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Foreword

This recommended practice document was prepared by the Performance Working Group within the SAE
Fuel Cell Standard Committee. This document is consistent with the J2615 Fuel Cell System and J2617
Fuel Cell Stack System Performance Test documents. It has also been submitted to ISO/TC22 for
consideration as an international recommended practice document for vehicles. This document also
strives to be consistent with ASME PTC-50 “Fuel Cell Power Systems Performance” for stationary power
applications, and as such, references some of the same practices and techniques.

1. Scope

This recommended practice is intended to serve as a design verification procedure and not a product
qualification procedure. It may be used to verify design specifications or vendor claims. Test
procedures, methods and definitions for the performance of the fuel processor subsystem (FPS) of a fuel
cell system (FCS) are provided. Fuel processor subsystems (FPS) include all components required in
the conversion of input fuel and oxidizer into a hydrogen-rich product gas stream suitable for use in fuel
cells. Performance of the fuel processor subsystem includes evaluating system energy inputs and useful
outputs to determine fuel conversion efficiency and where applicable the overall thermal effectiveness.
Each of these performance characterizations will be determined to an uncertainty of less than £ 2% of the
value.

The method allows for the evaluation of fuel processor subsystems for two general cases.

o Compare fuel processors with different designs (e.g., catalytic partial oxidation reforming, autothermal
reforming or steam reforming) on a common basis where no specific fuel cell system design has been
identified.

¢ Assess the performance of a specific fuel processor in the context of a specific fuel cell system design.

This document applies to all fuel processor subsystems for transportation applications regardless of fuel
processor type, fuel cell type, electrical power output, thermal output, or system application (propulsion or
auxiliary power unit (APU)). For example, the fuel processor subsystems associated with proton
exchange, molten carbonate and solid oxide fuel cells can differ due to the requirements of the fuel cells
themselves.
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Performance of the fuel processor subsystem, and preprocessor if applicable, is evaluated. A stand
alone fuel processor “system” or even the primary reactor (e.g., autothermal, partial oxidation or steam
reforming reactor) of a fuel processor subsystem that would normally be integrated into a fuel cell system
can be evaluated. The fuel processor together with the preprocessor (if required) converts the fuel
(gasoline or other liquid hydrocarbon) to a reformate gas consisting largely of H,, CO, CO,, H,O and N, (if
air is used). After the fuel processor subsystem, reformate gas typically contains only trace levels of
carbon bearing components higher than C,. The FPS would be evaluated in a test facility that is
designed to evaluate a stand-alone component rather than a portion of the reformer such as a specific
catalyst or a particular vessel design.

Any fuel(s) mutually agreed to by the test parties can be used such as 1) straight run gasoline (EPA Fuel-
CARB reformulated gasoline Tier Il, 30 ppm sulfur), or 2) methanol or 3) hydrocarbon fuel such as iso-
octane, naptha, diesel, liquefied natural gas (LNG) or LPG (propane), etc.

The procedures provide a point-in-time evaluation of the performance of the fuel processor subsystem.
Steady state and transient (start-up and load-following) performance are included. Methods and
procedures for conducting and reporting fuel processor testing, including instrumentation to be used,
testing techniques, and methods for calculating and reporting results are provided. The boundary limits
for fuel and oxidant input, secondary energy input and net energy output are defined. Procedures for
measuring temperature, pressure, input fuel flow and composition, electrical power and thermal output at
the boundaries are provided.

Procedures for determination of the FPS performance measures such as fuel processor efficiency and
cold gas efficiency at a rated load or any other steady state condition are provided. Methods to correct
results from the test conditions to reference conditions are provided.

Sl units are used throughout the recommended practice document.
1.1 Limitations of Test Procedure

Performance measures included in this document are consistent with generally accepted conventions.
Efficiency, for example, is based on hydrogen (or hydrogen and carbon monoxide in the case of solid
oxide fuel cells) produced or consumed divided by fuel fed. This convention for fuel processor efficiency
is not consistent with a strict thermodynamic definition of thermal efficiency based on a rigorous energy
and material balance. Building on this convention, the recommended practice provides a method to
evaluate fuel processor subsystems based on different designs or different scope (e.g., air compression
or fuel pumping included or excluded). An approach based on ASME PTC 50 is provided that allows the
test parties to adjust the efficiencies for systems operating at other than reference conditions during a
performance test. In its simplest application, the approach enables the user to correct performance
measures to a consistent basis without having to identify a specific fuel cell system or make assumptions
about the performance of other subsystems. If the user has this information the approach allows for
corrections for efficiencies of other subsystems or components (e.g., oxidant compression/expansion,
water pump, or fuel pump). Terms are included that correct the compression energy for other
inefficiencies in the system such as power conditioner inefficiency or electrical/mechanical conversion
inefficiency. Values for these terms can be 1) provided based on the design of a specific system, 2)
estimated based on typical values for these type of energy conversion processes, or 3) omitted from the
expressions and results reported on an ideal compression basis. Option 3 introduces the least error in
the reported efficiency value. Option 3 would also be the approach the user would use if the user wanted
to use the measured FPS efficiency in the expression for overall fuel cell system efficiency given below.
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MNrcs = Mrps *Mecss * e * Mel./ mech (Eq. 1)

In other words, the calculations to support the determination of FPS efficiency as provided in the
recommended practice document collapse to a form that is suitable for incorporation in the generally
accepted expression.

The following additional limitations are identified:

a. Excludes performance evaluation over the Federal Urban Driving Schedule (FUDS) driving cycle.
Performance over FUDS driving cycle is left for evaluation at the vehicle level. A transient test is
included to evaluate response of system to step change in input demand.

b. Assumes component is provided in its final form, i.e., insulated, inlet connections to receive fuel,
steam or air (if required), and exhaust connections to vent reformate gas to flare stack or hood.

c. Excludes sulfur greater than 30 ppm as described above. It is assumed that impacts of sulfur or
other contaminants such as chlorides will be addressed by a separate life cycle test to evaluate long-
term performance.

d. Excludes consideration for manufacturers sampling for production.

e. Assumes specifications for catalyst conditioning are developed and agreed to by the testing parties.

f.  Excludes survivability tests i.e., tilt, vibration, extremes in ambient conditions. These standard tests
will be developed at a later date.

g. Does not address performance tests for specific components such as shift reactors or heat
exchangers.

h. Excludes tests for environmental factors such as tilt.

i. Excludes tests for human factors such as acoustics/noise, vibration, harshness.

j. Intended to be a point-in-time test and therefore does not address aging studies or life.

k. Excludes performance tests for evaluating reliability.

I.  Excludes discussion of general safety. Fuel cell system safety is covered by J2578 document.
Safety concerns and precautions unique to the FPS are addressed.

m. Excludes vehicle level performance (efficiency, acceleration, emissions, etc.) evaluation.

n. Excludes contamination.

0. Excludes emissions characterization.

p. Does not assess performance on any cost basis.

An example of a fuel contaminant which is likely to have a cumulative effect on some systems’
performance is sulfur (as determined by ASTM D 129, D 1266, D 1552, D 2427 or D 5453). Another is
chlorine but, there are many others that can affect system performance through catalyst degradation. For
these reasons, fuel composition and quality have implications far beyond simple heating values and far
beyond the implications for other types of energy converters. Degradation in long-term performance due
to the presence of contaminants in the fuel is not considered.
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2. References
2.1 Applicable Publications

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

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

SAE J312—Automotive Gasolines

SAE J1515—Impact of Alternative Fuels on Engine Test and Reporting Procedures

SAE J1715—Electric Vehicle Definitions Document

SAE J1829—Stoichiometric Air-Fuel Ratios of Automotive Fuels

SAE J2574—SAE Information Report—Fuel Cell Electric Vehicle Terminology

SAE J2578—Recommended Practice for General Fuel Cell Vehicle Safety

SAE J2615—Testing Performance of Fuel Cell Systems for Automotive Applications

SAE J2617—Testing Performance of PEM Fuel Cell Stack Subsystem for Automotive Applications

NSO RO =

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

9. ASTM D 129—Test Method for Sulfur in Petroleum Products (General Bomb Method)

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

11. ASTM D 482—Test Method for Ash from Petroleum Products

12. ASTM D 1018—Test Method for Hydrogen in Petroleum Fractions

13. ASTM D 1217—Test Method for Density and Relative Density (Specific Gravity) of Liquids by
Bingham Pycnometer

14. ASTM D 1266—Test Method for Sulfur in Petroleum Products (Lamp Method)

15. ASTM D 1298—Density, Relative (Specific Gravity) or API Gravity of Crude Petroleum and Liquid
Petroleum Products by Hydrometer Method

16. ASTM D 1552—Test Method for Sulfur in Petroleum Products (High-Temperature Method)

17. ASTM D 2427—Instrumental Determination of C2 through C5 Hydrocarbons in Gasolines by Gas
Chromatography, Determination of Carbon, Hydrogen, and Nitrogen in Petroleum Products and
Lubricants.

18. ASTM D 2427—Mercaptan Sulfur in Gasoline, Kerosene, Aviation Turbine, and Distillate Fuels
(Potentiometric Method)

19. ASTM D 3228—Test Method for Nitrogen in Lubricating Oils and Fuel Oils by Modified Kjeldahl
Method

20. ASTM D 3231—Phosphorus in Gasoline

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

22. ASTM D 4057—Manual Sampling of Petroleum and Petroleum Products

23. ASTM D 4177-95 (C2000)—Practice for Automatic Sampling of Petroleum and Petroleum Products

24. ASTM D 4809—Heat of Combustion of Liquid Hydrocarbon Fuels by Bomb Calorimeter
(Intermediate Precision Method)
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25. ASTM D 4809-95—Heat of Combustion of Liquid Hydrocarbon Fuels by Bomb Calorimeter
(Precision Method)

26. ASTM D 4814—Specification for Automotive Spark-Ignition Engine Fuel

27. ASTM D 5453—Determination of Total Sulfur in Light Hydrocarbons, Motor Fuels, and QOils by
Ultraviolet Fluorescence

28. ASTM D 5622—Determination of Total Oxygen in Gasoline and Methanol Fuels by Reductive
Pyrolysis

2.1.3 OTHERS

29. CRC Handbook of Chemistry and Physics, edited by R. C. Weast, and M. J. Astle, Chemical Rubber
Company (CRC) Press, Inc., 1981

30. Chemical Engineer's Handbook, 5" edition, edited by R. H. Perry and C. H. Chilton, McGraw-Hill
Book Company, 1973

31. 40 CFR Chapter 1 — 86.113-04 Fuel Specifications

32. ASME PTC 19.1 Appendix B Uncertainty Analysis

33. 1&A, Leakage Measurement, ASME PTC 19.21

34. I&A, Pressure Measurement ASME PTC 19.2

35. ASME Temperature Measurement and Calibration ASME PTC 19.3

36. ASME Fluid Flow Measurement PTC 19.5

37. ASME PTC 50 on Fuel Cell Power Systems Performance, November 29, 2002

38. Steam - lts Generation and Use, 40" ed. Babcock & Wilcox, 1992

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

40. NIST Special Publication 811, Guide for the Use of the International System of Units (Sl), NIST,
1995 edition

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

42. API Technical Data Book

43. Fuel Cell Systems Explained. James Larminie and Andrew Dicks. John Wiley & Sons, Ltd.
Chichester. 2000.

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

45. U.S. Fuel Cell Council Fuel Cell Glossary, Second Edition, May 2000

46. Meyer, C. A, et al., ASME 1983 Steam Tables, 5" ed., The American Society of Mechanical
Engineers, New York, 1983.

47. Bosch Automotive Handbook 5" Edition, June 12, 2001.

3. Definitions

The primary reference for fuel cell terminology is SAE Standard J2574. Another important reference for
fuel cell terminology is the U.S. Fuel Cell Council’s Glossary (May 2000). Some definitions that are
required for fuel processor testing, but that are not included in J2574 are listed below. Where differences
occur between the various references the definitions as provided here will apply.

3.1 Air

Standard air composition assumes 60% relative humidity (0.0128 kg water/kg dry air at 25 °C) and inerts
included as nitrogen.
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Mass Fraction N,+Inerts 0.7586 (wet basis)
Mass Fraction O, 0.2286 (wet basis)
Mass Fraction H,O 0.0128 (wet basis)

3.2 Air Processing Sub-system (APS)

The assembly of components that deliver 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.

3.3 Consistent Liquid or Gaseous Fuels
Fuels with a heating value that varies less than one percent over the course of a performance test.
3.4 Cold Gas Efficiency

The quotient of lower heating value of useful gases exiting the fuel processor divided by the lower heating
value of fuel fed to the reformer.

3.5 Electric Load System

A device used to apply electric 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.

3.6 Fuel Cell Control 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.

3.7 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.
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3.8 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.

3.9 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 FPS 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 FPS 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.

3.10 Fuel Processor Subsystem Efficiency

The fuel processor subsystem efficiency is defined as the lower heating value of hydrogen (or hydrogen
plus CO in the case of the solid oxide fuel cells) consumed by the fuel cell plus any hydrogen (plus CO)
vented from the fuel cell divided by the lower heating value of fuel fed to the fuel processor. The fuel
processor subsystem efficiency also may be defined as the lower heating value of hydrogen (plus CO)
produced by the fuel processor divided by the lower heating value of the fuel fed to the fuel processor. If
any hydrogen-depleted anode gas is recycled to the fuel processor subsystem from the fuel cell, then the
lower heating value of this recycled gas is subtracted from the lower heating value of the hydrogen (plus
CO) produced by the fuel processor subsystem.

3.11 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.

3.12 Heat Input

The flow of fuel(s) multiplied by the higher heating value (HHV) or lower heating value (LHV) of the
fuel(s).

3.13 Heat Sink

The reservoir to which the heat rejected by the system is transferred. For an evaporative or dry air-
cooled heat exchanger system, the reservoir is the ambient air.
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3.14 High or Gross Heating Value or (HHV)

The enthalpy change or heat of combustion per unit quantity of fuel, when all combustion product water is
condensed to liquid water and all associated heat is recovered. This is the highest possible heat of
combustion of a particular fuel at specified conditions, and typically serves as basis for heating value for
the fuel buyer. Reference state of products of reaction is 288.15 K and 101 325 Pa. The higher heating
value of liquid fuels can be determined with ASTM D 240, ASTM D 4809 or ASTM D 4809-95. The
higher heating value of gaseous fuels can be determined with ASTM D 3588-98.

3.15 Idle Power

This is the gross power level at which the FCS operates when no external load is applied (i.e., zero net
power). This power level is sufficient to supply all parasitic power required by the FCS. A fuel processor
subsystem performance test would be conducted at the FPS load corresponding to this condition.

3.16 Lower or Net Heating Value (LHV)

The enthalpy change or heat of combustion per unit quantity of fuel assuming all water remains as vapor.
This is the lowest possible heat of combustion of a particular fuel at specified conditions and when used
in calculations, results in the highest values of power plant efficiency. Lower heating value can be
calculated from the measured higher heating value (e.g., ASTM D 240) as follows:

QLHV(net, 15 °C) = QHHV(gross, 15 °C) - 0.2122 x H

Where:

QLHV(net, 15 °C) = net heat of combustion at constant pressure, MJ/kg
QHHV(gross, 15 °C) = gross heat of combustion at constant volume, MJ/kg
H = mass % of hydrogen in the sample

3.17 Maximum Continuous Power

Operating condition corresponding to the maximum continuous power achievable in the fuel cell system
without intervention. The FPS load corresponding to this operating point.

3.18 Maximum Design Efficiency Power

Operating condition corresponding to the maximum design efficiency power of the fuel cell system. The
FPS load corresponding to this operating point. Note that the fuel processor maximum operating design
efficiency point may not correspond to the maximum efficiency design point for the fuel cell system.

3.19 Peak Power

The maximum instantaneous net power output of the FCS. The FPS load corresponding to this operating
point.
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3.20 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.

3.21 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.

3.22 Pressure and Temperature

Expressed as total values unless otherwise specified. The total or stagnation properties (pressure and
temperature) of a fluid stream are those that would exist if the stream were diffused adiabatically and
reversibly, i.e., isentropically, to zero velocity.

3.23 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: 101 325 Pa (1 atmosphere, 14.696 psia, 101.325 kPa)

Air: 60% relative humidity (0.006 kg H,O/kg dry air) at 15 °C

3.24 Reformate Gas or Reformate

The product of a fuel processing sub-system, generally rich in hydrogen. This gaseous fluid results from
the reformation of the fuel within the 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.

3.25 Secondary Thermal Energy Inputs

The additional heat inputs to the test boundary which must be accounted for, such as cycle make-up and
process condensate return.

3.26 Secondary Energy Input

The additional energy inputs to the test boundary which must be accounted for, such as electrical
resistance heating.

3.27 Standard Temperature and Pressure (STP)

101 325 Pa (14.696 psia), 273.15 K (0 °C, 32 °F).
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3.28 Test Boundary

Identifies the energy streams required to calculate corrected results.

3.29 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.

3.30 Test Operator(s) / Personnel

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

3.31 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.

3.32 Test Reading

One recording of all required test instrumentation.

3.33 Test Run

A group of test readings taken while the fuel cell power system is operating at steady state at a specified
operating condition.

3.34 Test Stand

The fixture and supporting equipment in which a fuel processor subsystem is placed to conduct a
performance test.

3.35 Test Subject

The fuel processor subsystem or component of the fuel processor subsystem that is being evaluated in
the test facility.

3.36 Thermal Efficiency

The ratio of the energy output (electrical and shaft) to the energy supplied to the power system,
expressed as a percentage. In most fuel cell systems shaft work is not produced. For these systems,
thermal efficiency is synonymous with electrical efficiency.

3.37 Thermal Management Sub-system (TMS)

The assembly of components which provide both thermal and water management for the fuel cell system.
The thermal management sub-system may include an accumulator, pump, radiator and/or condenser.
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3.38 Turndown

Gross continuous power to gross idle power level.

3.39 Vehicle Control System (VCS)

A system that regulates the operation of the vehicle in response to driver demand and vehicle system

conditions.

3.40 Water Balance Power Level

The net power level at which the FCS is able to maintain (coolant) balance. The fuel processor
subsystem load corresponding to this operating point.

3.41 Water Treatment Sub-system (WTS)

The assembly of components which provide the treatment necessary for the process water 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.

4. Nomenclature, Physical Constants and Units
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FUDS

Mole fraction carbon in fuel

Mole fraction carbon monoxide in reformate, wet basis

Mole fraction carbon dioxide in reformate, wet basis

Mole fraction hydrogen in fuel

Mole fraction hydrocarbon in reformate, wet basis

Mole fraction hydrogen in reformate, wet basis

Mole fraction water in fuel/reformate

Mole fraction nitrogen in fuel

Mole fraction nitrogen in air/reformate, wet basis

Specific heat (generalized) at constant pressure, kJ/kgK

Specific heat of fuel at the test boundary (at constant pressure), kJ/kgK

Specific heat of fuel liquid phase at the test boundary (at constant pressure), kJ/kgK
Specific heat of fuel vapor phase at the test boundary (at constant pressure), kJ/kgK
Specific heat of reformate at the test boundary (at constant pressure), kJ/kgK
Specific heat of heat transfer fluid at the test boundary (at constant pressure), kJ/kgK

Kilowatt-hours into the system crossing the test boundary, kW-h
Auxiliary energy

Compression energy

Fuel pressure energy input

Oxidant pressure energy input

Reformate pressure energy output

Recycled gas from fuel cell exhaust pressure energy input
Water pressure energy input

Auxiliary electrical input

Test site elevation, meters

Federal Urban Driving Schedule

Documents

Document Sharing Hub

Full document details: SAE J2616_201108


http://avadocuments2026.com/doc/sae-j2616-201108
http://avadocuments2026.com/doc/sae-j2616-201108

SAE

J2616 Stabilized AUG2011 Page 13 of 61

AH

fvap

HHV

(]

H

htfin

H

htfout

LHV,,
LHV,

avg

Heat of vaporization of fuel, kd/kg

Fuel higher heating value at the test boundary for calculations based on High Heating Value,
kJ/kg

Average enthalpy of the secondary thermal input heat transfer fluid entering the fuel processor
at the test boundary, kJ/kg

Average enthalpy of the secondary thermal input heat transfer fluid exiting the fuel processor
at the test boundary, kJ/kg

Average enthalpy of the oxidant entering the fuel processor at the test boundary, kJ/kg
Average enthalpy of water entering fuel processor at the test boundary, kJ/kg

Auxiliary electrical input current at the test boundary, amps
Auxiliary electrical input power into the test boundary, kWe

Lower heating value of hydrogen, 120 000 kJ/kg

Lower heating value of carbon monoxide, 10 100 kJ/kg

Fuel lower heating value at the test boundary for calculations based on Lower Heating Value,
kJ/kg

Overall material balance closure, %

Carbon component balance closure, %

Nitrogen component balance closure, %

Total fuel flow to the fuel processor during the test or data period, kg

Fuel flow rate into the test boundary during the data period (may be used to calculate the total
fuel flow by integrating the flow rate over the data period), kg/s

Molecular weight of the fuel, kg/kmol

The mass of heat transfer fluid into and out of the fuel processor from the source of secondary
thermal energy during the test period, kg

The mass flow rate of heat transfer fluid into and out of the fuel processor from the source of
secondary thermal energy during the data period (may be used to compute the total flow by
integrating over the data period), kg/s

Total oxidant flow to the fuel processor during the test period, kg

Oxidant flow rate into the test boundary during the data period (may be used to calculate the
total oxidant flow by integrating the flowrate over the data period), kg/s

Molecular weight of the oxidant (28.9644 kg / kmol for standard dry air), kg/kmol

Total reformate flow exiting the fuel processor subsystem during the test or data period, kg
Reformate flow rate exiting the test boundary during the data period (may be used to calculate
the total reformate flow by integrating the flow rate over the data period), kg/s

Total recycled gas flow from fuel cell exhaust, kg

Recycled gas flow rate from exhaust of fuel cell, kg/s

Molecular weight of the reformate based on gas analysis, kg/kmol

The mass of water into the fuel processor during the test period, kg

The mass flow rate of water into the fuel processor during the data period (may be used to
compute the total flow by integrating over the data period), kg/s

Number of moles of component i
Oxygen-to-carbon molar ratio

Barometric pressure at the test site, kPa
Fuel pressure at the test boundary, kPa (absolute)
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Average oxidant pressure at the test boundary, kPa (absolute)

Reformate pressure at the test boundary, kPa (absolute)

Pressure of recycled gas from fuel cell, kPa (absolute)

The average pressure of the secondary thermal input heat transfer fluid entering the fuel
processor at the test boundary (may be used to calculate the enthalpy of the heat transfer
fluid), kPa (absolute)

The average pressure of the secondary thermal input heat transfer fluid leaving the fuel
processor at the test boundary (may be used to calculate the enthalpy of the heat transfer
fluid), kPa (absolute)

P The average pressure of the water entering the fuel processor at the test boundary (may be
used to calculate the enthalpy of the water), in kPa (absolute)

Electrical resistance heating of system

Fuel chemical energy Input

Fuel thermal energy (enthalpy) input

Total input energy

Heat loss from fuel processor subsystem
Oxidant thermal energy (enthalpy) input
Recycled gas from fuel cell chemical energy input
Recycled gas from fuel cell thermal energy input
Reformate chemical energy output

Reformate thermal energy output

Secondary thermal energy (enthalpy) input
Secondary thermal energy (enthalpy) output
Water thermal energy (enthalpy) input
Reformate gas thermal energy output

elec

oss

3

a

gt

wt

Relative humidity at the test site, percent R.H.
Relative humidity of the fuel, at the test boundary, percent R.H.
Ru Universal gas constant 8.314 kJ/kmol K

Time of the test period, h

Ambient temperature at the test site, K

Boiling point temperature of liquid fuel, K

Cooling system heat sink temperature, K

Fuel temperature at the test boundary, K

Reformate temperature at the test boundary, K

The average temperature of the secondary thermal input heat transfer fluid entering the fuel
processor at the test boundary (may be used to calculate the enthalpy of the heat transfer
fluid), K

The average temperature of the secondary thermal input heat transfer fluid leaving the fuel
processor at the test boundary (may be used to calculate the enthalpy of the heat transfer
fluid), K

Temperature of oxidant, K

Reference temperature (15 °C) = 288.15 K

Temperature of recycled gas from fuel cell, K

Time of the data period, h

The average temperature of the water entering the fuel processor at the test boundary (may
be used to calculate the enthalpy of the water), K

—

\Y Auxiliary electrical input voltage, at the test boundary in volts
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X Mass fraction carbon in fuel

Xso Mass fraction carbon monoxide in reformate, wet basis
Xcoz Mass fraction carbon dioxide in reformate, wet basis
X, Mass fraction hydrogen in fuel

Xic Mass fraction hydrocarbon in reformate, wet basis
X Mass fraction hydrogen in reformate, wet basis
Xino Mass fraction water in fuel/reformate

X, Mass fraction nitrogen in fuel

Xy Mass fraction nitrogen in air/reformate, wet basis
X, Mass fraction sulfur in fuel

Greek Symbols

d Steam-to-carbon ratio

n Efficiency

A Stoichiometric air/fuel ratio

v Specific volume, m’/kg

) Fuel equivalence ratio

Subscripts

a Anode gas

amb Ambient conditions

aux Auxiliary

cc Carbon conversion

cge Cold gas efficiency

CH Hydrocarbon

CH4 Methane

C3H8 Propane

CcO Carbon monoxide

cOo2 Carbon dioxide

Cooling Cooling system heat sink

el/mech Electrical to mechanical conversion

FCS Fuel cell system

FCSS Fuel cell stack subsystem

FPS Fuel processor subsystem

H,H2 Hydrogen — elemental or molecular

H20 Water or steam

in System boundary inlet

lig Liquid phase

N,N2 Nitrogen — elemental or molecular

f Fuel

htf Secondary heat transfer fluid

o} Oxidant or air

out System boundary outlet

PC Power conditioner

r Reformate

rg Recycled gas from fuel cell

Ref Reference conditions

t Thermal

vap Vapor phase

w Water or steam
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5.

TABLE 1—CONSTANTS AND PHYSICAL PROPERTIES

Constant or Physical Property Units Value Ref.
Universal gas constant, Ru kd/kmol K 8.314 29.
Molecular Weight of Air (dry) kg/kmol 28.964 29.
Molecular Weight of Methane kg/kmol 16.043 29.
Molecular Weight of Propane kg/kmol 44.09 29.
Molecular Weight of Carbon Monoxide kg/kmol 28.010 29.
Molecular Weight of Carbon Dioxide kg/kmol 44.010 29.
Molecular Weight of Carbon kg/kmol 12.011 29.
Molecular Weight of Hydrogen kg/kmol 2.016 29.
Molecular Weight of Nitrogen kg/kmol 28.013 29.
Molecular Weight of Water kg/kmol 18.015 29.
Molecular Weight of Oxygen kg/kmol 31.999 29.
Standard Temperature K 273.15 29.
Standard Pressure kPa 101.325 29.
Reference Temperature K 288.15 N/A
Reference Pressure kPa 101.325 N/A
LHV of hydrogen kd/kg 120,000 30.
LHV of carbon monoxide kd/kg 10,100 30.
HHV of hydrogen kd/kg 142,000 30.
HHYV of carbon monoxide kd/kg 10,100 30.
Boiling point of gasoline K 488.15 47.

Pre-test Conditions

This section outlines the recommended steps required to plan, conduct, and evaluate a performance test
of a fuel processor subsystem (FPS). The subsections discuss the following:

5.1

NookwNd =

Definition of Test Subject with Schematic

Specifications of Test Facility and Equipment

Inspection of Test Subject and Connections to Facilities and Equipment

Pretreatment Procedures
Test Plan

Training of Test Personnel
Agreements

Definition of Test Subject with Schematic

A generic fuel cell power system block diagram is shown in Figure 1. The fuel cell combines fuel (usually
hydrogen derived from hydrocarbon fuels) and oxygen (usually from air) to produce dc power, water, and
heat. In cases where CO, CH,, or methanol is reacted in the cell to produce hydrogen, CO, is also a
product. These reactions are carried out at a suitable temperature and pressure for fuel cell operation. A
system must be built around the fuel cells to supply air and clean fuel, convert the power to a more
usable form such as quality dc or ac power, and remove the depleted reactants and heat that are
produced by the reactions in the cells. The components of that system are typically as follows:
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Fuel Supply can be as simple as a hookup to a filtered, regulated gaseous fuel source (hydrogen,
natural gas, propane, etc.) or can include a liquid fuel such as methanol, gasoline or diesel fuel or
gaseous fuel.

Oxidant Supply usually consists of a means of providing fresh air to the system, typically with a
compressor or blower.

Fuel Processing involves a variety of steps, depending on the fuel cell type. If the fuel cell is running on
bottled hydrogen, fuel processing is minimal. Fuel cell power system for transportation applications may
be run on common liquid fuels, such as methanol, gasoline or diesel. Fuel processing usually involves
cleaning to remove possible fuel cell poisons (e.g. sulfur compounds). It can include reforming of the fuel
to produce hydrogen (in “externally reformed” systems) or this function can occur inside the stacks in
some types of fuel cells, e.g., direct-methanol fuel cells. The fuel processor may also include other
equipment, such as shift reactors, CO oxidation reactors, higher hydrocarbon removal, etc.

Heat Recovery systems in fuel cell systems usually consist of fairly conventional heat exchange
equipment that is used to extract waste heat (typically from the system exhaust stream) to provide
reactant preheat and steam generation.

Cogeneration Heat Recovery consists of equipment to export thermal energy for use outside the fuel
cell or fuel processor subsystem, e.g., heating for passenger compartment.

Power Conditioning involves conversion of the DC power output from the electrochemical fuel cells to
useful power. This usually involves inversion to produce AC power suitable for the intended purpose, but
it can also include the production of regulated DC or “chopped’” DC as in the case of automotive
applications.

Fuel Cell Stack consists of the fuel cell stack or stacks that produce the DC power.

This document applies to the fuel processor subsystem as shown in Figure 1. A test boundary can be
defined for the FPS as shown in Figure 2. Input and output streams for the FPS can be defined.
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Fuel cell System (FCs)

Flow Key

——>» Process
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Processing ———% Power
Sub-system
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Air

Air Processing
Sub-system Power
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Water Treatment uel Cell X oo f L »  Heat
Sub-system Control
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Power Control
System
(VCS)
FIGURE 1—SCHEMATIC ILLUSTRATING A GENERIC FUEL CELL SYSTEM
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Test Boundary

__________________ .
Fuel - Tf, .Pf, Mf, ch, Qf, th, = > I T — geformaz[.e T, P,,M,, Ec,, Qra Qrt:
Composition omposiuon

Water — Tw; Pw; Mw; ECW, —_—

0., Waste Thermal Energy

= Heat Transfer Fluid — Thn, Thous

My, Oy

Oxidant — To> Po> Mo; ECa> Qotr Heat Loss Q
= Nloss

Composition (air or O,) ——

Fuel Cell Recycled Gas - T,,, =———————>

Prga Mrg, ECrg> Qrga Qrgta
Composition

Secondary Energy
Electrical -EE,
Heat transfer fluid

—> Needed for test calculation including heat transfer
fluids that provide input energy

== Not required for test calculation but could be used
for check on overall energy balance

FIGURE 2—GENERIC FUEL PROCESSOR SUBSYSTEM TEST BOUNDARY
5.1.1 TEST BOUNDARY OF TEST SUBJECT

The test boundary as defined in Figure 2 serves to define the interfaces used for measurement of
performance parameters. The test boundary and the pertinent material and energy streams that cross
the test boundary are to be determined and agreed upon by the test parties during the preparations for
the performance test.

Different fuel processor technologies will yield unique configurations. In every system, however, fuel and
an oxidant will cross the boundary into the unit and reformate gas, and at least one heat and waste
stream will cross the boundary out of the unit. Each unique fuel processor subsystem can have
numerous additional streams into and out of the system. These streams of material and energy into and
out of the subsystem need to be identified, quantified as to significant energy content, and measured if
significant to evaluate the system performance. The specifics of the interfaces are left to the testing
parties to define and should be documented in the test report.
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