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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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J2601 Protocol Structures
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> 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
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30 0.00256616 -1.439361381 270.858894 -17180.8432
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(T40 = -40 ϲC)

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 temps (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, better performance

Assumptions Ą 2020 SAE J2601 Standard, Vehicle CHSS size = 122.4 L (Toyota Mirai), Fuel Delivery Temperature = -36 ϲC, 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*)

Å Ending gas temperatures show quite a bit of margin below 85 ϲC limit ςthis will likely be more pronounced for HD
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How can fueling protocols be improved?

Gas Temperature Margin

Pre-cool Temperature

Fueling Time

-33 ϲC

~ 10 ϲC

97% < 
5 min

× Develop approaches which can reduce the gas temperature margin

Current
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How can fueling protocols be improved?

Gas Temperature Margin

Pre-cool Temperature

Fueling Time

Gas Temperature Margin

Pre-cool Temperature

Fueling Time

Gas Temperature Margin

Pre-cool Temperature

Fueling Time

-33 ϲC

~ 10 ϲC

97% < 
5 min

5 ϲC

97% < 
3 min

-25 ϲC

× Develop approaches which can reduce the gas temperature margin

-33 ϲC

5 ϲC

97% < 
5 min

Faster Fueling * Warmer Pre-cooling **Current

* High 
throughput 
stations

** Reduced 
energy & 
costs
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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
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Pre-cooling assumptions
Fuel delivery temperature is at an upper boundary value* (e.g. -33 ϲC for T40)

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

SAE J2601
Worst Case 

Assumptions
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ὗ
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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
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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
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Ambient Temperature Hot temperature Cold temperature

Mass Flow 
Meter
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Temperature
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Start of Fill Conditions
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Vehicle side 

pressure drop

ὗ ὗ

ὗ
Heat transfer from 
thermal mass

ὗ
Hot Soak 
Temperature
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CHSS assumptions:
Å 85 ϲC 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
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ὗ
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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?

Å Margin can be reduced incrementally with current philosophy or nearly eliminated with change in philosophy
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Fueling Protocol Philosophies

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 utilized (e.g. tables & MC-F)

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
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Station Control vs Vehicle Control 
(Protocol Types 2 or 3)

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



www.PRHYDE.eu

Agenda

ÁOverview of Current LD Fueling Protocols

ÁHow can Fueling Protocols Be Improved?

ÁFueling Protocol Types and Control Structures

ÁExamples of Protocol Types and Structures

ÁPerformance Based Protocols

ÁSummary

23



www.PRHYDE.eu
www.PRHYDE.eu

Protocol Type 1 & 2 Margin Reduction 
ðStation Components

TD P

Heat 
Exchanger

H2 

Dispenser

ὗ

ὗ

ὗ

Breakaway

Hose

Nozzle

Q

Q

Q

Options:

1. Utilize the actual thermophysical properties of 
station components in the protocol development 
(instead of assuming the worst-case) *

* This approach is currently being researched under a NEDO 
funded project in Japan ςsee reference below:

T. Kuroki, M. Peters, K. Nagasawa, D. Leighton N. Sakoda, K. 
IŀƴŘŀΣ {Φ aŀǘƘƛǎƻƴΣ ά5ŜǾŜƭƻǇƳŜƴǘ ƻŦ IȅŘǊƻƎŜƴ CǳŜƭƛƴƎ 
Model through Collaboration between Kyushu University and 
bw9[ΣέΣ LƴǘŜǊƴŀǘƛƻƴŀƭ ƘȅŘǊƻƎŜƴ ƛƴŦǊŀǎǘǊǳŎǘǳǊŜ ǿƻǊƪǎƘƻǇ нлнл
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TN

Protocol Type 1 & 2 Margin Reduction 
ðStation Components

TD P

Heat 
Exchanger

ὗ

ὗ

ὗ

Add Tfuel

measurement 
here

Breakaway

Hose

Nozzle

Q

Q

Q

Options:

1. Utilize the actual thermophysical properties of 
station components in the protocol development 
(instead of assuming the worst-case) *

2. Measure the fuel delivery temperature at the nozzle 
instead of upstream of the breakaway **

** 

-WŀǇŀƴ tŀǘŜƴǘ сслнунф .нΣ YΦ IŀƴŘŀΣ άDŀǎ CƛƭƭƛƴƎ aŜǘƘƻŘέ

- US Patent Application US 20200173607 A1, S. Mathison,

άaŜǘƘƻŘ ŀƴŘ ǎȅǎǘŜƳ ŦƻǊ ǘŀƴƪ ǊŜŦǳŜƭƛƴƎ ǳǎƛƴƎ ŘƛǎǇŜƴǎŜǊ ŀƴŘ

ƴƻȊȊƭŜ ǊŜŀŘƛƴƎǎέ 

H2 

Dispenser
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TN

Ç There are two options for reducing margin due to the effects of station component assumptions

V Option 1 requires no changes to current component design

V Option 2 would require adding a temperature measurement either in the nozzle or just upstream of the nozzle

TD P

Heat 
Exchanger

ὗ

ὗ

ὗ

Add Tfuel

measurement 
here

Breakaway

Hose

Nozzle

Q

Q

Q

Option 2 solves two issues:

a. Only nozzle component properties considered

b. No assumption about component soak temperature

Because most stations use components with lower thermal mass and most fills start with components 
already cooled from a previous fill, this approach can reduce the margin and improve fueling

H2 

Dispenser

Options:

1. Utilize the actual thermophysical properties of 
station components in the protocol development 
(instead of assuming the worst-case) *

2. Measure the fuel delivery temperature at the nozzle 
instead of upstream of the breakaway **

Protocol Type 1 & 2 Margin Reduction 
ðStation Components
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Protocol Type 1 & 2 Margin Reduction 
ðIncrease Gas Temp Limit

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

5%
7%

11%
14%

23%

30%

10%

0.2%

Ending Gas Temp Histogram (MC-F complete fills)

Utilize 85 ϲCas the target                   
for Protocol Design

ÅSOC is good

Ç SAE J2601 protocols are designed not to exceed 85 ϲC when all worst-case assumptions are present

Ç This temperature limit is based on CHSS qualification testing where 85 ϲC is the maximum 
temperature ςi.e. UN GTR 13 and SAE J2579

Current:

Maximum gas 

temperature = 78.9 ϲC
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Protocol Type 1 & 2 Margin Reduction 
ðIncrease Gas Temp Limit

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

5%
7%

11%
14%

23%

30%

10%

0.2%

Ending Gas Temp Histogram (MC-F complete fills)

Utilize 85 ϲCas the target                   
for Protocol Design

ÅSOC is good

Ç SAE J2601 protocols are designed not to exceed 85 ϲC when all worst-case assumptions are present

Ç This temperature limit is based on CHSS qualification testing where 85 ϲC is the maximum 
temperature ςi.e. UN GTR 13 and SAE J2579

Current:

Maximum gas 

temperature = 78.9 ϲC

< 50 50-55 55-60 50-65 65-70 70-75 75-80

5%
7%

11%
14%

23%

30%

10%

Ending Gas Temp Histogram (MC-F complete fills)

Maximum gas 

temperature = 83.9 ϲC

ÅSOC should still be acceptable

Utilize 90 ϲCas the target                   
for Protocol Design

Shift 5 ϲC
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Protocol Type 1 & 2 Margin Reduction 
ðIncrease Gas Temp Limit

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

5%
7%

11%
14%

23%

30%

10%

0.2%

Ending Gas Temp Histogram (MC-F complete fills)

Utilize 85 ϲCas the target                   
for Protocol Design

ÅSOC is good

Ç SAE J2601 protocols are designed not to exceed 85 ϲC when all worst-case assumptions are present

Ç This temperature limit is based on CHSS qualification testing where 85 ϲC is the maximum 
temperature ςi.e. UN GTR 13 and SAE J2579

Current:

Maximum gas 

temperature = 78.9 ϲC

< 50 50-55 55-60 50-65 65-70 70-75 75-80

5%
7%

11%
14%

23%

30%

10%

Ending Gas Temp Histogram (MC-F complete fills)

Maximum gas 

temperature = 83.9 ϲC

ÅSOC should still be acceptable

Utilize 90 ϲCas the target                   
for Protocol Design

Shift 5 ϲC

< 55 55-60 60-65 65-70 70-75 75-80 80-85 > 85

5%
7%

11%
14%

23%

30%

10%

0.2%

Ending Gas Temp Histogram (MC-F complete fills)

ÅSOC may be slightly lower on 
~ 10% of fills

Shift 10 ϲC

Utilize 95 ϲCas the target                   
for Protocol Design *

Maximum gas 

temperature = 88.9 ϲC

Å Margin can be reduced by increasing the temperature limit used in the SAE J2601 protocol design

Å This means that warmer pre-cooling temperatures could be used while keeping the fueling times the same as today
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Ç To incorporate this approach, it is likely that changes to some GTR 13 requirements would be needed.

Ç These changes may include:

6.2.4.1. Gas pressure cycling:
ΧΧIƻǿŜǾŜǊΣ ǘƘŜ ǇǊŜǎǎǳǊŜ ǊŀƳǇ ǊŀǘŜ ǎƘƻǳƭŘ 
be decreased if the gas temperature in the 
container exceeds +85ϲCΧΧ

5.1.2.6. Extreme temperature pressure cycling:
¢ƘŜ ǎǘƻǊŀƎŜ ŎƻƴǘŀƛƴŜǊ ƛǎ ǇǊŜǎǎǳǊŜ ŎȅŎƭŜŘ ŀǘ ΧΧΦΦ 
and at +85ϲCand 95 per cent relative humidity 
to 125 per cent NWP for 20 per cent number of 
/ȅŎƭŜǎΧΦΦ

Å Changes to the temperature specs in these clauses may result in higher cost of the CHSS

Å A cost-to-benefit analysis may be needed to assess this approach to reducing margin

Implications of Increase in Gas Temperature Limit

Ç To ensure backwards compatibility, vehicle may need to communicate to stationthe CHSS gas temperature limit Ą
this may require a communication system with a higher functional safety than current IRDA (also changes philosophy)

Communications:

CHSS Qualification Standards / Regulations:


