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Philosophy for SAE J2601 Fueling Protocols:

ü H2 Station is fully responsible for safe fueling of the vehicle

ü No safety critical information from vehicle is used *

ü Worst case boundary conditions are assumed

SAE J2601 Philosophy

Storage Vessel Operational Window ** Fueling Can be Conducted With or 
Without Communications

* Communicated data is not used for safety related functions

ςit is only used for fill quality

Å The current SAE J2601 is based on this philosophy which dictates the higher level structure of the fueling protocols

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

Uni-directional IRDA

** Figure 3 from 2020 version of SAE J2601
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SAE J2601 Philosophy

Challenges with J2601 Philosophy for HD Fueling

Ç 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 lengths, thermalmass, Cv, etc

Ç Fueling performance and pre-cooling 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 (sub-optimal performance) or pre-cooling to be colder than needed (higher 
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 possible fueling 
performance with the warmest possible pre-cooling requirements

Ç 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 applications such asrail 
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 (Type 5 liner-less, conformable,etc)
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Opportunity for Paradigm Change
Ç HD fueling offers a new opportunity for a change in thinking ςa 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) tǊƻǾƛŘŜ ŀ άǳƴƛǾŜǊǎŀƭέ ǇǊƻǘƻŎƻƭ ŦǊŀƳŜǿƻǊƪ ŦƻǊ ![[ ǾŜƘƛŎƭŜǎ ǳǎƛƴƎ ŎƻƳǇǊŜǎǎŜŘ ƘȅŘǊƻƎŜƴ ǎǘƻǊŀƎŜ
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Fueling Protocol Philosophies or “Types”

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

ÅWithin each of these philosophies, different fueling methods can be constructed and utilize (e.g. table-based & MC-Formula)

Vehicle CHSS 
Information 
Used

Gas 
Temp 
Margin

Performance 
Acceptable?

Pre-
cooling 
Temp

Station 
Costs

Vehicle 
Costs

Non-
Comm 
Fueling?

Comment

None Maybe T40 Yes

ÁJ2601 philosophy
ÁWorst case assumptions about most things
ÁFueling history assumed
ÁStation fully responsible (and liable)

Static Data Yes T30? Yes

ÁCHSS assumptions eliminated
ÁWorst case assumptions about some things
ÁFueling history assumed
ÁStation and vehicle share responsibility / 

liability although most is still on station side

Dynamic 
Data (CHSS 
gas temp)

Yes T20? Maybe

ÁFewer assumptions need to be made
ÁThe gas temp can be used in different ways

ÁDirect use or to screen for fueling history
ÁStation & vehicle share responsibility / liability

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

1

2

3
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Performance-Based vs Prescriptive Approaches

Å For a given protocol philosophy / structure, the protocol can either be prescriptive or performance-based

Å There are advantages and disadvantages to both approaches

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

Á J2601 is an example of a prescriptive approach

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

Protocol Approach Advantages Disadvantages

Prescriptive

ÁConsistency of fueling performance for end customer

ÁMuch easier to validatestations because only need to 
validate the implementation, not validate the fueling 
method itself

ÁAlready developed, so no development costs

ÁOpen and fair to all companies both small and large

ÁLess room for innovation

ÁMore difficult to get a fueling method approved 
(e.g. effort for MC Formula)

Performance-
based

ÁMore room for innovation

ÁAllows for competition between companies

ÁHigh development costs

ÁLess fair for small companies (must spend on 
development)

ÁAllows companies to corner the market through IP
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Station Control vs Vehicle Control

Å There are both advantages and disadvantages to command control by station or vehicle

In addition to the protocol philosophy, prescriptive vs performance-based, another factor is the protocol control

Á Does station control the fill, vehicle control the fill, or combination?

Áaǳǎǘ ŀƭǎƻ ŘŜŦƛƴŜ ǿƘŀǘ άŎƻƴǘǊƻƭέ ƳŜŀƴǎ

Á Command control ςcalculation of control parameters

Á Physical control ςmechanical elements responsible for controlling the flow of hydrogen

Á It is very unlikely that the vehicle will implement physical control, although it is theoretically possible

Á Vehicle could, however, implement command control

Command Control Advantages Disadvantages

Station 
(Type 1, 2, or 3)

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

ÁOne-stop shop ςstation determines both command 
and physical control

ÁLower functional safety requirements on vehicle 
(lower cost)

ÁHigher functional safety requirement on station 
(higher cost)

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

ÁStation has more responsibility / liability

Vehicle
(Type 3 only)

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

ÁLower functional safety requirements on station 
(lower cost)

ÁHigher functional safety requirements on vehicle 
(higher cost)

ÁVehicle has more responsibility / liability
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Proposed Fueling Protocol –Advanced MC Formula

Propose a fueling protocol framework based on MC Formula that can facilitate a variety of options:

ü Type 1 (non-comm), Type 2 or Type 3 philosophies

ü Prescriptive(or a limited form of performance based)

ü A combination of station and vehicle control (comm only)

ü Facilitates both Comm (primary) and Non-Comm (conservative) fueling

ü A universally applicable fueling protocol ςcan work for all applications large and small

ü ! άfuture proofέ ǇǊƻǘƻŎƻƭ ǿƘƛŎƘ Ŏŀƴ ŀŘŀǇǘ ǘƻ ŀƴȅ /I{{Σ ƛƴŎƭǳŘƛƴƎ ŎƻƴŦƻǊƳŀōƭŜ ǘŀƴƪǎΣ ¢ȅǇŜ р ǘŀƴƪǎΣ ŜǘŎΦ

Fueling Rate Ą Variable Pressure Ramp Rate utilizing MC Formula PRR equation based on t-final as control parameter

Ending Pressure Comm Ą Pressure Target calculated as a function of gas temperature and SOC target

Ending Pressure Non-Comm Ą Pressure Target based on combination of worst-case conditions

Protocol Control Approach:

Ç This is an Advanced MC Formula Protocol with New and Improved Methods for t-final maps
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Advanced MC Formula Framework

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

Ç Some OEMs might favor a Type 2 approach while others might favor a Type 3-PR-S or Type 3-PB-V approach

Advanced MC Formula

Type 1 
(Non-Comm)

Type 2-PR-S   
(Static Data) 

Type 3-PR-S 
(Dynamic Data)

TgasInitial TgasInitial+ TgasThrottle

Not explained in 
this presentation 

Type 3-PB-V
(Dynamic Data)

Advanced MC Proprietary

PR= Prescriptive
PB= Performance Based
S= Station Control
V = Vehicle Command Control
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Overview of the MC Formula Protocol Structure
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Overview –MC Formula:  Key Control Variables

ÅMass Average Fuel Delivery Temperature - MAT

ÅThe time required to fill from minimum to maximum pressure under hot case conditions - t final

ÅVariable Pressure Ramp Rate - PRR

ÅTarget Pressure - Ptarget

ÅMAT, t final, and PRRare calculated every second

MATĄ t finalĄ PRR
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Overview –MC Formula:  Rules for Calculating MAT

ÅMAT is very high at start of fill

ÅWould cause large changes in 
ramp rate

ÅTo reduce this effect MAT is broken 
into 3 rules

ÅMATexpectedςfirst 30 sec

ÅMAT30ςcalculated from 30 sec on

ÅMAT0ςcalculated from beginning

ÅMATCςthe MAT value used for 
control ςit is a function of the 
three rules 
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Overview –MC Formula:  tfinal and MAT

ü t final is the time required to fill from a minimum pressure to a maximum pressure under hot case conditions

ü t final is a function of the ambient temperature and the mass average of the fuel delivery temperature (MAT)

ü t final is derived using computer fueling 
simulations under hot case conditions

üAs shown in the graph to the right, a cubic 
polynomial equation can be drawn between 
the data points with a near perfect fit        
(R2 > 0.999)

ü This results in the following equation where 
a, b, c and d are derived using a best fit 
regression:



www.PRHYDE.eu
www.PRHYDE.eu

Overview –MC Formula:  tfinal and MAT

Å =h Compensates for non-linearity or variability of PRR

Å =̡ Compensates for pressure tolerance

Åa,b,c,dare stored in tables J1 ςJ16 in Appendix J of SAE J2601 (see example below): 

The final equation for t final is adjusted to account for real world variabilities

ὸ ‌ ‍ ὥ ὓὃὝ ὦ ὓὃὝ+ὧ ὓὃὝὨ
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Overview –MC Formula:  Variable Pressure Ramp Rate

The lookup tables in SAE J2601 provide values for APRR.  APRR can be defined in the terms below.

Å Pfinal = maximum pressure for hot case conditions
Å Pmin = minimum pressure for hot case conditions
Å t final = time required to fill from minimum to maximum pressure under hot case conditions

²ƛǘƘ ǘƘŜ ƭƻƻƪǳǇ ǘŀōƭŜΣ !tww ŘƻŜǎƴΩǘ ŎƘŀƴƎŜ ŘǳǊƛƴƎ ǘƘŜ ŦƛƭƭΣ ǿƘƛŎƘ ƳŜŀƴǎ ǘƘŀǘ t final is a constant value.

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

t final decreasing t final increasing 

Pramp = the pressure at time t
Pinitial = the pressure at the 
beginning of the fill
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End of Overview
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Advanced MC Formula –How it Works

Ç MC Formula in SAE J2601 is based on a worst-case set of boundary conditions and assumptions

Ç This Advanced MC Formula approach utilizes a more precise set of boundary conditions / assumptions

Ç Additionally, the way that the t-final control parameter is derived is more flexible

ü A table of t-final values can be derived (similar to the a, b, c, d coefficients but more flexible)

Ç A t-final map is derived by using a validated fueling model to run a set of fueling simulations under a 
variety of fueling conditions

ü This t-Ŧƛƴŀƭ ƳŀǇ ƛǎ άǘǳƴŜŘέ ǘƻ ǘƘŜ ǾŜƘƛŎƭŜΩǎ /I{{Σ ƳŀȄƛƳƛȊƛƴƎ ŦǳŜƭƛƴƎ ǇŜǊŦƻǊƳŀƴŎŜ

ü The t-final map is stored in the vehicle ECU

Ç This framework can also facilitate a vehicle command control fueling method where the vehicle 
calculates the control parametersand communicatesthese as commands to the station to implement

Ç Essentially, this is an Advanced MC Formula Protocol with New and Improved Methods for t-final maps
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Advanced MC Formula –How it Works (Derivation)

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 could 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

Each of the options on the following pages uses this same general approach for derivation

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
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Advanced MC Formula –How it Works (Derivation)

T P

Utilize consensus 
assumptions for 
station 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, 5 MPa
TsoakĄ hot soak temp
Warm and Cold Dispenser

Set of t-final tables tailored to 
vehicle CHSS

These Maps are stored 
in vehicle ECU

Ç The range of fuel delivery temperatures can be determined by the OEM.  Could include ambient temperature range

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

Ç This approach still makes some assumptions such as accounting for fueling history (hot soak and low P0)

Type 2-PR-S Static Data:  Vehicle Gas Temperature Not Safety Critical (i.e. not used for fueling rate control)

t-final format What is communicated How is Tgasused? Control

Tables (4) t-final table values, Pmin, Pinitial, Pfinal Not used for map selection Station
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Advanced MC Formula –How it Works (Derivation)

T P

Utilize consensus 
assumptions for 
station 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, 5, 10, 15, X MPa
TsoakĄ hot soak temp
Warm and Cold Dispenser

Set of t-final tables tailored to 
vehicle CHSS

These Maps are stored 
in vehicle ECU

Ç The key difference with this Type 3 Approach is that fueling history is not assumed!

ü The vehicle uses the initial gas temperature (or some other means) to determine if there has been fueling history

Ç This approach allows more aggressive t-final maps to be used when there has been no fueling history (most of the time)

Type 3-PR-S Dynamic Data:  Vehicle Gas Temperature Is Safety Critical(is used for fueling rate control)TgasInitial

t-final format What is communicated How is Tgasused? Control

Tables (8 or more) t-final table values, Pmin, Pinitial, Pfinal To screen for fueling history Station
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Advanced MC Formula –How it Works (Derivation)

T P

Utilize consensus 
assumptions for 
station 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, 5, 10, 15, X MPa
TsoakĄ THS, Tamb, (TambςɲT)
Warm and Cold Dispenser

Set of t-final tables tailored to 
vehicle CHSS

These Maps are stored 
in vehicle ECU

Type 3-PR-S Dynamic Data:  Vehicle Gas Temperature Is Safety Critical(is used for fueling rate control)TgasInitial+

t-final format What is communicated How is Tgasused? Control

Tables (16 to 32) t-final table values, Pmin, Pinitial, Pfinal
To screen for fueling history and 
choose more precise t-final table

Station

Ç Again, fueling history is not assumed!  However, this t-final map is more refined (map based on Pinitial and Tsoak).

ü Vehicle uses the initial gas temp to determine if there has been fueling history and to determine initial soak temp

Ç This approach allows for ultimate optimization (best performance) when there has been no fueling history (most of the time)
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Advanced MC Formula –How it Works (Derivation)

T P

Utilize consensus 
assumptions for 
station components

Utilize actual CHSS Design & 
thermophysical properties

Verified 
Fueling Model

TfuelĄ -40 ÁC to 50 ÁC 
TambĄ -40 ÁC to 50 ÁC 
PminĄ 0.5 Mpa
Tgas_maxĄ X ÁC (e.g. 95 ÁC)
TsoakĄ hot soak temp
Warm and Cold Dispenser

Set of t-final tables tailored to 
vehicle CHSS

These Maps are stored 
in vehicle ECU

Ç This approach directly uses Tgas.  There is only one table (for warm and cold dispenser) so no screening for fueling history 

Ç However, the t-final map is based on a higher maximum gas temperature, for example 95 ÁC instead of 85 ÁC.

Ç This facilitatesexcellent performance, but some fills will need to be throttled back to avoid exceeding 85 ÁC.

Ç This is an approach that directly uses Tgasto calculate the pressure ramp rate

Type 3-PR-S Dynamic Data:  Vehicle Gas Temperature Is Safety Critical(is used for fueling rate control)TgasThrottle

t-final format What is communicated How is Tgasused? Control

Tables (2) t-final table values, Pmin, Pinitial, Pfinal

Used to throttle the pressure ramp rate 
when Tgasapproaches 85 C

Station
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Advanced MC Formula –TgasThrottle Control

Ç Because t-final is derived based on a higher ending gas temperature (e.g. 95 ÁC), the PRR will be too fast to 
avoid exceeding 85 ÁC under some circumstances (perhaps 10% of fills)

Ç This means that the PRR must be throttled back on some fills

Ç One approach to do this is below:

Where PRRthreshold = PRRat the time Tgas = Tthreshold

Ç OEM must choose Tthreshold, but a likely value might be 80 ÁC.   Most fills should not exceed 80 ÁC

Ç However, if a fill does, the PRR should self regulate such that Tgasstays at some point between 80 and 85 ÁC

Ç This approach is a combination of feedforward control based on Tfuel (MC Formula) and feedback control based on Tgas

Ç Tgas is safety critical, however, even if Tgas is wrong (has a fault), Tgaswill not exceed 95 ÁC ςhas a built-in limiting function
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Advanced MC Formula –How it Works (t-final tables)

-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
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Gas Temperature Terms and Usage for Advanced MC-F Options

Fueling 
Concept

Tgas

communication 
Parameters

Definitions How the parameters are used by the protocol

Type 2-PR-
S

Tgas_max

Tgas_high

Tgas_low

Tgas_maxĄ The maximum gas 
temperature the CHSS is qualified to 
under the CHSS qualification standard 
utilized (e.g. GTR 13)

Tgas_highĄRepresents the highest bulk 
average gas temperature in a CHSS.  
The OEM should account for sensor 
and measurement uncertainties in 
determining this value.

Tgas_lowĄRepresents the lowest bulk 
average gas temperature in a CHSS.  
The OEM should account for sensor 
and measurement uncertainties in 
determining this value.

Tgas_thresholdĄRepresents the 
temperature threshold at which PRR 
throttling is initiated in the Tgasthrottle 
fueling concept.  

Å Tgas_highĄUsed a secondaryprotective by station to stop the fill 
if Tgas_high> Tgas_max

Å Tgas_lowĄUsed by station to determine end of fill based on SOC

Type 3-PR-
S
TgasInitial

Å Tgas_highĄ

Å Option 1:  Used a secondaryprotective function by 
station to stop the fill if Tgas_high> Tgas_max

Å Option 2:  Used a primaryprotective function by station 
to stop the fill if Tgas_high> Tgas_max

Å Tgas_lowĄUsed by station to determine end of fill based on SOCType 3-PR-
S
TgasInitial+

Type 3-PR-
S
Tgas

Throttle

Tgas_max

Tgas_threshold

Tgas_high

Tgas_low

Å Tgas_highĄ

Å Used a primaryprotective function by station to stop the 
fill if Tgas_high> Tgas_max

Å Used in PRR throttle equation to reduce the PRR when 
Tgas_high> Tgas_threshold

Å Tgas_lowĄUsed by station to determine end of fill based on SOC

Type 3-PB-
V

Tgas_max

Tgas_high

Tgas_low

Å Tgas_highĄ Used a primaryprotective function by vehicle and 
station to stop the fill if Tgas_high> Tgas_max

Å Tgas_lowĄ Used as a secondaryprotective function by station to 
stop the fill if calculated density > 107% SOC*

* At ~ 107% SOC and Soak Temperature of 50 °C, CHSS pressure = MAWP
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Comparison of Fueling Concepts

Static TgasInitial TgasInitial+ TgasThrottle
Vehicle 
Control

Fuelingtime (under wide 
variety of initial conditions)

Slow Fast Faster Fastest UD

Sensor position accuracy 
requirement

Low Low Low High UD

Vehicle functional safety level Low High High Higher Highest

Requires bi-directional 
communications

Optional Possibly Possibly Possibly Likely

Number of tables Few More More Fewest UD

Complexity of fuelingprotocol 
development

Low Medium Medium Higher Highest

Impact of conservative 
assumptions on performance

Highest High High Low UD

UD = Undetermined due to flexibility of approach

Criteria
Fueling Concept
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Overall Advantages of Approach

Ç Advanced MC FormulaǇǊƻǾƛŘŜǎ ŀ άŦǊŀƳŜǿƻǊƪέwhich accommodates a variety of options

Ç Type 1(non-comm), Type 2(static data), Type 3-PR-S(dynamic data) and Type 3-PB-V (dynamic data vehicle control) 
approaches are supported under this framework

Ç An OEM can choose which protocol Type and option to use ςthe Advanced MC Formula framework supports them all

ÇWithin the Type 3 dynamic data approach, there are options beyond (or variances within) the three shown here

ü Also, an OEM has complete control and discretion in deriving the t-final maps for the vehicle CHSS

Ç This approach facilitates future advanced CHSS designs (Type 5 tanks, conformable tanks)

Ç Fueling performance should be excellent, especially with Type 3 options

Ç Further refinement of these approaches may allow for even better fueling performance

Ç Protocol development is minimal because the MC Formula control framework already exists
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Agenda

ÁBackground

ÁOverview of the Fueling Concepts 

ÁOverview of Down Selection Process

ÁPlan going forward
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Down Selection of Fueling Concepts

Fueling 

Concepts

Performance 

Simulations

Risk 

Assessment

Choose Fueling Concepts to be 

developed and tested
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Risk Assessment

33
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Risk assessment (RA) approach

ÁTeam using bowtie framework

ÁFocusing on events which could affect fueling 

protocol (e.g., pressure sensor failure)

ÁRA not examining conventional vehicle/station 

failures (e.g., hose burst)

ÁEach fueling approach will be evaluated to 

determine what controls will be required on 

vehicle and station side.

Additional support provided by Technical Experts

Å Dr. Charles Will James (Savannah River National Laboratory)

Å Dr. Chris LaFleur (Sandia National Laboratory)

Å James Sneddon (Risktec Solutions)



www.PRHYDE.eu

35

Risk Assessment:  Challenges

ÁNot all vehicles/stations will be designed, operated and maintained in the same way

ÁWill perform sensitivity study to determine impact of different reliability levels on 

components

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

35
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Performance Simulations
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Performance simulations

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

T P

Dispenser parameters
and conditions

Vehicle parameters 
and conditions

Fueling 
scenarios

TfuelĄ -40 ÁC to X ÁC 
TambĄ -40 ÁC to 50 ÁC 
PminĄ 0.5, 5, 10, 15, X MPa
TsoakĄ hot soak temp
Warm and Cold Dispenser

Set of t-final tables

Step 1:  Derive t-final tables for each fueling concept (@ specified Tamb and Tfuel)

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

ÁVehicle and station parameters used for 

performance simulation

ÁThe combined system starts at dispenser 

breakaway and ends at vehicle vessel, 

represented by an Equivalent System Kv

CHSS Parameters
Parameter Assumption

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

CHSS Conditions
Condition Assumption Rational

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 

fueling?
Yes

MAT also remains fixed during 

the fueling

Leak checks during fueling? No

Equivalent System Kv
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Performance simulations: Derivation of t-final

Tfuel = ? TYPE 2-PR-S Static Data

Tamb [°C]
Pinit [MPa]

0.5 MPa 5 MPa

35°C ? ?

Tfuel = ? TYPE 3-PR-S Tgas initial

Tamb [°C]
Pinit [MPa]

0.5 MPa 5 MPa 10 MPa 15 MPa 20 MPa

35°C ? ? ? ? ?

Tfuel = ? &

Tamb = 35°C TYPE 3-PR-S Tgas initial+

Soak [°C]
Pinit [MPa]

0.5 MPa 5 MPa 10 MPa 15 MPa 20 MPa

+5°C (hot 

soak)
? ? ? ? ?

0°C ? ? ? ? ?

-5°C ? ? ? ? ?

-10°C ? ? ? ? ?

Tfuel = ?
TYPE 3-PR-S Tgas Throttle

Throttle Threshold = ?

Tamb [°C]
Pinit [MPa]

0.5 MPa

35°C ?

ÁExample of t-final results
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Performance simulations: Scenarios (examples)

Scenario

Static Tgas initial Tgas intial+ Tgas throttle

Thermal Mass = 21 kg

External surface area = 11910 

cm2

Internal surface area = 6895 cm2

Kv = 0.14 m3/h

Tamb Tgas0 Tvessel0 Tfuel P0 Fueling Time Ending SOC Fueling Time Ending SOC Fueling Time Ending SOC Fueling Time Ending SOC

35 40 40 TBD

2

5

10

15

20

35 35 35 TBD

2

5

10

15

20

35 25 30 TBD

2

5

10

15

20

35 45 40 TBD

10

15

20

ÁExample of a performance scenario (base case)

ÁThermal mass and Kv will be varied for other scenarios
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Plan Going Forward - Roadmap

ÁWP3 Protocol Development Main Tasks

-Task 3.1: Develop Technical Approaches

-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

Done

In progress
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Plan Going Forward –Optimization of Protocol

ÁEnter new phase

Closer collaboration between 

technical workpackages

43

Develop Protocol

Simulate 

characteristics

Validate through 

tests
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Plan Going Forward –Iterations Targets

ÁTargets

Proof-of-concept

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

Optimization and tuning of parameters

i.e. New attempts to improve fueling speed / Quality

44
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Plan Going Forward –Technology Gaps

ÁNozzle-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:

ÅShow it works with current technology; extrapolate to optimal technology with simulations

ÅCollaboration with NREL for high-flow equipment

45
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Plan Going Forward –Addressing Gaps

ÁCommunication 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 Forward –Outputs

ÁList 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

47
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Plan Going Forward –Outputs

ÁRecommendations

Reminder:

PRHYDE is a project; not a standards organization body

Recommendations for standardization:

ÅEssentials

ÅNon-essentials 48
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Plan Going Forward –Outputs

ÁReport 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 Forward –Outputs

ÁPerformance Study Summary

-Comparison of selected concepts from simulated performance point of view

-Benchmark with SAE J2601 Category D

50
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Plan Going Forward –Outputs

ÁRisk 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 Forward –Outputs

ÁPRHYDE 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 Forward –Outputs

ÁGuide: 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
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Website: www.PRHYDE.eu

E-Mail: info@PRHYDE.eu

Coordinator:

Ludwig-Bölkow-Systemtechnik GmbH

Daimlerstr. 15

85521 München/Ottobrunn

Web: http://www.lbst.de

http://www.prhyde.eu/
mailto:info@PRHYDE.eu
http://www.lbst.de/
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