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CET Timing (approx.)  Topic Responsible
12:45 CET Join webinar (Note: webinar will start at 13:00 CET) Moderation: Martin Zerta (LBST)
13:00 CET Welcome Martin Zerta (LBST) and Christian Spitta
13:10 CET Introduction to PRHYDE Vincent Mattelaer (Toyota Europe)
13:25 CET WP33 Protocol concept development Claus due Sinding (NEL)

Steve Mathison (FirstElement Fuel)
14:45 CET Break (15 mins)
15:00 CET WP53 Experimental validation Antonio Ruiz (Nikola)
15:30 CET WP43 Modelling and validation Fouaddmmou(Air Liquide)
16:00 CET Summary of key results and outlook g{:\ljz hDAl;?hiSsjggl?lgir(sTIEEI:)rﬁgﬁi:I:I;t (ITA
16:20 CET Questions / Discussion All
16:55 CET Closing remarks Martin Zerta (LBST)
17:00 CET Freekkkek End of Webinar ek
17: 15 CET é Labtour (for visitors in Duisburg) Christia®pittaZBT) |
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WP39 Protocol concept development

Claus Due Sinding (Nel) & Steven Mathison (First Element Fuel, external exper
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n = PRHYDE

Protocol for heavy-duty
Hydrogen refuelling

Developing a Fuelling Protocol
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. =
Protocol development kiof w 2= PRHYDE

Hydrogen refuelling

2020Q1 state#theartfuelingrotocols:
- SAE J2601 H70 Category D

- CEP Protocol

- Other

First step: Set out to develop something that is not redundmmgvghraiel activities

5
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Need for fastduelingof heavy duty applications v 2= PRHYDE

Hydrogen refuelling

Wishlisa.k.aRequirements for a future refuelling protocol (D2.6) highlights:
- Faster than 60 g/s for H70 (120 g/s fer Hi3%p 300 giid70)

- Enable lower pzeoling needwarmer fuel delivery temperatures)

- Primarily scope: 11020 kCHSS capacity)

- Flexible to adjust to larger systems: Trains, Maritime, Aviation, etc.

6
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. =
Interrelation: Protocol, Hardware, Comms “Zf_”thH!D E

Hydrogen refuelling

A generifuelingprotocol has dependencies with Station
Pressure
a) Statiorside components
b) Vehicleside components

c) Communication between Vehicle and Station.

Pressure

Vehicle CHSS

Development Phas@,b,§ Assumptions Pressure

Publishing Assumptionrss Requirements

>
Time
Example: Light Duty connection devices limits the H2 mass tr
at high ramp rates for Heavy Duty vehicles 7
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. =
Assumptions w 2= PRHYDE

Hydrogen refuelling

Statiorside components
- Compatible with Vehicle

- Suitable flow restrictions (Kv) and thermal properties (m*cp), based on stakeholder feedback

Vehicleside components
- Suitable flow restrictions (Kv) and thermal properties (m*cp), based on stakeholder feedback

- Vehicle OEM is responsible for designing CHSS wiflosuitabteictions (Kv) and thermal properties (m*cp)

Communication

- Delivers the data needed for the devielelpegloncepts

8
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n = PRHYDE

Protocol for heavy-duty
Hydrogen refuelling

Protocol naming

9
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=
Protocol types w 2= PRHYDE

Hydrogen refuelling

Naming the protocols based on their features:
- Level of Communication Usage
- Appoahtofuelingparameters

- Approach faelingontrol

10
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Types: Level of communication usage (Type 1/2/3)

Vehicle CHSS Gas

Information Temp
Used Margin

None 1‘

Performance
Acceptable?

Maybe

Pre-
cooling

Temp

T40

Station Vebhicle

w, = PRHYDE

Protocol for heavy-duty
Hydrogen refuelling

Comment

= J2601 philosophy

* Worst case assumptions about most things
® Fueling history assumed

= Station fully responsible (and liable)

[

Static Data —

Yes

T307

= CHSS assumptions eliminated

= Worst case assumptions about some things

* Fueling history assumed

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

3 —

Data (CHSS
gas temp) l

Yes

T207?

* Fewer assumptions need to be made
* The gas temp can be used in different ways

®* Direct use or to screen for fueling history
® Station & vehicle share responsibility / liability

Final PRHYDE Webinaf{S2ptember 2022
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Types: approach faelingparameters (PR/PB)

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
L. validate the implementation, not validate the fueling (e.g. effort for MC Formula)
Prescriptive method itself
Already developed, so no development costs
Open and fair to all companies both small and large
More room for innovation = High development costs
Performance- Allows for competition between companies = Less fair for small companies (must spend on
based development)
= Allows companies to corner the market through IP

Final PRHYDE Webinaf{S2ptember 2022
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Types: Control (S/V)

Command Control

Station
(Type 1, 2, or 3)

Advantages

May not require advanced bi-directional
communications (lower cost)

One-stop shop — station determines both command
and physical control

Lower functional safety requirements on vehicle
(lower cost)

w = PRHYDE

Disadvantages

= Higher functional safety requirement on station
(higher cost)

= Stations typically have lower processing power
than vehicles so it may be more difficult to
implement a complex algorithm on station PLC

= Station has more responsibility / liability

Protocol for heavy-duty

Hydrogen refuelling )

Vehicle
(Type 3 only)

Vehicles inherently have high processing power on-
board — it may be easier and lower cost to implement
a complex algorithm on vehicle

Lower functional safety requirements on station
(lower cost)

= Higher functional safety requirements on vehicle
(higher cost)

= Vehicle has more responsibility / liability

Final PRHYDE Webinaf{S2ptember 2022
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. =
Protocol Types family tree "255'}';'!0 E

Advanced MC Formula Framework w &= PRHYDE

Protocol for heavy-duty
Hydrogen refuelling

PR = Prescriptive

PB = Performance Based
Advanced MC Formula § = Station Control

V = Vehicle Command Control

Type 1 Type 2-PR-5 Type 3-PR-S Type 3-PB-V
(Non-Comm) (Static Data) (Dynamic Data) (Dynamic Data)

[ T Initial ] [ T, Initial+ ] []fgiiThrottle ] [Advanced MC] [ Proprietary ]

________________________

___________________________________________

Final PRHYDE Webinaf{S2ptember 2022
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n = PRHYDE

Protocol for heavy-duty
Hydrogen refuelling

Paths for improvements

15
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. =
Paths for improvements v 2= PRHYDE

Hydrogen refuelling

Fueling speed and-poeling requirements based on common denominators

Improvements through redudimnination of conservative assumptatedo:
- Volume ranges categories
- Tank Typ& # of tanke CHSS
- Vehiclesidefuel delivegomponents
- Fueling history
- Initial CHSS temperature

16
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w = PRHYDE

Pa.ths for prOtOCOI development Protocol for heavy-duty
Hydrogen refuelling )
Improvements to J2601 Philosophy Paradigm Change

Current Current

Assumption 1

/ Assumption 2
Small /
changes in

assumptions Change in Philosophy

Ending Gas Temperature Margin

17
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. . =
Change in philosophy W=t PRHYDE

Hydrogen refuelling

Old paradigiorstase assumptions &ugling Parameters stored in Station

New paradigm: PRHYDE Fueling Concepts
- Advancements to MC Formula Framework

- Fueling Parameters stored in Vehicle

A Eliminates many conservative assumptions

18
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n = PRHYDE

Protocol for heavy-duty
Hydrogen refuelling

PRHYDIEueling Concepts

19
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Current SAE J266LelingProtocol Principle “”"’f:RhH!D E

Hydrogen refuelling

The station takes full responsibllity.
Using most conservative values slows down the fuelling

( ) ‘ ‘ ‘ o] hose ‘ —

' Pipe —
ﬁ Brealaway coupling Manifol
Reduction valveHeat exchanger Nozzleeceptacle

High pressure bank

)
)
)

e

oTV Tank
" " "
HRS supplier has impact in order to create good fuellikgnown, but protocol Unknown. Protocol will use most
takes most conserative conservative values for each individual
values component, number of tanks, size of tank
etc...
PRHYDE eliminates the use of most ‘ 2
_ .| conservative values for this par. —




Influence of Vanou; Factors & Assumptions .. &= PRHYDE
on LD / MD / HuelingPerformance SRl R e
Influence
Factors / Assumptions LD MD HD
(< 250L) (2506750L) | (7562500L)

Station fuel delivery component thermal mass & soak temperature HIGH MED LOW

Station fuel delivery component flow coefficient (pressure drop) LOW MED HIGH

Vehicle CHSS fuel delivery component flow coefficient (pressure d LOW

CHSS tank size and L/D ratio MED

Fueling History HIGH

CHSS Initial Gas / Soak Temperature MED

the effect of the most influential factors / assumptions on fueling per ,t;m&jce

v{PRHYDE focused on designing fueling concepts which provide options]g)r minin
Final PRH




Comparison ohe four PRI

U Type 1(J2601): No Vehicle Information used (to control the fueling rate)
U Type 2 (PRHYDE): Static Vehicle Information Used

U Type 3 (PRHYDE): Static and Dynamic Vehicle Information Used

YDE Fuelling Concepts

n = PRHYDE

Protocol for heavy-duty
Hydrogen refuelling

PRHYDE Fueling Concepts

Type 1| Type 2 Type 3
Assumptions / Boundary Conditions T
_ : .. .. Jas

SAE J260] Static TgasInitial | To,qInitial+ Throttle
CHSS Volume Categories X
Worst Case CHSS Thermophysical Properties X
Fueling History Always Present X X
CHSS Initial Temperature @ Hot Soak X X X
Worst Case Station Component Thermophysical Pro
(breakaway, hose, nozzle/receptacle) X X X X

272

Station Components soaked at Ambient Temp X X X X




OEM CHSS Specific Control Parameters
are stored as gt table

Actual CHSS Design &
thermophysical properties
I NB Lldzii AY

X G238GKSNI 646K

assumptions for

pepeg cmpopen

_—— - =]
I

J

o e e e =

n = PRHYDE

Protocol for heavy-duty
Hydrogen refuelling

v)

Fueling
Model

The vehicle ECU selects thegfighta b | e
ES T T T |

00  00=

Flllal FRMTUVE vweulilariljazplellivel cvucc

é

and sends
é

)

A set of tfinal tables are
produced and stored in
vehicle ECU

ﬁ& t:.o IS the calculated by the fueling model

AC), and

At is defined as the time required to fuel the CHSS
from a minimum pressure P, to a maximum
pressure Py, without:

~

A exceeding the gas temperature limit (typically 85

K A maximum mass flow rate (e.g. 300 g/s for H70) /




Example of aftnal table

w = PRHYDE

Protocol for heavy-duty
Hydrogen refuelling

t-final table format MAT values every 2C and ambient temperature values everys

MAT
T

amb

-18

-16

-14

-12

-10

-8

-6

-4

-2

46

48

50
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Underlying basic fueling control for all PRHYDE concé

[ Advanced MC Form:

PLC

Flow or
PressureV\}(l_ """

Control P

Valve

A MC Formula uses the INpUts, OFisp Trei@nd mass flow rate
A A mass average of the fuel delivery temperature is calcg)ated (MAT

A t. .is calculated frdmy,,and MAJand this is used to calculate PRR & Piia T

Final PRHYDE Webinaf{S2ptember 2022

o)

Pressure

= PRHYDE

| for heavy-duty
Hydrogen refuelling

& Go— MAE T

Pressure
control

25
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The four PRHYDE Fuelling Concepts w 2= PRHYDE

Hydrogen refuelling

Type 4 Static

Type 3 Dynami€ T, Initial

Type 3 Dynamic T,,sInitial+

A

Type 3 Dynamic¢ T, Throttle

4 N
If the vehicle does not communicate the grotocol

and {,,table, then a most conservatiyalile

stored in the dispenser will be used (i.e.jype 1). "
\_
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Type D Static Fuelling Concept "”EthH!D :

Hydrogen refuelling

\

A P, is the initial pressure used in the

E.g. tabl®,;,= 6 MPa s sent to the HR fueling model to derive the t-final table

Only 2 tables stored in vehicle

A Higher P, values facilitate shorter
t-final values and thus faster fueling )

temperature is assumed to be at the-sedibne.

CHSS gas temperatureisaken into account. C)—‘(SE

Example A
] 50 1ot
Vehicle measures P+~ 12 MPa 20 —
=1 30 - <~
l 20 e e e
! 112 MPa 10 temperatiure .g%"“e
T 0 - eV ‘(‘)a‘
| -10 3‘6‘
: -20 /c.‘(\-':%e
It is assumed that all tanks are in hot soak condition -30 - d
40 - 2
. . -50 > WWW.PRHYDE:IA
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Type 3 DynamidoTl ¢

Multiple tables stored in vehicle baBgg on

50
40
30
20
10

0

-10

-20

-30

-40

-50

E.9P.,,=1, 6, 11, 16, 21 MPdive tfinal tables

@< ~
-~
CHSS hot soak <
temperature \asﬁw B
\ ™~
&Q_‘(\? N
T ~
,:!
Sl ~N
Ve

~

-40

-30

-20

-10

0

10

20
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30

40

5

°'/ /

t I a. I (,) F u e I I Hﬁf';;ofo avyduty&(

Hydrogen reftelling

NI Example
P =11 MPs Vehicle measuresB= 12 MPa

2 MPa

It is assumed that all tanks are in hot soak conditior

CHSS gaemperatuie takemtoaccount. CHSS
gastemperatuisusedoscreerorfuelindnistorywhichfabsent
allowshigheP_. valuezobeusedbasednP

min initial

T asabovehotsoakh UselowelP,; table
(e 0.Tyas= 30C, T,p= 5C, Rys= 12 MP4 UseP, ;= 1 MPtabl®

T asbelow hot sodk Use normal Ptable 28
(e 9. Jas= 20C, Too= 10C, Ryss= 12 MP4, Use By,= 11 MPa table)RHYDE_eIA



Type dDynamidol I ni t 1 al +0 Fu e"’limmoﬁ,ﬁﬂ 5

Hydrogen refuelling

Multiple tables stored in vehicle baBgegdard CHSS soak temperature
E.gPnin=1, 6, 10, 15, 20 MPa@H& G, ;.= (Thot soae (Thot soalt 5AC), Thot _soalk 10AC)A fifteen ffinal tables

CHSS gaemperatuiie takemtoaccount. CHS$
gastemperatuisusedochoosea set otinal
tablesvithdifferent CHS®akiemperatures
combinationithdifferen®_ ., valuepasednP,

T.. 4 T,..above hot so&k Use lowest Ptable
9as oo ot > 93S In
40 ,Aﬂ_ (e 9. Tas= 30C, Tp= #C, Ryss 12 MPA Use R;,= 1 MPa table)
_— ’f
o || ¢S bt bonk| | AT [ L4 . T,asbelow hot so#k Use hot soak Rtable
10 tempefature /"__; -1~ (e 9. Tas= 20C, Tp= 10C, Ry 12 MPA, Use P = 11 MPa w/ hot soak table)
R L A Ayl L P R g I S
L o e B s B g ——
10 B = Tgasbelow hot so@k Use hot sogkR,,table
~_ gas min
jg — (e 0. fas= 0C, T..,= ®C, Ry s 12 MP4 Use P..= 11 MPa w/ hot so&C table)
] \ 29
| i R T,asbelow hot sodk Use hot soel0 B, table
Final PRHYDE WebingfS28ptember 2022 10 20 30 40 50 (e 9. Jas=-52C, Tp= 10C, Rys= 12 MP4 Use R;,= 11 MPa w/ hot seHBC table)

T

amb



Type dDynamid o s

Only 1 table stored in vehicle

-2z This{, table uses Pmin = 1
and is based on a max CH$$

-2 temperature decided by the
-2z OEM. (e.g. 8B)

B Ch-—r=—r === = [ —

Final PRHYDE Webinaf{S2ptember 2022
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Hydrogen refuellin
CHSS | Taas | Toas on | Toa von |

16°C
T2 18°C
T3  22°C . .
T2 17 T @@
T5  19°C
T6  23°C

—

A CHSS gas temperatutaken into accouihe actual CHSS
gastemperaturé {4 oIS used to reduce the pressure ramp rate (
when a threshaédmperature is reached

A The final table is derived with a higher CHSS gas temperature (e
facilitating faster fueling in the early portion of the fill.

30

WWW.PRHYDE.GIA




n = PRHYDE

Protocol for heavy-duty
Hydrogen refuelling

Improvements t@,,s Throttle

31
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. _ =
Problems with Origina| s Throttle Y

Hydrogen refuelling

C The original pressure ramp rate throttle equation for T ¢ Throttle was very simple

Trajectory without PRR
throttling

IF Tgas ETIThTEShﬂId

(ES_Tgas)PRRthresham

PRR =
(85—Ttnreshold) 85 °C

Tthreshr.:lld °C

Where PRRy;eshoig = PRR at the time T,o = Tiyreshold Tae

L
C Problem:

A If Ty esno IS S€L t0O high, T4as Can overshoot the maximum gas temperature limit of 85 AC

A This can be avoided if Ty, .snoiq IS SEt to a lower value, but this causes the fueling time to suffer (be extended)

A If the pressure drop between station and CHSS pressure is high, reducing the PRR has less effect on temperature rise 32

A This means that the appropriate Ty, .snoq d€PENS 0N how much pressure loss is in the system



Problems with Origina| s Throttle

Fina

PRR goes negative

A Here, Ty esnoniS S80AC

A T,sovershoots and reaches 86 momentarily

A Fueling time 45.9 minutes

w = PRHYDE

Protocol for heavy-duty
Hydrogen refuelling

A Here, TieshoiiS 74.7AC ’ 23
A T . stays below 83C (peak is 84.KC)

gas

A Fueling time 46.7 minutegalmost 1 minute longer)




