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Abstract: The growing concern about greenhouse gas emissions and global warming has
heightened the focus on sustainability across industrial sectors. As a result, hydrogen en-
ergy has emerged as a versatile and promising solution for various engineering applications.
Among its storage options, Type V composite pressure vessels are particularly attractive
because they eliminate the need for a polymer liner during manufacturing, significantly re-
ducing material usage and enhancing their environmental benefit. However, limited research
has explored the pressure performance and life cycle assessment of these vessels. To address
this gap, this study investigates the pressure performance and carbon emissions of a Type
V hydrogen pressure vessel using four composite materials: Kevlar/Epoxy, Basalt/Epoxy,
E-Glass/Epoxy, and Carbon T-700/Epoxy. The results reveal that Carbon T-700/Epoxy is
the most suitable material for high-pressure hydrogen storage due to its superior mechanical
properties, including the highest burst pressure, maximum stress capacity, and minimal de-
formation under loading. Conversely, the LCA results, supported by insights from a large
language model (LLM), show that Basalt/Epoxy provides a more sustainable option, exhibit-
ing notably lower global warming potential (GWP) and acidification potential (AP). These
findings highlight the trade-offs between mechanical performance and environmental impact,
offering valuable insights for sustainable hydrogen storage design.

Keywords: pressure vessel; type V; composites; hydrogen storage; life cycle assessment;
large language model (LLM)

1. Introduction

Hydrogen has appeared as an important option in the transition to a more sustainable
and environmentally friendly energy [1]. Recognised as a clean and efficient energy carrier,
hydrogen presents a promising alternative to conventional fossil fuels. Its versatility and
eco-friendly nature allow it to be produced through various methods, including traditional
processes and renewable approaches such as solar- or wind-powered electrolysis [2—4].

To date, numerous sectors, such as transportation, power generation, and heating, have
been observed to benefit from hydrogen [5]. It serves a vital function related to providing
a route to decarbonise traditionally challenging areas, and its integration into various
industries has gained significant attention as a means of reducing carbon emissions within
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energy systems. For example, hydrogen is used to power fuel cell electric vehicles (FCEVs)
in the transportation industry, which allows extended driving ranges and faster refuelling
potentials [6]. These vehicles produce only water vapour as a by-product, offering a zero-
emission alternative to conventional internal combustion engine vehicles. Additionally,
hydrogen also could be used in power generation through combustion in gas turbines or
electricity production via fuel cells.

Although hydrogen energy has received positive feedback, it is not without challenges,
including high production costs, as well as difficulties in storage and transportation [7]. Its
low density and high flammability necessitate robust safety protocols and efficient handling
practices to ensure secure and effective utilisation [8,9]. Additionally, hydrogen storage
poses a considerable hurdle due to its inherent volatility and the complexities associated
with compressing the gas [10,11].

Hydrogen has a lower volumetric energy density (9.9 MJ/m?) compared to fossil fuels,
thus, generally, large storage systems that are safe, efficient, and cost-effective are needed. In
automotive applications [12], hydrogen tanks must follow certain standards; these include
a 15-year service life and the ability to endure pressures 1.25 to 2.25 times the designated work-
ing pressure for commercial heavy-duty vehicles, in compliance with ISO 15869 [13,14]. Sub-
sequently, effective hydrogen storage requires either high-pressure systems, low-temperature
environments, or materials capable of securely binding hydrogen molecules.

Manufacturing and experimenting with hydrogen storage vessels to investigate the ef-
fects of shape variations on performance are costly and time consuming. Thus, Finite Element
Analysis (FEA) is often used for predicting burst pressure and failure characteristics [15].
This approach is not only efficient but also very economical. This method allows for the
development of digital designs prior to the real manufacturing and testing [16]. The feasibility
and reliability of the proposed models can be carried out at minimal cost [17-19].

Since composites are heterogeneous [20] and anisotropic, there is need to tailor the
modelling strategies to enable accurate simulation of their behaviour and performance
under various conditions [21]. Shaktivell et al., in their research, reported the effect of
composite lay-up, which was investigated effectively using FEA [22]. Various orientations
were simulated and analysed throughout this research.

As mentioned earlier, FEA models for composites consider properties such as anisotropic
mechanical behaviour and intricate failure mechanisms. Commonly used elements in compos-
ite FEA include solid, shell, plate, and cohesive elements, each designed to address specific
aspects of composite performance. Advanced software tools like Ansys 2025, Abaqus 2025,
and, recently, SolidWorks 2025, integrate specialised functions to manage the complexities
of composite stress analysis. These three software packages are capable of simulating fibre
weaving patterns and microscale simulations [23,24]. These developments facilitate the effective
and accurate design, analysis, and optimisation of composite materials, thus offering valuable
understandings into hydrogen pressure vessel characteristics. The development of Type IV
hydrogen pressure vessels has made them a preferred choice for storing, transporting, and
utilising hydrogen as an energy source. However, the popularity of Type V hydrogen pressure
vessels has been increasing recently, as they do not require a polymer liner. According to Ma
et al., type V offers the best pressure vessel efficiency compared to the other four types [25].
Besides that, waste is also significantly reduced, while a high performance is maintained. The
manufacturing of Type V hydrogen pressure vessels also contributes to lower development
costs and operational risks [26-28].

Although hydrogen technology is rapidly advancing with various compelling re-
search outcomes, further efforts are necessary to evaluate the environmental impacts of
these technologies, particularly concerning Type V hydrogen pressure vessels. In this
preliminary study, the 700-bar storage tank is identified as suitable for various applica-
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tions, including emergency portable fuel cell systems and backup power for data centres,
hospitals, and remote facilities [29]. Most notably, this storage tank can also be utilised
in Fuel Cell Electric Vehicles (FCEVs), provided its size is appropriately adjusted to meet
vehicle requirements [30,31].

Life cycle assessment (LCA) can be applied to evaluate the environmental impacts
of any activity involving the consumption of goods and services [32]. Nowadays, life
cycle analysis practitioners could easily integrate large language models (LLMs) into their
environmental impact analysis. This emergent technique could offer some benefits because
of the capability of these models to process and generate text efficiently [33]. Consequently,
this approach can decrease the time to complete LCA studies; at the same time, it is easy
to use. LLMs allow better life cycle inventory data collection and interpretation of the
life cycle impact assessment. Nevertheless, this approach can be used efficiently by the
LCA practitioner through accurate prompt engineering techniques [34]. Additionally,
appropriate steps need to be taken into consideration to effectively use LLMs for LCA. The
opportunities presented by integrating the generative AI models can streamline the LCA
process and result in significant benefits for the LCA practitioner [35].

In this research, four composite materials with superior mechanical properties were
selected and compared based on their burst pressure performance and life cycle assessment.
The materials—Kevlar, Basalt, E-Glass, and Carbon—were chosen due to their comparable
mechanical properties and popularity for applications requiring a high strength-to-weight
ratio [36], excellent corrosion resistance [37], and the ability to minimise hydrogen leakage,
a critical safety factor for pressure vessels [38,39].

2. Materials and Methods

This research utilised the specified geometry based on the comprehensive dimensions
provided by previous researchers [40]. The 2D drawing in Figure 1 was initially created as
a 3D model in SolidWorks 2025, Dassault Systemes, Massachusetts, USA and subsequently
converted into a 2D representation, as illustrated below. The liner features an outer diameter
of 60 mm, an inner diameter of 56 mm, a length of 124 mm between the domes, and a wall
thickness of 2 mm. Notably, this liner was fabricated as part of the manufacturing process
for a Type IV pressure vessel. Subsequently, it was wrapped with glass fibre using the
filament winding technique. The ABS liner was selected due to its ease of manufacturing
using Fused Deposition Modelling (FDM). The ABS material offers excellent mechanical
properties suitable for the intended application in composite overwrapped pressure vessels,
as corroborated by previous research [41]. Figure 2 presents the isometric view of the ABS
liner geometry utilised in this study as a baseline.

794

&

(b)

Figure 1. Geometry (a) and the isometric view (b) of the pressure vessel used in this study.
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Figure 2. Mesh dependency study.

2.1. Mesh Dependency Study

Mesh dependency studies were conducted to determine the optimal mesh size.
Five mesh sizes, ranging from 1 mm to 5 mm, were evaluated, as shown in Figure 2.
A mesh with 50,227 elements was selected for this study, as it demonstrated only a 0.4%
variation compared to the results of a finer mesh.

2.2. Validation of the Simulation

After completing the 3D modelling in SolidWorks, the geometry was exported as
a STEP file for use in ANSYS structural analysis. Figure 3 illustrates the boundary condi-
tions applied during the structural analysis. The model was simulated under the following
conditions, which include two fixed supports (indicated in blue) and variable pressure
ranging from 0.2 MPa bar to 1 MPa (indicated in red). An optimised mesh size of 3 mm was
employed, which proved effective for the structural analysis. The mechanical properties of
the ABS liner are detailed in Table 1. In this study, the simulation results were compared
with analytical calculations derived from the governing equation provided in Equation (1).
Normal pressure was applied to the vessel in the range from 0.2 MPa to 1 MPa, as stated
above, which was selected to align with the working pressure range of the ABS liner.

Fixed Support

Fixed Support

0.00 50,00 100.00 (mim)
]

25.00 75.00

Figure 3. Boundary conditions on the pressure vessel.
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Table 1. Mechanical properties of ABS liner material.

S.No Property Value

1 Young’s Modulus 1.6 GPa

2 Poisson’s ratio 0.41045

3 Density 1030 kg/ m3
4 Bulk Modulus 2.978 GPa

5 Tensile Strength 45 MPa

6 Flexural Modulus 2.1 GPa

7 Impact Resistance 15 kJ /m?

The simulation results indicate a maximum deformation of 0.66495 mm, which is
reasonably close to the calculated analytical value of 0.7884375 mm (Table 2). The percentage
discrepancy is 15.66%, which is moderate and within the acceptable range [42]. While the
simulation results are consistently lower than the theoretical values, the differences remain
small, as illustrated in Figure 4.

Table 2. Theoretical deformation and simulation results.

Pressure (MPa) Theoretical Simulation Percentage
Deformation (mm) Deformation (mm) Difference (%)

0 0 0 0

1 0.2628125 0.22165 15.66
1.2 0.315375 0.26598 15.66
1.4 0.36794 0.31031 15.66
1.6 0.4205 0.35464 15.66
1.8 0.4730625 0.39897 15.66

2 0.525625 0.4433 15.66
2.2 0.5781875 0.48763 15.66
24 0.63075 0.53196 15.66
2.6 0.6833125 0.57629 15.66
2.8 0.735875 0.62062 15.66

3 0.7884375 0.66495 15.66

Deformation (mm)
© 0o o0o0o000o0oO0
R N W b U1 OO NN 0 O

o

0 0.5 1 15 2 2.5 3 3.5

Pressure (MPa)

e= e Theoretical Values (mm) e Simulation Values (mm)

Figure 4. The comparison of deformation between the theoretical calculations and simulation results
reveals minimal differences, indicating strong agreement between the two approaches.
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2.3. Governing Equation

For a thin-walled pressure vessel, the radial deformation (u,) is calculated using

the formula [43,44]:

P12
Uy = — 1)

where:

P is applied internal pressure (MPa);

r is mean radius of the vessel, ¥ = (Doyter + Dinner)/4 (mm);
E is Young’s modulus of the material (MPa);

t is wall thickness, t = (Douter — Dinner)/2 (mm).

2.4. Input Parameters
The following parameters were used in the simulation validation of ABS polymer liner:

Outer Diameter (Doyter): 60 mm

Inner Diameter (Djpper): 56 mm

Wall Thickness (t): 2 mm

Mean Radius (r): 29 mm

Young’s Modulus (E): 1600 MPa

Applied Pressures (p): [0, 1,1.2, 1.4, 3.0] MPa

The formula is applied to all pressures to compute the deformations.

Figure 5 presents a top view of the hydrogen pressure vessel (without a wireframe)
simulated in this study. Figure 6 displays a sectional plane of the Carbon T-700/Epoxy
hydrogen pressure vessel. The image clearly shows four layers of composite materials
stacked together. It is evident that no liner is present, as the Type V pressure vessel is
constructed entirely from composite materials. This design significantly reduces the overall
weight of the vessel.

0.00 50.00 100.00 (mm)
LI S

25.00 75.00

Figure 5. Top view of the hydrogen pressure vessel (no wireframe). The colour scale represents the
stress distribution, where red indicates the maximum stress and blue represents the minimum stress,
with a gradient transition through yellow and green.

Figure 7 shows the stacking sequence of the composite laminates consistently applied
to all four materials (Kevlar/Epoxy, Basalt/Epoxy, E-Glass, and Carbon T-700/Epoxy). In
this study, the geometry used was in the form of a “surface” element, and 4 mm thickness
of laminates were stacked on it. There are two main reasons why such an orientation was
chosen. Sapre, in their study, reported that the 0° layers provide high strength and stiffness
in the longitudinal direction, making the composite capable of withstanding tensile or
compressive loads along the primary axis [15]. As for the 90° layers, it enhances strength



J. Compos. Sci. 2025, 9,75

7 of 17

and stiffness in the transverse direction [45], resulting in the avoidance of damage like
transverse cracking or delamination. The Ansys Composite PrepPost (ACP) was used in
preparing the composite, which is an integrated tool in the Workbench platform dedicated
to composite laminate modelling. The properties of the materials are presented in Table 3.

000 45.00 90.00 {mnmy
[ —EEaaaaa—— ESS——

2250 67.50

Figure 6. Sectional plane view of the Carbon T-700/Epoxy hydrogen pressure vessel. The colour
scale represents the stress distribution, where red indicates the maximum stress and blue represents
the minimum stress, with a gradient transition through yellow and green.

% 00
S
"

O’k
Figure 7. Stacking sequence of the composites used in this study. The arrow shows the sequence in
which the composite plies are stacked, moving from bottom to top.

Table 3. Mechanical properties of the materials in this study [46].

Properties Kevlar/Epoxy  Basalt/Epoxy E-Glass Fiber/Epoxy Carbon T-700/Epoxy
Density p (kg/m?) 1380 1830 1800 1570
Orthotropic Elasticity

Young Modulus X, E; (GPa) 5.5 38.9 30.9 132
Young Modulus Y, E; (GPa) 55 7.47 7.33 10.3
Young Modulus Z, E3 (GPa) 5.5 747 7.33 10.3
Poisson’s Ratio XY, v1» 0.34 0.281 0.281 0.25
Poisson’s Ratio XZ, v13 0.34 0.281 0.281 0.25
Poisson’s Ratio YZ, vy3 0.4 0.455 0.448 0.38
Shear Modulus XY, Gy, (GPa) 2.2 2.71 2.69 6.5
Shear Modulus XZ, G5 (GPa) 2.2 2.71 2.69 6.5
Shear Modulus YZ, Gy3 (GPa) 1.8 2.54 2.53 391
Orthotropic Stress Limits

Tensile Stress X, o/ (MPa) 1400 1220 860 2100
Tensile Stress Y, o, (MPa) 30 62.1 62.3 24
Tensile Stress Z, o) (MPa) 30 62.1 62.5 65
Compression Stress X, o¢ (MPa) 335 780 580 1050
Compression Stress Y, 0y (MPa) 158 93.1 93.4 132
Compression Stress Z, 0’3C (MPa) 158 93.1 93.4 132
Shear Stress, T (MPa) 49 85.7 85.8 75
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Burst Pressure [14]
ot
P=— 2
. @
where P is the burst pressure (Pa), 0; the tensile strength in the hoop (X-direction for
orthotropic materials) (Pa), ¢ the wall thickness, and r; the inner radius.

3. Life Cycle Assessment

The life cycle assessment (LCA) of hydrogen pressure vessels was conducted in
compliance with the ISO 14,040 and ISO 14044 standards [47], encompassing the phases
of Goal and Scope Definition, Life Cycle Inventory (LCI), Life Cycle Impact Assessment
(LCIA), and Interpretation. In this study, the functional unit was defined as storing 11.93 g
of hydrogen at 700 bar, with the assessment limited to cradle-to-use boundaries excluding
end-of-life (EOL) scenarios. The LCA was carried out using a new technique named
the large language model (LLM). This model has emerged as a revolutionary artificial
intelligence system that can process and produce text with reasonable communication and
simplify numerous tasks [48]. This new technique offers few advantages due to the capacity
of these models to generate and process text quickly and efficiently [49]. Therefore, this
technique significantly decreases the time required to carry out an LCA and increases the
ease of use of LCAs.

The objective was to evaluate and compare the environmental impacts of four compos-
ite materials (Carbon T-700/Epoxy, Kevlar /Epoxy, E-Glass Fiber /Epoxy, and Basalt/Epoxy)
when used as materials to fabricate type V hydrogen pressure vessels. Data collection
focused on material inputs (e.g., fibres, epoxy resin, aluminium alloy), energy requirements
(UK electricity grid mix), and transportation emissions (diesel trucks). Secondary data
from the literature and databases supplemented material production emissions. Life Cycle
Impact Assessment (LCIA): The following categories were assessed:

e  Global Warming Potential (GWP) (kg CO»-eq): Quantifying greenhouse gas emissions.

e  Acidification Potential (AP) (kg SO,-eq): Assessing impacts from SO, and NOy emissions.

e  Photochemical Ozone Creation Potential (POCP) (kg C;Hy-eq): Evaluating VOC and
NOx contributions to ground-level ozone formation.

e Particulate Matter Formation (PMF) (kg PMjg): Quantifying PM emissions from
transportation and energy use.

Figure 8 shows the flow chart of the large language model (LLM) used to evaluate
the environmental impact analysis in this study. This flow chart outlines the process
for evaluating environmental impact analysis using a systematic approach. The process
begins by defining the goal and scope, establishing the objectives and boundaries of the
study. Next, the functional unit, system boundaries, and impact categories are determined,
providing a clear basis for comparison and analysis. These steps ensure a structured
framework for the evaluation.

Following this, data collection is performed to gather all necessary information, form-
ing the foundation for the analysis. The collected data are then utilised to evaluate key
environmental impacts, identifying areas of significant influence. The results are subse-
quently analysed to draw meaningful conclusions. Finally, the process concludes with
the provision of insights, offering actionable recommendations or findings based on the
analysis. This structured approach ensures a comprehensive and methodical evaluation of
the environmental impacts.
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Define Goal and Scope

Evaluate Key Environmental Impacts
Analyse Results

Provide Insights

Figure 8. Flow chart of LLM to evaluate the environmental impact in this study.

4. Results

Table 4 presents the burst pressure results, it is evident that the hydrogen pressure
vessel made with Carbon-T700/Epoxy exhibits the highest burst pressure, followed by
those made with Kevlar, Basalt, and E-Glass fibre materials. Considering the allowable
working pressure with a safety factor of 2.25, the corresponding values are provided in the
table. Similarly, in Figure 9, the bar chart better shows the comparison between the burst
pressure and allowable working pressure.

Table 4. Burst pressure of the hydrogen vessels.

Material Kevlar/Epoxy Basalt Epoxy E-Glass Fiber Epoxy  Carbon T-700/Epoxy
Burst Pressure Pgyyst 93.33 MPa 81.33 MPa 57.33 MPa 140 MPa
Allowable Working Pressure 41.48 MPa 36.15 MPa 25.48 MPa 62.22 MPa

160

140

120

100

80
6
4
2
0

E-Glass Fiber  Basalt Epoxy  Kevlar/Epoxy Carbon T-
Epoxy 700/Epoxy

Material Type

Pressure (MPa)
o

o

o

M Burst Pressure Allowable Working Pressure

Figure 9. Comparison of burst pressure and allowable working pressure for different material types.
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Based on Figure 10, the relationships between maximum principal stress (MPa) and
pressure (bar) for different composite materials are presented. The graph suggests that
the hydrogen pressure vessel using Carbon T-700/Epoxy shows the highest principal
stress among the other materials at the pressures applied. This linear stress response
implies a high strength and reliable performance under increasing pressure. The second
highest maximum principal stress is Basalt/Epoxy. It demonstrates good-load bearing
capacity even though lower than Carbon T-700. E-Glass fibre and Kevlar present inter-
mediate and lower stress capacities. This further prove it is the most suitable material
for high-pressure applications, followed by Basalt/Epoxy. Kevlar/Epoxy and E-Glass Fi-
bre/Epoxy show lower stress capacities. Both materials, however, were better suited for
moderate or low-pressure applications. Figure 11 shows the maximum equivalent stress
against pressure for different materials. A similar trend can be observed, where Carbon
T-700/Epoxy had the highest equivalent stress at 211 MPa, followed by Kevlar/Epoxy at
116 MPa. This further indicates that carbon can withstand significantly higher stress [50]
compared to the other materials. Besides that, Carbon T-700/Epoxy is known for its
superior strength and stiffness. This can be associated with its high modulus of elasticity
and load-bearing capability, resulting in higher stress values. Basalt/Epoxy had a value
of 106.5 MPa, and the lowest value was observed for E-Glass Fiber/Epoxy at 95 MPa. In
general, Basalt and E-Glass fibres have less efficient load transfer and higher deforma-
tion, leading to reduced stress values. Additionally, although Basalt/Epoxy is relatively
inexpensive, it possesses lower mechanical properties compared to the other materials.
The simulated material behaviour aligns with their intrinsic properties, demonstrating
that Carbon T-700/Epoxy is optimised for high-performance applications, whereas the
other materials reflect trade-offs between cost, strength, and flexibility. Figure 12 shows
the equivalent elastic strain of the composites under varying loads. Carbon T-700/Epoxy
has the highest Young’s modulus, which results in lower deformation under applied pres-
sure. This makes it ideal for applications requiring minimal strain, including pressure
vessels. Kevlar/Epoxy, on the other hand, has relatively lower stiffness, which explains
its higher strain values under pressure. The graph in Figure 13 illustrates the relationship
between maximum principal elastic strain and pressure for four composite materials,
highlighting their deformation behaviour under load. Carbon T-700/Epoxy exhibits the
lowest strain due to its high stiffness, making it ideal for high-pressure applications,
while Kevlar/Epoxy shows the highest strain, consistent with its energy-absorbing and
flexible nature.

250
©
o
2 200
(%]
%]
g
& 150
©
o
2
= 100 T

-~
£ -
> = .
£ 50 >
=
g
0 e
0 20 40 60 80 100 120 140 160
Pressure (bar)
— - = Kevlar/Epoxy Basalt/Epoxy
E-Glass Fiber/Epoxy Carbon T-700/Epoxy

Figure 10. Maximum principal stress vs. pressure for different materials.
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Figure 11. Maximum equivalent stress vs. pressure for different materials.
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Figure 12. Equivalent elastic strain vs. pressure for different materials.
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Figure 13. Maximum principal elastic strain vs. pressure for different materials.
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Table 5 provides the fibre and epoxy weights required to manufacture one unit of a pressure
vessel for the four different composite materials. While all materials use the same amount of
epoxy (56.7 g), the fibre weight varies, with Basalt/Epoxy requiring the highest fibre weight
(129.64 g) and Kevlar/Epoxy the lowest (97.76 g), reflecting differences in material density and
composition. The Table 6 summarises the components, materials, and their respective weights
used to manufacture a single pressure vessel. The fibre (111.23 g) and polymer matrix (56.7 g)
form the composite structure, while additional components like the boss (192 g) made of alu-
minium alloy, polyethylene coating (33 g), and small seals and gaskets made of NBR (1.7 g and
0.97 g respectively) complete the assembly for structural integrity and functionality. Figure 14
compares the global warming potential (GWP) for pressure vessels made from different mate-
rials, highlighting contributions from fibre production, epoxy, aluminium boss, polyethylene
coating, manufacturing, and transportation. Carbon T-700/Epoxy has the highest total GWP
due to energy-intensive fibre production, while Basalt/Epoxy has the lowest, making it a more
sustainable option for applications prioritising environmental impact. Figure 15 compares the
acidification potential (AP), measured in kg SO,-equivalent, for the pressure vessels manu-
factured from four materials, Carbon T-700/Epoxy, Kevlar/Epoxy, E-Glass Fiber/Epoxy, and
Basalt/Epoxy, based on contributions from fibre production, epoxy production, and transporta-
tion. Carbon T-700/Epoxy has the highest acidification potential due to the energy-intensive
process of carbon fibre production, while the other materials, particularly Basalt/Epoxy, ex-
hibit lower acidification potential, making them more environmentally sustainable in terms
of acid-rain-causing emissions. Figure 16 illustrates the photochemical ozone creation poten-
tial (POCP), measured in kg C,Hy-equivalent, for pressure vessels made from four materials:
Carbon T-700/Epoxy, Kevlar/Epoxy, E-Glass Fiber/Epoxy, and Basalt/Epoxy. The total POCP
is primarily driven by epoxy production, with consistent contributions across all materials, while
transportation POCP has a negligible impact. The similar total POCP values for all materials
indicate that the environmental impact in terms of photochemical smog formation is largely
determined by the resin rather than the choice of fibre. Figure 17 illustrates the particulate
matter formation (PMF), measured in kg PMjg-equivalent, for pressure vessels made from four
materials: Carbon T-700/Epoxy, Kevlar/Epoxy, E-Glass Fibre/Epoxy, and Basalt/Epoxy. The
electricity PMF is the largest contributor to total PMF for all materials, while the transportation
PMF remains relatively minor. The total PMF values are consistent across all materials, sug-
gesting that the particulate matter emissions are more influenced by electricity usage during
manufacturing than by the type of fibre or material used.

Table 5. List of materials and their weight to manufacture one unit of pressure vessel.

Material Fibre Weight (g) Epoxy Weight (g)
Carbon T-700/Epoxy 111.23 56.7
Kevlar/Epoxy 97.76 56.7
E-Glass Fiber/Epoxy 127.52 56.7
Basalt/Epoxy 129.64 56.7

Table 6. List of components and their weights in the pressure vessel assembly.

Component Material Weight (g)
. Carbon T-700/Epoxy, Kevlar Epoxy,

Fiber E-Glass Fiber EpI:)xy?]Basalt / EpIZ)xyy 111.23

Polymer matrix Epoxy 56.7

Boss Aluminium Alloy 192

Coating (1 mm) Polyethylene 33

Seal (O-ring) NBR 1.7

Gasket (Flat Ring) NBR 0.97
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5. End-of-Life Scenarios

In this section, the analysis of end-of-life scenarios for the materials used in the hydro-
gen pressure vessels is presented. It is worth mentioning the meaningful environmentally
friendly advantages of recycling compared to incineration and landfilling. This study found
that carbon fibre recycling has about a 50% recovery rate. This provides the highest CO,
savings, reducing emissions by approximately 20 kg CO, per kilogram of material recycled.
For Carbon T-700, this translates to overall savings of ~2.22 kg CO,. Aluminium recycling
also offers notable benefits, achieving a 90% recovery rate and saving approximately 9 kg
CO; per kilogram. Kevlar, E-Glass, and Basalt show CO; savings of ~1.02 kg, ~0.65 kg, and
~0.70 kg, respectively, through recycling efforts.

Conversely, incineration and landfilling contribute more significantly to environmental
impacts. Epoxy incineration generates 1.8 kg CO, per kilogram, though it partially offsets
this by recovering 0.4 kg of CO,-equivalent energy. Landfilling NBR (Nitrile Butadiene
Rubber) has minimal methane emissions (~0.02 kg CHy per kilogram), but recycling would
further enhance its sustainability. These results emphasise the importance of integrating
effective recycling strategies into the life cycle management of hydrogen pressure vessels
to reduce their environmental footprint.

6. Discussion

The study demonstrates that Carbon T-700/Epoxy is the most suitable material for
high-pressure hydrogen vessels due to its superior mechanical properties, including the
highest burst pressure (140 MPa) and maximum stress capacity under applied loads. These
advantages are attributed to its high stiffness and modulus of elasticity, ensuring minimal
deformation and excellent load-bearing performance. Basalt/Epoxy, while exhibiting lower
burst pressure and stress capacities, offers a cost-effective and environmentally sustainable
option with the lowest global warming potential (GWP) and acidification potential (AP).
Kevlar/Epoxy and E-Glass Fibre/Epoxy show intermediate to low mechanical performance,
making them more appropriate for moderate- or low-pressure applications.

The environmental impact assessment revealed that Carbon T-700/Epoxy has the
highest GWP, AP, and particulate matter formation (PMF) due to energy-intensive fibre
production, while epoxy production contributes consistently to the environmental impact
across all materials. Transportation and other components have relatively minor impacts.
Basalt/Epoxy stands out as the most sustainable material, with lower emissions across all
impact categories. Overall, the trade-offs between performance, cost, and environmental
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impact highlight Carbon T-700/Epoxy for high-performance applications and Basalt/Epoxy
for sustainable, cost-conscious designs. It is important to note that comparing the LCA
results with those from previous studies is challenging, particularly for Type V pressure
vessels, as similar model studies are not currently available in the literature. Additionally,
the materials and weights used in previous studies also differ from those used in the
current study. Despite the challenges we have encountered, we firmly believe that life cycle
assessments (LCAs) are essential for steering the hydrogen economy toward a low-carbon
future. By addressing these challenges, LCAs highlight hydrogen’s potential as a versatile
energy carrier, offering significant promise for sustainable energy solutions.

7. Conclusions

Carbon T-700/Epoxy is the most suitable material for high-pressure hydrogen pressure
vessels due to its superior mechanical performance, including the highest burst pressure,
maximum stress capacity, and minimal deformation under load. However, its production
has the highest environmental impact. Basalt/Epoxy, while mechanically inferior, offers
more sustainability, with significantly lower global warming potential and acidification
potential. Kevlar/Epoxy and E-Glass Fibre/Epoxy are better suited for moderate- or low-
pressure applications. Future research should focus on optimising the manufacturing
process of Carbon T-700/Epoxy to reduce its environmental impact. Additionally, hybrid
composites and alternative eco-friendly fibres could be explored for improved performance
and sustainability. Exploring the LCA methodology using large language models (LLMs)
presents an intriguing avenue for future research, with the potential for comparative studies
against the currently available techniques.
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