle into the consumer market.

Only small differences in energy savings separate different
weight vehicles and different design cruise speed vehicles. However, the
effects of weight and cruise speed on emissions are much greater. High
design cruise speeds and low vehicle weights offer the largest emissions
reductions, particularly for NOX. For a 2500-1b series configuration car, the
NO_ levels are less than 70 percent of the 1975-76 standards. Since the
6000-1b van produces emissions well in excess of the standards, it cannot be
considered as a viable contender to the conventionally powered vehicle for
urban driving applications. Therefore, with vehicle weight ranging up to
about 4000 pounds, a full performance heat engine /flywheel hybrid vehicle
can provide both energy and emissions savings for almost all urban driving
requirements.

For low-speed, stop-and-go delivery service (e.g., postal
delivery), this vehicle has very good potential (superior to urban driving),
and in this application even the 6000-1b van is very well suited. By contrast,
sustained high-speed driving is not a suitable role for the heat engine /flywheel
hybrid vehicle. As in the battery system, a parallel powertrain configuration
is needed to compete with the conventionally powered car in this application;
for the flywheel system, only the 4000-1b car would be a suitable candidate
from the standpoint of energy consumption. *

The use of a very high-speed (42, 000 rpm) plastic-reinforced
flywheel in place of the 24, 600 rpm steel flywheel gave very poor results in
terms of energy and emissions savings for a 4000-1b car. The problem lies
with the large parasitic power losses of these flywheels created by aero-
dynamic drag, bearing drag, seal drag, and vacuum pump power requirements
for maintaining low pressure in the flywheel housing. Keeping parasitic
losses to a minimum will likely be the single most important design problem.

Further study is needed to aid in the optimum selection of rotor housing

>'zAs noted in Section 10, a 6000-1b car would also be expected to offer
competitive energy consumption, but not the 6000-1b van because of its
high drag body.
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pressure and rotor size and speed for a given vehicle application. A technique
for reducing parasitic losses is to design smaller, lower-speed rotors that
are not loaded to maximum working stress. The resulting impact on vehicle
performance would be to reduce the number of repetitive maximum accelera-
tions available to the driver.

The assessment of hybrid heat engine/flywheel vehicles is that
they are capable of significant energy savings over conventionally powered
vehicles, particularly for stop-and-go driving applications. Use as a high-
speed highway vehicle would be least favored. In urban driving situations
they can provide major reductions in energy consumption without the design
operating range restrictions associated with the hybrid heat engine/battery
vehicle. However, to meet the Federal NOx emission standard, compromises
must be sought between vehicle design cruise speed and vehicle weight with a
necessary trend toward higher design cruise speed combined with lower
vehicle weight. The appropriate tradeoffs here, as with the hybrid heat
engine /battery vehicle, will reside with the vehicle designer who will require
optimization studies to define physical and performance limitations and to aid
in selection of a transportation vehicle design matched to the particular

application.

11.3 OPTIONS FOR POTENTIAL ENERGY SAVINGS

It has been seen that, on the basis of total energy consumption,
the more efficient heat engine /flywheel system uses less energy than the heat
engine /battery system. But not to be overlooked is the considerably greater
energy storage capability of the nickel-zinc battery compared to that of the
steel flywheel, allowing attainment of reasonable vehicle design range in
urban driving when a major portion of recharge energy is derived from sta-
tionary electric generating stations. The heat engine/battery system can then
have the potential for petroleum-based energy savings not available to heat
engine /flywheel systems because nationwide many of these generating plants
rely on coal, nuclear, or hydroelectric energy sources (or could be converted
to these sources) rather than oil or gas energy sources. Hence, the total
energy consumed by the heat engine /battery system may be greater, but the

petroleum-based energy consumed can be less.
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Because petroleum-based fuels are presently the most critical
resource for meeting nationwide transportation needs, the heat engine/battery
system might be favored as a near-term option. All-electric vehicles would
be even more strongly favored for conserving petroleum-based fuels, but,
because of their present limited range, the applications would be much more
limited than for the hybrid vehicle. Other alternatives, such as converting
coal to petroleum products, must receive equal consideration in establishing

future national energy conservation plans.
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APPENDIX

REPORT OF INVENTIONS

This work resulted in no new discoveries or inventions
although there were improvements in the data base on the operating charac-
teristics of the various drive train components that would be used for different
hybrid vehicle applications. These characteristics were then used in a com-
puter simulation to establish a data base for fuel consumption and exhaust

emissions for different size vehicles traversing different driving cycles.
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