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Protocol for heavy-duty
\ Hydrogen refuelling

/Philosophy for SAE J2601 Fueling Protocols:

U H, Station is fully responsible for safe fueling of the vehicle

U No safety critical information from vehicle is used *

U Worst case boundary conditions are assumed )

Fueling Can be Conducted With or
Without Communications

Unidirectional IRDA =e—)

Overpressure (P> 87.5MPa)
Vehicle PT,V PTV Station
- =) '-/\_, e

14 —
Tank Temperature g
Operating Limit 0=
(T=85°C)

- ” ’ i s “ N . * Communicated data is not used feafety related functions
¢ it isonly used for fill quality

Storage Vessel Operational Window **

Hydrogen Storage System Fueling Window and Target Density - 70 MPa

80 S0C=100%
(p>40.2 g / liter)

>

SOC=100%
(p=40.2 grams / liter)

Pressure (MPa)
g

Fueling Performance

** Figure 3 from 2020 version of SAE J2601

A The current SAE J2601 is based on this philosophy which dictates the higher level structure of the fueling protod _l
www.PRHYDE.e

A This philosophy was chosen after much discussion in the SAE ITF



J2601 Protocol Structures

Table-base Rratacol

Venhicle Station

InpUtS Parameters Parameters
Initial Gas Ambient Delivered
Pressure Temp. Gas Temp

Fuel Temperature

e

\
4 SAE J2601 Lookup Tables * \

H70-T40| average
4_7kg Pressure
Ramp Rate,
non- APRR
[MPa/min]

Target Pressure, Puse | Nitial pressure
—

al Tank Pressure, Py [MPa]

5.1 76.9 76.6 76" "

N

45 8.1 . 76.5 76.4 76 Pr
il 73.2 75.6 76.8 76.3 76. 4’ 73.9 72.7
35 124 729 75.3 764 | 76.0 6.1

75 Target 738 | 727
30 153 739 | 758 | 72 | 154 | 15 ) .

25 185 69.0 75.1 745 | 747 | 743 | 733 | 730 | 720 |
218 679 | 721 v [ 719 [ 707 | 697

mbient Temperature, Tamb [°C]
3

| 10 28.0 663 | 711 | 741 Pressure » 696 | 684 | 669
. 4 | 724 5 | 611 | es7
i Ambient 3 | 7o Ramp Rate T e e
L 3 | 713 | v | wew | wew | vl | 624 | 60.0
B Temp 6 | 706 | 704 | 690 | 674 | 652 | 618 | 587
_— o 1

KA
A
K

¢ ¢ * Table B25 from

Outputs Ending Constant Pressure 2016 version of
Pressure Ramp Rate SAE J2601

Refueling Control istatic

w, = PRHYDE

Protocol for heavy-duty

MC FormutarRrotocol Hydrogen refuelling
Vehicle Station
InpUtS Parameters Parameters
Initial Gas Ambient| Delivered|| Delivered
Pressure Temp. | Gas Temp.| Gas Presd.

Temperature (1)
@ —» Calculate Calculate

MC Fill Mass Ave T Mass Avéh

Control

T T 2 MCTaganaie +MC T
final MC+mC,

iswarming s cooling
Slow Down Speed Up

-
Controller
Pressure

MC* Method

—  Ramp Pressure
lumped heat capacitance
* * model that calculates
end of fill gas temp
Outputs Ending Variable Pressure
Pressure Ramp Rate

Gal ¢ RSyYy2(S3
heat capacity of the
tank system

Mikg) 3 C(3/kgK)

Refueling Control i®ynamic

A MC Formula uses feedforward control to dynamically adapt to actual fueling conditions

A Tablebased protocol uses static control based on an assumed range of fuel delivery temps (i.e. T40, T30 "W‘"”‘DRHYDEil



Fueling Performaneé’otential

Initial Pressure = 2 MPa (~ 4% SOC)

Initial Pressure = 10 MPa (~ 20% SOC)

w = PRHYDE

Protocol for heavy-duty
Hydrogen refuelling
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(0]

=y

Fueling Time (minutes)
(o))

B Table-Based m MC Formula

r—-——-———-—=-=-----

4 minutes

45°C 40°C 35°C 30°C 25°C 20°C 10°Cc oO°C

Ambient Temperature

Fueling Time (minutes)
(o))

B Table-Based m MC Formula

4 minutes

117

45°C 40°C 35°C 30°C 25°C 20°C 10°C O°C
Ambient Temperature

Assumptions4 2020 SAE J2601 Standavehicle CHSS size = 122.4 L (Tdaylots), Fuel Delivery Temperature36 oC, End of Fill SOC = 98%

A MC Formula has significantly better fueling performance than Tabésed protocol

A Formulabased protocols facilitate more tailored approaches with fewer assumptions, better performance

WWW.PRHYDE.el



J2601 Real World Fueling Data w = PRHYDE

Protocol for heavy-duty

(35,000 + MEfills*) e

o Fill Duration Histogram (T40 MC-F complete fills)** | * Thank you to Joe Cohen and Air Products for providing this data Ending Gas Temp Histogram (MC-F complete fills)**
=z ** Complete fills means = 95% SOC -
20 43% 10000
7000 Fueling Times Ending Gas Temps Maximum gas
2 6000 look reasonable well below 85 °C temperature =
B o0 £ 78.9°C
,';’:" ; 6000
g 4000 _§
3000 97% < 5 min 99.8% < 75 °C ||~ wm
2000 2575
o 2% 3% 85% < 4 min 90% < 70 °C i o 7%
 — I , )
<2min 2-3min 3-4 min 4-5min >5 min <45 4550 SEEd,Ef ij;n‘iferfj;ﬁigiij? 1075 =7
10000 Initial Pressure Histogram (all fills) v
1% < 5 MPa
15% < 10 MPa O CurrentJ2601 Protocols are conservative and have
g 39% < 15 MPa much unused margin
£ 61% < 20 MPa O Margin = difference between ending gas
temperature and the gas temperature limit of 85 °C
* 99.8% of fills have margin> 10 °C
0-5 510 10-15 15-20 20-25 25-30 > 30 * 90% of fills have margin > 15 °C
Initial Pressure (MPa)
WW.PRHYDEil

Ending gas temperatures show quite a bit of margin below@bmitg this will likely be more pronounced for HD
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How can Fueling Protocols Be Improved?

8

WWW.PRHYDE.el



Protocol for heavy-duty
Hydrogen refuelling

How can fueling protocols be improved? ..& prHYDE J

x Develop approaches which can reduce the gas temperature margin

Current
Pre-cool Temperature

Gas Temperature Margin

Fueling Time

WWW.PRHYDE.el



How can fueling protocols be improved?

x Develop approaches which can reduce the gas temperature margin

Current Faster Fueling *
Pre-cool Temperature Pre-cool Temperature

Gas Temperature Margin Gas Temperature Margin

(o 10

Fueling Time Fueling Time

1®

* High
throughput
stations

Protocol for heavy-duty
Hydrogen refuelling

"= PRHYDEJ
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Protocol for heavy-duty
Hydrogen refuelling

How can fueling protocols be improved? = pRHYDEJ

x Develop approaches which can reduce the gas temperature margin

Current Faster Fueling * Warmer Precooling **

Pre-cool Temperature Pre-cool Temperature Pre-cool Temperature

** Reduced
energy &
costs

Gas Temperature Margin

1©

Fueling Time

Gas Temperature Margin

Fueling Time

Gas Temperature Margin

1©

Fueling Time

1®

* High
throughput
stations

WW.PRHYDEil



Where does the margin come from? +. & PRHYDE

Protocol for heavy-duty
Hydrogen refuelling

SAE J2601 Diagram of Fueling Elements Which Influence the Protocol
Worst Case A A set ofworst-case assumptionare made for these elements
Assumptions A The protocols are based @il these assumptions being true at the same time

Vehicle side
_———-— P H _——p | _—— ——
Start of Fill Conditions ---- Station side pressure drop=--> <"~ ossure drop
V) ~ 0
Y @D °y by O
- \ :
7 |
Mass Flow Pressure Heat transfer from ; 6&
Meter Temperature thermal mass ;
Measurements Interface

End of Fill Conditions Station < i > Vehicle

li?-r-

Ambient Temperature - Hot temperature . Cold temperature wwaRHYDE_el

Compression
Heating



Where does the margin come from? +. & PRHYDE

Protocol for heavy-duty
Hydrogen refuelling

SAE J2601 Pre-cooling assumptions
Worst Case Fuel delivery temperature is at an upper boundary value* (88cC for T40)

: * not applicable to MC Formula
Assumptions PP

Vehicle side
pressure drop

. " <«---- Station side pressure drop---» '<«---
Start of Fill Conditions - i

' 'PExchang i

Mass Flow Pressure Heat transfer from 6&
Meter \ 'Temperature thermal mass
[ [ | I | -
Measurements Interface

End of Fill Conditions Station < i > Vehicle

li?-r-

Ambient Temperature - Hot temperature . Cold temperature wwaRHYDE_el

Compression
Heating



Where does the margin come from? +. & PRHYDE

Protocol for heavy-duty

. Hydrogen refuelling
SAE J2601 A Co_mﬁ?orr:ent sSSUTptlonSd f
omponents withthighest thermal massand surface area
Worst Case P J |
A f A Components arsoaked at ambient temperature
ssumptions
i it <«---- Station side pressure drop---»>!<--- vehicle side
Start of Fill Conditions e o e e e i m PLESSUTEAIOD
U ¥ .
li} Y Y% R
- | !
Mass Flow 'Dressure Heat transfer from : 6&
Meter g:mperature thermal mass | I
ememtr_____————
Interface
. | .
End of Fill Conditions Station < i > Vehicle
|
|

Compression
Heating

li?-r-

Ambient Temperature - Hot temperature . Cold temperature wwaRHYDE_el



Where does the margin come from? +. & PRHYDE

Protocol for heavy-duty

Hydrogen refuelling
SAE J2601 Pressure drop assumptions
Worst Case A Highest possible pressure drop

Assumptions

Il Il Il I S S S B S S S S

Vehicle side I
pressure drop

00 Ty iy Ta a7
| \

Start of Fill Conditions <«---- Station side pressure drop---» '<---

Mass Flow Pressure Heat transfer from 6&
Meter Temperature thermal mass
Measurements Interface

End of Fill Conditions Station < i > Vehicle

li?-r-

Ambient Temperature - Hot temperature . Cold temperature wwaRHYDE_el

Compression
Heating



Where does the margin come from? +. & PRHYDE
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CHSS assumptions:
SAE J2601 A 850C maximum gas temp A Type IV construction w/low thermal conductivity

Worst Case A Single tank (vs multiple) A Minimum initial pressure
Assumptions A CHSS hot soaked A CHSS volume larger or smaller than actual*

* Not applicable to MC Formula

o : Vehicle side
<---- Station side pressure drop---»> | +--- TP oam em o ~

Start of Fill Conditions pressure drop (

|
0 * 5 |
@6 % )] U% ; I I
o) | v ,
Mass Flow Pressure Heat transfer from | 6 I
Meter Temperature thermal mass | N e e _'
Measurements Interface

End of Fill Conditions Station < i > Vehicle

li?-r-

Ambient Temperature - Hot temperature . Cold temperature wwaRHYDE_el

Compression
Heating
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Where does the margin come from? N pRHYDEJ

SAE J2601 Real world fueling conditions are rarely at even one of
Worst Case these assumptions let alone all of them at the same time
Assumptions
— | | | | | | | | | | | | | | | | | | | | Ny \
o : Vehicle side
Start of Fill Conditions { +-7-- Station side pressure drop---> .+ -="  oqsure drop |
l®® °y o, O
U NE
= DA a :
Mass Flow | Pressure Heat transfer from : 6& I
Meter Temperature  thermal mass : ’
\ Measurements : _
Interface
|
End of Fill Conditions Station < g > Vehicle
|

Compression
Heating

A Margin comes from real world components and conditions being less conservative than the worst case _l
www.PRHYDE.e

assumptions in J2601



How can this margin be reduced? « = PRHYDE

Protocol for heavy-duty
Hydrogen refuelling

J2601 Philosophy (station responsible) ‘ Revised philosophy (vehicle & station share responsibility)

» Utilize new approaches which allow vehicle specific
information to be communicatedto the stationand
incorporatedinto the fueling protocol

» Improve the protocol by eliminating or reducing the
embedded worst-case assumptions
* Incremental improvements _ _
* Although benefits are high there are some trade-offs that

 Difficultto fully eliminate the margin need to be considered

Current Current

Assumption 2

AT

e.g. station

thermal mass /L

e.g. gas Change in Philosophy
temperature limit

Assumption4

=
o0
=
Q
| -
3
—
(T
| -
Qv
Q
5
|_
wv)
(T
O
oTo]
=
©
c
(NN}

A Margin can be reduced incrementally with current philosophy or nearly eliminated with change in philosop ‘W“”"’RHYDEil
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Fueling Protocol Philosophies « = PRHYDE

Protocol for heavy-duty
Hydrogen refuelling

Fueling Protocol Philosophies are categorized based on the vehicle CHSS information used by the Protocol

Cielilldfendlait f (Eer Performance Pre- Station Vehicle ——

Information Temp cooling Comm Comment

. A table? Cost Cost .
Used Margin cceptable emp 0313 0383 Fueling?
Type 1 = J2601 philosophy
= Worst case assumptions about most things
None T Maybe (e T l S = Fueling history assumed

= Station fully responsible (and liable)

= CHSS assumptions eliminated

= Worst case assumptions about some things

Static Data —_— Yes T30? — — Yes * Fueling history assumed

= Station and vehicle share responsibility /
liability although most is still on station side

Type 2

= No assumptions need to be made

= Protocol essentially becomes don’t overheat,

Yes T20? l 1‘ No don’t overfill and don’t flow too fast

= Station and vehicle share responsibility /
liability although most is on vehicle side

Type 3

Gas
Temperature l

A There are three primary protocol philosophies upon which a fueling protocol can be structured _l
E.e

A Within each of these philosophies, different fueling methods can be constructed and utilized (e.g. tableB)cJlEIRAE



Performanc®ased vs Prescriptive Approaches + = PRHYDE

Protocol for heavy-duty
Hydrogen refuelling )

Besides the Protocol Philosophy or Structure, a protocol can be either be prescriptive or performance-based

= J2601 is an example of a prescriptive approach

= J2601-2 and J2601-4 are examples of performance-based approach

Protocol Approach Advantages Disadvantages

= Consistency of fueling performance for end customer | = Less room for innovation

= Much easier to validate stations because only need to | = More difficult to get a fueling method approved
validate the implementation, not validate the fueling (e.g. effort for MC Formula)
method itself

Already developed, so no development costs

Prescriptive

Open and fair to all companies both small and large

= More room for innovation = High development costs

= Allows for competition between companies = Less fair for small companies (must spend on

Performance-based
development)

= Allows companies to corner the market through IP

A For a given protocol philosophy / structure, the protocol can either be prescriptive or performance-based _l
www.PRHYDE.e

A There are advantages and disadvantages to both approaches



Station Control vs Vehicle Control + = PRHYDE
(Protocol Types 2 or 3) Farsaiteais

In addition to the protocol philosophy, prescriptive vs performance-based, another factor is the protocol control
= Does station control the fill, vehicle control the fill, or combination?
= Must also define what “control” means
= Command control — calculation of control parameters
= Physical control — mechanical elements responsible for controlling the flow of hydrogen
= |tis very unlikely that the vehicle will implement physical control, although it is theoretically possible
= Vehicle could, however,implement command control

Command Control Advantages Disadvantages
= Does not require advanced bi-directional = Higher functional safety requirement on station
communications (lower cost) (higher cost)
. = One-stop shop — station determines both command = Stations typically have lower processing power
Station . . . e
and physical control than vehicles so it may be more difficult to
= Lower functional safety requirements on vehicle implement a complex algorithm on station PLC
(lower cost) = Station has more responsibility / liability
= Vehicles inherently have high processing power on- = Higher functional safety requirements on vehicle
board — it may be easier and lower cost to implement (higher cost)
Vehicle a complex algorithm on vehicle = Vehicle has more responsibility / liability
= Lower functional safety requirements on station
(lower cost)

A There are both advantages and disadvantages to command control by station or vehicle WWW-PRHYDEil
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Protocol Type 1 & 2 Margin Reduction

AR
= PRHYDE
6 St t. C t Protocol for heavy-duty
a. I O n O m p O n e n S Hydrogen refuelling
Options @ @
U
1. Utilize the actual thermophysical properties of Y -
station components in the protocol development ﬁBneakaway
(instead of assuming the worshase) * 5
g Y| Hdse H,
I\ Dispenser
Q
Nozzle
Heat |
* This approach is currently being researched under a NEDO Exchangﬂr
funded project in Japaq see reference below:

T. Kuroki, M. Peters, K. Nagasawa, D. Leighton N. Sakoda, K.
|l FYRFES {® allGKAA2YS G5S@St2LIYSyd 27
Model through Collaboration between Kyushu University and

bw9[ Z¢3 LYUSNYFaGA2ylf KERNRISY AYFNI AGNHzOGdzZNBE 62NJ AK2L) HAHA

WWW.PRHYDE.el
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Protocol Type 1 & 2 Margin Reduction +. = PRHYDE

d Station Components Eiotocolfo hecyy iy
Options @ @
U

1. Utilize the actual thermophysical properties of Add Ty, t Y !

station components in the protocol development meaﬁ‘;imen ﬁBneakaway

: . . i

(instead of assuming the worshtse) j/_ 5
2. Measure the fuel delivery temperature at the nozzle 0 & (5""39 H,

instead of upstream of the breakaway ** qﬁ Dispenser

Nozzle
Heat L
Exchangﬂr
“WELIY tliSyld ccnuyHd .HI YO | FyRIZT aDF&a CAffAy3dI aSiKz2RE

- US Patent Application US 20200173607 Al, S. Mathison,
GaSGiK2R YR aeadSy F2NJ Gly]l NBFdSStAyYy3 dzaAy3ad RAALISYAaSN | yR
y211€tS NBIFRAYy3IAE

WWW.PRHYDE.el



Protocol Type 1 & 2 Margin Reduction
0 Station Components

Options @ @

0
1. Utilize the actual thermophysical properties of Add Ty, Qﬁ !
Brgakaway

. . measurement
station components in the protocol development here

(instead of assuming the worshase) * j/_ 5
2. Measure the fuel delivery temperature at the nozzle 0 & (S“e H,
instead of upstream of the breakaway ** qﬁ Dispenser

Option 2 solves two issues:

Protocol for heavy-duty

"= PRHYDEJ

Hydrogen refuelling

Heat

a. Only nozzle component properties considered

b. No assumption about component soak temperature

Because most stations use components with lower thermal mass and most fills start with components
already cooled from a previous fill, this approach can reduce the margin and improve fueling

C There are two options for reducing margin due to the effects of station component assumptions

V Option 1 requires no changes to current component design

V Option 2 would require adding a temperature measurement either in the nozzle or just upstream of the nozzle

Exchangﬂr

WWW.PRHYDE.el



Protocol for heavy-duty

dIncrease Gas Temp Limit AR

C ‘ C SAE J2601 protocols atesigned not to exceed 88_when all worstcase assumptions are present
urrent:

Protocol Type 1 & 2 Margin Reduction + = PRHYDE J

C Thistemperature limit is based on CHSS qualification testwigere 85cC is the maximum
temperature¢i.e. UN GTR 13 and SAE J2579

Utilize 85 cCas the target
for Protocol Design

1o ENding Gas Temp Histogram (MQcomplete fills)

11111

Maximum gas
temperature =/8.90cC

10000

8000

23%

6000

Number of Fills

N 14%
2578 11
2000 2026 0
iy
°"<45 4550 50-55 5560 60-65 657

Ending Gas Temperature (degrees C)

4000

ASOC is good

WWW.PRHYDE.el



Protocol Type 1 & 2 Margin Reduction
dIncrease Gas Temp Limit

C SAE J2601 protocols atesigned not to exceed 88_when all worstcase assumptions are present

current:

temperature¢i.e. UN GTR 13 and SAE J2579

Utilize 85 cCas the target
for Protocol Design

Utilize 90 cCas the target
for Protocol Design

Number of Fills

1o ENding Gas Temp Histogram (MQcomplete fills)

11111

Maximum gas
temperature =/8.90cC

10000

8000

23%
6000

14%

4000

11%

2000 2026 70/
°°<45 4550 5055 5560 60-65 65-7(

Ending Gas Temperature (degrees C)

Number of Fills

oo ENding Gas Temp Histogram (MGcomplete fills)

11111

Maximum gas
temperature =83.9cC

10000

8000

23%
6000

14%

4000

2000 g 7%
>~
0 ¢ 50 5055 5560 50-65 6570 70-78

Ending Gas Temperature (degrees C)

11%

ASOC is good

ASOC should still be acceptable

w = PRHYDE

Protocol for heavy-duty
Hydrogen refuelling

C Thistemperature limit is based on CHSS qualification testwigere 85cC is the maximum

WWW.PRHYDE.el



Protocol Type 1 & 2 Margin Reduction + = PRHYDE

Protocol for heavy-duty

dIncrease Gas Temp Limit AR

C SAE J2601 protocols atesigned not to exceed 88_when all worstcase assumptions are present

Current: C Thistemperature limit is based on CHSS qualification testwlere 85aC is the maximum
temperature¢i.e. UN GTR 13 and SAE J2579
Utilize 85 cCas the target Utilize 90 cCas the target Utilize 95 cCas the target
for Protocol Design for Protocol Design for Protocol Design *

1o ENding Gas Temp Histogram (MQcomplete fills) oo ENding Gas Temp Histogram (MGcomplete fills) oo ENding Gas Temp Histogram (MQcomplete fills)

11111

11111

11111

Maximum gas
temperature =88.9cC

8000
4000 3815

I 119%
2000 O . 20/0

°’<55 5560 60-65 6570 70-75 7584 80-85 > 85

Ending Gas Temperature (degrees C)

Maximum gas
temperature =83.9cC

Maximum gas 10000

temperature =/8.90cC

10000 10000

8000

23%

8000 8111
23%

6000 6000

Number of Fills
Number of Fills

14%

Number of Fills

4565
(0)
4000 14 4000

2578 1 l 2578
2000 g 7% 2000 ™ 7%
. O : 2%
0 0

<45 4550 5055 5560 60-65 65-70 <50 5055 5560 5065 6570 70-73

Ending Gas Temperature (degrees C) Ending Gas Temperature (degrees C)

ASOC is good ASOC should still be acceptable ASOC may be slightly lower on
~ 10% of fills

A Margin can be reduced by increasing the temperature limit used in the SAE J2601 protocol design _l
www.PRHYDE.e

11%

b

A This means that warmer preooling temperatures could be used while keeping the fueling times the same as todz



Implications of Increase in Gas Temperature Limig pruypE
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Communications;:

C To ensure backwards compatibility, vehicle may needotmmunicate to statiorthe CHSS gas temperature lin#f
this may require a communication system with a higher functional safety than current IRDA (also changes philosop

CHSS Quialification Standards / Regulations:

C To incorporate this approach, it is likely tl@tanges to some GTR 13 requiremewsuld be needed.

C Thesechanges may include:

5.1.2.6. Extreme temperature pressure cycling 6.2.4.1. Gas pressure cycling
¢CKS a02N)3S O2yilFAYSN ARXILRABAA@INE ORDf LIRS & did
and at+850Cand 95 per cent relative humidity be decreased if the gas temperature in the

to 125 per cent NWP for 20 per cent number of container exceeds850CX X
/] 80t SaXoo

A Changes to the temperature specs in these clamsag result in higher cost of the CHSS

A Acostto-benefit analysisnay be needed to assess this approach to reducing margin

A This approach to reducing margin would need deep discussion between key industry stakeholders and SDOs



