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ÁPRHYDE-Protocol for heavy-duty hydrogen refuelling

RefuellingProtocols for Medium and Heavy-Duty Vehicles

Á01 JAN 2020  - 31 DEC 2021

ÁThe PRHYDE project has received funding from the Fuel Cells and Hydrogen 2 Joint 

Undertaking under grant agreement No 874997. 

This Joint Undertaking receives support from the European Unionôs Horizon 2020 

research and innovation programme.
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No. Participant organisation name Short name Country

1 
Ludwig-Bölkow-SystemtechnikGmbH

(Coordinator)
LBST DE

2 ZentrumfürBrennstoffzellenTechnikGmbH ZBT DE

3 Air Liquide SA AL FR

4 Engie Lab CRIGEN ENGIE FR

5 Toyota Motor Europe NV TME BE

6 ITM Power (Trading) Limited ITM UK

7 NEL Hydrogen AS NEL DK

8 Shell Deutschland Oil GmbH SHELL DE

9
Commissariat ¨ lô®nergie atomique et aux 

énergies alternatives
CEA FR

10 Nikola Motor Company Nikola USA

Third linked partners: MAN and Toyota North America 
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Work plan

WP2 ðState-of-the-art & specification

WP3 ðProtocol development

WP4 ðSimulations

WP5 ðExperimental validations

35MPa

50MPa

70MPa

WP6 ðRecommendations and dissemination

WP7 ðProject coordination

Iterative 

process

P

WP2: Defining state-of-the-art on protocols, vehicles and component 

capabilities, gap analysis of current protocols, Specifying (new) tank categories, 

boundary conditions (flow temperature, connections etc.) target fueling times 

and quantities for the three pressure levels

Outcome: A detailed specification guiding the following

protocol development and test efforts

WP3: Develop protocol approaches for the three pressure levels 

Outcome: Protocol approaches for simulations (WP3) and test (WP4)

WP4: Modeling and Simulations of tank systems/categories to determine 

flow/temperature/pressure aspects

Outcome: Simulation results in order to assess impact of different 

protocol approaches

WP5: Experimental validation of protocol approaches at HRS(s)

Outcome: Validation of technical feasibility of protocol approaches

WP6: Formulate recommendations for standardization forums and dissemination

Outcome: Specific recommendations that can help create 

international standards on HDV hydrogen fueling 6
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Contact information
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ÁInteract with PRHYDE:

-E-mail list for PRHYDE stakeholders
(Ą please send e-mail to info@prhyde.euif you want to receive or not to receive info / news) 

-PRHYDE deliverables & presentation will be made available for comments / feedback 
(Ą to be downloaded from the PRHYDE website) 

-Keep an eye out for upcoming PRHYDE Webinars

Ą Please provide your comments / inputs any time to 

info@prhyde.eu

mailto:info@prhyde.eu
mailto:info@prhyde.eu
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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

ïit 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



10

J2601 Protocol Structures

Ambient 
Temp.

Delivered 
Gas Temp.

Initial Gas 
Pressure

Vehicle
Parameters

Station
Parameters

Constant Pressure 
Ramp Rate

Ending
Pressure

Outputs

Refueling Control is Static

Table-base Protocol

SAE J2601 Lookup Tables *

Boundary

Ambient 
Temp.

Delivered 
Gas Temp.

Initial Gas 
Pressure

Vehicle
Parameters

Station
Parameters

Variable Pressure Ramp 
Rate

Ending
Pressure

Inputs

Outputs

MC Formula Protocol

Delivered 
Gas Press.

mi

hi dm

enthalpy

Gas Tfinal =  f (enthalpy, time, tank properties)

Honda MC
Method

MC

Q

Tfinal

H2 fueling model that calculates 

end of fill gas temperature

Communicate 

Tank Properties

MC Method 

runs inside 

dispenser

Refueling Control is Dynamic

Inputs

0.5 2 5 10 15 20 30 40 50 60 70 > 70

> 50 no fueling no fueling no fueling no fueling no fueling no fueling no fueling no fueling no fueling no fueling no fueling no fueling no fueling

50 5.1 77.8 77.6 77.3 76.9 76.6 76.2 75.7 75.3 74.7 73.9 72.8 no fueling

45 8.1 76.3 77.2 76.9 76.5 76.4 76.2 75.6 75.3 74.7 73.9 72.7 no fueling

40 11.5 73.2 75.6 76.8 76.3 76.4 76.2 75.6 75.3 74.6 73.9 72.7 no fueling

35 12.4 72.9 75.3 76.4 76.0 76.1 75.9 75.3 75.1 74.5 73.8 72.7 no fueling

30 15.3 70.6 73.9 75.8 75.2 75.4 75.1 74.3 74.1 73.3 72.4 71.3 no fueling

25 18.5 69.0 72.8 75.1 74.5 74.7 74.3 73.3 73.0 72.0 71.1 no fueling no fueling

20 21.8 67.9 72.1 74.5 73.7 74.0 73.4 72.2 71.9 70.7 69.7 no fueling no fueling

10 28.0 66.3 71.1 74.1 73.2 72.4 71.6 70.9 69.6 68.4 66.9 no fueling no fueling

0 28.5 74.0 73.4 72.4 70.6 70.7 69.6 68.6 67.1 65.7 64.0 no fueling no fueling

-10 28.5 73.4 72.9 71.9 70.0 70.0 68.4 66.5 64.4 62.9 61.2 no fueling no fueling

-20 28.5 72.9 72.3 71.3 71.0 69.5 68.0 65.7 62.4 60.0 no fueling no fueling no fueling

-30 28.5 72.1 71.6 70.6 70.4 69.0 67.4 65.2 61.8 58.7 no fueling no fueling no fueling

-40 28.5 71.6 71.1 70.2 70.0 68.5 66.9 64.8 61.5 58.5 no fueling no fueling no fueling

< -40 no fueling no fueling no fueling no fueling no fueling no fueling no fueling no fueling no fueling no fueling no fueling no fueling no fueling

Target Pressure,  Ptarget [MPa]

Initial Tank Pressure, P0  [MPa]

H70-T40

4-7kg 

non-

comm

Average 

Pressure 

Ramp Rate, 

APRR

[MPa/min]

A
m

b
ie

n
t 

T
e
m

p
e
ra

tu
re

, 
T

a
m

b
 [

°C
]

Calculate
Mass Ave T 

Calculate
Mass Ave h

P

Tamb a b c d
50 0.18785858 -88.19064583 10272.21117 19464.7701

45 -0.02705752 22.33278267 -5989.611397 526007.029

40 0.02038432 -14.09699213 3277.180652 -255773.303

35 0.00968204 -6.439124138 1447.970832 -109965.163

30 0.00256616 -1.439361381 270.858894 -17180.8432

25 -0.00018982 0.484296451 -181.0149237 18490.2279

20 0.00020773 0.122887714 -79.68959226 9439.97882

15 0.00112368 -0.594126736 103.9966107 -6042.65094

10 0.00132477 -0.779920556 156.7333673 -10806.5585

5 0.0019454 -1.296932896 295.9441294 -23050.0092

0 0.00077381 -0.463294977 96.81387642 -7105.93049

-10 0.00077591 -0.480692912 104.1788985 -7919.14686

-20 -6.73E-04 6.10E-01 -1.70E+02 1.51E+04

-30 0.00021984 -0.077137957 5.172204669 255.685891

-40 0.00023248 -0.072224264 -0.492377902 1148.95092

MAP v

initialadiabaticv
final

CmMC

MCTTCm
T

2

2

+

+
=

MC* Method

Pressure 
Ramp 
Rate

Pressure 
Target

Pressure 
Target

Pressure 
Ramp Rate

Initial pressure

Ambient 
Temp

Fuel Temperature
(T40 = -40ϲC)

άa/έ ŘŜƴƻǘŜǎ ǘƘŜ 
heat capacity of the 
tank system

)/()( kgKJkg cm ³

Å MC Formula uses feedforward control to dynamically adapt to actual fueling conditions

Å Table-based protocol uses static control based on an assumed range of fuel delivery temperatures (i.e. T40, T30, T20)

* MC Method is a 
lumped heat capacitance 
model that calculates 
end of fill gas temp

T
Fuel Delivery 
Temperature

Hydrogen Dispenser

Hydrogen gas 
from high pressure 

storage

Mass Flow 
Controller

If

is warming

Slow Down

T T

MC Fill 
Control 
Logic

If

is cooling

Speed Up

* Table D-25 from 
2016 version of 
SAE J2601
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Fueling Performance - Potential

Å MC Formula has significantly better fueling performance than Table-based protocol

Å Formula-based protocols facilitate more tailored approaches with fewer assumptions, resulting in better performance

Assumptions Ą 2020 SAE J2601 Standard, Vehicle CHSS size = 122.4 L (Toyota Mirai), Fuel Delivery Temperature = -36 °C, End of Fill SOC = 98%

Initial Pressure = 2 MPa (~ 4% SOC) Initial Pressure = 10 MPa (~ 20% SOC)

4 minutes 4 minutes

Fueling times > 5 min Fueling times > 5 min
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J2601 Real World Fueling Data (35,000 + MC-F fills*)

2%

40%
43%

12% 3%

< 2 min 3-4 min2-3 min 4-5 min > 5 min

1%

14%

24%

17%

22%

13%

9%

0-5 5-10 10-15 15-20 20-25 25-30 > 30

< 45 45-50 50-55 55-60 60-65 65-70 70-75 > 75

5%
7%

11%
14%

23%

30%

10%

0.2%

97% < 5 min

85% < 4 min

Fill Duration Histogram (T40 MC-F complete fills)**

Initial Pressure Histogram (all fills)

Ending Gas Temp Histogram (MC-F complete fills)**

99.8% < 75 °C

90%  <  70 °C

1%   <   5 MPa

15% < 10 MPa

39% < 15 MPa

61% < 20 MPa

ÅEnding gas temperatures show quite a bit of margin below 85 °C limit ςthis will likely be more pronounced for HD

Fueling Times    
look reasonable

Ending Gas Temps 
well below 85 °C

Maximum gas 
temperature = 
78.9 °C

* Thank you to Joe Cohen and Air Products for providing this data

ϝϝ /ƻƳǇƭŜǘŜ Ŧƛƭƭǎ ƳŜŀƴǎ җ фр҈ {h/

Ç Current J2601 Protocols are conservative and have 
much unused margin

Ç Margin = difference between ending gas 
temperature and the gas temperature limit of 85 °C

Å 99.8%of fills have margin > 10 °C

Å 90%of fills have margin > 15 °C
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Where does the margin come from?

SAE J2601
Worst Case 

Assumptions

Diagram of Fueling Elements Which Influence the Protocol
Å A set of worst-case assumptions are made for these elements

Å The protocols are based on all these assumptions being true at the same time

P T

P T

Heat 
Exchanger

Ambient Temperature Hot temperature Cold temperature

Mass Flow 
Meter

Pressure
Temperature
Measurements

Station Vehicle

Start of Fill Conditions

End of Fill Conditions

H2

H2

Interface

Station side pressure drop
Vehicle side 

pressure drop

ὗ ὗ

ὗ
Heat transfer from 
thermal mass

ὗ
Hot Soak 
Temperature

Compression 
Heating
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Where does the margin come from?

SAE J2601
Worst Case 

Assumptions

P T

P T

Heat 
Exchanger

Ambient Temperature Hot temperature Cold temperature

Mass Flow 
Meter

Pressure
Temperature
Measurements

Station Vehicle

Start of Fill Conditions

End of Fill Conditions

H2

H2

Interface

Station side pressure drop
Vehicle side 

pressure drop

ὗ ὗ

ὗ
Heat transfer from 
thermal mass

ὗ
Hot Soak 
Temperature

Compression 
Heating

Pre-cooling assumptions
Fuel delivery temperature is at an upper boundary value* (e.g. -33 °C for T40)

* not applicable to MC Formula
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Where does the margin come from?

SAE J2601
Worst Case 

Assumptions

P T

P T

Heat 
Exchanger

Ambient Temperature Hot temperature Cold temperature

Mass Flow 
Meter

Pressure
Temperature
Measurements

Station Vehicle

Start of Fill Conditions

End of Fill Conditions

H2

H2

Interface

Station side pressure drop
Vehicle side 

pressure drop

ὗ ὗ

ὗ
Heat transfer from 
thermal mass

ὗ
Hot Soak 
Temperature

Compression 
Heating

Component assumptions
Å Components with highest thermal mass and surface area

Å Components are soaked at ambient temperature
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Where does the margin come from?

SAE J2601
Worst Case 

Assumptions

P T

P T

Heat 
Exchanger

Ambient Temperature Hot temperature Cold temperature

Mass Flow 
Meter

Pressure
Temperature
Measurements

Station Vehicle

Start of Fill Conditions

End of Fill Conditions

H2

H2

Interface

Station side pressure drop
Vehicle side 

pressure drop

ὗ ὗ

ὗ
Heat transfer from 
thermal mass

ὗ
Hot Soak 
Temperature

Compression 
Heating

Pressure drop assumptions
Å Highest possible pressure drop
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Where does the margin come from?

SAE J2601
Worst Case 

Assumptions

P T

P T

Heat 
Exchanger

Ambient Temperature Hot temperature Cold temperature

Mass Flow 
Meter

Pressure
Temperature
Measurements

Station Vehicle

Start of Fill Conditions

End of Fill Conditions

H2

H2

Interface

Station side pressure drop
Vehicle side 

pressure drop

ὗ ὗ

ὗ
Heat transfer from 
thermal mass

ὗ
Hot Soak 
Temperature

Compression 
Heating

CHSS assumptions:
Å 85 °C maximum gas temp

Å Single tank (vs multiple)

Å CHSS hot soaked

Å Type IV construction w/low thermal conductivity

Å Minimum initial pressure

Å CHSS volume larger or smaller than actual*

* Not applicable to MC Formula
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Where does the margin come from?

SAE J2601
Worst Case 

Assumptions

P T

P T

Heat 
Exchanger

Mass Flow 
Meter

Pressure
Temperature
Measurements

Station Vehicle

Start of Fill Conditions

End of Fill Conditions

H2

H2

Interface

Station side pressure drop
Vehicle side 

pressure drop

ὗ ὗ

ὗ
Heat transfer from 
thermal mass

ὗ
Hot Soak 
Temperature

Compression 
Heating

Real world fueling conditions are rarely at even one of 
these assumptions let alone all of them at the same time

Å Margin comes from real world components and conditions being less conservative than the worst case assumptions in J2601
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How can this margin be reduced?

ÅMargin can be reduced incrementally with current philosophy or nearly eliminated with change in philosophy

J2601 Philosophy (station responsible) Revised philosophy (vehicle & station share responsibility)

ü Improve the protocol by eliminating or reducing the 
embedded worst-case assumptions

Å Incrementalimprovements

Å Difficult to fully eliminate the margin

ü Utilize new approaches which allow vehicle specific 
information to be communicated to the station and 
incorporated into the fueling protocol

Å Although benefits are high there are some trade-offs that 
need to be considered

E
n

d
in

g
 G

a
s 

T
e

m
p

e
ra

tu
re

 M
a

rg
in

Current

Assumption 2

Assumption 4

Current

Change in Philosophy

e.g. station 
thermal mass

e.g. gas 
temperature limit
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Overview of the MC Formula Protocol Structure



21

Overview ςMC 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 ςMC 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 ςMC 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:
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Overview ςMC Formula:  tfinal and MAT

ὸ ‌ ‍ ὥ ὓὃὝ ὦ ὓὃὝҌὧ ὓὃὝὨ

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
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Overview ςMC 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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CǳŜƭƛƴƎ tǊƻǘƻŎƻƭ tƘƛƭƻǎƻǇƘƛŜǎ ƻǊ ά¢ȅǇŜǎέ

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 and vehicle share responsibility / 

liability

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

Type 1

Type 2

Type 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 ςAdvanced MC Formula

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

ü Type 1 (non-comm or uni-directional 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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Advanced MC Formula ςHow 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 ςHow it Works (Derivation)

T P

Utilize consensus 
assumptions for 

dispenser components
Utilize actual CHSS Design & 
thermophysical properties

Verified 
Fueling Model

TfuelĄ -40 °C to X °C 
TambĄ -40 °C to 50 °C 
PminĄ 0.5 MPa to X MPa
TsoakĄ hot soak or other
Tgas_maxĄ 85 °C or X °C
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 ςHow it Works (Derivation)

T P

Utilize consensus 
assumptions for 
station components

Utilize actual CHSS Design & 
thermophysical properties

Verified 
Fueling Model

TfuelĄ -40 °C to X °C
TambĄ -40 °C to 50 °C 
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



36

Advanced MC Formula ςHow it Works (Derivation)

T P

Utilize consensus 
assumptions for 
station components

Utilize actual CHSS Design & 
thermophysical properties

Verified 
Fueling Model

TfuelĄ -40 °C to X °C 
TambĄ -40 °C to 50 °C 
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 ςHow it Works (Derivation)

T P

Utilize consensus 
assumptions for 
station components

Utilize actual CHSS Design & 
thermophysical properties

Verified 
Fueling Model

TfuelĄ -40 °C to X °C 
TambĄ -40 °C to 50 °C 
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 ςHow it Works (Derivation)

T P

Utilize consensus 
assumptions for 
station components

Utilize actual CHSS Design & 
thermophysical properties

Verified 
Fueling Model

TfuelĄ -40 °C to 50 °C 
TambĄ -40 °C to 50 °C 
PminĄ 0.5 Mpa
Tgas_maxĄ X °C (e.g. 95 °C)
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 °C instead of 85 °C.

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

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 ςTgasThrottle Control

Ç Because t-final is derived based on a higher ending gas temperature (e.g. 95 °C), the PRR will be too fast to 
avoid exceeding 85 °C 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 °C.   Most fills should not exceed 80 °C

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

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 °C ςhas a built-in limiting function
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Vehicle Dynamic CommandςHow it Works (Derivation)

TfuelĄ -40 °C to X °C 
TambĄ -40 °C to 50 °C 
PminĄ 0.5 to X MPa
TsoakĄ THS, Tamb, (TambςɲT)
Warm and Cold Dispenser

Option A:
PRHYDE t-final fueling 

maps tailored to vehicle 
CHSS and station 

Option B:
OEM proprietary 
fueling method

Type 3-PB-V:  Dynamic Data:  Vehicle command signals are safety criticaland used for fueling rate control

T P

Utilize actual 
station design & 
thermophysical 

propertiesPramp, TV, FC 
(fuel, stop, 

abort)

PRHYDE
fueling model

Station
parameters

ECU

* could allow other control options such as flow rate but it gets more complex if we do

Vehicle OEM chooses parameters & format This is the control parameter that MC Formula 
ultimately utilizes, but in this case, the vehicle 

calculates it instead of the station

ÅIn this approach, the vehicle calculates the fueling control parameters and sends them to the station

ÅAllows vehicle OEM to utilize an alternate fueling method, or the use of an Advanced MC approach

ÅWould require additional computational power on vehicle, but would reduce station requirements

Control methodology What is communicated How is Tgasused? Control

Advanced MC 
or other

Vehicle*: Pramp,  TV, FC (i.e. fuel, stop, abort)
Station: Expected MAT,  Tfuel, Pstation, mass dispensed, mass flow rate, 
Tamb, Expected PRRmax, Expected SOC, (others TBD)

Determined by 
vehicle OEM

Vehicle
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Advanced MC Formula ςHow it Works (t-final map 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

~

Ç Vehicle can interpolate on ambient temperature and communicate t-final values for range of MAT values to station

Format = mm.m

This indicates the tfinal value in minutes

Ex:  tfinal = 08.4

t-final table format:  MAT values every 2 °C and ambient temperature values every 5 °C
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Advanced MC Formula ςCommunication of Parameters

Ç The static data and dynamic data fueling concepts using station control (i.e., Type 2-PR-S and Type 3-PR-S) all operate on 
the same general principle that the vehicle stores a set of t-final tables in the vehicle ECU

Ç One approach being considered is for the station / vehicle use the following steps to communicate the control parameters:

1. Vehicle/Station handshake and initialization

2. Station initiates a connection pulseto measure the initial pressure (P-initial)

3. Station transmits the ambient temperature (T-amb), the initial pressure (P-initial), and whether the dispenser fueling components 
are warm or cold(this criteria is still to be defined)

4. Based upon the values received from the station as well as its own measurement of these parameters, the vehicle selects the 
appropriate t-final table

5. The vehicle then interpolates t-final based on T-amb for every MAT value

6. The vehicle then transmits the t-final values for the range of MAT values at the ambient temperature

7. The station receives these t-final values and stores them in local memory accessible to the PLC. 

8. Once the fueling begins, the station calls upon these stored values and precisely calculates the t-final used in the pressure ramp 
rate equation based on its calculation of the MAT.  It does this continuously throughout the fill.

Ç Another approach being considered is for the vehicle to communicate the full set of t-final tables to the station after the 
handshake/initiation step. The difficulty with this approach is that each fueling concept uses a different number of tables.

Ç The performance based fueling concept Type 3-PB-V operates differently.  The PRHYDE team has not yet determined all of 
the parameters required to be communicated by the station to the vehicle in this approach.  However, the control 
parameter the vehicle communicates to the station will likely be P-ramp to stay consistent with the other fueling concepts.
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Gas Temperature Terms and Usage for Advanced MC-F Options

Fueling 
Concept

Tgascommunication 
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 SOC

Type 3-PR-S
TgasInitial+

Type 3-PR-S
TgasThrottle

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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PRHYDE Introduction

Background

Fueling Protocol Structure

Summary
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Advanced MC Formula ςComparison 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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Advanced MC Formula ςOverall 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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ÁInteract with PRHYDE:

-E-mail list for PRHYDE stakeholders
(Ą please send e-mail to info@prhyde.euif you want to receive or not to receive info / news) 

-PRHYDE deliverables & presentation will be made available for comments / feedback 
(Ą to be downloaded from the PRHYDE website) 

-Keep an eye out for upcoming PRHYDE Webinars

Ą Please provide your comments / inputs any time to 

info@prhyde.eu

mailto:info@prhyde.eu
mailto:info@prhyde.eu

