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1 Executive Summary

The aim of the COCOLIH2T project is to contribute to the transition to hydrogen
as an energy carrier in the aviation sector, by developing a conformal composite
liquid hydrogen tank. While transitioning to hydrogen can mitigate greenhouse
gas (GHG) emissions during operations, it is important to understand the overall
impact on sustainability of the solutions developed, beyond just the GHG
emissions during use. This report presents the work done in the COCOLIH2T
project to understand the durability and life cycle impact (LCI) characteristics of
the developed liquid hydrogen tank design.

As a full material fatigue characterisation campaign was out of scope for
COCOLIH2T, the durability analysis focused on matrix crack evolution under static
loading. A model was developed based on discounting the permeation barrier
properties of cracked plies. This enables evaluating the hydrogen leakage rate at
the tank level, as a result of a given internal (over)pressure. This also enables
identification of hot-spots for future fatigue analysis.

The analysis indicated that for the tank as designed, no loss of hydrogen barrier
performance due to matrix cracking would occur below the maximum operating
pressure.

Life cycle analysis (LCA) focused on understanding of the impact of the
COCOLIH2T design, making use of thermoplastic resin and automated fibre
placement (AFP), when compared to a baseline case using thermoset resin and
filament winding. Due to the aforementioned limitations on fatigue modelling the
expected fatigue life of the tank could not be calculated and thus the LCA focused
on the impacts during manufacturing and end-of-life (EoL).

The LCA revealed a strong dependence on various assumptions, e.g. the service
life of required molds and mandrels. If the impact due to molds and mandrels is
spread over 100 tanks, the increased inner tank material usage and increased
energy intensity of AFP leads to an increased environmental impact for the
COCOLIH2T design across all impact indicators investigated. This impact can be
mitigated by ensuring recycling of the tank after EoL. It should also be noted here,
that this analysis did not consider any potential environmental credits during the
use-phase (i.e. aircraft operation), which should be investigated in a future
analysis at the level of the entire aircraft or air transport system.
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2 Introduction

While the focus on hydrogen aviation research is on eliminating the greenhouse
gas emissions caused by aircraft propulsion, other aspects of sustainability should
not be neglected. Within the COCOLIH2T project, the main objective is to
contribute to the development of liquid hydrogen storage systems suitable for use
onboard aircraft. Such systems are of course crucial in enabling the transition
towards carbon-neutral fuels.

However, to optimise the design of a hydrogen storage system it is important to
understand the expected lifetime of the design, as well as its life cycle impact
(LCI) across a broad range of sustainability indicators. Ideally, target service life
and LCI should already be considered in the system design phase. However, given
the limitations of the state of the art at the start of the project and the ambitious
timeline, it was already foreseen that including these aspects in the design would
not be feasible for the COCOLIH2T demonstrators. Instead, it was decided to
perform parallel activities to understand the expected durability and LCI
characteristics of the developed demonstrator, in order to provide lessons learned,
recommendations for improvement (where applicable) and contribute to a route
to technology readiness level (TRL) 9.

This work was split into two parts, which are presented separately in this report.
The first part focused on understanding the durability of the COCOLIH2T design
solution. The state of the art proved insufficient to support developing a fatigue
model, as this would require a materials testing campaign that was beyond the
scope of COCOLIH2T. Instead, while some preliminary fatigue tests were
performed, work focused on developing the capability to model matrix crack
evolution and the consequent leak rate at tank level. Additionally, this modelling
capability was used to analyse the damage detection capability of the fibre Bragg
grating (FBG) sensor systems developed in WP6. Since it proved to be infeasible
to provide a predicted fatigue life for the tank, the expected service life of the tank
could not be provided as input for the life cycle analysis (LCA), and the two parts
of the work were not connected.

The second part of the work described in this report is the LCA of the COCOLIH2T
design. Of particular interest were to understand the impact of selecting a
thermoplastic resin-based conformal tank, manufactured by automated fibre
placement (AFP), compared to the more traditional filament wound thermoset
resin-based solution, which was used as a baseline. As noted above, the expected
service life of the tank (based on a fatigue and damage tolerance evaluation) could
not be provided and thus the use-phase was not investigated. Instead, the LCA
focused on understanding the impact during the manufacturing and end-of-life
(EoL) phases of the COCOLI2T design, as compared to a baseline solution.

Both parts of this work are presented sequentially in this report.
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3 Damage tolerance evaluation of composite conformal tanks

This chapter introduces the degradation phenomena of composite laminates and
the consequent required evaluations that must be performed in order to design
and ensure a safe service life for a liquid hydrogen storage system vessel
manufactured with this material.

3.1 Liquid hydrogen storage systems for aviation

The relevance of liquid hydrogen storage systems for aviation applications
revolves around their gravimetric efficiency and dormancy limits. As the volume
of the fuel increases significantly when switching from conventional jet fuel, high
performance light materials are evaluated for the enveloping structure.
Recent publicly available evaluations [1] reports the potential of certain aluminium
alloys and composite laminates, while pointing the lack of relevant fatigue
characterization in the latter case. This section introduces the system itself with
the aim to understand the evaluations that must be conducted during the design
and service of the cryogenic storage system.

3.1.1 System definition and applicable requirements

The liquid hydrogen (LH2) storage tank is fundamentally a cryogenic pressure
vessel designed to contain hydrogen in its liquid phase at extremely low
temperatures while maintaining a controlled internal pressure. The system needs
to incorporate a thermally insulated configuration to limit heat ingress and thereby
manage boil-off. The solution chosen in COCOLIH2T and found in many other tank
designs is a double walled tank with vacuum insulation, supported by multi-layer
insulation (MLI) blankets to prevent heat transfer by radiation. Unlike conventional
fuel tanks, the LH2 tank must actively control vapor generation and discharge
through a managed venting and pressure control architecture. Loss of insulation
or degradation of cooling performance represents a primary design driver, as
either condition can rapidly increase boil-off rates and internal pressure.
Consequently, the tank and associated systems must be designed to tolerate off-
nominal thermal conditions without loss of containment or uncontrolled hydrogen
release.

From a systems perspective, the LH2 tank shares baseline characteristics with
other aerospace pressure vessels: it must withstand defined limit and ultimate
loads, integrate into primary airframe structure with positive load paths, maintain
structural integrity under emergency landing conditions, and remain retained
without detachment during crash scenarios. As with other hazardous-energy
storage systems, safety zoning, vent routing, over-pressure protection, and failure
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management are core requirements. However, the aircraft LH2 cryotank is not
directly equivalent to conventional fuel tanks, high-pressure gas cylinders, or
marine cryogenic tanks, and those taxonomies should not be used. IMO/IGC “Type
C” tanks are shipboard, code-defined, pressurized independent tanks for maritime
service. “"Type 4" and “Type 5” pressure vessels refer to composite cylinders with
and without polymer liner, both intended for high-pressure compressed gas
storage at near-ambient temperature. An aircraft LH2 tank, by contrast, is a
vacuum-insulated Dewar-type vessel designed for low-pressure liquid hydrogen,
stringent thermal isolation, and structural integration within the airframe. Shapes
may range from cylindrical to toroidal or conformal geometries depending on
aircraft integration constraints, further differentiating them from standardized
cylindrical composite overwrapped pressure vessels (COPV)s.

Certification of large aircraft LH2 storage will fall under EASA CS-25 and FAA 14
CFR Part 25 as a novel fuel storage system, with compliance established through
Special Conditions, Issue Papers, and agreed Means of Compliance supported by
analysis, test evidence, and system safety assessments in accordance with
ARP4754A and ARP4761 methodologies. In addition to demonstrating pressure
vessel integrity, the design must satisfy aircraft-specific structural loads, crash
deceleration requirements (vertical and longitudinal), post-crash survivability, fire
exposure tolerance, and prevention of catastrophic rupture leading to hydrogen
release in otherwise survivable accidents. Venting system performance, ignition
prevention, leakage detection, and hazard zoning must be addressed at the
aircraft level, including scenarios involving hydrogen migration into occupied or
equipment bays such as the passenger cabin, avionics compartments, or cargo
holds.

A defining aspect of LH2 tank design is that containment degradation modes
directly drive architecture and safety features. Key risks include uncontrolled
hydrogen release and accumulation resulting from long ground holds at ambient
conditions, loss of vacuum insulation, pressure relief or vent valve malfunction,
fire exposure, structural penetration, and impact damage. These hazards require
layered mitigation: robust structural design, vacuum monitoring, pressure control
redundancy, hydrogen detection, automatic isolation and ventilation actions, and
crash-resistant installation. Because prescriptive regulatory standards for aircraft
LH2 tanks do not yet exist, continued airworthiness, inspectability, and in-service
monitoring requirements re integral part of the system definition from the initial
design.

3.1.2 Service load scenario

This section focuses on the mechanical loads acting on the composite internal tank
of the cryotank system. The internal tank is supported within the outer tank by a
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support structure which minimizes the contact surface to reduce the conduction
heat transfer. The main loads are categorized based on their source as follows:

S1. Thermal loads

a. Material
b. Structure
C. Interfaces

d. Gradients
S2. Pressure loads
S3. Inertial loads

a. Internal sloshing
b. External supports
S4. Other conditions
a. Accidental crashes, penetrations
b. Chemical exposure
C. Diffusion to imperfections

The laminate material, as it is composed by different plies which are in turn
composed of its constituents fibre and matrix, by definition is not uniform and thus
is subject to different hierarchies of loads. Source S1.a introduces thermal loading
effects, specifically the development of thermal strain in the laminate when it is
exposed to temperatures different from the consolidation temperature. This is one
of the most significant contributing factors and it is attributed to the difference
between the coefficient of thermal expansions of fibre and matrix, and thus of
subsequent plies or tapes laid down with different orientations. This phenomena
was introduced and is explained in more detail in Ref. [2].

Effects of type S1.b. and S1.c. are manifested from the same cause but are acting
on a different scale. Within the structure of the tank itself there might be some
different areas which have distinct thermal expansion. This can be as a result of
different overall stacking sequences, or geometry (S1.b.), or caused by the
presence of interfaces with other components, which may be manufactured with
different materials compared to the rest of the tank (S1.c.). This effect can
become non-significant when mitigated with a careful design, while failing to do
so can result in extensive damage between those interfaces or in the surrounding
areas.

The thermal gradient labelled as cause S1.d. may refer to two different scenarios;
the thermal gradients that originate from the transient condition which may
happen during the fuelling process of the tank, and the gradient that originates
between two sections of the tank at different temperature, for example due to the
fuel level or as a consequence of the temperature difference between the inner
and outer side of the tank wall. The intensity of these effects depends on the
defined tank operations, e.g. the temperature of the tank during the refuelling
process or the methods for extracting the hydrogen from the tank itself, which in
some cases may warm up the ullage, the gaseous fraction of the stored hydrogen.

cocoLIAT Confidential

13



Life Cycle Evaluation Report V1.0
COCOLIH2T 30/01/2026

The tank is pressurized to a defined level during the operations, which results in
a distribution of strains within the laminate thickness (S2.), adding up with the
local thermal stresses. The bi-axiality of the load depends on the local geometry
and location, but as the tank converges towards convex closed surface the ratio
is overall uniform. As a consequence, all layers within the laminate could
potentially crack and form open leakage paths.

The inertial loads classified as sloshing (S3.a.) are defined as the impacts of the
liquid fuel onto the internal surfaces of the inner tank when the fluid is moving
due to external inertial adjustment. This type of load hits the surface in random
locations, with a distribution that follows the physics of the liquid and the inertial
loads during flight. The inertial loads on the outer surface of the inner tank (S3.b.),
are instead applied on specific locations defined by the supports of the inner tank.
The intensity depends on the flight loads and the design of these supports,
specifically their contact interface.

Collisions of the tank with external, foreign objects must be evaluated in a broader
analysis where accidental or malicious damage is expected (S4.a.), this must
consider both the internal and external vessel. The exposure of materials to a
hydrogen-rich environment will result in the diffusion of H atoms and H2 molecules
within the material structure, which can cause different effects depending on the
material affinity. The chemical effects source (S4.b.) refer to these uniform or
gradient changes in the material properties caused by hydrogen bonds or physical
interaction of the hydrogen molecules fitting within the material atomic structure.
The last effect source (S4.c.), refers instead to hydrogen accumulation within void
pockets or material interfaces, which can result in morphological changes, material
alterations, and unexpected damage when the thermodynamic conditions change
(e.g. volume changes due to freezing or boiling). These types of effects are highly
dependent on the material quality and its homogeneity within the structure.

3.2 Relevant material strength and durability characterization

The most relevant damage phenomenon within the context is the microcracking
of the laminate layers, which leads to an interconnected network of surface
openings which significantly degrades the permeation barrier, ultimately leading
to leakage of hydrogen. This section analyses the phenomena of formation of
these crack and the relevant characterization campaign for both static and fatigue
conditions.

3.2.1 Phenomenology of the microcrack formation

The microcrack formation is one of the first manifestations of laminate
degradation. These cracks are often called transverse cracks, as they run parallel
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to the fibres and orthogonal to the load direction, as represented in Figure 1. In
the case of a pressurized tank with thermal loads, a biaxial load will allow for
cracks to generate in each layer, independent from their orientation. This
happened during the testing of the X-33 spaceplane [3], and a simplified post
evaluation of these effects has been provided by the NASA technical reports in Ref
[4] and [5], and again by Ref [6].
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Figure 1 - Representation of the transverse crack formation process in a cross-ply laminate
subject to unidirectional loading. In the first three images the propagation is mostly through the
thickness, while on the fourth image the propagation is through the width, or the so-called
tunnelling propagation. No delamination is represented.

To postpone the formation of transverse cracks during service conditions, and
eventually just consider their formation on certain layers during the lifecycle of
the tank in a damage tolerance scenario, three main actions can be applied during
the material selection. First, the layer thickness should be reduced, thus reducing
the strain energy available to open a crack given an initial defect or debonding
within the material. Second, a matrix material with higher strength and toughness
should be selected, requiring thus a higher energy to open the crack itself. Third,
selecting a fibre material with a coefficient of thermal expansion closer to the
matrix can reduce the amount of thermal strain, which itself is a significant part
of the total load in standard carbon fibre reinforced epoxy applications in cryogenic
environments.

The effect of layer thickness has been initially observed and analysed by Parvizi
et al. [7], introducing the need of a fracture mechanics approach to align strength
data from the same material with different thickness of the cracking layer. The
amount of applicable total strain to open a crack at different temperatures can be
considered to be constant, when the hypothesis that strength and toughness are
not varying significantly with temperature are fulfilled. By calculating the thermal
strains at room temperature, the total strain limit can be computed, as the total
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strain is the sum of the mechanical and thermal components. In this way, as
analytically proposed by Garcia et al. [8], the room temperature limits can be
translated to the application temperature.

Quasi-isotropic laminates are often preferred in structural applications, as they
provide more reliable results. The characterized cracking strength of crossply plies
can still be applied, by evaluating the local transverse strain €, or the stress 02
of each ply. A different case applies instead when more exotic stacking sequences
are employed, or also when load cases different than in-plane traction are applied.
It has been demonstrated that when the in plane shear components are on the
same order of magnitude as the in-plane transverse stress, a different type of
damage process is observed and the formation of cracks is anticipated with respect
to the evaluation based on the transverse strain/stress only [9]. This result is valid
for epoxy matrix based materials but it can be expected that thermoplastics will
behave similarly.

Another important aspect to introduce is the formation of the transverse cracks in
fatigue conditions. Constant amplitude loading of laminates at strain levels below
the coalescence limit introduced before, will produce the progressive formation
and propagation of cracks distributed within the ply, as represented progressively
in Figure 1. The interaction of these cracks with each other may lower the tip
strain and stop the tunnelling propagation [10], while applying variable amplitude
stresses can anticipate the crack formation, rendering the linear damage
accumulation (Palmgren-Miner) rule unsafe for predicting this type of
phenomenon [11]. Loading below the debonding limit can be the solution to avoid
the formation of transverse cracks in a laminate without defects and free
interfaces, but this limit has to be carefully determined for each fibre-matrix
configuration. A detailed analysis of this micromechanical crack formation process
has been performed for epoxy matrices in Ref. [12], while an approach for
characterization and prediction of fatigue crack formation under fatigue loads is
proposed in Ref. [10].

3.2.2 Characterization of microcrack strength

The critical damage in the case of liquid hydrogen containment is a network of ply
extended cracks, interconnected between subsequent layer, such that the vacuum
insulation is reduced to a point where the heat balance is compromised. A crack
spanning a single layer is shown in Figure 2 at two stages of its development,
which is usually instantaneous in the case of static load application or follows a
propagation in the case of repeated load.
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Figure 2 - Transverse crack propagation as observed on the external layer of crossply sample side
subject to interrupted fatigue evaluation.

Different observation methods could be applied for characterizing this
phenomenon. Sample edge observation is typically employed during the
characterization of cracks on cross-ply laminates, given the often dismissible effect
of free edges on stress, but it requires an accurate polishing of the edge surface
to avoid premature crack formation due to the cutting machine marks, please note
this happens as well for waterjet-cut samples [13]. Some sample design does not
allow for edge polishing, thus the crack counting process might be performed after
destructive sectioning of the sample, ruling out the edge effects when damage is
limited. Other methods such as the edge replica are applied to characterize the
crack formation process, or the usage of penetrant liquids together with the x-ray
imaging. Transparent samples can take advantage of transmitted light
observations.

As a crack is a 3D void represented by the enclosing surfaces, three main
directions are mainly involved. In the context of this analysis, cracks are only
counted and not evaluated with any of their lengths. When a cracks reaches a
morphology which has been defined as initiated crack it adds to the count of crack
density p, being the number of cracks over the length of observation, which in this
case is the observed length L of the side of the specimen.

P=Z

The observation length influences the finding of results, as the first cracks may
appear at very low crack densities. The observation length set for these
experiments ranges around 40-50 mm. The criteria for choosing the equipment
should be aligned with the expected damage size and inspection size. An example
of characterization apparatus is reported from Ref. [14] in Figure 3, showing a
side mounted microscope to measure cracks on a thermoplastic laminate. Crack
along their length have been enclosed in rectangles for visualization purposes, it
can be noted that not all of them spans trough the thickness of observed ply.
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Figure 3 — Example adapted from Reference (Laurin, et al. 2023), thick laminate sample subject to

static strain level. [02/904/0]s.

The number of cracks with a definite size (often this is the through thickness
dimension) are then counted and related to the applied load and load cycles. What
happens is that not all the cracks appear at the same time or in a linear way. The
best representation for the crack formation trend has been proposed by Ref. [10],
where a Weibull distribution of strengths to crack formation is attributed to the
volume under examination. This is done for a static case, obtaining the regression

shown in Figure 4.

p [1/mm]

& experimental data
- — =Strength distribution regression

0.001 0.01 0.1
MECHANICAL STRAIN

Figure 4 — Regression of crack density initiation on a specific ply of a laminate subject to tension in
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Fatigue characterization should be performed in operational conditions to ensure
the representativity of results. When the relationship between room temperature
and cryogenic fatigue is clarified for the adopted material system, more
economical tests could be sufficient.

3.3 Airworthiness evaluation methods

This section discusses methods to evaluate the tank’s residual functionality when
operational loading leads to the degradation phenomena discussed previously.
Both a prognostic and a monitoring approach are discussed. Which approach is
more suitable depends on the accuracy of the long-term material characterization
and the accuracy of the load profiles.

Both methods ultimately evaluate the same performance indicator: the hydrogen
permeability barrier requirement relative to alternative structural material classes.
For polymer matrix composites, this requirement is intrinsically more demanding
than for monolithic metals. The effective hydrogen diffusivity and solubility in
polymers are several orders of magnitude higher than in dense metallic lattices,
and, critically, the barrier performance does not scale favourably with increasing
structural dimensions. Thickness increases provide only linear reductions in
steady-state flux, while defect populations (microcracks, voids, fibre/matrix
debond) statistically increase with part size, offsetting geometric gains. As a
result, while permeation through composite laminates at room temperature can
be low enough to be operationally negligible in small, pristine coupons, this
behaviour is not directly transferrable to large, load-bearing cryogenic tanks.

Permeation behaviour is also strongly coupled to the operational strategy. Rapid
chill-down, high fill rates, and frequent pressure cycling intensify
thermomechanical gradients through the laminate thickness, promoting matrix
microcracking and interfacial damage that create preferential diffusion pathways.
Conversely, slow conditioning and limited cycling can maintain the material closer
to its as-manufactured permeability state. Therefore, permeability cannot be
treated as a purely intrinsic material property; it is a damage-state-dependent
system parameter.

The emerging application of high-performance barrier coatings (e.g., thin
inorganic or hybrid layers as discussed in [15]) introduces an additional transport-
control mechanism but also a new failure mode hierarchy that is outside the
present document’s scope. Such coatings can reduce baseline hydrogen
transmission by multiple orders of magnitude; however, as shown in earlier
experimental work (e.g. Ref. [16]), their barrier efficiency is highly sensitive to
cracking, debonding, and strain incompatibility with the underlying composite
substrate. Even sub-visible crack networks can dominate overall permeability,
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effectively shifting the system from diffusion-controlled to defect-controlled
transport.

A first-order justification for the permeation degradation approach adopted here
is therefore to link barrier performance not only to pristine diffusivity data, but to
mechanically driven damage evolution under representative cryogenic pressure
cycling. This aligns with established durability methodologies in which transport
properties are treated as state variables that evolve with crack density and
connectivity rather than as fixed inputs [17].

Based on this framework, the working hypothesis in this section is that the intrinsic
permeation of the uncoated, undamaged laminate is sufficiently low to prevent
any operationally relevant loss of vacuum over the specified service intervals. Any
vacuum degradation risk is thus assumed to arise primarily from damage-induced
permeability increases rather than from the baseline material transport properties.

The foundations of hydrogen permeability research in composites were laid by
early experiments showing helium and hydrogen transport in fibre-reinforced
plastics. Measurements on glass/epoxy cryogenic composites demonstrated that
gas permeability at room temperature is dominated by diffusion, but at cryogenic
conditions leakage arises from cracking [18]. Similarly, thermal and mechanical
cycling tests identified microcrack initiation as the limiting factor in barrier
performance [19]. These works established the critical role of matrix integrity and
fibre volume fraction in controlling baseline permeability values.

The early 2000s saw the first attempts to link crack mechanics with permeability
in composites. Analytical and numerical studies introduced leakage models based
on crack opening displacement, as seen in Refs. [20] and [21]; and on
delaminated crack opening displacement [22], while biaxial cryogenic strain
experiments highlighted the importance of microcrack networks in leakage
formation [23]. These approaches were complemented by phenomenological
descriptions of gas transport in polymers and composites [16], finite element
approaches correlating crack density with permeability [24], and analytical
formulations for leakage via delamination—-microcrack overlap zones [25] and
[26]. Together, these models established the conceptual framework that
permeability in composites is governed not by pure diffusion, but by the creation
and connection of microcracks and delaminations.

Experimental works have since provided clear evidence that once through-the-
thickness cracks form, they dominate hydrogen transport. Matrix cracking under
mechanical and cryogenic loads was shown to drastically increase leak rates [27]
[28]. Tests on linerless tanks confirmed that microcracking is the principal barrier
failure mode [29], [30]. More recently, detailed microstructural investigations
under cryogenic cycling and pressurisation further validated this mechanism [31],
[32]. For CF/PEEK laminates, manufacturing route and cryogenic cycling condition
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permeability [33], while thin-ply barrier layers provide enhanced resistance to
cracking, such as seen in Refs. [34] and [35].

Alongside experiments, increasingly sophisticated modelling frameworks have
emerged. Computational fluid dynamics based leakage simulations coupled with
crack opening displacement and delamination parameters [36] were followed by
multi-scale analytical methods incorporating crack opening mechanics [37]. Later,
continuum damage mechanics was directly linked to permeability coefficients [38],
while homogenization and effective diffusion tensor models extended permeability
prediction to damaged laminates [39]. A particularly important advance was the
use of extended finite element methods, first to model fatigue delamination and
permeability under cryogenic cycling [40], and later to simulate random
microcrack networks and leakage paths [41]. These models were validated against
X-ray computed tomography observations of crack growth and experimental leak
measurements, offering predictive tools that bridge damage mechanics and
permeability.

Beyond cracking, permeability has also been shown to depend on microstructure,
fibre-matrix interactions, and processing route. Investigations on thermoplastic
laminates highlighted the strong influence of manufacturing method and
fibre/matrix combinations on helium and hydrogen permeability [42]. Micro
computed tomography based studies quantified how microcracks nucleate and
connect under loading [43], while cryogenic strain—-permeability coupling was
confirmed experimentally [44] [45]. Together, these recent studies emphasize
that laminate architecture, ply thickness, and structure integrity are fundamental
in ensuring the composite barrier performance [46].

It should be noted that a comprehensive assessment of the influence of hydrogen
on damage propagation, particularly under varying thermodynamic conditions
such as sloshing, cooling, or warming, is required for the adopted laminate at
higher technological maturity levels of the storage system. Within this context, a
critical aspect of the evaluation concerns the selection of the design leak rate
during fuelling of an empty tank. Under such conditions, the tank is expected to
exhibit higher permeability compared to its cryogenic and steady state, due to
elevated temperatures. However, as these behaviours are strongly dependent on
operational choices, such as the specific fuelling procedure, their detailed
investigation lies beyond the scope of the present document.

Please note that with this approach the change in permeation from the pristine
state to a critical state are a fraction of the initial value, while when the last ply
fails to a fully interconnected crack network the permeation values goes to infinity,
signalling the change in hydrogen transport mode. For this reason, a criticality
index should be maintained as well, defined as the maximum percentage of
interconnected layer trough the tank thickness.
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3.3.1 Simplified durability evaluation

The crack interconnection phenomenon occurs when one of the complete cracks
in a layer intersects with a crack in an adjacent layer. This interaction can lead to
the formation of a connected crack path between layers, ultimately resulting in
the loss of containment for the whole structure. As the confidence in the analysis
results increases, it becomes necessary to account for the probability of crack
initiation within several single plies to evaluate the likelihood of such
interconnection events.

A simplified analysis may focus on specific sections of the tank, named evaluation
elements. When cracks extend through the thickness and the crack density in each
ply exceeds 0.05 to 0.1 [1/mm] (about one crack every 10 to 20 mm), it can be
assumed that the layers become interconnected, creating a continuous leak path.
This assumption is supported by experimental evidence presented in Refs. [40]
and [41], which shows through computed tomography (CT) investigations that
already at this level, cracks are long enough to cross cracks in adjacent plies, in
quasi-isotropic or cross-ply laminates with relatively thick plies. However, even in
experimental tests where laminate thickness is smaller and comparable to the one
used in the project, such as in Ref. [34], this value does not differ much. For lower
crack densities, leak path formation becomes less probable as its evaluation would
require a more in-depth characterization of the tunnelling propagation extent in
cryogenic, fatigue conditions. Nevertheless, the surface manifestation of such
cracks can still be leveraged for non-destructive evaluations.

With the aim to provide a conservative and still rapid tool to evaluate the
permeation performance degradation following the formation of cracks in a tank
structure, the following steps are taken. The max strain representing the
characterization conditions can be calculated in elements with the size of 10-20
mm to comply with the initiation hypothesis introduced in the previous paragraph.
This size determines the standard durability evaluation area, which is composed
by several layers as represented in Figure 5. This simplified approach can be
applied as long as stress does not vary significantly, or whenever local stress ratios
does not hint at different failure mechanisms than transverse crack initiation, and
usually considers only pressure, inertial and structural thermal loads, as thermal
material loads are usually already considered within the characterization (A more
accurate evaluation of thermal strains has to be considered when using
characterisation data from one laminate type to predict the behaviour of another
laminate type, as thermal strains are significantly higher in the cross-ply laminate
compared to the quasi isotropic, given the change in coefficient of thermal
expansion between layers). Another aspect is that the material is considered
continuous in this analysis, while each interface, or discontinuous material such
as ply changes, must be accounted as a seam when not properly analysed, and
thus similar to a transverse crack.
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» Damaged plies

— Undamaged plies

Figure 5 — Representation of a section of the laminate, with trough the thickness representation of
the plies.

When a durability element is evaluated, the initiation of cracks is computed for
each layer with the defined criteria, being static, fatigue, thermal or otherwise, as
defined in the evaluation. In this section, the interest is in the result of the damage
on the performance of the structure, so from now on the plies will be defined as
damaged and undamaged. Undamaged plies will retain the permeability value of
the pristine materials expressed in SI units as follows: [mol / (s-m-Pa)].

The residual molar permeation of the durability element can be calculated as the
product between the permeability P of the material, the surface area A, which
represents the area of the durability element through which the gas will permeate,
thanks to the difference in pressure Ap between the two sides of the tank. The
total thickness of the remaining intact plies tundamaged is in the dominator.

. A A mol
]:P' element 8D [ - ]

tundamaged

Now we can add together the residual molar permeation of each different element
composing the tank, which may have different degradation states, to the whole
structure, obtaining the total flux of the tank. The leak rate terminology might be
used now instead of permeation, as the only leak source is the permeation through
the tank wall. (Usually the leak rate terminology includes permeation leaks plus
leaks from interfaces, in this case no leaks from interfaces are currently
considered).

. _ . mol
Jror = Zelement]i s

The tank flux can be converted from a molar rate to an occupied volume rate, to
be able to understand the effect on the vacuum volume. By using the molar mass
and the density of the permeating medium at the specific service condition the
leak rate is:

My, [mbar-l]
sz S

Jror = jror "

This value can now be used to be compared with a threshold value for
instantaneous evaluation such as:
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Given the tank structure leak rate also the “time to loss of vacuum” can be
computed. This operation requires the knowledge of the vacuum volume V., of the
structure and the pressure limit to maintain the vacuum insulation, Pyaiimit with
respect to the initial, or current, vacuum pressure pva.

Jror [S]

tyvaloss = Voa o
Pva,limit~Pva

This last parameter is an important indicator of the residual life of the tank in
service and a good aid during the design phase. Prognostic evaluations of the
distributed fatigue formation of ply cracks can be translated to a reduced time to
loss of vacuum, which will ultimately reach zero in critical conditions.

3.3.2 Monitoring of tank structural health

The possibility to detect and count cracks on specific points on the surface of the
tank, thus relative to the external layer of the local laminate of a certain area, has
been demonstrated within the project using Fibre Bragg Grating (FBG) optical
sensor. This opens up to the possibility of monitoring the laminate damage, but
the sensitivity of this method must be understood first. The following phenomena
are discussed within this scope.

The sensor length influences the number of cracks that can be counted and thus
the minimum crack density value, and an algorithm is required to convert the fibre
optic spectra to crack count information.

It is accepted [47] that the external ply of a laminate is subject to earlier cracking
with respect to the constrained plies subjected to the same strain level. This effect
can be attributed to two main factors, one being the surface imperfection effect,
while the other is the ply thickness effect. The first increases the number of
nucleating sites, while the second facilitates the propagation of these into a full
through the thickness crack. This phenomenon is favourable for the measurement
of damage within the context of a cryogenic hydrogen tank, as measuring cracks
on the outer layer does not mean that the inner plies are damaged.

The conformal shape makes the laminate stress vary significantly even among
layers with the same orientation, leading to two aspects: a manageable damage
allowance in some areas while distributed different stress behaviour are expected
differently from a uniform, axisymmetric pressure cylinder.

The number of cracks measured by the sensor indicate the extent of damage. This
information can be used in correlation to other laminate information to infer a local
expected damage status.
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5 Introduction - LCA

Despite its continuous growth over the years, aviation is frequently criticized for
its high greenhouse gas emissions and ecological footprint [1,2]. In response,
several major companies and research initiatives are aiming to drastically reduce
the sector’s environmental impact. One promising solution is the use of hydrogen
as an alternative aviation fuel [3-8], offering the potential for net-zero emissions
at use in the future [3,9]. Additionally, hydrogen exhibits a high gravimetric
energy density [10,11], i.e., it stores more energy per kilogram of material
compared to traditional fuels. It is especially a critical advantage for the aviation
sector, which is highly sensitive to weight. However, hydrogen also suffers from
an extremely low volumetric energy density [10,11] at ambient temperature and
pressure, posing significant challenges for onboard storage.

Thus, a key challenge in enabling hydrogen-powered aviation lies in the efficient
onboard storage of hydrogen. To address this, several storage technologies have
been developed [10-14]. Most widely used approach is storage as compressed
gas in a pressure vessel [10,15]. Other methods include storage in liquid form at
cryogenic temperatures [16,17], a hybrid approach such as cryo-compressed
storage [18], and solid-state storage in the forms of metal or chemical hydrides
[19]. To achieve the high volumetric energy density required for aviation or
aerospace applications, hydrogen is most effectively stored in its liquid form at
cryogenic temperatures. With its significantly higher density than compressed
hydrogen, liquid hydrogen enables storage in smaller tanks and makes it a
favourable option [12,16].

Traditionally, to store liquid hydrogen at cryogenic temperatures, tanks have been
manufactured from metals, predominantly various grades of stainless steel.
However, steels are susceptible to hydrogen embrittlement, which has driven
research into alternative materials. Aluminium-based and titanium-based alloys
have been explored as substitutes, as they mitigate embrittlement. However,
aluminium presents challenges related to welding and joining techniques, while
titanium is expensive and exhibits degradation in certain mechanical properties at
cryogenic temperatures [20]. Moreover, though metal-based tanks are suitable
for ground-based applications, they are relatively heavy for aviation and
aerospace uses, where weight is a critical design constraint. In this context, fibre-
reinforced polymer (FRP) composites have emerged as a promising alternative.
These materials offer significant weight reduction and are increasingly regarded
as one of the most viable solutions for future liquid hydrogen storage systems
[20].

However, traditional storage solutions are typically designed as cylindrical or
spherical tanks, which excel in providing uniform stress distribution, but do not
utilize the available aircraft volume efficiently. The Composite Conformal Liquid H>
Tank (COCOLIH2T) project [21] seeks to address this issue by developing a
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conformal tank that fits within the contours of the aircraft fuselage. Such a design
aims to improve space utilization in aircrafts and free up internal space for other
aircraft systems, including passenger seating. This novel tank is designed using
thermoplastic carbon fibre reinforced polymers (CFRP) and manufactured through
automated fibre placement (AFP). Unlike conventional filament winding (FW),
which imposes limitations on fibre orientation and layup design, AFP enables
precise control of fibre angles and allows region-specific layup tailoring, offering
greater flexibility to optimize structural performance. In addition, the use of
thermoplastic composite materials rather than conventional thermoset systems
offers the advantage of recyclability, thereby improving the environmental
sustainability of the tank over its entire life cycle.

As environmental sustainability is a primary motivation for the adoption of
hydrogen in aviation, it is essential to critically evaluate whether emerging
hydrogen storage technologies genuinely advance sustainability objectives or
accidentally introduce new environmental burdens. This includes assessing the life
cycle impact of the innovative design proposed by the COCOLIH2T project in
comparison to conventional cylindrical tanks made with thermoset resin.
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Figure 6 Stages of Life Cycle Assessment

In this regard, life cycle assessment (LCA) is a valuable tool for systematically
evaluating the environmental impact of a product throughout its lifespan. The
structured approach for conducting LCA involves four distinct stages, as shown in
Figure 6. Goal and scope definition, the first stage in LCA, involves two primary
tasks: defining the functional unit (the quantified reference for comparing
environmental impacts of products) and establishing the system boundary (the
extent of the product's life cycle stages and processes considered for analysis).
The next stage is life cycle inventory, which involves the collection of the data
needed to perform the analysis. It includes, but is not limited to, material
quantification, energy consumption during manufacturing, transportation and
service life, form of the energy used, environmental discharges and disposal
pathways of the material. Once the inventory is created, impact assessment is
performed to gain the insights about the environmental impacts associated with
the system in consideration. In this stage, the data obtained during the inventory
stage for the several environmental impacts is analysed and categorised into
specific impact categories. The interpretation stage in LCA is connected to all other
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three stages. It deals with systematic evaluation of the LCA results to derive
meaningful conclusions and recommendations.

Most studies evaluating the environmental impact (in some cases, the energy
requirements) of hydrogen storage options primarily focus on pressurised storage
of hydrogen in metallic or composite pressure vessels [22-31]. A few
investigations also consider solid-state storage methods, such as metal hydrides
[24,25,30]. In particular, studies dedicated to the LCA of cryogenic liquid
hydrogen storage vessels are minimal in the literature [22,25,30,31]. Among the
limited available research, most focus on metallic vessels [25,30,31] or metal-
lined composite vessels [22]. Moreover, these studies often centre around broader
applications, such as fuel cell vehicles or hydrogen production, where hydrogen
storage is treated as a secondary component in the LCA study. As a result, detailed
LCA specifically targeting the environmental impact of the storage tanks
themselves are relatively uncommon.

The objective of this study is to address that gap by performing a comparative
LCA of two liquid hydrogen storage tanks: a traditional cylindrical tank (referred
to as the baseline tank) and the novel conformal COCOLIH2T tank. The two tanks
differ in three critical aspects: geometry, manufacturing method, and resin type.
The baseline tank is cylindrical, manufactured via FW, and made of carbon fibre
reinforced epoxy (CF/Epoxy), a thermoset resin. In contrast, as mentioned earlier,
the COCOLIH2T tank is conformal in shape, produced using AFP, and constructed
from carbon fibre reinforced poly-aryl-ether-ketone (CF/PAEK), a thermoplastic
resin.

The environmental impacts of both designs are evaluated across eighteen distinct
impact categories, offering a comprehensive assessment that goes beyond the
commonly evaluated global warming potential. Impacts are first quantified for the
production phase using a cradle-to-gate approach, which covers the life cycle from
raw material extraction to the factory gate, corresponding to the completed
manufacture of the tanks. Subsequently, a cradle-to-grave analysis is conducted
to capture the full life cycle, incorporating both the production phase and end-of-
life (EoL) treatment of materials. Two EoL scenarios are examined: (i) disposal via
landfill and (ii) a circular strategy emphasizing recycling and, where applicable,
energy recovery through incineration.

Insights has been drawn from this study about the trade-offs between
thermoplastic and thermoset composites, baseline and COCOLIH2T tank, and
informed material and design choices for sustainable hydrogen storage in aviation.
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6 Methodology

6.1 Goal and scope definition

The goal of this study is to evaluate the environmental impact of a newly proposed
conformal liquid hydrogen storage tank (COCOLIH2T tank) and to compare its
performance with that of a conventional cylindrical storage tank (baseline tank).
A representative geometry for both the tank designs is showcased in Figure 7 (The
images are provided solely for visual reference and do not represent accurate
dimensions or final design details). Both designs are intended to store the same
volume of hydrogen at cryogenic temperature and are manufactured using CFRP
materials. Each tank consists of a double-vessel configuration, comprising an inner
vessel and an outer vessel separated by a vacuum layer to minimise heat transfer
and hydrogen boil-off.

L N

Outer Vessel
(CF/Epoxy)

Outer Vessel
(CF/Epoxy)

Inner Vessel
(CF/Epoxy)

Inner Vessel
(CF/PAEK)

(a) (b)

Figure 7. Representative geometry of (a) baseline tank (image created using generative AI) and
(b) COCOLIH2T tank

The functional unit for the LCA of the production phase is defined as the production
of one unit of storage tank. The scope of this study follows a cradle-to-gate
approach, encompassing all processes from raw material extraction to the
completion of manufacturing at the factory gate. Detailed descriptions of the
production processes for both tank configurations are provided in the subsequent
subsections.

For the cradle-to-grave LCA, functional unit is defined as the production and
disposal of one unit of storage tank. The system boundary here encompasses raw
material extraction, component manufacturing, and EoL treatment. The use phase
is excluded from the study, as both tanks are assumed to provide equivalent
functional performance during operation. For the end-of-life strategies, the study
explicitly considers two variations in order to assess influence of disposal pathways
on the overall environmental impact. The first scenario, termed as Scenario-1,
represents a case in which all materials are assumed to be landfilled without any
material or energy recovery. The second scenario, termed as Scenario-2, reflects
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current commercially available recycling and energy recovery pathways. By
considering these two EoL scenarios, the study provides a range for the potential
environmental impacts associated with each tank design. Details about EoL
strategy used for each specific component of the tank are provided in the
subsequent subsections.

6.1.1 Designing, production and disposal of COCOLIH2T Tank

The conformal COCOLIH2T tank has been specifically developed and designed to
fit within the fuselage of an ATR-72 aircraft, with a goal of storing 57 kg of
hydrogen in liquid state. The shape and layup the of inner vessel are optimised to
maximise the utilization of the available space within the aircraft while minimizing
overall weight. In addition to fulfii mechanical and thermal performance
requirements, constraints related to the maximum allowable boil-off and hydrogen
leakage are also considered during the design process. A representative
illustration of the COCOLIH2T tank geometry is provided in Figure 7 (b).

The inner vessel of the COCOLIH2T tank is manufactured from CF/PAEK, using
AFP. AFP provides better control over layup angle and thus, it is possible to locally
reinforce the sections of the tank, based on the stress distribution. The mandrel
required for this process is constructed from steel. The outer vessel is
manufactured using thermoset composite, CF/Epoxy, via hand-layup process over
a mold made from the same composite material. This mold, also created using
hand-layup process, is in turn produced using a medium-density fibreboard (MDF)
super-mold, which serves as a form for the final composite mold. All components
produced using CF/Epoxy goes through the curing process in an autoclave.

For the disposal, in Scenario-1, all materials, i.e., CF/PAEK, CF/Epoxy, steel, and
MDF, go towards the landfill. Whereas, in Scenario-2:

e The Steel mandrel is assumed to be recycled and reused in new steel
production via electric arc furnace processes.

e MDF is sent to incineration facilities for heat and electricity recovery.

¢ Thermoset CFRP waste is assumed to be incinerated for energy recovery,
reflecting current limitations in large-scale recycling of thermoset
composites.

e In contrast, thermoplastic CFRP components are assumed to be
mechanically recycled by shredding and reprocessing into pellets, which can
then be reused in manufacturing processes such as injection molding or
compression molding as short-fibre-reinforced composites.

Figure 8 presents an overview of the COCOLIH2T tank manufacturing and disposal
processes and highlights the scope of LCA study for both EoL scenarios. The
boundaries of the production phase are also highlighted separately in the figure.
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6.1.2 Designing, production and disposal of baseline Tank

The baseline tank is designed to match the internal volume of the COCOLIH2T
tank (to store 57 kg of hydrogen), ensuring that the operational range of the
aircraft remains unaffected. The radius of the tank is determined by the available
space within the aircraft fuselage, which, given the fixed volume requirement, in
turn dictates the tank’s length. Based on this, the tank is designed with a diameter
of 800 mm and the length of 2000 mm for the cylindrical portion.

Instead of developing a fully detailed design, a simplified design procedure is
employed for the baseline tank with an objective to determine a suitable constant
wall thickness that meets the functional requirements and allows for accurate
estimation of material consumption. The major design criteria is that the tank
must withstand an internal pressure of 8 bar, i.e., 0.8 MPa along with the stresses
induced due to cryogenic cooling. It should be noted that any thermal gradients
along the thickness of the wall are not considered during the design. Thermal
stresses appear because of differential shrinkage (or expansion) in the different
layers because of the layup angle and directional nature of the coefficient of
thermal expansion. Furthermore, to prevent leakage due to microcracks or
material permeability, thickness of the inner vessel is needed to be a minimum of
5 mm, which ensures sufficient hydrogen containment.

Finite element simulations were performed to evaluate the mechanical
performance under these conditions. The analysis confirmed that a wall thickness
of 5 mm is sufficient to meet the pressure and thermal load constraints.
Consequently, this value was adopted for the final design. Since LCA calculations
are based on the total quantity of the material used rather than the specific layup
sequence of the laminates, the latter is not a matter of importance here. For the
outer vessel, a separate structural design was not conducted. Instead, the same
wall thickness of 4.8 mm, as that of the COCOLIH2T outer vessel, which was
already designed to resist external pressure and prevent buckling, was used for
the baseline configuration.

The manufacturing process of the baseline tank largely mirrors that of the
COCOLIH2T tank, with two key distinctions. First, the inner vessel is fabricated
using filament winding instead of AFP. Second, the baseline tank utilises thermoset
composites for both the inner and outer vessels, eliminating the use of
thermoplastics. As a result, autoclave curing is required for both inner and outer
vessel.

For the disposal, similar to COCOLIH2T tank, in Scenario-1 assumes that all
materials are sent to landfill. In contrast, Scenario-2 assumes that steel is
recycled, while MDF and CF/Epoxy are incinerated for energy recovery.
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Figure 8. Schematic representation of the life cycle of the COCOLIH2T Tan

and (b) EoL Scenario-2
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Figure 9. Schematic representation of the life cycle of the baseline Tank, (a) EoL Scenario-1 and

(b) EoL Scenario-2
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A schematic of the baseline tank manufacturing as well as disposal process is
shown in Figure 9, which also captures the scope of LCA study for both EoL
Scenarios. The scope of the LCA of production phase is also highlighted separately
in the figure with different boundaries.

Though, it should be noted that use phase showcasing consumption of hydrogen
is included in the figures (Figure 8 and Figure 9, both) only for completeness and
is not considered in the analysis, thus, is shown with a dashed line. Additional
details regarding life cycle inventory data, modelling assumptions, and end-of-life
pathways are provided in the further sections of this report as well as in the
provided supplementary material.

6.2 Background database

To perform a robust and comprehensive life cycle assessment, it is essential to
gather a wide range of background inventory data representing upstream and
downstream processes that are not directly modelled within the foreground
system. This background data includes information on raw material extraction,
energy production, transportation, manufacturing processes and emissions. It
plays a critical role in capturing the indirect environmental impacts associated with
the product under study. In this study, the Ecoinvent database (version 3.8)
[32,33] is used as the source for the background data.

Among the system models available within the Ecoinvent database, which defines
the rules for allocating environmental burden across various actors, the ‘cut-off
by classification” model is employed within this study. This model is based on
‘polluter pays’ principle, and hence, waste is considered the responsibility of its
producers. Under this approach,

¢ Recyclable materials are cut-off from their upstream environmental burdens
at the point of their collection or treatment. As a result, they are treated as
burden-free resources for recycling facilities and for further use, with no
environmental credit granted to the original producer. Consequently, the
environmental impacts associated with the production of virgin materials
are fully allocated to the primary manufacturer [34].

e In case of waste materials with no value or potential for recycling, which
must be discarded via landfill or incineration, or might require pre-
treatment before discarding, the responsibility similarly lies with the waste
producer. Thus, the producer bears complete responsibility for any waste
generated and its subsequent treatment. Additionally, any valuable by-
products generated during waste treatment, such as heat or electricity from
incineration, are also cut-off from the original system and made available
to use without environmental burden for downstream use, again providing
no credit to the primary producer.
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However, to properly reflect the end-of-life (EoL) strategies considered in this
study, credits associated with material recycling and energy recovery from
incineration must be included. Therefore, a system expansion approach was
applied in the analysis. Through system expansion, environmental credits are
assigned for the avoided production of virgin materials and conventional energy
by explicitly modelling these substitutions. This approach allows the benefits of
recycling and energy recovery to be reflected in the results, effectively overriding
the default cut-off by classification treatment, while maintaining consistency with
the overall modelling framework.

6.3 Impact assessment method

Several impact assessment methods are available for conducting LCA, including
ReCiPe, TRACI, ILCD, and CML [35]. These methods have been developed in
different regions of the world, reflecting local environmental priorities, electricity
grids, and other regional conditions. As a result, they differ in how they categorise
environmental impact categories. In this study, the ReCiPe 2016 v1.1 method is
used, as it was developed in the Netherlands for the application in the European
context. Since the manufacturing is being performed in Europe, primarily in Italy,
ReCiPe is considered the most suitable method.

Impact assessment methods may follow either a midpoint or an endpoint
modelling approach [36,37]. The two differ in where they evaluate environmental
impacts along the cause-effect chain (environmental mechanism). The midpoint
method evaluates impact at earlier stages, which makes them more scientifically
robust and easier to measure. Midpoint indicators focus on specific environmental
issues, such as climate change or acidification, but they are less directly linked to
actual environmental damage outcomes. In contrast, the endpoint method
assesses impact closer to the final environmental outcomes, offering more
intuitive and policy-relevant results. However, it generally involves greater
uncertainty and reduced verifiability [36,37]. With version 1.1, the ReCiPe method
provides eighteen impact categories for midpoint indicators, with marine
eutrophication added to the list compared to the previous version with seventeen
categories [38-40]. Whereas, its endpoint indicators aggregate the impacts into
three broader categories, human health, biodiversity, and resource scarcity [38-
40]. However, as each aggregation step introduces more uncertainty, midpoint
indicators are preferred for the analysis in this study.

Another important aspect of the ReCiPe method is the choice of perspective. There
are three available perspectives, Individualist (I), Hierarchist (H), and Egalitarian
(E) [39,40]. These perspectives differ primarily in the time horizons they consider.
The Individualist perspective focuses on short-term impacts (approximately 20
years) and tends to be more optimistic, assuming that future technological
advancements will mitigate long-term consequences. The Hierarchist perspective,
which is commonly used in LCA studies, reflects a balanced, science-based
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approach with a time horizon of about 100 years. It is grounded in current
scientific consensus and established policy targets. In contrast, the Egalitarian
perspective adopts a long-term or even permanent outlook, often spanning
thousands of years, and takes a precautionary stance aimed at protecting the
environment for future generations. In line with most LCA studies, this study
adopts the Hierarchist (H) perspective. Therefore, the environmental impact
assessment is conducted using 'ReCiPe 2016 v1.1 Midpoint (H)” method. For
normalization, this study uses factors provided by the ReCiPe method, based on
the 2010 per capita world averages, following the Hierarchist perspective for
midpoint categories. OpenLCA, an open access software tool available to conduct
LCA, is used to develop the model and perform the calculations.
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7 Life cycle inventory

The collection of data for inventory development is a critical step in conducting a
life cycle assessment. The reliability of the assessment heavily depends on the
accuracy of the input data. Without accurate and representative data, the results
of the LCA may hold little to no value. Although numerous databases are available,
they cannot be exhaustive and may not always provide the specific information
required. Additionally, it is also not always feasible to obtain first-hand information
related to the material and energy consumption during the production and life
cycle of a certain product. In such cases, it becomes necessary to rely on well-
informed estimations to approximate real-world conditions and derive
representative values. These estimates were carefully selected to minimise their
influence on the inferred outcomes of the analysis.

7.1 Assumptions

Given the comparative nature of this study, the modelling effort focuses on
components and processes that significantly differentiate the two tank designs.
Elements, such as insulation layers or spacers, that are common to both designs
and are expected to have a marginal contribution to the overall environmental
impacts were excluded to avoid unnecessary complexity. The major assumptions
adopted in the LCI modelling are summarised below.

7.1.1 Assumptions related to level of detail

The following assumptions reflect deliberate modelling choices regarding the level
of detail included in the LCI. These exclusions are justified either because their
contribution to the total environmental impact is expected to be minor or because
they are identical for both tank designs and therefore do not affect the
comparative conclusions.

e Supporting components of the tank system, such as spacers, thermal
insulation, valves, and ancillary fittings, are excluded. The analysis focuses
exclusively on the primary structural components, the inner and outer vessels.

e Scrap and waste materials generated during manufacturing processes are not
considered.

e Autoclave consumables, including vacuum bags, peel plies, hoses, and release
films, are excluded from the inventory.

7.1.2 Assumptions due to data limitations

Certain assumptions were required due to the lack of detailed information for
specific processes or materials. Once again, these assumptions are considered to
have a limited influence on the final results or will provide similar contributions to
both tank designs, thus, do not alter the overall trends or conclusions.
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e The specific manufacturing techniques and associated energy consumption for
the production of the mandrel and super-mold are not known; therefore,
energy inputs related to their manufacturing are not included in the analysis.

e Transportation-related emissions are indirectly represented using market
activity datasets available in the Ecoinvent database, without any explicit
consideration. It is assumed that, under commercial production conditions,
manufacturing facilities would be located in proximity to one another, resulting
in a relatively small contribution of transportation to the overall environmental
impact.

e Background databases do not include inventory data for PAEK production.
Since PEEK belongs to the same polymer family and exhibits similar material
properties, it is used as a proxy material in the analysis.

7.1.3 Others assumptions

e The use-phase inventory does not account for hydrogen consumption and
hence, hydrogen production is also excluded from the system boundaries.
e For mandrel and molds,
o Production phase LCA: As the production is considered to be
carried out at laboratory scale and involves the manufacturing of a
single tank, all environmental impacts associated with the mandrel
and molds are fully allocated to the production phase.
o Cradle-to-grave LCA: Under the assumption of full-scale industrial
production, mandrel and molds are assumed to have a service life of
100 production cycles. Accordingly, only 1% (0.01) of their total
environmental impact is attributed to the production of a single tank.

7.2 Inventory related to the production of the tanks

Important data related to the life cycle inventory is summarised in Table 1, Table
2 and Table 3. Table 1 presents the material consumption associated with the
manufacturing of both tanks. Due to the larger surface area of the baseline tank,
the steel required for mandrel production is correspondingly higher. However, the
COCOLIH2T tank requires more material for the inner tank, as its design
necessitates a thicker wall to compensate for a less favourable stress distribution
compared to the axially symmetric cylindrical and spherical-end configuration of
the baseline tank. For components such as the super-mold, mold, and outer
vessel, where the wall thickness is assumed to be identical for both tanks, material
usage is primarily governed by surface area. Consequently, the baseline tank
exhibits higher material consumption in these components due to its larger surface
area.

The production of prepreg sheets or tapes from dry fibres and resin involves
significant energy consumption, which varies depending on the type of resin
system used. Different resin systems have distinct processing requirements,
leading to variations in energy demand. The energy consumption values adopted
in this study for the production of prepregs using thermoset and thermoplastic
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resins are presented in Table 2, together with the references from which the data
was obtained.

Table 1 Material requirements for the different components of COCOLIH2T and baseline tank

Material consumption in COCOLIH2T tank

Part Material used
Steel (Mandrel) 400.35 kg
CF/PAEK (Inner vessel) 91 kg
MDF (Super-mold) 1.70 m3
CF/Epoxy (Mold) 136.20 kg
CF/Epoxy (Outer vessel) 65.37 kg
Part Material used
Steel (Mandrel) 543.22 kg
CF/Epoxy (Inner vessel) 55.93 kg
MDF (Super-mold) 1.79 m3
CF/Epoxy (Mold) 152.94 kg
CF/Epoxy (Outer vessel) 72.84 kg

Table 2 Energy consumption for prepreg production from carbon fibres and resin as raw materials

Energy consumption

Type of resin (M3/kg) Reference
Thermoset (Epoxy) 40.0 [41]
Thermoplastic (PAEK) 25.1 [42,43]

Table 3 presents the energy consumption associated with the various
manufacturing practices used in the production of the tanks. The table also
includes references for the data sources. In the case of autoclave curing, studies
have shown that energy consumption is primarily influenced by the size of the
autoclave and the specific process parameters employed, rather than the mass of
the material being cured [44]. Therefore, unlike other manufacturing techniques
where energy use is expressed per kilogram of material, the energy consumption
for autoclave curing is reported as an absolute value.

Table 3 Energy consumption for various manufacturing practices

Manufacturing technique Energy consumption Reference
AFP manufacturing 17.80 kWh/kg [45]
Filament winding 0.75 kWh/kg [41]
Hand layup 1.44 kWh/kg [46]
Autoclave curing 17.60 kWh [44]
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While modelling the production of materials using the Ecoinvent database, efforts
were made to incorporate region-specific datasets wherever available. The
manufacturing and assembly of the tanks is done in Italy. Accordingly, the market
activity for the production of materials in the Ecoinvent database are selected with
a preference for geographical relevance. Priority was given to market dataset
specific to Italy ('IT’), followed by regional datasets such as 'Europe without
Switzerland’ or Europe ('RER’). In cases where only existing dataset for a market
activity is ‘'global’ dataset, but, a region-specific dataset exist for the
corresponding production activity, the latter is preferred in order to maintain
geographical relevance and consistency.

7.3 Inventory related to the end-of-life of the tank components

This section describes the life cycle inventory of the EoL treatment of the tank
components. As highlighted earlier, two EoL pathways are considered in the
analysis, landfilling for Scenario-1, whereas incineration and recycling for
Scenario-2. Inventory data sourced for these EoL pathways is presented in the
following sections.

7.3.1 Landfilling

For both thermoset and thermoplastic CFRP waste, landfilling is modelled using
the Ecoinvent dataset for mixed plastics disposed in a sanitary landfill. This dataset
accounts for landfill construction, operational emissions, wastewater treatment,
and long-term emissions associated with waste degradation.

For MDF, no dedicated EolL dataset is available in Ecoinvent. Therefore, fiberboard
is selected as the closest proxy to represent MDF. In this dataset, fiberboard is
assumed to be composed of wood and polyurethane (PU) in a ratio of 92.5% and
7.5% by weight, respectively. To model the landfilling of MDF, corresponding
datasets for the landfilling of waste wood and waste PU as inert materials in
sanitary landfills, as available in Ecoinvent database, are used, following the
aforementioned composition ratio.

Landfilling of steel waste is also modelled using the available process in the
Ecoinvent dataset for the treatment of scrap steel in an inert material landfill. As
steel is treated as an inert material in this context, no direct emissions from
degradation are considered. However, the dataset includes process-specific
burdens such as land use and infrastructure construction allocated to the landfilled
steel mass.

7.3.2 Incineration with energy recovery

For incineration of thermoset CFRPs, the study considers the data for the municipal
incineration of mixed plastics, available in Ecoinvent database, for the modelling.
This dataset includes emissions from the incineration process as well as the

cocoLIAT Confidential

45



Life Cycle Evaluation Report V1.0
COCOLIH2T 30/01/2026

treatment of residual by-products. As per the process description, the incineration
results in net recovery of 3.92 MJ of electricity and 7.66 MJ of thermal energy, for
processing per kg of the plastic. These energy outputs are modelled as avoided
products in OpenLCA, providing environmental credits to the system by avoiding
burdens of production of electrical and heat energy via conventional means.

Table 4 Energy recovered during the incineration

Municipal Electric Energy Thermal Energy
incineration of (MJ/kg) (MJ/kg)
CF/Epoxy 3.92 7.66
Waste PU 3.93 7.68
Waste Wood 1.74 3.49

In contrast to many studies reported in the literature [47-50], a conservative
modelling approach is adopted in this work. Only the polymer matrix fraction of
CFRP waste is assumed to undergo combustion and contribute to energy recovery.
Carbon fibers are assumed to be inert during incineration and therefore do not
contribute to energy generation. For the thermoset CFRP considered in this study,
the matrix component in the composite is 35% by weight. Consequently, only 0.35
kg of material per kilogram of CFRP waste is assumed to contribute to energy
recovery, while the full 1 kg is processed through the incineration facility. This
assumption results in lower energy credits compared to those reported in many
previous studies and is therefore considered conservative.

For incineration of MDF, consistent with the assumed composition in landfilling,
i.e., 92.5% wood and 7.5% PU, separate datasets for municipal incineration of
waste wood and waste PU, available in the Ecoinvent dataset, are used. The
resulting electricity and thermal energy recovered from incineration is reported in
Table 4, and is modelled as avoided products. MDF volumes reported in the
inventory for the production phase are converted to mass using a density of 700
kg/ms3.

7.3.3 Recycling

For recycling of thermoplastic CFRP components, mechanical recycling is
considered in this study. In this process, laminated composite parts with
continuous fibre reinforcement are shredded and converted into short-fibre-
reinforced pellets. Due to the loss of fibre length and associated mechanical
performance, the recycled material cannot be reused for the same high-
performance application. As a result, a downcycling approach is assumed.

To account for this quality degradation, a conservative replacement ratio of 25%
(by weight) is applied. Accordingly, the recycled material is assumed to replace
only 25% of virgin CF/PAEK prepreg, which is modelled as an avoided product.
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Energy consumption associated with the shredding process during recycling is
explicitly included and modelled as 0.27 MJ/kg of thermoplastic CFRP waste, based
on values reported in the literature [42,51].

In the case of steel, the production process is considered within the analysis is
based on the electric arc furnace (EAF) method, which is a secondary steel
production route. This means that steel is produced from iron scrap rather than
from iron ore or pig iron. Since the iron scrap used in this process comes from a
cut-off database, it is available for steel production without imposing any
additional environmental burden. Consequently, the waste steel generated at the
end of life of the mandrel is, in effect, already accounted for as recycled within the
system. The only additional environmental impacts associated with recycling this
steel arise from the sorting and pressing of the waste steel to convert it into usable
iron scrap for production, which are added in the treatment process of the waste
steel.

Detailed assumptions, calculations, references and other supporting information
for all data presented here are provided in the provided supplementary material.
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8 Impact Analysis - Production Phase

This section details the results of the LCA conducted for the production phase of
the tank lifecycle and presents the valuable insights about the environmental
impact of both tank configurations.

8.1 Thermoplastic versus thermoset

A major difference in the COCOLIH2T tank compared to the baseline tank is the
change in the material from thermoset to thermoplastic resin, specifically, from
CF/Epoxy to CF/PAEK. It is essential to first compare the environmental impact of
both material systems. The key difference in the material systems is due to the
change in resin; however, minor variations in carbon fibre content by weight
(1.5% higher in CF/PAEK compared to CF/Epoxy), also contribute slightly.

An LCA study is conducted to compare the environmental impact for the
production of 1 kg of each material and the results are presented in Figure 10.
The impact categories are arranged in the descending order. Results are presented
in the form of percentage change and are included for all eighteen impact
categories defined in the ReCiPe impact assessment method. The percentage
change is calculated relative to CF/Epoxy, indicating the impact of switching from
a thermoset to a thermoplastic matrix.
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Figure 10 Percentage change in the environmental impact for each impact category when
transitioning from the thermosets (CF/Epoxy) to the thermoplastics (CF/PAEK). Positive values
indicate increased emissions, whereas, negative values indicate a reduced impact.

The analysis shows that CF/PAEK outperforms CF/Epoxy in all but two
environmental impact categories, fossil resource scarcity and global warming. In
all other categories, the thermoplastic composite demonstrates a significantly
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lower environmental burden, supporting the transition from CF/Epoxy to CF/PAEK.
Furthermore, this study focuses solely on the production stage and does not
account for end-of-life considerations. Given that thermoplastics are recyclable
and potentially reusable, it is anticipated that incorporating end-of-life analysis
would further strengthen the case for CF/PAEK.

8.2 COCOLIH2T tank versus baseline tank

The results of the life cycle assessment were calculated for all the impact
categories for both the baseline and COCOLIH2T tank. The percentage change in
the environmental impact when transitioning from the baseline tank to
COCOLIH2T tank is presented in Figure 11. The impact categories are arranged in
descending order of their influence, with the first eleven categories showing a
positive percentage change, indicating that the COCOLIH2T tank resulted in higher
emissions compared to the baseline tank. In contrast, the remaining seven
categories show a negative percentage change, suggesting that the COCOLIH2T
tank performs better in these areas.

% Change
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Figure 11 Percentage change in the environmental impact for each impact category when
transitioning from the baseline tank to the COCOLIH2T tank. Positive values indicate increased
emissions, whereas, negative values indicate a reduced impact.

The most significant improvement is observed in the human carcinogenic toxicity
category, where emissions are reduced by 24.9%. This reduction is attributed to
the increased use of steel in the baseline tank. Inventory analysis reveals that the
baseline tank consumes 142.87 kg more steel than the COCOLIH2T tank, which is
a major contributing factor to its higher impact in this category. On the other
hand, the COCOLIH2T tank results in higher impact in the Fossil Fuel Scarcity and
Global Warming categories, both exceeding a 10% increase. For all other impact

cocoLIAT Confidential

49



Life Cycle Evaluation Report V1.0
COCOLIH2T 30/01/2026

categories, the percentage change, whether positive or negative, remains within
a 10% range. These results suggest that no clear conclusion can be drawn
regarding which tank is more environmentally friendly overall, as each has its
strengths and drawbacks across different impact categories.

8.3 Normalized impact assessment score for the tanks

A direct comparison of the absolute impact assessment values does not provide a
good insight, as the categories differ in both units and scales. Without
normalization, it is difficult to discern which environmental impacts are relatively
more significant and which are negligible. Therefore, normalization is necessary
to contextualise the results. In this study, normalization factors provided by the
ReCiPe impact assessment method are applied. These factors represent the annual
global average emissions per person for each impact category, allowing for the
comparison of different environmental effects on a common scale.

/_\

Terrestrial ecotoxicity H Baseline Tank

Marine ecotoxicity # CoCoLiH-T Tank

Human non-carcinogenic toxicity
Human carcinogenic toxicity
Freshwater eutrophication

Freshwater ecotoxicity

Fossil resource scarcity

0 300 600 900 1200 1500 1800 0 10 20 30

Normalized results (Impact score)

Figure 12 Normalized environmental impact scores for the baseline and COCOLIH2T tank (Only the
impact categories with normalized score greater than 1.5 are included.)

After normalization, the majority of the impact categories, eleven out of eighteen
to be exact, exhibit a normalized score below 1.5, indicating a relatively low
contribution to overall environmental cost. The normalized scores of other seven
impact categories are shown in Figure 12. The most significant categories with
higher normalized scores turn out to be human carcinogenic toxicity, marine
ecotoxicity, and freshwater ecotoxicity. Interestingly, these as well as most of the
other categories appearing among these seven prominent impact categories, are
the ones where the COCOLIH2T tank outperforms the baseline design. Based on
these normalized results and their alignment with global average emissions, it can
be concluded that the COCOLIH2T tank holds a relative environmental advantage
over the baseline configuration in the most critical impact areas.
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8.4 Component level contributions to the environmental impact

To identify the primary contributors to the overall environmental impact of the
tanks, a component-level analysis was conducted. Both the baseline and
COCOLIH2T tanks consist of two vessels, an inner and an outer vessel. For the
baseline tank, the inner vessel is manufactured using FW, involving two main
components, the mandrel and the vessel itself. In the case of the COCOLIH2T
tank, the inner vessel is produced using AFP, also involving a mandrel and the
vessel. Whereas, the outer vessel in both tanks is fabricated via a hand lay-up
process, utilizing a CF/Epoxy mold, and this mold is created using an MDF super-
mold. Therefore, the outer vessel involves three components, the MDF super-
mold, the CF/Epoxy mold, and the outer vessel itself.

To quantify each component’s overall contribution to environmental impact, the
percentage contribution of each component was first individually calculated for all
eighteen ReCiPe impact categories. Then, an overall average contribution is
obtained for that component by averaging across all the impact categories. This
procedure was applied to both the baseline and COCOLIH2T tank. A summary of
the method is provided in Table 5. While this method simplifies certain nuances,
it offers a representative understanding of component-level contributions. The
results thus obtained are presented in Figure 13.

Table 5 Representative table to showcase the methodology for calculating total percentage
contribution of individual components to overall environmental impact

Baseline Tank Manufacturing

Impact Categories Outer Vessel

Mandrel Vessel MDF Super-| CF/Epoxy Vessel
mold Mold
Fine particulate matter 6.18 13.74 23.36 38.59 18.13  Z(row) = 100
ormation
Fossil resource scarcity 2.36 16.23 14.95 45.13 21.33

Average contribution 2 (column)/18 X (column)/18 X (column)/18 X (column)/18 X (column)/18

Full data tables are omitted from the report for brevity. Though, there were a few
key insights gained from the results. As expected, contribution towards human
carcinogenic toxicity is overwhelmingly (greater than 90%) attributed to the
mandrel, primarily due to the high impact of steel production. For the category of
land use, over 90% of the impact arises from the MDF super-mold in both tanks,
as MDF production relies heavily on raw wood resources.

Figure 13 shows the average percentage contribution for each component in both
the baseline and COCOLIH2T tank. The most significant impact contributor is the
outer vessel manufacturing, accounting for 73.63% and 66.11% of the total
environmental burden for the baseline and COCOLIH2T tanks, respectively, in
their respective production. Within this category, the MDF super-mold and
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CF/Epoxy mold dominate, while the vessel material and manufacturing itself
contributes relatively little. It is important to note that this analysis considers only
the manufacturing stage at laboratory scale, i.e., the manufacturing of one tank.
In real-world production, the molds would be reused across multiple
manufacturing cycles, significantly reducing their per-unit contribution. This
aspect is addressed in the cradle-to-grave analysis presented below in sections
7.5 and 8.5.

Baseline Tank CoColLiH-T Tank

MDF Super-mold
27.28%

Mandrel
15.10%

Mandrel
12.59%

MDF Super-mold
28.04%

Figure 13 Total percentage contribution to the environmental impact from the production of each
component of the baseline and COCOLIH2T tanks

Another noteworthy observation is that the inner vessel contributes a higher
percentage to the total impact in the COCOLIH2T tank compared to the baseline.
As discussed earlier, although thermoplastics like CF/PAEK offer better
environmental performance than thermosets like CF/Epoxy, the increased impact
observed here can be attributed to the larger amount of material used for the
inner vessel in the COCOLIH2T tank. In addition, the inner vessel of the
COCOLIH2T tank is manufactured using AFP, which is significantly more energy-
intensive than FW, which is being reflected in the results. Finally, the higher
relative contribution may also be influenced by reduced impacts from other
components in the COCOLIH2T design, thereby increasing the proportional
contribution of the inner vessel.

8.5 Evaluation of mold or mandrel material choices

As observed in the previous section, the molds used in outer vessel manufacturing
contribute significantly to the overall environmental impact. Additionally, steel
used in the mandrels also showed a high impact particularly in the human
carcinogenic toxicity category. Given this impact, it becomes essential to explore
whether alternative mold or mandrel materials could reduce these environmental
burdens. This analysis evaluates environmental performance of MDF and

cocoLIAT Confidential

52



Life Cycle Evaluation Report V1.0
COCOLIH2T 30/01/2026

aluminium in comparison to steel. For MDF, a density of 700 kg/m? is assumed to
conduct the analysis. For aluminium, both cast aluminium and wrought aluminium
variants are included to reflect typical industrial options.

= MDF B Aluminium (Cast) B Aluminium (Wrought)

Water consumption
Terrestrial ecotoxicity

Terrestrial acidification

36.2
Stratospheric ozone depletion 18.0
Ozone formation, Terrestrial ecosystems 27.5
Ozone formation, Human health 28.0
Mineral resource scarcity 25.1
58.8
Marine eutrophication
Marine ecotoxicity 18.2
Land use 47.7
Ionizing radiation
Human non-carcinogenic toxicity
Human carcinogenic toxicity
Global warming 252
Freshwater eutrophication
Freshwater ecotoxicity 21.9
Fossil resource scarcity 23.2
Fine particulate matter formation 29.8

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Impact assessment score (Relative to Steel Production)

Figure 14 Environmental impacts of 1 kg of MDF, aluminium (cast), and aluminium (wrought)
relative to those of steel.

The impact assessment results, based on the modelling of 1 kg of each of the four
materials, are presented in the form of a bar chart in Figure 14 . The results are
shown relative to those of steel, thus, a value of '2’ indicates twice the emissions
compared to the production of 1 kg of steel. Horizontal axis of the bar chart is
truncated at the value of '15’, to highlight emissions closer to steel’s level, i.e.,
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value near to '1’. For the bars exceeding this range, the exact values are provided
to the right of the chart.

MDF and both types of aluminium show lower impacts than steel in the category
of human carcinogenic toxicity. However, aluminium exhibits extremely high
impacts in most categories. It is most notable in mineral resource scarcity, where
it can exceed steel’s impact by over 50 times in wrought form and over 25 times
in cast form. This makes aluminium an unsuitable alternative. One reason for
these significantly higher values compared to steel emissions is the production
method modelled for steel in the analysis. The steel production considered in this
study is based on the electric arc furnace process, which is more energy-efficient
and less carbon-intensive compared to the less efficient means to produce steel
using the basic oxygen furnace converter process.

Another important observation is the difference in environmental impact between
cast and wrought aluminium. Typically, wrought aluminium is expected to have a
higher footprint due to increased processing, but not double that of cast aluminium
as seen in these results. The difference would normally be minimal and mainly be
attributed to higher energy demand. Upon closer examination of the modelling, it
was found that the Ecoinvent database distinguishes cast and wrought aluminium
not by energy consumption during production or transformation of aluminium
ingots, but by the proportion of recycled scrap versus primary ingot material used.
For cast aluminium, approximately 75% is sourced from scrap (either new scrap
or post-consumer), with only 25% coming from primary ingots. In contrast,
wrought aluminium contains only about 40% scrap and 60% primary ingot, more
than double the share of primary aluminium compared to cast. This distinction
makes sense because wrought aluminium requires superior mechanical properties
and lower impurity tolerance, necessitating a higher proportion of new aluminium.
Since producing primary ingots from ore is an environmentally intensive process,
this explains why wrought aluminium has nearly double the environmental impact
compared to cast aluminium in most of the categories.

MDF offers some environmental advantages in a few additional categories, such
as freshwater ecotoxicity, ionizing radiation and marine ecotoxicity, but its
performance is inconsistent, and it carries significant burdens in categories such
as land use. Overall, despite its drawbacks, steel emerges as the most balanced
and environmentally favourable option among these four, when considering
performance across all eighteen ReCiPe impact categories.

8.6 Closure

The results for the environmental assessment of the production phase indicate
that between baseline and COCOLIH2T tank, there is no single environmentally
superior design which proves to be better across all impact categories. Though,
after normalizing the results to global per capita averages, three impact categories
human carcinogenic toxicity, marine ecotoxicity, and freshwater ecotoxicity,
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emerged as particularly relevant and were the top contributors for environmental
damage. In all three categories, the impact scores were substantially lower for the
COCOLIH2T tank. This suggested a notable environmental superiority of the
COCOLIH2T tank over the baseline tank design.

Importantly, the analysis also revealed that the major environmental burdens in
the tank manufacturing process do not stem from the vessel materials themselves,
but from the production of the mold, particularly those made from MDF and
CF/Epoxy. Comparing materials for their environmental impact indicated that
replacing CF/Epoxy with CF/PAEK (a thermoplastic) could yield significant
environmental benefits. Similarly, replacing the MDF mold with steel offers
advantages in most categories, although steel was found to have a higher impact
in human carcinogenic toxicity, marine ecotoxicity and freshwater ecotoxicity.
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9 Impact analysis — Cradle-to-grave

This section presents the results of the LCA conducted over the full life cycle of
the tanks, encompassing a cradle-to-grave system boundary. It provides key
insights into the environmental impacts of both tank configurations and impact of
EoL pathways on it.

9.1 Comparison of thermoplastics and thermoset

One of the major distinctions between the two tank designs is the use of
thermoplastic composites in the COCOLIH2T tank, which are expected to exhibit
a lower environmental impact than thermoset composites, primarily due to their
recyclability. In a previous chapter, a life cycle assessment of the production phase
was conducted for 1 kg each of thermoset (CF/Epoxy) and thermoplastic
(CF/PAEK) composites. That analysis showed that thermoplastic composites
performed better in 16 out of 18 impact categories, exhibiting a lower
environmental burden than their thermoset counterparts.

% Change
20 £ .

m EoL Scenario-1

EoL Scenario-2

10 |

Figure 15 Percentage change in the environmental impact when transitioning from thermoset
(CF/Epoxy) material to thermoplastic (CF/PAEK) material. (A negative value indicate lower
emissions in case of thermoplastics and vice-versa)

In the present study, the comparison is extended by including the EoL scenarios.
For modelling purposes, the production of 1 kg of prepreg is considered for both
thermoset and thermoplastic composites, followed by treatment of the same
amount as waste at EoL. The manufacturing of composite parts is intentionally
excluded to isolate the environmental impacts associated solely with the material
systems and avoid any effects from manufacturing process-specific variations.
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The results are presented as percentage changes relative to the CF/Epoxy and are
illustrated in Figure 15. Negative values indicate a reduction in environmental
impact when switching from thermoset to thermoplastic composites. For EoL
Scenario-1, i.e. landfilling, results obtained closely align with the results obtained
for the production phase (Figure 10). Since both materials are disposed of as
mixed plastic waste, their EoL emissions are identical. Consequently, the EoL stage
introduces only a constant offset to the production-related impacts, altering the
percentage change, but not the overall interpretation of the results.

In contrast, when recycling is considered (EoL Scenario-2), thermoplastic
composites outperform thermosets across all impact categories, with reductions
of at least 14% in all categories and exceeding 60% in a few of them. These
findings indicate that, for an equal mass, thermoplastic composites offer a
substantially lower environmental impact than thermoset composites, suggesting
the idea that CFRP industry can be benefitted by transitioning toward
thermoplastic-based systems.

9.2 Comparison of the tank designs based on the impact assessment

A comparative impact assessment across all eighteen environmental categories
for both EoL scenarios is presented in Figure 16. The results are expressed as the
percentage change in emissions when transitioning from the baseline tank to the
COCOLIH2T tank. Positive values indicate an increase in emissions, whereas
negative values indicate a reduction.

The results indicate that, except for the category of human carcinogenic toxicity
in EoL Scenario-2, all other cases exhibit a positive percentage change, implying
that the COCOLIH2T tank is associated with a higher life-cycle environmental
impacts compared to the baseline tank. At first glance, these findings appear to
contradict the results presented for the production-phase, where COCOLIH2T tank
performed better than the baseline tank for certain impact categories (Figure 11).

To recall, in the LCA study of the production phase, a laboratory-scale production
setup was assumed, in which all the emissions related to mandrel and mold
production were allocated towards the production of a single tank. In contrast, the
present analysis assumes commercial-scale manufacturing, where the
environmental burdens of mandrel and molds are distributed over 100 production
cycles. Consequently, while the results of the production-phase reflected the
additional material (e.g., MDF, steel, and CF/epoxy) consumption in case of
baseline tank for mandrel and mold fabrication, these contributions are no longer
as influential in the current assessment.

In the present analysis, the primary contributors of the environmental impacts are
inner and outer vessels of the tanks (as discussed further in Section 4.5).
Examination of life cycle inventory data reveals that the COCOLIH2T tank
consumes a significantly larger quantity of material (~1.6 times more in weight)
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for the inner vessel compared to the baseline tank. Moreover, the inner vessel of
the COCOLIH2T tank is manufactured using AFP, which is approximately 24 times
more energy-intensive (based on per kg of material fabricated) than filament
winding, the method employed for the manufacturing of inner vessel of baseline
tank. The combined effect of increased material usage and higher energy
consumption outweighs the environmental benefits associated with the use of
thermoplastics instead of thermosets, resulting in higher overall emissions for the
COCOLIH2T tank. Even for human carcinogenic toxicity, where COCOLIH2T tank
performs better under the EoL Scenario-2 assumption, the magnitude of this
reduction is small, with only 1.79% lower than the baseline tank.

% Change
50 « m EoL Scenario-1
A
® EoL Scenario-2
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Figure 16 Percentage change in the environmental impact when transitioning from baseline tank to
the COCOLIH2T tank, for both end-of-life strategies considered. (A positive value indicate higher
emissions in case of COCOLIH2T tank and vice-versa)

Importantly, this analysis highlights how sensitive LCA outcomes are to underlying
assumptions, emphasizing the need for careful scrutiny of such assumptions when
using LCA results to inform policy decisions or design optimization.

Focusing on the results of EoL Scenario-1 in Figure 11, the percentage change in
emissions when transitioning from the baseline tank to the COCOLIH2T tank is
always higher than the change observed for EoL Scenario-2. This indicates that
the COCOLIH2T tank performs substantially worse if all materials are landfilled at
the end of their life. Under incineration and recycling case (EoL Scenario-2), the
COCOLIH2T tank gains environmental credits arising from the recycling of
CF/PAEK and energy recovery from incineration of CF/Epoxy, which partially offset
the emissions. However, comparatively, the baseline tank does not benefit from
such recycling credits and hence, the difference between the two tanks is less
pronounced in the EoL Scenario-2.
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9.3 Comparison of the tank designs based on normalized impact score

A direct comparison of absolute impact assessment values offers limited insight
because impact categories differ substantially in units and scale. Consequently, it
is difficult to identify relatively significant environmental burdens without
normalizing the results based on a common basis. To address this, normalization
is applied to contextualise the results across categories. In this study,
normalization factors from the ReCiPe impact assessment method are used. These
factors represent annual global average emissions per capita for each impact
category, enabling meaningful cross-category comparisons.

Terrestrial ecotoxicity

Marine ecotoxicity

Human non-carcinogenic toxicity .
H Baseline Tank

Human carcinogenic toxicity ® CoCoLiH.T Tank
Freshwater ecotoxicity
Fossil resource scarcity
0 20 40 60 80 100 120

Normalised results (impact assessment)

Figure 17 Normalized environmental impact scores for the baseline and COCOLIH2T tank. Bars
represent the impact score for the EoL Scenario-2 (incineration and recycling), whereas error bars
represent the score for the EoL Scenerio-1 (landfilling). Only categories with impact score more
than 1 are included.

Figure 17 presents the normalized impact scores for the EoL Scenario-2, for both
the baseline tank and the COCOLIH2T tank. Only impact categories with
normalized scores greater than 1 are shown in the figure. Error bars represent the
impact scores for the EoL Scenario-1, thereby capturing the range of potential
emissions associated with different EoL strategies. Out of the eighteen, six impact
categories emerge as particularly influential: terrestrial ecotoxicity, marine
ecotoxicity, human non-carcinogenic toxicity, human carcinogenic toxicity,
freshwater ecotoxicity, and fossil resource scarcity. Notice from Figure 16, the first
five of these six categories exhibit lowest values (less than 7% change) for EoL
Scenario-2, indicating a relatively smaller difference in environmental impact of
both the tanks. The same can also be observed from Figure 17, where the
differences in normalized impact scores of both the tanks are relatively small, with
a maximum difference in the impact scores of 2.81 points, observed for marine
ecotoxicity. This suggests that under incineration and recycling EoL conditions,
both tank designs exhibit comparable environmental performance across the
dominant impact categories. Among these, the COCOLIH2T tank performs slightly
better in the category of human carcinogenic toxicity.
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However, when the focus shifts to the EoL Scenario-1, i.e., error bars presented
in the chart, the differences between the two tank designs become more
pronounced. In case of marine ecotoxicity, a difference of 23.04 points is observed
and in case of freshwater ecotoxicity the difference lies at 14.05 points. Even if
for remaining three categories the values are on the lower side, they are still
higher than the difference observed in case of EoL Scenario-2. These results once
again indicate that while the COCOLIH2T tank can achieve environmental impacts
comparable to the baseline tank under optimal EoL strategies, its performance
deteriorates significantly under landfill-dominated EoL scenarios.

Another interesting observation gained from the Figure 17 is that in case of the
baseline tank, the impact score is higher for EoL Scenerio-2 compared to Scenario-
1 in impact categories of terrestrial ecotoxicity and human carcinogenic toxicity,
highlighting that in some cases, landfilling can outperform the supposedly better
EoL strategy of incineration with energy recovery and recycling. This is further
discussed in detail in the next section.

Table 6 Largest and second-largest contributing flows towards the environment impact of the
most-influential impact categories

Impact . -
Categor Largest Contributor Second-largest Contributor
Terrestrial Copper, to air Vanadium, to air

ecotoxicity (smelting of copper) (electricity and heat generation

from oil, waste plastic
incineration)

Marine Copper, ion, to ground water Zinc, ion, to ground water
ecotoxicity (treatment of scrap copper, | (treatment of waste plastic,
treatment of waste plastic) treatment of spoil from hard

coal mining, treatment of spoil
from lignite mining)

Human non- Zinc, ion, to ground water Arsenic, ion, to ground water
carcinogenic (treatment of waste plastic, | (treatment of spoil from hard
toxicity treatment of spoil from hard | coal mining, treatment of spoil

coal mining, treatment of spoil | from lignite mining)
from lignite mining)

Human Chromium VI, to ground water | Chromium VI, to surface water
carcinogenic (treatment of electric arc | (treatment of electric arc
toxicity furnace slag, treatment of | furnace slag)
spoils from hard coal mining)
Freshwater Copper, ion, to ground water Zinc, ion, to ground water
ecotoxicity (treatment of scrap copper in | (treatment of waste plastic,
electricity transmission, | treatment of spoil from hard
treatment of waste plastic) coal mining, treatment of spoil
from lignite mining)
Fossil resource | Gas, natural, in ground Energy, from gas, natural
scarcity (gas and petroleum production) | (PAN fibre production)

A more detailed analysis of the contributions to these most influential impact
categories is presented in Table 6. The table reports the largest and second-largest
elementary flows (i.e., direct emissions or resource extractions from nature)
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contributing to each impact category, together with the processes primarily
responsible for these flows. Processes associated with copper are linked to
electricity transmission infrastructure, while those related to coal, lignite, or
natural gas correspond to energy production in the form of heat or electricity.

The results indicate that the dominant contributions can broadly be attributed to
four main groups: (i) production and treatment of copper, (ii) steel production via
electric arc furnace route, (iii) treatment of waste plastics, and (iv) conventional
energy generation using fossil fuels such as oil, coal, and gas. As copper and steel
are essential materials for electrical infrastructure and manufacturing,
respectively, mitigation options for processes related to these materials are
comparatively limited. In contrast, the latter two offer more direct opportunities
for impact reduction.

Impacts associated with energy generation could be significantly reduced by
replacing conventional fossil fuel based energy sources with renewable
alternatives, thereby lowering emissions across multiple impact categories.
Similarly, improvements in plastic waste treatment, particularly through the
development and scaling-up of effective recycling (or repurposing) technologies,
could reduce emissions associated with their landfilling and incineration. Overall,
the results highlight that transitioning to renewable energy systems and
enhancing plastic recycling represent promising pathways for reducing impacts in
the dominant impact categories identified in this study.

9.4 Comparison of the EoL strategies for their environmental performance

Previously, Figure 16 compared the environmental gains and losses associated
with transitioning from the baseline tank to the COCOLIH2T tank under a given
EoL strategy. In contrast, the present analysis reorganizes the same dataset to
evaluate how environmental impacts change for a given tank design when
transitioning from EoL Scenario-1 (landfilling) to EoL Scenario-2 (incineration with
energy recovery and recycling). This perspective provides additional insights
about the impacts EoL pathways have on the environment. It is important to note
that the manufacturing and use-phase remain identical in both EoL scenarios for
a given tank. Consequently, all observed differences arise exclusively from
changes in the EoL treatment.

Normalized scores are used to present the results instead of the percentage
change. Although, percentage changes in emissions can be a useful and
convenient metric for comparing scenarios, they may sometimes be misleading.
For instance, in the marine eutrophication category for the baseline tank,
emissions decrease from 0.32 kg N eq. in EoL Scenario-1 to 0.07 kg N eq.
(Nitrogen equivalent) in EoL Scenario-2, corresponding to a reduction exceeding
75%. While the relative change is numerically large, the absolute change remains
small when compared to the per capita global average (normalization factor) of
4.61, which is one order of magnitude higher. Thus, the environmental relevance
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of the result may be overstated when expressed solely as percentage. Therefore,
the discussion in this section is based on normalized scores. The impact categories
showing a difference greater than 102 units (0.01) between the impact scores of
both the EoL scenarios are examined here. For all other categories, the differences
are considered sufficiently small to assume that changing the EoL scenario does
not lead to any variation in environmental impact.

Terrestrial ecotoxicity %‘_‘ég <« = EoL Scenario-1

® EoL Scenario-2

0.07

Marine eutrophication
Marine ecotoxicity 81.02
Human non-carcinogenic toxicity
Human carcinogenic toxicity
Global warming

Freshwater eutrophication

Freshwater ecotoxicity

Fossil resource scarcity

0 10 20 30 40 50 60 70 8 90

Figure 18 Comparison of emissions associated with different EoL scenarios for baseline tank.
Results are presented as normalized scores, where, EolL Scenario-1 represents landfilling, and EoL
Scenario-2 represents incineration and recycling.

9.4.1 Baseline tank

The results obtained for the baseline tank, are showcased in Figure 18. Nine
impact categories out of eighteen showcased a difference of more than 102 units
between the impact scores of both the EoL scenarios. Out of these nine, three
categories, i.e., terrestrial ecotoxicity, human carcinogenic toxicity, and global
warming, exhibit higher emissions under EoL Scenario-2 (incineration and
recycling) compared to landfilling, which is a key and somewhat unexpected
observation. These categories are highlighted with a red arrow in the figure. These
categories, exhibit an increases of 8.33%, 5.50%, and 4.02%, respectively.
Though the change is modest, this finding demonstrates that a transition away
from landfilling is not universally beneficial across all impact categories.

Further investigation reveals that the increased impact in global warming in EoL
Scenario-2 is primarily driven by CO, emissions released during incineration of
waste plastic. In contrast, landfilling contributes to negligible amount of post-use
emissions to this category. A similar explanation applies to terrestrial ecotoxicity
and human carcinogenic toxicity, which show an increased impact in the
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incineration EoL pathway due to elevated emissions of vanadium and chromium
VI, respectively, emissions that are largely absent in the landfilling pathway.

Conversely, other six categories in Figure 18 showcase a benefit for going for the
EoL Scenario-2. Among these, marine ecotoxicity, freshwater ecotoxicity and
human non-carcinogenic toxicity showcase a noticeable jump of 9.20, 5.63 and
2.18 points respectively, in their normalized scores. This significant reduction in
the emissions provides meaningful support for incineration and recycling as an
environmentally favourable EoL option for the baseline tank.

Water consumption ' | 10-13 I 0.15
1] 10.14 -
i 0.14
Terrestrial ecotoxicity | [} 355 . — 56
T u EoL Scenario-1 2.79
Terrestrial acidification : | \33] ® EoL Scenario-2 027
Ozone formation, Terrestrial | | 1o 45 045
ecosystems 111039 0.39
Ozone formation, Human health ' '8%? (()).3338
: : - 1| 10.09
Marine eutrophication ;| iy, 0
lonizing radiation ! . 3).5696

Human non-carcinogenic :
toxicity i

. . L
Human carcinogenic toxicity |

ng | | 1033 055
Global warming | | 19’5 . 0.5
o] 10.81 0.81
Freshwater eutrophication P 1074 - 074
: o] i1.65 1.65
Fossil resource scarcity i | 1143 143
Fine particulate matter : io_l4 I 0.14
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Figure 19 Comparison of emissions associated with different EoL scenarios for COCOLIH2T tank.
Results are presented as normalized scores, where, EolL Scenario-1 represents landfilling, and EoL
Scenario-2 represents incineration and recycling.

9.4.2 COCOLIH2T tank

The results obtained for the COCOLIH2T tank, are presented in Figure 19. Fifteen
impact categories out of eighteen had a difference of more than 102 units between
the impact scores of both the EoL scenarios, highlighting a change in emissions
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upon changing the EoL scenario. In contrast to the baseline design, the
COCOLIH2T tank exhibits lower environmental impacts across all categories when
transitioning to EoL Scenario-2. Notably, the categories that showed increased
impacts for the baseline tank under incineration and recycling pathway do not
exhibit such increases for the COCOLIH2T tank. Although incineration-related
emissions are still present, they are more than compensated by the environmental
credits associated with the recycling of CF/PAEK composites. Recycling avoids the
production of virgin carbon fibre and PAEK, resulting in substantial avoided
burdens that outweigh emissions from the incineration processes.

Among the impact categories, marine ecotoxicity, freshwater ecotoxicity and
human non-carcinogenic toxicity once again show the largest reductions, with
decreases of 29.43, 18.21 and 4.24 points in their normalized scores, respectively.
These reductions are substantially greater than those observed for the baseline
tank. Although both EoL scenarios contribute notably towards emissions, the
differential treatment of waste plastic is a primary driver of the observed
differences here. As shown in Table 6, waste plastic treatment is one of the main
contributors to emissions across all three categories. In EoL Scenario-2 for
COCOLIH2T tank, as plastic waste from the inner vessel is being recycled, there
are no emissions associated with it for these impact categories, which leads to the
reduction in emissions compared to EoL Scenario-1.

Overall, across the tank designs and EoL scenarios, recycling emerges as the most
environmentally favourable EoL pathway, which aligns with expectations for a
composite-intensive systems. However, the results also demonstrate that
incineration with energy recovery is not universally superior to landfilling across
all impact categories. Consequently, the optimal EoL route is context-dependent
and should be determined based on regional conditions, temporal factors, and the
impact categories deemed most critical, acknowledging that different pathways
perform better across different environmental dimensions.

9.5 Contribution of individual tank component towards the environmental
impact

As discussed earlier, each tank system consists of five components: the steel
mandrel, inner vessel, MDF super-mold, CF/Epoxy mold, and outer vessel. This
section examines the relative contribution of each component to the overall
environmental impact in order to identify the dominant contributors. Because the
mandrel and molds are reused over hundred tank production cycles, their
environmental burdens per tank are substantially diluted. Consequently, their
contributions are negligible relative to those of the inner and outer vessels. For
clarity and relevance, the MDF super-mold and CF/Epoxy mold are therefore
combined into a single category (*mold”), as their individual contributions are too
small (even less than 1% of total impact in many categories) to yield meaningful
insights when treated separately.
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9.5.1 Baseline tank

For the baseline tank, the percentage contribution of the four considered
components (inner vessel, outer vessel, mandrel, and mold) is broadly consistent
across both EoL scenarios. On average, approximately 40% of the total impact
originates from the inner vessel, about 53% from the outer vessel, and the
remaining ~7% from the mandrel and mold combined, with the mold contributing
more than the mandrel. Higher contributions of outer vessel here can be attributed
to its higher weight. For most impact categories, this average distribution is
representative, with only minor variations of less than £ 5% in the relative
contributions of the inner and outer vessels. The exact values obtained for average
contributions across all categories and EoL scenarios are presented in Figure 20.
The figure also highlights the percentage contribution from the material usage and
from the manufacturing, for both inner and outer vessel. It can be observed that
the contribution from the energy consumption during manufacturing is rather
negligible and material (thermoset) consumption is the major contributor of the
emissions.

Baseline Tank CoCoLiH-T Tank
= Mandrel Material = 37.17%
Material = 51.37% \ » Inner Vessel rManufacturing = 1.40%
Manufacturing = 1.92% - Mold 2.56%

= Outer Vessel
. 0

|
\ 38.57%

e 2.05%

.L 2.91%
3.44%/

Material = 39.45%
Manufacturing = 0.92%

Material = 36.53%
Manufacturing = 20.28%

Figure 20 Average percentage contributions of each tank component towards environmental
impact
Another interesting observation from the results was that the mandrel and mold
contribute disproportionately towards human carcinogenic toxicity and land use,
respectively. Their contribution pattern differ noticeably from the average values,
as illustrated in Figure 21.

In the case of human carcinogenic toxicity, the mandrel emerges as the dominant
contributor, accounting for approximately 45% of the total impact in both EoL
scenarios. This contribution is primarily attributed to the landfilling of slag
generated during steel production via the electric arc furnace route. Conversely,
in the land use category, the mold is though not biggest, but an eminent
contributor, responsible for approximately 23% of the total impact in both EoL
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scenarios. This result is driven by land occupation associated with forestry
activities for wood production used to manufacture MDF. In this category, the
mandrel contribution is negligible and effectively invisible in the contribution
breakdown. Importantly, the relative distribution across components remains
similar between the two EolL scenarios, indicating that these effects are driven
mainly by material production rather than EoL treatment.

Human Carcinogenic Toxicity
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100 |
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ﬂ:\
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~
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®Mandrel ®Inner Vessel ®Mold Outer Vessel
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EoL-1 EoL-2 EoL-1 EoL-2

B Mandrel ®Inner Vessel = Mold Outer Vessel

Figure 21 Comparison of contribution of each component of the tank towards the emissions related
to (a) human carcinogenic toxicity and (b) land use

9.5.2 COCOLIH2T tank

For the COCOLIH2T tank, on average, the combined contribution of the mandrel
and mold remains below 5% across both EoL scenarios (Figure 20), consistent
with the trends observed for the baseline tank. However, the distribution between
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the inner and outer vessels differs substantially and contrarily, in this case, the
inner vessel is found to be the dominant contributor to environmental impacts.

Under EoL Scenario-1, the inner vessel accounts for approximately 59% of total
emissions, while the outer vessel contributes about 36%. Under EoL Scenario-2,
the contribution of the inner vessel decreases slightly to ~54%, with a
corresponding increase in the outer vessel contribution to ~41%. Average
contributions across all categories and EoL scenarios for the tank are presented in
Figure 20. As with the baseline tank, most impact categories show deviations of
no more than £5% from these average values. As shown in the figure, higher
contribution of the inner vessel here can be attributed to the high energy
consumption during AFP manufacturing, which contributed more than 20% of total
emissions on average. Even when the inner vessel of the COCOLIH2T tank is
approximately 1.6 times heavier than that of baseline tank, their relative
contribution towards the total environmental impact of each tank is rather similar,
when contributions only from the material usage are being considered. This
highlights the benefits of using thermoplastics in the design, which is able to offset
the increased impacts associated with the extra material consumption.

Once again, as shown in Figure 21, human carcinogenic toxicity and land use stand
out as exceptions. For the same reasons discussed earlier, the mandrel contributes
disproportionately to the former category, while the mold contributes significantly
to the latter, despite their impacts being distributed over multiple production
cycles. This consistency across tank designs reinforces the conclusion that these
impact categories are strongly influenced by the production of the mandrel and
the mold, rather than by tank architecture or EoL strategy.

9.6 Closure

The cradle-to-grave analysis of both tank designs indicates that the COCOLIH2T
tank exhibits higher environmental burdens than the baseline tank in general.
Under the EoL scenario of incineration and recycling, the performance gap
between the two designs is narrower compared to when landfilling is considered
as EoL pathway. However, the COCOLIH2T tank still shows higher impacts in
nearly all categories, with one exception.

Normalization using global per-capita averages highlights that for the most
influential impact categories, the normalized impact scores of the two tanks are
comparable under the incineration and recycling EoL scenario, suggesting that the
COCOLIH2T tank could achieve equivalent environmental performance to the
baseline desigh when supported by improved EoL strategies.
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10 Conclusions and Discussion

The life cycle assessment study for the COCOLIH2T project provides a
comprehensive comparison between a novel conformal thermoplastic liquid
hydrogen tank and a conventional cylindrical thermoset baseline tank. Evaluated
across eighteen environmental impact categories and two distinct end-of-life (EoL)
scenarios, the study highlights critical trade-offs between design innovation and
environmental sustainability.

At a material level, thermoplastic composites demonstrate a clear environmental
advantage over traditional thermoset systems, particularly when recycling is
employed for the thermoplastics. However, despite the benefits of the material
system, the current cradle-to-grave analysis reveals that the COCOLIH2T tank
exhibits a higher overall environmental footprint than the baseline tank in almost
all categories. This outcome is primarily driven by two factors, (i) increased mass
requirement of the conformal inner vessel, approximately 1.6 times heavier than
the baseline to compensate for less favourable stress distributions, and (ii) the
high energy intensity of Automated Fibre Placement (AFP) manufacturing, which
is approximately 24 times more energy-demanding per kilogram of material than
the filament winding process used for the baseline vessel.

Considering the different EoL scenarios, under Scenario-2 (incineration and
recycling), the environmental credits gained from recycling the CF/PAEK inner
vessel significantly narrow the performance gap between the two tanks.
Normalization of results against global per capita averages reveals that the most
influential impact categories show a comparable performance between the two
tank designs when a EoL strategy of incineration and recycling is utilised.
Moreover, the critical analysis of these categories highlighted that the use of
renewable energy resources as well as developing better tools for plastic recycling
can further enhance the sustainability of the hydrogen storage system.

The study also underscores how modelling assumptions can significantly influence
LCA results. In laboratory-scale assessments where impacts related to mandrel
and molds are attributed to a single unit, the COCOLIH2T tank appears superior
in several categories. However, in an industrial-scale production where impacts of
mandrel and molds are distributed over 100 cycles, the environmental burden
shifts almost entirely to the vessels themselves.

In conclusion, while challenges remain, the COCOLIH2T tank demonstrates long-
term circularity potential and provides a viable pathway for sustainable liquid
hydrogen storage in future aircraft.
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