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Abstract. Rapid hydrogen refueling generates a significant amount of heat, 
which put at risk the strength of Type IV tanks. In practice, to counteract the 
heat produced, the SAE J2601 standard may require static precooling to -
40°C in demanding conditions, which consumes a lot of energy. This study 
proposes a “dual feedback” control method that dynamically adjusts the 
mass flow and inlet temperature. Based on a 3D CFD model and Real Gas 
EOS, this method favors strict monitoring of the local HDPE coating 
temperature (<85°C) rather than the average gas temperature in order to 
prevent delamination, as required by recent safety requirements (e.g., BSI). 
Results obtained to date indicate that filling based on thermal limits, while 
improving the average injection temperature, reduces the consumption of the 
pre-cooling system compared to the standard method.  

1 Introduction 
Hydrogen fuel cell electric vehicles (FCEVs) are an alternative for lowering carbon emissions 
due to transportation [1]. However, they need a refueling experience similar to conventional 
engine vehicles, with refueling times between three and five minutes [2]. This fast refueling 
creates a lot of challenges, particularly due to the heat generated by gas compression and also 
by the negative Joule-Thomson effect [3-4] of hydrogen under atmospheric conditions. The 
most important safety criterion in this process is the temperature limit of 85°C [13]. While 
early standards based their criteria on the average gas temperature [13], engineers establish 
an approach based on preserving the structure of the storage system, particularly the inner 
walls of Type IV tanks. These layer of a polymer film encased in a carbon fiber-reinforced 
polymer (CFRP) shell. Exceeding the thermal limit of the thermoplastic membrane can 
impact the mechanical properties, softening, and causes delamination between the liner and 
the composite shell, risking the safety of the entire system. This distinction is important when 
updating safety standards. In fact, global technical regulation GTR No. 13 [14] refers to the 
average gas temperature, but more recent and precise criteria clearly indicate that the 
temperature of the materials used in tank components [15] must not exceed 85°C. This 
change shows that relying only on the average gas temperature can hide the risks of local 
overheating. Most existing studies use a simplified thermodynamic model (0D or 1D) [5], 
which assume a uniform temperature distribution. However, these models are not sufficient 
to establish the safety of components locally [6]. To solve this problem, the actual study uses 
a 3D computational fluid dynamics (CFD) method [7] to monitor thermal stratification and 
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detect local “hot spots” on the inner surface that simple models cannot identify [8]. Also, to 
solve the energy inefficiencies of static cooling method [9], we propose an intelligent “dual 
feedback” control strategy that adjusts the mass flow rate and inlet temperature based on the 
maximum wall temperature to balance filling time, safety margin, and cooling energy. 

2 Mathematical & Numerical Framework 
Based on turbulent compressible flows and heat transfer, the numerical model of fast filling 
of a type IV hydrogen tank is a three-dimensional CFD (Computational Fluid Dynamics) 
model based on the ANSYS Fluent solver. It is used to capture the thermal stratification 
caused by gravity and also the maximal temperature at the liner wall [5,10]. The study's 
numerical assumptions and mathematical method are explained in this section. First, the 
equations of conservation of mass, momentum, and energy are presented, then the motivation 
for choosing the k-ω shear stress transport (SST) turbulence model. Lastly, the behavior of 
hydrogen at high pressure is captured by the gas equation of state (EOS). 

2.1 Governing Equations  

The gas domain is represented as a compressible and turbulent flow that follows the Unsteady 
Reynolds-Averaged Navier-Stokes (URANS) equations. Conjugate heat transfer (CHT) is 
activated between the hydrogen and the multilayer tank wall (liner/composite/protection). 

 
• Mass conservation: 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕  +∇. (𝜌𝜌𝑣⃗𝑣) = 0 (1) 

 
• Momentum conservation (URANS form): 

 
𝜕𝜕(𝜌𝜌𝑣⃗𝑣)
𝜕𝜕𝜕𝜕 +∇. (𝜌𝜌𝑣𝑣 ⃗⃗⃗ ⃗  ⊗ 𝑣𝑣 ⃗⃗⃗ ⃗  ) = − ∇p + ∇. (τ) + 𝜌𝜌𝑔⃗𝑔 − ∇. (𝜌𝜌𝑣𝑣′⃗⃗⃗⃗  ⊗ 𝑣𝑣′⃗⃗⃗⃗ )  (2) 

 
where p is the static pressure, τ is the viscous stress tensor, and the last term denotes the 
Reynolds stresses modeled via the selected turbulence closure. 

 
• Total energy conservation (compressible formulation): 

 
𝜕𝜕(𝜌𝜌𝜌𝜌)
𝜕𝜕𝜕𝜕 + ∇( 𝑣𝑣 ⃗⃗⃗ ⃗ (ρE + p)) = ∇(k𝑒𝑒𝑒𝑒𝑒𝑒. ∇T) +  ∇ (𝜏𝜏𝑒𝑒𝑒𝑒𝑒𝑒. 𝑣⃗𝑣) + Sℎ (3) 

 
with E the total energy per unit mass, keff the effective thermal conductivity (molecular + 
turbulent), and Sh any volumetric heat source term (here, typically zero). 

 
• Solid domains (liner/CFRP/GFRP) are described by transient heat conduction: 

 

𝜌𝜌𝑠𝑠. 𝑐𝑐𝑝𝑝,𝑠𝑠. 𝜕𝜕𝑇𝑇𝑠𝑠𝜕𝜕𝜕𝜕 = ∇. (𝑘𝑘𝑠𝑠. ∇𝑇𝑇𝑠𝑠)         (4) 

 
• At the fluid-solid interfaces, temperature continuity and heat-flux continuity are 

imposed  
 

{
𝑇𝑇𝑓𝑓 = 𝑇𝑇𝑆𝑆

−𝑘𝑘𝑓𝑓 ∗
𝜕𝜕𝑇𝑇𝑓𝑓
𝜕𝜕𝜕𝜕 = −𝑘𝑘𝑆𝑆 ∗

𝜕𝜕𝑇𝑇𝑆𝑆
𝜕𝜕𝜕𝜕

        (5) 

2.2 Turbulence Modelling  

The SST k–ω model is adopted to ensure robust prediction of near-wall transport and heat 
transfer at the liner surface, while retaining stable behavior in the core flow region (jet 
penetration, recirculation, and mixing). The SST formulation blends k–ω behavior in the 
viscous sublayer with a k–ε-like behavior in the outer region, improving performance for 
adverse pressure gradients and separation in comparison with single-formulation models. 

 
The transport equations (in a standard SST formulation) can be written as follows: 

 
• Turbulent kinetic energy k: 

 
𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 + ∇(ρk𝑣⃗𝑣) = 𝑃𝑃𝑘𝑘 − 𝛽𝛽 ∗ 𝜌𝜌𝜌𝜌𝜌𝜌 + ∇[(𝜇𝜇 + 𝜎𝜎𝑘𝑘. 𝜇𝜇𝑡𝑡). ∇𝑘𝑘] (6) 

 

• Specific dissipation rate ω: 
 

𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 + ∇(𝜌𝜌𝜌𝜌. 𝑣⃗𝑣) = 𝛼𝛼. (𝜔𝜔𝑘𝑘) . 𝑃𝑃𝑘𝑘 − 𝛽𝛽𝛽𝛽𝜔𝜔2 + ∇[(𝜇𝜇 + 𝜎𝜎𝜔𝜔. 𝜇𝜇𝑡𝑡)∇𝜔𝜔] + 2(1 − 𝐹𝐹1)𝜌𝜌𝜎𝜎𝜔𝜔2

1
𝜔𝜔 (∇𝑘𝑘. ∇𝜔𝜔) (7) 

 
Here, μ is the molecular viscosity, μt the eddy viscosity, Pk the production term, and F1 the 
near-wall blending function. On CFD software an accurate wall heat-transfer prediction 
needs adequate near-wall resolution (low y+).  

2.3 Real Gas Equation of State  

At high pressure levels (up to 70 MPa), the ideal-gas relation is not accurate to capture the 
density, enthalpy, and all fluid properties during filling. In this work, hydrogen properties are 
calculated using the NIST real-gas database implemented in ANSYS Fluent, to make sure 
that all fluid characteristics accurate with both pressure and temperature on each mesh node.  
 

2.4 Geometry and Mesh 

In order to minimize computational costs while maintaining physical fidelity, the 40 L Type 
IV tank is approximated as a 180°degree sector with a symmetry plane at the middle. The 
mesh density will be halved due to the reduction, but the three-dimensional nature of the fluid 
domain is maintained. It is important that this representation is used, since gravity effects and 
the buoyancy-driven convection caused by gravity are spatial phenomena that would not be 
well-represented by an axisymmetric model. 

 
The structure of the tank itself can be approximated using a multi-layer solid domain. The 
innermost layer is made up of the HDPE liner, which forms a hydrogen impermeable barrier 
and provides the internal surfaces of the tank where gas-wall heat transfer takes place. 
Outside of the inner liner is the structure layer, consisting of CFRP. The final exterior layer 
is the structural layer, consisting of GFRP and providing the exterior shell of the tank. Since 
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detect local “hot spots” on the inner surface that simple models cannot identify [8]. Also, to 
solve the energy inefficiencies of static cooling method [9], we propose an intelligent “dual 
feedback” control strategy that adjusts the mass flow rate and inlet temperature based on the 
maximum wall temperature to balance filling time, safety margin, and cooling energy. 

2 Mathematical & Numerical Framework 
Based on turbulent compressible flows and heat transfer, the numerical model of fast filling 
of a type IV hydrogen tank is a three-dimensional CFD (Computational Fluid Dynamics) 
model based on the ANSYS Fluent solver. It is used to capture the thermal stratification 
caused by gravity and also the maximal temperature at the liner wall [5,10]. The study's 
numerical assumptions and mathematical method are explained in this section. First, the 
equations of conservation of mass, momentum, and energy are presented, then the motivation 
for choosing the k-ω shear stress transport (SST) turbulence model. Lastly, the behavior of 
hydrogen at high pressure is captured by the gas equation of state (EOS). 

2.1 Governing Equations  

The gas domain is represented as a compressible and turbulent flow that follows the Unsteady 
Reynolds-Averaged Navier-Stokes (URANS) equations. Conjugate heat transfer (CHT) is 
activated between the hydrogen and the multilayer tank wall (liner/composite/protection). 
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where p is the static pressure, τ is the viscous stress tensor, and the last term denotes the 
Reynolds stresses modeled via the selected turbulence closure. 

 
• Total energy conservation (compressible formulation): 
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with E the total energy per unit mass, keff the effective thermal conductivity (molecular + 
turbulent), and Sh any volumetric heat source term (here, typically zero). 

 
• Solid domains (liner/CFRP/GFRP) are described by transient heat conduction: 
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imposed  
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−𝑘𝑘𝑓𝑓 ∗
𝜕𝜕𝑇𝑇𝑓𝑓
𝜕𝜕𝜕𝜕 = −𝑘𝑘𝑆𝑆 ∗

𝜕𝜕𝑇𝑇𝑆𝑆
𝜕𝜕𝜕𝜕
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2.2 Turbulence Modelling  

The SST k–ω model is adopted to ensure robust prediction of near-wall transport and heat 
transfer at the liner surface, while retaining stable behavior in the core flow region (jet 
penetration, recirculation, and mixing). The SST formulation blends k–ω behavior in the 
viscous sublayer with a k–ε-like behavior in the outer region, improving performance for 
adverse pressure gradients and separation in comparison with single-formulation models. 

 
The transport equations (in a standard SST formulation) can be written as follows: 

 
• Turbulent kinetic energy k: 
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𝜔𝜔 (∇𝑘𝑘. ∇𝜔𝜔) (7) 

 
Here, μ is the molecular viscosity, μt the eddy viscosity, Pk the production term, and F1 the 
near-wall blending function. On CFD software an accurate wall heat-transfer prediction 
needs adequate near-wall resolution (low y+).  

2.3 Real Gas Equation of State  

At high pressure levels (up to 70 MPa), the ideal-gas relation is not accurate to capture the 
density, enthalpy, and all fluid properties during filling. In this work, hydrogen properties are 
calculated using the NIST real-gas database implemented in ANSYS Fluent, to make sure 
that all fluid characteristics accurate with both pressure and temperature on each mesh node.  
 

2.4 Geometry and Mesh 

In order to minimize computational costs while maintaining physical fidelity, the 40 L Type 
IV tank is approximated as a 180°degree sector with a symmetry plane at the middle. The 
mesh density will be halved due to the reduction, but the three-dimensional nature of the fluid 
domain is maintained. It is important that this representation is used, since gravity effects and 
the buoyancy-driven convection caused by gravity are spatial phenomena that would not be 
well-represented by an axisymmetric model. 

 
The structure of the tank itself can be approximated using a multi-layer solid domain. The 
innermost layer is made up of the HDPE liner, which forms a hydrogen impermeable barrier 
and provides the internal surfaces of the tank where gas-wall heat transfer takes place. 
Outside of the inner liner is the structure layer, consisting of CFRP. The final exterior layer 
is the structural layer, consisting of GFRP and providing the exterior shell of the tank. Since 
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each material type in a composite structure has different heat capacities and thermal 
conductivities, each layer must be resolved separately. 
 

 
Fig. 1. 180° Sector Geometry of the 40 L Type IV 
 

Table 1. Material Properties 

Material Layer Density, ρ (kg/m3) Specific Heat, Cp (J/kg⋅K) Thermal Conductivity, k (W/m⋅K) 

Liner (HDPE) 950 2000 0.45 

Composite (CFRP) 1500 1120 0.7* 

Protection (GFRP) 1900 1000 0.5 

 
* Note: The average transverse value (through thickness) affecting the heat transfer from the 
liner to the exterior is the thermal conductivity for the CFRP layer. 
 

2.5 Initial and Boundary Conditions 

Initial State: At the moment when (t=0) begins, the tank remains in thermal balance with the 
surrounding area because the gas and wall temperature stays at Tinit = 293.15K. The tank is 
also set at Pinit = 20bar (2 MPa) so that a common remaining pressure situation is displayed. 
This tank maintains these conditions before the gas movement commences. 
 
Inlet: The injector is described as an inlet face. It has been imposed that the boundary 
condition functions as a Mass Flow Inlet, which allows the mass flow rate (𝑚̇𝑚) and inlet 
temperature (Tinlet) to be modified by the control algorithm at every time interval when 
control functions are active. The injector operates according to the logic provided by the 
system throughout the operation. 
 
External Wall: Regarding the outer GFRP surface, the convective heat transfer condition 
must be used to show the way thermal energy moves. Natural convection with the 

environment is simulated by the model through a heat transfer coefficient ℎ = 10𝑊𝑊 ∗ 𝑚𝑚-2 ∗ 
𝐾𝐾 and an external temperature of 20°C. This GFRP surface interacts with the air so that the 
heat level stays consistent during the process. 

3 The Smart Dual-Feedback Strategy 
As opposed to standard procedures for fueling [2] that depend on the use of pre-calculated 
static look-up tables [9], this work suggests a real-time, active, and closed-loop control 
mechanism termed as “Dual-Feedback” control approach [11]. It involves dynamic control 
of the mass flow rate and gas inlet temperature based on the current maximum liner 
temperature, Tmax,liner(t). Mass flow control controls the enthalpy flow rate, at the same time 
gas inlet temperature reduces the cooling energy requirements. 

Two independent control factors are defined: CTm for mass-flow modulation coefficient and 
Tinlet(t) for inlet-temperature scheduling, both expressed as functions of Tmax,liner(t).  

𝑚𝑚𝑚(𝑡𝑡)  =  𝐶𝐶𝐶𝐶_𝑚𝑚(𝑡𝑡)  ·  𝑚̇𝑚_𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡  (8) 

CTm is defined as: 

 

{
 

 1 𝑖𝑖𝑖𝑖 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 < 65°C 

1 − ( 1 −  𝛼𝛼
80 −  65) ·  (𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 −  65) 𝑖𝑖𝑖𝑖 65°C ≤ 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 ≤ 80°C                  

𝛼𝛼 𝑖𝑖𝑖𝑖 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 > 80°C 
 (9) 

where alpha = 0.1 is the minimum throttling factor (proof-of-concept) to maintain a non-zero 
flow. 
 
Tinlet is defined as: 
 

{
 

 20  𝑖𝑖𝑖𝑖 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 < 50°C 

20 + (𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 −  20
65 −  50 ) ·  (𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 −  50) 𝑖𝑖𝑖𝑖 50°C ≤ 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 ≤ 65°C    

𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 𝑖𝑖𝑖𝑖 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 > 65°C 
 (10) 

 

 
Fig. 2. Operational diagram of the Dual-Feedback Control Strategy 
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each material type in a composite structure has different heat capacities and thermal 
conductivities, each layer must be resolved separately. 
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Composite (CFRP) 1500 1120 0.7* 
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* Note: The average transverse value (through thickness) affecting the heat transfer from the 
liner to the exterior is the thermal conductivity for the CFRP layer. 
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Initial State: At the moment when (t=0) begins, the tank remains in thermal balance with the 
surrounding area because the gas and wall temperature stays at Tinit = 293.15K. The tank is 
also set at Pinit = 20bar (2 MPa) so that a common remaining pressure situation is displayed. 
This tank maintains these conditions before the gas movement commences. 
 
Inlet: The injector is described as an inlet face. It has been imposed that the boundary 
condition functions as a Mass Flow Inlet, which allows the mass flow rate (𝑚̇𝑚) and inlet 
temperature (Tinlet) to be modified by the control algorithm at every time interval when 
control functions are active. The injector operates according to the logic provided by the 
system throughout the operation. 
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must be used to show the way thermal energy moves. Natural convection with the 
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20 + (𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 −  20
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Fig. 2. Operational diagram of the Dual-Feedback Control Strategy 
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The control logic works by monitoring the maximum local temperature of the inner surface 
of the wall, designated by Tliner(t), in real time. The system establishes three separate 
operating zones based on this data, as seen in Figure: 

• Eco mode (Zone I): the system injects hydrogen at ambient temperature (20°C) at 
the beginning of the process when the tank is cold. This maximizes energy 
efficiency by keeping the cooler inactive. 

• Active cooling mode (Zone II): The controller progressively lowers the inlet gas 
temperature as the wall temperature rises as a result of convective heat transfer and 
gas compression. Cooling energy is only used as needed because the cooling 
capacity is directly proportional to the heating rate. 

• Safety control mode (Zone III): The mass flow rate is restricted if the cooling 
capacity is not enough and the internal wall temperature gets near to a critical safety 
margin. This successfully avoids thermal spikes by lowering the compression work 
and heat generation rate. 

An intuitive method that put system stability and safety ahead of absolute time optimization 
was used to define control parameters in this proof-of-concept study. The system's reactivity 
is based by two important factors: 

• The cooling trigger (65°C): a moderate safety margin of 20°C below the temperature 
limit (85°C) was selected to deal with the slow heat propagation through the tank 
walls. Heat travels through the shell's thickness even after the temperature control 
has been activated due to the sensor measures on the inner surface. Thermal peaks 
are avoided by this delay. 

• The minimum control coefficient (alpha = 0.1): To avoid the cases of backflow and 
pressure changes in the distribution piping, total shutdown (alpha = 0) is avoided 
when control is activated. While filling, hydraulic stability is maintained by 
applying the residual flow rate of 10%, which guarantees a positive pressure 
gradient while preventing potential temperature rise. 

These particular parameters are not mathematically optimized, even though they offer a base 
line for this proof of concept. Future research will focus on parametric analysis and multi-
objective optimization to refine these parameters, based on the objective of reducing filling 
time and keeping a safety margins. 

4 Simulation Scenarios and Preliminary Results 
Using the 3D CFD model mentioned above, a bunch of simulations will be performed to rate 
the performance of the used dual-feedback controller. Mass flow control and active cooling 
are the two control loops, and the numerical methodology is designed to systematically 
separate their individual and combined effects. The arrangement of the parametric tests is 
provided because those parametric tests include many conditions where fuelling is placed. 
Safety and performance standards are described for the reason that these standards decide 
when the simulations stop. Significant focus is directed toward the first transition phase. This 
focus exists because the first transition phase is very important for the controller to show 

quick movement when temperature changes happen. The controller acts so that the unbroken 
state of the wall is protected. 

4.1 The full test Matrix 

Three target mass flow rates (ṁtarget ∈ {20, 40, 60} g/s) and three minimum inlet temperature 
capabilities (Tmin ∈ {0, −10, −20} °C) were studied during this investigation. Numerical 
simulations are split up into four group categories as shown in the tabular representation 
below. This organization exists in order to see the consequence results of mass-flow throttling 
(CTm) from the outcome results of active cooling (Tinlet) while the work continues. The 
investigation focuses on these variables to maintain the integrity of the tank.  
 

Table 2. Full Test Matrix 
Run ID Family ṁtarget (g/s) CTm Tinlet Tmin (°C) 

R01 A 20 OFF OFF — 
R02 A 40 OFF OFF — 
R03 A 60 OFF OFF — 
R04 B 20 ON OFF — 
R05 B 40 ON OFF — 
R06 B 60 ON OFF — 
R07 C 20 OFF ON 0 
R08 C 20 OFF ON -10 
R09 C 20 OFF ON -20 
R10 C 40 OFF ON 0 
R11 C 40 OFF ON -10 
R12 C 40 OFF ON -20 
R13 C 60 OFF ON 0 
R14 C 60 OFF ON -10 
R15 C 60 OFF ON -20 
R16 D 20 ON ON 0 
R17 D 20 ON ON -10 
R18 D 20 ON ON -20 
R19 D 40 ON ON 0 
R20 D 40 ON ON -10 
R21 D 40 ON ON -20 
R22 D 60 ON ON 0 
R23 D 60 ON ON -10 
R24 D 60 ON ON -20 

4.2 Stop Criteria and Target State 

For uniform evaluation, each run is completed when one of the following criteria is reached:  

➢ 95% SOC (mass-based cut-off): Inside the 40 L tank, the gas stays hot when the filling 
process finishes. Because the gas has a high temperature, the gas pressure might go 
above 70 MPa for a short time to guarantee 70 MPa after the heat goes away. The limit 
is decided by the mass of the gas instead of the pressure of the gas. The density which 
is 40.2kg/m³ [13] is used as a reference point for this calculation. A 100% SOC in the 
40 L tank is equivalent to a mass of 1.608kg. When the mass reaches 1.53 kg (95% 
SOC), the simulation is halted to keep the data accurate. 

➢ Maximum duration: 180s (3 minutes), representing the minimum limit for a 
competitive refueling event 
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4.3 Preliminary Results and Discussion  

The starting temporary reaction of the control system during the beginning periods of the 
filling process because heat movements are very strong and the danger of thermal limit 
violation is at the top level. Four model cases are chosen from each strategy family to keep 
the investigation manageable while acting variations between methods are captured without 
crossing the boundary of the research. Every case utilizes an aimed bulk movement speed of 
ṁtarget = 40 g/s. For the cooling-based strategies (families C and D), the minimum allowable 
inlet temperature Tmin is fixed at 0 °C as Table 3 shows. Such a starting point helps to separate 
the result of the control strategy because the control strategy should not be mixed with various 
working environments 

 
Table 3. Selected Preliminary Cases 

Case ID Family Strategy Description Active Controls 

R02 A Baseline / Uncontrolled None 

R05 B Safety Throttling Only CTm Only 

R10 C Smart Cooling Only 0°C Tinlet Only 

R19 D Full Dual-Feedback CTm  & Tinlet 

 

From 50 seconds onwards, performance is assessed from analysis of the SOC and liner 
temperature. The baseline technique as well as the cooling method fails to meet the wall 
temperature threshold rather quickly, and this indicates that cooling in static mode is not a 
good solution at 40 g/s. Since the controllers will only switch on when they must, the dual 
feedback technique satisfies both the SOC and the Tliner requirements. Although the mass 
control reduces the rate of increase in the SOC, the dual feedback method manages to 
maintain a greater SOC value compared to the mass controller. 

 

 
Fig. 3. The maximum liner and inlet temperature during the first 50s 

 

 
Fig. 4. The State of Charge (SOC) during the first 50s 

The simulations are limited to the first 50 s of filling to validate the controller activation logic 
and its transient thermal response under dynamic conditions. Over this window, all key mode 
transitions occur clearly (Eco Mode → Active Cooling → Safety Throttling), enabling a 
focused assessment of sensitivity, stability, and coordination between thermal control and 
mass-flow regulation while avoiding the high computational cost of simulating the full 
refueling duration 

5 Conclusion  
This work showed that on a 40 L Type-IV tank, a reactive fast-filling control, which ensures 
that the liner does not reach a high temperature, less than 85 °C, during the simulated transient 
but is able to allow a large increase in SOC. The proposed dual-feedback strategy adapts ṁ 
and Tinlet based on Tmax,liner. This implies that bulk gas temperature is not the only metric to 
ensure the material thermal safety. Even on the most difficult inflow, the controller blocks 
early liner overheating and demonstrates that adaptive precooling and throttling preserve a 
higher rate of SOC evolution than mass-flow-only control under the same thermal constraint 
on the liner. Cooling is applied when needed, and the average inlet temperature is raised in 
comparison to precooling that justifies the argument of lower station cooling load. Future 
follow-up will extend to full-fill simulations and include station constraints to quantify 
system-level energy/economic benefits. 
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