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Introduction

1. Scope of Test Procedures

This recommended practice is intended to provide a framework for performance testing of fuel cell
systems (FCS’s) designed for automotive applications with direct current (DC) output. The procedures
described allow for measurement of performance relative to claims by manufacturers of such systems
with regard to the following performance criteria.

—Power

—Efficiency

—Transient Response
—Start and Stop Performance
—Physical Description
—Environmental Limits
—Operational Requirements
—Integration

Since this recommended practice is based on the principal of performance measurement relative to a
claim, the testing parties should take care to include any qualifying or unique circumstances leading to
the test results reported in order to achieve full disclosure. For example, efficiency as defined in section
3.1.9 allows for the inclusion of thermal output benefit. If a test result is reported which takes advantage
of this allowance this stipulation should be noted with the efficiency figure and the useful purpose of the
thermal output (e.g. cabin heating) should be made clear.

1.1 Limitations of Test Procedures

The procedures described do not provide methods for testing performance related to the following
criteria.

—Human Factors (Acoustics/Noise, Vibration, Harshness)

—Life (State of technology limits this)

—Reliability

—Safety

—Vehicle Level Performance (efficiency, acceleration, emissions, etc).
—Contamination

—Tilt testing

—Governmental regulations or certification

—Alternating Current (AC) Output
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2. References

The following publications form a part of this specification to the extent specified herein. Unless
otherwise specified, the latest issue of SAE publications should apply.

2.1 Applicable Publications

The following publications form a part of this specification to the extent specified herein. The latest issue
of SAE publications shall apply.

2.1.1 SAE PUBLICATIONS
Available from SAE, 400 Commonwealth Drive, Warrendale, PA 15096-0001.

1. SAE J2574—SAE Information Report—Fuel Cell Vehicle Terminology

2. SAE J2578—Recommended Practice for General Fuel Cell Vehicle Safety

3. SAE J2616—Recommended Practice for Testing Performance of the Fuel Processor Subsystem of
an Automotive Fuel Cell System

4. SAE J2617—Recommended Practice for Testing Performance of PEM Fuel Cell Stack Sub-System
for Automotive Applications (DRAFT)

2.1.2 ASTM PUBLICATIONS
Available from ASTM, 100 Barr harbor Drive, West Conshohocken, PA 19428-2959.

5. ASTM D 240—Test Method for Heat of Combustion of Liquid Hydrocarbon Fuels by Bomb
Calorimeter

6. ASTM D 3588-98—Standard Practice for Calculating Heat Value, Compressibility Factor and Relative
Density of Gaseous Fuels

7. ASTM D 4809—Heat of Combustion of Liquid Hydrocarbon Fuels by Bomb Calorimeter (Intermediate
Precision Method)

8. ASTM D 4809-95—Heat of Combustion of Liquid Hydrocarbon Fuels by Bomb Calorimeter (Precision
Method)
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2.1.3 OTHER PUBLICATIONS

9. ASME PTC 19.1—Appendix B, Uncertainty Analysis

10. I&A PTC 19.21—Leakage Measurement

11. 1&A, ASME PTC 19.2—Pressure Measurement

12. ASME PTC 19.3—Temperature Measurement and Calibration

13. ASME PTC 19.5—Fluid Flow Measurement

14. ASME PTC 50—Fuel Cell Power Systems Performance Test Code

15. ASME PTC19.5—Fluid Meters

16. ASME PTC22—Gas Turbine (for LHV’s)

17. ASME PTC6—Test Measurement Uncertainty (from Gas Turbines)

18. NIST Technical Note 1297—Guidelines for Evaluating and Expressing the Uncertainty of NIST
Measurement Results, NIST, 1994 edition

19. NIST Special Publication 811—Guide for the Use of the International System of Units (SI), NIST,
1995 edition

20. Fuel Cell Handbook, 4" ed., Parsons Corporation for U. S. Department of Energy-FETC, DOE/FETC-
99/1076

21. API Technical Data Book

22. ASME Boiler and Pressure Vessel Code Section V Article 10, The American Society of Mechanical
Engineers. New York, New York, July 1, 2001

23. IEEE Std 120—Master Test Guide for Electrical Measurement in Power Circuits

24. |EEE Std 4—Standard Techniques for High Voltage Testing

25. IEEE Std 1159—Recommended Practice for Monitoring Electric Power Quality

26. NFPA 50—Standard for Hydrogen Systems at Consumer Sites

27. NFPA 50A—Standard for Gaseous Hydrogen Systems at Consumer Sites

28. NFPA 497—Recommended Practice for the Classification of Flammable Liquids, Gases, or Vapors
and of Hazardous (Classified) Locations for Electrical Installations in Chemical Process Areas

29. NEC Article 500—Hazardous (Classified), Class 1 Locations

30. CGA G-5.4—Standard for Hydrogen Piping Systems at Consumer Locations

3. Definitions

Terminology used in this document is consistent with SAE J2574 "Fuel Cell Vehicle Terminology." In
addition to terminology presented in J2574, the following definitions are provided for clarity.

3.1 Testing Parties

Those entities with an interest in the methods applied and results obtained from the performance testing
of the fuel cell system. For example, the testing parties may include the article manufacturer, a testing
organization, and / or the system integrator.

3.2 Test Operator(s) / Personnel

An individual or group responsible for the immediate administration and application of a test procedure to
the test article.

Documents

Document Sharing Hub

Full document details: SAE J2615_201110


http://www.avadocuments.com/doc/sae-j2615-201110
http://www.avadocuments.com/doc/sae-j2615-201110

SAE J2615 Stabilized OCT2011 Page 6 of 44

3.3 Test Facility

A physical area and requisite utilities designated for the purpose of testing the performance of a fuel cell
system. For example, a typical test facility may include ventilation, reactant supply systems, auxiliary
cooling systems, data acquisition systems, load simulation device, and supplemental hazard mitigation
devices.

3.4 Fuel Cell System (FCS)

A combination of subsystems and components designed to provide electrical power as a result of the
implementation of a fuel cell (defined elsewhere). A fuel cell alone is not capable of providing useful
electrical power, and therefore requires other functions in order to be of use. A fuel cell system is
described schematically in Figure 1, and may include, for example, a fuel processing sub-system, a
thermal management sub-system, an air processing sub-system, a power distribution sub-system, and a
fuel cell control sub-system.

3.5 Fuel Supply System (FSS)

The assembly of components that stores and delivers reactant fuel to the fuel cell system. For example,
the fuel supply system may be comprised of an elevated pressure tank for storage of hydrogen and
appropriate pressure regulating equipment, safety devices, and instrumentation. Another example of a
fuel supply system is a tank, pump, and plumbing used for the storage and delivery of a hydrocarbon fuel.
The fuel supply system ends at the point where the fuel is either first (1) reacted, (2) cleaned of
contaminants, or (3) mixed with any other fuel cell system stream.

3.6 Fuel Processing Sub-system (FPS)

The assembly of components that chemically or physically converts the supplied fuel to a form suitable
for use in the fuel cell stack sub-system. A fuel processing system may, for example, include reactor
beds, heat exchangers, and controls used to reform a hydrocarbon fuel into a hydrogen rich stream
known as reformate gas or simply reformate. In a hydrogen fueled fuel cell system, the fuel processing
sub-system may include pressure regulation, humidification, and mixing components. The fuel processing
sub-system also may be referred to as the fuel processor subsystem or simply the fuel processor.

3.7 Air Processing Sub-system (APS)

The assembly of components that delivers air (oxygen) for reaction in the fuel cell system. The air
processing sub-system can provide air as required to the fuel processing sub-system, thermal
management sub-system, and the fuel cell stack sub-system. The air processing sub-system may include
filtration, purification, compression, and flow control components.

3.8 Thermal Management Sub-system (TMS)

The assembly of components that provides both thermal and water management for the fuel cell system.

The thermal management sub-system may include an accumulator, pump, radiator, and/or condenser. It
may also provide water recovery and process humidification functions.
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3.9 Water Treatment Sub-system (WTS)

The assembly of components that provides the treatment necessary for the process water used in the
fuel cell system. For example, the water treatment sub-system may include a demineralizing / deionizing
resin bed and instrumentation and may provide water recovery and process humidification functions.

3.10 Fuel Cell Stack Sub-system (FCSS)

The assembly containing one or more fuel cell stacks that provides for the reaction of fuel and oxidant to
produce electric current by means of an electrochemical reaction. The fuel cell stack sub-system
generally includes connections for conducting fuels, oxidants, and exhausts; electrical connections for the
power delivered by the stack sub-system; and means for monitoring electrical loads, which are for
interface to the fuel cell system (FCS). Additionally, the FCSS may incorporate means for conducting
additional fluids (e.g., cooling media, inert gas), means for detecting normal and/or abnormal operating
conditions, enclosures or pressure vessels, and ventilation systems. The fuel cell stack sub-system is
also known as a fuel cell module, fuel cell power module, or fuel cell stack assembly.

3.11 Power Distribution Sub-system (PDS)

The collection of components that connects the fuel cell stack sub-system to the power conditioning
system and that converts power for fuel cell system use. The power distribution sub-system may include
cables, switches and/or contactors and/or relays, buses, other connectors, and instrumentation. As
illustrated in Figure 1, the PDS has only DC power as input.

3.12 Power Conditioning System (PCS)

The collection of components that converts the power generated by the fuel cell system into power useful
for vehicular purposes. The power conditioning system may include voltage regulators (DC/DC) and/or
converters (DC/AC) that provide the interface between the fuel cell system and the vehicle loads.

3.13 Fuel Cell Control Sub-system (FCCS)

A system that controls and/or monitors fuel cell system conditions and automatically responds to vehicle
power demands while preventing hazardous conditions and damage to the fuel cell system. The
automatic control system generally includes a microprocessor based device with input and output
functions and may provide a diagnostic or troubleshooting function.

3.14 Vehicle Control System (VCS)

A system that regulates the operation of the vehicle in response to driver demand and vehicle system
conditions.
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3.15 Electrical Load System

A device used to apply electrical load to a fuel cell. A load system is also referred to as a load bank for
historical reasons. A load system generally allows the user to set a load as a current (Amperes) or power
level (kW). A load system may be resistive or inductive. More sophisticated systems allow for the setting
of a voltage (VDC or VAC) and for programming of the set points as a function of time. While in general
performance testing the load system serves as a sink for electrical power, it may also be used to supply
current to the fuel cell for diagnostic and conditioning purposes.

3.16 Reference Conditions

The values of all the external parameters, i.e., parameters outside the test boundary to which the test
results are corrected. In addition, the specified secondary heat inputs and outputs are calculated with
respect to the reference conditions. Heats of formation of elements and compounds in their standard
states, heat of combustion, and latent heats of phase changes and free energy changes are determined
with respect to reference conditions. For this recommended practice the reference conditions are as

follows:
Temperature: 15 °C
(288.15 K, 59 °F)
Pressure: 101325 Pa
(1 atmosphere, 14.696 psia,101.3 kPa)
Air: 60% relative humidity (0.006 kg H,O/kg dry air) at 15 °C

The above conditions are also known as nominal day conditions. To aid in the comparison of various
FCS’s in various environmental conditions, the following additional reference conditions are provided for
the use of conducting tests and reporting results at other than nominal conditions.

Freezing Day Cold Day Hot Day
Temperature -20 °C 5°C 40 °C
Pressure 101.3 kPa 101.3 kPa 90.0 kPa
Air 0% RH at 20 °C 0% RH at5 °C 0% RH @ 40 °C

The test procedures provided in section 3.3 can be applied repeatedly at these different conditions to
provide a more complete summary of FCS performance at various conditions and when reporting results
the testing parties should use the appropriate day designation and reference to this recommended
practice to qualify the reported result. The inclusion of these recommended reference conditions is not
intended to limit the range of test conditions supported by this recommended practice. Testing parties
should maintain necessary flexibility to test conditions deemed relevant to the specific FCS and test
objectives.

3.17 Reformate or Reformate Gas
The product of a fuel processing sub-system, generally rich in hydrogen. This gaseous fluid results from

the reformation of the fuel within a fuel processing sub-system. The quality and/or composition of this
fluid depends on the location within the FPS; i.e. which reactor is sampled.
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4. Nomenclature, Physical Constants and Units

TABLE 1—NOMENCLATURE

Symbol Description Units

Vid Power W

i Subscript indicating in, inlet, or input -

o Subscript indicating out, outlet, output -

e Subscript indicating electrical or exit -
f Subscript indicating fuel -

h Enthalpy Jig

s Subscript indicating system -

I Current Amps, Amperes
DC, dc Subscript: Direct Current -

t Subscript: Thermal -

\4 Voltage Volts
x Width m

¥ Height m

z Length m
LHV Lower Heating Value J/g

7 Efficiency -

m Mass G

7] Mass flow rate a’s

T Temperature °C

c Specific heat at constant pressure Jig-K
n Subscript indicating Net -

g Subscript indicating Gross -

E Energy, electrical J

Q Energy, thermal J

t Time s

41 Pre-test Conditions

4.1.1 DEFINITION OF TEST SUBJECT WITH SCHEMATIC

This test will be administered to a fuel cell system that operates on either hydrogen or a hydrocarbon fuel.
The system being tested produces electrical power as a result of the electrochemical reaction of
hydrogen and oxygen. The oxygen for this reaction is typically derived from supplied air. The hydrogen

for this reaction is derived from the fuel by various methods.

A typical fuel cell system contains several subsystems, that are interconnected as shown in Figure 1.

Full document details: SAE J2615_201110
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FIGURE 1—SCHEMATIC ILLUSTRATING A GENERIC FUEL CELL SYSTEM TO BE USED FOR
PURPOSES OF THIS TEST. THE LARGE CIRCULAR BOUNDARY INDICATES THE
BOUNDARY WHERE PERFORMANCE PARAMETERS ARE TO BE MEASURED.

41.2 TeST BOUNDARY

The test boundary serves to define the interfaces used for measurement of performance parameters. The

test boundary and pertinent material and energy streams that cross it are to be determined by agreement
of the test parties prior to the start of test.

Different systems will result in different test boundaries based on conceptual design and integration
philosophies. A generic and representative set of interfaces may come from Figure 1. The specifics of
the interfaces (e.g. location of thermal interface relative to radiator, or location of the air filter relative to
the FCS and the vehicle) are left to the testing parties and should be documented in the test report.
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4.2 Specifications of Test Facility and Equipment
421 FUEL STORAGE

The test facility should have a fuel storage area designed in accordance with applicable codes and
standards. The region should be adequately ventilated, appropriately distanced from any sources of
ignition, well labeled with “No Smoking or Open Flames” placards, and secured from tampering. All
electrical equipment should be rated in accordance with reference 29.

4.2.2 FACILITY VENTILATION

The test facility should provide adequate ventilation in accordance with applicable codes and standards
such that the normal leakage or leakage in a failure mode does not endanger personnel or equipment.
All process exhausts and emissions should be safely vented out of the local test area to prevent further
hazard.

42.3 ALARMS

The test facility should provide for continuous monitoring of hazardous conditions including combustible
and toxic substances, and flame detection. Audible and visible alarms should be provided and set in
accordance with the design limits recommended in reference 2 and should allow for prompt
communication of the nature and general location of the hazard. All sensors and related equipment must
be rated in accordance with reference 29.

424 SHUTDOWN PRECAUTIONS

The test stand should provide for appropriate and timely shutdown in the case of a hazardous situation
through the use of gas/flame detection system for dangerous accumulations of combustible or toxic
gases, such as hydrogen and carbon monoxide. Additionally, it is recommended that the test facility
provide for a clearly marked manual emergency shutdown mechanism to be used at the discretion of the
test operator.

425 LOAD SYSTEM

The testing described in this recommended practice requires that a variable load be placed on the fuel
cell system in order to draw current from it. As such, the test facility should provide the means with which
to apply this variable load. The load range should accommodate the complete power range to be verified
in the test, nominally from idle power to peak power as described in Section 5.1.2. The load bank should
provide for constant resistance and constant current testing.

426 CODESAND STANDARDS

The test facility should be constructed and certified in accordance with all applicable codes and
standards. These may include, but are not limited to, the National Fire Protection Association, the
National Electric Code, the American Society of Mechanical Engineers, American National Standards
Institute, Compressed Gas Association, the American Petroleum Institute, and the Society of Automotive
Engineers.
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427 FLUID SPECIFICATIONS

The test stand should provide fluids to the FCS as necessary for the production of power over the range
of operation and conditions to be tested. These fluids are outlined in the following sections.

428 COOLANT

De-ionized water and/or other cooling and anti-freezing additives such as ethylene glycol, meeting the
manufacturers minimum requirements for resistance.

429 FUEL

The fuel specifications are to be determined and agreed upon by the testing parties. These specifications
should be documented as part of the test report in the form of a batch and/or composition certification.
The lower heating value (LHV) of the fuel should be determined in accordance with Section 5.1.5.2, and
should be recorded as part of the test report.

Any conditioning of the fuel supply should be indicated in the test report. Conditioning may include
filtration, humidification, and heating that takes place outside of the test boundary.

4.2.10 AIR/OXIDANT
The process oxidant is to be provided from ambient conditions.

Any conditioning of the process air should be indicated in the the test report. Conditioning may include
filtration, humidification, and heating that takes place outside of the test boundary.

Corrections may be applied to convert all test results to standard ambient conditions for comparison
purposes.

4.2.11 WATER FOR HUMIDIFICATION

Some FCS’s may use water for humidification of reactants that is separate from the coolant. This water
may require conditioning in order to maintain dielectric properties specifically required for fuel cell
applications.

4.2.12 DATA ACQUISITION AND TIMING EQUIPMENT

Data acquisition and logging should be provided to record test results. Automatic data acquisition is
preferred, however a manual log of test activities and key results should be included in the test report.
Data acquisition should provide for resolution sufficient to support any claim by the manufacturer. This
minimum resolution is required after filtration or other signal conditioning has been applied. Therefore the
sampling rate of the data acquisition system may have to be much faster than that required to meet the
minimum log rate.

Timing equipment should be provided for the time stamping of logged data, averaging of test data, and

for assessing transient performance response. This timing may be accomplished by automatic data
acquisition and logging systems or by manual means.
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4.2.13 TEST INSTRUMENTATION REQUIREMENTS

Test instrumentation should meet the accuracy requirements of reference 14. All test instrumentation
used in the measurement of performance variables should be traceable in accordance with NIST
standards.

4.2.14 TEST EQUIPMENT CALIBRATION

All test equipment and related instrumentation should maintain a high level of calibration to ensure that all
testing is performed accurately. This calibration should be conducted in accordance with reference 14.
Documentation of calibration should be traceable in accordance with NIST standards. The design and
calibration of the test equipment should allow for control of the test parameters in accordance with
reference 14. To ensure adequate accuracy in the instrumentation an uncertainty error analysis should
be performed on critical measurements and their impact on reported performance results (see section
6.1.5).

4.2.15 PRE-TEST RECORDS

Pretest records should follow reference 14. At a minimum the following should be documented regarding
the test article.

—General physical conditions (e.g. serial number, photos and drawings)

—Nominal (pre-test) performance data

—Operating limitations supplied by the manufacturer

—Temporarily non-functional components or sub-systems, reason for lack of function, and anticipated
impact on test results

4.3 Inspection of Test Items and Connections to Facilities and Equipment

431 COMPONENT CERTIFICATION

Components, connections, and systems should be designed, built, and tested to relevant national or
international standards (SAE, ASME, ISO, etc.) and meet applicable local, state, and federal regulations.

43.2 LEAK DETECTION AND GAS PURGING

All test equipment and the FCS should be leak tested prior to test with an inert gas such as Nitrogen.
This test should follow the recommended practice of reference 2.

Subsequently all lines containing combustible gases are to be purged with an inert gas before and after
all testing, and prior to any maintenance work performed on these lines.

4.3.3 ELECTRICAL CONNECTIONS

Electrical equipment and connections are to be designed in accordance with reference 2.
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4.3.4 ELECTRICAL ISOLATION
All test equipment is to be electrically grounded and bonded in accordance with reference 2.
435 FUNCTIONAL CHECK

The complete test system should be determined to be functionally sound prior to test. This determination
requires a test of both system hardware and control functions, data acquisition systems and test safety
equipment. Results of this test should be included in the test report. The responsibility for this testing
should be determined by the testing parties. The test components that comprise the FCS may be
addressed separately by separate parties if documentation of each test component is provided in the test
report.

4.3.6 CONNECTIONS BETWEEN TEST FACILITY AND TEST ARTICLE

Prior to the start of testing, all mechanical connections between the test article and the test facility should
be verified as leak tight and electrical connections should be verified as sound. The connections may
include fluid supply connections, drains, electrical connections, instrumentation signal connections, power
supply and load system connections.

4.4 Pretreatment Procedures

441 AMBIENT TEMPERATURE AND PRESSURE

Ambient temperature and pressure should be per reference 14. Test results from tests run at conditions
other than those indicated as standard should be converted to account for this difference.

4.4.2 EQUIPMENT TEMPERATURE
The FCS should be at thermal equilibrium prior to the start of testing. This equilibrium should be
determined according with test intent. Examples include testing at ambient conditions, and starting from

extreme cold temperatures.

One exception to this requirement is for tests of hot restart time, when FCS temperatures are transient
and system dependant.

A second exception regards portions of the FCS which include means for sustained avoidance of thermal
equilibrium (e.g. keeping water at elevated temperatures with electric heaters). These portions of the FCS
are not required to reach ambient temperature as long as the supplemental energy for the additional
functionality is accounted for.

Other exceptions may be agreed to by the testing parties depending on the intent of the performance test.
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