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Agenda

ÁOverview of the Fueling Concepts 

ÁUpdates and Improvements to Fueling Concepts

ÁFueling Simulations Comparing Performance of Fueling Concepts
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Opportunity for Paradigm Change
Ç HD fueling offers a new opportunity for a change in thinking ða paradigm change!

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

Ç The time is ripe for changing the existing paradigm and developing 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 òuniversaló protocol framework for ALL vehicles using compressed hydrogen storage
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Four New Fueling Concepts Developed In PRHYDE

ü All fueling concepts operate within an advanced version of the MC Formula protocol from SAE J2601

ü Vehicle stores a set of t-final* tables and transmits the appropriate table to the station prior to fueling

Á *t-final is the primary control parameter in the variable pressure ramp rate equation

Á t-final tables are derived by the vehicle OEM using computer fueling simulations

Fueling Concepts:

ü Static Concept:  Vehicle transmits a t-final table to the station

ü Tgas Initial Concept:  Vehicle uses the initial CHSS Tgastemperature and pressure to select the appropriate t-final table 

and then transmits it to the station

ü Tgas Initial+ Concept:  Same as TgasInitial but has more granular t-final tables based on the initial gas temperature.

ü TgasThrottle Concept:  Vehicle stores and transmits one t-final table.  This table is derived with a max gas temperature 
of   95 ϲC.  During fueling, the pressure ramp rate is throttled to keep Tgasbelow Tgas_max(e.g.85 ϲC)
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Derivation of t-final tables

T P

Utilize consensus 
assumptions for 

dispenser components
Utilize actual CHSS Design & 
thermophysical properties

Verified 
Fueling Model

TfuelĄ -40 ÁC to X ÁC 
TambĄ -40 ÁC to 50 ÁC 
PminĄ 0.5 MPa to X MPa
TsoakĄ hot soak or other
Tgas_maxĄ 85 ÁC or X ÁC
Warm and Cold Dispenser

Set of t-final tables stored in 
vehicle ECU

Ç Vehicle OEM inputs complete CHSS design into the fueling modelusing actual CHSS thermophysical properties

Ç A verified fueling model is used to conduct fueling simulations under the range of conditions noted above

Ç A complete set of t-final tables is derived (the fueling model can be programmed to do this automatically)

Ç These maps are stored in the vehicle ECU

Ç The ŦǳŜƭƛƴƎ ƛǎ ŎǳǎǘƻƳ ǘŀƛƭƻǊŜŘ ǘƻ ǘƘŜ ǾŜƘƛŎƭŜΩǎ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ providing much better fueling performance

Verified Fueling Model which can model a full CHSS
Run the model over a range 
of input conditions

From the simulation results, 
derive a t-final map

Each of the fueling concepts use this same approach for derivation but boundary conditions will vary
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Example of a t-final table

-40 -38 -36 -34 -32 -30 -28 -26 -24 -22 -20 -18 -16 -14 -12 -10 -8 -6 -4 -2 0 2 4

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

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

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

35 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

25 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

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

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

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

0 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

-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

-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

-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

Tamb

MAT
46 48 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 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

~

Format = mm.m

This indicates the tfinal value in minutes

Ex:  tfinal = 08.4

t-final table format:  MAT values every 2 ÁC and ambient temperature values every 5 ÁC



www.PRHYDE.eu
www.PRHYDE.eu

Comparison of the Four PRHYDE Fueling Concepts

Assumptions / Boundary Conditions

Type 1 Type 2 Type 3

SAE J2601 Static Tgas Initial Tgas Initial+
Tgas

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 Properties 

(breakaway, hose, nozzle/receptacle) X X X X

Station Components soaked at Ambient Temp X X X X

ü Type 1 (J2601):  No Vehicle Information used (to control the fueling rate)

ü Type 2 (PRHYDE):  Static Vehicle Information Used

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

The fewer the assumptions, the better the performance at a given fuel delivery temperature

PRHYDE Fueling Concepts
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New Fueling Methodology ðSOC Throttle

Ç 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. Tgas_highÒ Tgas_max (usually 85 ϲC)

2. Mass flow rate Ò 300 g/s

3. PstationÒ 1.25 x NWP (e.g. 87.5 MPa for H70)

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

Á 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.

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

87.5 MPa

Maximum Pressure

87.5 MPa

Maximum Pressure

ÁWith Constraint 3

ÁFueling Time = 476 sec

ÁAPRR = 10.4 MPa/min

ÁWithout Constraint 3

ÁFueling Time = 331 sec

ÁAPRR 16.8 MPa/min

Á30% shorter time
12
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Problem with Removing Constraint on Station Pressure

Ç If we derive t-final without Constraint 3 (PstationÒ 1.25 x NWP), t-final can be much shorter

Ç 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

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

Ç If t-final increases when Pramp = 1.25 x NWP, the PRR cannot be reduced

PRR goes 

to zero and 

cannot be 

changed

13



www.PRHYDE.eu
www.PRHYDE.eu

New Fueling Methodology ðSOC Throttle

ÇWP3 derived a methodology that throttles (reduces) the PRR so that Pramp is always less than 1.25 x NWP

Ç This allows the ending SOC to be achieved while keeping pressure ramp rate control through entire fill

Ç This methodology is named SOC Throttle

ÇWith SOC Throttle, t-final can be derived without constraint 3 (PrampÒ 1.25 x NWP) Ą shorter fill times

The SOCthrottlemethod works as follows:

Å Once Prampexceeds Pramp_threshold

Å Calculate the slope of SOC (SOCRR) by comparing current SOC to 

a previous value at time t ïtlookback

Å Calculate the time remaining for SOC to reach its target value 

(tremain_SOC) based on the current slope of SOC

Å Calculate a PRRSOCusing the following equation:

Å ὖὙὙ
Ȣ

ͺ

Å This ensures that the ramp pressure Prampreaches 1.25 x NWP at 

the same time thatSOC reaches its target value

The SOCthrottlemethod is used with all PRHYDE fueling concepts
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New Fueling Methodology ðSOC Throttle

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

No SOC Throttle
(i.e. Condition is 3 applied)

Fill Time = 8.6 min

SOC Throttle Used
(Condition 3 not applied)

Fill Time = 5.5 min
36% Faster!

PRR is throttled down

PRR higher initially
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New Fueling Methodology ðSOC Throttle

Ç There is an additional benefit of using the SOC Throttle Method

Ç If cases where the station cannot keep the up with the ramp pressure, the PRR can again be throttled (reduced)

Á This could be due to a direct compression station design where the compressor flow rate is not sufficient

Á Or it could be due to the station pressure being low in a cascade station design and it must top off with compressor

Ç In these cases, SOC Throttle also allows the PRR control to be active all the way to the end of the fill

Pramp_max

Pramp

Pstation

Pvehicle

Pthreshold

Pramp_max

Pramp

Pstation

Pvehicle

Time Time

Pinitial Pinitial

No SOC Throttle

No PRR 
control

SOC Throttle

PRR 
control
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Improvements to Fueling Concept

TgasThrottle
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Problems with Original TgasThrottle

Ç The original pressure ramp rate throttle equation for Tgas Throttle was very simple

Ç Problem:

Á If Tthreshold is set too high, Tgas can overshoot the maximum gas temperature limit of 85 ÁC

Á This can be avoided if Tthreshold is set to a lower value, but this causes the fueling time to suffer (be extended)

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

Á This means that the appropriate Tthreshold depends on how much pressure loss is in the system

Where PRRthreshold = PRR at the time Tgas = Tthreshold

18
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Examples of Tgasovershoot with original TgasThrottle

Å Here, Tthreshold is 80 ÁC
Å Tgasovershoots and reaches 86 ÁC momentarily
Å Fueling time = 15.9 minutes

Å Here, Tthreshold is 74.7 ÁC
Å Tgasstays below 85 ÁC (peak is 84.5 ÁC)
Å Fueling time = 16.7 minutes (almost 1 minute longer)



www.PRHYDE.eu
www.PRHYDE.eu

Improvements to TgasThrottle
ÇWP3 developed a new approach where the TgasThrottle parameters adapt to the pressure drop

Ç This prevents gas temperature overshoot without extending the fueling time

ɲP = Pramp - PCHSS

Tthreshold= Tgas_targetïaȹP

IF Tgas_highÓTthreshold

THEN

PRRRthreshold= PRR

Set i=1

Pramp(i) = Pramp

ɲP(i) = Pramp(i) - PCHSS(i)

ὃὈ ὓὃὢὍὓὟὓὦȟὥЎὖ

ὖὙὙ ὓὍὔὍὓὟὓὖὙὙ ȟ
ὖὙὙ ὼὝ ͺ Ὕ ͺ

ὃὈ

i = i +1 

άŀέ ŀƴŘ άōέ ŀǊŜ ǘǳƴƛƴƎ ǇŀǊŀƳŜǘŜǊǎ

In simulations using H2Fills, the following settings work 
well:

a = 1.5 ςP0*2.5/100 

b = 4

Measure pressure 

drop DP

Adjust Tthreshold

based on DP

AD = ñadaptable denominatorò

If DP is large, AD is large and PRR lower

20
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Improvements to TgasThrottle

This is an extreme example fill:
Å Tamb = 50 ÁC
Å Plinitial = 2MPa
Å APRR = 22 MPa/min
Å Tfuel = -23 ÁC
Å Cv= 100% (default)

Without throttling, Tgasreaches 
100 ÁC

21
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Effects of Noise on TgasThrottle
Ç The development of TgasThrottle was done using fueling simulations where Tgasis a perfect representation of the bulk average gas 

temperature in the CHSS.  It is very smooth.

Ç Real world measurement of Tgasin the CHSS will have noise

Á This is due to the sensor placement and the way the gas mixes in the tank

Ç To understand the effects of noise on TgasThrottle, we implemented a noise generator into NRELôs H2FillS fueling model

Ç Below is an example of using an amplitude of +/- 2 ÁC for the noise generator

22


