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A B S T R A C T

One of the major challenges of Life Cycle Assessment is in the generation of life cycle inventories for complex or 
novel materials. This paper aims at broadening the perspective in Life Cycle Assessment methodology, exploiting 
multiscale modelling towards the generation of inventory data during an early-stage product design. Our 
approach involves the usage of molecular modelling techniques, such as electronic, atomistic or mesoscale 
models, in combination with continuum models, such as process simulation or finite element methods, to provide 
data for the generation of life cycle inventories of nanostructured materials. In particular, each simulation is 
performed at a specific length and time scale through specific software, passing information from the lower to the 
upper scale. We applied our procedure to a comparative Life Cycle Assessment among suitable materials for the 
production of a set of cylinder head cover of a marine engine, i.e., aluminium alloys and nano-engineered 
thermoplastic polymers. Engineering judgment, Ashby charts and maritime regulations led the initial identifi
cation of suitable materials. As a result, polyamide 6,6 reinforced with 30% wt. glass fibers and mixed with 
phosphate-based flame retardants have been identified as promising candidate for the replacement of aluminium 
traditional covers. Nonetheless, we introduced nanoclays, i.e., exfoliated montmorillonite, as a replacement for a 
quota of conventional flame retardant, aiming at reducing the usage of pollutant chemicals. We then resorted to 
atomistic and finite-element techniques to investigate the compliance of nanocomposite materials with several 
Key Performance Indicators. The nanocomposite formulations obtained from simulations have been finally 
employed as input data for life cycle inventories of material alternatives. Using a Life Cycle Assessment approach, 
we could identify the most environmental-friendly nanocomposite formulation, which was then compared with 
traditional aluminium through an additional comparative cradle-to-grave study. Among the suitable nano
composite formulations, the material with the minimum amount of traditional flame retardant exhibited the 
lowest scores among the majority of Environmental Footprint impact categories. To account for the entire 
lifetime of the marine engine, a set of four nanocomposite covers has been compared with a set of three 
aluminium covers made by two different metal alloys. Four recycling scenarios for aluminium covers have been 
examined, assuming an incremental number of end-of-use products reintroduced into a circular life cycle, while 
nanocomposite ones were disposed into landfill. In turn, if the aluminium products are insufficiently recycled, 
our results promote the usage of nano-engineered polymer products. As the amount of reused metal covers in
creases, indeed, polymer-based covers become unfavorable with respect to aluminium cast alloy products. 

Abbreviations: CC-T, Climate Change Total; EF, Environmental Footprint; EQ-EF, Ecosystem Quality - Eutrophication Freshwater; EQ-EM, Ecosystem Quality - 
Eutrophication Marine; EQ-ET, Ecosystem Quality - Eutrophication Terrestrial; EQ-FE, Ecosystem Quality - Freshwater Ecotoxicity; EQ-FTA, Ecosystem Quality - 
Freshwater and Terrestrial Acidification; FE, Finite Element; FR, Flame Retardant; FTP, Fire Test Procedure; GF, Glass Fibers; GLO, Global; HH-CE, Human Health - 
Carcinogenic Effects; HH-IR, Human Health - Ionizing Radiation; HH-NCE, Human Health - Non-Carcinogenic Effects; HH-OD, Human Health - Ozone Layer 
Depletion; HH-PCOC, Human Health - Photochemical Ozone Creation; HH-RE, Human Health - Respiratory Effects; KPIs, Key Performance Indicators; LCA, Life Cycle 
Assessment; LCI, Life Cycle Inventory; LCIA, Life Cycle Impact Analysis; MCI, Material Circularity Indicator; MD, Molecular Dynamics; microFEM, Micro-Finite 
Element Modelling; MMT, Montmorillonite; NETP, Nano-engineered thermoplastic polymers; ODAM, 1-octadecylamine; PA66, Polyamide 6,6; PAM, 1-pentylamine; 
RER, European regionalization; RD-F, Resources Depletion – Fossil Fuels; RD-L, Resource Depletion - Land Use; RD-M, Resource Depletion - Minerals and Metals; RD- 
W, Resources Depletion - Dissipated Water; RVE, Representative Volume Element; TPP, Triphenyl phosphate. 

* Corresponding author.
E-mail address: amio@units.it (A. Mio).  

1

mailto:amio@units.it


Sustainable Materials and Technologies 29 (2021) e00327

2

Accordingly, an increasing amount of post-consumer aluminium diminishes the need of primary metal, yielding 
considerable advantages in terms of environmental footprint. Consequently, stakeholders should commit in 
recycling metal components not only at ship dismantling, but also during ordinary maintenance. Our study 
showed how multiscale molecular modelling proved to be useful for providing necessary inventory data for 
complex nanostructured materials. This preliminary study paves the way for future development of the proposed 
framework, in which in-silico techniques based on distinct paradigms can mutually contribute towards an 
improvement of products ecodesign.   

1. Introduction

Life Cycle Assessment (LCA) is a well-established methodology
dedicated to the estimation of environmental impacts induced by 
manufacturing, usage and disposal of products, as well as by natural or 
artificial systems related to human activities. The LCA regulatory 
framework and its assessments requirements are described by the 
Standard Organization (ISO) 14,040 and 14,044 guidelines [62,63]. The 
methodology is based on material and energy balances of the overall life 
cycle of the product, including extraction of raw materials, 
manufacturing, distribution, use phase, recycling, final disposal and 
transportations between life cycle stages [18]. The outcomes of life cycle 
studies are expressed through several impact categories aiming at esti
mating the full range of ecological impacts associated with the product 
system to each environmental compartment. The LCA framework, as 
extensively discussed on a series of publications [52,57], involves the 
implementation of four phases. The first is the “Goal and Scope”, where 
practitioners shall specify the aim of their study, the intended readers, 
the functional unit, the system boundaries, the quality of data source, 
and the assumptions and limitations of their approach. This is followed 
by “Life Cycle Inventory” (LCI) analysis, where the practitioners collect 
the mass and energy balances of the product system under investigation. 
The inventory data are then employed within the “Life Cycle Impact 
Assessment” (LCIA) step, which relates them to specific environmental 
burdens through well-established emission factors. Finally, the “Inter
pretation” phase explains the results obtained by previous steps by 
discretional using of sensitivity and uncertainty analyses. 

The issues and challenges related to LCA procedure have been 
described by Reap et al. [55,56], shedding light on the unsettled 
methodology aspects which still require an acknowledged harmoniza
tion among the scientific community. Among the others, collecting data 
for life cycle inventory is usually a demanding task for practitioners. 
While the usage of accurate primary data is preferred, it is a common 
practice to rely on acknowledged databases, e.g., ecoinvent [73] or Gabi 
[51], when case-specific information is missing. It is widely known how 
data quality affects significantly LCA results, in terms of uncertainty and 
completeness of information [49,72]. Therefore, gaining accurate life 
cycle inventories of raw materials and manufacturing processes plays an 
essential role in LCA studies. 

Despite the available databases embed a wide range of information, 
there is still a lack of data regarding novel materials or peculiar 
manufacturing processes. In case of missing information, ISO guidelines 
suggest the usage of proxy data, which is the inventory of a similar 
material or technology. The similarity between the two systems de
termines the accuracy of the data employed. Alternatively, molecular 
structure-based models [12,74] or artificial neural networks [14,35,75] 
have been employed to identify shortcuts and patterns between database 
information and impact assessment results. With the aim to limit the 
inaccuracy of the proxy data, numerous in-silico modelling techniques 
have been applied to estimate LCI of products. So far, innovative 
methodologies for generating raw materials inventories include process 
modelling [6,29,43,48,80], dedicated frameworks [40] and heuristics 
[34,79]. 

In combination with previous modelling techniques, the multiscale 
molecular modelling approach provides a complete set of material 
properties, comprising mechanical, thermal, electrical, magnetic and 

toxicological properties [26]. By definition, multiscale molecular 
modelling involves the development of computational models at 
different length and time scales, which are often unrelated in their 
theoretical background. The set-up of the overall framework can be 
based on two distinct approaches. The former is defined as sequential 
approach, which involves the modelling of independent systems with 
some sort of parametric linking between them. The latter is based on a 
concurrent approach, in which several models run simultaneously, 
occupying different spatial regions of the simulation environment (also 
referred to as model coupling). Multiscale molecular modelling allows to 
capture all the phenomena at each scale, transferring the necessary in
formation to the upper scale until the macroscopic system is reached 
[38]. 

The macroscopic scale is where methods and tools familiar to in
dustrial engineers are used for the design of complex materials, such as 
process simulations or finite-element models. However, there is a 
broader perspective available for the investigation of novel materials, i. 
e., the life cycle perspective. Different models commonly used in the 
multiscale modelling hierarchy are shown in Fig. 1. The reader will 
notice the introduction of the Life Cycle Assessment technique on the top 
right corner of Fig. 1, where the characteristic time of the model scales to 
months/years and the characteristic length becomes kilometers. 

The simulation models typical of the multiscale approach are now 
briefly described:  

• Electronic models (10− 10- 10− 9 m and 10− 12 s): these models deal with
quantum-mechanical interactions between nuclei and electrons.
They provide information about, e.g., conductive/dielectric or opti
cal properties using electronic band structure, activation energies
and chemical reaction coefficients, properties of atomic defects and
dopants through thermodynamic stability and kinetic elementary
processes, magnetic anisotropy, diffusion coefficient, and more.

• Atomistic models (10− 10- 10− 7 m and 10− 12- 10− 6 s): the models
belonging to atomistic category represent atoms explicitly or,
sometimes, assembled into small groups referred to as beads or
pseudo atoms. The interactions among them are calculated using
potential energy estimation based on well-established force fields.
Each force field is suitable for peculiar systems and is generally based
on two classes of interactions: (i) bonded interactions including
bond-length (stretching) potential, bond-angle (bending) potential,
torsion (twisting) potential and cross-terms, and (ii) non-bonded
interactions generally dealing with Coulomb interactions and
dispersion forces. Results available from atomistic models include
constitutive equation parameters, molecular trajectories, stiffness
and mechanical properties, packing, surface and interface energies,
and heat and mass transfer data.

• Mesoscopic models (10− 9- 10− 1 m and 10− 6- 101 s): in these models,
molecular details are implicitly acknowledged by a field-based
description or a particle-based description. This allows to repro
duce phenomena on length and time scales restricted to classical
atomistic approaches, such as system morphology, domain formation
and growth kinetics, thermal stability, rheological and magnetic
behavior. In case of need, density distribution of beads at mesoscopic
scale may be mapped in a 1:1 fashion towards a microFEM simula
tion. This allows to calculate physical and mechanical properties
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using an approach commonly employed by continuum models. These 
properties can be finally transferred to the next scale up.  

• Engineering design models (10− 3- 101 m and 101–103 s): these models 
assume a continuous distribution of material within the simulated 
volume, reason why they belong to the so-called continuum models. 
Since constitutive laws hold true at these time and length extents, the 
behavior of the physical system is no longer influenced by atomic 
and molecular structures. This allows to obtain information on ma
terials with peculiar shape (using Finite Element Method – FEM), or 
to deal with substances considering their macroscopic thermody
namic properties (using Process Simulation). Examples of typical 
properties obtained from these models are heat and mass transport 
coefficients, chemical reaction kinetics and macroscopic structural 
and mechanical information. 

The relationships among models at different scales are shown in 
Fig. 2. The information provided by each model can be either used as 
input for models at higher scales or stored as-is in a database, along with 
literature or experimental data. There are plenty of software packages 
available at each modelling scale. Among many others, notable exam
ples include Gaussian, VASP, SIESTA and Quantum Espresso for elec
tronic models; GROMOS, Amber and NAMD for atomistic models; 
Materials/Discovery Studio, GROMACS and LAMMPS for both atomistic 
and mesoscopic models; ABAQUS and Digimat for microFEM and FEM 
simulations; Aspen Plus, Aspen HYSYS, SuperPro Designer, PRO/II, 
gPROMS and CHEMCAD for Process Simulation; SimaPro, GaBi, 
openLCA and umberto for Life Cycle Assessment. 

It is not strictly necessary to hierarchically follow every step from 
electronic models to LCA. The procedure may start at any scale, may 
stop before LCA and even neglect some steps if not required. The choice 
of the steps involved in the procedure is system-dependent. 

The aim of this paper is showing how LCA perfectly fits within 
multiscale molecular modelling, providing the widest perspective on the 
material performances. Our investigation is based on the usage of 
various molecular modelling techniques for providing detailed in
ventory of a nanostructured material. The inventory data are then used 
to perform a comparative LCA for a material replacement in the mari
time industry. It is necessary to resort to multiscale modelling tech
niques due to the complexity of the nanostructured materials to be 
designed in this project. Very few applications of the multiscale 
approach in support of LCA studies can be retrieved in scientific litera
ture. Sengupta et al. [60] employed a multiscale approach to investigate 

plant facilities in details, aiming at avoiding inaccurate allocations 
among multi-purpose production plants. The proposed framework 
focused on production processes and assigned inputs and outputs to 
specific product flows, increasing the depth of the analysis stepwise. 
Nevertheless, this multiscale approach provides an increasing accuracy 
of the production process details, not on the product itself, which is, in 
turn, the principal aim of our approach. The definition of system 
boundaries is another application where a multiscale approach sup
ported LCA studies [28,31]. These publications deal with the integration 
of economy, value chain and production process within the modelling 
framework, using input-output models and optimization techniques for 
assessing the environmental impact of products. As previously 
mentioned, the novelty of our multiscale approach resides on the focus 
on the product itself, providing a detailed description of its character
istics and LCI through the usage of in-silico models at different scales. It is 
worth to mention here that in our approach a precise quantification of 
the uncertainty on the molecular simulation data is missing. The authors 
are aware that simulation uncertainty could affect the sensitivity of the 
LCA, although a favorable comparison with available experimental data 
has been performed. Given the objective complexity in quantifying un
certainty in molecular simulations, in particular for atomistic models, 
the authors reserve to refine this aspect in future works. 

Our ecodesign study reveals useful for maritime industry, where LCA 
is still seldom employed. For a greener maritime sector, both navigation 
and shipbuilding activities need to be assessed, being the latter a well- 
known issue [39]. The key concepts of green shipbuilding are repre
sented by the so-called triple R’s: Reducing materials and energy con
sumption and pollutant emissions during ship construction; Recycling 
almost all parts in ship maintenance; and Reusing most of the materials 
at the ships end-of-life. In particular, the main purpose of green 
manufacturing is reducing material wastages and selecting innovative 
and more sustainable materials. In this circular perspective, the con
struction materials should be environmentally harmless, recyclable, 
easy to process, and require a low energy consumption [30,76]. Given 
these factors, metal replacement emerges as a promising practice to
wards green shipbuilding and the engine cylinder head cover reveals as a 
suitable candidate for preliminary studies. This cover is a non-structural 
component with the purpose of protecting mechanical tappets and in
jectors from external dust and containing any oil losses from the valve 
mechanisms. Even though the cylinder head cover is subjected to tem
peratures suitable for the use of plastic materials, ship classification 
societies require stricter heat resistance properties for materials in 

Fig. 1. Multiscale molecular modelling scheme. The axes report an approximate range of characteristic time and length scales covered by specific modelling 
techniques. Overlapping areas allow information exchange between models, which is usually needed for parameterization of higher scale simulations or for gaining a 
detailed resolution of selected portions of bigger systems. 
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engine rooms. In particular, the UL 94 V-0 or V-1 classifications [65] is 
required in order to guarantee the fire resistance of the component and 
not to compromise normal and emergency operations. 

The paper is organized as follows: Section 2 deals with the definition 
of materials under investigation and presents the techniques employed 
for estimation of LCI. Section 3 shows the results of Life Cycle Impact 
Assessment and carries on a critically discuss of the outcomes. Conclu
sive assertions on the study are reported in Section 4. 

2. Materials and methods 

2.1. Goal and scope 

The aim of this study is to evaluate the replacement of a portion of an 
aluminium cover for a marine engine with a novel material, i.e. a nano- 
engineered thermoplastic polymer (NETP). The most used composites 
for structural marine applications are thermosetting-based materials 
[71], but their cost is still relatively high to justify an intensive use for 
non-structural components. In comparison with metal alloys, advanced 
NETPs benefit of lower specific weights (due to their lower volumetric 
mass density), easier and cheaper manufacturing technologies [66,71] 
and a wide variety of possible combination of materials with a broad 
range of mechanical and thermal properties [5,7,41]. 

A preliminary study has been performed aiming at defining the Key 
Performance Indicators (KPIs) of the novel material. The required per
formances can be summarized by the following specifications: “The 
cover must be light, fire-resistant, high-temperature resistant and it must 
support the weight of a standing person while the engine underneath is 
in operation. Furthermore, it should be economical and may provide 
good thermal insulation”. Although common polymers satisfy light
weight and affordability constraints, they do not guarantee enough 
mechanical and fire resistance performance. The former can be obtained 
through the inclusion of reinforcements, e.g., glass fibers (GF), which 
provide the required mechanical strength. The latter can be achieved 
through the blending with flame retardant and/or the dispersion of a 
sufficient amount of nanofiller within the matrix, e.g., exfoliated mont
morillonite (MMT). These inclusions may increase the fire resistance 
above the regulation limit, which ought to be verified through specific 
tests according to the Fire Test Procedure (FTP) code [33] and to the 
provisions of the UL-94 flammability standard for plastic materials 
(Underwriters Laboratories [65]). 

2.1.1. Material selection through Ashby model 
A preliminary investigation of suitable thermoplastic polymers has 

been performed via literature review [11,42,59] in combination with 
Ashby method [1] employed via Granta CES Selector software materials 
database [13]. Two aluminium alloys, with similar mechanical proper
ties (yield strength σY ~ 260 MPa, elastic modulus E ~ 70 GPa), have 
been chosen as reference materials: AA6082-T6 (wrought alloy) and 
AA354-T6 (cast alloy). Among the commercially available thermoplastic 
polymers, we excluded a priori all those with melting point <200 ◦C and 
inadequate mechanical properties below 80 ◦C, thus narrowing the list 
only to polyamides (PA), polycarbonates (PC), polyethylene tere
phthalate (PET), polytetrafluoroethylene (PTFE), polyimide (PI), poly
ether ketone (PEK) and polyether ether ketone (PEEK). This shortlist of 
potential candidates is shown in Fig. 3, where the (density/ yield 
strength) vs (price) graph is shown. Ideally, the best materials are at the 
bottom left corner of the graph (low density, high yield strength and low 
price). 

The materials below a straight line drawn parallel to the x-axis and 
passing through the reference (aluminium alloys) have an equal or 
better performance index than the traditional material. Only several of 
the unreinforced polymers (PI, PEK, PEEK) and 30% glass fibers rein
forced polymers (PA, PC) are close or below this line. Nevertheless, PI, 
PEK and PEEK are very far right and thus they represent costly options. 
None of the materials shown in the graph are cheaper than the 
aluminium alloys. On the other hand, 30% glass fibers reinforced PA 6,6 
represents a suitable candidate for metal replacement, as it shares an 
equivalent position with aluminium alloys on the performance axis and 
have a comparable price. 

All these polymers exhibit lower densities with respect to that of 
aluminium alloys. The yield strength values are satisfactory only for 
PEK, PEEK and PI (40–50% of aluminium alloy σy). The σy of PTFE is 
very low (20 MPa), while those of PA, PET and PC are around 40–50 
MPa (15–25% of the aluminium alloy σy). Nevertheless, mechanical 
performances can be enhanced without rising significantly processing 
costs by the addition of short glass fibers. Concerning non-flammability, 
only PTFE, PI, PEK and PEEK fulfil the requirements without the need of 
flame-retardants. PA and PC are ranked as “slow horizontal burning”: 
they can withstand non-flammability properties with the addition of 
appropriate flame-retardants. PET is highly flammable and is not suit
able for this application. As far as costs are concerned, PA, PET and PC 
lie in the same range of aluminium alloys (2–5 €/kg), while PTFE and PI 
(10–30 €/kg), PEK and PEEK (70–80 €/kg) are much more expensive. 

As a result from previous analysis, polyamide 6,6 reinforced with 
30% wt. short glass fibers (PA66 30% GF) has been selected as the best 
compromise between strength-to-density ratio and price. After adding 
appropriate flame-retardants, this compound is able to guarantee all the 

Fig. 2. Relationship among models suitable at different scales. Models can exchange information with each other or can feed data and structures to a database. On 
the right-hand side several available software for modelling at various scales are shown. 
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requirements with reasonable cost and suitable weight. PA are exten
sively used in injection moulded and extruded parts for engineering 
applications, thanks to their good mechanical properties [19,47] and 
can successfully be reinforced by short glass fibers and other inorganic 
additives [41,59]. 

To comply with non-flammability requirements, flame-retardants 
(FR) need to be blended with the matrix. Nano-sized montmorillonites 
(MMT) or “nanoclays” can be considered as a valid alternative to 
traditional FR. Nanoclays are defined as layered silicates with at least 
one dimension in the nanometer range intercalated by organic chains 
[8,50]. They are commonly used as fillers to improve many materials 
properties [27,46]. As the interfacial area between the polymer matrix 
and the nano-sized dispersed particles dramatically increase due to 
higher degree of exfoliation [15], these nanocomposites enhance both 
their mechanical and flame-retardant properties with respect to con
ventional composites [78]. 

2.1.2. Functional unit, impact categories and limitations 
The lifetime of the marine engine is expected to be 30 years. How

ever, the covers are not expected to guarantee the fulfilment of KPIs for 
the whole lifespan of the engine and they need to be replaced several 
times. Materials performances over the KPIs decay faster for NETP due 
to degradation and creeping of PA. Therefore, it is necessary to account 
for the production of a set of 4 NETP covers and a set of 3 aluminium 
covers in order to ensure the fulfilment of KPIs during the whole engine 
lifetime [10]. Accordingly, the functional unit has been defined as: 
“Production, use and disposal of a set of non-flammable or self- 
extinguishing covers, i.e. at least V-0 or V-1 according to UL-94 regu
lation, whose flexural elastic limit must be greater than 0.4 MPa at 110 
◦C. The covers need to provide satisfactory performances during the 
whole lifetime of the marine engine”. The cover elastic limit guarantees 
the support of a standing person with the engine in operation. The major 
limitation of our study is the lack of primary data on the mechanical and 
fire-resistance characteristics of each nanocomposite formulations. 
However, we developed a multiscale molecular modelling framework to 
compensate for the absence of experimental data. Moreover, due to the 
scarce information regarding the disposal of the covers, we assumed 
several end-of-life scenarios to account for different recycling ratios for 
aluminium, enforcing a cradle-to-grave perspective. 

The LCIA phase is based on the Environmental Footprint (EF) LCIA 
midpoint methodology, formerly known as ILCD [25]. EF has been 

chosen by the European Commission as the reference methodology for 
performing LCA studies within the initiative Single Market for Green 
Products [23]. This methodology embeds impact categories dealing with 
every environmental compartment and various harmful effects: (i) 
climate change with biogenic, fossil, land use/change and total (CC-T) 
perspectives; (ii) ecosystem quality which includes freshwater and 
terrestrial acidification (EQ-FTA), freshwater ecotoxicity (EQ-FE), 
eutrophication marine (EQ-EM), freshwater (EQ-EF) and terrestrial (EQ- 
ET); (iii) human health with regard to carcinogenic (HH-CE) or non- 
carcinogenic effects (HH-NCE), ionizing radiation (HH-IR), ozone 
layer depletion (HH-OD), photochemical ozone creation (HH-PCOC), 
respiratory effects (HH-RE); (iv) resources depletion in terms of dissi
pated water (RD-W), fossil fuels (RD-F), minerals and metals (RD-M) and 
land use (RD-L). 

2.2. Life cycle inventory of aluminium cover 

This life cycle inventory deals with the production of the covers in 
Europe based on ecoinvent v3.7 [73]. The calculations have been per
formed using of openLCA 1.10.1. 

The description of aluminium life cycle is reported in detail in the 
Environmental Profile Report of Aluminium published by the European 
Aluminium Association [21]. 

The production processes, transports and end-of-life treatments are 
specific for the European scenario. Global contributions have been 
acknowledged for raw materials import and in case of lack of European- 
specific data. 

A previous study reports a weight of 22.7 kg for the replaceable 
portion of the aluminium cover [10]. The aluminium cover under 
investigation is traditionally made of cast alloy and shaped through a die 
casting process. Raw aluminium is a blending of primary aluminium and 
recovered metal from re-melted scraps coming from manufacturing 
processes or post-consumer products. It represents the average 
aluminium market for cast alloy ingots in Europe. The die casting 
operation consists of the outpour of molten aluminium from the 
blending furnace to a ladle which then inject the material into the 
dedicated mould for final shaping of the product. The primary liquid 
aluminium, originally used as raw material, has been replaced by the 
market mix of aluminium. This required the introduction of a melting 
process for the post-consumer and the process scraps. Furthermore, 
aiming at providing an exhaustive panorama, an additional alloy 

Fig. 3. Ashby chart of suitable polymer-based materials. The ones located under the red dashed line provide comparable performances with aluminium.  
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(wrought alloy) and metal working have been included in the study, 
embedding all the process steps related to semi-fabrication. At last, the 
semi-finished product is subjected to a final processing for finishing 
before entering the market. The system boundaries of the cradle-to- 
grave life cycle of an aluminium cover (both cast and wrought alloys) 
is reported below (Fig. 4). 

After the use and the collection phases, each recycled product is 
refined or remelted depending on the alloy employed (cast or wrought, 
respectively) enforcing the typical recycling practice of metal industry. 
In case recycling is not yet in place, covers are treated as they were 
disposed in landfill. 

2.3. Life cycle inventory of Nano Engineered Thermoplastic Polymer 
(NETP) cover 

As previously stated, this life cycle inventory deals with the pro
duction of the covers in Europe based on ecoinvent v3.7 [73] and it has 
been implemented within openLCA 1.10.1. 

Resulting from KPIs evaluation, polyamide 6,6 (PA66) has been 
recognized as the most appropriate polymer for composite material 
matrix. However, since the mechanical properties of polyamide 6,6 were 
not satisfactory, the matrix required the inclusion of 30% wt. short glass 
fibers (GF). As previously stated, a critical task to deal with was the 
flame resistance of the matrix, which needed to be enhanced adding 
flame retardants. Phosphorus-based flame retardants, e.g., triphenyl 
phosphate (TPP), are commonly used up to 20% wt. within polymer 
matrices [68]. Nevertheless, it is very likely that a massive usage of 
phosphate components worsens the environmental footprint of the final 
product, particularly concerning eutrophication impact category. 
Therefore, we conceived the substitution of a quota of traditional flame 
retardant with less pollutant exfoliated montmorillonite (MMT). As a 
potential drawback, MMT has been treated with aliphatic amine in order 
to improve the exfoliation and dispersion of the clay platelet within the 
polymer matrix. In our study, two different amines have been employed 
as compatibilizer, a long chain amine (1-octadecylamine - ODAM) and a 
short chain amine (1-pentylamine - PAM). On top of acting as flame 
retardant, the MMT platelets can greatly reinforce the mechanical 
properties of the polymer matrix, particularly in terms of elastic module. 
Indeed, the large surface area of MMT and the role of the compatibilizer 
contribute to a good exfoliation and a strong interaction between 
nanoclays and polymer matrix, yielding to an increase in mechanical 
properties [64]. The various combinations of flame retardants (FR1–4) 
within the matrices considered in our work are reported in Table 1. 

The life cycle inventories of the NETP constitutive materials have 

been calculated using both secondary and proxy data, adapted to our 
case study. Life cycle inventory of nylon 66 is based on the ecoinvent 
process specific for nylon 66 market in Europe. Emissions of nylon 66 at 
landfill are based on the total degradation of the material modelled 
using the excel template “Calculation Tool for waste disposal in 
Municipal Solid Waste Incinerators MSWI” available at ecoinvent web
site [32]. After a market survey for various sources of nylon 66, an 
average water adsorbed content within the matrix has been assumed as 
2.5% [9,54,67]. The metal trace content is based on the work of Sungur 
and Gülmez [61], who analyzed the metal content of common polymeric 
fibers. In order to keep a conservative approach, the maximum content 
detected for each metal in polyamide has been chosen as the reference 
value in our study. 

Life cycle inventory of glass fibers is based on a dedicated ecoinvent 
process. Transports have been included based on eurostat transport 
statistics for railway, inland waterways and road freight transport of 
goods for the NST 2007 category “GT09 - Other non-metallic mineral 
products” in the year 2016 for all countries for which data was available 
(Eurostat). End-of-life disposal is based on the specific ecoinvent process 
dedicated to the treatment of waste glass in an unsanitary landfill of dry 
infiltration class. 

Life cycle inventory of triphenyl phosphate is based on the ecoinvent 
process which describes its production and distribution inside the Eu
ropean market. End-of-life emissions are based on the total oxidation of 
the substance during landfilling. 

Life cycle inventory for montmorillonite is based on the available 
raw material bentonite, which is a clay mostly constituted by three 
layers montmorillonite [37]. The ecoinvent reference process for 
bentonite production in Germany is used. Transports within European 
Union have been added following Eurostat transport statistics for rail
way, inland waterways and road freight transport of goods for the NST 
2007 category “GT09 - Other non-metallic mineral products” (Eurostat). 
This process is followed by a milling operation aiming at reducing the 

Fig. 4. Aluminium life cycle. Each color has been assigned to similar life cycle stages. Violet: raw materials extraction; Blue: Manufacturing processes; Yellow: 
transports; Red: Use phase; Green: End-of-Life treatments. 

Table 1 
Composite matrices formulations developed in this study. TPP: Triphenyl 
phosphate MMT: exfoliated montmorillonite; PAM: 1-pentylamine; ODAM: 1- 
octadecylamine PA66: Nylon 66. The values reported are % wt.   

FR1 FR2 FR3 FR4 

TPP 20 12 12 10 
MMT + PAM  4 6  
MMT + ODAM    5 
PA66 80 84 82 85  
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size of bentonite to nanometric scale: this process increases the ratio 
between particle surface and volume, enhancing fire resistance prop
erties [4,53]. For its similarity with bentonite, milling operation is based 
on the ecoinvent process for the milling of lime in Switzerland. This 
process is followed by packing operation and transports, which have 
been calculated using the aforementioned Europe transport statistics. 

Life cycle inventory of 1-pentylamine was not available in ecoinvent, 
therefore the process related to the production of propyl amine has been 
taken as a reference for similarity. The production of propyl amine fol
lows the same path of the production of pentyl amine, both starting from 
an alcohol reacting with ammonia over a suitable catalyst, as reported in 
Ullmann’s Encyclopedia of Industrial Chemistry [58]. Therefore, in the 
ecoinvent reference process for the production of propyl amine in 
Europe, 1-propanol has been replaced with 1-pentanol coming from 
ecoinvent European market. Material balance has been modified ac
cording to stoichiometric ratios and reaction yields. End-of-life emis
sions from degradation have been calculated following the ecoinvent 
v3.0 guidelines recommendation [44]. Final transport has been included 
following Eurostat transport statistics for railway, inland waterways and 
road freight transport of goods for the NST 2007 category “GT08 - 
Chemicals, chemical products, and man-made fibers; rubber and plastic 
products; nuclear fuel” in the year 2016 for all countries for which data 
was available [24]. 

Since life cycle inventory of 1-octadecylamine was missing from 
ecoinvent database, the production process had to be modelled using 
proxy data. The starting raw material is a fatty carboxylic acid, i.e. 
stearic acid, which comes from the ecoinvent process located in Europe. 

The carboxylic acid is converted to the related fatty alcohol through 
a catalytic hydrogenation process [2]. A similar process for the con
version of fatty acid to dodecanol via catalytic hydrogenation is avail
able within ecoinvent database and it has been adopted as a proxy for 
stearyl alcohol production. Material balance have been adjusted in order 
to take into account stoichiometric ratios and yields. Emissions have 
been predicted following ecoinvent 3.0 recommendations [44] and 
transports have been included using European transport statistics [24]. 

Octadecylamine is finally produced via amination of the stearyl 
alcohol obtained following the pathway just mentioned. The mass bal
ances of the ecoinvent reference process for production of propyl amine 
have been adjusted considering stoichiometric ratios and reaction yield 
for octadecylamine. Emissions and transports have been subsequently 
included using the same criteria as before. 

The life cycle inventories of the mixing process for the production of 
the modified exfoliated montmorillonite (with both PAM and ODAM) 
have been optimized in a real production plant in collaboration with the 
nanoparticles manufacturer [36], obtaining primary mass and energy 
balances for the final production of nanoparticles. The inclusion of 
transports followed the procedure described above for MMT. The 
emission related to the disposal into unsanitary landfill of exfoliated 
MMT contemplate the release of clay and the total oxidation of aliphatic 
amines. 

The final product is compounded through the extrusion of the ma
terials followed by an injection moulding process, which have been 
based on the available ecoinvent processes for plastics. We assumed an 
adequate similarity between the available operations and the real pro
duction processes. After the use phase, a landfill disposal scenario of 
NETP covers has been modelled in a cradle-to-grave perspective. The 
cover has been conceived to be fire resistant, hence its disposal into a 
waste-to-energy plant is not convenient. The unsanitary dry infiltration 
class landfill has been chosen as it appears as a fair compromise between 
an open dump and a sanitary landfill. The landfill supposed scenario 
guarantees a more conservative approach, if compared to a waste-to- 
energy alternative treatment. In fact, our assumptions neglected any 
emission credit from an energetic recovery of the nanocomposite 
material. 

Our investigation embodied 3 different NETP formulations, each one 
characterized by a specific combination of flame retardant and MMT 

dispersant (Table 2). Cover 1 and 2 have been included as reference- 
based materials, as the former do not provide the required fire resis
tance, while the latter does not include MMT nanoparticles. 

The schemes of the cradle-to-grave life cycle of the NETP covers are 
reported in Fig. 5. 

2.3.1. Mechanical properties verification 
We used multiscale molecular modelling techniques for estimating 

critical properties of the polymer-nanoclay-GF nanocomposite. Our 
procedure started at the atomistic scale, where we created a system 
composed by multiple layers of exfoliated MMT platelets surrounded by 
compatibilizer and polymer. Our purpose was to estimate the effects of 
the interface on the mechanical properties of the overall material 
(Fig. 6a). We used molecular dynamics (MD) to estimate the elastic 
modulus of the polymer-clay nanocomposite by applying external ten
sile stresses along the axis orthogonal with respect to the platelet sur
face. We then averaged the results for different degrees of platelet 
exfoliations, following the procedure described by Xu et al. [77]. The 
function describing elastic modulus of PA66 with temperature has been 
taken from Vlasved’s work [69]. The modelling results, which are 
confirmed by experiments on similar systems [3], display an enhance
ment factor (Ematrix/Epolymer) of about 50% of the elastic modulus for an 
inclusion of 4% wt. of MMT, i.e., from 3.1 GPa to 4.7 GPa. The material’s 
formulation with the lowest amount of MMT complies with the me
chanical resistance KPI. Consequently, since the material’s elastic 
modulus increases proportionally with the amount of MMT, the con
formity of nanocomposites with higher MMT contents is guaranteed. 
Accordingly, the following simulation steps have been performed for the 
material with minimum MMT inclusion only (i.e., 4% MMT wt.). The 
results of the atomistic simulations have been transferred to a higher 
simulation scale, namely the microFEM, where we used Digimat-FE 
(Fig. 6b). It is a finite element-based homogenization module of Dig
imat [17] able to generate a realistic Representative Volume Element 
(RVE) of a large variety of material microstructures. The useful infor
mation obtained from MD for the matrix with 4% wt. MMT are the 
material characteristics in terms of density, Poisson’s ratio and elastic 
modulus. We employed this data to investigate the influence of the GF 
aspect ratio, which have been added as short fibers. Simulations were 
executed at 110 ◦C, which is the compulsory working temperature of the 
material. Our results exhibit a realistic elastic modulus of 3.2 GPa for a 
GF aspect ratio of 10, which is in good agreement with experimental 
values [16]. Finally, we used our previous results to execute further 
analysis on the finite element (FE) model developed by Bertagna et al. 
[10] as shown in Fig. 6c. Our aim was to verify the mechanical resistance 
of the shaped material under the specific stress scenario of an average 
person standing on the cover. Therefore, the model was tested under the 
application of a static load consisting in a vertical load equal to 2000 N 
(representing the load of a person applied on the cover lid) and two 
vertical loads, each equal to 6000 N (representing the tightening loads 
applied on the two bushings of the cover lid). The model mesh was based 

Table 2 
Overall composite material formulations developed in this study. PA66: nylon 
66, GF: Glass Fibers; TPP: Triphenyl phosphate MMT: exfoliated montmoril
lonite; PAM: 1-pentylamine; ODAM: 1-octadecylamine. The values reported are 
% wt.  

# 1 2 3 4 5 

ID PA66GF PA66GF- 
FR1 

PA66GF- 
FR2 

PA66GF- 
FR3 

PA66GF- 
FR4 

PA66 70 56 58.8 57.4 59.5 
GF 30 30 30 30 30 
TPP  14 8.4 8.4 7 
MMT +

PAM   
2.8 4.2  

MMT +
ODAM     

3.5  
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on an unstructured grid involving tetrahedral solid elements and was 
refined in nearness of geometry and curvature changes. The maximum 
local thickness of the model was set as the maximum size of the mesh 
elements. The entire cover model was fully fixed at the base by con
straining all the degrees of freedom. Furthermore, contact bonds were 
applied to all the surfaces in order to avoid sliding and separation be
tween faces. The results of the FE simulation were evaluated in terms of 
total deformation, maximum stress and strain, and the values resulted to 
be far lower than the threshold limits. Thanks to our in-silico outcomes, 
we defined the weight of 11.7 kg for the NETP replacing cover. Input file 
of Digimat SW used in this work is included in Appendix A. 

2.3.2. Thermal properties verification 
The flame resistance properties have been tested experimentally, 

using a sample of PA66GF-FR4 obtained by melt compounding 85% of 
Denyl-66 (a Vamptech product composed by 70% PA 66 with 30% GFs, 
% wt.) with exfoliated MMT (5%) and phosphate-based FR (10%) [16]. 
This formulation embeds the minimum amount of traditional FR among 
the available materials and represents the most critical NETP from a 
flame resistance viewpoint. Exfoliated MMT were obtained from high- 
grade bentonite (98% purity) functionalized with 1-octadecylamine to 
enhance the degree of exfoliation and favor the proper dispersion of the 
platelets inside the hosting polymeric matrix. The experimental tests 
revealed the material compliance to UL94-V1 class, i.e. a self- 

Fig. 5. Comprehensive flowsheet for the description of life cycle stages of the various formulations under investigation. Each material follows dedicated branches 
related to constitutive raw materials: PA66GF: 1,2,7,8; PA66GF-FR1: 1,2,3,7,8,9; PA66GF-FR2: 1,2,3,4,5,7,8,9,10; PA66GF-FR3: 1,2,3,4,5,7,8,9,10; PA66GF- 
FR4: 1,2,3,5,6,7,8,9,11. 

Fig. 6. Material appearance at the various scales from atomistic model (a), to microFEM (b) to the finite element (FEM) representation (c).  
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extinguishing material without dropping flammable material, which 
provided the necessary evidence for flammability resistance KPI. 

3. Results and discussion 

Our first task was identifying the most sustainable formulation 
among the available NETP. The chosen material was then used for the 
manufacturing of 4 head covers, which were involved in a comparative 
study with 3 aluminium head cover produced by different 
manufacturing processes, i.e. casting and rolling. It is worth underlining 
that, albeit the number of NETP covers is greater than aluminium ones 
(4 versus 3, respectively), the weight of total material involved is higher 
for aluminium (68.1 kg) than NETP (35.1 kg): this contributes to worsen 
the aluminium impact assessment performance. Another drawback 
related to heavier aluminium products is the need for cranes to lift and 
handle the covers, which causes an additional life cycle impact that has 
not been accounted in this study. Several end-of-life scenarios for the 
aluminium covers have been evaluated, focusing on the sensitivity of the 
results in relation with the amount of aluminium covers reintroduced in 
a circular recycling loop. 

3.1. Identification of the optimal NETP 

The comparison among NETP has been performed considering a 
single cylinder head cover made of 11.7 kg of nanocomposite material. 
The results are reported in Table B.1 of Appendix B, while Fig. 7 shows 
the relative performance normalized to the maximum value for each 
impact category via a radar plot. 

Worst performances are gained by the formulations with greater 
values for each impact category. Since none of the formulations per
formed best in every impact category, a compromise has to be identified 
in order to choose the most sustainable alternative. The material without 
flame retardants (PA66GF) has been included as a reference, since it is 
not compliant with maritime usage regulations. It is evident how the 
introduction of traditional phosphate-based flame retardant (PA66GF- 
FR1) worsens the material performance in terms of freshwater eutro
phication (EQ-EF), human health (HH-CE, HH-NCE, HH-IR, HH-OD) and 
resource depletion (RD-L, RD-M). On the other hand, it improves the 
results with regard to marine eutrophication EQ-EM (due to the lower 
usage of nitrogen-based polyamide) and water consumption (RD-W). 
Aiming at reducing the impacts induced by traditional flame retardants, 
a quota of TPP has been replaced with exfoliated MMT as previously 
reported in Table 1, looking for a trade-off between benefits and 
drawbacks. The three NETP covers impacts are generally in between the 
ones related to the maximum (PA66GF-FR1) and minimum (PA66GF) 

amount of phosphate-based flame retardants. Their values are compa
rable in most categories, meaning that the compatibilizer used for 
exfoliation (PAM or ODAM) does not affect substantially the final impact 
assessment, as the mass involved appears negligible. Indeed, it is the 
amount of traditional FR that mostly influences the performance of each 
formulation, particularly regarding freshwater eutrophication (which is 
minimum for the material with lowest amount of FR). Since the differ
ences among NETP on the other impact categories look negligible, 
PA66GF-FR4 has been elected as the most environmental-friendly 
formulation and it has been compared with traditional aluminium al
loys in order to highlight the advantages and drawbacks of material 
substitution. 

3.2. Comparison between NETP and aluminium covers 

The comparison among 4 covers made of PA66GF-FR4 and 3 covers 
made of cast or wrought alloys (as specified in the functional unit 
description) is presented in this section. 

Since the amount of recovered aluminium is based on secondary 
data, we performed a sensitivity analysis considering different amount 
of metal recovered, while the conservative scenario of NETP landfilling 
is kept fixed. Four different scenarios have been implemented, each one 
representing different recycling practice for aluminium covers. The LCIA 
results are reported in Tables B.2–5 of Appendix B and are strongly 
influenced by the amount of aluminium recovered. The end-of-life im
pacts allocation for metal products follows the substitution method [22]. 
It means that if the inherent metallic properties are maintained, the 
emission related to the incoming portion of recycled aluminium can be 
neglected, since only the metal loss during the complete life cycle of the 
product must be taken into account. Furthermore, the incoming recycled 
aluminium have to be handled with the same methods used for treating 
recycled metal leaving the system. 

In order to implement this approach, while accounting for ecoinvent 
market mix for each alloy, raw database processes have been used for a 
non-recycling scenario only. In this first scenario, primary metal share of 
raw materials (which is around 26% and 70% for cast and wrought al
loys, respectively) is kept fixed and considered landfilled at the end-of- 
life of the covers. This scenario is represented by Fig. 8,a) where the 
contribution of primary metal content to impact categories reveals 
crucial. In fact, the set of covers made of wrought alloy scores the highest 
values for the majority of impacts, due to the massive usage of primary 
metal. As predictable, NETP covers set appears as the more 
environmental-friendly solution overall, despite it reveals detrimental 
for water consumption (RD-W) and for eutrophication (EQ-EF,EM) due 
to the nitrogen and phosphorous emissions related to decomposition of 

Fig. 7. Comparison among different NETP products. Each category has been normalized to 100, meaning that the formulation with highest impact scores 100 and 
resides on the border of the polygon. Other formulations scale their values in relation to the maximum on each category. 
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polyamide and traditional flame retardants. Quite unexpectedly, the 
depletion of metals and minerals (RD-M) category is far higher for cast 
aluminium than for wrought one, even if the recycled content of the 
former is much greater. A further investigation revealed that the treat
ment of aluminium scraps includes a zinc usage, whose extraction pro
vided the major contribution to this impact category. 

So far, the end-of-life of aluminium covers did not foresee a rein
troduction into the circular economy of metal. However, decreasing the 
usage of primary aluminium is fundamental for the reduction of impacts 
related to shipbuilding and manufacturing. In this perspective, we 
developed a series of scenarios where aluminium covers recycling pro
cess has been implemented. As prescribed by the substitution method, 
we reduced the amount of primary aluminium related to the 
manufacturing of products, introducing a higher amount of recycled 
aluminium. 

We employed an established circularity indicator to account for the 
increasing amount of recycled aluminium for both cast and wrought 
aluminium alloys in the different end-of-life scenarios considered. The 
Material Circularity Indicator (MCI) [20] accounts for the input of vir
gin/recycled raw materials, the utility during use phase, the destination 
after use and the efficiency for recycling. The MCI takes values between 

0 and 1 where higher values indicate a higher circularity. The MCI 
values calculated for each end-of-life scenario are reported in Table 3. 
The MCI value for no recycled covers equals the secondary aluminium 
value for ecoinvent market mix for the specific alloy. The MCI values 
calculated for completely recovered covers scenarios are different than 1 
due to metal losses during recovery treatment or manufacturing of the 
products. 

Environmental burdens have been allocated according to the 
polluter-pays-principle, which assigns the manufacturing emissions to 

Fig. 8. Comparison among PA66GF-FR4, cast alloy and wrought alloy products. Each category has been normalized to 100, meaning that the material with highest 
impact scores 100 and resides on the border of the polygon. Other materials scale their values in relation to the maximum on each category. a) none of the aluminium 
cover is reintroduced into the life cycle of aluminium (MCI: Cast = 0.739; Wrought = 0.304) b) one out of the three aluminium covers is reintroduced into the life 
cycle of aluminium (MCI: Cast = 0.800; Wrought = 0.496) c) two out of the three aluminium covers are reintroduced into the life cycle of aluminium (MCI: Cast =
0.886; Wrought = 0.716) d) The aluminium covers are completely reintroduced into the metal supply chain (MCI: Cast = 0.97; Wrought = 0.929). 

Table 3 
Calculated MCI values for different end-of-life scenarios for aluminium covers.  

Material Recycled Covers MCI 

Al - Cast Alloy 0/3 0.739 
1/3 0.800 
2/3 0.886 
3/3 0.970 

Al - Wrought Alloy 0/3 0.304 
1/3 0.496 
2/3 0.716 
3/3 0.929  
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the process that the generate them at first instance [45]. The decrease of 
primary aluminium has been performed stepwise, implementing the 
recovery of each of the three covers incrementally. The primary 
aluminium savings have been converted into post-consumer scraps 
contributions, aiming at including the same amount of material for each 
scenario. This procedure should provide an indication of the minimum 
quota of recycled covers that promotes the substitution of traditional 
covers, as well as the minimum value of MCI that guarantees an 
advantage in terms of environmental performance. 

The results of each scenario are reported in the radar plots of Fig. 8, 
b),c),d). 

The recovery of a single cover impacts poorly (Fig. 8,b)) if compared 
to the no-recycling scenario, as the different materials hold roughly the 
same positions among the majority of impact categories. 

With a further increase of the recycled amount, several impact cat
egories turn favorable for aluminium, as shown in Fig. 8,c). Eutrophi
cation (both freshwater and marine, i.e. EQ-EF, EM) decreases decisively 
for aluminium covers and while wrought alloy covers still score higher 
impact in most of the impact categories, cast alloy covers become the 
best choice for several impact categories, e.g., climate change (CC-T), 
acidification (EQ-FTA), depletion of fossil sources (RD-F) and photo
chemical ozone creation (HH-PCOC). 

The last scenario foresees a complete recovery of covers material. In 
this case, the introduction of primary metal is not required for 
manufacturing a novel product, since the available metal in the market 
satisfies the manufacturing needs. The related radar plot is reported in 
Fig. 8,d) which exhibits impressive differences when compared to the 
other scenarios. The covers made of NETP appear as the worst solution 
for the majority of ecosystem quality impact categories (EQ-FTA, EF, 
EM, ET), human health impact categories (HH-PCOC, RE), resource 
depletion categories (RD-W,F) and climate change (CC-T). Besides that, 
cast alloy covers set appears as the best choice thanks to the rather 
satisfactory results in comparison with wrought alloy one. Indeed, the 
latter gains better results regarding freshwater ecotoxicity (EQ-FE), 
human health carcinogenetic effects (HH-CE) and metal resource 
depletion (RD-M), while the former provides lower impacts among all 
the other environmental categories. 

It clearly appears how the number of aluminium covers reintroduced 
into the circular life cycle of the metal reveals as the main criterion for 
assessing whether a substitution with NETP covers generates lower 
environmental impacts. Sure enough, in the event that one or less out of 
the three aluminium products are recovered (e.g., during dismantling of 
the ship), the best performances in terms of environmental impact 
assessment are exhibited by the NETP covers among the majority of 
impact categories. As the number of recovered aluminium covers in
creases to two, the metal cylinder head covers become progressively the 
greener choice, providing a lower effect on each natural compartment. 
This evidence is confirmed when primary aluminium is completely 
neglected in favor of post-consumer scraps, meaning that the aluminium 
already distributed in the global market is able to fulfil the metal needs 
for novel products. In this virtuous scenario, promoted by the green 
shipbuilding approach, the cast aluminium alloy reveals as the most 
environmental-friendly material among the greater number of impact 
categories. This result is mainly driven by the available ecoinvent data 
regarding the addition of different alloying metals to the aluminium 
scrap during recycling treatment, such as zinc for cast alloy and copper 
for wrought aluminium products. Since the lack of primary data is the 
major limitation of this study, stakeholders should apply caution and 
take into account primary data availability and specific alloy composi
tions. Taking the ecoinvent market mix for granted, eutrophication 
impact categories suffer the presence of a considerable amount of ni
trogen and phosphorus within the polymer matrix and the flame retar
dant, exhibiting a higher value for NETP product system. However, as a 
result from this investigation, NETP covers set achieves higher 

performances in terms of diminishing environmental impact in com
parison with aluminium covers set, when an efficient recycling scenario 
for aluminium is not yet in place. 

4. Conclusions 

The aim of our study is showing the potential application of in-silico 
techniques for generating life cycle inventories. The integration of life 
cycle assessment within the multiscale molecular modelling framework 
provided a novelty with a twofold contribution: i) we broaden the ho
rizons of multiscale molecular modelling including the widest possible 
perspective, and ii) we employed an innovative methodology for future 
life cycle assessment applications. The presented methodology reveals 
extremely valuable for advanced and innovative materials requiring an 
evaluation in terms of environmental footprint. This peculiar applica
tion has been validated through the development of a case study, 
focusing on a material replacement in the maritime sector. We first 
generated a polymer (nylon 66) filled with nanoparticles (exfoliated 
montmorillonite) using atomistic simulations. We then transferred the 
results to micro-FEM, where we created the composite material under 
investigation (NETP). Specifically, we assigned the material properties 
obtained from the atomistic simulations to the composite matrix, while 
as fillers we used short glass fibers randomly dispersed in the matrix. 
After calculating the mechanical properties of the desired formulation, 
we performed a FEM analysis to ensure the fulfilment of a mechanical 
resistance KPI. The amount of the substances (nylon 66, glass fibers, 
montmorillonite, exfoliating agents, traditional flame retardant) used 
for NETP manufacturing and gained through the aforementioned in-sil
ico techniques have been implemented within life cycle assessment 
procedure for generating the inventories of materials under investiga
tion. We then performed a life cycle assessment of several nano
structured materials, identifying the most environmental-friendly NETP. 
Finally, we compared the selected NETP with traditional materials 
(aluminium alloys) under various disposal scenarios. The procedure 
applied in this work is rather general and can be applied to complex 
nanostructured polymer systems, enabling the practitioner to estimate 
out-of-market formulations in case of particular needs. Future devel
opment will deal with the generation of interconnected models typical of 
each simulation scale, starting from the smallest one up to the Life Cycle 
Assessment perspective. 
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Appendix A 

########################################## 
MATERIALname = Glass 
type = elastic 
density = 2.540000000000000e-09 
elastic_model = isotropic 
Young = 7.200000000000000e+04 
Poisson = 2.200000000000000e-01 
thermal_expansion = 5.000000000000000e-06 
reference_temperature = 2.300000000000000e+01 
########################################## 
MATERIALname = MMT 
type = elastic 
density = 2.830000000000000e-09 
elastic_model = isotropic 
Young = 2.700000000000000e+05 
Poisson = 2.000000000000000e-01 
thermal_expansion = 2.000000000000000e-04 
reference_temperature = 2.300000000000000e+01 
########################################## 
MATERIALname = PA66 
type = elastic 
density = 1.140000000000000e-09 
elastic_model = isotropic 
Young = 3.128000000000000e+03 
Poisson = 4.000000000000000e-01 
Young_dependence = PA66,temperature 
thermal_expansion = 9.000000000000001e-05 
reference_temperature = 2.300000000000000e+01 
thermal_expansion_dependence = CTE-Temp,temperature 
########################################## 
MATERIALname = PA66GFMMT 
type = elastic 
density = 1.393770000000000e-09 
elastic_model = isotropic 
Young = 6.621000000000000e+03 
Poisson = 3.475330000000000e-01 
Young_dependence = NETP,temperature 
thermal_expansion = 6.870000000000000e-05 
reference_temperature = 2.300000000000000e+01 
########################################## 
MATERIALname = PA66_4MMT 
type = elastic 
density = 1.167900000000000e-09 
elastic_model = isotropic 
Young = 4.693250529000000e+03 
Poisson = 3.922556670000000e-01 
Young_dependence = PA66,temperature 
thermal_expansion = 9.480000000000000e-05 
reference_temperature = 2.300000000000000e+01 
thermal_expansion_dependence = CTE-Temp,temperature 
########################################## 
PHASE 
name = Matrix 
type = matrix 
mass_fraction = 7.000000000000000e-01 
material = PA66_4MMT 
########################################## 
PHASE 
name = GF 
type = inclusion_fe 
mass_fraction = 3.000000000000000e-01 
material = Glass 
inclusion_shape = cylinder 
aspect_ratio = 1.500000000000000e+01 
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phase_definition = by_size_and_ar 
inclusion_size = 2.000000000000000e+01 
size_distribution = fixed 
orientation = random_3D 
coated = no 
interface_behavior = perfectly_bonded 
clustering = no 
allow_size_reduction = yes 
max_nb_size_reduction = 5 
size_division_factor = 1.250000000000000e+00 
track_percolation_onset = no 
stop_at_percolation = no 
check_final_percolation = no 
no_tie_on_fiber_tips = no 
########################################## 
MICROSTRUCTURE 
name = Microstructure1 
phase = Matrix 
phase = GF 
########################################## 
LOADING 
name = Mechanical 
type = strain 
boundary_conditions = periodic 
custom_bc = no 
load = uniaxial_1 
initial_strain = 0.000000000000000e+00 
peak_strain = 3.000000000000000e-02 
history = monotonic 
quasi_static = on 
theta_load = 9.000000000000000e+01 
phi_load = 0.000000000000000e+00 
required_components = E1_ 
########################################## 
LOADING 
name = Temperature 
type = temperature 
initial_temperature = 0.000000000000000e+00 
peak_temperature = 0.000000000000000e+00 
history = user_defined 
history_temperature = Temperatura 
history_temperature_value = relative 
########################################## 
RVE 
type = classical 
microstructure = Microstructure1 
########################################## 
MESH 
mesh_type = non_conforming 
automatic_mesh_sizing = off 
use_full_integration_elements = off 
voxel_size_definition = by_number 
voxel_nb_x1 = 75 
voxel_nb_x2 = 75 
voxel_nb_x3 = 75 
########################################## 
ANALYSISFE 
name = Thermo383 
type = thermo_mechanical 
loading_name = Mechanical,Temperature 
final_time = 1.000000000000000e+00 
max_time_inc = 1.000000000000000e-01 
min_time_inc = 1.000000000000000e-02 
finite_strain = on 
initial_time_inc = 1.000000000000000e-01 
max_number_increment = 20 
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rve_size_definition = user_defined 
rve_dimension = 3d 
size_rve = 5.000000000000000e+01 
periodic = yes 
generation_sequence = proportional 
generate_matrix = no 
track_global_percolation_onset = no 
stop_at_global_percolation = no 
check_final_global_percolation = no 
random_seed_type = automatic 
random_seed = 1648491961 
fe_solver = DigimatFESolver 
default_timestepping = yes 
nb_cpus = 1 
segment_to_segment_contact = yes 
fe_iterative_solver_tolerance = 1.000000000000000e-08 
fe_field_output_frequency = 1 
########################################## 
FUNCTION 
name = CTE-Temp 
type = piecewise_linear 
point = 2.300000e+01,1.000000e+00 
point = 7.000000e+01,2.000000e+00 
point = 1.200000e+02,2.100000e+00 
########################################## 
FUNCTION 
name = NETP 
type = piecewise_linear 
point = 2.000000e+01,1.000000e+00 
point = 5.000000e+01,7.540984e-01 
point = 6.500000e+01,6.065574e-01 
point = 8.000000e+01,5.901639e-01 
point = 1.100000e+02,5.081967e-01 
########################################## 
FUNCTION 
name = PA66 
type = piecewise_linear 
point = 2.000000e+01,1.030000e+00 
point = 4.000000e+01,9.300000e-01 
point = 6.000000e+01,7.300000e-01 
point = 8.000000e+01,4.300000e-01 
point = 1.200000e+02,2.700000e-01 
########################################## 
FUNCTION 
name = PA66GF30cond_young 
type = piecewise_linear 
point = 2.300000e+01,1.030000e+00 
point = 8.000000e+01,5.400000e-01 
point = 1.000000e+02,4.200000e-01 
########################################## 
FUNCTION 
name = Temperatura 
type = piecewise_linear 
point = 0.000000e+00,1.000000e+00 
point = 1.000000e+00,1.000000e+00 
########################################## 
GLOBAL_SETTINGS 
allow_interpenetration = no 
allow_coating_interpenetration = no 
cubic_architecture = no 
apply_perturbation = no 
favor_orientation_over_fraction = no 
minimum_relative_distance_wrt_diameter = 1.000000000000000e-02 
minimum_relative_vol = 5.000000000000000e-02 
max_number_of_tests = 2000 
minimum_rel_dist_incl_to_face = 0.000000000000000e+00 
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random_fiber_perturbation_no_transverse_perturbation = no 
default_geometric_options = no.  

Table B.1 
LCIA results using EF methodology for the comparison of the suitable NETP formulations.  

Indicator PA66GF PA66GF-FR1 PA66GF-FR2 PA66GF-FR3 PA66GF-FR4 Unit 

CC-T 112.94 108.39 107.91 106.76 107.83 kg CO2-Eq 
EQ-FTA 0.4241 0.4085 0.4100 0.4076 0.4104 mol H + -Eq 
EQ-FE 56.07 62.07 58.84 58.42 58.04 CTU 
EQ-EF 0.02 0.19 0.12 0.13 0.11 kg P-Eq 
EQ-EM 1.13 0.92 0.96 0.94 0.97 kg N-Eq 
EQ-ET 0.8036 0.7786 0.7774 0.7717 0.7771 mol N-Eq 
HH-CE 1.04E-06 1.15E-06 1.10E-06 1.10E-06 1.09E-06 CTUh 
HH-IR 7.03 8.38 8.55 8.90 8.59 kg U235-Eq 
HH-NCE 4.95E-06 5.74E-06 5.54E-06 5.60E-06 5.49E-06 CTUh 
HH-OD 2.29E-06 3.51E-06 3.09E-06 3.12E-06 2.98E-06 kg CFC-11-Eq 
HH-PCOC 0.242 0.247 0.241 0.239 0.240 kg NMVOC-Eq 
HH-RE 3.21E-06 3.08E-06 3.05E-06 3.01E-06 3.05E-06 disease incidence 
RD-W 95.09 84.67 86.29 85.01 86.69 m3 water-Eq 
RD-F 1554.72 1554.99 1541.68 1535.08 1538.19 MJ 
RD-L 334.03 405.25 385.46 389.80 380.48 points 
RD-M 8.57E-04 1.11E-03 1.02E-03 1.02E-03 9.95E-04 kg Sb-Eq   

Table B.2 
LCIA results using EF methodology for the comparison of alternative materials covers with a recycled quota of aluminium covers of 
0%.  

Indicator Cast Wrought PA66GF-FR4 Unit 

CC-T 441.94 1185.13 431.31 kg CO2-Eq 
EQ-FTA 2.7071 7.4695 1.6414 mol H + -Eq 
EQ-FE 808.12 1129.47 232.16 CTU 
EQ-EF 0.15 0.41 0.43 kg P-Eq 
EQ-EM 0.48 1.27 3.88 kg N-Eq 
EQ-ET 5.0144 12.8886 3.1083 mol N-Eq 
HH-CE 5.06E-05 7.39E-05 4.37E-06 CTUh 
HH-IR 17.50 57.35 34.36 kg U235-Eq 
HH-NCE 1.00E-04 2.06E-04 2.20E-05 CTUh 
HH-OD 2.10E-05 5.00E-05 1.19E-05 kg CFC-11-Eq 
HH-PCOC 1.435 3.756 0.959 kg NMVOC-Eq 
HH-RE 2.95E-05 8.41E-05 1.22E-05 disease incidence 
RD-W 122.48 317.63 346.77 m3 water-Eq 
RD-F 5478.40 14,803.80 6152.76 MJ 
RD-L 2016.68 4471.29 1521.92 points 
RD-M 3.97E-01 1.45E-02 3.98E-03 kg Sb-Eq   

Table B.3 
LCIA results using EF methodology for the comparison of alternative materials covers with a recycled quota of aluminium covers of 
33%.  

Indicator Cast Wrought PA66GF-FR4 Unit 

CC-T 336.29 854.01 431.31 kg CO2-Eq 
EQ-FTA 2.0036 5.2980 1.6414 mol H + -Eq 
EQ-FE 717.87 828.35 232.16 CTU 
EQ-EF 0.11 0.31 0.43 kg P-Eq 
EQ-EM 0.37 0.91 3.88 kg N-Eq 
EQ-ET 3.8378 9.2589 3.1083 mol N-Eq 
HH-CE 4.36E-05 5.13E-05 4.37E-06 CTUh 
HH-IR 15.53 50.75 34.36 kg U235-Eq 
HH-NCE 8.32E-05 1.56E-04 2.20E-05 CTUh 
HH-OD 1.76E-05 3.88E-05 1.19E-05 kg CFC-11-Eq 
HH-PCOC 1.091 2.693 0.959 kg NMVOC-Eq 
HH-RE 2.12E-05 5.84E-05 1.22E-05 disease incidence 
RD-W 96.82 236.10 346.77 m3 water-Eq 
RD-F 4219.81 10,861.80 6152.76 MJ 
RD-L 1760.39 3730.75 1521.92 points 
RD-M 4.16E-01 1.89E-02 3.98E-03 kg Sb-Eq   
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Table B.4 
LCIA results using EF methodology for the comparison of alternative materials covers with a recycled quota of aluminium covers of 
67%.  

Indicator Cast Wrought PA66GF-FR4 Unit 

CC-T 227.44 512.85 431.31 kg CO2-Eq 
EQ-FTA 1.2787 3.0607 1.6414 mol H + -Eq 
EQ-FE 624.89 518.12 232.16 CTU 
EQ-EF 0.08 0.22 0.43 kg P-Eq 
EQ-EM 0.25 0.55 3.88 kg N-Eq 
EQ-ET 2.6256 5.5193 3.1083 mol N-Eq 
HH-CE 3.63E-05 2.80E-05 4.37E-06 CTUh 
HH-IR 13.51 43.96 34.36 kg U235-Eq 
HH-NCE 6.58E-05 1.05E-04 2.20E-05 CTUh 
HH-OD 1.40E-05 2.73E-05 1.19E-05 kg CFC-11-Eq 
HH-PCOC 0.737 1.598 0.959 kg NMVOC-Eq 
HH-RE 1.27E-05 3.20E-05 1.22E-05 disease incidence 
RD-W 70.39 152.10 346.77 m3 water-Eq 
RD-F 2923.09 6800.38 6152.76 MJ 
RD-L 1496.34 2967.77 1521.92 points 
RD-M 4.36E-01 2.33E-02 3.98E-03 kg Sb-Eq   

Table B.5 
LCIA results using EF methodology for the comparison of alternative materials covers with a recycled quota of aluminium covers of 
100%.  

Indicator Cast Wrought PA66GF-FR4 Unit 

CC-T 121.79 176.57 431.31 kg CO2-Eq 
EQ-FTA 0.5752 0.8661 1.6414 mol H + -Eq 
EQ-FE 534.65 211.41 232.16 CTU 
EQ-EF 0.05 0.12 0.43 kg P-Eq 
EQ-EM 0.14 0.20 3.88 kg N-Eq 
EQ-ET 1.4490 1.8496 3.1083 mol N-Eq 
HH-CE 2.93E-05 5.31E-06 4.37E-06 CTUh 
HH-IR 11.54 38.13 34.36 kg U235-Eq 
HH-NCE 4.90E-05 5.41E-05 2.20E-05 CTUh 
HH-OD 1.05E-05 1.66E-05 1.19E-05 kg CFC-11-Eq 
HH-PCOC 0.394 0.524 0.959 kg NMVOC-Eq 
HH-RE 4.35E-06 5.81E-06 1.22E-05 disease incidence 
RD-W 44.74 70.02 346.77 m3 water-Eq 
RD-F 1664.50 2850.38 6152.76 MJ 
RD-L 1240.06 2171.55 1521.92 points 
RD-M 4.55E-01 2.73E-02 3.98E-03 kg Sb-Eq  
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Ullmann’s encyclopedia of industrial chemistry, Wiley-VCH Verlag GmbH & Co, 
2006, https://doi.org/10.1002/14356007. 

[59] T. Sabu, J. Kuruvilla, S.K. Malhotra, K. Goda, M.S. Sreekala, Polymer Composites, 
Wiley-VCH Verlag GmbH & Co, KGaA, Weinheim, Germany, 2012, https://doi. 
org/10.1002/9783527645213. 

[60] D. Sengupta, J.P. Abraham, M. Ceja, M.A. Gonzalez, W.W. Ingwersen, G.J. Ruiz- 
Mercado, R.L. Smith, Industrial process system assessment: bridging process 
engineering and life cycle assessment through multiscale modeling, J. Clean. Prod. 
90 (2015) 142–152, https://doi.org/10.1016/j.jclepro.2014.11.073. 

[61] F. Sungur, F. Gülmez, Determination of Metal Contents of Various Fibers Used in 
Textile Industry by MP-AES, 2015, https://doi.org/10.1155/2015/640271. 

[62] The International Standards Organisation, ISO 14040 Environmental Management 
— Life Cycle Assessment — Assessment — Principles and Framework, 2006. 

[63] The International Standards Organisation, ISO 14044 Environmental management 
— Life cycle assessment — Requirements and guidelines, 2006. 

[64] R. Toth, F. Santese, S.P. Pereira, D.R. Nieto, S. Pricl, M. Fermeglia, P. Posocco, Size 
and shape matter! A multiscale molecular simulation approach to polymer 
nanocomposites, J. Mater. Chem. 22 (2012) 5398–5409, https://doi.org/10.1039/ 
c2jm15763b. 

[65] Underwriters Laboratories Inc, UL Standard for Safety for Test for Flammability of 
Plastic Materials for Parts in Devices and Appliances - UL94, 2013. 

[66] U.K. Vaidya, K.K. Chawla, Processing of fibre reinforced thermoplastic composites, 
Int. Mater. Rev. 53 (2008) 185–218, https://doi.org/10.1179/ 
174328008X325223. 

[67] VampTech, Vampamid 66 ®, 2016. 
[68] I. van der Veen, J. de Boer, Phosphorus flame retardants: properties, production, 

environmental occurrence, toxicity and analysis, Chemosphere. (2012), https:// 
doi.org/10.1016/j.chemosphere.2012.03.067. 

[69] D.P.N. Vlasveld, S.G. Vaidya, H.E.N. Bersee, S.J. Picken, A comparison of the 
temperature dependence of the modulus, yield stress and ductility of 
nanocomposites based on high and low MW PA6 and PA66, Polymer (Guildf). 46 
(2005) 3452–3461, https://doi.org/10.1016/j.polymer.2005.02.094. 

[71] M.F. Watkins, M. Mani, K.W. Lyons, S.K. Gupta, Sustainability characterization for 
die casting process, in: proceedings of the ASME design engineering technical 
conference, Am. Soc. Mech. Eng. (2013), https://doi.org/10.1115/DETC2013- 
12634. 

[72] B.P. Weidema, M.S. Wesnæs, Data quality management for life cycle inventories-an 
example of using data quality indicators, J. Clean. Prod. 4 (1996) 167–174, 
https://doi.org/10.1016/S0959-6526(96)00043-1. 

[73] G. Wernet, C. Bauer, B. Steubing, J. Reinhard, E. Moreno-Ruiz, B. Weidema, The 
ecoinvent database version 3 (part I): overview and methodology, Int. J. Life Cycle 
Assess. 21 (2016) 1218–1230, https://doi.org/10.1007/s11367-016-1087-8. 

[74] G. Wernet, S. Hellweg, K. Hungerbühler, A tiered approach to estimate inventory 
data and impacts of chemical products and mixtures, Int. J. Life Cycle Assess. 17 
(2012) 720–728, https://doi.org/10.1007/s11367-012-0404-0. 

[75] G. Wernet, S. Papadokonstantakis, S. Hellweg, K. Hungerbühler, Bridging Data 
Gaps in Environmental Assessments: Modeling Impacts of Fine and Basic Chemical 
Production †, 2009, https://doi.org/10.1039/b905558d. 

[76] Huali Xu, H. Wang, Hui Xu, X. Kou, C. Li, H. Yan, Z. Du, W. Xu, Discuss on green 
shipbuilding technology: design and material, Adv. Mater. Res. 490–495 (2012) 
3296–3300, https://doi.org/10.4028/www.scientific.net/AMR.490-495.3296. 

[77] W. Xu, Q. Zeng, A. Yu, Prediction of the overall Young’s moduli of clay-based 
polymer nanocomposites, J. Compos. Mater. 49 (2015) 3459–3469, https://doi. 
org/10.1177/0021998314565634. 

[78] Q.H. Zeng, A.B. Yu, G.Q. Lu, D.R. Paul, Clay-based polymer nanocomposites: 
research and commercial development, J. Nanosci. Nanotechnol. 5 (2005) 
1574–1592, https://doi.org/10.1166/jnn.2005.411. 

[79] Y. Zhou, C.K. Lee, P. Sharratt, Bridging the gap from pilot plant experimental 
records to life cycle inventory, Ind. Eng. Chem. Res. 56 (2017) 10393–10412, 
https://doi.org/10.1021/acs.iecr.7b00360. 

[80] L. Petrescu, S. Burca, M. Fermeglia, A. Mio, C.-C. Cormos, Process simulation 
coupled with LCA for the evaluation of liquid - liquid extraction processes of 
phenol from aqueous streams, J. Water Proces. Eng. 41 (2021), https://doi.org/ 
10.1016/j.jwpe.2021.102077. 

A. Mio et al.                                                                                                                                                                                                                                     

17

https://doi.org/10.2760/671368
https://doi.org/10.2760/671368
https://doi.org/10.1039/d0me00109k
https://doi.org/10.1039/d0me00109k
https://doi.org/10.1007/BF00664105
https://doi.org/10.1007/BF00664105
https://doi.org/10.1134/S0040579517060045
https://doi.org/10.1016/j.cherd.2018.07.009
https://doi.org/10.1016/j.cherd.2018.07.009
https://doi.org/10.4028/WWW.SCIENTIFIC.NET/AMM.109.489
https://doi.org/10.4028/WWW.SCIENTIFIC.NET/AMM.109.489
https://doi.org/10.1016/B978-0-444-63472-6.00023-9
https://www.ecoinvent.org/
https://www.ecoinvent.org/
http://refhub.elsevier.com/S2214-9937(21)00082-8/rf0160
http://refhub.elsevier.com/S2214-9937(21)00082-8/rf0160
https://doi.org/10.1007/BF02978615
https://doi.org/10.1016/B978-0-12-818634-3.50017-5
http://refhub.elsevier.com/S2214-9937(21)00082-8/rf0175
http://refhub.elsevier.com/S2214-9937(21)00082-8/rf0175
http://refhub.elsevier.com/S2214-9937(21)00082-8/rf0180
http://refhub.elsevier.com/S2214-9937(21)00082-8/rf0180
https://doi.org/10.3303/CET1974104
https://doi.org/10.4028/www.scientific.net/AMM.44-47.614
https://doi.org/10.4028/www.scientific.net/AMM.44-47.614
https://doi.org/10.1007/s11367-019-01665-z
https://doi.org/10.1007/s11367-019-01665-z
https://doi.org/10.1016/B978-0-12-803581-8.03837-6
https://doi.org/10.1016/B978-0-12-803581-8.03837-6
https://doi.org/10.1016/C2013-0-18393-6
https://doi.org/10.1016/C2013-0-18393-6
https://doi.org/10.1021/acs.iecr.7b05126
https://doi.org/10.1021/acs.iecr.7b05126
http://refhub.elsevier.com/S2214-9937(21)00082-8/rf0215
http://refhub.elsevier.com/S2214-9937(21)00082-8/rf0215
http://refhub.elsevier.com/S2214-9937(21)00082-8/rf0215
https://doi.org/10.1016/S0921-8009(00)00135-X
https://doi.org/10.1016/S0921-8009(00)00135-X
https://doi.org/10.1371/journal.pone.0101298
https://doi.org/10.1002/0471440264.pst251
https://doi.org/10.1002/0471440264.pst251
https://doi.org/10.1021/acssuschemeng.0c00439
https://doi.org/10.1021/acssuschemeng.0c00439
https://doi.org/10.1021/acssuschemeng.8b03656
https://doi.org/10.1021/acssuschemeng.8b03656
https://doi.org/10.1016/j.polymer.2008.04.017
http://refhub.elsevier.com/S2214-9937(21)00082-8/rf0250
https://doi.org/10.1016/j.envint.2003.12.009
https://doi.org/10.1016/j.polymer.2003.09.014
http://refhub.elsevier.com/S2214-9937(21)00082-8/rf0265
https://doi.org/10.1007/s11367-008-0008-x
https://doi.org/10.1007/s11367-008-0009-9
https://doi.org/10.1016/j.envint.2003.11.005
https://doi.org/10.1002/14356007
https://doi.org/10.1002/9783527645213
https://doi.org/10.1002/9783527645213
https://doi.org/10.1016/j.jclepro.2014.11.073
https://doi.org/10.1155/2015/640271
http://refhub.elsevier.com/S2214-9937(21)00082-8/rf0305
http://refhub.elsevier.com/S2214-9937(21)00082-8/rf0305
http://refhub.elsevier.com/S2214-9937(21)00082-8/rf0310
http://refhub.elsevier.com/S2214-9937(21)00082-8/rf0310
https://doi.org/10.1039/c2jm15763b
https://doi.org/10.1039/c2jm15763b
http://refhub.elsevier.com/S2214-9937(21)00082-8/rf0320
http://refhub.elsevier.com/S2214-9937(21)00082-8/rf0320
https://doi.org/10.1179/174328008X325223
https://doi.org/10.1179/174328008X325223
http://refhub.elsevier.com/S2214-9937(21)00082-8/rf0330
https://doi.org/10.1016/j.chemosphere.2012.03.067
https://doi.org/10.1016/j.chemosphere.2012.03.067
https://doi.org/10.1016/j.polymer.2005.02.094
https://doi.org/10.1115/DETC2013-12634
https://doi.org/10.1115/DETC2013-12634
https://doi.org/10.1016/S0959-6526(96)00043-1
https://doi.org/10.1007/s11367-016-1087-8
https://doi.org/10.1007/s11367-012-0404-0
https://doi.org/10.1039/b905558d
https://doi.org/10.4028/www.scientific.net/AMR.490-495.3296
https://doi.org/10.1177/0021998314565634
https://doi.org/10.1177/0021998314565634
https://doi.org/10.1166/jnn.2005.411
https://doi.org/10.1021/acs.iecr.7b00360
https://doi.org/10.1016/j.jwpe.2021.102077
https://doi.org/10.1016/j.jwpe.2021.102077

	Multiscale modelling techniques in life cycle assessment: Application to nanostructured polymer systems in the maritime ind ...
	1 Introduction
	2 Materials and methods
	2.1 Goal and scope
	2.1.1 Material selection through Ashby model
	2.1.2 Functional unit, impact categories and limitations

	2.2 Life cycle inventory of aluminium cover
	2.3 Life cycle inventory of Nano Engineered Thermoplastic Polymer (NETP) cover
	2.3.1 Mechanical properties verification
	2.3.2 Thermal properties verification


	3 Results and discussion
	3.1 Identification of the optimal NETP
	3.2 Comparison between NETP and aluminium covers

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgment
	Appendix A
	References




