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Abstract

This paper presents an in-depth laboratory technology assessment of a 2016 Toyota Mirai Fuel Cell (FC)
vehicle based on chassis dynamometer testing. The 114.6 kW FC stack has a high dynamic response
which makes this powertrain a FC-dominant hybrid electric vehicle. The measured peak efficiency is
66.0% FC stack and 63.7% FC system with an idle hydrogen flow rate of 4.39 g/hr. The high FC system
efficiencies at low loads match typical vehicle power spectrums, thus resulting in a high average vehicle
efficiency of 62% compared to 45% and 23% for a hybrid electric vehicle and a conventional vehicle
respectively. An energy breakdown accounts for the FC stack losses, FC system losses, air compressor
loads, and heater loads for different drive cycles and different thermal conditions. The cold-start North
American city drive cycle (UDDS) energy consumption are 758, 581, 226, 321 Wh/km at ambient
conditions of -18°C, -7°C, 25°C and 35°C with 850 W/m? of solar loading. The FC system shutdown and
start up process at temperatures below the freezing point contribute to the increased hydrogen
consumption. The raw test data files are available for download, thus providing a public reference data
production on a modern automotive FC system to the research community.

1. Introduction

1.1. Lack of public automotive fuel cell system data
Although several companies have researched hydrogen powered fuel cell (FC) vehicles since the 1990s
(Lynn K. Mytelka, 2008), and despite the presence of six production FC vehicles in the North American
market, the research community is lacking public, independent, laboratory-grade data on modern
production FC vehicles. The U.S. Department of Energy’s (DOE) Fuel Cell Technologies Office identified
the “lack of fuel cell electric vehicle [...] performance and durability data” as a technical barrier in its
multi-year research, development, and demonstration plan (Fuel Cell Technologies Office, 2012,
updated 2016). The 2015 value of 60% peak energy efficiency of an 80-kW integrated transportation FC
power system (Fuel Cell Technologies Office, 2015) was based on a paper (Woosuk Sung, 2010), which
references 65% stack and 62% system efficiency at 60 mile per hour (mph).

The National Renewable Energy Laboratory performed an on-road evaluation of several different FC
vehicles and showed a peak mean FC stack efficiency of 67% and a reported peak FC system efficiency of
58% through analysis of the anonymized and normalized FC data (Kurtz, 2016). Other publications
(Kumar, 2018) (Salman, 2017) (Chubbock, 2016) discuss automotive FC efficiencies, but none provide
laboratory tested stack and system efficiency curves of modern automotive production FC systems.
Finally, much research (Ahmadi P, 2017), (Ahmadi P T. S., 2019), (Elgowainy A, 2018) relies on high
fidelity simulation models, which were validated using overall fuel economy data or proprietary FC
system data.
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1.2. Fuel economy overview of production fuel cell vehicles
The U.S. Environmental Protection Agency (EPA) provides official fuel economy test results based on
standard drive cycles and testing conditions. Table 1 summarizes the fuel economy results for all FC
vehicles posted to EPA’s Test Car Data list (U.S. Environmental Protection Agency, 2019). The first part
of the table summarizes the vehicle characteristics, such as equivalent test weight and the road load
force coefficients, used for the chassis dynamometer testing (Lohse-Busch, 2013). Next, the unadjusted
hydrogen fuel consumption results for the city drive cycle (FTP: Federal Test Procedure) and the highway
drive cycle (HWFET: Highway Fuel Economy Test) tested at an ambient temperature of 25°C (72°F) are
shown. Finally, the calculated vehicle efficiencies, as defined in section 3.1, are provided.

Table 1: Summary of EPA test car list data on fuel cell vehicles and their calculated vehicle efficiency

Unadjusted Calculated

Fuel Vehicle

Vehicle Test Characteristics Consumption Efficiency
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Honda FCX Clarity (2011-2014) 1758 | 165.4 | 1.032 | 0.4236 254 248 54% 51%
Mercedes-Benz F-Cell (2011-2012) 1814 | 23.0 | 0.000 | 0.5039 284 275 40% 35%

Hyundai Tucson Fuel Cell (2015-2017) | 2041 | 136.7 | 4.364 | 0.4721 | 311 294 51% 51%

Toyota Mirai (2016-2019) 1928 | 143.8 | 1.990 | 0.4072 | 220 220 65% 58%
Honda Clarity Fuel Cell (2018-2019) 2041 | 134.8 | 1.032 | 0.4367 | 218 220 67% 57%
Hyundai Nexo (2019) 2041 | 188.8 | -0.182 | 0.6344 | 245 269 66% 58%
Hyundai Nexo Blue (2019) 1928 | 163.2 | -0.101 | 0.6201 | 222 251 68% 59%

Between 2011 and 2019, the vehicle efficiencies increase from around 50% to 65% or higher for the city
drive cycle. The Toyota Mirai, Honda Clarity, and Hyundai Nexo have very similar high levels of vehicle
efficiency. The 2016 Toyota Mirai, which is the car tested in this technology assessment, is one of the
highest-efficiency FC vehicles and thus is representative of modern FC technology.

1.3. Public and independent 10-Hz data on a modern fuel cell system
Argonne, in a collaboration with Transport Canada (Argonne National Laboratory, 2018), performed a
comprehensive laboratory-based technology assessment of a production FC vehicle with the goal of
generating public and independent data for the FC research community. The key findings are the
measured automotive FC stack and system performance and efficiency curves. These efficiency curves
and the data are intended to help refine and validate modeling and simulation work, to inform the
research target setting process, and to highlight potential challenges that necessitate further research.

2. Materials and methods

2.1. Details on the production fuel cell vehicle tested
Transport Canada provided a 2016 Toyota Mirai for this testing. Table 2 provides a summary of relevant
vehicle information.
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Table 2: Test setup parameters and powertrain specifications of the 2016 Toyota Mirai

Vehicle Architecture FC Series Hybrid Vehicle
Equivalent Test Weight (Y | 1928 kg (4250 Ib)
Road Load A=1438N (32.325 Ibf)

B =1.990 N/(m/s) (0.20003 Ibf/mph)
C=0.4072 N/(m/s)* (0.018292 Ibf/mph?)
FC System Solid Polymer Electrolyte Fuel Cell

370 cells in stack

114 kW, 3.1 kW/L, 2.0 kW/kg

Battery ? Nickel-metal Hydride, 1.6 kWh, 245 V DC

) (U.S. Environmental Protection Agency, 2019), @ (Toyota, 2017)

2.2. Vehicle research test facility
Argonne’s automotive test facility was built for powertrain research and technology benchmarking. The
chassis dynamometer is housed in a thermal chamber, which allows testing under a range of real-world
conditions. The test conditions are based on the EPA 5-cycle label fuel economy procedures, which
include ambient temperatures of -7°C (20°F), 25°C (72°F), and 35°C (95°F), with 850 W/m? of radiant
solar emulation. Additional testing occurred at -18°C (0°F). The research staff has developed and
refined deep expertise in the instrumentation of advanced technology powertrain components. At the
center of the vehicle instrumentation is a custom integrated data acquisition system that merges and
time-aligns data streams from many different selectable sources.

2.3. In-depth instrumentation overview
The instrumentation focus is on measuring the power flows between the major powertrain components,
as shown in Figure 1. A Hioki™ high-precision power analyzer (PW3390-10) was used to measure the
electrical power flows with an accuracy of +/- 0.1%. The hydrogen mass flow was measured with two
Micro Motion™ Coriolis mass flow meters (low flow range CMF010M and high flow range CMF025M)
integrated into the test cell with a gas flow accuracy of +/- 0.25%. Many relevant digital messages from
the Controller Area Networks (CAN) were decoded. Over 400 significant signals were recorded at 10 Hz
for the more than 100 tests. For more detail on Argonne’s approach to chassis dynamometer testing
and instrumentation, refer to the Chassis Dynamometer Testing Reference Document (Lohse-Busch,
2013).
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Figure 1: Power flow instrumentation summary.

2.4. Vehicle setup on the chassis dynamometer
The EPA vehicle equivalent test weight and road load coefficients for the Toyota Mirai, shown in Table 2,
are used for this testing. The vehicle losses, which are vehicle losses present during chassis
dynamometer testing only, are derived on the chassis dynamometer and are based on SAE J1263™,
“Road Load Measurement and Dynamometer Simulation Using Coastdown Techniques” (Society of
Automotive Engineers, 2010). To minimize the test-to-test variability inherent in vehicle re-mounting,
the vehicle was left on the chassis dynamometer for the duration of the testing. This setup yields to a
test to test repeatability of less than 2% on fuel consumption. The test cell cooling fan was run
dynamically to match the air flow speed to the vehicle speed, and the vehicle hood was closed for all
testing, regardless of ambient temperature, to emulate real-world conditions. The SAE J2951™ “Drive
Quality Evaluation for Chassis Dynamometer Testing” (Society of Automotive Engineers, 2014) metrics
are calculated at the end of each test and are published with the data.

2.5. Hydrogen fuel specifications
The hydrogen used for the testing was “ultra high purity 5.0 grade hydrogen” procured through Airgas.
The energy content of hydrogen is based on the Lower Heating Value (LHV) of 119.96 MJ/kg (National
Institute of Standards and Technology, 2018).

3. Theory and calculations

3.1. Fuel cell stack and fuel cell system efficiency calculations
Efficiency is defined as the electric output energy divided by the hydrogen input energy of the system.
Figure 2, which focuses on the FC system shown in the powertrain schematic of Figure 1, defines the FC
stack boundaries and the FC system boundaries considered in this work.
Equation 1 and Equation 2 define the FC stack and FC system efficiencies respectively. Note that these
equations maybe applied over a full drive cycle or over shorter time segments.
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Equation 1: FC stack efficiency calculation, where V stands for Voltage and | stands for Current

tfina
f Jinal VFCstack(t) X I(t) dt

tinitial

Ef ficiencyrcstack = trinal

tinitial

MassFlowyygrogen(t) X LHV dt

Equation 2: FC system efficiency calculation, where V stands for Voltage and | stands for Current

EffiCienCyFCsystem
tfinal
f Jina [VBoostConv(t) X IBoostConv(t) - PowerFCcomp (t) - VHVbattery (t) X IWater&HzPump (t)] dt

tinitial
t .
final MassF lowyyarogen(t) X LHV dt

tinitial

3.2. Vehicle efficiency calculation
The vehicle efficiency is calculated by dividing the positive cycle energy by the fuel energy as shown in
Equation 3. The positive cycle energy is defined in SAE J2951™, “Drive Quality Evaluation for Chassis
Dynamometer Testing” (Society of Automotive Engineers, 2014). The standard clearly prescribes the
data processing and calculation steps to generate the positive cycle energy parameter, among many
other useful testing parameters. This standard was developed from the conventional-vehicle standpoint.
Note that within this work the vehicle efficiency is only calculated for full drive cycles.

Equation 3:Vehicle efficiency calculation

SAE J2951 Posible Cycle Energy

ftfinal MaSSFlOWHydrogen(t) X LHVHydrogen dt

tinitial

Ef ficiencyyenicie =

3.3. Standard certification drive cycles
Drive cycles are specific speed profiles defined as a function of time. Three major certification cycles
were used in this assessment:
e UDDS: The Urban Dynamometer Driving Schedule is a city drive profile with mild accelerations.
The Federal Test Procedure (FTP) for city fuel economy is composed of a cold-start UDDS,
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followed by a hot-start UDDS after a 10 minute key-off break. A “cold start” test means that the
vehicle, and therefore the powertrain, was soaked at the target ambient temperature for over
12 hours before the start of the test.
e Highway: The highway cycle is the drive cycle of the Highway Fuel Economy Test (HWFET)
e USO06: The USO6 is a cycle designed with very aggressive accelerations and high-speed sections.
The graph in Figure 3 shows the sequence of drive cycles executed for this testing. The fuel
consumption results are reported for the test phases highlighted by the green boxes.
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Figure 3: Standard drive cycle test sequence.

4. Results and discussion

4.1. Fuel cell system and hybrid system operation
This powertrain is a FC-dominant hybrid. Like the internal combustion engine in a mild hybrid electric
vehicle, the FC stack provides the majority of the traction power, and typically does not operate while
the vehicle is stopped, and has the ability to turn off or idle to enable the car to operate momentarily as
an electric vehicle. The open-circuit voltage (OCV) slowly decreases as the FC system idles. Figure 4
illustrates these different powertrain operating modes on the New European Driving Cycle. The dyno
power, or wheel power, is the power required to drive the vehicle on the drive cycle. The dyno power is
the sum of the FC stack power, the high voltage battery power and the auxiliary power losses.
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Figure 4: Powertrain and fuel cell system operation in different drive modes on a linear segment drive

cycle.

4.2. Fuel cell stack and system efficiency curve
The vehicle was tested at different steady-state speeds and steady-state load points to establish a FC
stack and system efficiency map. The FC stack, FC system, and boost converter efficiencies, shown in
Figure 5, were derived from the 10-Hz data generated by the instrumentation and using
Equation 1 and Equation 2.
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Figure 5: Fuel cell stack and fuel cell system efficiency as a function of electric power output of the stack

The measured FC stack peak efficiency is 66.0%. The measured FC system peak efficiency is 63.7%. The
FC system efficiency at 25% of maximum power is 58%. The low air-compressor power consumption of
a 100W to 400W at low stack power (<30 kW) results in high system efficiencies. Most of the
certification drive cycles, as well as typical drive conditions, are characterized by such low power
demands; therefore, the FC system typically operates in its most efficient range. The air management
system and anode flow channels were specifically redesigned to minimize the auxiliary power losses to
the air compressor in this generation of Toyota FC system (Hasegawa, 2016). The maximum power
output of the FC stack was measured at around 110 to 114 kW, depending on the thermal conditions.
At these high-power levels, the air compressor consumes up to 15 kW, penalizing the FC system
efficiency.

4.3. The fuel cell system efficiency curve shape is advantageous for most driving
Figure 6 shows the power spectrum the vehicle needs to complete each drive cycle. Note that 90% of
the time, the power needed to complete the cycle is less than 12 kW and 20 kW for the UDDS and
Highway cycles, respectively. The low power demand on the FC system keeps that average FC system
efficiency above 61% on the UDDS and Highway cycles. In contrast, the US06 cycle requires higher
power levels from the FC system, for which the air-compressor loads become more significant.
Therefore, the average FC system efficiency is below 50% while the stack efficiency is still above 61% on
the US06 cycle.
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Figure 6: Power spectrum of the standard certification drive cycles

The high FC system efficiency at low loads should translate to low fuel consumption under real-world
conditions, as the mean power loads for the typical drives are low. In contrast, the brake thermal
efficiency of an internal combustion engine increases with increasing load (Heywood, 1988).

4.4, Determining the fuel cell system idle fuel flow rate.
As noted in Figure 4, the FC system turns “off” when FC power is not needed. This FC idle condition
produces zero electric power output. To investigate this idle operation, a special 1-hour test was
performed. After 505 seconds of driving, the vehicle was put in park and left “on.” The FC system
produced no electric power for 1400 seconds. The data show that the FC stack was starved for
hydrogen to maintain an open-circuit stack voltage around 74 V (a typical OCV is 315 V). Periodically (~
every 40 seconds), a small amount of hydrogen was released in the system and air was pushed into the
stack to maintain enough reactants in the stack. Over the 1400 seconds of idle, 1.71 g of hydrogen was
consumed, resulting in an idle fuel flow rate of 4.39 g/hr. The low idle fuel flow rate enables the FC
system to have enough reactants in the channels to provide immediate power when needed. After the
1400 seconds of idle, the state of charge of the high-voltage battery pack had dropped low enough that
the FC system produced power to recharge the battery pack. Note that if the FC stack does not produce
any power, the hydrogen flow is zero for the first 40 seconds to a minute.

4.5. Peak fuel cell stack power
At 25°C (72°F) on a simulated 25% grade, the FC stack produced 112 kW for 30 seconds and the
continuous FC stack power settled at 73 kW with a terminal vehicle and fan speed of 43 kilometer per
hour (kph) (27 mph). At 35°C (95°F), with 850 W/m? of solar load emulation on a simulated 25% grade
with the climate control system set to a 25°C (72°F) cabin temperature, the FC stack settled at 50 kW
with a terminal vehicle and fan speed of 24 kph (15 mph). At 35°C (95°F), with 850 W/m? of solar load
emulation on a simulated 6% grade with the climate control system set to a 25°C (72°F) cabin
temperature and the vehicle loaded to a gross vehicle weight of 2182 kg (4810 lbs), the vehicle
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maintained 100 kph (62 mph) for the 30 minutes of the test. In this realistic worst-case scenario, the FC
stack power output settled at 63 kW while the test cell cooling fan was providing air at 100 kph (62
mph). The maximum continuous power will depend on the thermal and cooling conditions.

Finally, four back-to-back maximum accelerations from a rolling start to 129 kph (80 mph) were tested
at 25°C (72°F). As is the case with most mild hybrid vehicles, the high voltage battery pack did not
provide any assistance on the last acceleration, as the battery depleted over the first few acceleration
runs. The peak FC power increased from 100 kW on the first acceleration run to 114.6 kW on the last
acceleration run.

The continuous maximum power is highly dependent on the cooling conditions, such as ambient
temperature and relative wind speed. All the testing was performed with a variable-speed fan that
matched the vehicle speed. In realistic high-power scenarios, the FC system provided all the requested
power reliably and repeatably to the powertrain.

4.6. Vehicle efficiency comparison between different vehicle types
Table 3 compares a fuel cell, a battery electric, a hybrid electric, and a conventional powertrain from a
vehicle efficiency standpoint as defined in Section 3.1. Note that the vehicle efficiency is calculated using
only the positive power required to complete the drive cycle, to be compatible with conventional
vehicles, which convert the braking power into heat. This calculation is more complex for electrified
vehicles, which during braking recover the kinetic and potential energy by storing it in a high voltage
battery pack. The bi-directional power flow in electrified powertrains can result in calculating vehicle
efficiencies at over 100% when using only the positive cycle energy. Table 3 is based on data of vehicles
tested at Argonne in the same test cell. The full fuel and energy consumption results, along with vehicle
details, are provided in Appendix A. The Toyota Prius Prime in charge-depleting mode can drive all three
drive cycles in full electric mode, and thus is representative of a battery electric vehicle. Once its battery
is depleted, the Toyota Prius Prime operates in charge-sustaining mode, and thus is representative of a
hybrid electric vehicle. The Mazda 3 is a conventional vehicle comparable to the Toyota Mirai as a small
to mid-size sedan also tested in the same laboratory and conditions.

Table 3: Vehicle efficiency* comparison across powertrain architectures

Powertrain Fuel Cell Battery Electric Hybrid Electric Conventional
Type Vehicle Vehicle Vehicle Vehicle
Representative | 2016 Toyota Mirai 2017 Toyota Prius 2017 Toyota Prius 2014 Mazda 3 (2.5Li-
Model Prime in charge- Prime in charge- ELOOP)
depleting mode sustaining mode
Test -7°C 25°C 35°C -7°C 25°C 35°C -7°C 25°C 35°C -7°C 25°C 35°C
Temperature (20°F) | (72°F) | (95°F) | (20°F) | (72°F) | (95°F) | (20°F) | (72°F) | (95°F) | (20°F) | (72°F) | (95°F)
UDDS#1 24.6 62.8 24.6 52.4 109.8 | 81.8 32.4 48.6 33.6 14.1 18.7 17.2
UDDS#2 40.8 65.7 40.8 56.8 1125 | 914 30.8 48.0 36.2 19.1 20.8 18.3
UDDS#H#3 54.9 67.7 54.9 1134 | 91.3 49.9 40.0 19.4 20.8 17.8
Highway#2 55.7 57.6 55.7 54.0 82.2 77.0 33.0 39.1 35.8 26.5 28.7 28.1
USO6#2 52.5 57.1 52.5 72.8 91.2 87.0 39.3 43.0 39.2 27.5 28.4 28.2
Average 45.7 62.2 45.7 59.0 101.8 | 85.7 33.9 45.7 37.0 21.3 23.5 21.9
*Vehicle efficiency in [%] based on positive cycle energy as defined by SAE J2951 ™
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The FC vehicle has a significant vehicle efficiency advantage (62.2% average at 25°C) over the hybrid
electric vehicle (45.7% average at 25°C) and conventional vehicle (23.5% average at 25°C) due to the
higher conversion efficiency of the FC system. A FC vehicle, which is a series hybrid electric vehicle, is an
electric vehicle with a smaller battery pack and a FC system that provides most of the power. Therefore,
the FC vehicle efficiency is based on the electric vehicle efficiency paired with the FC system efficiency.
Thus, the FC vehicle has a lower vehicle efficiency compared to a battery electric vehicle. Finally, itis
observed that the FC vehicle efficiency is less sensitive to temperature conditions compared to a battery
electric vehicle.

A comparison of well to wheels (WTW) energy use and emissions shows that the FC vehicle, even fueled
by hydrogen from a fossil-based production pathway (via steam methane reforming of natural gas),
reduces the WTW fossil energy use by 4-31% and the WTW GHG emission by 14-44%, compared to
gasoline conventional vehicle (Liu X., 2019).

4.7. Energy analysis on standard drive cycles across different temperatures
The hydrogen energy consumption and a loss breakdown are shown in Figure 7. The energy
consumption at 25°C (72°F) for the UDDS and Highway drive cycles is similar. On these low-load drive
cycles, the losses attributed to the FC air compressor and boost converter are almost insignificant. On
the higher-power US06 cycle, the boost converter and air compressor losses become significant,
reducing the FC system efficiency as shown in Figure 5.
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Figure 7: Hydrogen energy consumption and energy breakdown for different drive cycles across different
temperatures.

Results for the different ambient conditions tested are also presented in Figure 7. The cold-start UDDS
energy consumption at -7°C (20°F) is 150% higher than at 25°C (72°F) because of the electric heating of
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the FC system and the cabin as well as the use of additional hydrogen to recondition the dried-out
proton exchange membranes. It is noteworthy that the FC system generates enough heat to maintain a
cabin temperature of 25°C (72°F) on the third UDDS cycle in a -7°C (20°F) environment. Battery electric
vehicles require the use of the electric heater to maintain cabin temperatures in freezing environments
even after extensive driving. The energy consumption increase at 35°C (95°F) ambient temperature with
the 850 W/m? solar energy emulation is driven by the power demand of the high-voltage refrigerant
compressor for the climate control system.

4.8. Fuel cell system startup and shutdown at 25°C (72°F) and -7°C (20°F)
It is critical for a FC system to control the humidity of the proton exchange membranes within the stack
in order to generate a reliable and efficient power output. On shutdown, the system has to evacuate
the water from the stack to avoid freezing and damages as temperatures drop below 0°C. Figure 8 and
Figure 9 detail the system behavior on startup during a cold-start test, as well as during the shutdown of
the system at the end of the test. At 25°C (72°F), the FC system does not produce any power until the
wheels spin, at which point the stack voltage jumps to stable operating voltages. When the driver turns
the vehicle off at the end of the test, the hydrogen is purged out of the stack and air is blown through
the stack for about 20 seconds. At-7°C (20°F), the shutdown is prolonged, and hydrogen and air are
both used to purge the stack for 90 seconds to dry out the proton exchange membranes. On startup at -
7°C (20°F), the FC system uses excess hydrogen and produces low levels of power immediately to
generate water from the electro-chemical conversion reaction in order to create optimal humidity
conditions for the proton exchange membrane.
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Figure 8: FC system startup and shutdown behavior at 25°C (72°F).
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Figure 9: FC system startup and shutdown behavior at -7°C (20°F)

It should be noted that when the ambient air transitions from 25°C to -7°C and the vehicle is turned off,
the FC system will wake up to purge the stack and activate the drain valve.

4.9. Cold start after a thermal soak at -18°C (0°F)
The vehicle was temperature soaked over a full weekend at -18°C (0°F). At the start of the test, the
electric heater warms up the FC system and extra hydrogen is used to recondition the dry proton
exchange membranes. On the cold-start UDDS cycle, the driving starts 20 seconds after the vehicle is
turned on. The standard OCV is achieved after 150 seconds of operation. The FC stack power output is
limited during these first 150 seconds of the drive cycle, but the battery pack provides extra power to
the vehicle to meet the acceleration demands. The fuel consumption on the -18°C (0°F) cold-start UDDS
cycle is 135% higher than at 25°C (72°F), as shown in Table 4.

Table 4: Hydrogen fuel consumption* for different drive cycles and temperatures from -18°C (0°F) to 35°C
(95°F) with 850 W/m? of solar load

Ambient Thermal Conditions

-18°C (0°F) | -7°C(20°F) | 25°C(72°F) | 35°C(95°F)
+ 850 W/m?
UDDS#1 Cold start 758 581 226 321
UDDS#2 Hot start 508 348 217 279
UDDS#3 477 259 210 288
Highway#2 258 220 234
US06#2 401 369 414

*Hydrogen consumption in [Wh/km]
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5. Conclusions

A comprehensive technology assessment of a 2016 Toyota Mirai FC vehicle using a chassis
dynamometer with in-depth instrumentation was performed in a controlled laboratory environment.
The FC stack has a high dynamic response, which enables this powertrain to be a FC-dominant hybrid
electric vehicle. The measured peak efficiency is 66.0% and 63.7% for the stack and FC system,
respectively. The maximum stack power output was measured around 110 to 114.6 kW. The overall
average FC system efficiency on the UDDS drive cycle (mild city driving) is 61.8%, as compared to 48.1%
on the USO6 drive cycle (aggressive high-speed driving). The FC system efficiency at high load suffers
from the air-compressor load, which can be as high as 15 kW. The energy consumption on the cold-start
UDDS cycle at -7°C (20°F) is 157% times higher than at 25°C (72°F) because of the electric heating of the
FC system and the cabin as well as the hydrogen used to recondition the dried-out proton exchange
membranes. At -18°C (0°F), the FC stack power is limited during the first 150 seconds, but the battery
pack provides the extra power to meet the acceleration demands. The FC system has an idle fuel flow
rate of 4.39 g/hr while producing zero power output. The low idle fuel flow rate enables the FC system
to have enough reactants in the channels to provide immediate power when needed.

Importantly, all the 10-Hz test data are available for download to the public at www.anl.gov/d3. Thus,
much-needed public reference data on a modern automotive FC system are provided for the research
community.
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Appendix A: Fuel and Energy Consumption Test Results for Comparison
Vehicles in Section 4.6

Table A-1: Vehicle efficiency comparison across powertrain architectures

Powertrain Fuel Cell Battery Electric Hybrid Electric Conventional
Type Vehicle Vehicle Vehicle Vehicle
Representative | 2016 Toyota 2017 Toyota Prius 2017 Toyota Prius 2014 Mazda 3
Model Mirai Prime in charge Prime in charge
depleting mode sustaining mode
Vehicle Testing Equivalent Test Weight: Equivalent Test Weight: Equivalent Test Weight:
. 1928 kg (4250 Ib) 1644 kg (3625 Ib) 1559 kg (3438 Ib)
Characteristics Target road load coefficients: Target road load coefficients: Target road load coefficients:
A=143.8N A=837N A=102.9N
B =1.990 N/(m/s) B =3.850 N/(m/s) B =6.627 N/(m/s)
C =0.4072 N/(m/s)? C=0.2783 N/(m/s)? C=0.2472 N/(m/s)?
Test -7°C 25°C 35°C -7°C 25°C 35°C -7°C 25°C 35°C -7°C 25°C 35°C
Temperature (20°F) | (72°F) | (95°F) | (20°F) | (72°F) | (95°F) | (20°F) | (72°F) | (95°F) | (20°F) | (72°F) | (95°F)
UDDS#1 581.1 | 226.3 | 321.2 | 224.2 | 106.8 | 143.6 | 361.9 | 242.1 | 349.8 | 872.7 | 662.3 | 722.1
UDDS#2 3479 | 217.3 | 279.1 | 206.8 | 104.3 | 128.5 | 380.6 | 245.5 | 324.4 | 643.0 | 595.7 | 675.3
UDDS#3 258.7 | 209.8 | 288.2 | 0.0 103.5 | 128.6 237.5 | 293.8 | 638.2 | 595.7 | 696.5
Highway#2 258.4 | 220.0 | 233.6 | 190.7 | 125.2 | 133.7 | 311.7 | 262.8 | 287.7 | 440.5 | 407.1 | 416.6
US06#2 401.4 | 369.2 | 414.5 | 235.2 | 188.1 | 197.0 | 434.0 | 401.2 | 435.3 | 669.8 | 647.5 | 653.2
Fuel consumption Fuel consumption Fuel consumption Fuel consumption
[Wh/km] with 119.96 [AC Wh/km], which [Wh/km] with 0.74 g/ml [Wh/km] with 0.74 g/ml
MJ/kg includes charging and 42608 J/g and 41802 J/g
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Table A-2: Fuel consumption and energy consumption across powertrain architectures

depleting mode

sustaining mode

Powertrain Fuel Cell Battery Electric Hybrid Electric Conventional
Type Vehicle Vehicle Vehicle Vehicle
Representative | 2016 Toyota 2017 Toyota Prius 2017 Toyota Prius 2014 Mazda 3
Model Mirai Prime in charge Prime in charge

Vehicle Testing
Characteristics

Equivalent Test Weight:
1928 kg (4250 Ib)

Target road load coefficients:
A=143.8N

B =1.990 N/(m/s)

C=0.4072 N/(m/s)?

Equivalent Test Weight:
1644 kg (3625 Ib)

Target road load coefficients:
A=83.7N

B =3.850 N/(m/s)

C=0.2783 N/(m/s)?

Equivalent Test Weight:
1559 kg (3438 Ib)

Target road load coefficients:
A=1029N

B =6.627 N/(m/s)

C=0.2472 N/(m/s)?

Test -7°C 25°C 35°C -7°C 25°C 35°C -7°C 25°C 35°C -7°C 25°C 35°C
Temperature (20°F) | (72°F) | (95°F) | (20°F) | (72°F) | (95°F) | (20°F) | (72°F) | (95°F) | (20°F) | (72°F) | (95°F)
Fuel Economy Energy Consumption Fuel Economy Fuel Economy
[mi/kg] [AC Wh/mi] [mi/kg] [mi/kg]
UDDS#1 Cold 286 | 843 365 | 194 403 | 57.7 21.0 | 303
start Phase 1
UDDS#L Cold | 403 | 994 356 | 150 815 | 126.2 26.7 | 31.9
start Phase 2
UDDS#2 Hot 45.0 | 876 330 | 187 483 | 57.5 332 | 36.1
start Phase 3
UDDS#2 Hot 84.8 | 103.7 335 | 149 61.5 | 130.1 31.0 | 333
start Phase 4
Highway#2 94.1 202 75.0 50.6
US06#2 City 38.9 359 29.8 20.3
US06#2 Highway 64.1 294 58.6 38.0
SCO3#2 63.1 177 545 29.2
City . .
7.4 k 244 AC Wh . 25.
(5 cycle label) 57.4 mi/kg C Wh/mi 56.9 mpg 5.6 mpg
Highway . .
. k AC Wh 4.4 4

(5 cycle label) 60.5 mi/kg 306 AC Wh/mi 54.4 mpg 35.4 mpg
Combined
Label Fuel 58.7 mi/kg 272 AC Wh/mi 55.7 mpg 29.3 mpg
Economy
Combined
Label Fuel 2.044 MJ/mi 0.817 MJ/mi 2.102 Mj/mi 3.996 MJ/mi
Consumption
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