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Abstract

Current onboard hydrogen storage systems are volumetrically inefficient and represent a
major constraint on the driving range of heavy-duty fuel cell vehicles. This work presents
a conceptual model of an internally reinforced Type I rectangular-shaped pressure vessel
as a solution to enhance the volumetric efficiency of hydrogen storage in heavy-duty
vehicles. The pressure vessel’s geometry incorporates an internal reinforcing structure to
ensure both the structural integrity of the vessel and compliance with the standards for
onboard hydrogen storage. Initially, an analytical approach was employed to determine
the base parameters of the wall and the internal structure of the reinforced pressure vessel.
Finite element analysis was then conducted to validate the analytical solutions and assess
the structural integrity of the pressure vessel under design pressure conditions. This
was followed by a parametric optimisation study in which the design parameters were
systematically varied to identify an optimal pressure vessel design. The 35 MPa reinforced
titanium pressure vessel offers 29% more volumetric capacity than the conventional Type
IV storage system. The gravimetric capacity of the titanium pressure vessel is low, 2.9 wt%;
despite this, the mass of the vessel is applicable in HDVs. This design increases hydrogen
storage capacity, offering a range increase of approximately 29% for the same design space.

Keywords: hydrogen storage vessel; fuel cell vehicles; finite element analysis; design space;
stress analysis; pressure vessel; titanium alloy; internally reinforced structure; volumetric
efficiency

1. Introduction

Hydrogen, as a zero-carbon energy source, exhibits high energy density per mass
(120 MJ /kg), surpassing conventional fuels such as diesel, with only 44 MJ/kg [1]. How-
ever, at standard temperature and pressure (STP) conditions, hydrogen has low energy
density per volume, i.e., 10 MJ/m3 compared to the 34,600 MJ/m? of diesel [2]. To enhance
the volumetric density of hydrogen at STP, the fuel must be stored as compressed gas,
cryogenic liquid or in solid materials. This work focuses solely on compressed hydrogen
owing to its high performance and favourable practicality in vehicle applications compared
to the aforementioned hydrogen storage systems [3-5]. Nonetheless, compressed hydrogen
storage systems are notably bulky and demand substantial volumes to store usable amounts
of hydrogen in fuel cell electric heavy-duty vehicles (HDVs). For instance, Wrightbus's
StreetDeck Hydroliner bus has hydrogen tanks with a total volume of 1.12 m3 to store 27 kg
of hydrogen at 35 MPa, enabling a driving range of approximately 280 miles [6].
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Kast et al. [7,8] and Gangloff et al. [9] conducted assessments of the design spaces
available for hydrogen storage on a range of HDV-classes. The studies [7-9] identified
various potential mounting locations for hydrogen storage systems on HDVs, such as the
rear of the cabin, along the side rail, or on the roof of the vehicle, which all depend on
vehicle weight class and use of the vehicle. Most commercially available HDVs favour
hydrogen tank installation at the cabin rear or in the rear section of the vehicle due to larger
utilisable space in these locations, for example, the Wrightbus StreetDeck Hydroliner [6]
and Hyundai XCIENT [10] fuel cell vehicles.

Current fuel cell electric vehicles (FCEVs) utilise Type IV cylindrical pressure vessels
for onboard hydrogen storage. These vessels are made of a high-density polyethylene
(HDPE) liner wrapped with a carbon fibre composite layer [11,12]. Type IV pressure vessels
are distinguished by their superior gravimetric capacity, rendering them an exceptionally
lightweight storage solution for onboard applications [5,13,14]. Gravimetric capacity de-
fines the mass of stored hydrogen in relation to the total mass of the hydrogen storage
system expressed as a weight percentage (wt%) [15]. However, the cylindrical shape of
Type IV pressure vessels results in limited volumetric efficiency within a defined design
space, as illustrated in Figure 1.
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Figure 1. Illustration of prismatic container volume against cylindrical container.

The volumetric efficiency of the cylinder can be derived as follows:
Volume of a prism, Vs

Viprism =L X W x H 1)
Volume of cylinder, Vyjinger:
W2
chlinder =T <4) L 2)

where L is the length of the rectangular prism, W is the width and H is the height.
Since the volumetric efficiency of a rectangular prism is 1, the volumetric efficiency of
a cylindrical vessel can be calculated as

V‘C/y’iflder = =078 ©)
prism

The volumetric efficiency calculations of a cylinder shown in Equations (1)-(3) suggest
that the implementation of a rectangular pressure vessel offers an approximate 21% increase
in hydrogen storage capacity relative to a cylindrical one. Nevertheless, prismatic pressure
vessels are unsuitable for high-pressure storage purposes due to high bending stresses in
the plates and high stress concentrations along the edges [16]; thus, cylindrical ends are

proposed herein.
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Oztas et al. [17] investigated a box-shaped metallic pressure vessel reinforced with
tension struts for use in small commercial vehicles. Considering the scalability of such a
design for HDV applications, the design would require a significant number of thin struts,
which might pose manufacturing challenges. The study [17] employed tooling steel 1.270,
a high-strength steel, but highly susceptible to hydrogen embrittlement [18], which may
render it unsuitable for high-pressure hydrogen storage applications. The notable high
density of this steel grade, 8.05 g/cm3, resulted in a hydrogen storage tank with substantial
mass, as reported in a subsequent study [19].

Given the complex geometry of a pressure vessel reinforced with an internal structure,
wire arc additive manufacturing (WAAM) is particularly well-suited to this application
due to its flexibility to manufacture complex shapes [20] and its higher deposition rates
compared to other additive manufacturing processes [21]. Additionally, the cost of the filler
wire is more economical compared to metal powders required by other methods such as
selective laser melting [22,23]. Additive manufacturing has experienced significant growth
over the past decade [24], driven by key benefits such as reduced material waste and lower
environmental impact compared to conventional manufacturing methods [25,26]. These
factors contribute to its potential as a highly sustainable manufacturing approach. Post-
processed WAAM components also offer enhanced mechanical properties; for instance,
Bermingham et al. [27] demonstrated that a heat-treated p-titanium alloy component
produced via WAAM achieved a yield strength of 1600 MPa, which is substantially higher
than that of conventional wrought titanium, i.e., 1200 MPa. Thus, due to the high strength
to weight ratio offered by this material, it was selected for the present study.

This study extends current work on Type I reinforced pressure vessel design by
investigating a novel internally titanium-reinforced pressure vessel for hydrogen storage
in HDVs, with a primary focus on buses. The research proposes a prismatic pressure
vessel with cylindrical ends to address the volumetric inefficiencies of existing Type IV
cylindrical pressure vessels. An internal reinforcement structure is introduced to support
the two parallel rectangular plates, thereby reducing bending stresses in the plates. A
comparison with the existing Type IV storage system is conducted to evaluate the benefits
and drawbacks of the proposed Type I reinforced design.

2. Design Principle of the Internally Reinforced Type I Pressure Vessel

An analytical approach is used to define the pressure vessel’s refence geometry based
on the principles of force equilibrium equations. First, an analysis of the cylindrical section
is conducted to determine the thickness of the pressure vessel. Thin wall membrane stress
analysis is used to calculate the wall thickness. The calculated wall thickness is applied
throughout the vessel. An analysis of the internal structure follows that determines the
cross-sectional area of the internal reinforcement required to withstand the axial force
experienced by the internal structure.

ISO 19881 [28] for hydrogen storage in onboard applications is used as the design
standard for the pressure vessel introduced in this study. The standard specifies that the
pressure vessel design should have a minimum stress ratio of 2.25. Stress ratio is defined as
the stress at burst pressure divided by the stress at nominal working pressure [28]. Nominal
working pressure is the working pressure as specified by the pressure vessel manufacturer
at a uniform gas temperature of 15 °C [28]. A conservative design is presented in this study,
which assumes that the pressure vessel fails (bursts) when the material’s yield strength
is reached.

Given that the reinforced pressure vessel design will be subjected to hydrogen dur-
ing service, it is imperative to account for the mechanical properties of titanium in such
conditions. Like most metals, titanium is inherently susceptible to hydrogen embrittle-
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ment [29,30]. However, studies [31,32] have reported that the yield strength and ultimate
tensile strength of hydrogen-charged specimens either exhibit marginal reductions or, in
some cases, slight increases, contingent upon the experimental conditions. Since previous
studies have shown that the yield strength of titanium alloys is marginally affected by hydro-
gen exposure, the yield strength of WAAM-fabricated (3-titanium reported by Bermingham
et al. [27] tested in the absence of hydrogen is used in this conceptual study. For practical
applications, experimental validation under hydrogen exposure would be required.

The dimensions of the pressure vessel are chosen based on a design space of
2500 mm x 2200 mm x 500 mm. This reference volume is representative and compati-
ble with a range of HDVs in the UK [33], including buses and 44-tonne heavy goods
vehicles. The nominal working pressure for the vessel used in this study is 35 MPa. Figure 2
illustrates the reference geometry of the pressure vessel.
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Figure 2. Pressure vessel isometric and cross-sectional view.

2.1. Shell Design

Membrane stress analysis is used to evaluate pressurised cylindrical vessels. The hoop
and axial stresses can be determined through static equilibrium conditions [34]. Figure 3
illustrates the loading conditions and stresses acting on a pressurised cylindrical section.

2r

Figure 3. Stresses in a pressurised cylindrical section.

Solving the force equilibrium along the circumferential and radial directions gives:
Hoop stress:

r
Thoop = p? )
Axial stress:
r
Oaxial = }2% )

where p is the applied internal pressure, r is the radius and ¢ is the thickness of the
pressure vessel.

Hoop stress, the highest stress of the two, is used to calculate the wall thickness of the
entire pressure vessel.
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2.2. Internal Structure Design of the Pressure Vessel

The internal reinforcement acts as a load-bearing structure between the two parallel
plates by carrying the tensile load resulting from the pressure acting on these plates. The
force equilibrium equation between the pressure acting on the plates and the axial stress in
the internal structure is calculated as

p(Aplate) = ‘TAinternal structure (6)

The cross-sectional area of the internal structure can be calculated by rearranging
Equation (6):
pAplute
o

@)

where p is the burst pressure, Ay is the cross-sectional area of the rectangular plate,

Ainternul structure —

Ainternal structure 15 the cross-sectional area of the reinforcing structure and o is the tensile
strength of the material. Equation (7) assumes pure axial stress acting in the internal
structure and Figure 4 depicts the stress in the internal structure resulting from the pressure

acting on the plates.

area of flat plate
cross-section area of internal structure

applied pressure (p)

axial stress (o) in the internal structure

Figure 4. Stress in the internal structure under pressure applied on flat plates.

The value determined by Equation (7) represents the total cross-sectional area of the
internal structure within the pressure vessel. Contrary to a single structure, as depicted in
Figure 2, the internal structure is modelled as ‘ribs’, each with a thickness of 2 mm. The
total cross-sectional area of these 2 mm ribs equates to the calculated cross-sectional area of
the internal structure (Aj,sernat structure)- Equation (7) will be validated using FEA results in
the subsequent sections. Table 1 presents the design parameters for the pressure vessel.

Table 1. Design parameters.

Tank Parameters Value
Material p-titanium alloy
Yield strength (MPa) 1600
Poison’s ratio 0.31
Density (kgm~2) 4850
Design space (m) 25 x22x05
Working pressure (MPa) 35
Design safety factor 2.25

3. Numerical Analysis

Finite element analysis is conducted using ABAQUS Standard software 2021. The
material used in this analysis is 3-titanium alloy with linear elastic properties and a yield
strength of 1600 MPa [27]. For a conservative design, a stress of 1400 MPa is used for both
the calculations of shell thickness and rib cross-sectional area, calculated using Equation (4)
and Equation (7), respectively. Using the design parameters in Table 1, the radius is
approximately 17x higher than the thickness of the pressure vessel; hence, thin wall
membrane stress analysis is valid [34]. To expedite the computational analysis, one-eighth
of the pressure vessels is modelled using shell elements, as depicted in Figure 5. Shell
elements are suitable for modelling both thick and thin models and provide accurate and
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robust results [35]. Based on the initial results of the reference geometry, an optimisation
study is conducted to enhance the structural integrity of the pressure vessel. Both maximum
principal and von Mises stress are considered in the analysis. Since this is an elastic burst
pressure analysis and the material is assumed to fail upon reaching the yield stress, the
reported stress values in this study correspond to the governing (highest) stress obtained
from these metrics.

Figure 5. Shell model of the pressure vessel.

3.1. Finite Element Model

The wall and the rib structure are modelled as homogenous shells. The ribs are
uniformly spaced along the pressure vessel’s rectangular section. An internal pressure
load of 78.75 MPa is applied to the interior surfaces of the pressure vessel. This pressure
corresponds to 225% of the nominal working pressure of 35 MPa and represents the burst
pressure condition used in the analysis. Since only one-eighth of the pressure vessel is
modelled for the analysis, symmetry boundary conditions are applied to the edges of the
shell model. Each boundary condition corresponds to a specific plane of symmetry along
the X, Y, and Z axes within ABAQUS interface. These symmetry boundary conditions are
defined by constraining the normal displacement and the corresponding rotational degrees
of freedom on each plane of symmetry.

S4R mesh elements with reduced integration are used for the initial numerical analysis,
as they offer accurate results while minimising computational cost [35]. To ensure even
element distribution along the curved sections of the vessel, curvature control is applied
during meshing.

A mesh convergence study is conducted to validate the numerical accuracy of the
model. The displacement at a reference node located at the end of the cylindrical section is
used as the control metric. The mesh convergence study is of paramount significance in
FEA to achieve both accuracy of the numerical analysis and computational efficiency [36].
Mesh convergence is assumed when the difference in maximum displacement relative to
a finer mesh is less than 2%, which indicates that the solution has converged. Figure 6
presents the results of the mesh convergence study, showing how displacement stabilises
as the element size decreases. The final mesh consists of 74,499 elements and 75,306 nodes,
representing a 0.8% difference in maximum displacement compared to the finer mesh.
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Figure 6. Mesh convergence study.

Initial results from the reference geometry, Figure 7a, indicate that the highest stress
is at the juncture between the ribs and the cylindrical wall. This high stress concentration
is attributed to the rib’s orientation relative to the cylindrical wall. To eliminate this,
the design is modified by extending the rib to the cylindrical wall. The results for the
redesigned model are depicted in Figure 7b, where the highest maximum principal stress is
identified between the first rib and the cylindrical wall.

S, Max. Principal

SNEG, (fraction = -1.0)

(Avg: 75%)
+3.473e+03
+1.600e+03
+1.500e+03
+1.401e+03
+1.301e+03
+1.202e+03
+1.102e+03
+1.002e+03
+9.028e+02
+8.032e+02
+7.036e+02
+6.040e+02
+5.044e+02
+4.048e+02

Figure 7. Stress distribution in the shell model: (a) initial model, (b) model with extended rib.

The extended rib creates discrete compartments within the pressure vessel. Conse-
quently, to maintain an interconnected internal space, a hole is introduced through the
ribs, which will be discussed in Section 3.4. This ensures that the pressure vessel can be
uniformly filled with hydrogen.
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3.2. Distance Between the Rib and the Wall

To further examine the stress between the first rib and the cylindrical wall, a 2D planar
cross-section of the pressure vessel is considered (Figure 8). A validation study is conducted
to ascertain the consistency of results between the planar model and the shell model. A
uniform deformation scale factor is applied to the solution to help visualise the vessel’s
conformity to the applied pressure.

Oval expansion of wall

S, Max. Principal

SNEG, (fraction = -1.0)

(Avg: 75%)
+1.600e+03
+1.522e+03
+1.444e+03
+1.366e+03
+1.288e+03
+1.210e+03
+1.132e¢+03
+1.054e+03
+9.,755e+02
+8.974e+02
+8.194e+02
+7.413e+02
+6.633e+02

Inward

bending of ~
rib

Figure 8. 2D planar cross-sectional view of the pressure vessel.

When the internal pressure is applied, the reinforcing structure constraints the uniform
expansion of the cylindrical section. To maintain compatibility of the pressure vessel, the
cylindrical section expands in an oval manner. This non-cylindrical expansion leads to
an inward bending of the ribs closest to the cylindrical wall, as illustrated in Figure 8.
Increasing the distance between the first rib and the shell ensures uniform expansion of the
cylindrical section. This also leads to pure tension in the ribs closest to the wall, thereby
promoting uniform stress distribution across the ribs.

Figure 9 demonstrates the change in global maximum principal stress as the distance
between the shell and the ribs is increased. With the first rib adjacent to the wall, there
is a non-uniform expansion of the vessel, which results in high global stress. As the
distance between the rib and the wall is increased, the global stress decreases to a minimum.
Further increasing the distance leads to more pronounced bending of the wall between the
cylindrical section and the first rib, which subsequently leads to an increase in the global
principal stress. The optimal distance between the first rib and the cylindrical wall is when
the global principal stress is minimal. The resulting maximum principal stress in the rib
section, as shown in Figure 9, is 1386 MPa, which closely approximates the 1400 MPa value
used in Equation (7) to calculate the cross-sectional area of the rib section.

3.3. Fillet Optimisation

Fillets are imperative for this study due to the stress singularity between the ribs
and the wall. The tank’s geometry, i.e., the ribs being seven times thinner than the wall,
demands an extensive mesh for accurate results. To address this, fillet optimisation is
conducted on the planar model from Section 3.2.

The study conducted by Oztas et al. [17] determined that the minimum global stress
for a pressure vessel with inner tension struts is reached when the fillets of the struts touch
without overlapping, denoted as the critical fillet radius. The critical fillet radius for the
current study is inherently limited by the distance between the cylindrical wall and the first
rib. Exceeding this radius would result in the fillets overlapping with the cylindrical wall.
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Figure 9. Effect of increasing the distance between the first rib and the cylindrical wall.

For the fillet optimisation study, a triangular mesh with an element size of 5 is utilised.
Triangular elements are selected due to the curved geometry of the fillets, as they enable
more accurate geometric representation with a relatively coarser mesh. Additionally,
they offer greater flexibility for local mesh refinement in regions of geometric or stress
complexity [35]. The results of the analysis using the initial mesh are presented in Figure 10a.
This mesh consists of 8394 elements and 6440 nodes.

S, Mises

{Avg: 759)
+1.920e+03 :
+1.777e+03 : 7/
+1.635e+03
+1.492e+03
+1.350e+03
+1.207e+03
+1.065e+03
+9.222e+02
+7.797e+02
+6.373e+02
+4.948e+02
+3,523e+02
+2.098e+02

Figure 10. Stress concentration at the tip of each fillet: (a) critical radius with coarse mesh; (al) refined
mesh of (a); (b) after optimisation by increasing wall thickness.

Stress concentrations are observed at the fillet tip; however, the initial mesh resolution
(Figure 10a) is insufficient to capture the peak stresses accurately. To address this, localised
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mesh refinement using curvature control is performed in the critical region. Figure 10(al)
displays the refined triangular mesh, which provides enhanced resolution around the fillet
and captures the stress distribution with greater accuracy. The refined mesh comprises
40,285 elements and 25,281 nodes. The use of smaller elements in high-stress regions
enables a more accurate representation of stress gradients, which is essential for evaluating
structural integrity in the presence of stress concentrations. The refined mesh analysis
indicates that the highest stress does not occur directly on the fillet but rather at the tip of
each fillet. This stress concentration is primarily due to the bending of the wall between
two adjacent ribs.

To address the bending, an optimisation study is initiated, focusing on increasing the
wall thickness. The refined mesh model presented in Figure 10a was used for the thickness
optimisation study. The results of this study are presented in Figure 11, which illustrates a
decrease in global principal stress as the thickness of the wall is increased. The resulting
stress at the fillets, after wall thickness optimisation, is shown in Figure 10b.

2100
()
2 *
g 2000
a s 1900
Es *
£ 7 1800 \
50 *
23 7 ield \
© yleld stress
5 1600 &
© 1500
14 15 16 17 18

Wall thickness (mm)

Figure 11. Effect of increasing wall thickness on the global principal stress.

3.4. Optimisation of Rib Hole and Inlet Opening

The objective of the hole optimisation study is to determine the maximum permissible
hole diameter, which maximises internal volume and reduces overall mass, thus enhancing
the pressure vessel’s gravimetric capacity. The optimisation is carried out by introducing
holes in the rib section with the lowest stress, i.e., closest to the cylindrical wall and adjacent
to the rib fillets. An initial 5 mm radius hole is applied and incrementally increased in steps
of 5 mm until the global principal stress reaches the yield stress of the material.

In addition to rib holes, an inlet opening for filling and discharging the pressure vessel
is applied on one of the quarter-spherical corners. The dimensions of the inlet opening
are adopted from the design reported by Bouhala et al. [37]. A mesh convergence study
was conducted for each optimisation iteration. Figure 12 presents the resulting stress
distribution in the inlet hole and rib hole.

3.5. Final Design

Figure 13 presents the results of the mesh convergence study and the final stress
distribution in the optimised pressure vessel. Tetrahedral elements were selected due to the
complex and irregular geometry of the pressure vessel. The reinforced titanium pressure
vessel has a mass of 1658 kg and an empty volume capacity of 2.1 m>. Table 2 presents
the physical properties of the proposed titanium pressure vessel. The gravimetric capacity,
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expressed as weight percentage (wt%), quantifies the mass of the stored hydrogen relative

to the total mass of the storage system. It is defined as

Gravimetric capacity (wt%) =

Mpydrogen

% 100 8)

Mignk + Mpydrogen

where 1,y 4,060 denotes the mass of hydrogen that can be stored in the pressure vessel at

the specified pressure and 1, represents the mass of the hydrogen storage vessel.

S, Max. Principal

(Avg: 75%)
+1.600e+03
+1.522e+03
+1.444e+03
+1.366e+03
+1.288e+03
+1.210e+03
+1.132e+03
+1.054e+03
+9,755e+02
+8.974e+02
+8.194e+02
+7.413e+02
+6.633e+02

SNEG, (fraction = -1.0)

Figure 12. Stress results for the (a) inlet hole and (b) optimised rib hole.
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Figure 13. Mesh convergence study results and stress distribution in the optimised model.

Table 2. Reinforced titanium pressure vessel properties.

Property Value

Mass of empty pressure vessel (kg) 1658
Volume of H, (m?) 2.1
Mass of H; (kg) @ 49
Gravimetric capacity (wt%) 29
Range (miles) b 544

2 Density of hydrogen at 35 MPa is ~23.33 kgm 3 [38], ® Calculated based on 11.1 miles/kg fuel consumption [8].

Equation (8) describes the mass efficiency of the pressure vessel, with a higher gravi-

metric capacity indicating a more mass-efficient storage system.
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4. Discussion

The storage system volumetric capacity of the Type I reinforced titanium pressure
vessel is calculated as 19.8 g-H; /L. This metric is defined as the mass of hydrogen (g) per
unit volume (L) occupied by the pressure vessel storage system [39], expressed as

mass of hydrogen (g)
volume of pressure vessel (L)

Storage system volumetric capacity = )

The volume of the reinforced pressure vessel design, 2.475 m3, is obtained from the
property evaluation tool in ABAQUS. In contrast, Hua et al. [40] reported a volumetric
capacity of 17.6 g-H, /L for a Type IV 35 MPa pressure vessel. This indicates that the
reinforced titanium vessel offers a higher hydrogen storage capacity compared to the Type
IV vessel design.

Equations (1)—(3) show that cylindrical pressure vessels inherently exhibit a limited
volumetric efficiency of ~78.5% within a defined design space, with 100% efficiency repre-
senting the ideal case of a rectangular shape. The proposed reinforced titanium pressure
vessel has a volumetric efficiency of 90% due to the imposed cylindrical ends. Using this
value, the storage system volumetric capacity of the reinforced titanium pressure vessel
relative to the design volume (2.75 m®)is 17.8 g-Hy/L.

To evaluate the system volumetric capacity of Type IV pressure vessel within the design
space, both the mass of stored hydrogen and volume it occupies must be considered. Based
on the dimensions of the design space and the calculated volumetric efficiency of 78.5%, the
effective volume occupied by the Type IV storage system is approximately 2.16 m>. Using
Equation (9), and a value of 17.6 g-H, /L, the corresponding mass of hydrogen is 38 kg. This
results in a storage system volumetric capacity of ~13.8 g-H, /L relative to the design space.
Hence, utilising the proposed reinforced pressure vessel design yields a 29% increase in
hydrogen capacity. This hydrogen capacity enhancement extends the range of a vehicle by
approx. 122 miles over the Type IV system for the investigated design space. The range
calculation does not explicitly account for the impact of the container weight; rather, it
provides a baseline comparison using fuel consumption data for the same vehicle class, as
reported by Kast et al. [8]. Table 3 details a comparison between the reinforced pressure
vessel design and the 35 MPa Type IV storage system.

Table 3. Hydrogen storage properties of the reinforced titanium and Type IV vessels.

Titanium TypeIV ?

Mass of empty pressure vessel (kg) 1658 659
Volume occupied by vessel (m?) 2.475 2.16
Volume of H, (m3) 2.1 1.63

Mass of H; (kg) 49 38
Volumetric capacity (g-Hp /L) 17.6 13.8
Gravimetric capacity (wt%) 29 5.5
Range (miles) ° 544 422

2 Properties are calculated using a 35 MPa Type IV base model by Hua et al. [40], ® Calculated based on
11.1 miles/kg fuel consumption [8].

The primary limitation of Type I pressure vessels in vehicular applications is their
low gravimetric capacity [5,41]. Table 3 shows a gravimetric capacity of 2.9 wt% for
titanium; in comparison, Type IV pressure vessels exhibit a gravimetric capacity of approx.
5.5 wt%, which is consistent with the gravimetric capacity of Type IV pressure vessels
reported in the literature [38,39] at 35 MPa. Consequently, the mass of the reinforced
pressure vessel is nearly twice as high compared to the current Type IV pressure vessel
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system. To contextualise the mass of the Type I reinforced storage system, battery electric
vehicles (BEVs), the counterpart solution to decarbonise the transport industry [42,43], are
also considered.

Table 4 provides an overview of the properties of batteries for various battery electric
buses. The mass of the battery is calculated using the specific energy density of the battery
type and capacity, as reported by the corresponding bus manufacturer. Table 4 shows that
the batteries used in BEV buses weigh approximately 2 tonnes and their capacity only
allows for a driving range between 160 and 200 miles.

Table 4. Overview of battery specifications in selected commercial buses.

Specific Energy . Vehicle
Bus Company Battery Type Density of Battery Batte(rly(rvgﬁl)aaaty Range Mass ?lf ]?attery
(Whkg) [44] (miles) 8
Lithium Nickel

Mercedes Benz Manganese

eCitaro [45] Cobalt Oxide ~150-250 588 174 ~2352

(NMC)
BYD Alexander
Dennis Lithium Iron
Enviro200EV ~ Phosphate (LFP) ~80-150 348 160 ~2320
[46]
Wrightbus NMC ~150-250 454 200 ~1816

Electroliner [47]

To compare the energy storage systems of BEV buses to the proposed Type I reinforced
pressure vessel design, the differences in their powertrains must be considered. Figure 14
depicts the powertrain configuration of both FCEVs and BEVs. Assuming identical electric
motor outputs, FCEVs have additional mass due to the fuel cell and hydrogen storage sys-
tem. In FCEVs, the battery is smaller, serving primarily to support fuel cell start-up, capture
regenerative braking energy, and provide supplementary power during acceleration [48],
rather than acting as the main power source.

(@ (b)

Battery

Electric
motor

Electric
Battery
motor

—

FCEV BEV

Figure 14. Powertrain schematic: (a) FCEV, (b) BEV.

Table 5 presents the capacity specifications for the battery and the fuel cell system used
in the Wrightbus StreetDeck Hydroliner model [6]. The battery type utilised in this model
is Lithium Titanate Oxide (LTO), with an energy density ranging from 72 to 99 Wh/kg [49].
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Table 5. Capacity and mass of fuel cell module and LTO battery.

Capacity Mass
Fuel cell module 85 kW 256 kg
Battery (LTO) 27.4 kWh ~277 kg

The fuel cell module and battery of the FCEV bus weigh an additional 533 kg, bringing
the total mass of the titanium storage system to 2191 kg. In contrast to the battery mass in
buses presented in Table 4, the titanium-reinforced pressure vessels offer a substantially
higher driving range, 544 miles, compared to battery electric buses. This comparison
highlights that the mass of the proposed pressure vessel design is not a primary concern,
as such mass is applicable in HDVs.

5. Conclusions

This research work demonstrated a viable conceptual solution to enhance hydrogen
storage capacity in HDVs through optimised utilisation of the available design space. Type
IV cylindrical pressure vessels have limited volumetric efficiency with respect to the design
space, limiting the hydrogen storage capacity in HDVs. This study presented the design of
a volumetrically efficient Type I internally titanium-reinforced pressure vessel operating at
a nominal pressure of 35 MPa for application in fuel cell HDVs. The design process was
initiated with an analytical approach to define the base geometry of the pressure vessel,
followed by a similar approach for the internal reinforcing structure. Finite element analysis
was subsequently conducted to validate the analytical solutions and to assess and optimise
the structural integrity of the reference geometry. The proposed design was compared to
the existing Type IV cylindrical pressure vessel storage system.

The results demonstrate that the reinforced pressure vessel design offers 29% higher
hydrogen capacity, translating to approximately 29% longer driving range for the consid-
ered 2.5 m x 2.2 m X 0.5 m design space. The gravimetric capacity of the Type I reinforced
design, 2.9 wt%, is lower compared to 5.5 wt% for the conventional Type IV vessel, resulting
in a higher mass of 1658 kg versus 659 kg. However, a comparative analysis with BEVs
revealed that higher weight and lower range (2352 kg, 174 miles) of the energy storage
system is commercially viable. This suggests that the weight of the titanium-reinforced
design (1658 kg), providing a driving range of 544 miles, is not a prohibitive factor, despite
the lower gravimetric capacity. Therefore, the proposed design offers a feasible alternative
for hydrogen storage in HDVs, providing longer range than the current Type IV pressure
vessel systems.

Nonetheless, the proposed vessel design presents several limitations that warrant
further investigation. These include hydrogen embrittlement during long-term exposure of
titanium to high-pressure hydrogen, as well as manufacturing challenges such as residual
stresses and geometric distortions associated with WAAM. Areas of high stress may be
problematic under cyclic pressure loading during filling and discharging of the pressure
vessel or during vehicle-induced vibrations. Future work should therefore focus on ex-
perimental validation of the proposed design, alongside a comparative cost and life-cycle
assessment with existing Type IV storage systems to evaluate its practical competitiveness.

Despite the identified challenges, the proposed reinforced pressure vessel represents a
promising solution for hydrogen storage in HDV. This advancement opens up new opportu-
nities for applications where efficient utilisation of constrained design space and extended
range are critical. The demonstrated 29% increase in volumetric efficiency highlights the
benefit of improved design space utilisation and may also be relevant to other sectors,
such as aviation. Overall, this work lays the groundwork for continued exploration and
development of the proposed concept.
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