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Abstract. This study numerically investigates the fast-filling process of a
Type 111 74 L hydrogen tank under Casablanca, Morocco climatic conditions
(Tam = 33°C) using a 2D axisymmetric CFD model solved with ANSYS
Fluent. The Standard k- turbulence model and the Redlich-Kwong real gas
equation of state are employed, with constant solid-phase properties and
temperature-dependent hydrogen thermophysical properties. The impact of
varying mass flow rates (4—12 g/s) on temperature evolution and storage
efficiency is analyzed. Results identify an optimal flow rate of 10 g/s,
maximizing stored mass (1550 g) while maintaining temperature below the
85°C safety limit. At 12 g/s, the safety threshold is reached prematurely,
terminating the filling process and reducing the stored mass to 1272 g. A
seasonal comparison shows that summer conditions reduce storage capacity
by 42% versus winter, causing a 53% revenue loss per transaction. The
influence of pre-cooling and forced convection is discussed as a perspective
for future work. These findings provide a basis for adaptive, climate-resilient
refueling protocols applicable to Casablanca and similar hot-climate cities.
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1 Introduction

Hydrogen is a promising clean fuel for fuel cell vehicles (FCVs), but its safe high-pressure
storage remains challenging. During fast-filling, compression and the Joule-Thomson effect
cause rapid temperature rise. International standards (ISO 15869, SAE J2579) set an 85°C
maximum to prevent material degradation [1, 2]. In practice, the SAE J2601 protocol also
recommends pre-cooling the inlet gas to —40°C to mitigate thermal rise during rapid filling
[10]; however, this adds cost and complexity that may not be available at all stations,
particularly in developing regions. The safety limit is primarily temperature-driven: at 85°C,
the structural integrity of the composite overwrap and liner may be compromised. Pressure
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is controlled separately by the dispenser, which stops filling when the target pressure (here
35 MPa) is reached. Thus, in this study, the thermal criterion governs the filling cutoff.

While CFED studies have optimized inlet geometries [3], thermal management [4], and
liner materials [5], most use standard ambient conditions (20-25°C). The impact of high
ambient temperatures in semi-arid regions like North Africa remains underexplored. This
study simulates a Type III 74 L tank under Casablanca conditions to: (1) analyze temperature
evolution under varying mass flow rates; (2) quantify the seasonal impact on safety and
efficiency; and (3) assess the economic consequences of thermal limitations. Although the
present case study focuses on Casablanca (33°C summer ambient), the methodology and
findings are directly applicable to cities with comparable hot climates, such as Riyadh, Dubai,
Phoenix, or Marrakech, where ambient temperatures during summer are similar or even
higher.

Step 1: Input Parameters

Type 11l Tank Casablanca Climate 33°C

A4
Step 2: CFD Simulation

Ansys Fluent Real Gas Model

A 4
Step 3: Numerical Validation

Comparison with Literature

Step 4: Parametric Study

Varying Mass Flow Rates 4-12 g/s
A 4
Step 5: Results Analysis
Temperature limit 85°C State of Charge
A 4
Step 6: Economic Assessment
Revenue Loss Calculation
Step 7: Conclusion

Optimal Flow 10 g/s

Fig. 1. Research methodology flowchart.

2 CFD Model

2.1 Geometry and Assumptions

The tank consists of 15 mm CFRP and an inner diameter of 35.8 cm and 4 mm thick
aluminum liner (length: 89 cm). An 82 mm long inlet pipe, 5 mm thick is extended into the
tank (Fig. 2). A two-dimensional axisymmetric approach is used due to computational
efficiency and relevance to the geometry of the tank, which has a symmetric cylinder shape
with a symmetric axial inlet. This assumption is justified because the dominant flow and
thermal phenomena (jet impingement, radial heat conduction through the wall) are largely
axisymmetric. However, it should be noted that the 2D axisymmetric model cannot capture
three-dimensional turbulence structures or asymmetric thermal stratification that may arise if
the tank is oriented horizontally under the influence of gravity-driven buoyancy. This
limitation is acceptable for the present vertical-axis configuration and for the purpose of
comparative parametric analysis.

The mesh uses 18,817 structured quadrilateral elements with a base size of 3 mm (Fig.
3). The mesh is refined at material interfaces (aluminum—CFRP and aluminum-gas
boundaries) to accurately capture the steep thermal gradients in these regions, with local
element sizes reduced to approximately 1 mm near the wall interfaces and in the inlet jet
zone. A mesh independence study was performed by comparing results against a finer mesh
of 36,000 eclements; the deviation in peak gas temperature was less than 0.5%, confirming



EPJ Web of Conferences 371, 02011 (2026) https://doi.org/10.1051/epjconf/202637102011
AMT 2026

that the selected mesh provides a grid-independent solution. Material properties of the solid
phases are given in Table 1.
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Fig. 2. Schematic of the Type III 74 L hydrogen tank geometry and boundary conditions.
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Fig. 3. Structured quadrilateral mesh of the hydrogen storage tank.

Table 1. Material properties (constant values used in the simulation).

Property CFRP Aluminum
Density (kg/m?) 1513 2700
Specific Heat (J/kg-K) 920 902
Thermal Conductivity (W/m-K) 3.72 238

The thermophysical properties of the solid materials (CFRP and aluminum) are assumed
constant in the current simulation process. Even though the material properties are functions
of temperature, their changes are very small at different temperatures observed during the
injection process (20° C — 85°C). For aluminum, the thermal conductivity varies by less than
5% across this range, and CFRP properties are similarly stable. Incorporating temperature-
dependent solid properties would add computational cost with minimal impact on the results.
However, thermophysical properties of hydrogen such as density, specific heat, viscosity,
and thermal conductivity are considered temperature- and pressure-dependent according to
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the Redlich-Kwong real gas equation of state [6] in order to describe hydrogen
compressibility until 35 MPa.

2.2 Governing Equations and Boundary Conditions

The model solves the unsteady Reynolds-Averaged Navier-Stokes (RANS) equations for
compressible turbulent flow, including conservation of mass, momentum, and energy. The
Standard k-¢ turbulence model is employed. This choice is motivated by its robustness,
computational efficiency, and widespread validation in confined jet and tank filling
applications [6, 7]. Compared to the k- SST model, which offers better near-wall resolution
in adverse pressure gradient flows, the Standard k-& model with enhanced wall treatment
provides adequate accuracy for the present configuration where the dominant thermal
phenomena are driven by the bulk jet mixing rather than boundary layer separation. Previous
studies on hydrogen tank filling [6, 7] have successfully employed the k-¢ model and obtained
good agreement with experimental data.

The Redlich-Kwong real gas equation of state is used to consider the deviations from
ideal behavior for hydrogen gas under high pressures up to 35 MPa. The outer wall boundary
condition uses a convective heat transfer coefficient h = 10 W/m?-K. This value represents a
conservative estimate for natural convection around a cylindrical surface in calm air,
consistent with values reported in the literature for similar tank configurations [6, 7]. In
reality, h depends on both the local skin temperature and ambient air velocity. In the windy
conditions sometimes encountered in Casablanca (average wind speed ~3—4 m/s), forced
convection could increase h to 20—40 W/m?-K, which would enhance heat dissipation and
potentially allow higher flow rates without exceeding the 85°C limit. The present study uses
the conservative value of 10 W/m?-K corresponding to the least favorable case (still air, hot
weather); the forced convection case can be considered in future research.

The transient simulation uses a fixed time step of 0.01 s, selected to maintain a Courant
number below unity in the high-velocity inlet jet region. At each time step, convergence is
ensured by requiring that the scaled residuals for continuity, momentum, energy, k, and ¢ fall
below 107* (107¢ for energy). Typically, 15-25 iterations per time step are needed to achieve
convergence. The inlet hydrogen temperature is set equal to the ambient temperature (33°C
in summer, 20°C in winter). It should be noted that the SAE J2601 protocol recommends pre-
cooling the inlet gas to —40°C during rapid filling to limit the in-tank temperature rise [10].
Pre-cooling was not applied in the present simulations, as it represents an additional
infrastructure cost and is not yet standard practice at all hydrogen stations, especially in
emerging markets such as Morocco. The effect of pre-cooling on filling performance under
hot climate conditions constitutes an important avenue for future work. Boundary conditions
are listed in Table 2.

Table 2. Boundary conditions for summer and winter scenarios.

Condition Summer Winter
Ambient / Inlet H temp. 33 °C 20 °C

Mass flow rates (g/s) 4,6,8,10,12 4,6,8,10,12
Initial / Final pressure 2 /35 MPa 2/35MPa
Time step 0.01s 0.01s
External h 10 W/m?-K 10 W/m?-K

3 Validation

The model was validated against Bilgili and Yumsakdemir [6], showing strong correlation
with a maximum temperature deviation of approximately 2 K (Fig. 4). Temperature
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distributions at t = 25, 75, 125, and 180 s (Fig. 5) confirm expected thermal behavior: the
hottest zone is located near the tank dome opposite the inlet, consistent with jet impingement
and recirculation patterns.

The minor discrepancy of 2 K is primarily attributed to the neglect of gravity (buoyancy)
in the present 2D axisymmetric model. Buoyancy-driven natural convection inside the tank
creates thermal stratification, with warmer gas accumulating at the top. This effect is most
significant at the end of filling, when the inlet jet velocity decreases relative to the buoyancy-
driven flow. An order-of-magnitude estimate via the Richardson number (Ri = Gr/Re?) at t =
180 s yields Ri = 0.15, indicating that buoyancy effects become non-negligible toward the
end of filling but remain secondary to the forced convection of the inlet jet during most of
the process. The resulting 2 K difference represents less than 1% of the absolute temperature
rise and is therefore acceptable for the purposes of this comparative parametric study.
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Fig. 4. Comparison of temperature rise between reference [6] and current simulation.
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Fig. 5. Temperature distribution within the tank at t =25, 75, 125, and 180 s.
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4 Results and Discussion

4.1 Effect of Mass Flow Rate

Filling time decreases non-linearly with flow rate: from 383 s at 4 g/s to 106 s at 12 g/s (Fig.
6). The relationship between stored hydrogen mass and flow rate is not proportional. At low
flow rates (4—10 g/s), the stored mass increases with flow rate because the tank can be filled
to a higher pressure before the thermal limit is reached. The stored mass peaks at 1550 g for
10 g/s.

At 12 g/s, the stored mass drops sharply to 1272 g (—18%). This decrease is caused by the
premature termination of the filling process: the rapid compression heating at 12 g/s causes
the gas temperature to reach the 85°C safety cutoff earlier (after approximately 106 s), at
which point the filling is stopped regardless of the pressure level. The filling terminates
before the target pressure of 35 MPa is reached, resulting in a lower final density and
therefore less stored mass. This is not due to a local density drop near the inlet, but rather to
the globally insufficient filling time imposed by the thermal safety constraint. This identifies
10 g/s as the optimal rate, balancing filling speed and storage capacity under summer
conditions.

It is important to note that the initial temperature of the tank significantly influences the
filling dynamics. A higher initial temperature reduces the thermal headroom (difference
between the initial temperature and the 85°C limit), leading to earlier cutoff and lower stored
mass. Conversely, if the tank starts at a lower temperature (e.g., after resting overnight in
winter), more thermal margin is available and higher flow rates can be sustained without
exceeding the safety limit. This effect is directly visible in the seasonal comparison presented
in Section 4.2.
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Fig. 6. Effect of varying mass flow rates on temperature rise during filling.

4.2 Seasonal Comparison: Summer vs. Winter

Winter (20°C) yields a peak stored mass of 2680 g (SOC = 99%). In summer (33°C), the
maximum drops to 1550 g (—42%, Fig. 7a). The reduced temperature gradient (Twn — Tamb)
limits heat rejection through the tank wall, causing premature cutoffs: at 12 g/s, filling stops
after 106 s vs. 215 s in winter. SOC falls to 47.1% (Fig. 8). These results confirm a fixed
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filling protocol is inadequate; an adaptive system adjusting flow rate to ambient temperature

is essential.
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Fig. 7. Effect of mass flow rate on (a) hydrogen storage capacity and (b) filling time under summer

and winter conditions.
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Fig. 8. Comparative SOC analysis showing ~53% capacity loss during summer high-flow refueling.

4.3 Economic Impact

At 12 g/s, the thermal shortfall between winter (2.68 kg) and summer (1.27 kg) is 1.41
kg/transaction. At 12 USD/kg, this is ~$16.92 (=170 MAD) lost per vehicle (Fig. 9). For a
station serving 50 vehicles/day, this implies ~$25,000/month revenue loss in summer,
making adaptive flow control an economic necessity.
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Fig. 9. Revenue gap per refueling transaction between winter (20°C) and summer (33°C).

4.4 Generalizability and Limitations

The optimal flow rate of 10 g/s identified in this study is specific to the present Type III 74
L tank geometry, material properties, and Casablanca summer conditions (33°C). For tanks
with different volumes, aspect ratios, liner materials, or composite thicknesses, the optimal
rate will differ because the balance between compression heating and wall heat dissipation
depends on the tank’s surface-to-volume ratio and thermal resistance. This result cannot be
transferred to another tank design without conducting an independent analysis, but the
approach discussed is universally applicable to all tanks.

The recommendations derived for Casablanca (33°C) are applicable to other cities with
similar or higher summer ambient temperatures, such as Riyadh (45°C), Dubai (40°C),
Marrakech (38°C), or Phoenix (42°C). In these hotter climates, the thermal penalty would be
even more severe, further reinforcing the need for adaptive protocols. Conversely, in
temperate climates (e.g., Northern Europe), the thermal limitation is less critical and higher
filling rates may be acceptable year-round.

Some assumptions within the current study are to be noted here. First, the axisymmetric
approach is limited to two dimensions and excludes the effect of buoyant stratification due
to three-dimensionality. Next, the value of 10 W/m?-K for the heat transfer coefficient is that
of calm natural convection. In a windy environment, additional forced convection can help
dissipate heat better and eliminate the heat constraint. The solid properties of materials and
the inlet gas temperature are considered constant while no pre-cooling according to SAE
J2601 standards.

5 Conclusion

This CFD study of a Type III 74 L hydrogen tank under Casablanca’s climate conditions
demonstrates that 10 g/s is the optimal filling rate for summer (33°C ambient). At 12 g/s, the
85°C safety temperature limit is reached prematurely, causing the filling to terminate early
and reducing the stored mass by 18%. Summer temperatures reduce overall storage capacity
by 42% compared to winter and cause up to 53% revenue loss if flow rates are uncontrolled.
The Standard k-¢ turbulence model with the Redlich-Kwong equation of state provides
results in good agreement with the literature (within 2 K). The thermal safety criterion (85°C)
rather than pressure is the governing constraint during fast-filling under hot ambient
conditions. The findings justify adaptive, temperature-aware refueling protocols for Morocco
and similar semi-arid or hot-climate regions. Future work will address 3D effects including
buoyancy, the influence of inlet gas pre-cooling as recommended by SAE J2601, forced
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convection under windy conditions, and extension to other tank geometries to assess the
generalizability of the optimal flow rate.
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