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: : . : Protocol for heavy-dut
C HD fueling offersr@ew opportunitfor achange in thinkinga paradigm change! E@focggﬂffg/}%gu ¢

Opportunity for Paradigm Change « £ PRHYDE J

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 parad@gaddeveloping fueling protocol concepts that can
1) Improve hydrogen fueling performance
2) Improve the overall safety of hydrogen fueling
3) Minimize the total cost of ownership (TCO)
4) Provide a ouniversal o6 protocol framework for ALL vehicl

Improvements to J2601 Philosophy Paradigm Change

Current Current

Assumption 1

/ Assumption 2
Small /
changes in

assumptions Change in Philosophy 5
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Four New Fueling Concepts Developed In PRHY,BpRrHYDE

Protocol for heavy-duty
Hydrogen refuelling

U All fueling concepts operate witagvanced versiohthe MC Formula protocol from SAE J2601

U Vehicle stores a setfofdl* tablesnd transmits the appropriate table to the station prior to fueling

A *tfinal is the primary control parameter in the variable pressure ramp rate equation

A tfinal tables are derived by the vehicle OEM using computer fueling simulations

Fueling Concepts

0

0

Static ConceptVehicle transmitsfanal table to the station

TyasInitial ConceptVehicle uses the initial ClHg#emperature and pressure to select the appfo@idbbdie

and then transmits it to the station

TyasInitial+ ConceptSame a3, Initial but has more grandilaalttables based on the initial gas temperature

Tyas Throttle Conceptvehicle stores and transmitsfore table. This table is derived with a max gas temp
of 93C. During fueling, the pressure ramp rate is throttlég, tbedeef,,; ,{(€.9.85cC)

6
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Derivation oftinal tables 1= PRHYDE

Protocol for heavy-duty
fuellin

Each of the fueling concepts use this same approach for derivation but boundary conditions will var
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 Tue 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
OE T..acA hot soak or other vehicle ECU

I Tyas mad 85AC or XAC
Warm and Cold Dispenser

Verified
Fueling Model

N

C Vehicle OEM inputs complete CHSS design into the fueling mosiaelgactual 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 can be programmed to do this automatigally

C These maps are stored in the vehicle ECU

C TheFdzSt Ay3a A& 0Odzad2Y G Af 2 pBWIinginfuchibé&tSiuelthg feoOrfar®@® a O KulrrNde o
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Example of afinal table w = PRHYDE

. b . . Protocol for heavy-duty
t-final table format MAT values every 2C and ambient temperature values every/e 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.m 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.m 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.m mm.m mm.m
mm.m mm.m mm.m

35 mm.m mm.m mm.m mm.m mm. FO rm at :rn m m m.m mm.m mm.m mm.m mm.m mm.m mm.m 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.m mm.m mm.m
This indicates thef- |value IN Mminute 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.m 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.m 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.m 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.m 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.m 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.m mm.m mm.m mmm mmm 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.m 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.m 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.m 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.m mm.m mm.m mm.m mm.m mm.m
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Comparison of the Four PRHYDE Fueling Concg$RrHYDE

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

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

Protocol for heavy-duty
Hydrogen refuelling

PRHYDE Fueling Concepts

Type 1 Type 2 Type 3
Assumptions / Boundary Conditions T
, : .. .. Jas
SAE J260] Static TgasInitial | Ty ¢ Initial+ 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
Station Components soaked at Ambient Temp X X X X

The fewer the assumptions, the better the performance at a given fuel delivery temperaw@HYDEjl




Agenda

Updates and Improvements to Fueling Concepts

u = PRHYDE

Protocol for heavy-duty
Hydrogen refuelling
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u = PRHYDE

Protocol for heavy-duty
Hydrogen refuelling

New Fueling Methodology
SOC Throttle
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New Fueling Methodolog$OC Throttle « = PRHYDE

Protocol for heavy-duty

C Derivation of t-final is a result of conducting fueling simulations to find the fastest APRR that satisfies the
following three conditions while targeting an end of fill SOC value (e.g. 97%):

1. Tyas high OTgas max (Usually 85 cC)
2. Mass flow rate O 300 g/ s
3. Puuion© 1. 25 &g. 87 8/RPa(for H70)

C Problem: Under many fueling conditions, the derivation of t-final may be constrained by condition 3) above

A This requires the APRR to be lowered so that the pressure drop at the end of the fill is sufficiently low to achieve the
target SOC while keeping the dispenser pressure below the maximum allowed.

A The resulting fueling time is slower than it needs to be (see examples below)

100 100
S A — 90

80 80
87.5 MPa
70 : 70
Maximum Pressure

L e e e e e e ) o e n o mmw

87.5 MPa
Maximum Pressure

60 60

50 50

Pressure (MPa)

40 AWith Constraint 3 2 AWithout Constraint 3

“ AFueling Time = 476 sec £ 5 AFueling Time = 331 sec

2 P AAPRR = 10.4 MPa/min 20 - AAPRR 16.8 MPa/min

10 0 | A30% shorter time

0 ’ 0 | 12
0 100 200 300 400 500 0 50 100 150 200 250 300

350
Fueling Time (sec) Fueling Time (sec)
—PRR[MPa/min]  —Station Pressure CHSS Gas Pressure —PRR[MPa/min]  —Station Pressure CHSS gas pressure www.PRHYDE.e



Problem with Removing Constraint on Station P(eS$Rif/DE

Protocol for heavy-duty

C If we derive t-final without Constraint 3 (Pg40, © 1. 2 5  xfinalldaPle much shorter

C However, in these cases, the station pressure may reach its maximum allowable pressure of 1.25 x NWP
before the ending SOC is achieved in the CHSS

C When this happens, the pressure ramp rate control can no longer function as intended

C If t-final increases when P .., = 1.25 x NWP, the PRR cannot be reduced

100
90
80
70
60
50
40
30
20
10

0

-10

4 S
PRR goes \\
to zero and

cannot be JJ
changed
\ g

S

—P_ramp [Mpa] —CHSS gas press [MPa] PRR[MPa/min] WWW'PRHYDEil
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New Fueling Methodolog$OC Throttle « = PRHYDE

Protocol for heavv-dutv

C WP3 derived a methodology that throttles (reduces) the PRR so that P,,.,, Is always less than 1.25 x NWP
C This allows the ending SOC to be achieved while keeping pressure ramp rate control through entire fill

C This methodology is named SOC Throttle

C With SOC Throttle, t-final can be derived without constraint 3 (P, O 1. 25 A shiriatHil times

100 |~ TheSOG, .. Mmethod works as follows:

87.5 A OnceP,,,exceed® s mreshold

Pramp- | A Calculate the slope of SOC (SOCRR) by comparing curre
threshold slopeof | a previous value at tifn& f,,.cx

red line

| A Calculate the time remaining for SOC to reach its target v
focii=deze | (temain socPased on the current slope of SOC

S

)

3

’_m; Current of green line

= pointin A Calculate a PRRusing the following equation:

— the fill (i)

v , oy (8 )

> | LYY

é_'mf - --- Adjusted P, I '

based on PRRsoc | A This ensures that the ramp predgypeaches 1.25 x N\atP

' the same time tI&DC reaches its target value

Time [

tOO ac I ! o - .
lookback | TheSOG, 4. Mmethod is used with all PRHYDE fueling conc

I+

remain_SOC



New Fueling Methodolog$OC Throttle

C Here is an example of the fueling time reduction potential of the SOC Throttle Method

SOC Throttle Used
(Condition 3 not applied)

No SOC Throttle

(i.e. Condition is 3 applied
Fill Time = 8.6 min

= PRHYD

Protocol for heavv-dutv

Fill Time = 5.5 min
36% Faster!

90

80

70

60

50

40

30

20

10

CHSS1705.2L_Tamb=40.0degC_Tcool=-30.0degC_Pini=5.0MPa
No SOC Thottle APRR 9.6 Pramptarget 87.5

N —

100 200 300 400 500

——PRR[MPa/min] ——Hose press [MPa] ——Tank #1 gas press [MPa] ——Tank #1 gastemp [C] ——Mass flow [g/s]
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0

E

CHSS1705.2L_Tamb=40.0degC_Tcool=-30.0degC_Pini=5.0MPa
SOC Thottle APRR 18 Pthreshold 69.2 Pramptarget 87.5

(

PRHs throttled down

Fhigher initially

0 50 100 150 200 250 300

——PRR[MPa/min] ——Hose press [MPa] ——Tank #1 gas press [MPa] ——Tank #1 gas temp [C] ——Mass flow [g/s]
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New Fueling Methodolog$OC Throttle

C There is an additional benefit of using the SOC Throttle Method
C If cases where the station cannot keep the up with the ramp pressure, the PRR can again be throttled (reduced)

A This could be due to a direct compression station design where the compressor flow rate is not sufficient
A Or it could be due to the station pressure being low in a cascade station design and it must top off with compressor

C Inthese cases, SOC Throttle also allows the PRR control to be active all the way to the end of the fill

Pramp_max_

I:)initial

No SOC Throttle

No PRR
control

I:)ramp

Pstation

vehicle

Time

w = PRHYDE

Protocol for heavv-dutv

Pram p_max |

I:)threshold |

I:)initial

SOC Throttle

S I:)ramp
—— P

PRR
control

station

vehicle

Time
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1= PRHYDE

Protocol for heavy-duty
Hydrogen refuelling

Improvements to Fueling Concept
TgasThrottle
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Problems with Origina|,s Throttle w = PRHYDE

Protocol for heavy-duty
C The original pressure ramp rate throttle equation for T, Throttle was very simple /

IF Tyas = Ttnreshold Trajectory without PRR

throttling

PRR = (BS_Tgas)PRRthreshaId _

(85—Tthreshold) 85°Cl- === =-—. P R

Tthreshﬂld C

Where I:)RRthreshoId = PRR at the time Tgas = Tthreshold Tgas

o
C Problem:

A If Ty esholq IS SE t0O high, Tg4as 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

A This means that the appropriate Ty .snoq d€PENS 0n how much pressure loss is in the system 18
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Examples

of

gas

Protocol for heavy-duty
Hydrogen refuelling

overshoot with origindlgasThrottl€, & prHyYDE

CHSS1705.2L_Tamb=35.0degC_Tcool=-15.0degC_Pini=2.0MPa APRR 16
S40 Tgas_max 85Qthreshold 80

200

——— PRR[MPa/min]

400

Hose press [MPa)

600

= Tank #1 gas press [MPa]

800

—Tank #1 gastemp [C]

1000

—Mass flow [g/s]

300

200

150

S0

1200

CHSS1705.2L_Tamb=35.0degC_Tcool=-15.0degC_Pini=2.0MPa APRR 16

S40 Tgas_max 85T threshold 74.7

200

——PRR[MPa/min] ——Hose press [MPa] ——Tank #1 gas press [MPa] ——Tank #1 gas temp [C] ——Mass flow [g/s]

400 600 800 1000

1200

250

200

150

50

A Here, Ty, cenoiqlS 80AC
A Tyasovershoots and reaches 88 momentarily
A Fueling time 45.9 minutes

A Here, Ty ecnogiS 74.7AC
A T,sstays below 83C (peak is 84.KC)
A Fueling time 46.7 minutegalmost 1 minute longer)

www.PRHYD



Improvements td, ... Throttle w &= PRHYDE

C WP3 developed a new approach whégaghbrottle parametadapt to the pressure drop
C Thisprevents gas temperature overshoot without extending the fueling time

—_ e
NP =Famp- Penss —== Measure pressure _ S
| dropDP GFbé YR ao6é INB ddzyAay3a LI

Tthreshold: gas_targeil. aCFP
\(Adjust Tihreshold ] In simulations using H2Fills, the following settings wor}

IF Tgas_highOTthreshoId based on DP We”

THEN a = 1.5 P;*2.5/100

I:)RRchreshold: PRR b=4

Seti=1

P . =P AD = nadaptable denominator o
ram() ramp If DP is large, AD is large and PRR lower ]ﬁ

— NPy = Pampi) - Ponssy
0@y 006 ®OL YW,

Y 006 0D [MY'Y 20

WWW.PRHYDE.el
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Improvements td,,; Throttle w = PRHYDE

Protocol for heavy-duty

Hydrogen refuelling
T _amb=50C, T_fuel =-23C, PO = 2 Mpa, PRR_threshold = 22 MPa/min,
T_gas_target=85C, Cv=100%, a=1.45,b=4
5 20 35 This is an extreme example fill:
I :(5, - A T,.,=50AC
"g 75 30 A I:)Iinitial = 2MPa _
e A APRR = 22 MPa/min
5 - )e A T,,=-23/C
= 60 A Cv=100% (default)
Ess —— PRR[MPa/min]
g 50 —_Station or Ramp press [MPa] = 20 5 Without throttling, T,sreaches
< 15 ——P_CHSS | 1004
& 40 ——T _threshold 15 <
'5‘ 35 ——T_gas_high
= i? """" ap 10
)
§ w X |/ . I~C T alP
a ---AD
215 | ~—— 5
10 e e N
0 0 21

Fueling Time (seconds)

0 100 200 300 400 500 600 700 800
www.PRHYDE.e




Effects of Noise oh,, Throttle 4 & PRHYDE

Pratnrnl for heani-diitu

C The developmenflpf Throttle was done using fueling simulationsyafei® perfect representation of the bulk average gz
temperature in the CHSS. Itis very smooth.

C Real world measuremeiff gin the CHSS will have noise

A This is due to the sensor placement and the way the gas mixes in the tank
C To understand the effects of nolggdrhr ot t | e, we | mpl emented a noise gen
C Below is an example of using an amplitu@e©ffey the noise generator

22
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