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ABSTRACT

Zero Emission Vehicles (ZEVs) are necessary to help reduce the emissions in
the transportation sector which is responsible for 40% of overall greenhouse gas
emissions. There are two types of ZEVs, Battery Electric Vehicles (BEVs) and
Fuel Cell Electric Vehicles (FCEVs)

Commercial Success of BEVs has been challenging thus far also due to limited
range and very long charging duration. FCEVs using H2 infrastructure with SAE
J2601 and J2799 standards can be consistently fuelled in a safe manner, fast
and resulting in a range similar to conventional vehicles. Specifically, fueling with
SAE J2601 with the SAE J2799 enables FCEVs to fill with hydrogen in 3-5
minutes and to achieve a high State of Charge (SOC), resulting in 300+ mile
range, without exceeding the safety storage limits. Standardized H2 therefore
gives an advantage to the customer over electric charging.

SAE created this H2 fueling protocol based on modeling, laboratory and field
tests. These SAE standards enable the first generation of commercial FCEVs
and H2 stations to achieve a customer acceptable fueling similar to today's
experience.

This report details the advantages of hydrogen and the validation of H2 fueling
for the SAE standards.

INTRODUCTION

In 2015, automakers worldwide have started the introduction of vehicles with
hydrogen-fueled powertrains for sale in the market. The powertrains in FCEVs
offer many advantages: high efficiency, zero tailpipe emissions, reduced
greenhouse gas footprint, and use of domestic and renewable energy sources.
To realize these benefits, hydrogen vehicles must be competitive with
conventional vehicles in regards to fueling time and vehicle range. A key to
maximizing the vehicle’s driving range is to ensure that the fueling process
achieves a complete fill to the rated Compressed Hydrogen Storage System
(CHSS) capacity. An optimal process will safely transfer the maximum amount of
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hydrogen to the vehicle in the shortest amount of time, while staying within the
prescribed pressure, temperature, and density limits. The SAE J2601 light duty
vehicle fueling standard has been developed to meet these performance
objectives under all practical conditions. It defines the fueling protocol and
operational fueling parameters that ensure that both station and vehicle maintain
the FCEV safety limits (e.g. SAE J2578) while delivering optimal fueling
performance. The results of the standard allow a FCEV under the target
conditions to be completely fueled within a few minutes.

The team working on SAE J2601 performed extensive simulation and sensitivity
studies which were validated through laboratory testing with representative
CHSS hardware and field testing with fuel cell vehicles. This report documents
an overview of SAE J2601 and J2799 as well as lab and field validation testing
for SAE J2601.

COMPARISON OF CHARGING BEVS VS. FUELING FCEVS

There are essentially three types of Zero Emission Vehicle (ZEV) infrastructures
today: BEVs with Alternating Current (AC) and Direct Current (DC) charging and
FCEVs with compressed hydrogen, primarily at 70MPa (though older vehicles
fueled with 35MPa). Figure 1. provides a comparison -per dispenser type- of the
potential range in miles & kilometers per day. The hydrogen infrastructure is
closer to the resulting vehicle range of gasoline per dispenser than electric
vehicles. Compared with gasoline, hydrogen (at 70MPa) fueling offers a closer
“to today” at approximately a third of the range possible per dispenser. However,
compared with DC Charging (up to 200kW) there is a shortfall of range over
hydrogen fueling which would require many more DC charging stations (40x) in
order to equal the range possible in one hydrogen dispenser (or 120x to equal
one gasoline dispenser.)

Potential ZEV Fuels

i F

80,000
km/day
50,000 2000 km/day
Miles/day 1250 Miles/day
T

Range of one dispenser [10° km / day]

Gasoline Hydrogen Electricity

HEV FCEV
Gasaline Refueling SAE J2601 T40 Refueling SAE J1772 50KW Fast Charge

Figure 1 Comparison of Range vs. Fuel Type (Gasoline & ZEV) Dispensers

Figure 2 provides a comparison of two SAE charging/fueling standards J1772
and J2601 with their respective BEV and FCEV types. Hydrogen has an
advantage as a ZEV infrastructure due to the fact there is a higher storage
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capacity of electrical energy storage per FCEV over BEVs. In figure 2, the
storage capacity (electric) the fueling time, and range are compared using a non-
descript C-Segment vehicle. This figure shows that FCEV fueling with hydrogen
offers an advantage of higher storage (up to 3 times), range (up to 3 times), and
shorter time (3 minutes vs. 20 minutes with DC or 8 hours with AC) when
compared to electric charging of BEVS of the same segment.

LD Electric Vehicle
Charging, SAE J1772

(Reference), BEV Reference

L.D. Fuel Cell Electric Vehicle
Fueling SAE J2601
Energy Storage at 70MPa

Reference Storage 30 kWh 100 KWH el. (5 kg H2)
Capacity in kWh

(C Segmem) (160kWH chem. x 60% FCEV eff.)
Current Maximum L.D. 85 kWh 200 kwH el.(10kg H2)

Storage Capacity +

(E Segment vehicle)
Fueling Time, Empty-
100% SOC (Reference

(330 kWH chem. x 60% FCEV eff)

3-8 hours / 8-20 hours 3-15 minutes within 4-7kg

Charging) (depending on storage, SOC, voltage) (T40/T30, Dispenser Types)

Fueling Time 20-60 minutes (to 80%) 3-5 minutes (T40 Dispenser)
Empty-100% SOG (Fast

Charging) (with _fast charge” with 60-200 kW required)

160 km (100%) / 130km (80%)

(Normal Charge / Fast Charge)

Average Reference Range 500 km+ (100%)

at 100% SOC (C-Segment)

Figure 2 Comparison of BEV Charging vs. FCEV Hydrogen Fueling
HYDROGEN FUELING OF FCEVS

Figure 3. provides and overview of the relevant components for hydrogen fueling.
This includes the station dispenser components connected to the FCEV while
located on a fueling pad. Many of these components are standardized in SAE,
CSA and ISO.

Ambient Temperature

~~~ Sensor

Breakaway _— Veﬁ]icle fueling receptacle

Nozzle + Communication /

Dispenser + —
Dispenser Controller

Temperature + —————
Pressure Sensors

Meter

—  Grounded and Bonded
~——__Fueling Pad

Cooling block

e Conﬁnressed Hydrogen

merm.;:l-ll-y activated pressure relief device (TPRD) -~ g Storage System (CHSS)

+ CHSS Temperature and Pressure Sensors -~

Figure 3 Hydrogen Fueling Components Overview (courtesy of ISO 19880-1)
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FCEVs store hydrogen fuel onboard in a compressed hydrogen storage system
(CHSS), made up of hydrogen containers, valves, tubes and thermally-activated
pressure relief devices. During the filling process of the CHSS, there is a
temperature rise of the gas within the container(s) (Type Ill or IV) due to heat of
compression effects and other thermodynamic phenomenon.

This heating effect is later dissipated over time through the container walls and
fittings. The fueling protocol must ensure that the hydrogen in the CHSS does not
exceed its maximum operating temperature.

The objective of successful fueling is to have the maximum amount of fuel
transferred in the shortest amount of time. In order to achieve the maximum
amount of fuel transferred or, ideally, a complete fill, hydrogen gas storage
container standards allow containers to be pressurized above their service
pressure, but below the maximum fill pressure (1.25 X service pressure). A
complete fill level equates to the CHSS being at service pressure at the
reference temperature of 15°C. Due to the heat rise during fueling, in most cases
the reference temperature will be exceeded at the end of fill. Therefore the
definition of a “complete fill” is based on the gas density (e.g., Ib/ft> or kg/m?) at
service pressure and 15°C, with constraints placed on the maximum fill pressure
(1.25 X service pressure) and temperature (85°C) that can be applied in
achieving this target density. In other words a “complete fill” equates to 100%
density based on the service pressure at 15°C. For example, for a storage
container rated at 70 MPa service pressure, a complete fill is achieved when
there is a density of 40 g/l. The term SOC (state of charge) is used to describe
the percent of complete-fill density achieved during fueling.

Hydrogen dispensers need to control the fueling process so that limits are not
exceeded and performance targets for fill time and density are achieved over a
wide variety of ambient and vehicle conditions.

A number of dispenser control strategies have been developed to manage
temperature rise when fueling compressed hydrogen gas containers. These
strategies vary in their approaches, ranging from elaborate implementations of
continuous communication of real-time pressure and temperature between the
vehicle and the dispenser, to simply limiting the flow rate during the fueling
process.

The Society of Automotive Engineers (SAE) as well as the International
Standards Organization (ISO) ISO TC 197 (WG 24) are cooperatively developing
a set of standards that will encompass vehicle fueling, hydrogen dispensers, and
process validation. SAE J2601 covers the fueling protocols for light duty gaseous
hydrogen surface vehicles.

This J2601 study only addressed light duty vehicle applications. This paper
describes the work done to validate the simulation and sensitivity studies for SAE
J2601 through controlled laboratory testing with representative CHSS hardware
and field testing with fuel cell vehicles.
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A simulation model was used to generate appropriate ramp rates and target
pressures for the J2601 fueling tables, as well as to derive the fueling parameters
for the non-standard MC Default Fill Protocol. The model considered the
thermodynamic properties of hydrogen, the constraints placed on the fueling
process, and environment effects and interactions.

Actual performance tests of hydrogen fueling were performed under a variety of
conditions, and the resulting temperature, pressure, and density (completeness
of fill) were compared with the simulation work. The mass of fuel transferred and
flow rates were also monitored and recorded. This provided validation of the
modeling at extreme and typical fueling conditions. It also provided confirmation
of the model-based look-up tables in a lab and field environment. These
validation tests for J2601 are documented in this report.

CHSS OPERATING BOUNDARIES

The fueling protocols in SAE J2601 are designed to ensure that the CHSS does
not operate outside of its normal operating boundaries. These boundaries
include the CHSS maximum temperature, operating pressure, and density.

For a 70 MPa CHSS (H70 pressure class), the temperature and pressure limits
are -40°C to 85°C and 0.5 MPa to 87.5 MPa, respectively. Figure 4 shows the
boundary conditions for an H70 fueling. The maximum CHSS gas temperature
and Maximum Operating Pressure (MOP) are fixed limits at the right (overheat)
and top (overpressure) portions of the graph. For a fixed density, the pressure
and temperature of the gas in the CHSS are related. The maximum density
provides an additional boundary condition.

Hydrogen Storage System Fueling Window and Target Density - 70 MPa
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Figure 4 SAE J2601 H70 Boundary Conditions
SAE J2601 OVERVIEW
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J2601 establishes a gaseous hydrogen fueling protocol for light duty hydrogen
surface vehicles. The standard assumes that a station will perform fueling from
its high pressure storage into the vehicle after successful vehicle connection and
completion of initial checks. The fueling station is responsible for controlling the
fueling process within the operating boundaries described below. Variables that
affect the fueling process include, but are not limited to:

. Ambient Temperature

. Dispenser Pressure Class and Fuel Delivery Temperature

. CHSS Size, Shape, Material Properties, Starting Temperature, and
Pressure

. Dispenser to Vehicle Pressure Drop and Heat Transfer

The fueling time can vary widely depending on ambient temperature, initial CHSS
pressure, size of CHSS, and other conditions. In order to quantify fueling time,
the SAE team defined the parameters of a “reference” fueling:

. Communication Fueling Tables
. Dispenser Category = H70-T40
. Ambient Temperature = 20°C

. Initial CHSS Pressure = 10 MPa
. Final SOC = 95%

Under these “reference” conditions, J2601 meets the industry goal of fueling
within three minutes

J2601 FUELING SPECIFICATION
An important factor in the performance of hydrogen fueling is the fuel delivery
temperature of a station. The table-based fueling protocol has separate tables for
each fuel delivery temperature category (-40°C (T40), -30°C (T30), and -20°C
(T20)). Fueling is also specified for both 35 MPa and 70 MPa pressure. J2601
includes an optional fallback procedure that can be applied if the fuel delivery
temperature is not maintained.

STANDARD TABLE BASED PROTOCOL

The standard protocol in J2601 is table-based fueling. This protocol uses the
station fuel delivery temperature, ambient temperature, CHSS capacity category,
and CHSS initial pressure to select appropriate fueling parameters. Modeling has
been used to develop a series of parameter look-up tables that optimize the
fueling process while ensuring that the process requirements of J2601 are
adhered to.

The station selects the correct look-up table based on fuel delivery temperature,
CHSS capacity, and the absence or presence of a communication signal from
the vehicle. Once the proper table is selected, the station determines the specific
fueling event parameters of average pressure ramp rate (APRR) and end of
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fueling target pressure, based on ambient temperature and CHSS initial
pressure. SAE J2601 includes fueling protocols for “non-communication fueling”
in the absence of vehicle communication and for “communication fueling” when
specified information is transmitted from the vehicle and verified for use at the
dispenser. For fueling with communications, J2601 is used in conjunction with
SAE J2799, Hydrogen Surface Vehicle to Station Communications Hardware and
Software, which specifies infrared communications for the transfer of data from
the fuel cell vehicle to the hydrogen station.

For vehicles without communication, the station will fuel based on the look-up
table APRR until the look-up table target pressure is reached. For vehicles with
communication, the same APRR will be applied, but the station will use vehicle
data, including the communicated CHSS temperature, to calculate the SOC. The
station will end fueling at a pressure corresponding to an SOC of 95-100%.

An example of a fueling table for an H70-T40 station dispenser is shown in Table
1 below. It should also be noted that for any given station fuel delivery
temperature, ambient temperature, and CHSS capacity category; the tables
provide the same APRR for H35 and H70 fueling. This was done to address
concerns regarding overheating if an H70 vehicle first fuels at an H35 dispenser
and then follows immediately with an H70 fueling.

The table-based fueling protocol also contains a “top-off” method for increasing
the final SOC if the initial pressure is lower than 5 MPa and a “Cold Dispenser”
option to take advantage of frequently-used stations, where the cold temperature
of the station components is effective in reducing the actual fuel delivery
temperature.

Target Target Top-Off-
H70-T40 ::::ugr: P::::: P.I.r::g: APRR Target Pressure, Pyyger [MPa]
4-TKg | Ramp Rate, | [MPa] [MPa] [MPa/min]
APRR

comm | mwpaimin Initial Tank P o [MPa]
0,5 - 5§ (no interpolation allowed) 0,5 2 5 15 20 30 401
> 50 no fueling no fueling no fuelng no fueling no fueling nofueling | no fueling no fueling | no fueling | no fueling | no fu
— | 50 5,1 78,2 87,5 26 see Top-Off | see Top-Off | 808 | 857 || 868 | 865 | 858 | 85
8_ 45 8,1 76,3 87,5 4,0 see Top-Off | see Top-Off | 811 86,9 86,6 86,2 85,3 84,
2 40 11,5 73,2 87,6 54 see Top-Off | see Top-Off 81,1 86,9 86,4 85,9 84,7 83,
= 35 12,4 72,9 87,5 5,6 see Top-Off | see Top-Off 81,2 86,9 86,4 85,9 84,7 83,
ﬂ,_; 30 16,3 70,6 87,6 6,6 see Top-Off | see Top-Off 81,0 86,8 86,3 85,6 84,3 82,
% 69,0 87,4 7,2 see Top-Off | see Top-Off 81,0 Qi 86,1 854 83,8 82,
E,_ m 67,9 3_?,4 7,6 see Top-Off | see Top-Off 85,9 85,1 83,3 81,
E 66,3 87,4 9,0 see Top-Off | see Top-Off 81,2 o, 85,7 84,7 82,6 80,
l""_’ 0 2#,5 no Top-Off no Top-Off no Top-Off 78,4 84,6 86,8 85,6 84,4 83,1 80,6 78,
c -10 2#.5 no Top-Off no Top-Off no Top-Off 82,2 87,1 86,4 85,2 84,0 82,8 80,4 77,
ﬁ 20 23,5 no Top-Off | no Top-Off no Top-Off 86,0 86,8 86,1 84,9 83,7 82,4 80,0 77,
E -30 2&,5 no Top-Off no Top-Off no Top-Off 86,8 86,5 85,7 84,5 83,3 821 79,6 77,
< 40 28,5 no Top-Off | no Top-Oft no Top-Off 86,5 86,2 85,4 84,2 83,0 81,8 79,3 77,
< 40 no flueling no fueling no fueling no fueling no fueling no fueling no fueling | no fueling | no fueling | no fueling | no fueling | no fug

4 Minute Fueling

Table 1: Example of J2601 Fueling Table, 4-7kg Volume Category/ H70-T40
with Communication
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Figure 3 shows a graphical representation of the table based fueling protocol
based on Table 1 above after the standard “startup time”. This example shows
the hydrogen fueling when a FCEV (with a 4-7kg, 70MPa NWP CHSS) pulls up
to a station with an ambient temperature of 20°C, the initial CHSS pressure of 10
MPa. The resulting Average Pressure Ramp Rate (APRR) in this example at
21.8 MPa, and the target pressure of 86.8MPa. The resulting main fueling time
of this fueling (excluding non-fueling events such as leak checks) is four minutes.
Note: Leak Checks will add onto the overall fueling time as depicted in figure 5.

Station Pressure
End of Fueling - MPa

(Target Pressure)
APRR=
Average
Pressure
Ramp
Rate
Start of Fueli e
; Start of Fueling
| (Initial Tank p hﬂnFi,:l
| Pressure) #1
‘ ”
i :
;fﬂ Non-Fueling Time
; = / #Shutdown Time
na s //’7 - ;-‘ Time
Startup el T“ 8>
Time Main Fueling Time \'
- L 2 . | - < >
Overall Fueling Time

Figure 5 - Fueling Pressure vs. Time
Average Pressure Ramp Rate

PRESSURE CORRIDOR TOLERANCE

Station developers requested an update to the pressure tolerances on the station
side, as the constant percentage deviation allowed in the previous version of
J2601 (TIR) was not achievable in practice, especially at the start of a fill. The
pressure corridor tolerance was more practical for stations in use, but required a
revision in the assumptions for the lookup table modeling.

8|Page



Hydrogen Fueling Standardization: Enabling ZEVs with "Same
as Today" Fueling and FCEV Range and safety

Tolerences
Hot Case Tolerance for Simulation dPlower= 2.5 Mpa
pressure P at How to translate Hot Case Pressure Ramp Rate (HPRR) dPUPPET= 7.0 Mpa
dispenser to Average Pressure Ramp Rate (APRR)
Pmax=
87.5 MPa

P, +AP

APRR = HPRR - (1 - 5> 20

timet
at
Figure 6 - Pressure corridor with different HPRR paths

To evaluate whether using the simple assumption of the maximum linear HPRR
(red line in Figure 6) sufficiently comprehends the range of actual pressure paths,
a sensitivity study evaluated the relative effects of Path a and Path b in Figure 6.
End temperatures were found to be within 1K of the 85°C limit. This is within the
simulation model accuracy determined through the validation process. Therefore,
the simple maximum linear HPRR assumption was used in the modeling work.

NON-STANDARD MC DEFAULT FILL PROTOCOL

The MC Default Fill is included as a non-standard guideline appendix within SAE
J2601. The MC Default Fill is built around the MC Method, which is an analytical
method that allows a hydrogen station to calculate the end-of-fill gas temperature
in a hydrogen CHSS and thereby determine the appropriate fueling speed and
ending pressure. The MC Method is a lumped heat capacity model where MC
represents the combined heat mass of the CHSS control volume and is denoted
in units of kd/K. The M and the C are derived from the concept of mass
multiplied by specific heat capacity.

The MC Default Fill is a hydrogen fueling protocol which has been defined
through simulation and confirmed through testing, and is under consideration as
a future standard hydrogen fueling protocol. The application of the MC Default
Fill protocol was added to J2601 so that it can be used in a demonstration
environment for the purpose of additional verification and confirmation. Future
revisions of SAE J2601 may include the MC Method as part of the standard
fueling protocol.
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A unique feature of the MC Default Fill is that it is an adaptive fueling protocol,
which dynamically adjusts the dispenser pressure ramp and the end of fill target
pressure, based on inputs which are measured by the dispenser, namely the
ambient temperature, the initial gas pressure in the CHSS, and the measured
gas pressure and temperature at the dispenser. Because of this feature, there
are no set station fuel delivery temperature categories or tolerances on the fuel
delivery temperature, except for the lower bound of -40°C and an upper bound
on the mass average fuel delivery temperature of -15°C. The general limits on
the fueling process discussed above are the same for the MC Default Fill.

SAE J2601 LABORATORY TESTING

The first goal of the laboratory testing was to generate representative fueling data
to confirm hydrogen hardware assumptions and validate the simulation model.
Once the model was verified to match the testing results then the next goal of
testing was to validate the fueling look-up tables generated from the model. The
testing was broken down into three test phases:

1. Fueling Hardware Tests (thermal mass/pressure drop assumption
verification).

2. Model Validation Tests.

3. Fueling Table Validation Tests.

LAB TEST SETUP

The tests were performed in Powertech’s Hydrogen Fueling (Fast Fill) Test
Facility. The Fast Fill Facility consists of a high-pressure storage bank containing
twelve containers at 87.5 MPa (3000 liters water capacity). Gas temperature and
pressure sensors are included within each storage bank. The banks are
connected to a control panel to allow for a cascade-style fueling. A Coriolis-style
mass flow meter is installed downstream of the pressure/flow control valve which
is utilized to control hydrogen flow. The hydrogen passes through a pre-cooler to
adjust the fuel delivery temperature prior to entering the test chamber.

The test CHSS was installed in a hydrogen-safe environmental chamber,
capable of temperatures ranging from -40°C to +85°C. The filling line was
connected to the test CHSS through a break-away coupling, flexible fueling hose,
and a 70 MPa nozzle-receptacle combination which replicates the connection
used at a hydrogen dispenser (see Figure 7).
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e
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i% Filling Line

Breakawa

Wi _:j.' Nozzle/Receptacle

Figure 7: Test CHSS Installed in Environmental Chamber

The piping and instrument diagram (P&ID) of the facility, including the
instrumentation, is shown in Figure 8 below. The test CHSS and fueling
hardware were instrumented to provide pressure and temperature data at
specific locations. Figure 9 is the detailed P&ID of the test-specific
instrumentation. The CHSS sensor labeling is shown in Figure 10.
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Figure 8: P&ID of Test Bench Setup

Environmental Chamber

Test Tank
pinlet 47kg 70MPa Type4

Precep Variable e,
Nozzle @ Orifice ?’_( — 1.2.3]
= O 0 5% 5g ¥
Thermal
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S .
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| Surface |
|0 Temperature |
I Sensors |

Figure 10: CHSS Sensor Labels

BASELINE TESTING — HARDWARE ASSUMPTIONS

Baseline testing was performed in order to validate the hydrogen fueling model
hardware assumptions. Characteristics of fueling hardware such as thermal
mass and pressure drop were quantified and compared to the modeling
assumptions.

The simulation model is used to describe the CHSS temperature and pressure
development during the fueling process. Figure 11 shows the structure of the
model, indicating the boundary conditions which have been considered.
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Hydrogen with a fuel delivery temperature T;;and the pressure p;.is provided by
the station. Due to Joule-Thomson heating and the influence of the thermal mass
of the fuel line components on the station ¢.. and on the vehicle ¢,,, the
temperature of the hydrogen typically increases as it flows from the station to the
vehicle tank (). The fuel line components are in thermal contact with the
ambient environment, which allows the ambient temperature to influence the
hydrogen gas temperature, especially at low hydrogen flows.

The actual vehicle tank geometry (including the liner and its composite material
properties) is implemented in a 1-D-tank model. Applying a highly accurate
equation of state, the model solves mass and energy balance, recognizing the
dynamic and static enthalpy k;, from the inflowing hydrogen mass, the heat of
compression, and the heat transferred to the tank inner wall by free and forced
convection. The heat transfer coefficient is based on a dynamic Nusselt
correlation. The heat transferred to the inner wall is subject to 1-D heat
conduction further to the outer surface of the tank, where the tank is in contact
with the ambient environment over free convection. The tank is discretized in the
radial direction, distinguishing between the liner (in yellow) and wrapping
sections as indicated in Figure 11.

legend: states
boundary conditions  heat flux
derived properties mass flow
Tam ambient
l .
g vessel
T —
v .§ wall
. st l&vf .
Tt
A gasinfuel line Toy ™ TRk
gas from ey hy
station gas exiraction gas in vehicle tank

Figure 11: Simulation Model

The following baseline tests helped to refine assumptions and/or validate the
model against test data.

To verify the thermal model of the fuel line components and their influence on the
hydrogen gas temperature, two sets of fueling hardware including breakaway,
fueling hose, and nozzle were tested with a reference 4.7 kg CHSS. The
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baseline testing was performed at 3 temperature conditions (0°C, +20°C, and
+40°C) for each CHSS.

During the preliminary testing, it was determined that additional thermal mass
was required between the receptacle and CHSS inlet to better represent the
components installed in a representative vehicle. This added thermal mass
equaled the “worst case” thermal mass of the CHSS components also used for
modeling. For this reason, a thermal mass coil was added to the test setup as
shown in Figure 12. An example baseline test fueling data graph is shown in
Figure 13.

Addition of Needle
Valve (to add back
pressure if required)

i Addition of Thermal Mass
(between Receptacle and Inlet)

Figure 12: CHSS System with Added Thermal Mass Coil.
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Figure 13 — Baseline test example for the validation of the simulation model, test
fuelings

The boundary conditions are shown in Figure 11, the hydrogen gas temperature
T;. and pressure p;, from the “station,” measured right before the break-away
coupling, were used as direct input for the simulation model. Afterwards the
measured hydrogen gas pressure and temperature in the test container were
compared with the results from the simulation (see Figure 14). Figure 14 and 15
show that the simulation results are in good agreement with the measured
sensor values from the tests. As the temperature sensor values are dependent
on sensor location in the vessel, the settled temperature at the end of fueling
(recalc-Ttank_GSim) was calculated from measured settled conditions to provide
a more accurate estimate for bulk gas temperature. This value was compared to
the simulated gas temperature (Ttank_GSim) and is also shown in Figures 14
and 15 (dark black line).
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Figure 14 — Test 1B Results Compared with Simulation Results

Especially for test cases with a low mass flow and therefore, less gas mixture in
the tank, the calculated gas temperature from settled conditions was more
reliable than the measured gas temperature during the fill, see Figure 13.
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Figure 15 — Test 4B Results Compared with Simulation Results

In summary, these comparisons showed that the simulation model is able to
predict the hydrogen gas temperature in the container at the end of a fueling with
sufficient accuracy (delta T was within 2°C) for the considered cases. The
hydrogen gas pressure was proven to be accurate with a deviation of < 0.5%
(with absolute pressure measured in MPa). Table 3 lists all the re-simulated
cases and the corresponding absolute deviation of gas temperature and pressure
at the end of fueling in the vessel between measurement and simulation.
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2RI Simulate
Measured | Simulated calculate
AP d AT
Test # Ptank Ptank [Mpa] d Ttank,G | [°C]
[MPa] [MPa] Ttank,G °C '
1-1B 81.0 81.3 0.3 69.6 70.8 1.2
1-2C 82.3 82.7 0.4 72.3 73.7 1.4
1-3C 78.5 78.9 0.4 68.8 70.7 1.9
1-4B 79.4 79.5 0.1 72.3 72.7 0.4
1-5A 81.1 81.4 0.3 69.9 72.4 2.5
1-6A 82.2 82.5 0.3 70.7 72.5 1.8
Table 2 — Comparison between Measured End of Fueling Conditions and
Simulations

After validation of the simulation model, the final task was validation of the fueling
protocol look-up tables.

FUELING TABLE VALIDATION TESTING

The goal of the fueling table validation testing was to verify that the J2601 look-
up tables would keep hydrogen fueling within the safety limits while achieving the
performance targets. A significant portion of the testing was focused on the H70-
T40, 4-7 kg category since it was determined that most stations are being built to
the H70-T40 specification and most near-term hydrogen vehicles will have a
storage capacity in the 4-7 kg range. Additional tests were performed using the
T30 and T20 fuel delivery temperature categories, as well as the H35 pressure
class.

Fueling tests were chosen to evaluate key points within the tables. The starting
conditions (temperature and pressure) were selected to evaluate multiple points
within the tables. The tests that were chosen were categorized as shown in
Table 3.

Test | Pressur | Fuel CHSS | Test Condition
Serie |e Deliver | Type
S y
5-X 70 MPa | T40 v Adjusting initial
temperature
6-X 35 MPa | T40, v Adjusting fuel
T30, delivery
T20 temperature
7-X 70 MPa | T40 A\ Top-off fueling
8-X 70 MPa | T40 v Real-world fueling
(pressure pulse,
leak checks)
9-X 70 MPa | T40 [l Worst case cold
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10-X |70 MPa | T30, \Y, Adjusting fuel
T20 delivery
temperature
11-X | 70 MPa | T40 vV Extreme fueling

Table 3. Test Categories for Validation of J2601

TABLE VALIDATION TEST RESULTS

H70-T40 FUELING TESTS
CONDITIONS

—CHSS AND AMBIENT TEMPERATURE

The first series of table validation tests were performed to compare the influence
of the initial container temperature and pressure conditions. The focus of these
tests was the H70-T40, 4-7kg table (see Table 4). The 4.7 kg Type IV
instrumented CHSS was used for these tests. In addition to the high SOC
expectations, the goal of this testing was to ensure the final CHSS temperature
would be less than 85°C. All of the table validation results are included in
Appendix A.

Average PI:srgﬂierte P-II-':sr.E:IT:e Top-Off-
H70-T40 Presmure Piarget Top-Off [Mﬁapfr:in]
4-?kg Ramp Rate, [MPa] MPa]
APRR -
comm [MPalmin] Inifial Tank Pre
0,5- 5{no interpolation allowed) 0,5 2 5
= 50 no fueling no fusling nofueing no fueling no fueling nofueling | no fueling
— 50 51 78,2 87,5 2,6 see Top-Off | see Top-Off [ 80,8
g 45 8,1 76,3 87,5 4,0 see TopOff | see Top-Off | 81,1
Z 40 11,5 73,2 87,5 54 see TopOff | see Top-OF f§ 81,1 |
[ 35 12,4 729 87,5 56 e TopOff | see Top-Off | 81,2
@ 30 15,3 70,6 87,5 6,6 see TopOff | see Top-OF | 81,0
ﬁ 25 18,5 69,0 874 7.2 see TopOff | see Top-Off [ 81,0
b 20 21,8 679 g4 7,6 see TopOff | see Top-Off | 81,2
E‘ 10 28,0 66,3 87,4 0,0 see TopOff | see Top-OF |l 81.2 |
e 0 285 no Top-OFF | no Top-OFf no Top-Cff 78,4 | 246 N 262
= 10 28,5 no TopOF | no Top-OFf nc Top-OfFf 82,2 871 86,4
ﬁ 20 28,5 no Top- Off no Top-OFf no Top-OFf 86,0 26,8 86,1
E -30 28,5 no Top- OFF no Top-Cff no Top-OFf 86,8 86,5 85,7
=L 40 285 no Top-OfFf no Top-OFf no Top-Off 86,5 86,2 85,4
< 40 no fueling no fueling nofueling no fueling no fueling nofuging | no fueling

Table 4: H70-T40, Test Conditions from 4-7kg Table

A hot temperature of +40°C was chosen to evaluate the upper area of the fueling
table (Tests 5-1 A and 5-1 B). The initial pressure in the CHSS was 5 MPa for
both of these tests, as this is the lowest pressure for this temperature that does
not require top-off fueling.
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Test 5-1 A utilized fuel delivery temperature near -40°C which is the lower limit
for T40 fueling as shown in Figure 13.
adjusted for Test 5-2 B so that the fuel deliver gas temperature would be closer
to the upper limit of the T40 fuel delivery temperature window (-33°C) as shown
in Figure 14. The maximum internal gas temperature measured in the CHSS
during fueling was +76°C and +78.2°C respectively (see Figures 16 and 17).

The fuel delivery temperature was
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Figure 16: Test 5-1 A, +40°C fuel delivery temperature at lower limit
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Figure 17: Test 5-1 B, +40°C with fuel delivery temperature near upper limit

A cold temperature of 0°C was selected for Test 5-2 B and Test 5-2 C. This was
the warmest temperature in the table to utilize the maximum APRR of 28.5
MPa/min. Testing at colder temperature would have only improved (lowered) the
internal CHSS temperature during fueling, so the 0°C test case was selected as
a boundary condition to test the maximum ramp rate. The initial pressure in the
CHSS was 2 MPa for both of these tests.

A transition point within the table was also tested at +10°C (Test 5-3 A). This
starting condition required a high APRR (28.0 MPa/min) which is only 0.5
MPa/min slower than the maximum allowable APRR, while there is an increase
in initial CHSS temperature of 10°C from the previous test case. The initial
pressure in the CHSS was 5 MPa for this test, as it is the lowest pressure for this
temperature that does not require top-off fueling. The fueling time for this test
was 3 minutes, with a maximum measured internal gas temperature of +76.5°C.

H35 — ADJUSTMENT OF FUEL DELIVERY TEMPERATURES

The next phase of table validation testing evaluated H35 fueling at different fuel
delivery temperatures (T40, T30, T20). The fueling rates for H35 fueling use the
same APRR as the H70 tables (except where constrained by mass flow limits)
but the Fueling Target Pressure is adjusted for 35 MPa fuel systems. The CHSS
used for these tests was a 70 MPa, 9.8kg Type IV CHSS. Therefore, this CHSS
was referred to by its converted storage capacity value of 5.9 kg at 35 MPa.

A hot ambient condition of +40°C was selected for all of the H35 tests with an
initial CHSS pressure of 2 MPa. The first test of this series (Test 6-1 A) was
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performed with T40 fuel delivery temperature, the second (Test 6-2 A) with T20,
and the third (Test 6-3 A) with T30. All three tests met the temperature
requirements, the maximum internal CHSS temperatures measured during
fueling were 76.9°C, 72.7°C, and 75.5°C respectively.

The T20 and T30 tests both reached approximately 100% SOC when fueling was
stopped at the target pressure. The T40 test case had additional pressure drop
between the supply and inlet due to the higher APRR applied, resulting in a lower
SOC of 80%. However, an additional test was performed (Test 6-4 A) which
demonstrates that methods are available to improve the H35-T40 fueling while
remaining within the fueling pressure corridor.

H70-T40 — TOP-OFF FUELING

Top-off fueling was introduced into the SAE J2601 standard for cases when a
vehicle arrives at a fueling station with low CHSS pressure (<5 MPa) to ensure it
can still achieve 95-100% SOC. In these cases it allows the majority of the
fueling to occur using the normal (faster) APPR. The fueling rate then shifts to a
slower APRR for the remaining portion of the fueling.

The tests selected for top-off fueling were performed at an ambient temperature
of +20°C. The 4.7 kg Type IV CHSS was used for these tests. Test 7-1 D had
an initial CHSS pressure of 0.5 MPa (see Figure 18) and Test 7-2 A had an initial
CHSS pressure of 2 MPa (see Figure 19). In both cases, the CHSS was fueled
with an APRR of 21.8 MPa/min until the target pressure of 67.9 MPa, at which
point the fueling rate was decreased to 7.6 MPa/min for the remainder of the
fueling. In both test cases, the internal temperatures stayed well under the upper
limit and started to decrease during the top-off period.
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Figure 18 — Test 7-1 D, Top-off Fueling Test, 0.5 MPa
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Figure 19 — Test 7-2 A, Top-off Fueling Test, 2 MPa
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H70-T40 — REAL-WORLD FUELING TESTS

The real-world fueling tests examined the influence of practical fueling station
actions such as an initial pressure pulse (to measure initial CHSS pressure) and
leak checks throughout the fueling process. Normal fueling conditions as well as
top-off situations were tested.

Test 8-1 A was performed at +20°C with an initial pressure of 5 MPa in the
CHSS. The test was initiated with a pressure pulse into the CHSS and included
three leak checks as part of the fueling process. The maximum internal CHSS
temperature measured during fueling was 72.1°C.

Test 8-2 A and 8-2 B were performed with the same conditions except the
starting pressure was reduced to 2 MPa so that Top-off fueling would be
required. The maximum internal CHSS temperatures measured during these
fuelings were 74.2°C and 73.0°C respectively.

Test 8-3 A was also performed with Top-off fueling and an initial pressure of 2
MPa. In this test, the leak checks were removed from the fueling process but the
initial pressure pulse was still included. The maximum internal CHSS
temperatures measured during fueling was 76.0°C

The CHSS internal temperatures remained well below the limits for all of the real-
world fueling tests.

H70 — WORST CASE COLD SOAK TESTS (TYPE Ill, NON-COMM)

The worst case cold soak tests were performed on a Type Ill CHSS in the non-
communication mode. The goal of these tests was to fuel the CHSS immediately
after defueling (simulated driving) to ensure that the CHSS density stayed within
100% SOC. The fueling was started from 2 MPa and the target pressure was
based on the ambient temperature conditions.

Test 9-1 A was performed at +20°C and Test 9-2 A was performed at +40°C. In
both cases, the tests started with the CHSS conditioned at 100% SOC. The
CHSS was defueled at a constant rate until the pressure had reached 2 MPa
then was fueled using the corresponding APRR until the non-communication
target pressure was reached. The settled SOC for Test 9-1 A was 93.3% as
shown in Figure 20. The settled SOC for Test 9-2 A was 99.8% as shown in
Figure 21. Both of these tests met the density requirements.
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Figure 20 — Test 9-1 A, Worst Case Cold Test
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Figure 21 — Test 9-2 A, Worst Case Cold Test
H70 — ADJUSTMENT OF FUEL DELIVERY TEMPERATURE

Most of the focus of the table validation testing was for the H70-T40 category,
since it is expected that the majority of fueling stations will operate in this mode.
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Test 10-1 A and 10-2 A evaluate the other fuel delivery temperature conditions
(T20 and T30). These tests were performed at an ambient temperature of +40°C
with an initial CHSS pressure of 2 MPa so Top-off fueling was required.

Both of these tests were performed in communication mode and fueling was
stopped when 100% SOC was reached. The maximum internal CHSS
temperature measured during fueling was 76.0°C for Test 10-1 A (Figure 22) and
78.5°C for Test 10-2 A (Figure 23).

A final SOC of 100% was achieved in both of these fuelings while the internal
temperatures stayed below the CHSS temperature limit. The fueling time for
these tests was much longer than the T40 cases, as expected.
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Figure 22— Test 10-1 A, H70, T20 fuel delivery temperature
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Figure 23— Test 10-2 A, H70, T30 fuel delivery temperature
H70-T40 — EXTREME FUELING

The final test case was an Extreme Fueling test case using the upper boundary
of allowable fueling temperatures (+50°C). The large 9.8 kg Type IV CHSS was
selected for this test since it had additional instrumentation as shown in Figure
24,

Proposed Tank Instrumentation for OEMs
T4
» |
“ f
¥ on TI0 i1 - T6  Rel= btaiortwk aghce
TSP — oy
INLET —* = Bhue = Bterior trk omface
—T14 nf s T rms G tengertire (T)
8 T of preame (P )seawor
o
™ Gas temperature sensor
174 Exterior surface inlet thermocouple
T3-T5: Exterior surface thermocouples - located near the inlet (as close as possible
to the TRD), middle and end respectively
TE-T8 Exterior surface thermocouples - located near the end plug, middle and PRD
- 180°* from T5 - T3 respectively as shown above
T9-T14: Interior tank surface thermocouple - located as shown
T14&: Gas temperature sensor — located near end of tank
P1 Existing tank pressure transducer
P2 Pressure transducer located near end of tank

Figure 24 — Instrumentation Layout for 9.8 kg test CHSS
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The initial pressure in the CHSS was 5 MPa for this test. The CHSS was fueled
using an APPR of 7.6 MPa/min, in accordance with the H70-T40 7-10kg table.
The T1 sensor was used as the main internal gas temperature sensor. During
fueling, there was a temperature variation of approximately 8 to 10°C measured
within the CHSS by the different sensors. The measured temperature values
remained within the required upper limits.

SUMMARY OF H70-T40, 4-7KG CATEGORY RESULTS

Tables 5ab summarize the fueling tests that were performed in H70-T40, 4-7kg
Category. All of these tests met the internal gas temperature requirements with
final density values within the target of 95-100% SOC. A graphical
representation of settled SOC for each test is shown in Figure 25. This includes
intended non-fueling time where applicable

CHENTEE] Fill Rate
Test # Temperature : Fill Time[s]
°C] [MPa/min]

5-1A +40 11.5 417
5-1B +40 11.5 412
5-2B 0 28.5 191
5-2C 0 28.5 193
5-3A +10 28 181
7-1D +20 21.8/7.6 288
7-2 A +20 21.8/7.6 310
8-1A +20 21.8/7.6 312
8-2A +20 21.8/7.6 392
8-2B +20 21.8/7.6 380
8-3A +20 21.8/7.6 331
10-1 A +40 3.31.7 1663
10-2 A +40 6.4/3.4 863

Table 5a. Summary H70-T40 Results

Max CHSS Max CHSS Settled

Test # Pressure Temperature SOC [%]
[MPa] [°C]

5-1A 81.8 76.0 97.0
5-1B 80.6 78.2 95.8
5-2B 79.9 75.2 96.2
5-2C 81.1 77.0 96.8
5-3A 81.5 76.5 96.5
7-1D 79.7 78.3 95.3
7-2 A 81.8 77.0 97.2
8-1A 81.6 721 97.4
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8-2 A 83.1 74.2 98.8
8-2B 83.1 73.0 98.5
8-3 A 83.3 76.0 98.2
10-1 A 83.9 78.2 98.2
10-2 A 82.8 78.5 97.5

Table 5b. Summary H70-T40 Results
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Figure 25— SOC Results Summary from H70-T40, 4.7kg Table Validation Tests

In all of the fueling table validation tests performed, the CHSS remained below
the upper safety limits for temperature (+85°C), pressure (87.5 MPa) and density
(100% SOC). Therefore, the J2601 fueling protocol tables were confirmed to
meet the CHSS safety requirements.

FIELD TESTING OF THE SAE J2601 TABLE BASED PROTOCOL

An important objective in the development of the SAE J2601 standard was to
ensure that the fueling protocol and the associated process limits were
achievable at real-world hydrogen fueling stations with actual fuel cell electric
vehicles.

This was confirmed through testing with H2 Logic station in Denmark. The results
to this field testing in Denmark are shown below.

SAE J2601 FUELING TESTS IN DENMARK

The field test in Denmark at the H2Logic station consisted of 18 fueling tests on
two different vehicle types. Both communication and non-communication fueling
were performed.
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Figure 26: FCEV vehicle at H2 Logic station (source H2 Logic)
H2 LOGIC HYDROGEN FUELING STATION BACKGROUND

The SAE J2601 field tests were performed at an H2 Logic A/S produced fueling
station, H2Station® CAR-100, located at a Shell site in Copenhagen
(Sydhavnen). The station is publicly available, fully automatic, and designed as
an H70-T40 station that implements the SAE J2601 standard fueling table
protocol. The Top-off method was not implemented on the station at the time of
testing.

H2 LOGIC FIELD TEST RESULTS

Each fueling test was performed as a normal, fully automatic fueling without any
interference from technicians. That is, all fuelings were conducted in a way that
end users would experience. Test data was recorded from each fueling. See
table 6 for the summary of data from the vehicle as provided by the Daimler and
Hyundai representatives.
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Test number

1 2 3 4 5 6
. J2799 IrDA Communications Com. Com. |Non-com,| Com. Com. [Non-com.
, & TgVehicle tank start pressure 10 MPa | 5MPa | 10MPa | 5MPa | 2MPa | 2 MPa
§ E E Vehicle tank start temperature 15°C 9°C 7°C -12°C 4°C 10°C
§ _% § Ambient temperature 18.5°C | 20°C | 19°C | 15.5°C | 20°C | 9.5°C
8 g qTank Peak Temperature 58°C | 55°C | 48°C | 49°C | 55°C | 59°C
8 § 2| Tank Peak Pressure 77 MPa | 77 MPa |69.5 MPa| 75 MPa | 69 MPa | 67 MPa
£ gTank Peak SOC 100% | 100% | 94.5% | 100% | 92% | 90%
Total kg Dispensed (Dispenser) 293kg | 3.2kg | 2.7kg | 3.3kg | 3.25kg | 3.25kg
Ambient temperature station 23.9°C | 25.4°C | 18.7°C | 16°C | 17.1°C | 12.5°C
Refueling time 4.2 min | 4.1 min | 3.4 min | 3.4 min | 3.2 min | 2.9 min

Refueling start pressure station  |10.6 MPa 6.2 MPa [11.5 MPa| 5.9 MPa | 2.9 MPa | 2.6 MPa
Starting Vehicle Pressure (IrDa 9.8 MPa|5.1 MPa| 10.7 |4.9 MPa|2.0 MPa -

Starting Vehicle Temperature 15.4°C | 8.4°C 4.5°C | -10.9°C | 4.5°C -

Starting Vehicle SOC (IrDa Com.) 19.3% | 13.1% | 21.8% | 10.9% 4.3% _
Refueling peak ending pressure |78 9 \Pa[79.6 MPaj72.4 MPa[78.6 MPal74.2 MPa71.2 MPa
Refueling peak ending pressure |77 3 \pa77.2 MPal70.6 MPa76.3 MPal69.2 MPa| -

Values to be recorded
(filled out by H2 Logic)

Refueling peak ending 56.5°C | 55.6°C | 51.6°C | 51.5°C | 54.1°C -
Ending Vehicle SOC (IrDa Com.) 97.3% | 97.4% | 92.4% | 97.5% | 90.6% -
Target pressure from table 86.7 MPa|82.4 MPal73.0 MPa[82.2 MPa[74.6 MPa|72.0 MPa
Peak Mass Flow from station 26.3g/s|25.3g/s |27.4g/s|30.2g/s|31.3g/s|36.6g/s

Table 6: Summary table with field test results.

Graphs with detailed information for each fueling, taken from the station log-
system, are included in appendix C. Example graphs for test fueling #1 are
shown in Figure 27 below.
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90
80 e
70 -:,:I'.
O 60
®
o
= 50
<
2 40
®©
g
g 30
b
2 20 ) I
3 breakaw ay
2 10 O t
o F,vehicle
0 Tvehicle T
10 ---------- APRR
.......... Polerance
_20 P T
0 50 100 150 200 250
Time [s]
SAE test refueling #1 on H2Station™ CAR-100
-25
-30

-35 \“ N

Temperature [°C]

Vv

Tbreakaw ay

tolerance
-45 r F
0 50 100 150 200 250
Time [s]

Figures 27: Example fueling graphs for field test #1.

It can be seen from the test results that the pressure corridor and fuel delivery
temperature requirements were fulfilled in all 18 test fuelings.

A secondary outcome of the fueling field tests is a validation for the performance
of the SAE J2601 protocol. Ending SOC and fueling time results from the field
tests are shown in Figure 28. The ending SOCs for all tests are all between 90-
100%. For communication fueling the ending SOCs ranged from 92% to 100%,
with an average of 97%. For non-communication fueling the ending SOCs
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ranged from 90% to 94.5%, with an average of 92%. The overall fueling time for
the reference case (T_amb = 20°C) is approximately 3.5 min total fueling time.
When the non-fueling time (which was between 24 and 31 seconds) is excluded,
then the field test results confirm that the performance goal of 3-minute fueling is
achieved.
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Figures 28: Performance overview from fueling field tests.

VALIDATION OF MC DEFAULT FILL

To publish the MC Default Fill as a development protocol in SAE J2601, a
rigorous validation process was required to ensure that the protocol keeps the
CHSS within its operational safety limits under worst-case conditions (refer to
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Table A3 in SAE J2601). This validation process consisted of two parts:
simulation under worst case conditions; and laboratory testing of representative
containers. The results of these validations are presented in the SAE Reports.

VALIDATION THROUGH SIMULATION

To validate the safety of the MC Default Fill, the same fueling simulation model
used for generation of the standard lookup tables was employed. This model,
operated by Wenger Engineering, used identical container assumptions, inputs,
and boundary conditions as were used for the lookup table work. The MC
Default Fill control logic was programmed into the fueling simulation model so
that it could operate in the same manner as a real-world hydrogen station using
the MC Default Fill. This allowed a much larger and broader set of conditions to
be analyzed than could be done in a laboratory test or field test environment.

There were two sets of simulations conducted, both employing the worst-case
assumptions as boundary conditions: one set to test for overheating, and the
other set to test for overfilling. In total, 141 simulations were conducted (93
overheat boundary simulations and 48 overfill boundary simulations).

MC METHOD VALIDATION THROUGH LABORATORY TESTING

In addition to the validation through simulation explained above, laboratory
testing on representative hydrogen storage containers, again under as close to
the worst-case boundary conditions as possible, was conducted as a further step
toward real-world validation. The test setup was exactly the same as that used
to validate the lookup tables, as explained above. A total of seven tests were
conducted, six to test against overheating (tests 1-A through 1-F), and one to test
against overfilling (test 2-A). The test conditions were chosen to address the
broadest set of conditions possible for the number of tests available, and, where
possible, to align the test conditions with the table validation tests.

For further information about the MC Method Testing and further SAE J2601
results, please reference the SAE International Paper, Validation and Sensitivity
Studies for SAE J2601, the Light Duty Vehicle Hydrogen Fueling Standard,
Jesse Schneider, Graham Meadows, Steven Mathison, et al., 2014-04-01

SAE J2799 STANDARD OVERVIEW

Figure 29 illustrates an overview of the SAE J2799 standard for Infrared (IrDA)
communications between the FCEV and the Hydrogen Station.
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Figures 29: SAE J2799 Standard Overview

SAE J2799 standardizes unidirectional wireless communications between the
FCEV and the hydrogen station. Communication Signals such as Temperature,
Pressure, CHSS Volume, Start of Fueling, Abort and Pressure Rating are
specified. The advantage of using this optional communications standard, when
coupled with J2601 fueling, is that the state of charge can be further improved to
95-100% SOC allowing for more driving range than without communications.

The SAE J2799 IrDa transmitter is located on the receptacle of the fuel cell
vehicle and the receiver is located on the hydrogen station dispenser nozzle.

CONCLUSION

The SAE J2601 and SAE J2799 standards are a key element to enable the
commercialization of both the fuel cell electric vehicle (FCEV) and its associated
hydrogen infrastructure. This is due to the fact that hydrogen fueling with these
standards results in a FCEV range similar to today’s conventional vehicles and is
both safe and fast.

The model and protocol tables in the SAE J2601 standard were validated
through laboratory and field testing under extreme temperatures and initial
conditions. An acceptable degree of SOC (from 90-100%) was demonstrated in
non-communications fueling and a higher degree of SOC (from 95-100%) was
achieved through SAE J2799 communications fueling in both laboratory and field
testing, while in no case exceeding CHSS temperature or pressure limits.

In addition, a fueling time of 3 minutes and an SOC of 95-100% (without leak
checks) were demonstrated under reference conditions in both the laboratory
and field tests. This represents the achievement of an important performance
goal in making hydrogen fueling competitive with conventional gasoline fueling.

The non-standard MC Default Method in the J2601 appendix H was also
validated in laboratory testing. This method shows promise to deliver improved
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fueling times over the table-based approach, though more field validation is
needed before it can become a standard fueling method.

Through the work described in this paper, the SAE J2601 standard has been
validated in both laboratory and field testing enabling the first generation of
hydrogen infrastructure and FCEVs.

FREE ACCESS TO DATA FILES FROM REPORT

The raw data files for the laboratory testing for the SAE J2601 fueling validation
have been posted on the open source, H;Protocol.com website, free for
download. It is requested that if used in simulation, comparison work,
presentations, etc. that the source be named. Feel free to contact
administrator@h2protocol.com to upload your data and share with the
community to help advance hydrogen fueling.
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Appendix: Overview of SAE J2601 Laboratory Testing (found on h2protocol.com)

Test # P Tank Size [ Chamber Temp [Fill Rate Notes

1-2B | 70MPa | 4.7kg +20C 18 [Same as 1-2 A, good pre-cooling values

1-2C | 70MPa | 4.7kg +20C 18 [Addition of ~4kg thermal mass + needle valve for back P adjustment

1-2D | 70MPa | 4.7kg +20C 18 |[Filterinstalled, 3-point TC probe in back of tank

1-3B | 70MPa | 4.7kg +40C 5 New WEH receptacle, good fill results

1-3C | 70MPa | 4.7kg +40C 5 Removal of "spike" from low bank opening

FM1| 70MPa | 4.7kg +20C 18 [Flow Meter Validation Test 1w/ tank installed on scale

FM2 | 70MPa | 4.7kg +20C 18 [Flow Meter Validation Test 2 w/ tank installed on scale (insulation under tank)

FM3 | 70MPa | 4.7kg +20C 18 |Flow Meter Validation Test 3 w/ cold storage bank gas

1-1B | 70MPa | 4.7kg 0C 35 |Repeat test w/ breakaway w/ new seals

1-4B | 70MPa | 4.7kg +40C 5 JPN Hardware - good test

1-6A | 70MPa | 4.7kg +20C 18 [JPN Hardware - good test

1-5A | 70MPa | 4.7kg 0C 35 |JPN Hardware - good test

2-1A| 70MPa | 4.7kg +20C 18 |Repeat Fueling Trial #1

3-1B | 70MPa | 4.7kg +40C 15.2 |Model Confirmation Fill (pre-cooling w/in 2601 window)

4-1A| 70MPa | 9.8kg +20C 19.4 |Testing test bench limits, 9.8 kg tank w/ TIR APRR

4-1B | 70MPa | 9.8kg +20C 19.4 |9.8kg Repeat Test w/ high flow tubing

5-1A | 70MPa | 4.7kg +40C 11.5 |4-7kg T40 hot test (lower PC boundary)

5-1B | 70MPa | 4.7kg +40C 11.5 |4-7kg T40 hot test (upper PC boundary)

5-3A| 70MPa | 4.7kg +10C 28 [Transition pointin 4-7 kg table, APRR only 0.5 slower but +10C from OC test

5-2B | 70MPa | 4.7kg 0C 28.5 |4-7kg T40 cold test (warmest condition w/ max APRR)

5-2C | 70MPa | 4.7kg 0C 28.5 |4-7kg T40 cold test (warmest condition w/ max APRR) - repeat

6-1A | 35MPa | 5.9kg +40C 11.5 |T40 condition - 70 MPa, 9.8 kg tank used for 35 MPa table

6-2A | 35MPa | 5.9kg +40C 3.3 |T20condition - 70 MPa, 9.8 kg tank used for 35 MPa table

6-3A| 35MPa | 5.9kg +40C 6.4 |T30 condition - 70 MPa, 9.8 kg tank used for 35 MPa table

7-1D| 70MPa | 4.7kg +20C 21.8/7.6|Top off Comm fueling for 4-7 kg category, starting at 0.5 MPa

6-4A | 35MPa | 5.9kg +40C 11.5 |Same as 6-1 A but w/ hold at Ptarget to get higher SOC

7-2A| 70MPa | 4.7kg +20C 21.8/7.6|Top off Comm fueling for 4-7 kg category, starting at 2 Mpa

8-1A| 70MPa | 4.7kg +20C 21.8/7.6|Real World, T4A0w/ P pulse & leak checks, start at 5 MPa, 20C (issue w/ exceeding -40C)
8-2A | 70MPa | 4.7kg +20C 21.8/7.6|Real World, TAOw/ P pulse & leak checks, start at 2 MPa, 20C (issue w/ exceeding -40C)
8-2B | 70MPa | 4.7kg +20C 21.8/7.6|Real World, T4AOw/ P pulse & leak checks, start at 2 MPa, 20C (above -40C, no P spikes after leak checks)
8-3A | 70MPa | 4.7kg +20C 21.8/7.6|Real World, TA0w/ P pulse but no leak checks, start at 2 MPa, 20C (stayed above -40C)
9-1A | 70MPa | 2x 2.3kg +20C 21.8 |Type lll, Worst Case Cold (Non-comm, Step 2-1), +20C - Ptarget 72.1 MPa

9-2A | 70MPa | 2x 2.3kg +40C 11.5 |Type lll, Worst Case Cold (Non- comm Step 2-1), +40C - Ptarget 75.6 MPa

10-1A| 70MPa | 4.7kg +40C 3.3/1.7 [T20, 4-7kg category, +40C w/ Top off

10-2A[ 70MPa | 4.7kg +40C 6.4/3.4 (T30, 4-7kg category, +40C w/ Top off

11-1A[ 70MPa | 9.8kg +50C 7.6  [+50C Extreme Fueling, H70, w/ hold to ambient (+50C)
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