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• Work done in the frame of PRHYDE - Protocol for heavy-duty hydrogen 

refuelling (2020 - 2022)
Call Identifier FCH-04-2-2019: Refuelling Protocols for Medium and Heavy-Duty Vehicles

This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now

Clean Hydrogen Partnership) under Grant Agreement No 874997. This Joint Undertaking receives

support from the European Union’s Horizon 2020 Research and Innovation programme, Hydrogen

Europe and Hydrogen Europe Research.

Introduction

• We thank all partners of the PRHYDE project (www.prhyde.eu) for their contribution to this work, namely: 

 Air Liquide, CEA, ENGIE, ITM, NEL, Nikola, Toyota Europe and Toyota North America, Shell, ZBT, and LBST 

• The PRHYDE project funded by the Clean Hydrogen partnership aims at developing recommendations 

for  heavy-duty refueling protocols used for future standardization activities for trucks and other heavy 

duty transport systems applying hydrogen technologies.
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Purpose for physical modeling
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 The objective of physical modeling is to be the basis for defining HD refueling protocols 

 It uses 2 approaches: 

 0D/1D modeling for engineering calculations for refueling protocols

 Computational Fluid Dynamics (CFD) 3D modeling for detailed calculations on some specific cases with thermal stratifications

 Before using modeling results, need for validation

 Modeling validation using experimental data on different tank sizes and refueling conditions
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0D/1D modeling characteristics
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 0D/1D modeling approach is based on mass and energy balance equations applied on the gas and on tank walls

 0D modeling for the gas and 1D modeling for the tank walls

 It calculates volume average gas temperature, surface average wall temperature at different thicknesses and gas mass inside the tank in 

function of time during refueling

 Its major advantage: computing time = few minutes

 0D/1D modeling can be used for parametric study and for defining refueling protocols

 However, it cannot calculate local variables then cannot be used to estimate maximal local gas and wall temperatures when 

thermal stratifications occur
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0D/1D modeling tools used
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 SOFIL (Air Liquide)

 HyFill (Engie)

 H2FillS (NREL)
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SOFIL: software to estimate gas temperature & mass when 
filling / defueling gas tanks for safety & energy optimization

In-house software @ R&D Air Liquide since 2010

Validated during 
HyTransfer project

- On experimental fillings and CFD 
results
- For horizontal tanks type III/IV

Major benefits
- Quick computations (~ min)
- Precise

Simulation assumptions
- 0D-gas
- 1D-wall
- 2D-piping discretization

Stations

Filling Centers

Storage tanks

H2, O2, Ar,...

Mass & energy balance equations

SOFIL

Filling

Defueling

Refuelling 

protocols

Metallic or composite cylinder

Pressure ramp rate

Precooling  T°

Final pressure
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0D/1D models used: HyFill (Engie)
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 HyFill developed on Matlab/Simulink allows to simulate the fast filling and emptying of hydrogen tanks in order to predict the 

final temperature reached by the hydrogen. HyFill is a pseudo-1D model. It considers that the gas temperature is uniform at 

each instant in the tank. The heat transfer between the gas and the outside is modeled by the unsteady 1D cylindrical 

conduction equation. 

 Mass and energy balance equations (0D):



𝑑𝑚

𝑑𝑡
= ሶ𝑚𝑖𝑛 − ሶ𝑚𝑜𝑢𝑡

𝑑𝑚𝑢

𝑑𝑡
= ሶ𝑚𝑖𝑛ℎ𝑖𝑛 − ሶ𝑚𝑜𝑢𝑡ℎ𝑜𝑢𝑡 − 𝑄𝑔𝑎𝑠−𝑤𝑎𝑙𝑙

𝑃

𝜌
= 𝑍𝑅𝑇

 Unsteady state 1D conduction equation for the heat in the tank walls
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0D/1D models used: H2FillS (NREL)
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 Mass and energy balances are calculated with the assumption that tank volume does not increase with the pressure rise. 

The governing equations for the mass and energy balances:


𝑑

𝑑𝑡
𝑚 = ሶ𝑚𝑖𝑛


𝑑

𝑑𝑡
𝑚𝑢 = ሶ𝑚𝑖𝑛ℎ𝑖𝑛 + 𝐴𝑤𝑎𝑙𝑙𝛼𝑖𝑛( ȁ𝑇𝑤𝑎𝑙𝑙 𝑥=0 − 𝑇)

 Unsteady heat conduction equation and boundary conditions are applied to obtain the temperature distribution in the wall:


𝜕𝑇𝑤𝑎𝑙𝑙

𝜕𝑡
= 𝑎𝑤𝑎𝑙𝑙

𝜕2𝑇𝑤𝑎𝑙𝑙

𝜕𝑥2

 − 𝜆𝑤𝑎𝑙𝑙 ቚ
𝜕𝑇𝑤𝑎𝑙𝑙

𝜕𝑥 𝑥=0
= 𝛼𝑖𝑛(𝑇 − ȁ𝑇𝑤𝑎𝑙𝑙 𝑥=0)

 − 𝜆𝑤𝑎𝑙𝑙 ቚ
𝜕𝑇𝑤𝑎𝑙𝑙

𝜕𝑥 𝑥=𝑙
= 𝛼𝑜𝑢𝑡( ȁ𝑇𝑤𝑎𝑙𝑙 𝑥=𝑙 − 𝑇𝑎𝑚𝑏)
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Validation for 0D/1D models
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 Validation for different tank sizes and refueling conditions:

 165 L type IV H70 tank at Nikola

 244 L type IV H70 tank at ZBT

 322 L type III H35 tank at ZBT



www.PRHYDE.eu
ICHS 2023

Validation for 0D/1D models: 165 L type IV H70 tank at 

Nikola – Experimental setup
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Validation for 0D/1D models: 165 L type IV H70 tank at 

Nikola – Test matrix
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Test matrix for H70 165 L type IV tank at Nikola 

Test 
Number 

Ambient 
Temperature 

(°C) 

Initial P 
(bar) 

Dispenser Temperature 
Profile (°C) 

Dispenser Pressure Profile 

1 15 20 -40 Constant PRR 8 MPa/min 

2 50 20 -40 Constant PRR 8 MPa/min 

3 40 20 -40 Constant PRR 8 MPa/min 

4 -30 20 -40 Constant PRR 8 MPa/min 

5 -15 20 -40 Constant PRR 8 MPa/min 

6 0 20 -40 Constant PRR 8 MPa/min 

7 15 20 -33 Constant PRR 8 MPa/min 

8 15 20 -26 Constant PRR 8 MPa/min 

9 15 20 -17.5 Constant PRR 8 MPa/min 

10 15 50 -40 Constant PRR 8 MPa/min 

11 15 250 -40 Constant PRR 8 MPa/min 

12 15 20 -40 Constant PRR 5 MPa/min 

13 15 20 -40 Constant PRR 16 MPa/min 

14 15 20 -40 Constant PRR 20 MPa/min 

15 15 20 -40 20 MPa/min for 3.85 min, transition to 1 MPa/min 

16 15 20 -40 20 MPa/min for 3.85 min, transition to 3 MPa/min 

17 15 20 -40 20 MPa/min for 3.33 min, transition to 1 MPa/min with pulse of 8 MPa/min for 10s every 30s 

18 40 20 -17.5 Constant PRR 8 MPa/min 
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Validation for 0D/1D models: 165 L type IV H70 tank at Nikola –

Comparison between modeling results and experiments
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Validation for 0D/1D models: 165 L type IV H70 tank at Nikola –

Comparison between modeling results and experiments
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SOFIL
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Validation for 0D/1D models: 244 L type IV H70 tank at ZBT –

Experimental setup
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Validation for 0D/1D models: 244 L type IV H70 tank at ZBT –

Test matrix
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Test matrix for H70 244 L type IV tank at ZBT 

Test 
Number 

Initial P 
(bar) 

Dispenser Temperature Profile Dispenser Pressure Profile 

#1 (ref) 20 -40°C Constant PRR 8 MPa/min 

#2 20 -20°C Constant PRR 8 MPa/min 

#3 20 -10°C Constant PRR 8 MPa/min 

#4 20 0°C Constant PRR 8 MPa/min 

#5 20 -40°C for 5 min, then no cooling Constant PRR 8 MPa/min 

#6 20 No cooling for 4 min 30, then -40°C Constant PRR 8 MPa/min 

#7 20 -40°C for 5 min, then -20°C Constant PRR 8 MPa/min 

#8 70 -40°C Constant PRR 8 MPa/min 

#9 350 -40°C Constant PRR 8 MPa/min 

#10 20 -40°C Constant PRR 5 MPa/min 

#10bis 20 -40°C Constant PRR 1 MPa/min 

#11 20 -40°C 16 MPa/min for 3.85 min, transitions to 1 MPa/min 

#12 20 -40°C 16 MPa/min for 3.85 min, transitions to 3 MPa/min 

#13 20 -40°C Constant PRR 3 MPa/min 

#14 20 -40°C Constant PRR 16 MPa/min 

#17 (ref) 20 -40°C Constant PRR 8 MPa/min 
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Validation for 0D/1D models: 244 L type IV H70 tank at ZBT –

Comparison between modeling results and experiments
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Validation for 0D/1D models: 244 L type IV H70 tank at ZBT –

Comparison between modeling results and experiments
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SOFIL
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Validation for 0D/1D models: 322 L type III H35 tank at ZBT –

Experimental setup
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Validation for 0D/1D models: 322 L type III H35 tank at ZBT –

Test matrix
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Test matrix for 322 L type III tank at ZBT 

Test Number 
Initial P  

(bar) 
Dispenser Temperature Profile Dispenser Pressure Profile 

#1 (ref) 20 -20°C Constant PRR 8 MPa/min 

#2 20 -40°C Constant PRR 8 MPa/min 

#3 20 -10°C Constant PRR 8 MPa/min 

#4 20 0°C Constant PRR 8 MPa/min 

#5 20 no cooling Constant PRR 8 MPa/min 

#6 20 -40°C for 5 min, then no cooling Constant PRR 8 MPa/min 

#8 70 -20°C Constant PRR 8 MPa/min 

#9 150 -20°C Constant PRR 8 MPa/min 

#10 20 -20°C Constant PRR 4 MPa/min 

#11 20 -20°C Constant PRR 3 MPa/min 

#12 20 -20°C Constant PRR 14 MPa/min 

#13 20 -20°C PRR 14 MPa/min for 2.75 min, then 1 MPa/min 

#14 20 -20°C PRR 14 MPa/min for 2.5 min, then 3 MPa/min 

#15 20 -20°C Simulate Tgas Throttle with initial PRR 12 MPa/min 

#16 20 -20°C Simulate Tgas Throttle with initial PRR 10 MPa/min 

#17 20 -20°C Simulate Tgas Throttle with initial PRR 8 MPa/min 

#18 (ref) 20 -20°C Constant PRR 8 MPa/min 

 



www.PRHYDE.eu
ICHS 2023

Validation for 0D/1D models: 322 L type III H35 tank at ZBT –

Comparison between modeling results and experiments
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Validation for 0D/1D models: 322 L type III H35 tank at ZBT –

Comparison between modeling results and experiments
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SOFIL
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Conclusions and recommendations
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 0D/1D models once validated are very useful to define gas refueling protocols for different vehicle sizes and potentially could replace 

experimental systematic approach 

 SOFIL, HyFill and H2FillS after validation were used to select the better approach for HD refueling protocol

 These models can estimate volume average gas temperature and surface average wall temperature for different refueling conditions

within +/-3°C of uncertainty 

 Nowadays 0D/1D models are not able to calculate the maximum local temperature once thermal stratification occurs during filling

 These models indicate the appearance of thermal stratification for axial injection. For non axial injections, experimental or CFD approach 

is still needed


