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Importance of a Hydrogen Fueling Vehicle Protocol

Do you know how your vehicle is being filled with hydrogen?
* Hydrogen fueling is critical to the success of a hydrogen economy.
« Customers expect a safe, short, and complete hydrogen fill

« Characteristics of hydrogen and limits of storage systems emphasize need for
managing the safety of the fill.

* Need to maximize the capacity (state of charge) percentage of the fill.

* Hydrogen Fueling is the only ZEV technology proven to
achieve ,same as today’s” fueling rates

* The goal of Hydrogen Fueling with SAE J2601 is to achieve alkig L
very high State of Charge (Range) in a short time without B
exceeding storage safety limits.

* TIR J2601 meets the U.S. DOE FCEV Targets for 2017 on
Fueling Time: 3.3 minutes with 5 kg H2 storage &




ZERO EMISSION VEHICLE STORAGE & FUELING:
ELECTRIC CHARGING VS. HYDROGEN FUELING

Reference Storage Capacity in 30 kWh 100 kWH (5 kg H2)

kWh

Current Maximum L.D. Storage 85 kWh 200 kwH (10kg H2)

Capacity

Fueling Time, Empty- 100% 6-20 hours (depending on 3-15 minutes (A, B, Dispenser

SOC (Reference Storage) voltage level, 220V/110V) Type and Ambient
Temperature)

Fueling Time 30 minutes (to 80%) with ,fast 3 minutes (Type ,A” Dispenser)

Empty-100% SOC (Fast charge® with 60-200 kW

Charging) required

Average Reference Range at 160 km (100%) / 130km (80%) 500 km+ (100%)
100% SOC (Hwy)

TR eference: C/\Q

iele  J. Schneider, BMW 10



Hydrogen Fueling Protocol Approach

Technical Goals for Compressed Hydrogen Fueling
* Maintain the safety limits of storage system.

— Maximum Gas Temperature: 85 C

— Maximum Pressure: 87.5 MPa (70 MPa NWP) and 43.8 MPa (35 MPa NWP)
* Achieve target desired customer attributes.

— Fueling Time: 3 minutes Ramp Rate (Type A Station)

— Typical State of Charge Range : 90% to 100% (density based on NWP at 15 C)

Options for Compressed Hydrogen Fueling Protocol
* Vehicle to station interface strategies
— Communication: vehicle provides tank parameters through an electrical interface

— Non-communication: vehicle provides tank pressure only

 Station key control factors
— Pre-cooling of hydrogen: station conditions H2 temperature prior to dispensing

— Hydrogen delivery rate: station provides fill rate per mass or pressure vs. time
— Fill termination: station determines end pressure and/or density that meets goals

11



Importance of a Hydrogen Fueling Vehicle Protocol

The Challenge of Compressed Hydrogen Fueling

* Hydrogen fueling protocol must manage the heat of compression.
— Storage tanks have a maximum temperature rating of 85 C
— Pressurized gas entering the tank increases with temperature.
— Hydrogen tank construction (i.e. wall thickness and material) reduces heat
transfer which can influence the temperature increase in the tank.

* Hydrogen fueling protocol must manage unknowns.
— Non-communication fill:

Known Unknown

pressure storage tank temperature

ambient temperature tank properties

— Station must estimate the temperature change that occurs during fueling.
Many tank unknowns: starting temperature, capacity, type, number of tanks,
etc.

— In some cases, the station estimates can be conservative resulting in a

reduced state of charge fill.

\ \ \

12
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SAE TIR J2601, Guideline
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V.1 Technical Information
Report (TIR): Light Duty Vehicle
H, Fueling, published in 2010

Provides guidance for hydrogen
fueling within reasonable time
without exceeding temperature
and pressure limits

Provides pressure targets to
achieve a reasonable state of
charge (SOC) under diverse
ambient temperature(s)

Fueling protocol created from
fueling actual OEM tanks under
extreme conditions

Released as a Guideline for
Field Trials, standard in 2013

\\\\\\

SAE TIR J2601, GUIDELINE
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LOOK UP TABLE LOGIC

Lookup Table Control Diagram

Vehicle Station
Inputs Parameters Parameters

Initial  Initial Gas Ambient Delivered
Gas Temp. Pressure  Temp. Gas Temp.

\ 2L 2 2

/ SAE Refueling Guideline

l SAE J2601 Lookup Tables
IF Actual Fueling Duration (min)
. B-70 Add intermedliate leak check times: up to 10 sec after every 25MPa increase in fueling pressure
< 1-7Tkg Initial Tank Pressure, Py (MPa)
2 5 10 15 20 30 40 50 60 70 =70

m = 50 | o fueling | no fueling [ no tusling | no fueling | no fueling | no fueling [ no fusling | no fueling | no fueling | no fueling [ no fusling
q - =) 50 41.0 39.1 36.0 33.0 30.0 241 18.3 126 7.0 1.3 |ne fueling
\ e 45 28.9 27.5 25.3 23.2 21.1 17.0 12.9 8.9 4.9 0.9 |no fueling
! o H 40 21.3 20.3 18.7 7.2 15.6 126 9.6 6.6 3.7 0.7 |no fusling
m - "i 35 16.4 15.7 14.4 13.2 12.0 9.7 74 5.1 2.8 0.5 |no fueling
‘ g 30 13.0 12.4 1.4 10.5 9.5 7.6 5.8 3.9 2.0 no fueling | no fueling
m ® 25 10.7 10.1 9.3 8.5 7.7 6.2 4.6 3.1 1.5 no fueling | no fueling
E:- 20 8.9 8.5 7.8 71 6.4 5.1 3.8 24 1.1 na fueling | no fueling
: E 10 6.6 6.2 5.7 5.2 4.6 36 2.6 16 0.6 |nofueling | no fueling
ﬁ [1] 5.1 48 4.4 4.0 3.6 27 1.9 1.1 0.3 |no fueling | ne fueling
= -10 5.0 47 4.3 3.9 34 26 1.7 0.9 0.1 |no fueling | ne fueling
% 20 4.9 46 4.2 37 33 24 1.6 0.7 |no fueling | no fueling | no fueling
! [ 30 1.8 15 1.1 3.6 3.1 23 1.4 0.5 [no tueing | no fueling | no tueing
< 10 18 45 1.0 36 3.1 23 1.4 0.5 | no fueing | no fueling | no tueling
- < 40 | no fueling | no fueling | no fueling | no fueling | no fusling | no fueling | no fueling | no fueling | no fueling | no fueling | no fusling

v v

Ending Refueling Gas
Pressure Flow Rate Outputs

15



FUELING STATION TYPES

J2601 defines fueling station type by capability
to dispense hydrogen fuel at a specific nozzle
“pre-cooled temperature™

Type “A”- Station has -40° C pre-cooling
Type “B”- Station has -20 " C pre-cooling
Type “C”- Station has 0" C pre-cooling

Type "D"- Station has no pre-cooling

16



J2601 FUELING PROCEDURE SUMMARY

Fueling
Station Type

Vehicle Measurements
HSS Initial Pressure P,
HSS Capacity

Lookup Tables -A, B, C,orD
Average Pressure Ramp Rate (APRR)
Fueling Target Pressure P, e

Fuel While

I:)station < Ptarget - AI:)station

T ~

W

Gray box — statio

_HSSP,

~

HSS Capacity

Red box - vehicle interaction

Fueling

Station Type

Vehicle Data

Vehicle Measurements
HSS Initial Pressure P,
HSS Capacity

Vehicle
Data
Validity
Check

Lookup Tables - A, B, C, or D (quideline)
' - =7 Average Pressure Ramp Rate (APRR) ‘

A\ 4 \:V \l'

While Vehicle Data Received

Pass

Fail

Fuel While Passes Validity Check and:
Vehicle command = Abort
if data lost Poenicie < 125% NWP
Tvehicle <85°C
I:)station < 125% NWP - AI:)station
Pstation < 110% Ptarget - APstation
SOC < 100% - ASOC

station station



OUTLINE

Theory and Modeling/ Tables
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FUELING FUNDAMENTALS

An optimal fueling protocol will ...

» fuel all hydrogen storage systems quickly to a high state of charge (SOC)

» never violate the storage system operating limits of 85°C internal tank
temperature (don’t overheat) or 100% SOC (don’t overfill)

Hydrogen Storage System Fueling Window - 70MPa Case

100 -
Overpressure

ap - (P> 87.5MPa)

807 Overfill

20 {p=40.2 grams / liter)
s

60 - F=)
: ; 50
0 5p- c o=
3 m L
2 E & F
§ 5 =
= 3

30 - SOC=100% o Tank Temperature Limit

(p=40.2 grams { liter) Eﬂ (T=85°C)
20 - <
3
i
10
60 -40 -20 0 20 40 60 80 100

Temperature ("C)




PARAMETER EXAMPLE - HOT SOAK / COLD SOAK

"HotSoak" and "Cold Soak" Extreme Temps

70

Y

E-. ™ - - = T

£ -

g ol S0aK £one
d -40 20

——HotScok Temp /°C = Tmox (storage)

—i— Soak = Ambient =

—4—ColdScak Temp [ *C = Tmin (storage)

COId soak Zone 1 Ambient Air Temperature at Station /*C
W 20




Reading the TIR J2601 Tables:
Target Pressure for Dispenser Control Logic

Average
A-70 Pressure Fueling Target Pressure, Pi;qet (MPa)
Ramp Rate,
1-7kg APRR Initial Tank Pressure, P, (MPa)
MPamin) | 2 |l 5 10 | 15 | 20 | 30 | 40 | 50
> 50
50 11.4 73.2 73.0 72.8 72.6 72.4 72.2
45 15.7 736 | 73.3 | 73.0 72.8 72.5 72.3
40 19.8 739 | 736 | 73.2 73.0 72.6 72.2

74.1 73.6 73.3 73.1 72.7 72.3
73.8 73.2 72.7 72.5 71.9 71.4
73.3 72.6 723 1.7 70.9 70.4
72.8 72.0 71.4 71.0 70.0 69.3
71.5 70.6 70.0 69.4 68.2 67.2
! 70.3 69.3 68.5 67.9 66.4 65.2
-10 28.2 69.8 69.2 67.9 67.1 66.1 64.4 63.0

-20 28.2 68.9 67.9 66.6 65.5 64.3 62.4 60.7
-30 28.2 67.8 66.7 65.2 63.7 62.5 60.4 58.3

Ambient Temperature, T amb (°C)

63.7 62.5 60.1 58.3

21



NON-COMMUNICATION CASE PROTOCOL DEVELOPMENT

* Two fueling cases: 1) non-communication and 2) communication

* Protocol is based on known parameter values and possible ranges of unknown parameter
VEIEES

* Protocol specifies fueling rate and final fill pressure as a function of known parameter values

Step 1 — Fueling Rate

» Fast fueling is desired, but 85°C tank internal temperature limit must not
be violated under any fueling conditions

Step 2 — Target Pressure

» Afull fill is desired, but 100% SOC must not be violated in any fueling
conditions

Step 3 — SOC Assessment

» Range of SOCs expected in real-world application of fueling protocol is
90-100%

22



LOOK-UP TABLE DEVELOPMENT -

Ret:
FFFFFFF e Target Fill Pressure (MPa)
for Empty|

Tank Initial Tank Pressure (MPa)

(min)

(MPa/min) 2 5 10 15 20 30 A0 50 60 70 > 70

50 14.6
45 279
40 29.2
35 29.2
30 29.2
25 29.2
20 29.2
10 29.2

-10 29.2
-20 29.2

Start End w | =
fueling fueling

Step O )
?? MPa/min Worst-case
/ SOC

Hot case vehicle Hot case vehicle defines
Type IV large tank - park and Piarget (77% SOC) average pressure ramp rate
hot soak, then fuel from empty
fuel temp Ste p 9
3¢ Hot soak = 20°C

Ambient Temperature (°C)

temp

P = 2MPa

+20°C

y __Ambient temp (station) = 0°C

»

4'1O°C »ld

Piarge (100% SOC)
/ y Cold soak = -10°C

fuel temp Cold case vehicle defines /
-40C target pressure

Cold case vehicle

Type Il small tank — cold soak followed P = 2MPa
by rapid defuel, then fuel from P

Step @
Ny

time

23



MODELING RESULTS

Non-communication Case

A series of “look-up tables” that specify fueling rate and target pressure
as a function of ambient temperature, initial tank pressure and storage
system volume.

Look-up table values describe the capabilities and limitations of the
fueling process. For example

Fueling times of 3-5 minutes or less under most conditions when fuel pre-cooled to -40°C

Fueling times of an hour or longer under some conditions when station does not have
pre-cooling capability

Expected SOCs in the 90-100% range

Lookup Table (7OMPa, Cap £ 6kq, -40°C)

40 29.2
< 40 no fueling

69.0 68.0 66.5 65.0 63.5 61.0 58.5 56.5|no fueling |no fueling | no fueling
ling | no fueling | no fueling | no fueling [ no fueling | ne fueling | no fueling | no fueling | no fueling | ne fueling | ne fueling | no fueling 24

Avg F”,RTeif;ne Target Fill Pressure (MPa)
Ramp for Empty
Rate Tank Initial Tank Pressure (MPa
{(MPal/min) | (min) 2 5 10 15 20 30 40 50 60 70 > 70

= 50 no fueling no fueling | ne fueling | no fueling | no fueling | ne fueling | ne fueling [ no fueling | no fueling [ no fueling | ne fueling | ne fueling | no fueling
50 14.6 6 75.5 75.0 75.0 74.5 74.0 73.5 73.0 2.5 72.0 72.0| no fueling
— 45 219 4 76.0 76.0 75.5 75.0 74.5 74.0 73.0 72.5 72.0 72.0| no fueling
E 40 29.2 3 77.0 76.5 76.0 75.5 75.0 74.0 73.0 725 72.0 72.0| no fueling
z 35 29.2 3 76.5 76.0 75.5 75.0 74.5 74.0 73.0 725 72.0 72.0| no fueling
% 30 29.2 3 76.0 75.5 75.0 74.5 74.0 73.0 72.0 7.5 7.0 71.0] no fueling
'cg_ 25 29.2 3 75.5 75.0 4.5 74.0 73.0 72.0 7.0 70.5 69.5|no fueling | no fueling
£ 20 29.2 3 75.0 4.5 3.5 73.0 72.5 7.5 70.0 69.0 68.5|no fueling | no fueling
ﬁ 10 29.2 3 4.0 73.0 2.5 7.5 71.0 69.5 68.0 67.0 66.0 |no fueling | no fueling
t 0 29.2 3 72.5 72.0 71.0 70.0 69.0 67.5 66.0 64.5 63.5 | no fueling | no fueling
% 10 29.2 3 71.5 71.0 69.5 68.5 67.5 65.5 63.5 52.0|no fueling |no fueling | no fueling
£ 220 29.2 3 70.5 69.5 68.0 67.0 65.5 63.5 61.5 59.5|no fueling |no fueling | no fueling
< -30 29.2 3 69.0 68.0 66.5 65.0 64.0 61.0 58.5 56.5|no fueling |no fueling | no fueling

3

no fuel




MODELING RESULTS

Communication Case

A series of “look-up tables” that provide a recommended initial fueling rate as a
function of initial tank temperature, initial tank pressure, and storage system
volume

Higher SOC fueling is possible in communication case where tank internal
temperature is known to station

Fueling time of 3 minutes or less under most conditions when fuel pre-cooled to -40°C
Fueling times of 3-20 minutes under most conditions when fuel pre-cooled to -20°C

Under Moderate ambient temperatures, pre-cooling not always needed with
communications.

Recommended Avg Ramp Rate (min/87.5MPa)

Initial Tank Pressure (MPa)
2 5 10 15 20 30 40 50 60 70 80 > 80

= 85 | no fueling| no fueling | no fueling| ne fueling | no fueling | no fueling | no fueling| no fueling | ne fueling | no fueling| no fueling| no fueling
80 24 26 29 32 34 39 4 43 35 7 3 | no fueling

75 13 14 16 17 18 17 13 L3 3
i0 8 8 8 7 T 5 3

3 no fueling
3 no fueling
3 no fugling
3 no fugling
3 no fugling
no fueling
ne fueling | no fueling
ne fueling | no fueling
no fueling | no fueling
no fueling | no fueling
25 3 3 3 3 3 3 3 3 3 3 no fueling | no fusling
3 no fueling | no fueling|

3 no fueling | no fueling
no fueling | ne fueling | no fueling
no fueling | no fueling | no fueling
no fueling | no fueling | no fueling

3 no fueling | no fueling | no fueling
no fueling | no fueling| no fueling | no fueling
no fueling| no fueling| no fueling | no fueling
no fueling| no fueling | ne fueling| no fueling
3 ne fueling | no fueling| no fueling | no fueling]
no fueling [ no fueling | no fueling| no fueling | no fueling

no fueling | no fueling | no fueling| no fueling | no fueling 25
no fueling | no fueling | no fueling| no fueling | no fueling|

e |t (e fea e oo fes [es [en
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3 3
3 3
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J2601 Fueling Tables: 70MPa with < 7kg Storage Capacity*
Type A (-40°C) Type B (-20°C)

Actual Fueling Duration jmin) Actual Fueling Duration (min)
'Tn Add intermediate loak cheok times: up to W seo alter owery 25MFa inorease in fucling pressar ?D Add intermediate eak oheek fimes: up to 10 see after every ZHMF 2 imorease in Fueling pressure,
1-F Initial Tank Pressure, Py [MPa) 1-7 Initial Tank Pressure, P, (MPa)
50

z

In Minutes

Ambient Temperature, T ams (°C)
Ambient Temperature, T ar [°C)

Estimated Fueling Time

NS EEEEEE S
Gl AR ] - et

\

Hot Case Final State of Charge, SOC Hot Case Final State of Charge, SOC
{Hot Soak - Mo Histery) 70 {Hat Soak - Ho Histary)

Initial Tank Pressure, P, (MPa) 1-T Initial Tark Pressure, P, [MFPa)

-

90% non-com

00% non-com

08%+ comm. 08%+ comm.

Lower SOC Limits
Without Communication

Ambient Temperature, T b (°C)
Ambient Temperature, T amp (°C)

26
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» What is the next version? (Follow Up Planned)
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SAE J2601 TIR VALIDATION: “MULTI CLIENT
STUDY”

Purpose:

« Confirm 70 MPa fueling meant to be utilized by SAE for the
purpose of future guidelines and standards

* Determine the 35/ 70 MPa fueling parameters for each OEM fuel
system for modeling and station algorithm development

Funding Participants Include:
US DOE, Air Liquide, BP, Nippon Qil, Sandia, Shell, lwatani

Vehicle OEM Participants Include:
Daimler, Chrysler, Ford, GM, Nissan, Toyota

Results were used to validate SAE J2601 / J2799

28



FUELING TESTING AT POWERTECH

e US DOE FreedomCar C&S Technology Team Created Baseline Document
with SAE J2601 Team for Testing

e OEMs sent their onboard hydrogen storage hardware to Powertech
e Powertech Tested OEM Tanks in extreme environments to
Establish Basic Understanding and Validate tables

e Data was shared with J2601 Team

\ \W

T

Cress-Indasty H2 Fueling Testing plan to evabizk faeling
hardarare for S AR T3R00 arnd faeling requivernents for
TIE01 £ C5 & 4 K- writh inpat froe industry & OEM ;
FreedomCAR o
/ Proposed Tank Instrumentation for OEMSs
Fue]"rtnentie
Step &: Prequalification Step B: B aseline Step C: Excteme Sten T Oiptironum
of eanh H2 Fieling Fueling Tests fox aanh case freling tests ﬁ.Leng.fmr.h T4
Hardaratwe S ymter Storaze §yster each 5 foraze Sy tem T
a) Quantify necessary inclividual b l
Breakaway, Hose & H2 mrecooling tenp. & Conduct fiueng tests Stomge Svetem
Hezze dssembly, comtrol needs under der ¢ xiTeTe b o T
Therrnoshock;, ™ 1deal st ation (tank Ll d.tﬁ’elmme betmeen Dievelop a T1 TI0 T11 — TE  Red= hteriortad amface
Receptacle Upwards & Termplamhient 2. st tamp. and o — themoongle
Doarmer ands sarme) itialtard iterral SUITHTIALY D_fﬁld INLET — Hhue = Eterior tark: amfuce
comp.atihility test 21 Caartifrnon-com EEHpeT AT rate & fuel inlet F1 TI12 thermooonple
coc 14 13 — T6 :
. gas termpetature Grea = G temperture (T)
22) Qaartify com SOC ' - ) o prwam: [PJsetenr
B - at different
) Cuantifir com 4 TC X T
2000 arrhient
tempetatures ™
with and withmt
rrnrng cAt nn T1: Gas temperature sensor
‘/_,/// T2 Exterior surface inlet thermocouple
Deternine fueling squirervents (fael rate & fael inlet temperahe under TB_F:TRD Ex_t;dnlor sudrfac%thermoc_oulples — located near the inlet (as close as possible
&ifferert amibient conditions) thatave optiram for all S torage S ystems to the J, middle and end respectively
Tested. ] TB-TE: Euxterior surface thermaocouples — located near the end plug, middle and PRD
BReport on current hydrogen fireling hardvraze. - 180° from T& — T3 respectively as shown above
Beport iest resulie: T9-T14: Interior tank surface thermocouple — located as shown
Full Diata Report to participants. . —_
5 Romert o8 AF DRI 2600 & CS4 4% + Otters? T15: Ga.s t.emperature sensor — located near end of tank
P1: Existing tank pressure transducer
P2 Pressure transducer located near end of tank
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CONFIRMATION OF LOOK-UP TABLES
SAE J2601 Confirmation SOW

Purpose:
« experimentally confirm the 35 and 70 MPa fueling targets
included in the SAE J2601 look-up tables

« experimentally confirm the tests to be included in CSA HGV4.3 —
Fueling Station Safety Parameter Evaluation

Scope of Work examines three distinct areas of interest:
1. Over-density fueling
 Testing with cold-soak and cooling from driving on Type 3 tanks

2. Over-temperature fueling
» Testing with hot-soak conditions on Type 4 tanks

3. Target SoC fueling
« Testing with “normal” conditions on all tanks to confirm non-
communication SoC
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RESULTS OF TESTING USED FOR TIR J2601

Pre-Cooling Temperature as a Function of Ambient Temperature
3 Minute Fueling, <6kg Fuel Systems

&0
T « OEM1
40 - =
~ m OEM2
. Type3 Fuel Systems
. ! OEM3 ||
3 T / OEM4
g et
2 . v
% 0 Typed I:uel Systems “x I~
/ Ambient Fueling Pre-Cooling
g ° i Temperature Time Temperature
5 -40°C 3 Minutes | No Pre-Cooling
-20 .
-10°C 3 Minutes -15°C
-30
0°C 3 Minutes -20°C
-40

-10

Ambient Temperature |

15°C

3 Minutes

-25°C

30°C

3 Minutes

-35°C

50°C

5 Minutes

-35°C
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SAE J2601 Confirmation Tests
Target SoC Test

SAE J2601 Look-Up Table Confirmation Tests
Test3 - 7T0MPa Target SoC Fill, >6kg, 30C
Final SoC =92.0%
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-20

-30
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SAE J2601 Confirmation Tests
Target SoC Test

SAE J2601 Look-Up Table Confirmation Tests
Test 3 -TOMPa Target SoC Fill, <6kg, 30C
Final S0C =91.4%

—Fnoz
FrA(RD
FrA(RAR)

—— Thoz
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OUTLINE

TIR J2601/ Dispenser Testing
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TIR J2601/ DISPENSER TESTING
Testlng of Hydrogen Stations :

Test procedures to confirm dispenser performance within limits and
targets specified in J2601

« Hydrogen Dispenser Test Apparatus (HDTA) will be a mobile device
with equipped with instrumented representative tanks to evaluate
performance of dispenser.

* Representative Tanks to be used in hydrogen fueling validation

« History, in 2005: Designs and Concepts for a 35MPa station

dispenser fueling, gravimetric metering

test device and H2 qua“ty Samp"ng were Gaseous Hydrogen Station Test Apparatus:
. . . . Verification of hydrogen dispenser performance
pUb“Shed flrSt N a SAE rep0rt, deVICe utilizing vehicle representative test cylinders

was built and used in CA, but not patented.
One option in future: CSA 4.3, HDTA

B

Presente‘dv b;: Jesse Schneider

m DAIMLERCHRYSLER
b B

CaFCP Station Test Apparatus Shown (35MPa)

AN

TREE iZs 4§
ity i
L

i
gi‘ﬁ};

BEan

gl
i

a2 Hyrogen Cuaty Sampeng Adaper
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OUTLINE

What is the next version? (Follow Up Planned)
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CHANGES CONSIDERED IN 2013
FROM TIR TO STANDARD J2601

« SAE J2799 IrDA Portion, to be Integrated into J2601 from TIR J2799 (then cancelled).

« 30 seconds (vs. 15s) pre-cooling ,,cool-down“ window, based on feedback from stations.
* Hot Soak Conditions in tables are relaxed with real world data.

« Dispenser Temperature moved to break away allows for better fueling measure accuracy.
« New Precooling Categories (with fall-back fueling) no shut down if out of tolerence.

« Thermal Mass of Fueling components taken into account in simulation model.

« New Tank Volume Categories One additional Category to focus on mainstream sizes.

« Expanded Ramp Rate Tolerence to allow for less storage requirement on station side.

* Allow Development (non-standard) Fueling MC Method using thermal properties to improve rates.

J2601 STANDARD WEBINAR
TO BE ANNOUNCED MID 2013




PREVIEW FUELING DISPENSER TYPES*

J2601 Standard defines fueling station dispenser type by
capabillity to dispense hydrogen fuel at a specific nozzle
“pre-cooled temperature”. There is no space between pre-

cooling categories as with original TIR.
Pre-cooling Categories

Shutdown
if out of
tolerence

I -3

SAETIR -22 S -17.5
J2601 A B C
-2.5 . 2 5
E— -33
i:l-26
SAE ! i |
J2601 ] -17.5
Standard ! —2.5

-40 -35 -30 -25 -20 | -15 -10 -9 0 5

B T40 [ JT30 E8T20 WM TO (Only H35)

*Taken from WHEC Presentation (also from JARI)

10
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Development H2 Fueling
- MC Method -

Steve Mathison
(Honda R&D Americas, Inc.)




Introduction —-MC Method, Under Development
Uses Dynamic Control

MC Method Control Diagram

Vehicle Station
Inputs
Parameters _ Parameters _
Initial  Initial Gas /~ "\, Ambient Delivered /

Gas Temp. Pressure \Parameters) Temp. Gas Temp. \

v ¥

fueling model that calculates
end of fill gas temperature

—

Fueling Speed Control:

Subtract
Time

Add
Time

Ending Pressure Control:

Continue

Fueling
Stop
L Fueling
Outputs Ending Refueling Gas
Pressure Flow Rate

Refueling Control is Dynamic
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MC Method - Theory

ControlVolume Boundary | Heat transfer from the hydrogen can be described as:

Only source /0NN I Q — mZCv (radiabatic_Tfinal)

of energy

[ hm

Heat transfer into the Characteristic Volume:

Q — MC(I-final _Tinitial)

These equations can be combined:

MC(Tfina| _Tinitial) — mZCV (radiabatic_Tfinal)

‘ Characteristic
@ Vol ' ' ' '
Q ‘ olume A direct analytical expression for Ty, iS:

Heat Sink

with infinite T _ mZCvTadiabatic+ I\/IC:Tinitial
thermal -IE:ha acteristic Volume final —

conductivity Te MC + mZCV

Combined heat mass Where MC is a function of fueling conditions and time:

of control volume =0 1
=MC QEnvironment MC — A_|_ B In U adiabatic + g (1_ e—kAt )J
(Units: kJ/K) Adiabatic Boundary init

MC is a mathematical construct which quantifies heat absorption capability of the tank
MC can be thought of as a heat sink or thermal mass with infinite thermal conductivity




MC Method — Development Fueling Protocols

There are two MC Method Fueling Protocols under Development ]

MC Default Fill 4 ™
« Analogous to SAE J2601 Lookup Tables

» MC Parameters based on boundary tanks
» All vehicles fueled the same way

Tank Thermodynamic Properties are
based on J2601 Boundary Tanks +

@)

«
RS
IRDA

 Fill performance not optimized for vehicle
« Doesn’t take full advantage of MC Method

No SIL compliance required b -
MC ID Fill
Identification Fill : . :
(Identification Fill ’. Fill performance optimized for vehicle )
Tank Thermodynamic Properties are + » MC Parameters based on actual tank
based on vehicle tank « Takes full advantage of MC Method
@) -  Significantly faster fueling times
S - Y
IRDA - - - .- g -
(SIL) * Requires vehicle identification

Beyond demonstration, IRDA « SIL/ASIL compliant communications needed

may required SIL compliance

MC Default Fill is a “general” fill for all vehicles

MC ID Fill is a “targeted” fill for specific vehicle



MC Method Introduction

[ Benefits of MC Method ]

a

Customer

Benefit

—

MC Method

Fueling Algorithm

Quick Fueling Times
High SOC

a

Industry

Benefit

—

% SOC

100 -
20 -
80 -
70 -
60 -
50 -
40 -
30 -
20 -

10

High SOC:
> 98%

Pontential for
Faster Fill Times ™ .-

0 1 2 3 4 5
Fill Time (min)

Any Conditions OK

MC Method Fills
automatically
adjust to station

conditions

Statio)é’ypes

A =-40°C Any pre-
B =-30°C cooling
C = -20°C temp OK

Discrete Pre-cooXTemps Allowed
Toleranc€s ®efined
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WORLDWIDE HYDROGEN INFRASTRUCTURE
PLANNING TO USE SAE J2601 STANDARD, 2015-

Europe:

Germany

» Demo-project Clean Energy Partnership
~ 10 active stations +

*> 50 in planning Japan

+ 100 stations planned until 2015
» 1000 stations in discussion until 2025

Nordic Countries

» Scandinavian Hydrogen Highway,

* 9 active stations/ 3 construction/ 20 planning
for 2015.

-

. "

California

* ZEV Mandate
26 active stations (6 public) /

* 68 more in planning for 2015

US/ East Coast

 East Coast Hydrogen Highway
evaluation
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HYDROGEN FUELING AND
STANDARDIZATION SUMMARY

Currently Published, SAE J2601 TIR provides a baseline for a 3-5
minute hydrogen fueling based on a fueling target tables approach

IrDa based communication increases SOC up to 100%

SAE will be balloting a J2601 standard in 2013 based on state of the
art math models, lab and field data

The future Standard will allow for development fueling, MC Method
which optimizes fueling based on dynamic control and tank properties.

45



THANK YOU...

QUESTIONS?
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