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Analysis of Fuel Cell Vehicle Hybridization and Implications for
Energy Storage Devices

Matthew Zolot, Tony Markel,

Ahmad A. Pesaran (ahmad pesaran@nrel.gov)
National Renewable Energy Laboratory
1617 Cole Blvd.

Golden, CO 80401

Abstract

A fuel cell vehicle can benefit from being hybridized with an energy storage (ES) device (battery
or ultracapacitor). The benefits could include improved vehicle performance and fuel economy
and lower system cost. Previously, the degree of hybridization benefits from (a) fuel cell
efficiency characteristics (b) fuel cell downsizing, (c) displacing fuel cell tasks with the ES
functionality, or (d) energy recovery through regenerative braking were not well understood. To
take advantage of these potential benefits, we must define the attributes of the ES system relative
to the fuel cell. We have recently studied the role of batteries and ultracapacitors in hybrid fuel
cell vehicles to understand their potential impact on fuel economy and performance. We also
studied the impact of fuel cell performance and control strategy on the benefits of hybridization.
This paper addresses (1) the impact of fuel cell efficiency characteristics on vehicle system
efficiency; (2) the fuel economy trend that results from downsizing different fuel cells; and (3)
the ES required to meet the performance requirements of midsize hybrid fuel cell cars.

Introduction

In recent years, hydrogen fuel cell vehicle technology has received considerable attention as a
way to address the U.S. environmental and oil consumption/dependency issues. However, the
cost, transient response, mass, and volume of fuel cell systems may present significant challenges
that can be addressed via vehicle hybridization with electrochemical ES technologies.

A fuel cell vehicle can benefit from being hybridized with an energy storage (ES) device, which
assumes some of the roles the fuel cell would normally handle. It may increase fuel efficiency
and improve vehicle performance. Each energy storage type has advantages and disadvantages—
a battery has lower power and high energy storage capability; an ultracapacitor has higher power
but relatively low energy storage. The ES systems in fuel cell hybrid vehicles offer the ability to:

Capture regenerative braking energy.

Enhance fuel economy.

Provide a more flexible operating strategy.
Overcome fuel cell cold-start and transient shortfalls.
Potentially lower the cost per unit power.

Among the current pre-production hybrid fuel cell vehicles, the Toyota FCHV has a nickel-metal
hydride ES system similar to that of the Toyota Prius [1], and the Honda FCX-V4 uses an
ultracapacitor ES system that provides regenerative braking and power assist capability [2]. The
Honda system apparently has a full-size fuel cell to meet all the vehicle’s load requirements. The
ultracapacitor provides the fuel cell with power assist for short transients; its main function is to
recover regenerative braking energy for improved fuel economy [2].
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Studies [3-5] focused on maximizing fuel economy, and indicated that a large ES system with a
small fuel cell system that operates in a primarily thermostatic mode (with some power
following) provides the best design for maximum fuel economy. The fuel cell was assumed to be
able to shut down and start up as needed; however, the associated energy penalty, cost, and
packaging constraints were not considered. Markel et al. [5] indicate that hybridizing a fuel cell
vehicle could compensate for the limited transient response capability of the fuel cell system and
provide 50% fuel economy improvement over the fuel cell vehicle without an ES system.

Currently, starting and stopping the fuel cell during the drive cycle is likely to require too much
energy to be beneficial. The present control focus is a setup that does not shut down during the
drive cycle, but stays on in a load following manner. However, the per-unit power cost of ES
technology is currently less than that of fuel cells, and is expected to maintain a cost advantage
during the next several years. Therefore, adding an ES system may lower the total cost of the fuel
cell vehicle, especially if the ES supplants a downsized fuel cell’s functionality, instead of
augmenting full-size fuel cell performance. Consequently, ES systems are expected to aid the
transition of fuel cell vehicles from short-term limited use to long-term widespread commercial
success.

Markel et.al [6] studied the preliminary requirements of ES for a midsize car and midsize SUV,
but several questions remained to be addressed. This paper is a continuation of our previous
studies for a midsize car.

Approach for the Current Study

It is difficult to separate the impacts/benefits associated with using ES from those associated with
downsizing the fuel cell. Downsizing by itself may improve fuel economy; ES by itself should
increase fuel economy by enabling additional functionality such as capturing regenerative braking
energy. In our current investigation, we consider the effect on fuel economy due to the shape of
the fuel cell efficiency curve (first without, then with the required ES). Then we evaluate the
effect on fuel economy of a full-size fuel cell versus a downsized one (first without, then with the
required ES). The expectation is that as the fuel cell is downsized, if peak efficiency shifts closer
to or further away from typical operating powers, the fuel economy will either increase or
decrease. For this paper, the three main analyses cases are:

1. Create three fuel cell efficiency curves with peak efficiencies that occur at 10%, 25%, and
40% of peak power. No energy storage is used and the fuel cell system provides the entire
load. The fuel economy performance is compared over various drive cycles. The results show
that matching fuel cell characteristics and cycle power requirements is important for optimal
fuel economy without downsizing.

2. To see the impact of downsizing on fuel economy, we analyzed a hybridized vehicle by
downsizing the three fuel cells in case 1, which shifts peak efficiency either toward or away
from the typical operating point during various drive cycles. Now it is clear that the optimal
amount of downsizing of the fuel cell system is related to the location of the peak efficiency
point relative to peak power.

3. In the first two cases, operational limitations, such as power ramp rates and warm-up time,
were neglected. In this case, present day fuel cell performance and projected 2010 DOE
performance targets [7] were simulated with an ideal ES device making up for any fuel cell
performance limitations. Regenerative braking energy recovery is also included. This
scenario enables evaluation of ES power and energy requirements for minimally controlled,
load-following, fuel cell operation.



This paper extends previous studies to determine, from a requirements standpoint, how the fuel
cell curve and operational details can impact fuel efficiency and energy storage options. The fuel
cell and energy storage system demands under drive cycle and performance tests are analyzed for
a midsize vehicle platform using ADVISOR™[8]. Several sizing scenarios are considered in
detail. The purpose of this study is to support the FreedomCAR technical teams in defining
energy storage requirements for fuel cell vehicles.

Modeling Assumptions

Based on the recommendations of the FreedomCAR energy storage technical team, we selected a
midsize car for this study. The characteristics in Table 1 represent those of a typical conventional
vehicle in this vehicle class. These characteristics will be applied to the fuel cell hybrid vehicle
scenarios. This study will hold all vehicle masses to base mass (1480) plus cargo mass (136)
totaling 1616 kg, to enable isolating specific fuel economy effects to those under consideration.

Table 1: Vehicle Assumptions.

Assumption Description Units mid-size Car
Front wheel drive mid

Vehicle Description -- size car

Base Conventional Vehicle Mass kg 1480

Base Vehicle Glider Mass kg 1060

Base Conventional Powertrain Mass kg 420

Cargo Mass kg 136

Aero. Drag Coef. -- 0.3

Frontal Area mh2 1.98

Tire Size - NREL: P205/65R15

Rolling Resistance Type -- NREL: medium

Vehicle Range km 664

Weight Fraction (F/R) % 61/39

The vehicle performance constraints listed in Table 2 will be enforced to provide performance
parity with the conventional vehicle. The only exception to holding the mass constant is during
the grade test, which adds 272 kg for cargo carrying capability.

Table 2: Vehicle Performance Constraints.

mid-size
Assumption Description Units Car
0-60 mph s 10.5
Top Speed mph 100
Grade @ 65mph for 20min.
at Curb Mass + 408kg % >=6.5
Drive Cycle Tolerance mph <=2

DOE’s Hydrogen, Fuel Cells & Infrastructure Technologies Program targets for fuel cell systems
are provided in Tables 3. The fuel cell targets, data and models used in this analysis represent a
pressurized hydrogen fuel cell system [7]. The basis for models with present-day performance
and 2010 target performance are from Table 3.



Table 3: DOE Fuel Cell System Targets.

Current
Assumption Description Units | Status 2005 2010
Fuel Type -- hydrogen hydrogen
Fuel Cell Peak Efficiency % n/a 60 60
Fuel Cell Efficiency at 25% Power % 59 60 60
Fuel Cell Efficiency at Rated Power % 50 50 50
Fuel Cell System Specific Power Wrkg 400 500 650
Fuel Cell System Power Density W/L 400 500 650
Fuel Cell System 10-90% Power
Transient Response Capability s 3 2 1
Time from Start to Full Power
Output Capability (20C) s 60 30 15

To evaluate the trade-offs between ultracapacitors and batteries, the energy differences between
the devices must be recognized. Table 4 summarizes the available energy range typical of traction
batteries and ultracapacitor packs. The assumptions are discussed next.

Traction batteries are typically cycled at a delta state-of-charge (SOC) of about 20% for relatively
conservative use, to about 60% for more aggressive use. Also, cycling batteries around a center
point of roughly 50% SOC is often most efficient. For this paper, the traction battery is assumed
to be cycled around 50% SOC with a delta SOC of £25%. In this respect, the available energy
from the battery, in Watt-hours (Wh), is roughly 50% of total energy. Assuming an average pack
voltage of 300 V and available battery capacities of 5-50 Ah, the batteries provide an energy
range of 750-7,500 Wh. See Equation 1 for details.

Ebattcry = AhUsablc Capacity*vnominal [Wh] (1)

In contrast, carbon-carbon electrode-based ultracapacitors are typically cycled at 50%—100%
SOC. Often an over voltage capability will be specified for ~110% SOC operation, but in general
the top-end 50% SOC range enables the use of 75% of the ultracapacitor’s Watt-hours. The
voltage range of ultracapacitors is typically 0-2.5 V, resulting in a 50%—100% voltage range of
1.25-2.5 V. Again assuming a 300 V midpoint voltage, the voltage range of the 160-cell
ultracapacitor pack would be 200400 V. Available ultracapacitors’ capacitance ratings vary from
10 Farads (F) to 5000 F per cell. Cell packaging penalties become more significant below about
500 F. Thus, the resulting energy range that ultracapacitors provide is 52—-520 Wh. See Equation
2 for details.

Ecapacitor = 1/2*((30611/ #Cells)(vmaxz'vminz)*(1/3 600) [Wh] (2)

Table 4: Example range of usable energy for a typical selection of batteries or
ultracapacitors configurable in a 300 V pack.

Battery Usable Battery Ultracapacitor | Usable Ultracapacitor
Assumption Description Capacity (Ah) Energy (Wh) Capacitance (F) Energy (Wh)
Lower Bound 5 750 500 52
Upper Bound 50 7500 5000 520

For each vehicle platform and timeframe (2005 and 2010) a fuel cell vehicle (without an energy
storage system for traction) was sized in ADVISOR™[8] to satisfy the applicable performance
constraints. The vehicle must satisfy the performance demands of the maximum acceleration test
and the gradeability test. The simulations provided the following boundary conditions on the
performance requirements.

- Peak power requirement (from maximum acceleration event): 96 kW.
- Downsizing limit (from continuous gradeability requirement): 63 kW.



Then the vehicles were simulated over the Urban Dynamometer Drive Schedule (UDDS),
Highway (HWFET), and US06 drive cycles. Downsizing the fuel cell rated power was done in 11
kW increments from 96 kW to 85 kW, 74 kW, and 63 kW configurations. The power plant
reductions lead to power and energy requirements for the energy storage system. However,
compensating for the downsized fuel cell is only one of the many roles the energy storage system

may play.

Derived Fuel Cell System Efficiency Curves:

The three fuel cell system characteristic efficiency curves used for this study are shown in Figure
1. Although we did not have access to experimental data from developers, these represent
approximate variations in system efficiency predictions from models available in open literature
[9-11]. The system efficiency represents the trade-offs between fuel cell stack efficiency and
power/energy needs for the ancillary systems. Each is characterized by the fraction (%) of full
power at which the peak efficiency occurs. The fuel cell efficiencies set points are based on the
DOE technical targets: 60% maximum fuel cell system efficiency and 50% efficiency at rated
fuel cell power. The rise to peak efficiency is modeled by an exponential equation [npeak*(l-e'P/ 9]
similar to that of charging a capacitor. The fall in efficiency from the peak efficiency point to the
maximum power point is modeled by a linear interpolation between two points (Mpeak = 60%,
Nmaxpower = 50%). The fundamental difference between these curves, which is based on the rise in
efficiency from zero power to peak efficiency, is determined by the fuel cell system parasitic
loads such as compressors and pumps [12]. Each curve represents a different trade-off between
the fuel cell stack efficiency curve and the loss-power curve for balance of plant. The difference
between these curves is at what load fraction the efficiency reaches the maximum point. Curve 2
corresponds to a system that satisfies the current DOE targets of 60% at 25% of rated power and
50% efficiency at rated power. Curve 1 represents a system in which the peak efficiency of 60%
occurs at 10% of rated power and curve 3 represents one in which the peak occurs at 40% of peak
power.
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Fig. 1: Theoretical fuel cell system efficiency curves with varying peak efficiency points.
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Case 1: Vehicle with a Full Size Fuel Cell System

Figure 2 illustrates the simulated gasoline equivalent fuel economy over various drive cycles for
the three fuel cell scenarios in a vehicle with a full size, 96 kW fuel cell. The fuel economy of the
city and highway cycles is clearly influenced by the position of the fuel cell’s peak efficiency.
The fuel economy influence on the US06, aggressive drive cycle, is not nearly as significant.
Figures 3 and 4 help explain this trend.
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Fig. 2: Vehicle fuel economy as a function of position of peak fuel cell efficiency (highway and
city results on left, City/Highway combined and US06 results on right).

Figure 3 shows the distribution of power required to drive the highway and city cycles. The data
are presented as percent of operation in 5-kW power increments. Overlaid on these distributions
are the three fuel cell efficiency curves (right axis). Clearly, as the average operating point
(vertical, orange, dashed line) is tracked, the typical efficiency increases significantly from the
40% and 25% peak efficiency curves to the 10% peak curve. At any given operating power,
higher fuel cell operating efficiency will result in higher vehicle fuel economy. Therefore, the fuel
cell vehicle with the 10% peak efficiency obtains better fuel economy compared to the other fuel
cell scenarios.

N
o

% of Operation, Highway Cycle

“Average Power 12.25 kW 70 4512 : Average Power 6.96 kW 70;\?
B+ L te02 S 1603
/7\ z &% 5
30 + lsog Sast + 508
25 4 Z £ O30 + a0
20 E Highway Cycle | T 40 So5 |- S
T g S i 2
—FC10%P _Peak| | 308 o0+ mCity Cycle +302
15 + 2 8 —FC 10% P_Peak Z
ol —FC25% P_Peak| | ,0® G155 —FC25%P_Peak | 203
— —FC 40% P_Peak § g1of —FC40%P_Peak| | 10
5 7 = +10g5 = 5+ 5
© T
0 R R R R R R R 0 L 0 — ettt 0
R COWVOWOWVOVOVOWOWLOWO +
OO ULOULOLONOLLOLLOLOWO + T ANNOOTTOODOONMNNOOWO®
T NAOO S YO0 © O~ 00D Discharge Power (kW)
Discharge Power (kW)

Fig. 3: Distribution of traction power over the highway (left) and city (right) cycles; average
cycle power is orange, dotted line. Fuel cell efficiency curves overlaid.

A similar plot is shown for the US06 cycle in Figure 4. However, the US06 power profile is more
widely spread from 0 to 96 kW. Thus, simplifying the typical fuel cell operating efficiencies by
looking at the average power is less relevant during the US06 cycle. Additionally, the average



power point indicates the average fuel cell efficiencies between the three fuel cell curves are more
evenly matched. During the US06, the fuel cells are operating at a relatively high average
efficiency of around 55%, but the average operating power is significantly higher than the
highway or city cycle. Consequently, the fuel use rate is higher for this cycle and the equivalent
fuel economy is lower. The lower US06 fuel economy can be seen in Figure 2 - right versus

Figure 2 - left.
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Fig. 4: Distribution of traction power over the US06 cycle; average cycle power is orange, dotted
line. Fuel cell efficiency curves overlaid.

Case 2: Vehicle with a Downsized Fuel Cell System

In Case 2, the role of the battery is neglected (the fuel cell attempts to satisfy the entire traction
demand without any defined roles for the battery), and the fuel economy across the highway, city,
and USO06 drive cycles are compared. Since the power command by these cycles can be met with
a downsized fuel cell and virtually no battery assist, the battery roles need not be defined before
evaluating the benefits just based on downsizing the fuel cell.

As the fuel cells are downsized in 11-kW increments, the fuel economy trends for the various
drive cycles are in Figures 5 and 6. Some of the results from these runs are straight-forward, such
as a fuel economy increase was always observed during the UDDS cycle from downsizing the
fuel cell. In all these circumstances, downsizing shifted the peak efficiency toward the typical
UDDS operating powers (Figure 3 - right). Less obvious trends will be further examined next.
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Fig. 5: Highway (left) and city (right) vehicle fuel economy as related to downsizing fuel cell.
Displayed for all three positions of peak fuel cell efficiency.
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Fig. 6: Combined City/Highway (left) and US06 (right) vehicle fuel economy as related to

downsizing fuel cell. Displayed for all three positions of peak fuel cell efficiency.

Figure 7 shows the power profile details for two of the runs in Figure 5. The 10% peak fuel cell’s
fuel economy is declining during the highway cycle because the efficiency curve is shifting away
from the average operating point. However, during the city cycle, the fuel economy is increasing
because the efficiency curve is shifting toward the average operating point. Overall, as seen in
Figure 6, the fuel economy increases only slightly for the 10% peak fuel cell as it is downsized.
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The benefit of downsizing the 40% peak fuel cell is very strong according to both highway and
city cycles (Figure 6, left). However, the US06 fuel economy curve (Figure 6, right) has mixed
results with a downward parabolic shape for the 40% peak fuel cell. Figure 8 helps explain this
result. During city driving (Figure 8, left) the peak efficiency point is shifting toward most of the
operating points, so downsizing makes a positive contribution to fuel economy. Likewise, during
the US06 cycle (Figure 8, right), the peak efficiency is shifting toward lower operating powers,
which make up a big percentage of fuel cell operation. However, the peak efficiency point is also
moving away from the higher operating powers. Although there is less high power operation, the
fuel use rate is higher at high power output. Thus, the downsizing benefit for the US06 is a trade-
off between the high power efficiency losses and the low power efficiency gains. This is also true
for the 10% and 25% peak fuel cell configurations, but the benefit consistently outweighed the

drawback for these scenarios.
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Fig. 8: 40% peak efficiency curve fuel cell downsizing; left side city, right side US06.

Finally, in the 25% and 40% peak fuel cell downsizing, the percent increase in fuel economy for
the city and highway cycles is large because the peak efficiencies of the full size fuel cell are so
far from the typical operating powers. Downsizing these fuel cells bring them stepwise closer to
the operating powers. Whereas the 10% peak efficiency fuel cell has its peak efficiency already in
the typical operating region. Thus, downsizing the 10% peak fuel cell only brings it incrementally
closer to or further from typical operating powers. The percent increase in fuel economy from the
96-kW base case is illustrated in Figure 9 for the City/Highway combined cycles.
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Fig. 9: % Fuel economy improvement relative to 96-kW fuel cell vehicle base case.

Case 3: Supplementing Fuel Cell Operation with Energy Storage

The final case evaluates specific fuel cell needs that were not taken into account in cases 1 and 2.
Specifically, the fuel cell’s ramp rate, warm-up time, and peak shaving (during fuel cell
downsizing) will be incorporated into the model. The warm-up time is implemented as a delayed
turn-on that requires the ES to provide traction requirements until the fuel cell produces power.
Earlier, the ramp rate was 1 s, and warm-up was neglected. In this case, a warm-up time of 60 s



will be used as current status performance and 15 s will be used as the 2010 target performance.
Likewise, ramp rates are 3 s now, and 1 s for 2010 target performance [7].

The purpose of incorporating these operational details is to evaluate the impact they have on the
required ES. The result of this evaluation will identify the “required” battery specifications for
fuel cells of the specified performance. Another result will be a measure of the benefit of going
from today’s fuel cell performance (60 s warm-up, 3 s ramp rate) to a targeted fuel cell
performance of 2010 (15 s warm-up, 1 s ramp rate).

The fuel cell vehicles were simulated over the highway, city, US06, and maximum acceleration
cycles. We assumed that a vehicle would be started previous to the maximum acceleration event,
and thus this cycle would not be affected by fuel cell warm-up. Using ES to support maximum
acceleration would have resulted in unrealistically large energy storage. Also, this ES discussion
doesn’t differentiate between the three fuel cell peak efficiency configurations previously
discussed. The peak efficiency affects only the fuel economy results, but the power profiles
between the three fuel cell configurations are identical.

Part A: Full-size fuel cell (96 kW) ES requirements.
The maximum ES requirements (over the various drive cycles and acceleration test) for
supplementing the fuel cell warm-up and ramp rate operational needs are listed in Table 5.

Table 5: Maximum ES requirements for supporting warm-up and ramp rate of 96 kW fuel cell.

96 kW Fuel Cell Warm-Up | Ramp Rate| P g4 E reqa P regen E regen
Time (s) | 10-90% (s) (kW) (kWh) (kW) (kWh)
Today's Perfomance 60 3 61.80 0.2206 -46.49( -0.7332

60 1 61.80 0.2206 -48.05( -0.7332
15 3 55.90 0.0580 -46.49| -0.8237
2010 Target 15 1 55.90 0.0580 -48.05( -0.8237
0 3 48.86 0.0067 -46.49| -0.8265
"ldeal" 96 kW Case 0 1 0.00 0.0000 -48.05] -0.8265

The negative energy, in the E,.., column, represents the ES receiving the maximum potential net
charge from regenerative braking during the cycle. This maximum charge is from the UDDS
cycle (~45 minute drive, Figure 10). A net regenerative braking charge was typical of other
cycles, and is indicative of the ability to expand the role of the ES beyond compensating for the
fuel cell’s operating needs. However, sizing the ES to capture all the regenerative energy doesn’t
provide any benefit without adding additional ES discharge functionality. Consequently, the
battery should be sized to capture the utilized fraction of the total regenerative energy available.

10
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Fig. 10: Energy transfer during the UDDS cycle for a fuel cell with 60 s warm-up and 3 s ramp
rate capability.

The maximum discharge power required was determined in the US06 during the warm-up period.
Vehicle operation during the warm-up period also requires significant energy, so it also
determined the net energy required from the battery. The fuel cell and ES power requirements
during the 60s warm-up, 3s ramp rate configuration are plotted in Figure 11.
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Fig. 11: Fuel cell and ES power duties during the US06 cycle for a fuel cell with 60 s warm-up
and 3 s ramp rate capability.

Table 5 shows that if motive capability is to be available during the warm-up period, it is the
critical factor in sizing the ES. Because of the US06’s high power requirements, the ES power
requirements are quite significant even without downsizing the fuel cell. Additionally, the ES
power requirements for the 2010 target fuel cell is only 10% lower than those required for today’s
fuel cell performance. On the positive side, the energy required from a 2010 target based ES
system would be ~25% of that for today’s fuel cell.

Part B: Downsized fuel cell (63-85 kW) ES requirements.

The maximum ES requirements (over the various drive cycles and acceleration specification) for
the downsized fuel cells are listed in Tables 6, 7, and 8. The regenerative power and energy
requirements have been omitted from these tables because they show similar results to that
discussed in Part A.

In comparing the downsized fuel cell tables to Table 5, we see that the largest impact a fuel cell

system consistently has on ES is still due to the warm-up period. However, as the fuel cell is
downsized further, the power requirements for lower ramp rate capability and the energy
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requirements for maintaining acceleration performance also become limiting. These constraints
will be further explored next.

Table 6: Maximum ES requirements for supporting warm-up and ramp rate of 85 kW fuel cell.

ell.

ell.

85 kW Fuel Cell Peak Shaving | Warm-Up | Ramp Rate] P qq E requ
FC Power (kW) | Time (s) | 10-90% (s) (kW) (kWh)
Today's Perfomance 85 60 3 61.80 0.2206
85 60 1 61.80 0.2206
85 15 3 55.90 0.0580
2010 Target 85 15 1 55.90 0.0580
85 0 3 52.53 0.0333
"ldeal" 85 kW Case 85 0 1 28.67 0.0243
Table 7: Maximum ES requirements for supporting warm-up and ramp rate of 74 kW fuel ¢
74 kW Fuel Cell Peak Shaving | Warm-Up | Ramp Rate] P qq E requ
FC Power (kW) | Time (s) | 10-90% (s) (kW) (kWh)
Today's Perfomance 74 60 3 61.80 0.2206
74 60 1 61.80 0.2206
74 15 3 56.20 0.0611
2010 Target 74 15 1 55.90 0.0580
74 0 3 56.20 0.0611
"lIdeal" 74 kW Case 74 0 1 39.67 0.0499
Table 8: Maximum ES requirements for supporting warm-up and ramp rate of 63 kW fuel ¢
63 kW Fuel Cell Peak Shaving | Warm-Up | Ramp Rate] P qq E requ
FC Power (kW) | Time (s) | 10-90% (s) (kW) (kWh)
Today's Perfomance 63 60 3 61.80 0.2206
63 60 1 61.80 0.2206
63 15 3 59.90 0.0889
2010 Target 63 15 1 55.90 0.0766
63 0 3 59.90 0.0889
"ldeal" 63 kW Case 63 0 1 50.70 0.0766

The ramp rate capability has an immediate impact on the ES power requirements if you consider
the “ideal” 0 s warm-up configurations. However, when being consistent with DOE performance
targets, ramp rate capability starts to have an impact on ES requirements when the fuel cell is

downsized to 74 kW with 15 s warm-up and 3 s ramp rate capability. The ES power requirement

is increased due to peak transient requirements during the US06 cycle (Figure 12).
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Fig. 12: ES peak ramp rate supplementation (circled) during the US06 cycle for the 74 kW, 15 s
warm-up, 3 s ramp rate configuration.
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The net energy required from the ES starts to become significant during maximum acceleration.
Figure 13 shows the power profile for the full-size 96 kW “ideal” fuel cell configuration (which
alone achieves 0-60 mph in 10.5 s) compared to the power capability for the 74 kW, 15 s warm-
up, 3 s ramp rate configuration. The energy required to maintain acceleration performance is
obtained by integrating the difference between these two powers.
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Fig. 13: ES peak ramp rate supplementation during the US06 cycle for the 74 kW, 15 s warm-up,
3 s ramp rate configuration.

Just as in the full-size fuel cell configuration, the ES power requirements for the 2010 target fuel
cell are only 10% lower than those required for today’s fuel cell performance. When the fuel cell
is downsized, the energy required from a 2010 target based ES system could be as much as 40%
of that required for today’s fuel cell.

Another important conclusion to be drawn from Tables 5-8 is that we can evaluate which fuel cell
configurations may require the use of a battery and which may require the use of an ultracapacitor
as the ES solution. If the ES system is sized for the above requirements for discharge power and
energy (not sized for maximum possible regenerative energy possibilities), the ultracapacitor
energy capacities listed in Table 4 (0.052-0.520 kWh) will adequately address the net energy
needs for supplementing FC operation (0.058-0.221 kWh). However, if all the regenerative
energy is to be captured and more active ES roles implemented, the energy requirements may
require large ultracapacitors or small Ah-capacity batteries. This will be further discussed in the
next section.
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Part C: Fuel cell operational details impact on fuel economy.

Part A and Part B addressed the ES power and energy requirements imposed by the fuel cell’s
operating performance (warm-up, ramp rate, net output power) over drive cycles and maximum
acceleration duties. Part C addresses the change in fuel economy that results from the fuel cell’s
operating performance. One drawback from this analysis is that only traction loads are
supplemented during fuel cell warm-up. The fuel cell’s start-up parasitic loads are not
characterized well enough for simulation.

Overall, the fuel economy results from the simulations (Figure 14) show that the more the ES
assisted the fuel cell, the better the vehicle’s fuel economy. The reason the 60-3 (60 s warm-up, 3
s ramp rate) configuration obtained the highest fuel economy is an artifact of our control method.
Specifically, the ES assists only to fill in for fuel cells’ limitations. Since the 60-3 fuel cell has the
most limitations, the ES is used more frequently for this configuration. In general, the higher fuel
economy is a benefit from the “displaced-energy” the fuel cell no longer provides because the ES
now provides it. This energy is ultimately supplied from regenerative braking. For example, the
60-3 fuel cell configuration was essentially off for 60 s of the cycles. In comparison, the instant-
on fuel cell provided all traction needs, and thus consumed considerable hydrogen, during the
first 60 s. The city cycle (Figure 14) shows less improvement (~1 mpg) because there is little
traction activity during the initial 60 s. The trend between the 40%, 25%, and 10% peak
efficiency fuel cells is consistent with the analysis in Case 1.

Fuel Economy (mpgge)
o
o

60-3 0-1 60-3 15-1 0-1

25 40

Warm-up time (s) Fuel Cell's Peak Power Point (%)
Full Power Point

Ramp Rate (s)

|BHWFET OUDDS 0 USO8 |

Fig. 14: Midsize car fuel economy for a 96 kW fuel cell as a function of position of peak fuel cell
efficiency and for three fuel cell performances

Similar results were observed when the fuel cells were downsized.

The problem with the comparisons in Figure 14 is that the ES operation for the 60-3 fuel cell
configuration makes it a “stronger” hybrid than the 0-1 configuration. Thus, the improved fuel
efficiency is not a result of differences between the fuel cells, but from better use of the ES. A
similar benefit could be realized for the 15-1 or 0-1 configurations with more active ES control.
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The key differences between the ES benefit for the 60-3 configuration (today’s fuel cell) and the
benefit for the 15-1 configuration (2010 target fuel cell) are:

(1) Fuel cells with less operational limitations may enable greater trade-offs between fuel
economy and cost. Higher cost ES would be able to capture more regenerative energy
and displace more fuel cell operation, resulting in higher fuel economy (increased fuel
economy focus). Lower cost ES would have less energy storage, less capability to capture
regenerative braking, and less capability to displace fuel cell operation, resulting in lower
fuel economy (reduced cost focus).

(2) The implemented ES roles (control strategy) can be more flexibly defined if the fuel cell
has less operational limitations. Choosing to supplement with ES assist during the highest
fuel use rates may enable better fuel economy benefits versus tying ES assist to
supplement fuel cell performance limitations.

The 15-1 fuel cell may enable greater trade-offs between fuel economy and cost because the ES
requirements are less stringent (see tables in Parts A and B).

The 15-1 fuel cell will enable more flexible ES control because the regenerative energy captured
can be applied to assist the fuel cell at the most opportune times. Specifically, the fuel cell
operating regions that should be avoided are (a) the low power, very low efficiency region, and
(b) the high power, relatively low efficiency region (see Figure 15). The low power, very low
efficiency region should be avoided to increase fuel cell operating efficiency. However,
increasing fuel cell efficiency by raising the fuel cell’s minimum power operating point is
challenging because it is easy to incidentally increasing the average power over a cycle.
Increasing the average power over a cycle increases the average fuel use rate and lowers vehicle
fuel economy. The relationship can be expressed in equation form:

P
FC_out,
Average Fuel Use Rate = -
77 FC,avg

Also, raising the minimum power operating point may require a larger ES system to store the
excess energy and may have efficiency penalties for retrieving the energy at a later point in the
drive cycle.

Alternatively, avoiding fuel cell operation in the high power, relatively low efficiency region
(Figure 15, right side) can improve fuel efficiency by lowering the average fuel consumption rate
and improving the average fuel cell operating efficiency. However, the energy must come from a
storage device with its associated efficiencies. This may be a more effective strategy if the stored
energy is derived from regenerative braking. Overall, fuel economy can be optimized with a
control strategy that adaptively avoids both of these regions, yet (1) maximizes average fuel cell
operating efficiency while (2) minimizing average power (or average fuel use rate).
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Fig. 15: Fuel cell operating regions that could be avoided with ES assist.

Conclusions

We investigated the effects of fuel cell system design to determine the impact on fuel efficiency
for a fuel cell hybrid vehicle. A midsize car platform was used with present-day and 2010 target
fuel cell performances, and constant vehicle mass was maintained to isolate single effects on fuel
economy. Many influences can differentiate the benefits of one system design over another.

The first set of analyses (Case 1) showed that the fuel cell system losses can significantly
influence the vehicle’s fuel economy depending on drive cycle power distribution. The parasitics
or auxiliaries and cell operating characteristics have an influence similar to a time constant, but
actually create a system “power constant” for the balance-of-plant as the stack powers up. The
design influences that can be concluded from Case 1 (vehicle with a full size fuel cell system)
are:

- The fuel cell with peak efficiency at 10% rated power (Figure 1, curve 1) achieved the
best combined city/highway fuel economy with +12% improvement over the 25% peak
efficiency configuration (curve 2) and +32% improvement over the 40% peak efficiency
configuration (curve 3).

- The fuel economies were within 5% of each other during the more aggressive US06 cycle
for the three fuel cell configurations.

- The fuel cell with peak efficiency at 10% rated power (curve 1) achieved the highest fuel
economy because its peak efficiency is better aligned with the power requirements from
the city and highway cycle.

The second set of analyses (Case 2) showed that the shape of the efficiency curve should be
considered in how a fuel cell is downsized. The benefit can range from minimal to significant,
depending on this characteristic. The design influences that can be concluded from Case 2
(vehicle with a downsized fuel cell system) are:

- Downsizing the fuel cell configuration represented by curve 1 results in the least potential
fuel economy improvement (combined city/highway) with as much as 1.0% improvement
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from shifting the efficiency curve. US06 fuel economy declined as much as 3.6% from
downsizing.

- Downsizing the fuel cell configuration represented by curve 2 results in a moderate
potential fuel economy improvement (combined city/highway) with as much as 7.3%
improvement from shifting the efficiency curve. US06 fuel economy declined as much as
3.2% from downsizing.

- Downsizing the fuel cell configuration represented by curve 3 results in a moderate to
significant potential fuel economy improvement (combined city/highway) with as much
as 14.3% improvement from shifting the efficiency curve. US06 fuel economy changed
by less than 1.0% from downsizing.

- Ultimately, downsizing leads to improvements of as much as 15% higher fuel economy
when the peak efficiency characteristic is shifted to better align with the power
requirements from a given cycle.

Case 3 looked at limited ES roles (regenerative energy recapture, and ES assist based on fuel cell
warmup, ramp rate, and peak shaving above rated fuel cell power) to supplement specific fuel cell
performance limitations. With these limited roles, the design influences that can be concluded
from Case 3 (supplementing fuel cell operation with energy storage) are:

- The midsize car ES system requirements in this study ranged from 30 to 62 kW and 0.0
to 0.22 kWh.

- Ultracapacitor ES solutions are well suited to these power and energy requirements.

- Fuel economy improved as much as 5% more (in addition to fuel cell downsizing
improvement) with these limited ES roles.

- Capturing a higher percentage of regenerative braking and performing more active ES
control should lead to additional fuel economy gains.

We feel that the roles in this study are similar to Honda’s efforts to supplement fuel cell
performance in its prototype fuel cell vehicle (FCX-V4) [13]. Toyota’s fuel cell hybridization
approach seems to be to capture and use more regenerative brake energy to gain more active ES
control [14]. More research is needed to evaluate the costs and benefits of capturing and using
more regenerative brake energy to gain more active ES control. Specifically, two questions need
to be addressed: (1) Will net ES power and energy requirements increase substantially with more
active control, or will ES requirements be maintained, but used more efficiently? and (2) How
much more can fuel economy be improved with active ES control?
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