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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

Uni-directional IRDA m—)

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

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

- ” ’ D “ B " * 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

www.PRHYDE.eu

A This philosophy was chosen after much discussion in the SAE ITF
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Challenges with J2601 Philosophy for HD Fueling Hydrogen refuelling

C Setting assumptions for boundary conditions

V For LD vehicles, it is relatively easy to put bounds on the tank size because space on the vehicle is constrained

V We can also make the assumption that there is a single tank for each volume category

V For HD vehicles, there are a wide range of possibilities of tank size, aspect ratio, # of tanks, supply line lengthsnéhs/Gadtc
C Fueling performance and preooling requirements

V As shown at the last webinar, J2601 has a lot of embedded temperature margin

V This causes either fueling times to be longer than needed-¢gtibnal performance) or preooling to be colder than needed (higy
station cost)

V For HD vehicles, fuel cost is even more important than for LD, so we want a protocol that can deliver the best possile fueli
performance with the warmest possible poeoling requirements

C Flexibility of the protocol
V J2601 uses a set of assumptions and boundary conditions that cannot easily be change to accommodate future tank designs

V PRHYDE is focused on developing fueling protocols appropriate for MD/HD on road vehicles, but also other applicatiorasl suct
and maritime. We, therefore, wanted a protocol that can be applied to a wide range of applications

V We also want a protocol that can adapt to future technology changes, such as novel tank designs (Typess lic@nformablegtc)
www.PRHYDE.eu




Opportunity for Paradigm Change

C HD fueling offers anew opportunity for achange in thinking; a paradigm change!

Protocol for heavy-duty
Hydrogen refuelling

"= PRHYDEJ

C HD vehicle market is still immature so there are no legacy vehicles or stations that we must consider

C Thetime is ripe for changing the existing paradigamd developing fueling protocol concepts that can

1)
2)
3)
4)

Ending Gas Temperature Margin

Improve hydrogen fueling performance
Improve the overall safety of hydrogen fueling
Minimize the total cost of ownership (TCO)

t NPOARS || GdzyAGSNREFT E LINRPG202f FTNIYSE2N] T2

Improvements to J2601 Philosopl

Y

Current

Assumption 1

/ Assumption 2
Small /
changes in

assumptions

Paradigm Chang

Current

NI ' [ [ DSKAOf

e

Change in Philosophy
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Fuel i ng Protocol Phil%‘é‘lﬂl—ﬂlﬁji

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

Vehicle CHSS Gas Pre : : Non-
) Performance : Station Vehicle
Information Temp cooling Comm Comment
. Acceptable? Costs Costs :
Used Margin Temp Fueling?
1 A J2601 philosophy
AWorst case assumptions about most things
MBS 1 Maybe 140 1 l (€5 AFueling history assumed
A Station fully responsible (and liable)
9 A CHSS assumptions eliminated
AWorst case assumptions about some things
Static Data | == Yes T30? | — —_ Yes | AFueling history assumed

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

@Dyn S AFewer assumptions need to be made
AThe gas temp can be used in different ways
2 g
Dl Ll l Yes 7207 l 1 Maybe A Direct use or to screen for fueling history
gas temp)

A Station & vehicle share responsibility / liability

A There are three primary protocol philosophies upon which a fueling protocol can be structured

A Within each of these philosophies, different fueling methods can be constructed and utilize (e.gpaabté& M@ ormula)
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Protocol for heavy-duty
Hydrogen refuelling )

Besides the Protocol Philosophy or Structugeprotocol can be either be prescriptive or performantased

Ve

A J2601 is an example of a prescriptive approach

A J26012 and J2604 are examples of performanebased approach

Protocol Approach Advantages Disadvantages

A Consistency of fueling performander end customer| A Less room for innovation

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

A Already developed, sno development costs
A Open and fair to all companies both small and large

Prescriptive

A More room for innovation A High development costs
Performance A Allows forcompetition between companies A Less fair for small companies (must spend on
based development)

7

A Allows companies to corner the market through IF

A For a given protocol philosophy / structure, the protocol can either be prescriptive or perfornimsesl

A There are advantages and disadvantages to both approaches
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Protocol for heavy-duty
In addition to the protocol philosophy, prescriptive vs performabesed,another factor is the protocoléaiatfatue/ing

A Does station control the fill, vehicle control the fill, or combinatién
Aadziaid Ifta2 RSTAYS 6KIG 02y GNRf € YSIya

A Command controk calculation of control parameters
A Physical controt mechanical elements responsible for controlling the flow of hydrogen

A It is very unlikely that the vehicle will implement physical control, although it is theoretically possible
A Vehicle could howeverjmplement command control
Command Control Advantages Disadvantages
A May not require advanced bdirectional A Higher functional safetyequirementon station
communications (lower cost) (higher cost)
Station A One-stop shopg station determines both command | A Stations typically have lower processing power
(Type 1, 2, or 3) and physical control than vehicles so it may be more difficult to
A Lower functional safetyrequirementson vehicle implement a complex algorithm on station PLC
(lower cost) A Station has more responsibility / liability

A Vehicles inherently have high processing powar | A Higher functional safetyequirementson vehicle
Venicle board¢ it may be_ easier and_ lower cost to implemel| (higher cost)

— 3 onl a complex algorithm on vehicle A Vehicle has more responsibility / liability
(Type 3 only) A Lower functional safetyrequirementson station
(lower cost)

A There are both advantages and disadvantages to command control by station or vehicle
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Protocol for heavy-duty
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Propose dueling protocol framework based on MC Formutlaat can facilitate a variety of options
Type 1 (norcomm), Type 2 or Type 3 philosophies

Prescriptive(or alimited form of performance based)

A combination of station and vehicle control (comm only)

Facilitatesboth Comm (primaryandNon-Comm (conservativefueling

Auniversally applicable fueling protoca] can work for all applications large and small

| future proofé LINRP (1202t gKAOK OlFy FFRFLIW G2 lFyeé [ 1|

;
;
;
;
;
;

Protocol Control Approach

Fueling Ratéd Variable Pressure Ramp Rate utilizlhG Formula PRR equatidrased ort-final as control parameter
Ending Pressure Comf Pressure Targetalculated as &unction of gas temperature and SOC target

Ending Pressure Ne@ommA Pressure Targdbased on combination of worstase conditions

C This is an Advanced MC Formula Protocol with New and Improved Methods-fimat maps
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Advanced MC Formula Framework + = PRHYDE J

PR= Prescriptive
PB= Performance Based

[ Advanced MC Formul% S= Station Control

V = Vehicle Command Control

(Dynamic Data)

[ TasInitial ] [ TyasInitial+ ] [TgaSThrottle] [Advanced MC} [ Proprietary]

(Static Data)

Type 1 Type 2PRS Type 3PRS Type 3PBV
(Non-Comm) (Dynamic Data)

Not explained in
this presentation

C This framework allows for many options (even options beyond what is shown here)

C Some OEMs might favor a Type 2 approach while others might favor a TypRS or Type BV approach
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Overview of the MC Formula Protocol Structure
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Protocol for heavy-duty
Hydrogen refuelling

A Mass Average Fuel Delivery Temperatuk@AT
A The time required to fill from minimum to maximum pressure under hot case conditigns
A Variable Pressure Ramp RafeRR

A Target PressureP,

arget

A MAT, t. ., andPRRare calculated every second

MATA tiaA PRR

www.PRHYDE.eu




Overview-MC Formula: Rules for Calculating MA& PRHYDE

szc—;l
Protocol for heavy-duty
Hydrogen refuelling
A MAT is very high at start of fill — ruetlallerytigap Rule1 ‘4 t<30sec
] T . ___ MAT from beginning of
A Would cause large changes in = ) fill (MAT,)
ramp rate \ = :AI?(TJXT)'"; 30 sec into the Rule = t e SRR g
. . \ ! -
A To reduce this effect MAT is broken o \\ __ Transitional weighted Rule 3 ' t=230and P 2 Py,
into 3 rules :;3 \ average of MAT, and MATy,
©
. Q
A MAT, pected( first 30 sec g
Q
A MAT,, ¢ calculated from 30 sec on a
A MAT, ¢ calculated from beginning
E ted
A MAT.¢ the MAT value used for "MAT |
control ¢ it is a function of the
three rules
Rule 1 Rule 2 Rule 3

www.PRHYDE.eu
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Protocol for heavy-duty
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U t;., IS the time required to fill from a minimum pressure to a maximum pressure under hot case conditions

U t;., IS a function of the ambient temperature and the mass average of the fuel delivery temperature (MAT)

U t;,, IS derived using computer fueling 1000 /
simulations under hot case conditions 900 o< /“5 < 20°¢
. . . g 800 / ] *
U As shown in the graph to the right, a cubic = / /-/
- . m
polynomial equation can be drawn between & 7% / / (o P
the data points with a near perfect fit 5 600 - — -
= o~
(W > 0.999) E_ 500 > 25°C
% 400 / ’// el g 20c] _
. i . i i . - - e
U This results in the following equation where £ s :/:j At
. : . = 300 = S = ’ =
a, b, c and d are derived using a best fit = [ . I'n 25555 Ef’g
regression: e W |
0o — &——— % == \“x--x.x._ e Jae]
Lrinal = axX MAT®* + b x MAT? + ¢ x MAT +d 0 “a0c] 300
-40 35 -30 25 20 15

MAT °C
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Protocol for heavy-duty
Hydrogen refuelling

The final equation fott;, ., is adjusted to account for real world variabilities

\ A

0 T [ 006°Y @ 06w 00°YQ]

Ah = Compensates for ndinearity or variability of PRR
A = Compensates for pressure tolerance

A a,b,c,dare stored in tables J4J16 in Appendix J of SAE J2601 (see example below):

Table J2 - Table of coefficients for 99.4 liter boundary CHSS with CD = FALSE and Pmin = 0.5|

Tams (°C / K)

a b C d
50732315 11462427 -B05.95758 188923.82 -14763290
45 1318.15 0.12728894 -88.669728 20627.75 -1602334
40/ 313.15 0.01362863 -8.260816 1651.2 -108438
35 /30815 0.00459226 -1.80716 112.064 14112
30/303.15 0.000043 1.14407 -526.8 60268
25/298.15 0.00023559 0.7645 -383.873 45116.8
20/293.15 0.00202084 -0.72322 1742 9783
15/288.15 0.00431385 -2.519 480.38 -29613.4
10/283.15 0.0023259 -1.12621 1652.89 -3780
5127815 -0.00146812 1.58788 A97 62 48436
0/273.15 0.00411881 -2.69214 590.798 43511
-10/263.15 0.00337783 -2 15258 458 639 -32638.6
-20/253.15 -0.0035514 3.035824 -837.335 75323
-30/243.15 0.0055517 -3.842547 893 505 -69736
A0/ 23315 0.0035207 -2.346046 5251 -39448 www.PRHYDE.eu




Overview-MC Formula: Variable Pressure Ramp&at@ype

Protocol for heavy-duty

The lookup tables in SAE J2601 provide values for APRR. APRR can be defined in the terms Beiow. < "2

A P, ., = maximum pressure for hot case conditions
APRR = Prinat”Pmin A P_.. = minimum pressure for hot case conditions
tfinal A t. ., = time required to fill from minimum to maximum pressure under hot case conditi

2 A0K O0KS f2271dzLd GFof ST 't ww R2Saty Odhacddantyadus. RdzNA y I

However, with MC Formulay,,,, does change during the fill as MAT varies. Therefore, we need a different equation.

tq., decreasing t. o INCreasing

. P final—Pramp
PRR = 5o
final™" initial Prinal |
tfinal*\ 5, _.—p... | ¢
final=" min

Pfinal |

P

Pamp = the pressure at time t - ramg
Pitia) = the pressure at the ot
beginning of the fill Pinial ;
Pmin T i : ! Poin E
| | I [ I % I |

0 t tfinal t-flnal 0 t tf‘mal tﬁnal
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End of Overview
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Hvdrogen refuelling
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C MC Formula in SAE J2601 is based on a wass set of boundary conditions and assumptions
C ThisAdvanced MC Formulapproach utilizes anore precise set of boundary conditions / assumptions
C Additionally,the way that the tfinal control parameter is derived is more flexible

U Atable of t-final valuescan be derived (similar to the a, b, c, d coefficients but more flexible)

C A tfinal map is derived by usingvalidated fueling modelo run a set of fueling simulations under a
variety of fueling conditions

U Thist-FTAYFf YIFILI Ada daidzySReé G2 (0KS GOSKAOf SQa /I
U The tfinal map is stored in the vehicle ECU

C This framework can also facilitatevahicle command controlueling method where theehicle
calculates the control parameterand communicateshese axcommands to the statiorto implement

Essentially, this is an Advanced MC Formula Protocol with New and Improved Methodsfifwaltmaps
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Protocol for heavy-duty

Each of the options on the following pages uses this same general approach for derivatioff® %" <

Run the model over a range From the simulation results,

Verified Fueling Model which can model a full CHSS 5 input conditions derive a tfinal map
Utilize consensus Te A -40/C to XAC
Utilize actual CHSS Design &  assumptions for T, A -40AC to 50/C
thermophysical properties dispenser componentp P.inA 0.5 MPato X MPa Set of tfinal tables stored in

T.0acA hot soak or other vehicle ECU
Tyas mad 85AC or XAC
Warm and Cold Dispenser

Verified
Fueling Model

Tt A

C Vehicle OEM inputs complete CHSS design into the fueling mosielgactual CHSS thermophysical properties
C Averified fueling modelis used to conduct fueling simulations under the range of conditions noted above

C A complete set of-final tablesis derived the fueling model could be programmed to do this automatigally

C These maps are stored in the vehicle ECU

C TheFdzSt Ay3a A& 0O0dzad2Y G Af 2 MBWIingirBuchibé&tSiuelhsg gekodrfaE@ a O Kbkl €




Advanced MC Formwu#iow it Works (Derivation) = PRHYDE

Protocol for heavy-duty

[Type 2PRS Static Daﬂa: Vehicle Gas Temperatiiat Safety Criticafi.e. not used for fueling rate contraf) -

Utilize consensus Toel A -40AC to XAC
Utilize actual CHSS Design & ~ assumptions for TmoA -40AC to 50/C Set of tfinal tables tailored to
thermophysical properties station components P..A 0.5 MPa, 5 MPa vehicle CHSS
——————————————— Q0 T..aA hot soak temp

..__
!
l
!
[
l

I Warm and Cold Dispenser

| Verified
Fueling Model

These Maps are stored
in vehicle ECU

— — —I-I--_-_
I
!
I
I
I
L

t-final format What is communicated How isTg, used? Control

Tables (4) t-final table valuesP.,., Priiar Pinal Not used for map selection Station

C The range of fuel delivery temperatures can be determined by the OEM. Could include ambient temperature range
C TheFdzStft Ay3 Aa Odzad2Y 0 Af 2 pwswlingirduchib&tsfuelthg gekorfa®a OK I NI

C This approach still makes some assumptions sueitesunting for fueling historyhot soak and low www PRHYDE eu
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Protocol for heavy-duty
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[Type 3PRS Dynamic Da]a: Vehicle Gas Temperatig&afety Critica(is used for fueling rate cow[TgaslnitiaI ]

Utilize CONSEensus Truel A '40'5,0 to XAC Set of tfinal tables tailored to
Utilize actual CHSS Design &  assumptions for T A -40AC to 50/C vehicle CHSS
thermophysical properties station components — p A 0.5, 5 10, 15, X MPa
_______________ o]e, ToaA ot soak temp

| - i

] I Warm and Cold Dispenser

1 [

! | .

| I Verified

I Fueling Model

|

|

These Maps are stored
in vehicle ECU

t-final format How isTg,cused? ®fe]plife]

Tables (8 or more) | t-final table valuesR, ., Pritar Pinal To screen for fueling history Station

C Thekey differencewith this Type 3 Approactis thatfueling history is not assumed!
U Thevenhicle uses the initial gas temperatu@r some other meangp determine if there has been fueling history

C This approaclallows more aggressivefinal maps to be usedvhen there has beeno fueling history(most of the time)




Advanced MC Formul&low it Works (Derivation) £ PRHYDE

Pro tog

[Type 3PRS Dynamic Da]a Vehicle Gas Temperatigr&afety Criticalis used for fueling rate COI[ gasInl’[|a|+ ]

Utilize consensus T A -40AC to XAC Set of tfinal tables tailored to
Utilize actual CHSS Design & assgmptlons for T A 40 AC to 50/C vehicle CHSS
thermophysical properties station components  p A 05 5 10, 15, X MPa e
_______________ _|_®_®_ TsoakA THS Tamb’ (Tamb C ﬂT)

Warm and Cold Dispenser

— ey —
—

I Verified
Fueling Model

— — —I-I----
I
!
I
I
I
L

These Maps are stored
in vehicle ECU

t-final format What is communicated How isTy,sused? Control

To screen for fueling history anc

choose more precisefinal table Station

Tables (16 to 32) t-final table valuesP. ., Phitian Pinal

C Again,fueling history is not assumed! However, thidihal map is more refinedrfap based orP,;,, and T ..
U Vehicle uses the initial gas temp to determine if there has been fueling hiseomgto determine initial soak temp
C This approaclallows for ultimate optimization (best performance)hen there has beeno fueling history(most of the time)
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Proto
[Type 3PRS Dynamic Da]a Vehicle Gas Temperatigr&afety Criticalis used for fueling rate CO||TgaSThr0tt|e|

. . g;!ﬁ;gﬁgﬁg??rjs Tue A '4OA,C o SOA,C Set of tfinal tables tailored to
Utilize actual_ CHSS Design & \ T..nA -40AC to 50/C vehicle CHSS
thermophysical properties station components P..A 0.5Mpa
_______________I ®_® Tgas_maxAXK:(e'g'gsc)
- — === T..aA hot soak temp

| Warm and Cold Dispenser

i
g
i
.
it

These Maps are stored
in vehicle ECU

Verified
Fueling Model

———I-I----
I
!
1 1
I
I
L

t-final format | What is communicated How isTg,cused? Control

Used to throttle the pressure ramp rate
when T, .approaches 85 C

gas

Tables (2) t-final table valuesk,,., Pniiar Pinal Station

C This approach directly useg,; There is only one table (for warm and cold dispenser) so no screening for fueling his
C Howeverthe t-final map is based on a higher maximum gas temperature, for examplé®stead of 82C.
C This facilitateexcellent performancebut some fills will need to be throttled back to avoid exceeding 85.

C This is an approach that directly uségto calculate the pressure ramp rate MASCE




Advanced MC Formud gasThrottle Control « 2= PRHYDE

Protocol for heavy-duty
rogen refuelli

C Becauseé-final is derived based on a higher ending gas temperature (e.gi®pthe PRR \%Io?)‘e {00 faso
avoid exceeding 8BCunder some circumstancepérhaps 10% of fills

_ Trajectory without PRR
C This means that th®RR must be throttled back on son throttling
C One approach to do this is below: _— -

Tthleshuld Dc
IF Tgas = Tth?‘EShﬂEd

Tgas

PRR — (ES_TERS)PRRHH‘ESIIGIEI PRR
(85—Tthreshold)

WherepRFt%weshold =PRRat the timeTgas = lthreshold

C OEM must choos&,, .. DUt a likely value might be 8. Most fills should not exceed BD
C However, if a fill does, the PRR should self regulate sucfithatays at some point between 80 and &5

C This approach is @ombination offeedforward control based offy,, (MC Formulagndfeedback control based offi,
C Tgasls safety critical howevereven ifT ,sis wrong(has a fault)I,, will not exceed 95C¢ has a buikin limiting.furetien




Advanced MC Formuw&low it Works+tnal tables) & PRHYDE

t-final table format

MAT values every 2C and ambient temperature values every/s

Protocol for heavy-duty

Hydrogen refuelling

50 mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm. mm.m mm.m
mm.m mm.m mm.m

45 mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm mm.m mm.m
mm.m mm.m mm.m

40 mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm mm.m mm.m
mm.m mm.m mm.m

35 mm.m mm.m mm.m mm.m mm. Format :rnm m m.m mm.m mm.m mm.m mm.m mm.m mm. mm.m mm.m
" mm.m mm.m mm.m

30 mm.m mm.m mm.m mm.m mm. . . . . . m.m mm.m mm.m mm.m mm.m mm.m mm mm.m mm.m
This indicates thef- |value IN Minute mmm - mmm |

25 mm.m mm.m mm.m mm.m mm. m.m mm.m mm.m mm.m mm.m mm.m mm mm.m mm.m
mm.m mm.m mm.m

Ex:t; ., =084
X e o= .

20 mm.m mm.m mm.m mm.m mm. f|nal m.m mm.m mm.m mm.m mm.m mm.m mm. mm.m mm.m

mm.m mm.m mm.m
_—~

15 mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm mm.m mm.m
mm.m mm.m mm.m

10 mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm mm.m mm.m
mm.m mm.m mm.m

5 mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm. mm.m mm.m
mm.m mm.m mm.m

O mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm. mm.m mm.m
mm.m mm.m mm.m
-10 mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm. mm.m mm.m mm.m mm.m mm.m
_20 mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm. mm.m mm.m mm.m mm.m mm.m
_30 mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm mm.m mm.m mm.m mm.m mm.m
_40 mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm.m mm. mm.m mm.m mm.m mm.m mm.m

www.PRHYDE.eu




Gas Temperature Terms and Usage for Advancedddns

Fueling s Definitions How the parameters are used by the protocol
Concept | communication
Parameters
Type 2PR Tgas_mwA The maximum gas A .'I'gas_higrA Used asecondaryprotective by station to stop the fil
S temperature the CHSS is qualified to If Tgas pight™ Tgas max
under the CHSS qualification standar A Tgas 10wA Used by station to determine end of fill based on SO(
q
Type 3PR -~ utilized (e.g. GTR 13) A Tyas nig
S gas_max Option I Used aecondanyprotective function by
T : : station to stop the fill ifl ¢ pigre T
" gas_high Toas night Represents the highest bulk _ M Wgas_high™ 'gas_max _
Tgaslnltlal Tg - ow average gas temperature in a CHSS, A ﬁ))gstlg; tzheufislleg‘r @nmf:l;yTprotectlve function by station
- gas_hig gas_max
Type 3PR The OEM should account for.ser.lsor A Tgas 10wA Used by station to determine end of fill based on SO(
S and measurement uncertainties in B
T Initial+ determining this value.
gas
Type 3PR | Tjas max Toas owA Represents the lowest bulk A Toas g _ _ _ _
S Tg as_threshold ave_rage gas temperature in a CHSS. fU"s?c_Ir @rlmarTyprotectlve function by station to stop the
T T The OEM should account for sensor "1 lgas_higir” Tgas_max :
gas gas_high o A Used in PRR throttle equation to reduce the PRR whef
- and measurement uncertainties in _
Throttle Tas low .. . Tgas_hlgh> Tgas_threshold
gas_ determining this value. A T oA Used by station to determine end of fill based on SO«
Type 3PB | Tgas max T . A Represents the A Tgt,asiThigr,i_\ lisec:h@rfi_?%[yprotec_lt_ive function by vehicle and
T . gas_thresho _ station to stop the fill i ,s hig™ Tyas max
v -|-gas—h'gh temperature threshold at which PRR | A 1\ A Used as aecondanyprotective function by station to
gas_low throttling is initiated in thel ,throttle stop the fill if calculated density > 107% SOC* . PRHYDE eu
| fueling concept. * At ~ 107% SOC and Soak Temperature 6C5@HSS pressure = MAWP =




Comparison of Fueling Concepts

Hydrogen refuelling

Criteria SRIIg) (e Static Tgas!nitial TgasInitial+ Tgas Throttle X(e)?]ﬂﬁ
Fugllngtlme_ (_under W'.de Slow Fast Faster Fastest uD
variety of initial conditions)

Senspr position accuracy Low Low Low High UD
requirement

Vehicle functional safety level Low High High Higher Highest
HEGUIES B2l Optional Possibly Possibly Possibly Likely
communications

Number of tables Few More More Fewest uD
CEmIEEA OIS g eleEe! Low Medium Medium Higher Highest
development

Vilpeist O CosEteie Highest High High Low UD
assumptions on performance

UD = Undetermined due to flexibility of approach

www.PRHYDE.
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Overall Advantages of Approach .. &= PRHYDE

Protocol for heavy-duty
Hydrogen refuelling

C Advanced MC FormuleINR2 @A RISJa Y § aviliddhcéommodates a variety of options

C Type 1(non-comm),Type 2(static data),Type 3PRS(dynamic data) andype 3PBYV (dynamic data vehicle control)
approaches arsupported under this framework

C An OEM can choose which protocol Type and option to ggke Advanced MC Formula framework supports them all
C Within the Type 3 dynamic data approachkhere areoptions beyond (or variances within) the three shown here
U Also, an OEM has complete control and discretion in deriving-timak maps for the vehicle CHSS
C This approaciacilitates future advanced CHSS desid@mgpe 5 tanks, conformable tanks)
C Fueling performancehould beexcellert, especially with Type 3 options

C Further refinementof these approaches may allow feven better fueling performance

C Protocol development is minimal because the MC Formula control framework already exists waww PRHYDE e
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Agenda Harosehreuciing

Overview of Down Selection Process

31
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| | v%=2 PRHYDE
Down Selection of Fueling Concepts Hudrogehrefoeiing

Fueling Performance  Risk
Concepts Simulations Assessment

$ ¥

Choose Fueling Concepts to be
developed and tested ik PRHYDE o0




Risk Assessment

33
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. =
Risk assessment (RA) approach w1 PRHYDE

Hydrogen refuelling

Team using bowtie framework

Focusing on events which could affect fueling
protocol (e.g., pressure sensor failure)

RA not examining conventional vehicle/station
failures (e.g., hose burst)

Each fueling approach will be evaluated to
determine what controls will be required on
vehicle and station side.

Additional support provided by Technical Experts
A Dr. Charles Will James (Savannah River National Laboratory)
A Dr. Chris LaFleur (Sandia National Laboratory)
A James Sneddon (Risktec Solutions)
www.PRHYDE.eJ
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Risk Assessment: Challenges Hudrogehrefoeiing

Not all vehicles/stations will be designed, operated and maintained in the same way

Will perform sensitivity study to determine impact of different reliability levels on
components

Correct derivation of tfinal tables important, but outside scope of PRHYDE project

35
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Performance Simulations
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. . w& PRHYDE
Performance simulations Barogen efeciing

Team performing a series of simulations to measure the performance of each concept

Dispenser parameters T, A -40AC to XAC Set of tfinal tables
and conditions A A
101G T..nA -40AC to 50/C

PminA 051 51 10, 15, X MPa

T..aA hot soak temp
Warm and Cold Dispenser
I Fueling
| ! scenarios

Vehicle parameters
and conditions

Step 1: Derive t-final tables for each fueling concept (@ specified T,., and T; )

Step 2: Conduct simulations under a variety of fueling conditions

Step 3: Compare performance of the fueling concepts ———
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Performance simulations: Parameters and conditions Zdesnreins

Vehicle and station parameters used for
performance simulation

The combined system starts at dispenser
breakaway and ends at vehicle vessel,
represented by an Equivalent System Kv

Dispenssr Breakaway Hose Nozzls Pipe Valve Vehicle tank / CH5S

©-| I o N r©

Dispenser Valve Vehicle tank / CHSS

Equivalent System Kv

|

Pressure rating H70
Multiple vessel CHSS Yes
Vessel size 162L
Number of vessels 9

Total CHSS volume 1458L
Vessel type Type IV
Fuel line equivalent Kv 0.28 m3/h
Fuel line thermal mass 28.28 kg
Fuel line Characteristics Stainless steel

Initial temperature of H2 in vessel Tamb +/- soak SAE J2601-1

Initial temperature of vessel wall Tamb SAE J2601-1

Initial temperature of fuel line Tamb SAE J2601-1

Cold or warm dispenser? Warm Focus on constrain cases

Nozzle temperature fixed during MAT also remains fixed during
. Yes .

fueling? the fueling

Leak checks during fueling? No

www.PRHYDE.eu




Performance simulations: Derivationfofdl Barssenrefseiing

Example of t-final results

Tfuel = ? TYPE 2-PR-S Static Data
Pinit [MPa]

Tamb [C] 0.5 MPa
?

35°C ?

TYPE 3-PR-S Tgas initial+

:
Tuel = 7 TYPE 3-PR-S Tgas initial o e

Tamb [°C] Pinit [MPa] +5°C (hot ”
0.5 MPa 10 MPa | 15MPa | 20 MPa soak)
? ? 2 ? 2 :

35°C 0°C

-5°C

TYPE 3-PR-S Tgas Throttle
Throttle Threshold = ?

Pinit [MPa]
0.5 MPa
35°C ?

Tfuel =?

Tamb [°C]

www.PRHYDE.eu
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Performance simulations: Scenarios (examples) Hrosenrefociing

Example of a performance scenario (base case)
Thermal mass and Kv will be varied for other scenarios

Scenario

000000000 Sceparo 0000000000000 |
. ¢ @ p | Saic | Tgasinil | Tgasintiar | Tgasthrotle |

Thermal Mass = 21 kg
External surface area = 11910
cm2
Internal surface area = 6895 cm2 S
Kv =0.14 m3/h B85 40 40 TBD 10
15
20
2
5
B85 35 35 TBD 10
{5
20
2
5
35 25 30 TBD 10
15
20
10
B85 45 40 TBD 5
20

SSSSS
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Plan going forward

41

www.PRHYDE.eu




. v PRHYD EJ
Plan Going ForwardRoadmap A

WP3 Protocol Development Main Tasks

Task 3.1: Develop Technical Approaches Done

Task 3.2: Specify Fueling Protocol for use in validation Tests

Task 3.3: Safety and Risk Assessment of approaches

Task 3.4: Optimization of fueling protocols based on validation test results

42
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Plan Going ForwardOptimization of Protocol Barssenrefieiing

Enter new phase Develop Protocol

Closer collaboration between
technical workpackages

Validate through Simulate
tests characteristics 43
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Plan Going Forwardterations Targets Barssenrefociing
Targets
Proofof-concept

.e Conduct tests that confirms our anticipation of new fueling concept

Optimization and tuning of parameters

.e. New attempts to improve fueling speed / Quality

44
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Protocol for heavy-duty

Plan Going Forwardlechnology Gaps Fiarogen refuciing

Nozzle-receptacle connection
- Current technology: max 60 g/s Nozzle-receptacle connection

- Optimal technology: max 300 g/s Nozzle-receptacle connection

Path to address the gap:
A Show it works with current technology; extrapolate to optimal technology with simulations
A Collaboration with NREL for high-flow equipment

45
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Plan Going ForwardAddressing Gaps Hurogenrefueiing

Communication technology
- Current technology: One-way IR Communication

- Optimal technology: Safer and broader Communication

Path to address the gap:

- Prove concept works storing the HSTA-specific t-final values on Station;
argument that it will also when stored on Vehicle ECU and communicated to Station

- Contact with projects focusing on communication
46
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Plan Going ForwardOutputs Barssenrefociing
List of outputs from WP3
- Recommendations

Report on protocol development

Performance Study Summary

Risk Assessment Summary

PRHYDE Protocol

Guide: How to develop t-final table for your vehicle

a7
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Plan Going ForwardOutputs Barssenrefociing
Recommendations
Reminder:

PRHYDE is a project; not a standards organization body

Recommendations for standardization:
A Essentials

A Non-essentials 48
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Plan Going ForwardOutputs Barssenrefociing

Report on Protocol Development
- There are thousands of routes we could have taken

- This report will describe where we started, why we chose the road we chose, known advantages
and disadvantages, results

49
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Plan Going ForwardOutputs Barssenrefociing

Performance Study Summary

- Comparison of selected concepts from simulated performance point of view

- Benchmark with SAE J2601 Category D

50

www.PRHYDE.eu




. w&= PRHYDE
Plan Going ForwardOutputs Barssenrefociing

Risk Assessment Summary
- Comparison of selected concepts from safety and practicality point of view

- Essential / recommended safeguards on Stations and Vehicles

51
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Plan Going ForwardOutputs Barssenrefociing

PRHYDE Protocol

- Details of the protocol that we worked with

- Placeholders for known topics we didn’t go into detail with

52
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Plan Going ForwardOutputs Barssenrefociing

Guide: How to develop t-final tables for your vehicle
- Description of systematic approach to develop coefficients/t-final values

- Tool

53
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Contact

Website: www.PRHYDE.eu

E-Mail: info@PRHYDE.eu

Coordinator:

Ludwig-Bolkow-Systemtechnik GmbH
Daimlerstr. 15

85521 Miunchen/Ottobrunn

Web: http://www.Ibst.de

u = PRHYDE

Protocol for heavy-duty
Hydrogen refuelling
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