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Abstract

This thesis explores the application of life cycle assessment (LCA) methodology and the life cycle
energy (LCE) framework in manufacturing processes through four case studies developed during the
PhD programme. The main objective is to evaluate significant technologies, systems and innovations
for the manufacturing sector, contributing to the scientific discussion on environmental sustainability.
In a general perspective, the environmental impact of case studies applied to the automotive field was

evaluated.

This thesis begins with an introduction to sustainability in major manufacturing processes, outlining
the LCA methodology, its history, relevant regulations and the steps required to conduct a life cycle
analysis. Factors influencing environmental impact are examined, looking at three of the main
subtractive, additive and casting manufacturing techniques and analysing their potential to improve
environmental performance throughout the life cycle. The first case study analyses a component from
the automotive field, comparing three of the main production techniques by applying the process of
topological optimisation; thus, optimising the geometry of components to assess how lightweighting
can contribute to sustainability. The results show that the benefits of topological optimisation applied
to the additive manufacturing (AM) process are evident with a reduction in cumulative energy
demanded (CED) of approximately 65% compared to approximately 41% and 25% for standard
machining (SM) and casting process (CP), respectively. The latter considerations are valid without
considering the impact of the moulds for the CED of CP in order to make a comparison with AM and
SM without taking into account the number of parts to be produced. However, from an environmental
sustainability point of view, CP is influenced by the energy contribution of the moulds, which weigh
on the production of a few parts. The study was therefore completed by also considering the

contribution of the moulds and weighting it against the batch size.

Nevertheless, the results show that, to emphasise this influence and weigh the contribution of each
phase, it is necessary to carry out more detailed LCA studies with different geometries, changing the
percentage of volume to be removed from the initial billet before obtaining the desired product. In
fact, in general, LCA is competitive with AM if the shape to be produced is simple and, therefore, far

from being topologically optimised.

Starting from these results, additive manufacturing as an alternative to conventional processes is
analysed, examining different sustainability parameters and also considering different recycling

scenarios and energy mixes. These were chosen to assess the impact, both in terms of energy (CED)
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and environmental sustainability, of countries using energy from renewable and non-renewable
sources. The advantage of SM as a less environmentally impactful process compared to AM was
observed at least up to a 90% reduction in billet mass due to the energy consumed in the manufacture
of the product. This result is only consistent if the chip generated in the SM process is recycled
properly, otherwise the material energy impact for the SM process is markedly impactful, with the
break-even point between the two processes being between 40% and 80% of the billet material
reduction. Furthermore, as the production phase increases, the environmental impact of the choice of
production site begins to become increasingly relevant due to the peculiarities of the countries' energy
sources. In fact, looking at the CED, the environmental impact of oil sources is more relevant when
compared to nuclear and/or hydroelectric energy sources. Nuclear energy, on the other hand, loses its
environmental competitiveness, even compared to oil, when specific midpoint and endpoint

indicators are taken into account.

On the other hand, by analysing components in the automotive sector, it was possible to assess how
the use phase has a considerable impact on the environmental impact of the component, so in order
to lighten the masses being transported as much as possible, the focus of the thesis shifted to the
analysis of another case study that is lightened by joining two different materials, namely steel and
composite materials. Specifically, a conventional solid steel gear, a lightweight gear and a hybrid gear
were compared from the point of view of sustainability, using life cycle energy quantification. In
addition, two end-of-life (EoL) scenarios were considered: a conventional open-loop scenario with
partial recycling and a closed-loop scenario with full recycling, including thermal recycling for
carbon-fibre reinforced plastics. The overall CED rating for the ‘greener’ approach results in the
values of 898.92 MIJ, 649.10 MJ, 697.87 MJ considering full, lightweight and hybrid gear,
respectively. In this scenario, the lightweight and hybrid solutions are comparable, with a CED
difference of approximately 7.50 per cent. On the other hand, the hybrid gear achieves a CED saving
of 28.82% compared to the full gear.

Finally, the focus shifted to the end-of-life processes of polymer matrix composites, evaluating
recycling and remanufacturing strategies from an energy (CED) perspective in order to develop
sustainable approaches according to material type and field of application. In detail, polypropylene-
carbon fibres (PP-CF), polypropylene-glass fibre (PP-GF), polyether-ether-ketone-carbon fibre
(PEEK-CF) and polyether-ether-ketone-glass fibre (PEEK-GF) at different reinforcement volume
fraction percentages and three end-of-life processes were compared, namely, energy recovery by
combustion, reuse by thermoforming and finally recycling of the reinforcement by pyrolysis. When
analysing the different end-of-life scenarios and filling percentages, the main results show that if the
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composite has a low matrix value (PP) and a high reinforcement value (CF), both end-of-life
processes, i.e. recycling and reforming, minimise the energy impact. On the other hand, if the
composite consists of a high-value matrix (PEEK) and a low-value fibre (GF), reforming is more
energy-efficient, although its advantages are more evident for low-value fibres; recycling is not
always more advisable than combustion. In fact, if the composite consists of low-value (GF) fibres,
combustion is preferable. To present a comprehensive overview of the work, the graphical abstract in

Figure 0.1 was provided.

The conclusions offer a discussion of the main issues that emerged, highlighting how the LCA
approach can be used not only to evaluate, but also to guide the development of more environmentally
friendly technologies, providing a baseline for the future of the manufacturing sector.
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Thesis Outline

This thesis presents four case studies, carried out during the three-year PhD course, concerning the
application of the LCA and LCE methodology in manufacturing processes, with the aim of assessing
production systems, technologies and product innovations that are significant for the sector, bringing

a contribution to the scientific discussion on the topic.

Specifically, the thesis work is structured as follows: the first chapter provides an introduction to
environmental sustainability in the main production processes, briefly outlines the history of the LCA
methodology, the regulations governing it, and the steps that must be followed to carry out a life cycle
analysis of a system, highlighting the main aspects that must be analysed and improved in order to
reduce its environmental impact. In particular, it was first evaluated which parameters can influence
the environmental impact and how the main techniques for volume invariability, subtractive and
deposition of material can be selected to optimise the environmental performance of a product taking
into consideration the entire life cycle. In this context, the main materials commonly used in
production contexts were investigated. For this purpose, the Life Cycle Assessment (LCA)

methodology was used to carry out objective evaluations.
The following chapters refer to the case studies examined and are described as follows.

In the second chapter, the main manufacturing processes, i.e. subtractive manufacturing, additive
manufacturing and casting process, were investigated as possible manufacturing routes achieving an
optimized geometry of the component for each of them. The topology optimizations were performed
considering each process’ peculiarities, introduced as constraints. The same strength for a given set
of loads and boundary conditions was the goal of each analysis. The component’s lightening can be
considered environmentally friendly just after assessing the impacts associated with all the stages of
the product’ life cycle. Indeed, the overall considerations on the most environmentally safe strategies

can, therefore, change according to the specificities of the optimized shapes.

In the third chapter, subtractive and additive manufacturing processes were investigated by analysing
and comparing different configurations and sustainability parameters. In fact, the additive
manufacturing (AM) process has been considered as an alternative to the conventional manufacturing
process, i.e. Subtractive Manufacturing (SM), allowing the production of components peculiarities
by innovative design and performance. In this context, sustainability assessment is essential to

evaluate the appeal of the investigated technology.
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In the fourth chapter multi-material components were investigated from the environmental
perspective. A novel approach by using hybrid products, which combine both metal and composite

materials to select a more promising solution in the automotive sector.

In the fifth chapter the impact of end-of-life processes and the main strategies applicable to a case
study on polymeric composite materials were evaluated, with a specific focus on the manufacturing,
remanufacturing and recycling route in order to develop a sustainable guidance depending on the

composite material required.

In conclusion, some indications will be given on the main critical issues encountered, in order to draw
a conclusive view of the aspects on which it will be necessary to focus attention on the coming years
to improve the environmental sustainability of the manufacturing sector. Specifically, the
retrospective LCA methodology, usually performed after production and commercial deployment, is
used to filter out environmentally unacceptable technologies and is used as a tool to maintain
environmental compliance. This provides the baseline against which the environmental performance
of the different technology is compared. The environmental performance of these production systems

is discussed from several perspectives. The objectives of the Thesis are presented in the next section.
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Introduction

The concept of sustainability represents the ability to be self-sufficient without compromising the
needs of the next generation. Specifically, the term sustainability can be linked to three types of
sustainability: environmental, social and economic. The environmental sustainability is related to the
preservation of the natural resources, on the other hands, social sustainability concerns the
sustainability of social conditions in order to ensure a good trade-off between health, happiness, safe
living, and quality of life in a specific area, e.g., the corporate environment. The economic
sustainability refers to the economic growth of a given context that will ensure its development. The

production system that meets the aforementioned conditions can be defined as a sustainable system.

Nowadays, sustainability pillars must be included in production processes to optimize operations to
reduce the overall impact. Sustainability related to manufacturing processes can only be achieved if
the three pillars of sustainability, from the ecological to the social and economic perspectives, are
intersected. In detail, using renewable resources, improving occupational safety and health, and
improving the quality of life in the workplace can be summarised as the requirements of sustainability.
Looking at environmental sustainability, for each analysed scenario greenhouse gas emissions (GHG)
must be considered. Specifically, to reduce the impact on the environment, the GHG emitted during
the entire supply chain must be evaluated. Since the beginning of 21 century and until 2019, GHG
emissions had followed an increasing trend mainly due to the increase in emissions from emerging
economies. As a result, the atmospheric concentrations of GHG substantially increased enhancing the
natural greenhouse effect, which may negatively affect the life on the Earth. For this reason, to reduce
the global GHG several Countries are developing national emissions inventories and implement
mitigation actions. CO> emissions are the main contributors to global GHG emissions. CO» are still
increasing at world level despite climate change mitigation agreements. To reduce the CO» emissions
of each enterprise, and consequently worldwide, several processes and materials involved in the
production of goods and services should be investigated. In order to investigate the processes
sustainability in the industrial field, the energy consumption of each process should be taken into
account. Indeed, the energy consumption is strictly linked to CO» emissions. For these reasons, the

research question underlying this doctoral thesis is as follows:

“How could manufacturing processes and material selection be optimized from a sustainable

perspective?”
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To response to the research question several processes were investigated from a sustainable point of
view. More specifically in this PhD thesis, the main manufacturing processes were investigated,
starting by subtractive processes, via casting processes or volume invariability through to the additive
deposition process. The aim of the work was to investigate the production processes from the point
of view of sustainability to better understand how the most sustainable process can be selected, but
also how the appropriate materials can be chosen. During the three-year period, diverse case studies
were analysed with the aim of providing an overview of the main challenges concerning
environmental sustainability that the manufacturing sector is called upon to face in this historical

period of great change, highlighting the aspects that are most critical.

In detail, the starting point of the research work was the study of machining processes, which start
from a volume of material through progressive removal steps to obtain the final component. At the
same time, for specific case studies, it is possible to choose the casting process which, by using
moulds, allows the material to be cast to obtain the desired component. In this process, there is
minimal loss of material, e.g. from burr channels and finishing operations, compared to the final part.
At the same time, it is necessary to consider the mould production process from the point of view of

sustainability, as it has a certain impact on the environment.

The complete opposite concept to the previous ones is the additive deposition process that allows the
material to be deposited only in the desired places for the final output. In this respect, if the component

placement process is optimised, material waste can be minimised.

Therefore, starting with the main production techniques, the impacts that process parameters, such as
energy source, geometry, processing technique, and production batch affect the sustainability of the

process were analysed.

On the other hand, the optimisation of production processes does not only depend on the selection of
the correct process parameters but also on the efficiency of production systems both in terms of energy
and the management of the resources used in the production process. In this perspective, part of the
thesis work was carried out in collaboration with the Profiltek S.r.I. company in which a production
management system was developed to optimise the material’s flow. Specifically, the production
management system was re-engineered with parallel interconnection of the machines equipped with
4.0 technology. All this resulted in an increase in productivity with a consequent increase in the flow
of products within the company, which allowed innovative solutions to be developed. On the other

hand, since the reference area is processing technologies and systems (IIND-04/A), the focus was on
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manufacturing processes. In this field, the manufacturing process and related issues of multi-material

steel-aluminium products were investigated.

Considering sustainability, not only the process parameters but also the choice of materials must be
properly evaluated during the design phase. For this reason, this thesis work investigated what
happens from an environmental point of view when only one material is used, or several materials
are combined to create a multi-material product. More in detail, therefore, the main production
processes during the production of an aluminium alloy component were compared. The latter was

chosen for its extreme lightness and varied field of application.

In this context, the lightweight of components, and therefore, the low specific weight of the material
chosen at the design stage, is a key factor for sustainability. Indeed, when considering application
fields in which the component during its service life must be transported, it must have a mass that is
as optimised as possible to optimise consumption. On the other hand, the optimisation process could
result in damage to the environment. Therefore, to obtain scientific evidence, the environmental
impact was quantified to be a guide in the strategic choice of selecting the appropriate production

process.

The analysis from a sustainable point of view was, therefore, extended to components made by
combining different materials, such as steel and composite materials, which guarantee high
mechanical performance while maintaining a compromise of lightness that allows optimisation of the
product's life cycle throughout its useful life, also considering the use phase and the subsequent end-
of-life process. In order to best explore the behaviour of innovative ultralight materials in the context
of sustainability, various composite materials were therefore investigated. Specifically, composites
with a thermoplastic matrix, i.e. poly-lactic acid (PLA) and polyether-ether-ketone (PEEK),
reinforced with continuous fibres, i.e. glass fibre (GF) and carbon fibre (CF), were examined. In
detail, these two types of matrices and fibre were chosen for their different mechanical properties and

widely application field.
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Research Objectives

This thesis investigates the possibility of using the LCA methodology for an assessment of the
analysed processes. Their overall footprint can be optimised by using environmental parameters in
the systems management. The overall goal is to define a guidance framework for the evaluation of
manufacturing systems and the adopted materials and consequently use the framework in the
industrial field on selected a more sustainable production technique according to manufacturing
constraint. In order to achieve this, a literature review is conducted. The aim of this first step,
“Objective 17, is to review the main trends in the assessment of manufacturing processes to

understand the main challenges, research gaps, and to define the properly methodological framework.

Building on the main findings of the literature review, the “Objective 2” of the work is to apply the
methodological framework within a specific production process and material. In particular, the aim
is to define a framework to be added to the LCA methodology in order to ensure that different

scenarios can be evaluated in the analysed processes.

After having defined the methodological framework and consequently different approaches for the
assessment of manufacturing processes, the focus of the thesis shifts on the case studies selected from
academic and industrial sector. The four case studies are composed from different materials and,
consequently, diverse manufacturing techniques. At the end, the “Objective 3” is to compare
conventional production systems and materials with innovative ones. Investigating how the projection
of the environmental impacts varies with different batch size and optimization process. The subset of
the objective consists in calculating case-specific environmental impacts for each of the selected
manufacturing system; the case study is subjected to different analyses, i.e. hotspot, scenarios,
indicators, and manufacturing technique. Understanding how the results of the environmental impact
assessment can be used for providing guidance in the next steps of a process/product development

for each one of the investigated case studies.

The aim of the “Objective 4” is to identify the potential intervention points in the process to optimize
their environmental performances and to give a clearer understanding of the analysed process without
a specific case study by adding a specific approach in the selected methodological framework. In this
case the sub-objective 4.1 is to shift the application of the framework to assess the environmental
performance of a multi-material and multi-process case study. On the other hand, the sub-objective

4.2 is to apply the selected framework on a composite case study.
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Finally, the aim is to outline conclusions on the environmental performance of manufacturing
processes from conventional to innovative materials and therefore discuss the environmental
implications of different EoL strategies, alongside with possible future works as follow ups to this

research.
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1. Chapter I: Literature Review in Sustainable

Manufacturing

1.1 Chapter Summary

In this chapter, the state of art of the manufacturing processes is reviewed from a sustainable
perspective. The review starts with a description of the investigated manufacturing processes to
analyse the process parameters that can influence the efficiency. Starting with the study of the
influence of lubricants, tool consumption and total energy required by the process. The chapter
follows with a review on attempts to evaluate the environmental performance of the additive
manufacturing processes, according to geometry, quality, technology and material constraint. The
LCA methodology framework was reported to assess the sustainability of the analysed process.
Practical applications and methodological works are examined thoroughly in this section, to build
awareness of failures and successes, filter out unproductive information and extract knowledge to be
carried on and further developed. Finally, the chapter concludes with a summary of the pending
challenges and outlines potential solutions to embed in the thesis for the assessment of manufacturing

technologies and materials.

1.2 State-of-Art of the Investigated Manufacturing Processes: A

Sustainability Perspective.

Typically, traditional forming processes are techniques used to modelling raw materials into specific
shapes, usually used in the production of metal, ceramic and plastic objects. These methods consist
of giving the material the desired shape by moulds, tools and specialised machinery. Shaping is a
fundamental step in manufacturing as it determines the final geometry of the product and influences
its mechanical and functional properties. Specifically, the choice of the manufacturing process
depends on material properties, on the complexity of the shape to be obtained, on the production
volumes and the specific requirements of the final product. To have an overall view on the traditional

manufacturing processes, in this thesis, machining, additive and casting processes were investigated.
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1.2.1  Machining Processes from Sustainable Perspective

Looking at machining processes, they involve shaping parts whose dimensions and surface quality
are determined by cutting with operations for removing chip in machine tools. The machining process
is typically used to achieve high dimensional and surface quality. Machine tools use electrical energy
to remove excess material in the form of chips with the help of cutting tools and to bring a product to
the desired shape. The other operations involved in the machining process to obtain the desired shape
from workpiece are turning, milling, drilling and grinding. The choice of materials used in the
machining processes is a key factor in a sustainability design, indeed based on the selected materials
could be introduce different level of complexity. The effort, cost and time involved in the machining
process depends on the material for example, composite, heat assisted alloy or superalloy require
more energy than machining a low carbon steel as demonstrated by[1-3]. More in detail, according
to [4, 5] when machining superalloys, excessive heat and high cutting force could be generated in the
machining zone, these factors are responsible of surface quality and cutting tool’s life. In order to
reduce these problems during the machining operation several cutting fluids are used to optimise the
process. Specifically, the flood cooling is the most used technique to reduce the high temperature
reached in the cutting zone. According to Yildmir et al. using the latter method, the spray nozzle is
directed into the cutting zone of the workpiece to reduce the excess heat [6]. On the other hand,
cutting fluids are combined with other additives to optimise machining processes, significantly

increasing economic, environmental and social aspects [7, §].

On the other hand, according to Debnath et al., the disposal costs of cutting fluids can be up to four
times higher than the purchase costs because conventional cutting fluids cannot biodegrade and must
undergo additional disposal treatments [9]. The impact of the selected material for the machining
process is significantly higher than the impact of lubricants, therefore choosing the right material at
the design stage is crucial in terms of the process' sustainability. In fact, from an environmental point
of view, the high energy consumption associated with the lubricant is offset by the high cycle times.
On the other hand, in terms of human health perspective, the negative aspects due to carcinogenic
chemicals mineral coolant must be taken into account [10, 11]. Lubrication method during machining
operation is addressed for the negative effects on the environmental and human health, although the
use of cutting fluids increase the machining efficiency by reducing the temperature on workpiece and
friction in the cutting zone, as demonstrated by [12]. At the same time, worldwide are coolant less
harmful for the environmental and social sustainability, i.e. dry machining, minimum quantity of

lubricant (MQL), cryogenic cooling, high pressure cooling and biodegradables oils [13].
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Nowadays, the scientific community is analysing the adaptation of sustainable production practices
in the machining industry, as can be seen from the various analysed studies. Indeed, the machining
sector has an important share in the manufacturing industry, in this context different approaches such
as choice of sustainable cutting variables can be investigated to reach the concept of sustainable
production concept. Firstly, life cycle assessment (LCA) — based studies, secondly investigations
based on total energy consumption, thirdly research studies based on economic, environmental and

social sustainability.

LCA — based studies take into account several variables, for instance Campitelli et al., in their study
investigated the flooding lubrication and MQL method [14]. They claimed that energy consumption,
compressor usage and lubrication method are important parameters that increase environmental
impact. Whereas, according to Mia et al., the cryogenic cooling was more sustainable to dry cutting
and improving the performance of the process [15]. In another study was investigated the
sustainability of conventional and cryogenic machining process; the authors state that initial costs for
setting up the cryogenic machining system are higher than traditional cutting process, but the
production costs per part could be reduced by about 30% when the cryogenic machining was applied,
even if there are issues about the reliability of the process in the industry sector [16]. Several studies
evaluate the environmental impact of lubricant methods applied in machining processes in order to

evaluate the best scenario in terms of environmental impact and process optimisation [17-21].

More in detail, the industrial sector in the US accounts for about 51% of total electricity consumption,
and a significant portion of this percentage is consumed by machine tools for metal forming/cutting
operations. For this reason, to evaluate the sustainability of the process following several studies have

investigated the energy consumption trends.

According to Khan et al., in a machining process typically there are three main phases during which
there is an energy consumption rate, i.e. startup phase, run time phase and machining phase [22]. The
latter is the higher energy consumption due to process and material parameters, whereas the firstly

and secondly are constat during the process.

According to the above, diverse studies have been conducted to investigate the different way to
account the energy consumption of the machining tool during the total machining process. By
analysing the literature, according to the research study proposed by [23], they have been calculated
the machining efficiency and modelled the processing time. Specifically, through their model they
accounted the tooling changing time per workpiece, actual cutting time, air cutting time as reported

in the study [23]. They observed that the greatest environmental impact is observed when the total
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machining time is calculated, which refers to the total time spent on the machine tool for machining

a component.

On the other hand, other studies have been focused on the energy efficiency models, more in detail,
according to the firstly approach observed by Peters the energy efficiency can be defined as the ratio
of power required for cutting to the total power consumed by machine a tool [24]. Another approach
used to calculate the energy efficiency of the process is based on the total expected chip evaluated by
[25]. According to this approach the energy efficiency depends on the energy expected to extract the
material per unit volume. And more in the other research study different energy consumption models
were developed. In detail, the models investigate direct and direct consumption energy. Mori et al.,
in their study proposed the energy consumption model that covering each step involved in the
machining process, i.e. standby, idle time, actual cutting and stopping of the spindle on the machine

tool [26].

Whereas in a recently published studies, according to Gupta et al. and Khan et al., the total energy
consumption can be estimated by accounting the power consumption for each step, i.e. standby,
spindle, air cutting, cutting, lubricant [22, 27]. In order to evaluate the Cumulative Energy Demand
(CED) Liu et al. proposed another model able to quantify the total energy consumption in machining
process including direct energy required in machine tools and indirect energy consumption required,
i.e. cutting tool, workpiece and coolant energies [28]. In this thesis this approach was used to quantify

the sustainability of the machining process.

During machining processes, different technical constraints, for instance too complex shape of the
component, conformal cooling channels within small component, high inclination angle or small
features in the target component, can hinder the machining process. In this case, the subtractive
process encounter limitations, while the opposite concept, i.e. the additive manufacturing process can
be applied in order to overcome the limitations occurred in the conventional process. For this reason,

in the next section the AM will be investigated.
1.2.2  Additive Manufacturing Processes from Sustainable Perspective

In comparison to the conventional machining, i.e. Subtractive machining, the additive manufacturing
could be an innovative sustainable process if the properly parameters were set. This is mainly due to
the potential of AM technology to create complex shapes with fewer wastes, optimize material
consumption, and shorten production times [29, 30]. The latter is true, if it is compared with
conventional machining and when the rate between solid cavity ratio of the component is low. In this
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condition, during the conventional machining the tool have to remove a lot of material; on the other
hand, the additive manufacturing have to deposit a low quantity of material and therefore, this requires

short production time.

Generally, the prototyping phase is a costly process. On the other hand, by using the AM technology
the cost and development time can be reduced. According to Diegel et al., the additive manufacturing
process continues to be a functional tool to enable eco-friendly product to address both design quality
and cost efficiency [31]. Furthermore, the AM may use a recycled material to reduce the product
environmental impact [32]. Another concept that can be investigated, with the aim to reduce the
quantity of virgin material used during component production, is the use of additive technique to
repair, remanufacture, and update tooling also shows an opportunity for significant reductions in costs
and energy consumption [33]. From a sustainable point of view the weight of a target component is a
key factor. Indeed, the use phase or the transportation phase can be optimized if the component’s
weight is optimized, for instance the emissions due to fuel consumption can be minimized. Petrovic
et al., claim that by using the AM can be achieve up to 40 per cent of reduction in material waste
compared to conventional manufacturing. Indeed, more than 95 per cent of the residual materials can
be recycled [34]. In their study, Gebler et al. pointed out that a component manufactured by additive
manufacturing can reduce the environmental impact from the energy consumption point of view
between 2.54 —9.34 exajoule (1 EJ = 1018 J) during the entire life cycle[35]. More in detail, according
to literature review of several study that investigated different additive manufacturing processes from
an environmental point of view, i.e. powder bed fusion (PDF) [36], laser sintering (LS) [37], additive
laser manufacturing (ALM) [38], selective laser sintering (SLS) [39, 40], selective laser melting
(SLM) [41], direct metal laser sintering (DMLS) [42], fused filament fabrication (FFF) and fused
deposition modelling (FDM) [43], stereolithography (SLA) and binder jetting (BJ) [44, 45], the
energy consumption and the material energy, required to extract mineral resources and process it to
obtain raw materials, are the main factors that contribute in the environmental impacts of the AM

process.

According to mainly analysed studies, the investigated sample provides a picture of the environmental
impacts of geometry related and material related parameters of AM. Considering geometry
parameters, part orientation, weight, base area, cross-sectional area, complexity of the shape, number
of layers along z-axis and number of target component were investigated [40, 46—49]. While,
considering materials parameters, the material density, emissions due to material, recyclability and
shrinkage rate were analysed [49-53]. The outcomes revealed that the sustainability of the AM
process is affected 4.76% by the cross-sectional area, 9.52% by the base area, 14.28% by the part
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weight and surface area, 23.80% by the volume part, 38.00% by the material, shape complexity and
volume fraction, 57.14% by the number of layers along z and finally, all analysed studies consider

the part orientation as the most impactful factor.

Another category of research studies investigated process related parameters to minimize the
environmental impact. More in detail, the studies investigated the application of eco-design approach
in the AM. This approach aims to optimise the environmental impact from the initial concept of the
product to its other life phases such as production, use, and disposal. The application of this approach
in AM can optimize energy and material consumption [39]. Other researchers studied how the
environmental impact varies with the nesting and optimal layer thickness of the SLS process[40]. The
results showed that energy reduction can be achieved by optimising the orientation of the part, thereby
increasing nesting efficiency. In addition, higher nesting efficiency may also lead to a reduction in
powder waste and environmental performance improvements. Other studies developed a correlation
between process parameters and sustainability, such as the component’s geometry and orientation,
the laser energy and thickness of the slice. For instance, it has been found that the lowest laser energy
is obtained when the laser works perpendicular to the workpiece and that the thickness of the part
slice has a greater effect on laser energy than the orientation of the workpiece [54—56]. Another
relevant parameter that is investigated in the literature is the layer thickness. This parameter has a
relevant impact on the energy consumption and printing time. Whereas printing speed parameter has
been taken into account in the environmental sustainability of AM. Indeed, printing parts at high
speed while maintaining the print's quality can result in lower energy consumption [57, 58]. In the
meantime, increasing the powder feed rate leads to increasing the deposition volume resulting in

lower energy consumption [59].

The outcomes of the analysed studies pointed out that the powder feed rate is inversely proportional
to the energy consumption while the scanning speed and laser power are proportional to the energy
consumption. On the other hand, the increase in scanning speed led to a reduction in process time and

consequently in energy consumption per unit.
1.2.3  Casting Process from Sustainable Perspective

On the other hand, in conventional manufacturing (CM), which is widespread throughout the world,
components are manufactured using formative and/or subtractive (SM) manufacturing processes. In
formative methods, the final geometry of the component is obtained by casting the material within

the mould. In the latter case, there are various casting processes (CPs) such as sand casting, lost foam
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casting or lost wax casting, etc. On the other hand, there are conventional deformation processes
which, by applying forces, allow a plastic deformation of the material mass in the solid state until the
desired geometry is achieved. Among these are mass deformation processes such as forging, rolling,
extrusion, etc [60]. Other studies taken into account the sustainability of formative process in

comparison to additive manufacturing [61, 62].

On the other hand, the whole product’s life cycle has to consider reducing the environmental impact.
M. Santiago-Herrera et al. 2024, in their work analysed the sustainability of a gearbox manufactured
with a conventional production process, i.e. a casting process, and an additive manufacturing process,
i.e. a direct energy deposition process. The authors state that the casting process is more
environmentally friendly for the specific case study [63]. Further environmental parameters and

design choices have to be investigated in order to get a more comprehensive overview.
1.2.4 A Comparison between Additive and Machining Processes

Many research studies have compared the environmental impacts of various AM technologies and

conventional manufacturing (CM) approaches [52, 64, 65]

Priarone and Ingarao have compared the environmental impacts of production metal parts using CM
and a hybrid process based on AM assisted by machining [64]. The authors claims that the hybrid
process, i.e. AM assisted by CM is more environmentally efficient. Specifically, in another study,
researchers argue that the SLM process is more sustainable than traditional forming and machining
processes, in particular way, when producing complex structures and significant weight reduction

was required, as above reported [65].
1.2.5 Parameters Related to the Materials

Looking at environmental aspect, material characteristics could be investigated, indeed, when the
sustainability of the process have to be optimized this is a key factor. According to several research
studies and technical report the selected materials used during the design phase contributes in a
significantly way for the sustainability. In accordance with the above the main manufacturing
materials investigates are metals, e.g. low-carbon steel, aluminium alloy 6061, plastics, e.g. PLA, and

composite materials.

In order to select the key parameters not only the aforementioned processes have been analysed in

this thesis, as well as different materials. Specifically, different metals and alloys such as stainless
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steel, nickel-based alloys, titanium alloys, as well as some aluminium alloys can be processed via CM
and AM. Several studies investigated the sustainability of process with a selected material, such as
titanium alloy or AISI steel [22, 66—68] in conventional processes. Whereas, in another study
Baumers et al. presented a comparative environmental analysis of two metal additive manufacturing

process in order to evaluate titanium and steel material [51].

Due to their versatility and ease of use, polymers and continuous fibre reinforced polymer (CFRP)
are also two types of materials that are widely used in various applications both for AM and for joining
with traditional materials such as metals. Main research studies have analysed the effect of material
parameters on the energy consumption in the sustainability of AM process, for instance the use of
biodegradable materials and the effect of density of the selected material [63, 69, 70]. Researchers
have explored the potential of these materials for use in construction applications. Through detailed
case studies, they have analysed the use of CFRP as a sustainable alternative to conventional materials
for their lightness [71]. On the other hand, the end of life of CFRP has taken into account. Further
investigations by Utekar et al. and Gongalves et al., provide a comprehensive study of composite
recycling methods at the end of life of a component. These studies assess various recycling processes,
considering the balance between energy demand due to recycling process, and the mechanical
performance of reclaimed fibers [72]. Gongalves expands on this analysis by evaluating energy
efficiency and economic aspects of different GFRP recycling methods, emphasizing the need for
affordable recycling solutions that do not compromise the quality or structural integrity of the
reclaimed materials [73]. Arif et al. contribute to this field with an in-depth study of composite
recycling methods, highlighting high-voltage fragmentation (HVF) as an innovative, low-energy
technique with high recycling rates[74]. Their research discusses HVF’s potential as a scalable and
environmentally friendly method, making it a viable solution for composite waste management. By
comparing various recycling methods, Arif’s study emphasizes the importance of balancing

environmental impact and energy consumption to achieve sustainable recycling outcomes [74].
1.3 LCA Methodology

The first studies attributable to life cycle assessments date back to the late 1960s and early 1970s, a
period remembered for the oil crisis and the energy debate. Recently, there has been a great increase
in the scientific community's interest in LCA studies. Supporting the interest shown by researchers is
the number of articles published in academic journals, in fact from 1998 to 2024 there has been an

increase in LCA studies from 100 to more than 1200 [75].
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The Life Cycle Assessment (LCA) methodology was applied in this work to carry out an assessment
of the sustainability of manufacturing processes. In this work, processes were modelled to assessment
the environmental impact in order to give guidelines for selecting a technology more suitable from

an environmental perspective.

1.3.1 LCA Framework

LCA, or life cycle analysis, is a measurement of the environmental impacts from the life cycle of a
product, process, or service [76]. The different parts of a life cycle, called life cycle phases, can have
multiple impacts on the environment. LCA makes it possible to assess the product's total impact or
the impact of the different phases. This can help decision-makers to make informed choices regarding
product development, marketing, strategic planning, and policymaking. The methodology is
standardised through a few different standards. This work was written according to the ISO 14040
and 14044. There are four main phases to LCA, described by these standards:

Goal & scope
Inventory analysis

Impact assessment

W b=

Interpretation

The LCA is used to assess the environmental impacts by using the life cycle of a product. If the
production process is considered, environmental impacts are assessed from the raw material
processing. This phase is also called “Cradle”, which is part of the term “Cradle-to-Grave”. The term
“grave” is derived from the last piece of material processing, when materials are recycled, disposed

of, or lost. Indeed, the LCA is an iterative method as described in figure 1.1.

) Inventory -— | Impact /
analysis b Assessment

" Goal & scope
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S
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Figure 1.1 Illustration of the four LCA phases according to ISO14040 and their iterative
relations[77].
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1.3.2  Goal & Scope

The goal and scope describe the how and why for the analysis and ensures that the LCA is performed
consistently. LCA gives a model of a complex reality, meaning multiple simplifications must be made.
Carefully definition of the scope and goal ensures that these simplifications do not influence and
distort the results too much. The most important choices made in the study are described in the goal
and scope [9-10]. The goal and scope should be defined with the commissioner and should be clearly
defined and consistent with the intended application [76, 78]. The goal should describe the intended
application of the product, process, or service. The reasons for the study should also be described in
this part, along with the intended audience and who the paper will be disclosed to. The scope describes
the product system studied, meaning the functions of the system or systems in the case of comparative
studies. This includes the functional unit, which describes the function of the system in line with the
goal and scope. All inputs and outputs are considered in relation to and normalised to this unit. The
scope also describes the system boundaries, which describes what are taken into consideration and
what is left out. This will depend on money, time, resources, and what is wanted by the commissioner.
The allocation procedures describe how allocation of impacts is made when they are based on a
choice. E.g., how much of the impact is given to the product and the by product. Methodology and
impact categories based on impact assessment and interpretation must be described in the scope as

well, along with the data requirements, assumptions, and limitations [76].
1.3.3  Functional Unit

The functional unit quantifies the function of the investigated product. Its primary purpose is to
provide a reference to which input, and output data are normalized; therefore, the functional unit have
to be clearly defined and measurable. Since LCA studies are commonly performed to compare
alternative ways of performing a given function, the functional unit also serves as a basis for

comparison.
System Boundary

System boundaries separate the technical system, which comprises all activities that are part of or
affected by the product life cycle, from the environment. Material or energy flows between processes
are referred to as technical flows, while flows between processes and the environment, i.e. those that
cross system boundaries, are referred to as elementary flows. For instance, an elemental flow is

defined as a material or energy that added to the system and is obtained directly from the environment
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without previous transformation. On the other hand, this is not practical due to the lack of data and
therefore, it is necessary to decide which flows include in the system boundaries. The assumptions

have to be included in the definition of the objectives and scope.
1.3.4 Inventory Analysis

The second step in an LCA, when using the ISO 14040 / 14044 is the life cycle inventory, in which
an overview of the materials and processes used during the production of functional units was
presented. In the inventory analysis, the environmental inputs and outputs were studied.
Environmental inputs represented something taken out of the environment and added to the products
life cycle. On the other hand, environmental outputs were taken from the products life cycle and
added to the environment. These data provide a complete overview of the inventory [76, 77]. The
inventory analysis consists of four steps: preparing for data collection, data collection, calculation,
and allocation. The reliability of the data depends on the reliability of the source and must be
documented [76]. A fundamental action, necessary before starting data collection, is to identify all
the processes involved in the system under investigation. This can be done by starting with
discriminating the unit process that has as its output the reference flow, which is the flow that satisfies
the function quantified by the functional unit. During the LCA cut-offs of process unit can be applied
on reference flows or life cycle phases, if these are not quantitatively relevant. For instance, the cut-
off implies to not account for one or more elements, if these do not carry more than 5% of the total

environmental impacts.
1.3.5 Life Cycle Impact Assessment

The third phase of an LCA conducted by ISO 14040/14044 standard, is life cycle impact assessment.
At this phase, conclusions are drawn in order to make better and more informed decisions. The
environmental impacts collected and modelled in the inventory analysis are classified into categories
[78]. This allows evaluation of the potential environmental impacts. First impact categories, category
indicators, and characterisation models are selected. It is important that the subjective choices
(assumption) made are documented. Then the classification step is done, during this step the inventory
results are assigned to the impact categories. This is based on the impact assessment method chosen.
Finally, the calculation of category indicator results is done, this step is called characterisation. This
step is performed by multiplying the inventory results with characterisation factors, usually using a
program. The calculation provides the contribution to impact for each category indicator.

Characterisation factors are provided by the assessment method. There are two main types of impact
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categories, as they can be described on two different levels. There are the midpoint effects, which
describes the effects on nature, e.g., acidification, global warming, ozone depletion, etc. The other
category is endpoint effects, which are the consequences of the midpoint effects, e.g., less

biodiversity, shorter length of human life, and resource depletion [76].
1.3.6  Impact Assessment Method

According the LCA methodology different standardised method are available in literature in order to
quantify different environmental parameters. In this thesis the two most common used methods were
reported. First one is the IMPACT world + V1.01 method [79]. Second one is the ReCiPe 2016
Endpoint (H) V1.06 method [79].

IMPACT world + Midpoint

The IMPACT world + method, is the update of the IMPACT 2002+, LUCAS, and EDIP method [12].
According to the developers, most of the regional impact categories have been spatially resolved and
all the long-term impact categories have been subdivided between shorter-term damages (over the
100 years after the emission) and long-term damages. There are two versions of this method, each
one analyses the midpoint indicator, the other one the endpoint. In this LCA study only midpoint
indicators will be studied. The impact categories of the Midpoint version are based on the following

models:

e Global Warming Potential (GWP100) and Global Temperature Potentials (GTP100) are used
for, respectively, climate change short- and long-term impacts. Those two indicators are
needed because they express different impacts: GTP100 (climate change long-term) are
impacts related to long-term cumulative warming (e.g., sea level rise), while GWP100
(climate change shorter-term) are impacts related to a rapid increase in temperature to which
humans and species must adapt very quickly. The unit of these impact categories is kg CO2
eq.

e Marine acidification impact is based on the same fate model as climate change, combined
with the H+ concentration affecting 50% of the exposed species. Therefore, this impact
category indicates the acidification of marine water due to gas emissions. The unit is expressed
as kg SO2.

e Marine eutrophication impact indicates the enrichment of ecosystems due to emission of

nutritional elements. The unit is expressed as kg N eq.
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For mineral resources depletion impact, the material competition scarcity index from de
Bruille (2014) is applied as a midpoint indicator. This impact category indicates the abiotic
depletion from mineral resources. The unit is expressed as kg Sb eq.

Terrestrial and freshwater acidification impact assessment is based on Roy et al. (Roy et al.
2014; Roy et al. 2012a; Roy 24 et al. 2012b) and combines, at a resolution of 2 °x 2.5 °
(latitude and longitude), global atmospheric source-deposition relationships with soil and
water ecosystems sensitivity. Therefore, it indicates the acidification of soils and water due to
gas emissions. The unit is expressed as kg SO2.

Freshwater eutrophication impact is spatially assessed at a resolution grid of 0.5 °x 0.5 °,
based on a model from Helmes et al. (2012). Therefore, it indicates the enrichment of
ecosystems due to emission of nutritional elements. The unit is expressed as kg PO4 eq.
Freshwater ecotoxicity and human toxicity impact is based on the parameterized version of
USEtox for continents. The developers considered indoor emissions and differentiated the
impacts of metals and persistent organic pollutants for the first 100 years from longer-term
impacts. Therefore, USEtox calculates characterization factors for human toxicity and
freshwater ecotoxicity at midpoint level. The characterization factor for human toxicity
impacts (human toxicity potential) is expressed in Comparative Toxic Units (CTUh), the
estimated increase in morbidity (disease) in the total human population, per unit mass of a
chemical emitted, assuming equal weighting between cancer and non-cancer due to a lack of
more precise insights into this issue. Unit: [CTUh per kg emitted] = [disease cases per kg
emitted]. The characterization factor for aquatic ecotoxicity impacts (ecotoxicity potential) is
expressed in Comparative Toxic Units (CTUe), an estimate of the potentially affected fraction
of species (PAF) integrated over time and volume, per unit mass of a chemical emitted. Unit:
[CTUe per kg emitted] = [PAF x m? x day per kg emitted].

Impacts on human health related to particulate matter formation are modelled using the
USEtox regional archetypes to calculate intake fractions and epidemiologically derived
exposure response factors. The unit is expressed as kg PM2.5 eq.

Photochemical oxidant formation, ozone layer depletion, and ionising radiation are based on
ILCD handbook recommendations. The model calculations were updated to take into account
the most recent values of the World Meteorological Organisation's (WMO, 2014) ozone
depletion potential. The impact categories indicate the creation of smog by emission of gases,
the emission to air by the destruction of the ozone layer, and the emission generated through
nuclear reactions, respectively. The units are kg NMVOC eq, kg CFC-11 eq, and Bq C-14 eq,

respectively.
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e Water consumption impacts are modelled using the consensus-based scarcity indicator
AWARE. Therefore, it indicates the impact on terrestrial and freshwater species and on the
increase of malnutrition. The unit is expressed as m3 world eq.

e Impacts from land occupation and transformation on biodiversity are based on de Baan et al.
(2013). Therefore, it indicates the impact on terrestrial species. The unit is expressed as m2yr

arable.
ReCiPe 2016 Endpoint (H)

The ReCiPe method is a combined midpoint and endpoint assessment method, with main contributors
being RIVM, Radboud University, CML and Pré Sustainability [23]. This method calculates 18
midpoint indicators and 3 endpoint indicators. Relations between the midpoint and endpoint
indicators can be seen in figure 1.2. In this LCA study, only the endpoint categories will be studied,

as midpoint was performed by the IMPACT world + method.
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Figure 1.2 Overview of the ReCiPe method structure.

The endpoint categories, their units and descriptions were explained as follow:
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e Damage to human health, this endpoint impact category indicates the damage to human health,
and it is measured as lost years of life per person per year. The unit is expressed as DALY
(Disability Adjusted Life Years)

e Damage to ecosystems, this endpoint impact category indicates the damage to ecosystem
diversity, and it is measured in species/year. The unit is expressed as species. Yr

e Damage to resources, this endpoint impact category indicates the increased extraction cost of

minerals and fossil fuels. The unit is expressed as USD (2013).
1.3.7 Interpretation

This phase involves interpreting the results of the inventory and impact assessment phases and
possibly drawing conclusions and recommendations for improving the environmental performance
of the system studied. In this phase, therefore, opportunities to minimise the impact associated with

a product are evaluated.

First, the results of the analysis are presented and the main aspects highlighted. An evaluation is then

carried out which consists of the following points:

e completeness check, to ensure that all relevant information and data necessary for
interpretation are available and complete;

e sensitivity check, to assess the reliability of the final results and conclusions by determining
any uncertainties in the data, allocation methods and calculations;

e consistency check, to determine whether the assumptions, methods and data are consistent

with the set goals and objectives.

Finally, conclusions are formulated highlighting the limitations of the study and reporting any
recommendations for improving the environmental impact. The phases of an LCA are not always
separate from each other and influence each other in an iterative process. The availability and quality
of data, for instance, can influence the choice of system boundaries, the interpretation phase can lead
to a revision of the project's purpose and scope. Because of these interactions, LCA is not a linear
analysis but a process that must be continually revisited and updated over time. As the analysis
deepens, new data may replace old data through a process of revised calculations and assumptions. It
should be noted that LCA is not only a means of environmental protection but also an important tool

for strengthening competitive dynamics and cost reduction and control.
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1.4 Conclusions

The literature review highlighted past and current trends in the application of LCA methodology and
offered a glimpse of possible parameters to be taken into account when analysing different production
processes. The methodology is developing in a direction where factors from the economic and social
spheres are integrated into the life cycle assessment of a technology. However, the literature review
identified several challenges in defining different end-of-life approaches. Hence, the main challenge

represents the robustness of the life cycle inventory.

Currently, the main uncertainties concerning the reliability of the results mainly concern the level of
subjectivity of the assessments, both in the inventory phase and in the subsequent impact analysis,

and the possibility of finding data and information consistent with the analysed processes.

On the other hand, there is a lack of practical examples in the literature of comparative LCA between
different processes with different end-of-life scenarios and assessments of the waste obtained from
the manufacturing processes. Furthermore, there are limited assessments available for the
environmental performance provided by the application of new production routes instead of

conventionally adopted systems.

Building on the results of the literature review, the next chapter of the thesis will report on the
application of the methodology adopted and an introduction to the four case studies submitted for

assessment.
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2.Chapter II: Applied Framework and Introduction to

the Analysed Case Studies

Part of the content of this Chapter was published in:

International Journal of Material Forming

Borda, Francesco, La Rosa, Angela Daniela, Filice, Luigino, Gagliardi, Francesco, 2023.
Environmental impact of process constrained topology optimization design on automotive
component’ life

Journal of Cleaner Production

Borda, Francesco, Ingarao, Giuseppe, Ambrogio, Giuseppina, Gagliardi, Francesco, 2024.
Cumulative energy demand analysis in the current manufacturing and end-of-life strategies
for a polymeric composite at different fibre-matrix combinations

Advances in Materials and Processing Technologies

Borda, Francesco, La Rosa, Angela Daniela, Filice, Luigino, Gagliardi, Francesco, 2024.
Environmental comparison of opposing manufacturing strategies at changing of energy

sources, EoL approaches and shape peculiarity for an automotive component

2.1. Chapter Summary

In the previous chapter, the literature has been reviewed. A critical review of the previous analysed

parameters of each different manufacturing technologies in a sustainability perspective were

investigated in order to assess the current research gaps and helping to identifying challenges.

Starting from these assumptions, this chapter introduces the analysed framework with the aims of

integrating the existing LCA methodology with additional assessment steps and considerations to

overcome the gaps emerged in the literature review. The methodological approach is described, and

four case studies for different materials and manufacturing technologies, selected from industrial

field, are presented.
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2.2 The Framework

Methodological choices are determined by the objective of the study and the posed research questions.
In order to understand the evaluations carried out, the choices and research questions must be clearly
defined. This requires the definition of the goals and scope of the work. In this section the frameworks
coupled to the conventional LCA methodology were described. Specifically, one of the objectives of
this thesis work is to define the variation of the environmental impact of a component made using
different manufacturing techniques when varying the end-of-life strategy and consequently the impact

of the starting material on the overall impact of the final product.

In this context, two fundamental concepts in the calculation of end-of-life effects have been adapted
to the materials and processes investigated. The analysis considered two different methods to assess
the product’s EoL. The first one is the recycled content, and the second one is the substitution method.
The first one attributes the full benefit of recycling to the beginning of the material life cycle, reducing
the impact of input materials. The second method, on the other hand, attributes the environmental
credits of recycling to the end-of-life phase. Equations (2.1-2.2) detail the above methods,

respectively.
H(net)recycled content — (1 - R) ' (mb) ' hm + (R) ’ (mb) ' hrc + (1 - ‘I") ' (mc) ' hd (2-1)

H(net)substitution = (mb) “hpy — 7 (mc) ' (hm - hrc) + (1 - T') ' (mc) “hg + (mb - mc) “hg
(2.2)

where, R is the fraction of recycled material in a new material and 7 is the component recyclability at
the end of its life. Whereas mb and mc represent the initial billet mass and the component mass,
respectively; Am represents the aluminium alloy’s material extraction specific energy, hrc represents
the recycling process's specific energy. Finally, 4d denotes the disposal specific energy referring to

the landfilling of waste material.

The two applied frameworks allow assessments to be made from the point of view of the total energy
required, which is closely linked to the emission of carbon dioxide. For this reason, the quantification
described in the previous equations expresses energy values in MJ units. More in detail, the discussed
frameworks were applied in different context to quantify the material waste carried out from
manufacturing processes, as discussed in a properly way in the next chapters. The applied methods
have been applied in this thesis work and have been coupled with the LCA methodology in order to

obtain overall assessments of the impact of the investigated case studies and processes.
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Finally, in the interpretation of the results arising from the application of the aforementioned methods
coupled with the LCA analysis, it is worth considering that the different scenarios and assumptions
for process and material modelling choices should not be considered as the end result but provide a
set of expected answers and not the answer. Indeed, the goal of this approach is to establish the
necessary basis for discussing and guiding research and development, and to provide a solid platform

for discussing with all parties involved the critical points to focus on.
2.3 The Case Studies

In this thesis the proposed framework coupled with LCA methodology is applied to four case studies
that originate from both academic and industrial field. The case studies are briefly introduced below,

and subsequently examined separately, in the next four chapters of the thesis.
2.3.1 Case Study I

The first case study looks into the manufacturing of a bracket used in the automotive sector with
different manufacturing techniques coupled by the topological optimization methodology.
Specifically, the bracket was studied from literature perspective in order to assess the more sustainable
manufacturing process. The aim is to define the critical points in the manufacturing process to
minimize the environmental impact by selecting the properly manufacturing process based on the
constraint. At the same time, understand under which conditions the analysed system can result in

performance gains over another one.
2.3.2  Case Study 11

The second case study focuses on the comparative analysis of an automotive component
manufactured by different manufacturing techniques. This research aimed at performing a life cycle
assessment (LCA) of an automotive component manufactured by both the proposed manufacturing
techniques, i.e. subtractive manufacturing and additive manufacturing, at changing the volume ratio

between the final shape and the initial enveloping billet.
2.3.3  Case Study I1I

The third study explores the effects on the environment from multi-material product by analysing
different EoL scenarios. Specifically, the analysed case study focused on a hybrid metal-composite
component in the automotive sector. The aim of the study is to provide guidance to LCA practitioners
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to quantify the effect of the application of multi-material components in the automotive industry and

compare it with conventional processes and materials.

2.3.4  Case Study IV

Finally, the fourth case study investigates different scenarios of EoL of a composite sample without
a specific function in order to explore the environmental effect of the material considering different
EoL strategies. This research aimed at providing guidance for the selection of the most suitable EoL
strategies, taking into account the continuous fibers reinforced thermoplastics material properties, as
a decision support tool that, practically, can be employed in choosing the most energetically

convenient path.

3. Chapter III: Sustainability Analysis of the

Subtractive, Additive and Casting processes.

Part of the content of this Chapter was published in:

e International Journal of Material Forming
Borda, Francesco, La Rosa, Angela Daniela, Filice, Luigino, Gagliardi, Francesco, 2023.
Environmental impact of process constrained topology optimization design on automotive

component’ life

3.1 Chapter Summary

The components’ lightweighting has been pursued, especially in the transport industry, for greenhouse
gas reduction. In this perspective, according to Huang et al. lighter parts can result in an energy and
material savings, these parameters are strictly linked to carbon dioxide emissions [52]. On the other
hand, according to other research studies the volume of a part can increases the energy consumption
during the manufacturing phase [43, 49]. One of viable solutions to optimise the part’s weight is via
topological optimisation (TO) method [80]. TO, being able to allocate the material within a provided
design space, is a mathematical method that can support the design of lightweight components,
preserving, at the same time, their mechanical performances. On the other hand, this method can

guarantee a lighter component, however, this could lead to disadvantages depending on the process
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used to manufacture the component. By utilizing topological optimization (TO) in AM can improve
the sustainability due to brief manufacturing time, lower material and energy consumption [81, 82].
On the other hand, from a sustainability perspective, conventional manufacturing techniques, such as
subtractive manufacturing (SM) and casting processes (CP), coupled by TO must be carefully
considered. Consequently, the research presented in Chapter 2 assesses the environmental
sustainability of AM, SM, and CP processes, with a specific focus on their integration by the TO
method. In this chapter, the standard shape of a component, specifically an automotive bracket, was
topology optimized by estimating the impacts of the new designs from an eco-friendly point of view.
A subtractive, an additive and a casting manufacturing process were considered as possible
manufacturing routes achieving an optimized geometry of the component for each of them. The
topology optimizations were performed considering each processes’ peculiarity, introduced as
constraints. The same strength for a given set of loads and boundary conditions was the target of each
analysis. The component lightening can be considered environmentally friendly just after assessing
the impacts associated with all the stages of the product’s life cycle. Indeed, each phase of the
product’s life cycle can be affected, differently, by the performed topology optimization taking into
account the peculiarities of the employed manufacturing process. The overall considerations on the
most environmentally safe strategies can, therefore, change according to the specificities of the
optimized shapes. The topology optimization showed its utmost potentiality, from a sustainable point
of view, if applied to additive manufacturing techniques for the advantages arisen by the capability
to manufacture complex shapes benefiting also of reduction time process owing to less material to be
deposited. Finally, to present a comprehensive overview of the work, the graphical abstract in Figure

3.1 was provided.

Case study I
Context Topological Optimization Applied LCA & LCE methodology
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Figure 3.1 Graphical abstract.
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3.2 Introduction

Topological optimization (TO), widely used in aerospace, mechanical, bio-chemical and civil
engineering, has been developed to provide a mathematical tool to the designers helping them in the
minimization of the amount of used material in parts’ construction [83]. Specifically, TO aims at
maximizing the component performances taking into account specific sets of structural loads,
boundary conditions and constraints [84]. Furthermore, the TO analyses have to be fine-tuned taking
into account restrictions related to the manufacturing strategies chosen for the part production [85].
Hence, considering the constraints introduced by the selected manufactured process, the TO can
propose different geometries of a component, characterized by different weights. This is a relevant
matter considering that, generally, material reduction in component’s production is often strictly
related to the greenhouse gas (GHG) emissions, especially if components for the transport industry
have to be produced [85]. Focusing the attention, as a matter of fact, on the transport sector, currently,
the average emission target for the entire EU fleet for new passenger cars is 95 g CO2eq per km and
terms such as 20 g CO2eq per km or also zero emissions per km have been discussed [86]. Indeed,
the strategy adopted by the European Union (EU) for adapting to climate change will lead Europe to
become climate neutral by 2050 [87]. Therefore, optimizing the parts’ geometry results in improving
environmental performances [88]. Specifically, Upadhyayula et al. [89] claimed that fuel
consumption in internal combustion engine vehicles is reduced by 6% for each 10% reduction in

weight of the vehicle.

Luk et al. [90] introduced the concept of part functionality claiming that the reduction of the vehicle
weight and the related fuel saving must be strongly associated to the capacity of the part to fulfil its
assignment. Finally, Bian et al. [91] implemented a lightweight design in commercial vehicles to
reduce fuel consumption by 20%. The components’ environmental performance must take into
account not only the product design, but also its production, use and disposal phases. In this way, a
complete impact’s assessment can be achieved [92]. Eco-design by topological optimization moved
in this direction considering the sustainability analysis criteria such as carbon emission reduction,
energy efficiency and carbon footprint reduction [93]. Furthermore, artificial intelligence technology
makes possible the development of increasingly sophisticated optimisation software to design
sustainable, efficient and environmentally effective products [94, 95]. In this context, DeBoer et al.
[60] carried out an LCA analysis of 3 different additive manufacturing processes. The novelty of the

proposed work is the implementation of the topology optimization combined with a Life Cycle
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Assessment (LCA) analysis taking into account different production routes for manufacturing a
specific component. An automobile part, i.e., a bracket was the selected component to be optimized,
topologically. Several studies have been proposed aiming at quantifying the environmental impact of
vehicles [96]. The LCA was chosen because it allows including all phases of the product’s life cycle,
from the extraction of raw materials to its manufacturing phase, from the use phase of the produced
component to its EOL [97]. Specifically, Subtractive Manufacturing (SM)[83, 98], Additive
Manufacturing (AM) [99, 100] and Casting Process (CP) [101, 102] were proposed as possible
process routes to produce the component. In detail, SM is performed by a 5-axis standard milling
machine, AM employs the laser sintering 3d printer and the CP makes use of steel moulds. The
bracket’s geometries with and without topology optimization were analysed considering the
restrictions related to each of the manufacturing processes. As a result, three optimized geometries
were obtained guaranteeing for each of them the same mechanical strength of the starting shape.
Subsequently, the LCA analysis was implemented for each geometry considering the related process
employed in its construction. In addition, focusing on significant impact categories, considerations
on the performance of each process taking into account the number of the parts to be produced were

also provided.
3.3 Materials and Method

A bracket is a component generally used to improve the reliability and accuracy of adjacent
mechanical components reducing vibrations and oscillations. Damping brackets can reduce noise and
material wear helping in preventing critical components from breaking or malfunctioning [103]. The
brackets’ number required in an automotive can vary from none to two or more [104]. The initial
geometry of the investigated bracket’s typology, whose weight is of 0.140 kg, was extracted by
literature [105]. The main sizes of the box required to envelop this geometry are: 135x60x80 mm
(Fig. 3.1). The material, constraints and structural loads, applied in a single condition, were also
extracted by literature [105], see Fig. 1. Three topology optimized shapes, reported in Fig. 3.2, were
designed starting with the geometry extracted by literature. The simulations were performed by
Autodesk Fusion 360 software [106] with the aim of reducing the mass of the component
guaranteeing a minimum allowable space and preserving a safety factor of 2 compared to the yield
strength of the material. The finite element simulations were set by meshing the parts by Inventor
Professional. This pre-processor employs just solid elements for the geometry’s discretization.
Specifically, tetrahedron elements (4 physical points and 10 nodes for interpolation) were utilised.

The average element size of the mesh is 0,1. The number of elements was: 2682 for the standard
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shape and 23,127, 23,889 and 26,249 for the shapes optimised respectively for the additive,
machining and casting process. In Fig. 3.3, the distributions of the stress generated on these parts, due
to the imposed loads and constraints, were calculated and displayed as proof of comparable
mechanical strength for each of the designed shapes. The weight of each geometry employed in the
study was reported in Table 1. A relevant information that affects the LCA analysis is the total
material’s weight that has to be considered for each manufacturing process considering the wasted
part, too. According to that, the initial volume of the billet used in machining was calculated
considering the volume required to envelop the machined part. The material wasted to create the
supports in the additive process was, instead, numerically estimated by Markforged Eiger software
[107] and added to the net-weight of the additively manufactured shapes. No waste material was
considered for the casting process [108]. This information is also reported in Table 3.1. Furthermore,
the impact of raw material in casting was compared to the one resulting from the production of the

billet or of the powder used, respectively, in the SM and AM processes.

Table 3.1 Weight of the designed geometries.

Manufacturing process Bracket’s weight Overall employed
(kg) material (kg)
Machining (Initial Shape) 0,14 1,75
Additive (Initial Shape) 0,14 0,83
Casting (Initial Shape) 0,14 0,14
Machining (Optimized Shape) 0,08 1,75
Additive (Optimized Shape) 0,05 0,28
Casting (Optimized Shape) 0,11 0,11
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Figure 3.2 Main dimensions of the box to envelop the bracket and used structural loads and constraints
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Figure 3.3 The geometries employed in the analysis: a) initial shape, b) optimized shape manufactured

by SM, c) optimized shape manufactured by AM and d) optimized shape manufactured by CP
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Type: Von Mises stress
Unit: MPa

Figure 3.4 Von Mises stress distribution in the geometries employed in the analysis due to the applied
loads: a) initial shape b) optimized shape manufactured by SM, ¢) optimized shape manufactured by

AM and d) optimized shape manufactured by CP

3.3.1 Life Cycle Assessment

Comparative LCA of 3 different process routes, namely SM, AM and CM processes, in manufacturing
an automotive component was conducted. The comparison included the topological optimisation
modelled for the 3 different processes assessing optimised versus non-optimised shapes extracted by
considering the constraints ascribable to each manufacturing route. Mid-point evaluation focused on
global warming potential (GWP) and cumulative energy demand (CED), and end-point damage on
human health and ecosystems were reported. The LCA study involves four main phases detailed as

follows. The product system studied is an automotive component that is manufactured by different
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manufacturing routes. The functional unit, chosen for the present study, is a yield stress-constrained
formulation inside this component, named bracket. The bracket is constrained by the space, within
which it has to be installed in accordance with the applied loads and constraints. The yield strength
cannot exceed a limit tied to the properties of the material, which the bracket is made of. The system
boundary includes all the unit processes: raw materials extraction, product manufacturing, use phase
and EOL, as schematized in Fig. 3.4. The study excludes the transport impact between the unit
processes. Material recycling was assumed in closed loop and avoided impacts were allocated to the

same manufacturing process [109].

Cradle To > Grave
Material extraction
Energy Energy Energy Energy Energy
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Recovered
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Figure 3.5 From-cradle-to-grave analysis

Life Cycle Inventory (LCI) consists of an inventory list of data collected for all the processes indicated
in the system boundaries. The Ecoinvent V.3 database provided by SimaPro 9.3 software and
information extracted by literature were combined as well as data modelled and calculated for the

different geometries, e.g., detailed values of energy and masses, as summarized in Table 3.2.

Table 3.2. LCI literature data and calculated data for the entire life cycle.

Material extraction Product manufacturing Use phase EOL
Raw material k k
Primary production M] /kg) O /kg) O /kg)
M /kg)
SM 149,56 [79] 2,90 [110] 25,20 (M] /h) 56,60 2,90 [110]
AM 149,56 [79] 1,65 [60] 22,17 MJ/h) 56,60 1,65 [60]
CpP 149,56 [79] - 2,90 MJ/kg) [110] 56,60 2,90 [110]
Mold 63,73 [79] 4,40 [110] 600,00 (M] /kg) [111] - 4,40 [110]

Selected methods for the Life Cycle Impact Assessment (LCIA) are, the Cumulative Energy Demand
(CED), the Ecological Footprint (EF) Method (adapted) V1.01 / Global (2010)/with tox categories
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(midpoint) and the IMPACT 2002 + V2.15 / IMPACT 2002 + (endpoint), all available in the SimaPro
9.3 software used for the evaluation [79]. The analysis focused on the quantification of the energy
required for the materials extraction employed in each manufacturing process by using the code
library. Once extracted, the material is processed to get a billet to be machined or powders to be laid
down, additively. The demanded energy required to perform this transformation before SM or AM
was detected in literature (Table 3.3). The energy ascribable for making the CP billets was neglected
assuming that the material is melted directly before filling the mould. For CP, instead, the impact of
the mould, made of H13 tool steel, on the energy demand, was quantified and taken into account in
the analysis [110]. The energy required for the mould was considered as constant for both standard
and optimized brackets, being related to the component's three dimensions, which were constrained
in the performed topology optimization. The energies for manufacturing a single bracket by each of
the investigated processes were summarized in Table 3.4. Specifically, the SM energy impact was
quantified considering the power of a standard milling machine [65] and the working time extracted
by Denkena et al. [112]. The times of the different printing phases and the required powder were
quantified by Gao et al. [113]. Finally, the energy demand for casting was quantified considering the
required energy per mass of the produced component [110]. Specifically, the energy for the mould’s
production was quantified considering both its weight, which is based on the dimensions of the
bracket’s geometry, extracted by Autodesk Inventor software [106], and the machining phase required
for its manufacturing [111]. To complete the analysis of the product manufacturing, the finishing
phase was also considered having the same impact, proportionally to the component weight, for each
designed bracket. The energy related to the finishing phase was quantified by Cecchel et al. [114].
The percentages of recycled materials in each manufacturing process were investigated for both
aluminium [115] and HI13 steel [116]. The impact of the products’ use phase was evaluated
considering that each bracket, mounted on an economic car, which is powered by a diesel engine,
covers a distance of 250,000 km in its life [117]. The fuel consumption was quantified in 0,3 L per
100 kg mass transported for 100 km [86]. The density of the fuel was taken from literature [118].
Finally, the product’s EOL phase was also considered. The percentages of materials, which can be
recoverable, considering both aluminium for the brackets and steel for the moulds, were estimated

according to literature [110, 116].

Table 3.3. Energy parts required for the achieving the raw material used in manufacturing.

Process Quantity of raw material Energy for obtaining raw
(kg) material (M]/kg)
Machining (Initial Shape) 1,75 2,90—Billet [110]
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Additive (Initial Shape) 0,83 1,65—Powder [60]

Casting (Initial Shape) 0,14 -

Machining (Optimized Shape) 1,75 2,90—Billet [110]
Additive (Optimized Shape) 0,28 1,65—Powder [60]
Casting (Component) 0,11 -

Casting (Mould — Both Shapes) 60,12 85,00 [110]

Table 3.4. Energy for manufacturing the brackets considering the analysed processes.

Process Power (kW) Working time (h) Energy (MJ)
Machining (Initial Shape) 7,00 [119] 0,44 11,08 [119]
Additive (Initial Shape) 9,65 [113] 0,70 24,19 [113]
Casting (Initial Shape—Part) - - 0,46 [110]
Machining (Optimized Shape) 7,00 [119] 0,53 13,46 [119]
Additive (Optimized Shape) 9,65 [113] 0,24 8,29 [113]
s:tt;ng (Optimized Shape— ) ) 0,36* (110]
Casting (Both Shapes—Mould) - - 36.072,00 [111]

3.4 Results and Discussion

The outcomes reported in this section summarize the global warming potential quantified during the
investigated case study. Specifically, GWP results are schematized in the networks of Figs. 3.5 —-3.10
that report the unit processes involved in manufacturing technique. CED results are synthesized in
Table 3.5, where the contributions of the four phases are detailed. According to that, the electricity
market of Norway was considered to align the consumed energy in manufacturing to the other CED’s

contributions. In Table 3.5, the consumed and the recovered, by recycling, energies were labelled by
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OUT and IN, respectively. Furthermore, the contributions related to the produced component and to

the used moulds for CP were also distinguished. Looking at Table 3.5, therefore, the from-cradle-to-

grave CED can be evaluated, in detail. The charted data in Fig. 3.11 allow observing how the volume

of the manufactured components affects the considerations on the processes’ CED performances,

deeply. For the initial bracket’s geometry, the CP, reported without the moulds’ contribution for a first

examination, resulted to be the process that burdens less on the environmental resources. This

observation changed if the optimized geometry was considered. Making explicit the CED

subdivision, the following considerations arise:

i)

iii)

Material production: this is energy-intensive for the initial shape of the SM process being
impacted by the processed mass. The CED ascribable to SM passes from 53,68 MJ to
24,43 MJ moving from the initial to the optimized shape. This reduction moves SM to be
closer to CP (16,30 MJ), which does not take consistent benefit from the optimization
being 21,50 MJ its CED required for the initial shape. The AM, instead, owing to the
process capability of taking the product’s shape to its extreme, in terms of volume
reduction, resulted in a relevant CED reduction passing to be higher than CP’s CED for
the initial shape (23,72 MJ) to a reduction quantifiable in about 65% (8,14 MJ).
Production manufacturing: the CED for this LCA phase, at least for AM and SM, is
strictly related to the time required to complete the process. For that reason, manufacturing
of the optimized shape results in an increasing of CED for the SM respect to the initial
shape, respectively 13,35 MJ and 11,08 MJ, considering that, more material needs to be
removed if the part is obtained by the same billet size, being this a function constraint to
be respected. The contrary happens for AM, where less material needs to be deposited
because of the reduced volume of the optimized shape. Specifically, AM’s CED passed
from 24,19 MJ for the initial shape to 8,29 MIJ for the optimized shape. Finally, the impact
of this phase weighs marginally for CP’s CED, respectively 0,46 MJ for the initial shape
and 0,37 MJ for the optimized one, being considered just the energy portion required to
cast the material.

Use-Phase: this LCA phase is strictly related to the mass of the component. Therefore, the
optimization shapes impact less than the initial one on CED aside from the considered
process. The demanded energy reduction is more evident for AM, arriving at 17,32 MJ,
owing to the process capability to achieve a stressed material distribution. This phase for
SM and CP weighs 30,31 MJ and 39,30 MJ, respectively. The CED is affected in the

amount of 50,52 MJ from the initial bracket’s dimension.
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End-of-Life: the considerations, effective for the Use- Phase, can be mirrored for this last
LCA phase. In this case, the values have to be considered as recovered energy that,
therefore, reduces the demanded energy of the product life cycle. More is the mass of the
bracket; more is the gotten back energy considering a proper waste management without
considering landscape as possible choice. In detail, the recovered energy is equal to -13,85
MJ, -8,33 MJ, -4,76 MJ and -11,89 MJ respectively for initial and optimized SM, AM and
CP shapes.

From-Cradle-to-Grave: a complete view of the impact for each process considering initial
and optimized shapes can be achieved adding up the detailed energy aliquots of each LCA
phase. Herein, the advantages arisen by topology optimization for AM result to be evident
with a CED reduction of about 65% respect to about 41% and 25% for SM and CP,
respectively. As written above, the considerations were performed without considering the
impact of the moulds for CP’CED to be able to get a comparison to AM and SM without
taking into account the number of parts to be produced. Anyway, CP is environmentally
affected by the energy contribution related to the moulds, which weigh on the production
of few parts, consistently as shown in Table 3.5. The study was, therefore, completed
considering also the contribution of the moulds and weighing it with respect to the batch
size (Fig. 3.12). Focusing the attention on CP, it results clear how this manufacturing
solution is not competitive from a sustainable point of view up to a consistent number of
parts is produced. Other midpoint categories are reported in Table 3.6. Finally, taking to
into account the IMPACT 2002 + V2.15 / IMPACT 2002 + (endpoint) method, four

damage categories were assessed, which are detailed in Figs. 3.13, 3.14.
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Table 3.5. CED for each phase of the LCA for the investigated process solutions if one bracket is manufactured

CED Material Production Product Manufacturin Use Phase End-of-Life from-cradle-to-grave
(M) QUT IN NET Qur IN NET OUT IN NET QuT IN NET QUT IN NET
Machinin,
nitial Isllla]:e 267,00 21332 53,68 11,08 0,00 11,08 50,52 0,00 50,52 141 15,26 13,85 330,01 228,58 101,43
Additive Initial shape 125,22 101,50 nn 24,19 0,00 24,19 05 | o000 | 505 137 15,26 13,8 201,30 116,76 21,54
Part Mould Part Mould Part Mould Pant Mould Pan Mould Pant Mould Part Mould Pan Mould Pant Mould Part Mould Pant Mould Pan Mould

Casting nitialshape |, oo | amsg| 306 | o000 | 2150 | 3a7mss| o046 [3606000] o000 | o000 | o046 [3s0sme0] T | 000 | % iy | g | is26 | mm | azm | sl 13953690 1632 | 348024 559 | 3605674
39615,87 349854 1611733
Machining 267,00 12,57 e 13,35 0,00 13,35 03 | o000 | 2031 0,8 915 83 311,48 B1L72 59,76

Optimized shape

Additive Optimized shape 8,00 3,85 814 829 0,00 829 73 | oo | U 0,47 523 476 69,08 20,09 28,99

Part Mould Part Mould Part Mould Part Mou ld Part Mould Part Mould Part Mould Part Mould Part Mould Part Mould Part Mould Part Mould

Casting Optimized sh 130 | o000 | 293 ss08 | 3053806 1190 | 348027 4108 | 36058 74)

asting UpHmizedshapel 4o 9 | 34758 | 000 | o000 | 1630 | 347858 | 037 |3s06000] o000 | o000 | 037 |3606000] g ‘ oor | 03 | 100 | 18022 1180 | 347988 = 98 11, : :

39504,04 392,12 36102,82
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Table 3.6. Impact assessment via EF method with comparison of the impact categories for each

Impact category

Unit

LCA Machining
Initial shape

analysed process
LCA Machining  LCA Additive
shape Initial shape

LCA Additive
optimized shape

LCA Casting
Initial shape

LCACasting
optimized shape

Climate change

Ozone depletion
lonising radiation, HH

Photochemical ozone
formation, HH

Respiratory inorganics

Non-cancer human
health effects

Cancer human health
effects

Acidification terrestrial
and freshwater

Eutrophication
freshwater

Eutrophication marine

Eutrophication
terrestrial

Ecotoxicity freshwater
Land use
Water scarcity

Resource use, energy
carriers

Resource use, mineral
and metals

Climate change—fossil

Climate change—
biogenic

Climate change — land
use and transform

kgCO2eq

kg CFC11
eq

kBq U-
235eq

kg
NMVOC
eq

Disease
inc

CTUh
CTUh

Mol H +
eq

KgPeq

KgNeq
Mol Neq

CTUe

Pt

m3 depriv
mj
KgSbeq
KgCO2
eq

kgCO2eq

KgCO2
eq

2.579049476
7.41447E-07

0.306035533

0.009598695

1.88495E-07

4.43911E-07

1.4221E-07

0.018938434

0.000791338

0.002859192
0.030162692

2.548639154
10.26006613
0.419826539
61.1964076

1.07098E-05

2.563967052

0.00694136

0.008141064

2.585647153
4.92524E-07

0.249759515

0.009073313

1.90331E-07

4.64105E-07

1.51857E-07

0.018071602

0.000839284

0.002801937
0.029435237

2.534190712
10.50836728
0.461045875
47.15049516

1.061E-05

2.569256142

0.00762969

0.008761321

1.941633738
7.17216E-07

0.305939718

0.007518974

1.3886E-07

3.18396E-07

9.8674E-08

0.014616743

0.00056668

0.002179413
0.023102502

1.898979495
9.022960549
0.363026344
55.37603702

8.28133E-06

1.929040889

0.006742247

0.005850602

0.52629137
2.43797E-07

0.101745289

0.002134282

3.69175E-08

8.20503E-08

2.45083E-08

0.004099588

0.000144782

0.000600285
0.006393998

0.513912208
2.67594735
0.10438116
17.86117467

2.34858E-06

0.52273621

0.002069138

0.001486021

0.619063064
6.59981E-07

0.190360081

0.003350317

4.2238E-08

6.92705E-08

1.58449E-08

0.006264067

0.000101727

0.00080773
0.008764349

0.646118769
2.299510617
0.0364385

42.03755989

2.84522E-06

0.617507111

0.000735008

0.000820945

0.473155794
5.18529E-07

0.149146588

0.002590919

3.21813E-08
5.18376E-08
1.15625E-08
0.004836632
7.51768E-05

0.000620812
0.006742468

0.494684713
1.761264263
0.02697265
32.9313174

2.18503E-06
0.472014899
0.000546032

0.000594864

64



Human health Ecosystem quality

0.0000035 1.2
3.16106E-06  3.19805E-06 1045225211 1.020457467
0.000003 1
n 7! 7
0.0000025 2.31939E-06 _ 0.79661684
= 0.8
»  0.000002 ~N
3 Eos
A 0.000001% B
0.000001 6.95425E-07 2 04 0.291212093 P
6. 1464“15 07 5.29413E-07 0. 2I84925€}2 i d
i 1 n
0 0
LCA LcAa LcA LCA LCA LCA LCA LCA LCA LCA LCA Casting LCA Casting
Machining Machining Additive  Additive  Casting Casting Machining Machining ~ Additive Additive  initial shape  optimized
initial shape optimized initial shape optimized initial shape optimized initial shape optimized initial shape optimized shape
shape shape shape shape shape
Climate change Resources
3 70 -65:27405371 S
2.382870644 58.97027099
25 2.387945087 60
: 50.38019188
g 1.791835817 E‘ 50 FTRTTaTT
e~ £ 40 34.9854248
O 15 b -
T 3
k- 2
: 0.873441752 20 19. ‘m“‘ﬁ‘
0.485503576 0.438317942
e
0 0
LCA LCA LCA LCA  LCA Casting LCA Casting LCA LCA LCA LCA  LCA Casting LCA Casting
Machining Machining  Additive Additive  initial shape optimized Machining Machining  Additive Additive  initial shape optimized
initial shape optimized initial shape optimized shape initial shape  optimized initial shape optimized shape
shape shape shape shape

Figure 3.14 Human health, ecosystem quality, climate change and resources categories for each
manufacturing solution examined
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3.5 Conclusions

This first case study has given a preliminary overview of the environmental performances of a specific
component manufactured by different manufacturing processes, i.e. SM, AM, and CP coupled with a

topological optimization methodology.

In detail, the impact that the topological optimization methodology can have on the sustainability of
a specific component was evaluated by considering different manufacturing strategies. An automotive

bracket was studied to minimize its mass while ensuring it met the required minimum strength criteria.

The proposed bracket designs, developed through topology optimization tailored to machining,
additive manufacturing, and casting constraints, were evaluated for their environmental impacts
across their entire lifecycle. The topology optimization applied to additive manufacturing emphasizes
the advantages of this process if compared to machining in terms of sustainability. This consideration
is mainly justified by the capability of manufacturing more pronounced topology optimized shapes
by AM resulting in a more impacting component lightening and related environmental advantages

during its use-phase.

Furthermore, optimized shape for AM means reduction of process time due to the effect on the
lengthening of the tool path with a reduction of CED related to product manufacturing phase. This is
not applicable to SM, where more material has to be removed from the volume of a standard billet in
order to obtain the designed final shape. As far as the casting process is concerned, topology
optimisation is slightly advantageous for this solution from an environmental point of view, only
having a noticeable effect on the production and material use phase of the LCA. Compared to AM,
by the performed analysis, CP performed on an optimized shape resulted to be less eco-friendly
regardless the number of parts to be produced showing, anyway, an increasing competitiveness, that
has to be evaluated in relation to the type of the shape to be manufactured, for larger batch sizes. This
is the production scenario, where casting is often chosen by the power of its more elevated
productivity. However, to emphasise this influence and to weigh the contribution of each step, further
studies are needed to perform an LCA with different geometries, changing the percentage of volume
to be removed from the initial billet before obtaining the desired product. In fact, in general, LCA is
competitive with AM if the shape to be produced is simple and, therefore, far from being topologically
optimised. In order to investigate the lack of this research in the next chapter 4 a detailed LCA analysis

will be performed.
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4. Chapter IV: A Comparative LCA of a Component
Manufactured by  Opposing Manufacturing

Strategies.

Part of the content of this Chapter was published in:
e Advances in Materials and Processing Technologies

Borda, Francesco, La Rosa, Angela Daniela, Filice, Luigino, Gagliardi, Francesco, 2024.
Environmental comparison of opposing manufacturing strategies at changing of energy sources, EoL

approaches and shape peculiarity for an automotive component.

4.1 Chapter Summary

From outcomes of the research study, discussed in chapter 3, Additive manufacturing (AM) has been
considered as an alternative to the conventional manufacturing techniques, such as Subtractive
Manufacturing (SM), allowing the production of products characterised by innovative design and
performance. On the other hand, sustainability assessments are essential for evaluating the industrial
attractiveness of this technology and need to be deepened to better clarify how environmental
sustainability parameters affect the investigated processes. Several environmental parameters, such
as energy source, EoL scenarios, midpoint and endpoint indicators strictly linked to the cumulative
energy demand of the selected processes were quantified in this chapter. This research aimed at
performing a life cycle assessment (LCA) of an automotive component manufactured by both the
proposed manufacturing techniques at changing the volume ratio between the final shape and the
initial enveloping billet. The LCA, performed by a from-cradle-to-grave approach, exploits inventory
data associated with impacts categories chosen from those available in literature. Finally, to present

a comprehensive overview of the work, the graphical abstract in Figure 4.1 was provided.
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Case study II
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Conclusion: SM is the most environmentally friendly manufacturing method, as it reduces billet volume by up to 90%. AM and SM become
comparable for reductions of 40-80% due to energy losses from unrecovered material in SM (wasted chip scenario) and fuel consumption during
its lifespan, as the study's observations were made on an automotive component.

Figure 4.1 Graphical abstract.

Nowadays, the increasing cost of electricity leads to a more conscious behaviour in the use of this
valuable energy source. Furthermore, the energy consumption results in consistent environmental
impacts owing to greenhouse gas emission for electricity production. Climate change, such as a global
temperature rise, is due to global pollution, being directly connected to the concentration of
greenhouse gases in the atmosphere [120]. The climate-neutral economy can be reached if all parties
work in symbiosis. Therefore, energy saving has been a focus of global attention for the whole
economic sectors that will play a key role by looking at the necessary actions to be performed [121,

122].

Manufacturing is one of these sectors and it must be considered properly. Actually, the energy

consumption and carbon dioxide emissions of the manufacturing sector account for more than one-

third of the global impact [123].

In 2021, considering the only Italian context, the total energy consumption reached 2,45 thousand
tons of standard coal equivalent [124]. Furthermore, the global carbon dioxide emissions from

petroleum and industry were 37.12 billion metric tonnes (GtCO,) in 2021.

Since 1990, global CO, emissions have increased by more than 60% [125]. Although several policy
strategies encourage increasing the amount of electricity generated from renewable resources, nearly

60 percent of electricity in the United States alone is still generated by fossil-fuel power plants [126].
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Eco-friendly manufacturing processes have been considered in reducing greenhouse gas emissions
[127]. Among these, additive manufacturing (AM), being able to combine materials and to distribute
layer by layer the right material in the right place, can be considered as an interesting emerging
technology especially for prototype production [128—130]. Furthermore, this material deposition
capability, allowing the material to be deposited in any desired position with limited process
constraints [131], can be further validated by using topology optimization techniques [132, 133]. Up
to now, there has been a growth in the number of AM systems into all areas of industry[134—136].
According to Kanishka et al., 2023, AM plays a key role in remanufacturing, focusing on principles,
strategies and applications for repairing and restoring products. Reverse engineering and decision-
making frameworks can be also exploited for AM-based remanufacturing [137]. In another study,
Kanishka et al., 2023 stated that the AM is making significant progress in the multi-material and

large-scale field, with improvements in speed, accuracy and sustainability [138].

The environmental benefits of AM are, however, only explicitly identified under certain conditions,
such as when there are energy savings due to the limited material used and, therefore, reduced process

time, or when its energy mix comes from more renewable and less carbon-based resources [139].

The AM environmental impact must be properly quantified and compared to other manufacturing
routes that could be competitive in production of specific components [37, 140, 141]. In particular,
Subtractive Manufacturing (SM), where the shape of the component is obtained gradually by
removing material starting with an initial billet, represents a worthy process alternative [142—144].
According to Ramadugu et al., 2023, SM resulted in 14.53% less environmental damage than AM
without design optimization. AM with topology optimization reduced environmental damage by

21.31% compared to SM [145].

Faludi et al. pointed out that the AM is not always more sustainable than SM processes [146] even if
the ratio of waste in SM can reach values of up to 19:1 compared to the final part [111]. Indeed,
although the advantages related to the possibility of customised material distribution, drawbacks, such
as time and energy consumed during the manufacturing process, must be evaluated [147]. For that
reason, different studies compared both techniques, but just focusing on specific case studies [145,

148, 149].

Process sustainability is a challenge that must be addressed throughout the entire product life cycle
[150, 151]. Life cycle assessment (LCA) is a method for estimating the environmental impact of a
good, service and technology throughout its life cycle. Several studies have been proposed with the

aim of quantifying the transport impact on global warming [152].
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In a previous work, the authors performed a LCA analysis quantifying just the Cumulative Energy
Demand (CED) of an automotive bracket in its entire life cycle neglecting the transports’ impact
[148]. In detail, the energy demand for the entire life cycle of this car component was evaluated for
different manufacturing processes considering topology optimised shapes constrained by the
investigated manufacturing processes’ specificities. The results showed that the topology
optimization applied to AM emphasises the advantages of this process compared to SM in terms of
sustainability. Anyway, this result was mainly justified by the capability of manufacturing more

pronounced topology optimised shapes by AM resulting in a more component’s lightning.

The novelty of the presented work aims at providing a broader sustainability comparison of the AM
and SM processes if employed to produce a general component for the automotive industry. In fact,
Lunetto et al., 2021, already compared the environmental impact of a SM and an AM process
considering cost, CO, emissions and CED as metrics to be evaluated[153]. Anyway, the strength of
the work, herein proposed, has to be ascribed to the breadth of a LCA study performed coupling CED
and specific environmental impacts’ assessments provided by Midpoint and Endpoint indicators.
Furthermore, different production scenarios were taken into account starting by the percentages of
the removed material to achieve the desired product’s shape for being able to generalise the obtained
considerations regardless of the components’ shape. Indeed, the study was performed fixing the initial
billet’s volume required to produce the component by machining, and progressively, reducing the
component’s weight taking, as the final target, the final shape that can be manufactured, considering
both the additive and subtractive processes’ specificities. Different Country’s energy mixes were also
considered [110] while the product's End-of-Life (EoL) was assessed by both the recycled content
and the substitution method. Finally, the SM’s EoL phase was performed examining diverse chips’

disposal strategies.

4.3 Material and Methods

The percentage of removed material from an initial billet was changed justifying this choice because
the performance of a product can be preserved optimising its shape. The material reductions can result
in shapes that were considered for a production of both subtractive and additive techniques.
Specifically, the starting weight of the component was defined by a previous study [148]. Gradually,
percentages of material were removed from the initial billet mass (m5), whose volume envelopes the
component, completely (Fig. 4.1). The main dimensions of this billet are 135x60x80 mm. The
component used in this work is a standard geometry typically manufactured by machining. An
aluminium alloy was chosen as the material to be used for the component's production [148]. The
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different configurations of the whole material removed/deposited, and the weight of the final

component are summarised in Table 4.1.

Table 4.1 Weight of the component employed in the manufacturing process.

Manufacturing process Removed/Deposited material Component’s weight

(%)
’ (kg)
100,00 1,75
60,00 1,05

Additive
20,00 0,35
10,00 0,18
0,00 1,75
40,00 1,05
Machining

80,00 0,35
90,00 0,18
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A comparative LCA was carried out to assess the environmental impact of AM and SM comparing
different component’s weights and providing guidance to reduce wasting of the natural assets. The
LCA quantifies the environmental potential impacts of a product or service according to a rigorous
methodological framework described by ISO 14040 (2006) and ISO 14044 (2006) standards [77].
Specifically, a LCA study must include four main steps: 1) the study's goal and scope definition, 2)
the inventory of all process and environmental flows among the life cycle of the product, 3) the
environmental impacts calculation and 4) the interpretation of the results. The LCA methodology is
often employed to compare several manufacturing processes or design alternatives with the same

function and/or to reveal the environmental “hotspots” of a product life cycle.

In the performed analysis, the LCA methodologies were applied looking at different environmental
impacts’ assessments, considering three different energy mixes. The aim was to compare the
influence that hydroelectric, nuclear, petroleum and a mix of them results to have on specific
environmental indicators to judge the sustainability of the investigated manufacturing routes. These
highlighted energy sources were labelled in the study with the name of countries markedly
characterised by each of them. Specifically, Norway for hydroelectric, France for nuclear, The Middle
East for petroleum were considered. Furthermore, the World Average energy mix was taken into

account [110].

CED was one of the environmental indicators quantified. It must be clarified that the energy
consumption is a value that is obtained by converting the wasted energy required to execute a specific
process and quantified by the absorbed electric energy (measured in kWh), into MJ oil equivalent
(MJoe). This conversion depends on the employed Country’s energy mix [110, 154]. For the
performed analysis, the absorbed electrical energy, in kWh, was converted into MJoe using a specific

parameter for each analysed Country, as ascribed in Table 4.2.

Table 4.2 Country’s energy mix [38].

Country’s energy mix Norway Middle East France World Ave.
Petroleum [%] 1,00 97,00 10,00 67,00
Efficiency [%] 33,00 33,00 40,00 36,00
Nuclear [%] 0,00 0,00 78,00 15,00
Renewables [%] 99,00 3,00 12,00 18,00
MJoe/kWh 3,67 10,69 4,14 7,89
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Moreover, by using the ReCiPe 2016 (H) method, available in SimaPro, specific midpoint indicators
(i.e., global warming, ionising radiation, and mineral resource) and endpoint indicators (i.e., human
health, ecosystem quality and climate change) were assessed to highlight the impacts of the
investigated manufacturing solutions looking at their effects on different moments and environmental

categories.

43.1 Goal & Scope

The components were manufactured with different percentages of material removed/deposited
through subtractive or additive manufacturing processes, as shown in Table 1. A comparative analysis
of four different component’ shapes was carried out. Goal of this work is to select the right trade-off
between removed/deposited material, which results in lower environmental burdens during the entire
life cycle of the component. A cradle-to-grave analysis, which includes all unit processes starting
from raw materials extraction to product manufacturing, from the product use phase to its EoL.

Transports are not included in the system boundary, as represented in Fig. 4.2.

Cradle » To » Grave

Material extraction

Energy Energy Energy Energy Energy
Primary . Product . *
Hindaction .~ Raw material PR = 4 Use phase » End-of-Life -R: )

v
Recovered
energy

Recycling of the component

Figure 4.3 System boundary of the performed LCA [148].

4.3.2  Life Cycle Inventory (LCI)

The Ecoinvent V. 4.15 library provided by SimaPro 9.6.0.1 software was used for the inventory data
for all the components under investigation [79]. The whole data, used in the analysis, were not
available in the Ecoinvent database. For that reason, the energy required for obtaining the raw material
employed in each manufacturing process was quantified combining literature data and software
database (Table 4.3). The demanded energies for the investigated manufacturing phases were, instead,
detected from literature, completely, as described in Table 4.4, where the energies for manufacturing
a single component by each of the investigated processes were summarised. In detail, AM employs

the Selective Laser Melting 3d printer (SLM) machine model Concept Laser M3 Linear, SM is
73



performed by a Cortini F120/25 CNC. The times of the different printing phases and the required

powder were quantified by literature [113]. According to the SLM additive process, the energy impact

to operate in a protective inert atmosphere was calculated as 1.58 MJ/kg, with reference to extraction

from natural gas [155]. Furthermore, the average flow rate was estimated by literature [40].

The SM energy impact was quantified considering the power of a standard milling machine [148] and

the SM working time extracted by literature considering the machined volumes [156]. Finally, the

energy impact related to the cutting fluid used in the SM was also taken into account. Specifically,

the considered lubricant energy impact and the flow rate were 1.4 MJ/kg and 0.48 kg/h, respectively

[155].

Table 4.3 Energy parts required to produce the raw material used in the manufacturing process.

Manufacturing

process

(kg)

Component’s weight

Energy for obtained raw material

(kWh/kg)

Additive

1,75

mc

1,05

P

0,35

0,18

Powder (45,00
[79]1,65 [60])

Machining

1,75

mc

1,05

P

0,35

0,18

45,00 — Billet [79]

Table 4.4 Energy for manufacturing the analysed components considering subtractive and additive

processes.
Manufacturing Removed/ deposited Power Working time Energy
process material (%) kW) (h) (kWh)
Additive 100,00 9,65 [59] 8,75 84,44
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60,00 5,25 50,66
20,00 1,75 16,89
10,00 0,87 8,40
0,00 0,00 0,00
40,00 0,18 1,23
Machining 7,00 [148]
80,00 0,35 2,47
90,00 0,39 2,76

The research was performed including the impact of the product’s use phase, too. The assumption
that each component is mounted in an economy car, which covers 250.000 km in its life [117], was
taken into account. The fuel consumption used in the study was obtained by [86, 157]. The fuel

considered in the analysis is diesel and its density was taken by [118].

Furthermore, for the component’s EoL phase, the percentage of recovered material was derived by
[158]. The analysis considered two different methods to assess the product’s EoL. The first one is the
recycled content (Eq. 2.1), and the second one is the substitution method (Eq. 2.2), as described in
the chapter 2. In the performed study, the percentages were considered respectively 95% and 91%,
being extracted from literature [158, 159], in order to account the material recyclability (R) and
recycling rate (1), respectively. Whereas m; and m. represent the initial billet mass and the component
mass, respectively; 4, represents the aluminium alloy’s material extraction specific energy, which is
45,00 kWh/kg [159]; A represents the recycling process's specific energy, which is 2,80 kWh/kg
[159]. Finally, hq denotes the disposal specific energy referring to the landfilling of waste material,

and it was quantified in 0,26 MJ/kg [160].

SM generates chips that can be landfilled or recycled [161]. Eq. 2 refers to the case where the chips
are landfilled. In this work, both scenarios were evaluated, and Eq. 3 was considered in the case of

chip recycling, where a chip recycling rate (1) of 88% was set [161].

H(net)substitution(R) [M]] = (mp) - hpy —7- (M) (hy —hp ) + (A —1) - (M) - hg — 1 - (M, —
me) * (hy —hye) + (1 —11) - (M, —m¢) - hy (3)
The material waste for SLM was, instead, not considered owing to the process specificity that results

in a really low material waste generation [162].
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The life cycle inventory with the detailed values of energy used during each phase of the LCA analysis

1s summarised in Table 4.5.

Table 4.5 Inventory data employed in the proposed LCA.

Manufacturing Removed/ Material Product Use EoL
process deposited extraction manufacturing phase (KWhike)
1 0
material (%) (kWh/kg) (kW/kg) (MJ/1t)
100,00
60,00 46,65 9,65 38,00 Calculated
AM
20,00 [60, 79] [111] [118] Egs. (1-2)
10,00
0,00
40,00 45,00 7,00 38,00 Calculated
SM
80,00 [60] [148] [118] Egs. (1-2)
90,00

According to the system boundary discussed in this section, a detailed flow chart for each system unit

is summarised in Fig. 4.3.
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Figure 4.4 System unit of the analysed process.

4.4 Results and Discussion

The data obtained with the inventory analysis form the basis for the impact assessment phase (LCIA),
which consists of estimating the environmental effects of the products, generated as a result of the
consumption of resources and releases in the environment. Specifically, during this phase, the
inventory data are associated with specific impacts categories. The impact categories depend on the
evaluation method chosen from those available in the software used to perform the analysis. The
selected methods for the impact assessment were the CED, and the ReCiPe 2016 V1.06 method
Midpoint and Endpoint, all available in the SimaPro 9.6.0.1 software used for the evaluation [79]. In
addition, different electricity sources from the Ecoinvent database were used. Specifically, the CH

(Switzerland) database was considered during the analysis.

The results of the CED analysis are illustrated in Figs. 4.4 - 4.5 and synthesised in Table 4.6, where
the contributions of the four phases are detailed in order to allow an overview of the analysed
scenarios. According to [97, 163, 164] two scenarios were evaluated for the SM’s EoL phase.
Specifically, the scenarios with the chip wasted (WCHIP) and with the chip correctly recycled

(RCHIP) were taken into account.
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Looking at the comparison between AM and SM in terms of CED required for the whole product’s
life, from its cradle to its grave, at different percentages of billet reduction, the advantage of SM as a
process less environmental impacting than AM is evident at least up to a billet mass reduction of 90%,
for which the two processes are comparable, essentially. The result is ascribable to the energy of
product manufacturing by AM that is too affecting, placing the other contributions secondarily. This
achievement can be considered as effective for both the recycling content and the substitution method,
but only if the RCHIP scenario (Fig. 4.5 (¢)) is taken into account. Indeed, the no management waste
(i.e., the WCHIP scenario in Fig. 4.5 (b)) results in an energy incidence of the material extraction
more impacting with a break-even point in terms of CED in between 40% and 80% of the billet’s
material reduction. The highlighted results are valid aside from the used country’s energy mix. What
changes by the country’s choice of the production site is the actual MJoe per piece. Specifically, the
Middle East resulted to be the most environmentally impactful both for AM and SM processes. By
analysing the AM, in the Middle East the required CED impacts for 1522.97, 913.78, 304.59, 152.30
MJoe at the same part volume, 1.75, 1.05, 0.35 and 0.18 kg, respectively. Quantifying the impact for
SM, instead, looking firstly at the recycling content method in Fig. 4.5 (a), the required CED per
piece in the Middle East is equal to 622.20,416.81, 211.14 and 159.87 MJoe considering respectively
0%, 40%, 80% and 90% of material reduction. Finally, the CED percentages of the other country’s
production sites with respect to the Middle East, are reported in Table 4.7.
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Figure 4.5 Assessment of CED in AM according to the recycled content method (a) and the
substitution method (b).
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Figure 4.6 Assessment of CED in SM according to the recycled content method (a), the substitution
method with wasted chip (WCHIP) (b) and the substitution method with recycled chip (RCHIP) (¢).
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Table 4.6 CED for each phase of the LCA for the process solutions and methods investigated.

Material Production

Product Manufacturing

Use

Recycled content method

CED [MJ] End-of-Life from cradle-to-grave
Phase
Norway Middle France World Norway Middle France World Norway Middle East France World Ave Norway Middle East France World Ave
East Ave East Ave
0
dei)(z)(;i/toed 289.26 841.82 326.03 624.02 311.43 900.83 350.65 668.50 498.75 31.60 91.89 35.61 68.13 841.78 1491.48 885.01 1235.38
0
de?)gsﬁed 173.55 505.09 195.62 374.41 186.86 540.50 210.39 401.10 299.25 18.96 55.14 21.37 40.88 505.07 894.89 531.01 741.23
0
des(?sﬁed 57.85 168.36 65.21 124.80 62.29 180.17 70.13 133.70 99.75 6.32 18.38 7.12 13.63 168.36 298.30 177.00 247.08
0
dezgsﬁed 28.93 84.18 32.60 62.40 31.14 90.08 35.06 66.85 49.88 3.16 9.19 3.56 6.81 84.18 149.15 88.50 123.54
Substitution method
Material Production Product Manufacturing U
AM se End-of-Life from cradle-to-grave
Phase
Norway Middle France World Norway Middle France World Norway Middle East France World Ave Norway Middle East France World Ave
East Ave East Ave
)
delp(l(;i?ed 289.26 841.82 326.03 624.02 311.43 900.83 350.65 668.50 498.75 42.37 123.39 47.76 91.45 852.55 1522.97 897.16 1258.71
0
de;(?sﬁed 173.55 505.09 195.62 374.41 186.86 540.50 210.39 401.10 299.25 25.42 74.03 28.66 54.87 511.53 913.78 538.30 755.22
0
des(?s/i‘;ed 57.85 168.36 65.21 124.80 62.29 180.17 70.13 133.70 99.75 8.47 24.68 9.55 18.29 170.51 304.59 179.43 251.74
0
de}(j(?sﬁed 28.93 84.18 32.60 62.40 31.14 90.08 35.06 66.85 49.88 4.24 12.34 4.78 9.15 85.25 152.30 89.72 125.87
Recycled content method
Material Production Product Manufacturing
Use .
End-of-Life from cradle-to-grave
Phase
Norway Middle France World Norway Middle France World Norway Middle East France World Ave Norway Middle East France World Ave
East Ave East Ave
redsc(zion 289.26 841.82 326.03 624.02 0.00 0.00 0.00 0.00 498.75 42.43 123.45 47.83 91.52 541.18 622.20 546.58 590.27
0
re;v,?cﬁon 173.55 505.09 195.62 374.41 4.53 13.18 5.10 9.77 299.25 35.87 104.38 40.43 77.37 339.65 416.81 344.79 386.40
0
re;?c{;on 57.85 168.36 65.21 124.80 9.06 26.36 10.21 19.54 99.75 29.31 85.30 33.04 63.23 138.12 211.41 143.00 182.52
0
re;?c{;on 28.93 84.18 32.60 62.40 10.12 29.46 11.41 21.84 49.88 27.67 80.53 31.19 59.70 87.67 159.87 92.48 131.41
Substitution method
Material Production Product Manufacturing
SM Use End-of-Life from cradle-to-grave
Phase Norwa Middle East France World Ave Norwa Middle East France World Ave
Middle World Middle World Y Y
Norway East France Ave Norway East France Ave
WCHIP RCHIP WCHIP RCHIP WCHIP RCHIP WCHIP RCHIP WCHIP RCHIP WCHIP RCHIP WCHIP RCHIP WCHIP RCHIP
redlljc(iion 289.26 841.82 326.03 624.02 0.00 0.00 0.00 0.00 498.75 42.37 42.37 123.39 123.39 47.76 47.76 91.45 91.45 541.12 541.12 622.14 622.14 546.51 546.51 590.20 590.20
0
re:fc{;on 173.55 505.09 195.62 374.41 4.53 13.18 5.10 9.77 299.25 140.94 48.73 410.58 141.85 158.88 54.92 304.30 105.14 444.72 352.51 723.01 454.28 463.24 359.28 613.32 414.16
0
l'edgL(l)C{(;OI'l 57.85 168.36 65.21 124.80 9.06 26.36 10.21 19.54 99.75 239.51 55.08 697.77 160.31 270.01 62.09 517.14 118.83 348.32 163.89 823.88 286.42 379.97 172.05 636.43 238.12
0
re(;)l?cf;on 28.93 84.18 32.60 62.40 10.12 29.46 11.41 21.84 49.88 264.16 56.67 769.57 164.92 297.79 63.88 570.35 122.25 324.16 116.67 848.91 244.26 359.08 125.16 642.06 193.97
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Table 4.7 CED percentage due the country's choice of the production sites for both SM and AM
with respect to the Middle East.

Manufacturing | Component’s Norway France World Ave.

process weight (kg) %) %) %)
1.75 86.9 87.8 94.8
1.05 81.5 82.7 92.7

SM
0.35 65.3 67.6 86.3
0.18 54.8 57.8 82.2
1.75 55.9 58.8 82.6
1.05 55.9 58.8 82.6

AM
0.35 55.9 58.8 82.6
0.18 55.9 58.8 82.6

The CED trend is similar for Norway and France, except for a couple of percentage points for
Norway. The World Ave., instead, is generally more environmentally impactful than Norway for
more than the half difference between this country and The Middle East. This difference slightly
increases for SM, at increasing the working time, and for AM. The comparison among the different
production sites is homogeneous for AM without consideration of the part’s weight. For SM,
instead, the environmental impacts in percentage vary depending on the production site at
changing of the part’s weight because the effect of manufacturing phase is characterised by a
countertrend respect of both Use-Phase and End-of-Life. For this countertrend, furthermore, the
effect of the Use-Phase, more consistent for heavier parts, makes less, in percentage, the
environmental benefits attributable to the strong employment of hydroelectric (Norway) or nuclear

(France) energy with respect to petroleum (The Middle East).

As written above, these trends and related observations are valid even if SM and AM are compared
by using the substitution method to assess the product’s EoL if the chips produced in machining
are recovered properly. The considerations on the environmental impacts change if the chips are
totally wasted and not recycled. For this configuration (WCHIP scenario in Fig. 4.5 (b)), the energy

necessary for the material extraction, not compensated by the chip recycling, results to be
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impactful for the SM sustainability. Quantifying the impact for this case, the required CED per
piece in the Middle East, still the most affecting production site, is equal to 622.14, 723.01, 823.88
and 848.91 MJoe considering respectively 0%, 40%, 80% and 90% of material reduction.

The first evidence is that the CED grows progressively at increment of the percentage of the billet
to be machined. This is due to the impact of a lack of proper material recovery that affects MJoe
saving more than the weight reduction of the part and more than the related reduction of fuel
consumption. In Table 4.8, the CED percentages of the other country’s production sites are

reported with respect to the Middle East, just for the WCHIP configuration.

Table 4.8 CED percentages of the production sites with respect to the Middle East for WCHIP.

Manufacturing | Component’s Norway France World Ave.
process weight (kg) (%) %) %)

175 86.9 87.8 04.8

1.05 61.5 64.0 843
SM (WCHIP)

0.35 423 462 772

0.18 38.2 423 75.6

Specifically, for a component that is produced without machining and, therefore, without
considering the effects of chips wasting on CED, the different production sites are characterised
by a comparable MJoe request owing to the influence of the Use-Phase of the product. But, if the
component’s shape needs a secondary production phase to be finished, the environmental
advantages arisen by the choice of the production site grow at the increment of the removed

material being the percentage weight of the material extraction and production more relevant.

Synthesising the facts resulting from CED analysis, nuclear and hydroelectric energy mixes are
characterised by similar behaviour in terms of environmental impact with their undeniable
advantages in comparison to petroleum. Among the impact categories provided by the ReCiPe

83



2016 (H) method, available in SimaPro v 9.6.0.1 [79], used for the LCA analysis, three midpoint
and three damage indicators (endpoint) were, moreover, selected assessing the environmental
effects of the process routes in relation to the chosen energy mix from other perspectives. These

midpoint and endpoint impact categories are reported in Tables 4.9 - 4.10, respectively.
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Table 4.9 Impact assessments via ReCiPe 2016 midpoint (H) method V1.06 with comparison of the midpoint impact categories for the different

electricity sources from the Ecoinvent database for each analysed process from-cradle-to-grave approach.
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AM
MIDPOINT . .
CATEGORIES Removed/Deposited material Recycled content Substitution method
Norway Middle East France World Ave Norway Middle East France World Ave
No reduction/ 100% deposited 12.76 2080.36 22.69 966.94 12.92 2124.29 23.00 985.20
. 40% reduction/deposited 7.66 1248.22 13.61 580.16 7.75 1274.58 13.80 591.12
Global warming
[kgCO2eq] 80% reduction/deposited 255 416.07 4.54 193.39 2.58 424.86 4.60 197.04
90% reduction/deposited 1.28 208.04 2.27 96.69 1.29 212.43 2.30 98.52
No reduction/ 100% deposited 0.71 174.19 2641.49 1134.16 0.72 177.87 2677.74 1155.57
Lonizi . 40% reduction/deposited 0.43 104.51 1584.89 680.50 0.43 106.72 1606.65 693.34
onizing radiation
[kBqCO-60eq] 80% reduction/deposited 0.14 34.84 528.30 226.83 0.14 3557 535.55 23111
90% reduction/deposited 0.07 17.42 264.15 113.42 0.07 17.79 267.77 115.56
No reduction/ 100% deposited 0.25 3.62 2.68 2.81 0.26 3.70 2.72 2.86
. 40% reduction/deposited 0.15 2.17 1.61 1.69 0.15 2.22 1.63 1.72
Mineral resource
[kgCueq] 80% reduction/deposited 0.05 0.72 0.54 0.56 0.05 0.74 0.54 0.57
90% reduction/deposited 0.03 0.36 0.27 0.28 0.03 0.37 0.27 0.29
SM
Recycled content method Substitution method (WCHIP) Substitution method (RCHIP)
Norway Middle East | France | World Ave Norway | Middle East ‘ France World Ave Norway Middle East France \X:ifid
No reduction/ 100% deposited 8.20 867.87 14.01 462.00 8.20 867.78 14.01 461.95 8.20 867.78 14.01 461.95
Global warming 40% reduction/deposited 5.15 581.38 8.84 302.43 6.74 1008.48 11.88 480.05 5.34 633.64 9.21 324.17
[kgCO2eq] 80% reduction/deposited 2.09 294.89 3.67 142.86 528 1149.18 9.74 498.14 248 399.51 4.41 186.38
90% reduction/deposited 1.33 222.99 2.37 102.86 4.91 1184.09 9.20 502.55 1.77 340.71 3.21 151.82
No reduction/ 100% deposited 0.46 72.67 1631.36 541.90 0.46 72.66 1631.17 541.84 0.46 72.66 1631.17 541.84
- o 40% reduction/deposited 0.29 48.68 1029.08 354.74 0.38 84.44 1382.63 563.06 0.30 53.06 1072.34 380.23
Ionizing radiation
B o reduction/deposite: . . . . . . . . . . . .
[kBqCO-60eq] 80% red n/d d 0.12 24.69 426.80 167.57 0.29 96.22 1134.09 584.28 0.14 33.45 513.50 218.61
90% reduction/deposited 0.07 18.67 276.01 120.65 0.27 99.14 1071.73 589.46 0.10 28.53 373.57 178.08
No reduction/ 100% deposited 0.16 1.51 1.66 1.34 0.16 1.51 1.66 1.34 0.16 1.51 1.66 1.34




40% reduction/deposited 0.10 1.01 1.04 0.88 0.13 1.76 1.40 1.40 0.11 1.10 1.09 0.94
Mineral resource 80% reduction/deposited 0.04 0.51 0.43 0.42 0.11 2.00 115 1.45 0.05 0.70 0.52 0.54
[kgCueq]
90% reduction/deposited 0.03 0.39 0.28 0.30 0.10 2.06 1.09 1.46 0.04 0.59 0.38 0.44
Table 4.10 Impact assessment via ReCiPe 2016 (H) Endpoint method V1.06 with comparison of the endpoint impact categories for the different
electricity sources from the Ecoinvent database for each analysed process from cradle-to-grave approach.
AM
ENDPOINT Removed/Deposited Recycled content method Substitution method
CATEGORIES material -
Norway Middle France World Norway Middle East France World Ave
East Ave
1 0,
Noreduction/ 100% | 3 395 05 234503 1.35E-04  1.14E-03 3.43E-05 2.39E-03 1.37E-04 1.16E-03
deposited
40%
Human Health reduction/deposited | 203E05 14003 S.11E-05  6.8IE-04 2.06E-05 1.43E-03 8.22E-05 6.94E-04
0,
[DALY] 80% 6.77E-06  4.67E-04  2.70E-05 2.27E-04 6.86E-06 4.77E-04 2.74E-05 2.31E-04
reduction/deposited
0,
0% 339E-06  2.34E-04  1.35E-05 1.14E-04 3.43E-06 2.39E-04 1.37E-05 1.16E-04
reduction/deposited
1 0,
Noreduction/ 100% | ¢ 01p 08 1 46E-05  1.69E-07  6.76E-06 6.08E-08 1.49E-05 1.71E-07 6.89E-06
deposited
40%
Ecosystem quality reduction/deposited | OUE08  8.74E-06  1.0IE-07  4.06E-06 3.65E-08 8.92E-06 1.03E-07 4.13E-06
M 0,
[species.yr] 80% 120E-08  2.91E-06  3.37E-08  135E-06 1.22E-08 2.97E-06 3.42E-08 1.38E-06
reduction/deposited
0,
0% 6.01E-09  146E-06  1.69E-08  6.76E-07 6.08E-09 1.49E-06 1.71E-08 6.89E-07
reduction/deposited
1 0,
Noreduction/ 100% | | c3p s 350E-03  6.14E-05  1.64E-03 1.65E-05 3.58E-03 6.22E-05 1.67E-03
deposited
40%
Climate change reduction/deposited | 979F06  210E-03  3.68E-05  9.82F-04 9.92E-06 2.15E-03 3.73E-05 1.00E-03
0,
[DALY] 80% 326E-06  7.01E-04  123E-05 3.27E-04 3.31E-06 7.16E-04 1.24E-05 3.33E-04
reduction/deposited
0,
0% 1.63E-06  3.50E-04  6.14E-06  1.64E-04 1.65E-06 3.58E-04 6.22E-06 1.67E-04
reduction/deposited
SM
Recycled content method Substitution method (WCHIP) Substitution method (RCHIP)
Norway Middle France World Norway Middle France World Ave Norway Middle East France World Ave
East Ave East
1 0,
Human Health Noreduction/ 100% | 1gp o5 974F-04  835E-05 S43E-04 | 2.18E-05 9.74E-04  8.35E-05 5.43E-04 2.18E-05 9.74E-04 8.35E-05 5.43E-04
[DALY] deposited
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40%

. . 1.37E-05 6.53E-04 5.27E-05 3.55E-04 1.79E-05 1.13E-03  7.08E-05 5.64E-04 1.42E-05 7.11E-04 5.49E-05 3.81E-04
reduction/deposited
. 80% . 5.56E-06 3.31E-04 2.18E-05 1.68E-04 1.40E-05 1.29E-03  5.80E-05 5.85E-04 6.59E-06 4.49E-04 2.63E-05 2.19E-04
reduction/deposited
0,
. 90% . 3.53E-06 2.50E-04 1.41E-05 1.21E-04 1.30E-05 1.33E-03  5.48E-05 5.90E-04 4.69E-06 3.83E-04 1.91E-05 1.78E-04
reduction/deposited
1 0,
N"reg;‘;;‘s"igdl()(’/“ 3.86E-08  6.08E-06  1.04E-07 3.23E-06 | 3.86E-08 6.07E-06 1.04E-07 3.23E-06 3.86E-08 6.07E-06 1.04E-07 3.23E-06
. A0% 242E-08  407E-06  6.57E-08  2.12E-06 | 3.17E-08  7.06E-06  8.83E-08 3.36E-06 2.52E-08 4.44E-06 6.85E-08 2.27E-06
Ecosystem quality reduction/deposited
[species.yr] 80%
. . 9.86E-09 2.06E-06 2.72E-08 9.99E-07 2.49E-08 8.04E-06  7.24E-08 3.48E-06 1.17E-08 2.80E-06 3.28E-08 1.30E-06
reduction/deposited
0,
. 90% . 6.26E-09 1.56E-06 1.76E-08 7.19E-07 | 2.31E-08 8.29E-06  6.84E-08 3.52E-06 8.33E-09 2.38E-06 2.38E-08 1.06E-06
reduction/deposited
1 0,
N"reg;‘;;‘s"igdl()(’/“ 1.05E-05  146E-03  3.79E-05 7.82E-04 | 1.05E-05 1.46E-03  3.79E-05 7.82E-04 1.05E-05 1.46E-03 3.79E-05 7.82E-04
. . 40% . 6.58E-06 9.79E-04 2.39E-05 5.12E-04 8.62E-06 1.70E-03  3.21E-05 8.12E-04 6.83E-06 1.07E-03 2.49E-05 5.49E-04
Climate change reduction/deposited
[DALY] . 80% . 2.68E-06 4.97E-04 9.92E-06  2.42E-04 6.75E-06 1.94E-03  2.64E-05 8.43E-04 3.18E-06 6.73E-04 1.19E-05 3.15E-04
reduction/deposited
0,
. 90% . 1.70E-06 3.76E-04 6.42E-06 1.74E-04 6.28E-06 1.99E-03  2.49E-05 8.50E-04 2.26E-06 5.74E-04 8.68E-06 2.57E-04
reduction/deposited
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Both midpoint and endpoint indicators confirm the trends highlighted by CED analysis considering
the comparison between SM and AM at changing of the percentage of the component respect of the
initial billet volume for the different End-of-Life strategies. Specifically, looking at Global warming
and Climate change, the last one was quantified taking into account ozone layer depletion and fine
particulate matter formation, the advantages of using hydroelectric and/or nuclear energy sources are
consistent with respect to petroleum. Anyway, the comparability of environmental impacts of Norway
and France ends if the other midpoint and endpoint indicators are analysed. Indeed, both ionising
radiation and mineral resource (midpoint) and human health and ecosystem quality (endpoint) result
to be markedly affected by the nuclear energy that is the more environmentally impacting, losing its

competitiveness not just in respect of hydroelectric but also if compared to petroleum energy source.

4.5 Conclusions

In this chapter, the two additive and subtractive process techniques are studied extensively from the
point of view of environmental analysis. Indeed, the processes were analysed considering different
scenarios and environmental parameters to provide a valid tool for process selection based on the

geographical positioning and consequently the energy mix of the country of reference.

Therefore, a life cycle assessment coupled by two framework and scenarios was reported. The LCA
study was carried out to assess the environmental impact of AM and SM at different component’s
shapes, obtainable by a fixed volume of an enveloping billet. The LCA analysis was performed
evaluating the CED of the manufacturing processes, quantified considering the influence owing to
different energy sources, and other environmental assessments, extracted by Midpoint and Endpoint
impact categories. Furthermore, concerning the SM process, two End-of-Life scenarios were

analysed, namely WCHIP and RCHIP.

In general terms and in a perspective of reducing the environmental impacts for the entire product’s
life, the results showed that AM and SM have to be compared considering the percentage of the
enveloping billet’s volume to be reduced and looking also at the material waste management.
Specifically, if the CED is the parameter to be considered, SM resulted to be the most environmental
manufacturing route up to a strong billet’s volume reduction (around 90% of its initial volume)
because the manufacturing energy required for AM overshadows the other contributions. But, if waste
is not properly managed (i.e., the WCHIP scenario), AM and SM became comparable for lower
billet’s volume reduction (between 40% and 80%) because of the energy related to the material lost

and not recovered in SM. The countries’ energy mix does not influence the highlighted CED trends.
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But, considering the WCHIP recycling scenario, the different impacts due to a lack of proper material
recovery and to the fuel consumption modify the trend of the MJoe consumption at changing of the

component’s weight depending on the energy mix is more or less based on petroleum sources.

Looking, instead, at specific Midpoint and Endpoint indicators, such as, respectively, actual MJoe
per piece and climate change or global warming, petroleum was the most environmentally impacting
energy while hydroelectric and nuclear energies are almost comparable and the most sustainable
energy sources. However, their environmental comparability ended if other Midpoint and Endpoint
indicators were taken into account. For example, both ionising radiation and mineral resources
(Midpoint) and both human health and ecosystem quality (Endpoint) resulted to be markedly affected
by the nuclear energy that was more environmentally impacting not just on respect of hydroelectric,

but also if compared to petroleum sources.

On the other hand, it should be emphasised that the assessments made in this chapter could be
influenced by the type of material used in the process. Indeed, since in the automotive field it is
essential to use lightweight materials in order to reduce the weight to be transported and consequently
reduce emissions, as described above. At the same time, it is also necessary to guarantee the durability
and mechanical resistance of the components, hence, the behaviour of multi-material components

will be examined in the next chapter.

&9



5. Chapter V: Cumulative Energy Demand Analysis
of Commercial and Hybrid Metal-Composite Gears

at Different End-of-Life Strategies

Part of the content of this Chapter was published in:
e Procedia CIRP — 31 CIRP conference on Life Cycle Engineering, LCE 2024

Borda, Francesco, Ambrogio, Giuseppina, Filice, Luigino, Gagliardi, Francesco (2024). Integrated
Costs and Environmental Impacts Optimization for Production of a Multi-Material Component.

Procedia CIRP, 122, 587-592. https://doi.org/10.1016/j.procir.2024.02.017

e Journal of Manufacturing and Materials Processing

Borda, Francesco, Adduci, Rocco, Mundo, Domenico, Gagliardi, Francesco (2025). Cumulative
Energy Demand Analysis of Commercial and Hybrid Metal-Composite Gears at Different End-of-
Life Strategies. J. Manuf. Mater. Process. 2025, 9, 14. https://doi.org/10.3390/jmmp9010014

5.1 Chapter Summary

In this chapter, the aims of the research area moved towards the use of the joining of different
materials such as common steel and innovative material such as continuous fibre reinforced polymers
(CFRP) used in the automotive sector in order to optimise the component’s weight. In this perspective,
the study is focused on a hybrid gear manufactured with the joining of steel and composite material.
On the other hand, nowadays, gears remain a fundamental component in mechanical power
transmission, with ongoing research focused on enhancing performance and sustainability. This
chapter addresses the process of gear lightweighting, a key factor for efficiency improvements in
automotive and aerospace sectors. Traditionally, material removal from gear bodies results in weight
reduction, but at the cost of increased noise and vibration. A novel approach using hybrid gears, which
combine a metal rim and hub with a composite material web, offers a promising solution. This
research proposes a comparative environmental analysis among a conventional full steel, a
lightweight and a hybrid gear using a life cycle energy quantification. The study herein proposed,
considers two End-of-Life (EoL) scenarios: a conventional open loop scenario with partial recycling

and a closed loop scenario with comprehensive recycling, including a thermal recycling for carbon
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fibre reinforced plastics. The Cumulative Energy Demand (CED) has been conducted by applying a
from cradle-to-grave approach. The CED has been evaluated for each gear configuration quantifying
the impact of each unit process involved in the production of the gear, from raw materials extraction
to product manufacturing and from use phase to different EoL scenarios. Finally, to present a

comprehensive overview of the work, the graphical abstract in Figure 5.1 was provided.
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Conclusion: CED evaluation demonstrate that lightweight and hybrid solutions have similar energy demands, with the hybrid gear slightly
better (around 7.50% lower CED) and offering a significant 28.82% reduction compared to full gear, highlighting its sustainability potential
with effective recycling and production strategies..

Figure 5.1 Graphical abstract.

5.2 Introduction

After millennia of technological advancements, nowadays gears are still the preferred technology for
mechanical power transmission in machines. In spite of their large diffusion, gears are still a relevant
research topic for academic as well as industrial researchers, whose efforts aim at enabling the full
satisfaction of increased performance demands, while meeting the general paradigm of sustainability

enhancement.

System lightweighting for efficiency enhancement is one of the main innovation drivers in industrial
sectors, such as automotive and aerospace. In the last sector, the concept of lightweight gears
originated to satisfy the demand of payload reduction, considering that gearboxes can account for up
to 15% of the total weight [165]. The concept extended to the automotive area, in which
manufacturers have in mass reduction an instrument to face the challenges coming from increasingly

stricter regulations on fuel efficiency and emissions [166—168].
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Conventionally, gear lightweighting is achieved by removing material from the gear body. However,
the increased flexibility of gears with a thin rim or with holes in the blank has an impact on the noise

and vibration (N&V) performance of the transmission [169].

Recently, a novel approach for weight reduction of gears was proposed by exploiting the favourable
weight-to-stiffness ratio of composite materials [170, 171]. An innovative concept of hybrid gear
originates whereby the metal rim and hub are connected by a web made of triaxial braided composite
material. The proposed material distribution enables a weight reduction of about 20% with respect to
the steel gear with the same macro-geometry web. The concept of hybrid gears will be also exploited
for the design and manufacturing of a full-scale bull gear by LaBerge et al. in [172], while in [173]

experimental tests are illustrated for a bull gear with variable thickness of the composite body.

Catera et al. used the Finite Element Method (FEM) to analyse the meshing behaviour of
transmissions incorporating hybrid gears, while two joining technologies for metal-composite gear
manufacturing [174—177], namely adhesive bonding and interference fitting, were compared in [178]
by FEM and by experimental tests at component level. Instead, with the aim of analysing the N&V
behaviour of hybrid gears, numerical and experimental investigations are reported in [179] to

illustrate the Static Transmission Error (STE) curves.

Yilmaz et al., studied the effect of rim thickness on the root and joint stress, tooth stiffness, natural
frequency and dynamic behaviour of hybrid gears assembled by adhesive bonding, showing the great
potential of proposed technology to enable lightweighting in geared mechanical power
transmissions[180]. FEM analyses, in combination with experimental material characterisation,
allowed, Gauntt and Campbell, to study the modal behaviour of a hybrid gear with different composite

materials and various layup sequences[181].

To the best of our knowledge, no research efforts aimed at assessing the sustainability of hybrid gears
by a Life Cycle Energy (LCE) demand methodology are reported in literature. In order to fill this
knowledge gap, the environmental performance of gears in the automotive sector was investigated in
this study. The focus of the analysis is, therefore, to quantify the LCE demand of different gear
typologies to reduce carbon dioxide (CO2) emissions meeting the limits imposed by the European
council [182]. Specifically, energy consumption is strictly linked to CO, emissions. A Cumulative

Energy Demand (CED) analysis was performed for this reason in the herein research.

Worldwide, industrial emissions have increased by around 60% between 1990 and 2022 due to the

growing global demand for industrial goods [183, 184]. By 2022, emissions have decreased
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approximately 2%, mainly due to the reduction of industrial activities during the pandemic crisis. On
the other hand, it is imperative to focus efforts on reducing the impact of pollutant emissions,
considering the consequences for both the environment and human health. Indeed, industrial activities
generate emissions of substances with a toxic impact on humans and the environment. According to
2017 estimates, industrial and transport emissions damage human health and the environment by EUR

277- 433 billion per year [182].

In this context, the European Commission presented proposals in 2022 to modernise the standards
2010/75/EU and 1999/31/EC for industrial emissions and waste landfill respectively, with the goal of
achieving climate neutrality by 2050 [182]. Specifically, in 2022, the distribution of CO, emissions
in the European Union, indicates that almost 50% of pollution is from the transport and industry
sector. In this context, the European Commission has projected a reduction in global emissions of
about 3% each year until 2050 to meet the Net Zero Emission (NZE) target. Specifically, a reduction
of carbon dioxide per km was set from 93,6 g in 2025 to 0 g in 2050 [184].

Several studies claim that the lightening of components results in environmental emissions reduction
[86, 90, 185, 186]. But, to assess the Greenhouse gas (GHG) benefits of lightweighting, the entire life
cycle must be considered, as demonstrated by Kirchain Jr et al. [187]. In detail, a from cradle to grave
approach should be applied to quantify the overall impact that considers the material production,
product manufacturing, use phase and different EoL scenarios. For example, a Life Cycle Assessment
(LCA) coupled with component lightening by topological optimization, allowed Borda et al. to
quantify and to optimise the CED [148, 188]. Therefore, just a conscious choice of materials
according to the required mechanical requirements, of the manufacturing process, based on the shape
peculiarities of the components, and of their EoL allows providing a strategic decision guidance for
the minimization of the environmental impact, as also demonstrated by [189]. Considering the
aforementioned matters, the purpose of the present paper is to perform a comparative environmental
analysis among a conventional full steel, a lightweight and a hybrid gear using a comparative
Cumulative Energy Demand (CED) analysis from cradle—to—grave with different End-of-Life (EoL)
scenarios. In detail, the first EoL scenario describes a more usual recycling process, where the metal
chips and composite scraps from the manufacturing processes are landfilled and incinerated,
respectively, whereas the gears body at the EoL are remelted. The second EoL scenario involves a
more environmentally friendly recycling strategy of all employed materials, as detailed in the
following paragraphs. Both scenarios were investigated in the analysis resulting in guidelines for

selecting the proper scenario in gear production according to the imposed constraints.
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5.3 Material and Methods

The model was designed specifying the gear dimension analysed in [179]. The main characteristics

of the analysed gear are listed in Table 5.1.

Table 5.1 Main dimensions of the analysed gear [174].

Parameter Value
Teeth number 59

Module 2.5 mm
Pressure angle 20°

Face width 24 mm

Tip diameter 154 mm
Root diameter 142.75 mm
Theoretical pitch diameter 147.50 mm
Base diameter 138.60 mm

For completeness, Figure 5.1 (a) shows the different parts in which a gear is usually divided, i.e., the
rim, the web and the hub section [174]. In the proposed research, a full gear (Figure 5.1 (b)), made of
case-hardened 18NiCrMo5 alloy steel with a density of 7,85E-05 kg/mm?, a lightweight gear, made
with the same alloy steel (Figure 5.1 (¢)) with a reduced web thickness, and a hybrid gear, made with
the same alloy steel and carbon fibre reinforced plastic (CFRP) to fill the web (Figure 5.1 (d)), were
analysed. Indeed, as highlighted by a literature review [190], the CFRP provides performance
advantages not only in terms of mechanical performance, but also in terms of component lightening.
Figure 5.1 (d) also provides an exploded view of the hybrid gear manufactured by using pre-
impregnated composite plies. The pre-impregnated layers are composed of an epoxy resin matrix and
M40]J carbon fibres. The mechanical properties of the matrix and reinforcement material are listed in
Table 5.2. The reinforcement materials, i.e. carbon fibres (CFs), are combined with the epoxy matrix
in a ply with a fibre mass fraction percentage of 43.2%. A quasi-isotropic configuration,
[0/30/60/90/120/150]3s, was taken into account. In addition, an adhesive layer is used, to join the

metal and composite part.
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Table 5.2 Main properties of the composite material.

Property Fiber Matrix
Material type Carbon M40J Epoxy
Longitudinal Modulus [GPa] 377 2.7
Transverse Modulus [GPa] 15 2.7
Shear Modulus [GPa] 24.7 Long./ 5.0 Transverse 1
Poisson’s ratio [-] 0.41 0.35
Density [g/cm’] 1.77 1.2

OF

(d)

(M

Figure 5.2 On the left side: (a) detail of each conventional gear section; on the right the detail of the

analysed gears: (b) full, (c) lightweight and (d) detail of hybrid composite gear; (1) composite web,

(2) adhesive layer, (3) metal gear body.
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The three different gears are sized performing numerical analysis as detailed in the next 5.3.1

subsection.
5.3.1 Numerical Model

Geared transmissions are complex mechanical systems that enable the power flow between input and
output shafts. To this end, gears are often designed to find the best trade-off between different

operational metrics such as (i) energy efficiency and (ii) dynamic performances[191]:

1. Mass reduction is one of the key drivers of performance enhancement in automotive as well
as aerospace sectors to satisfy the increasingly stricter regulations on combustion engine
emission and fuel efficiency [166, 191, 192]. Current design solutions rely either on material
removal from the gear blank [169, 193] or on the combination of lightweight materials with
high-performance steel [178] to decrease the gear mass. In both cases, the optimal design
choice must prevent the deterioration of N&V performance [169], while preserving the
structural integrity of the geared transmission.

ii.  Despite gears are designed to be perfectly conjugate, the lightweighting process introduces
additional gear body flexibilities that induce deviations from the ideal kinematic conditions
producing unwanted self-induced vibrations. These are often traced back to the static
transmission error (STE) of two meshing gears [169]. It is the defined as the degree of offset

between conjugate and actual behaviour of the meshing gears:

1
TE =;A62 —A91, (1)

where 7 is the transmission ratio of the gear pair, while 46;and 46, are the rotations of the
driving and driven gears, respectively. Due to the variability of the TE over the meshing cycle
and the harmonic nature of the rotating gears, internal induced vibrations are generated which
highly affect the N&V performance of a geared transmission. In order to assess the severity
of parametric excitation at different load and velocity levels, the pick-to-pick (PtP) value of

the TE has been demonstrated in [194] to be a valuable and synthetic metric.

In this work, in order to access the overall EoL performances of different design choices, the PtP STE
metric of the innovative hybrid lightweight design described in the previous section is considered as
target to define a mono-material but lightweight design starting from a full gear body. This was

achieved varying the web thickness parameters of the lightweight gear in a discrete manner until the
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target was approximatively matched. Once the design of experiments was well defined the PtP STE
performances were virtually evaluated by means of an advanced MultiBody (MB) simulation
platform, Simcenter Motion (“Siemens. White Paper: Boosting Productivity in Gearbox
Engineering,” 2019), where both varying contact stiffness and gear body flexibility were accounted
for as described in [195]. Figure 5.2 shows the MB model of a generic gear pair where a reference
motion of 10 rpm is given in input to the full gear design and transmitted to the parametric lightweight
gear on which a constant resistant torque of 100 Nm is applied [178].
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Figure 5.3 MB model of the considered lightweight gear transmission: the driver gear design is fixed
and full while the driven gear is parametric and lightweight.

Finally, Table 3 summarizes the PtP STE metric for the evaluated gear designs. Moreover, it is
highlighted in red that the lightweight gear design with a web thickness t of 10 mm is the closest to
the reference hybrid gear with an overall PtP STE Error of 0.014 um. For completeness the mass of
the evaluated designs is also reported in Table 5.3 and will be considered in the next section for

performing the environmental analysis.

Table 5.3 Summary of the evaluated gear designs in terms of PtP STE and mass of the driven gear.

Web thickness t PtP STE PtP STE difference
Component Mass [kg]|
[mm] [um] [nm]
Hybrid gear - 1,963 reference 1,539
Full gear 23 1,706 0,257 2,674
15 1,849 0,114 2,148
Lightweight
gear 12,5 1,907 0,056 1,954
10 1,977 0,014 1,761
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7,5 2,072 0,109 1,567

5 2,193 0,230 1,373

The designed variable 1, whose variation ensures the desired PtP STE, allows to compare the analysed
gears. The 1t quantification, assuming a Static Transmission Error (STE) calculated by simulation,

results in calculating the volume and, consequently, the mass (Mgear), for each analysed gear, as

detailed in Table 3.
5.3.2 Goal & Scope

The LCE quantification allows assessing the environmental impacts of a product by using its life
cycle. If the production process is considered, environmental impacts are assessed from the raw
material processing. This phase is also called “Cradle”, which is part of the term “Cradle-to-Grave”.
The term “grave” is derived from the last piece of material processing, when materials are recycled,

disposed of, or lost.

The comparison of different masses and/or joining strategies of different materials can help decision-
makers to reduce environmental impact, and the LCE quantification is a valuable tool that can be
used to compare different products or different design alternatives with the same function and to
highlight the useful phases in the product life cycle. The present LCE work describes a comparative
environmental assessment of three different gear configurations with two different EoL scenarios, in
order to select the proper configuration able to reduce the environmental impact during its entire life
cycle. The analysis involves three different system products made with different materials as
described in Figure 5.1. The functional unit (f.u.) is represented by the gears that were sized to have
the same PtP STE with a different web thickness (1), as described in the previous subsection 5.3.1.
The main goal of the work is to evaluate the best scenario to reduce the overall environmental impact

during the entire life cycle of the gear, from a CED point of view.

This CED study is conducted by applying a from cradle-to-grave approach, which includes all the
unit processes involved in the production of the gear, from raw materials extraction to product
manufacturing and from use phase to different EoL scenarios. The work was performed according to
the system boundaries as reported in Figure 5.3. Furthermore, the transport phase between the process
units is excluded from the analysis, as it is assumed to be the same between process units and between
the analysed scenarios. The electricity production used in industrial processes is obtained from the
combustion of natural resources, as shown in literature [189]. Considering the electric energy demand

of the process, it was converted into primary energy source consumption by taking into account an
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average efficiency of 36% in order to consider the energy generation and transmission losses [110].
In order to assess the cumulative energy demand according to the Country’s energy mix, the factor
7,85 MJoe/kWh was used to convert the electricity of the manufacturing process into energy
consumption [110]. For the performed analysis, the energy consumption refers to the European

average energy mix.
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Figure 5.4 System boundaries.

Looking at EoL phase of the investigated gears, the benchmark EoL scenario is the so-called
conventional open loop scenario, allowing a CED assessment of a component that is processed by
combustion and where the metal and composite scraps produced during the manufacturing processes
are disposed of by landfill and incinerator, respectively. Indeed, considering this open loop process,
the gear body is remelted to obtain the raw material. The second scenario analysed in the study, the
so-called closed loop, involves the recycling of the entire component with a remelting of the gear
body and the metal scraps. In addition, in this case, the composite gear part is recycled by a pyrolysis
process (thermal recycling). Specifically, the Carbon Fibres (CFs) are fully recovered by the pyrolysis
process while the epoxy matrix is burned [196]. Pyrolysis was chosen because several studies claim
that if the decomposition process is carried out at a temperature range from 350° C to 700° C, this
recycling process is the most efficient and reliable in terms of energy and material recovery [197—
200]. Lastly, a cleaning step is required during the CF recycling. The cleaning phase is necessary to
purify the reinforcement (CF) to make it ready for a new life cycle. The two different EoL scenarios,
i.e., the conventional open-loop scenario and closed-loop scenario, are summarised in Figure 5.4.
These EoL routes are considered as the “more usual” and the “more environmentally friendly”

scenario, respectively.
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Figure 5.5 Detail of the “more usual” and “more environmentally friendly” analysed EoL scenarios.

5.3.3  Life Cycle Inventory (LCI)

LCI data were generated by using different approaches. Data from scientific literature and technical
reports were used. In detail, according to previous work [189], a great variability of data was reported.
For this reason, in order to reduce the variance, an average value was used when a variability in data

was encountered.

To evaluate the environmental impact of both metal and CFRP gear body, the material energies are
considered. In detail, the energy aliquots linked to mineral extraction and to casting billet were
considered for the alloy steel. The embodied energies of the reinforcements (CFs) and of the
polymeric matrices, raised up by the energy needed to perform sub-processes to combine fibres in
yarns and to process these yarns to achieve the CFs prepregs, were taken into account for the CFRPs.

These energy rates of the materials are represented by H,,, as detailed in Table 5.4.

Table 5.4 Embodied and manufacturing energy of investigated material for each analysed gear.

Energy
Nomenclature Material energy consumption References
[MJ/kg]
Steel embodied energy (H,,s) 32.00 [110]
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Steel casting energy (H,qs) 4.15 [110]

H CFs embodied energy (H,,crs) 722.39 [189]
m

Epoxy embodied energy (Hyepoxy) 117.50 [110]

Prepreg manufacturing (Hprepreg) 132.63 [189]

At the end of the material energy quantification, a metallic billet and a pre-impregnated CFRP blank
(prepregs) were analysed. To consider the environmental impact of the manufacturing processes, the
process energy rates were specified for each analysed gear. Specifically, the starting cylindrical billet
and prepregs are characterised by a volume of 5,03E+05 mm?® and 3,83E+05 mm?®, respectively. The
turning process, comprising the other sub-operation, i.e. roughing, finishing, drilling, and trimming,
was considered to obtain the hub and the web section. The full and lightweight gears were
manufactured by turning the manufacturing process regarding the web and hub sections, and by the
hobbing process regarding the rim section. The turning process time was estimated by setting a
simulation via CAD/CAM software [201]. Specifically, the process time was estimated as 0.045 h,
0.503 h, and 0.533 h, for full, lightweight and hybrid gears, respectively. A standard CNC turning
machine was used, and the estimated value of energy consumption was 7 kW, as reported in literature
[148, 202]. Whereas, considering the rim section, the hobbing process was selected as being the most
efficient and precise process. To determine the process parameters, a mathematical calculation was
performed according to Wang et al. allowing the hobbing process time to be calculated [203]. In
detail, the hobbing process time to obtain the selected gears was estimated as 1.72 h. The energy
consumption value was estimated by a scientific technical report [204]. For what concerns the
lightweight gear, the web thickness, and consequently the turning process time, was defined by the

performed numerical simulations, as described in the previous section 5.3.1.

Furthermore, during the analysis, the impact of consumables was considered. The quantity of cutting
fluid used during a standard machining process and the embodied energy of the cutting fluid were
estimated from literature. Specifically, according to [204], in a standard manufacturing process the
cutting fluid was accounted for 2.24 ml/s, and according to [28] the environmental impact, from an

energy point of view, was accounted for 380.00 MJ/kg.

On the other side, the hybrid gear (Figure 5.1 (d)) was manufactured by following a multi-step process
approach as detailed in [179]. Rim and hub, linked by a 2mm-thick metal layer, were manufactured
by using the same material and manufacturing process of the full and lightweight gears. In the web,

the 2mm-thick layer was left to ensure axiality between the rim part and the hub, as demonstrated by
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Rezayat et al.[179]. Simultaneously, the axial direction gap was left to allow the housing of a
10.50mm-thick layer of composite laminate material on each side of the web section of the gear. In
detail, overlapping of pre-impregnated layers were considered, characterised by homogeneous in-

plane properties and cured in an autoclave process to consolidate the different plies.

Furthermore, an abrasive water jet (AWJ) process is used to size the composite blank to the correct
web section [205]. In addition, an adhesive layer is used for joining the metal and laminate part. The
amount of energy related to the used adhesive layer was taken from the literature [110]. The overall
energy portions considered during the gear manufacturing processes, grouped in Hy,, are detailed in

Table 5.5.

Table 5.5 Energy consumption during product manufacturing process for each analysed gear.

Nomenclature Manufacturin Energy consumption Unit References
g processes

full  lightweight hybrid

Turning (H,,) 0.31 3.52 3.73 kWh/pc Calculated
H("I_];b“)lg 1204  12.04 1204  kWh/pc Calculated
ph
Hp
Autoclave ; ; 15234  Mlkge [110]
(Hpa)
Adhesive
; ; 117.50  MJ/k 110
(Hpadh) £ [ ]
AWJ (H,.) ] - 346  kWhipc [205]

In order to evaluate the use phase for each analysed gear, it was taken into account that each gear was
mounted on an economy diesel car, which covers 250.000 km in its life with a vehicle weight of 1400
kg [206]. The fuel consumption is accounted for 0.30 | for each km and for each travelled kg and its
density was accounted as 0.85 kg/l [86, 207]. According to [110], the energy intensity of diesel
accounted for 44.00 MJ/kg. The energy consumption used in the whole use phase for each gear is
represented by Hy; and is estimated to be 746.77 MJ, 471.79 MJ, 426.51 MJ for full, lightweight and
hybrid, respectively.

Finally, different EoL scenarios for the gear were assumed, strictly linked to the employed materials.
Considering the metallic material, i.e. steel, the mass fraction of steel that could be recycled was
recovered by a casting process. On the other side, the steel scrap was disposed of in landfill. The
energy for both above processes was obtained from the literature [86, 110] and accounted for 4.15

MJ/kg and 3.68 kWh/kg, respectively.
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Considering the prepregs, the CFRP material was recycled by pyrolysis according to the recycling
route first proposed by Pimenta et al. [196, 208]. After the pyrolysis process, a cleaning step is
required to obtain the recycled CFs. In detail, the energy required by the pyrolysis and cleaning
process of the prepreg CFRP was extracted by [189] and accounted for 43.50 MJ/kg and 8.73 MJ/kg,

respectively.
5.3.4 Life Cycle Energy Demand Assessment

The methodology proposed in [209] was applied to quantify the CED to perform a comparative
analysis of the environmental impact in the case study described in the previous section. The life

cycle energy demand assessment was performed using Egs. (5.2) — (5.7).

The CED quantification of the target component assesses the environmental impact during its life
cycle. The method considers the energy of the raw components production (H,,) based on the weight
of the gear strictly linked to the initial steel billet and, if it is present, to the employed composite
prepregs as summarised in Eq. (5.2). Specifically, a H,,, portion of the component is calculated as the
mass fraction of the used steel (mf) and, if it is present, of the composite prepregs, made by carbon
fibres (mfcrs) and polymeric resins (mfg,oxy) multiplied, respectively, by the embodied energy of
the steel (Hy,s), of the fibres (Hp,crs) and of the epoxy resins (Hpgpoxy). The mass of the prepreg
(Mfyrepreg) €mployed in the gear body is the sum of mfcps and mfgpoxy. Hpy, considers also the
contributions of the casting process required to achieve the initial metallic billet (H,.,s) and all the
specific sub-processes required to combine fibre and polymeric matrix to obtain the prepregs
(Hprepreg)- The energy of the gear manufacturing is taken into account by H,, in Eq. (5.3). This energy
aliquot (H,) is calculated taking into account the manufacturing phases to process the metallic billet
achieving the final shape of the gear, 1.e., turning (H,.) and hobbing processes (H,), and, if present,
the all-manufacturing phases to work the prepregs to obtain the laminate utilised in the hybrid gear,
i.e., autoclave moulding (H,,) and cutting process (H,.). Subsequently, considering the hybrid gear,
the joining phase (Hpqqn) to assemble the metal and the laminate parts by an adhesive layer was

considered. The energy related to the use phase (Hy) was calculated for each analysed gear
multiplying the mass fraction of consumed fuel (mf;) by the energy intensity of fuel (Hy,_specific), as

described in Eq. (5.4). The overall energy for each target component is summed up by Hgeqr in Eq.

(5.5).

Hpy = mfs - (Hps + Heas) + (Mfeps * Hiers) + (mepoxy ' HmEpoxy) (5.2)
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Hp = Hpy + Hyp, + Hpg + Hpe + Hpgan (5.3)

Hy = mff ’ Hu_specific (5.4)
ngar =H,, + Hp + Hy (5.5)

Eq. (5.5) can be used to quantify the CED of each target component without considering the EoL

scenario and the scrap material produced during the gear manufacturing.

For what concerns the EoL, the substitution method was considered. Specifically, the EoL
contribution (Hg,,) and the scrap material contribution (Hs.q,) to the cumulative energy of the gear
(Hne:) can be evaluated by considering two different approaches, named “more usual” and “more
environmentally friendly” depending on the implemented recycling scenario. If the more usual
approach is taken into account, just the metallic part of the gear is recycled (mf;,, ) at its EoL, while
the epoxy resin of the CFRP is burned recovering the heat (H,,.) and the wasted material in
manufacturing, for both steel (mfs — mf,,,,.) and CFRP (scrapp,eprey) are addressed to the landfill
(Higna)- For this approach, Hg,, and Hs, are calculated by Eq. (5.6). If the more environmentally
friendly approach is executed, Hg,, and Hg.,, are quantified considering that the whole gear is
properly recycled. In detail, pyrolysis, a thermal strategy [40] is employed to recycle the CFRP
laminate (H,,,). Furthermore, the wasted material is properly recovered by melting the metallic
chips and burning the sheet scrap derived from the overlapping composite plies ( scrapprepreq) (EQ.

(5.7)). Egs. (5.6) and (5.7) are below made explicit:

Hysyar = — (Rs ' mfscear - (Hps — Hcas)) + (1 —Ry) - mstear * Higna — mfPrepreg *(Hipe) + (mfs -

mfs(;eg_r) " Higna + Scrapprepreg " Higna (56)

Hgpyir, = — (RS ' mfs ' (Hms - Hcas)> - (meFs) ! (HmCFS - prro) - (RS ' (mfs - mstear) ' (Hms -
Hcas)) - (Scrapprepreg * Hine) + (L —Ry) - mfs " Higna (5.7)

where, R; is the fraction of the steel that can be recovered by remelting it (Rg = 90%) [210].
5.4 Results and Discussion

The CED values for the three different gears, listed as full, lightweight and hybrid gears for the two
different recycling approaches (i.e., the “more usual” and the “more environmentally friendly”), are

reported in Figure 5.5. The CED results shown in Figure 5.5 (a) were calculated for the entire life
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cycle of the analysed gears for the “more usual” approach. Specifically, this EoL configuration was
evaluated to provide an upper threshold value. In detail, the metallic gear body was recycled by
remelting the part, the epoxy resin of the CFRP plies employed in the hybrid gear were burned to
recover the heat, whereas all the other involved materials, i.e. the oxidised metallic part due to the
casting process, the chip derived by the machining process and the scrap of composite laminate owing
to the specific size of the gear web, were disposed of in landfill. In this scenario, the process impact
related to metallic chip and to the overall composite laminate (scrap and web section of the hybrid
gear) are accounted for in the (H,) for each analysed gear. The energy of the raw components
production (H,,) has an impact of 142.65 MJ (H,,s + H.4s) for the gears made just of steel, both for
the full and the lightweight gear. Whereas, for the hybrid gear, (H,,) increases of about 175% owing
to the CFRP production (Hpyepreg=245.47), resulting in a cumulative impact of 388.12 MJ. Looking
at the gear manufacturing (H, ), an opposite trend can be observed. Indeed, in this phase, the full gear
is characterised by a reduced impact of 96.98 MJ being necessary a short machining phase (H,; =
2.47,H,p, = 94.51) to achieve the final gear shape. In addition, a value of 35.68 MJ (H,4pq) from
the landfilling of metal scrap generated during the manufacturing process was taken into account.
Specifically, the (H,) value increases by 40.98% and 120.37% for lightweight and hybrid gear,
respectively. For the lightweight configuration, the machining phase increases to dig the web (H,, =
27.64) and consequently for the increase in metallic scrap (Hgnq = 64.89). The (H,) increment for
the hybrid variant takes into account the manufacturing of the prepregs (H,, = 53.11), the impact

related to landfilling of metallic and composite waste (H;znq = 89.92), the recovered heat due to
the incineration of the CFRP laminate derived from gear web section (H;,. = —11.16) and the

impact of the adhesive bonding (H,4qn = 9.50) and cutting phase (H,. = 27.17).

The use phase (H,), being related to the weight of the components that consume fuel for their
movement, sees the heavier full gear with the more significant impact of 746.78 MJ. This CED aliquot
is 75.08% and 58.29% higher than the lightweight (471.79) and hybrid gear (426.52), respectively.

The EoL phase of the gear was taken into account applying the conventional open-loop scenario
described in Eq. (5). Specifically, the considered aliquots for the EoL phase are: 60.13 MJ, 37.74 MJ,
and 23.95 MJ for the full, lightweight, and hybrid gear, respectively. Finally, considering the whole
life cycle with a cradle-to-grave approach (Hy.;), the hybrid gear resulted to be comparable to the
full gear, with an increase of 12.58% in CED. On the other hand, in this scenario, the lightweight gear

allows an advantage, in terms of CED recovery, of 41.81% over the hybrid gear.
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On the other hand, the results of the “more environmentally friendly” approach are shown in Figure
5.5 (b), which provides lower threshold values. In detail, the closed-loop scenario was considered for
the EoL of the gear and of the materials wasted during the manufacturing phases. In this approach,
for the full gear, H,, takes into account the metallic chip recovered by a casting process and quantified

by (Hcpipcas = —30.93). Hepipeas results to be of -56.25 and -71.84 for lightweight and hybrid gear,

respectively, considering the different quantity of removed material from the initial casting billet.

For what concerns H,, the Hyqpq related to the metallic chip is not considered because it is properly
recycled. Actually, just the oxidised chip portion is landfilled impacting for 3.57, 6.49 and 8.29 in the
full, lightweight and hybrid gear, respectively. Furthermore, for the hybrid gear, the thermal energy
of prepregs scraps is recovered (H;,. = —7.80). Nothing changes for the use-phase as compared to

the first approach.

Finally, considering the EoL, the hybrid gear, which includes the metallic gear body recycled by
remelting process and composite prepreg web section recycled by pyrolysis process, enables a CED
recovery of 259.01 MJ allowing a recovery of 331% and 586% respect to lightweight and full gear,
respectively, that do not change their EoL phase. The higher recovered energy rate is mainly due to

the high impact of the production of virgin CFs.

The overall CED assessment (H,,) for the “more environmentally friendly” approach results in the
values of 898.92 MJ, 649.10 MJ, 697.87 MJ considering the full, lightweight and hybrid gear,
respectively. In this scenario, the lightweight and hybrid solutions result to be comparable, with a
CED difference around 7.50%. On the other hand, the hybrid gear reaches a CED saving of 28.82%
if compared to the full gear.
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Figure 5.6 Energy impacts of the different steps in the whole from-cradle-to-grave product’s life for

(a) conventional open loop scenario and (b) closed loop scenario.

5.5 Conclusions

The herein proposed study, from a CED point of view, provides useful elements for practitioners in
the environmental impact study considering the entire gear life cycle. In detail, based on the
performed analysis, different gears, but with similar mechanical performance, were compared
considering diverse EoL strategies based on an open and a closed loop scenario. Synthesising, a gear
full-steel gear was compared to a lightweight gear, characterised by a reduced web thickness, and a

hybrid gear, where the web is made of a polymeric matrix composite reinforced by continuous CFs.
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The possible EoL scenarios were studied, from a theoretical point of view, collecting the required

energy quantification of each phase in the product life from its cradle to its grave.

Assuming that the best environmental choice can be more or less convenient depending on the
scenarios analysed, the hybrid gear proved its competitiveness with respect to the full gear not just in

terms of performance enabled by the reduced weight that is guaranteed.

The following evidence was extracted: the high environmental impact from the energy point of view,
mainly due to the LCE related to the CFRP laminate, cannot allow the hybrid gear to be
environmentally friendly if a proper EoL strategy is not followed, especially if this is compared to the
lightweight solution. Conversely, operating with appropriate recycling strategies, the CED required
to process hybrid gears could be reduced resulting in a competitiveness of the solution not just for the

use-phase, where it exploits the low weight, but also in a whole cradle-to-grave analysis.

On the other hand, in order to make a comprehensive assessment of the sustainability of multi-
material products, it is necessary to choose a correct trade-off between environmental and economic
sustainability. In this context, a multi-objective model has been set up that considers the entire
production cycle of a component in the automotive field that can be made of metal material and/or
with the joining of metal and composite material. The proposed optimisation model aims to minimise
carbon dioxide emissions and production costs based on design constraints. Preliminary results of the
proposed model were presented at a sector conference. Further studies are needed to integrate other
manufacturing processes and materials with the aim of implementing a comprehensive tool to make
the proper strategic choices in the design phase while minimising the environmental and economic
impact of the product, in perfect accordance with the circular economy pillars proposed by the

European Union.
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6. Chapter VI: Cumulative Energy Demand Analysis
in the Current Manufacturing and End-of-Life

Strategies for a Polymeric Composite.

Part of the content of this Chapter was published in:
e Journal of Cleaner Production

Borda, Francesco, Ingarao, Giuseppe, Ambrogio, Giuseppina, Gagliardi, Francesco, 2024.
Cumulative energy demand analysis in the current manufacturing and end-of-life strategies for a

polymeric composite at different fibre-matrix combinations.

6.1 Chapter Summary

In this chapter, a scientific study of composite materials is proposed. The study was focused on this
type of material because, as can be seen from the previous chapter, innovative materials have a high
potential for lightening components, but at the same time the impact on the environment must be
considered. Taking these assumptions into consideration, the following study was set up with the aim
of investigating in depth the manufacturing process of composite materials with a specific focus on
end-of-life strategies. In this context, the case study analysed is a generic component that does not
belong to the automotive sector, the aim of the work is in fact to provide a clear guide for practitioners
of LCA studies. Indeed, by making strategic choices during the design phase, it is possible to select
the correct materials and optimise the environmental impact, therefore operating an eco-design.
Finally, to present a comprehensive overview of the work, the graphical abstract in Figure 6.1 was

provided.
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Figure 6.1 Graphical abstract.

6.2 Introduction

Continuous fibre-reinforced polymers (CFRPs) are innovative materials that combine high strength
and stiffness with low density, making them attractive for a wide range of applications. The
continuous fibres, if compared to short fibres, provide the material with high mechanical properties,
making them stronger and stiffer [211]. CFRPs are also highly resistant to fatigue and corrosion and

have excellent thermal and electrical properties [212].

The unique properties of composites have made them popular in industries such as aerospace,
automotive, construction and sporting goods [213]. In aerospace, CFRPs are used in aircraft structures
and components to reduce weight and fuel consumption. The reduction in fuel and maintenance costs
can help to balance out the higher initial cost [214]. In the automotive sector, numerous studies claim
that replacing various vehicle components with lightweight materials, such as composites, reduces

CO; emissions [215-217].

While CFRPs offer many advantages, there are also some drawbacks to be faced. Firstly, CFRPs are
more costly to produce [218]. Advancements in production methods and increasing demand have,
however, resulted in a decrease in costs, making CFRPs more accessible for a wider range of

applications [219]. Indeed, the production of CFRPs components has increased significantly [220].
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The global CFRPs market size reached US$ 2.55 Billion in 2022 expecting the market to reach US$
3.62 Billion by 2028, exhibiting a growth rate (CAGR) of 5.90% during 2023-2028 [221].

A second drawback is related to environmental challenges. The production of these materials uses
about one-fifth of global energy demand [222] and, furthermore, increased volumes of CFRPs in
today's applications will result in the creation of waste tomorrow. All this waste will have to be
managed. In this context, the Circular Economy (CE) paradigm allows the industrial system to be
restorative and regenerative from product idea to design in line with the European Union's (EU) 2050

climate neutrality target as part of the Green Deal [223].

In this perspective, the use of CFRPs is a challenge for their EoL treatments[224]. In detail, the
separation of matrix and fibre is problematic, due to the covalent bonds created in the polymer’s
chemical structure. Moreover, fillers and additives, added to provide additional properties, increase
this difficulty further [225-227]. The types of fibre and matrix affect the EoL treatments to be used.
Looking at used matrices, CFRPs can be made either by thermosetting or by thermoplastic polymers.
The advantages of composite materials based on thermoplastics matrix is the process reversibility
[228-231]. These matrices are reinforced mainly by continuous Glass, Carbon and Other fibres [232,
233].

The present work focuses on CE approaches of continuous fibre-reinforced thermoplastics (CFRTPs).
CFRTPs estimated at US$948.9 Million in the year 2022, is projected to reach a size of US$1.5 Billion
by 2030, growing at a CAGR of 6% over the analysis period 2022-2030 [234].

Specifically, exploiting the hot re-formability of thermoplastics, three different EoL routes were
analysed: combustion, recycling and reforming. These strategies were investigated for different
matrices and fibres combinations. The analysis was performed using a methodology available in
literature [235, 236] quantifying the primary energy demand, i.e., the Cumulative Energy Demand
(CED), of the different CFRTPs from cradle-to-grave. In detail, the impacts of two reinforcing
materials such as carbon fibres (CFs) and glass fibres (GFs) and two types of thermoplastic matrices
such as polypropylene (PP) and polyether ether ketone (PEEK) were evaluated. The materials were
combined to obtain four different composite configurations. Specifically, CFs and GFs were analysed
because they are the more and the less valuable reinforcements, respectively. In addition, CFs are
worth considering the high cost of the raw material, the technology involved in their development
and the expected highest growth in the next few years [221]. These aspects deserve attention in a
closed-loop economy perspective [237]. GFs, instead, allow manufacturing the most common

composites that constitute more than 95% of production mainly for the transport industry
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(automobile, railway) and for the electrical construction [238]. Simultaneously, PEEK and PP were
chosen as performing and poor matrices, respectively. In particular, PEEK exhibits a distinctive
combination of mechanical and electrical properties at elevated temperatures allowing promising
applications in different fields. Furthermore, these applications can further evolve by incorporating
functional fillers and fibres [239]. On the other side, polyolefins, whose PP belongs to, are widely

used for fabricating reinforced composites [240]. Finally, three fibre volume ratios were analysed.

The variables were selected considering the differences in their impact in terms of Embodied Energy
(EE). The EE of raw materials refers to the energy required to extract, process and transport the raw
materials used in the manufacturing of a product or system. It represents the energy, measured in
MJ/kg, consumed from the initial extraction of the resources from the earth to their arrival at the
manufacturing site [110]. Furthermore, a detailed inventory analysis was carried out, as, at present,

the study of the energy impacts of the composite materials is still too limited and uncertain [241].

The objective of this study is, therefore, twofold. On the one hand, it aims to provide a comprehensive
data record useful for composite partitioners, and on the other hand, more importantly, to present a
CED analysis of the three highlighted different EoL routes. These two objectives can be considered
interconnected, as the dataset obtained in the former was used to achieve the latter. Owing to that,
section 2 provides an overview on the production and recycling processes of CFRTPs pointing out
the ranges for each energy aliquot. To be more specific, the literature review was developed in order
to provide the energy demand of each step of CFRTPs component life cycle. Section 3, instead,
describes the definition of goal and scope, functional unit, boundary conditions and methodology
used for the case study analysis, whose results and future developments were discussed in sections 4

and 5 according to the standard ISO 14040 [77].
6.2.1 Investigated manufacturing and EoL strategies

CFRTPs manufacturing involves different technologies and process routes. In the field of
thermoplastic composites, the typical manufacturing processes could be autoclave, compression
moulding, cold press moulding, automated tape laying, while in the case of thermosets there are spay-
up, pressure bagging, microwave curing, vacuum-assisted resin transfer moulding, as stated by [153].
In this work, the autoclave manufacturing process was considered. The use of an autoclave is a
common method in the manufacturing process of composite thermoplastics [242]. The autoclave
process for composite thermoplastics offers advantages such as uniform compaction, improved
consolidation and enhanced fibre impregnation [243]. The specific autoclave parameters and process

conditions may vary depending on the composite material, part design, and manufacturing
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requirements [244]. Regarding the impact of autoclave manufacturing, looking at the quantification

of the energy, lack of information was evidenced by several articles [153, 245, 246].

As regards the EoL of CFRTPs, landfill is still the most widely used disposal method worldwide
[247]. Anyway, the EU’s waste Directive introduced restrictions on landfilling of all waste suitable
for recycling from 2030 [223]. These results are needed to develop more sustainable routes for a CE
of CFRTPs, which can be disposed of, recycled or reformed, through different methods. Commonly,
composite wastes are disposed via combustion, such as an incinerator, generating ash and creating,
in any case, an environmental impact. This ash can only be landfilled as inert waste, which is
detrimental to the CE progress. Another disadvantage is that when heat is converted into electricity,
an efficiency of only 35% can be achieved. However, burning coal in the furnace is a much better

option than burning CFRP [247].

Recycling of CFRTPs can be performed without separating the fibres from the matrix. Indeed,
mechanical recycling processes are based on shredding composites resulting in a negative effect on
mechanical properties of the fibres with the main part of CFRTPs’ value being lost because of length
reduction and a loss of fibre architecture [248]. In this case, the recycled fibres are filamentous and
unorganised. This EoL route, often proposed owing to its low-cost technologies [249, 250], results in
components characterised by reduced mechanical properties if a direct impregnation of these fibres

is executed [220].

If the fibres are not broken during the recycling phases, the CFs can, instead, maintain their tensile
strength, with only a few percentage points less than virgin CFs [251]. Several studies claim that the
reduction in CFs mechanical properties depends on the type of carbon fibre and on the recycling
process parameters [252, 253]. Furthermore, woven recycled CFs exhibit a similar tensile modulus
in the principal directions than virgin woven CFs [196]. On the other hand, tensile strength and failure

strain of recycled GFs decrease up to 70% in comparison with virgin GFs [254].

Chemical or thermal recycling processes allow the fibres to be separated by the matrix preserving the
fibre length. Specifically, the chemical process, the so called solvolysis, allows the polymer matrix to
be degraded by a solution of acids, bases, and solvents, whose composition must be fine-tuned to the
matrix [208, 255]. After the process, the recycled fibres are cleaned to remove decomposed polymeric
composites and solvent residues and reoriented. On the other side, the thermal process, the so-called
pyrolysis, decomposes thermally the polymer removing the pyrolytic char on the carbon fibres by an
oxidation process permitting the reinforcing materials to be recovered and reused [247, 256]. Several

studies have shown that the decomposition process is performed at a temperature range from 350 °C
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to 700 °C [197-199]. Witik et al., 2013, claim that the pyrolysis process has emerged as more efficient

and reliable than solvolysis in terms of energy and material recovery [200].

Recapitulating, before performing one of the recycling processes, above detailed, different
preprocessing solutions have to be evaluated obtaining different levels of retaining of the initial fibres
architecture and, consequently, of recovering fibre values [74, 220]. Anyway, even after the recycling
step, several post-processing stages can be explored to improve the quality of the recycled fibres. For
example, wet paper-making [257] or realignment techniques, such as HiPerDif process [258] or

different spinning variants [185, 259-261] have been proposed.

Pre-processing, processing and post-processing stages, therefore, have to be considered together to
judge the most promising recycling route of CFs or GFs-reinforced polymers. Currently, at least for
the authors' knowledge, few studies have taken into account the whole stages [220]. In particular, He
et al., 2020, following the LCA methodology, assessed five different recycling routes taking into
account pre-processing, processing and post-processing stages proving that a less impactful solution
in terms of energy demand is the route, where the woven fibre architecture is not shredded during the
pre-processing stage. More in detail, the less demanding energy route was the one in which the
retained architecture was obtained by pyrolysis, subsequently, impregnated with resin, without
requiring a post-processing stage and directly reusing the woven in production of a new product. This
recycling route, first proposed by Pimenta and Pinho was, therefore, considered in the research herein

presented[196].

Finally, a perfect CE can be achieved, if the polymer matrix is thermoplastic, by reforming the product
providing a new life cycle to it. In this context, owing to the thermoplastic matrix fusibility, CFs or
GFs-reinforced thermoplastics (GF/CF-RTP) are considered reformable [250]. Kiss et al. 2020 in
their study, revealed that the reverse forming, so-called reforming, is a viable route for CFRTPs. They
showed that this method can be also applied to correcting any forming mistake or to reform the
product at the EoL. Von Freeden et al., 2023, focused the attention on the reforming process and its
effect on composite sheets. They stated that lifespan of CFRTPs could be extended up to 5 processing

cycles compared to alternative materials [231].
6.2.2 Embodied & manufacturing Energy

The analysis of the available scientific literature has shown a great variability in EE values of the raw
materials. In Table 6.1, the embodied energies of the reinforcements and the thermoplastic matrices,

analysed in the proposed study, are summarised. The values marked with a star symbol (*) indicate
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that the level of energy form was not specified in the literature data. Therefore, data reliability could
be threatened. Anyway, the risk in the data consistency was already taken into account referring to
embodied energies of materials that have a brief scientific history and that are characterised by high
variability as also stated by [110]. To mitigate this weakness, the study was performed considering

the whole ranges of the detected values.

Table 6.1 Embodied energy of the investigated raw materials.

. Embodied energy
Material (MJ/kg) Reference(s)
72.00-112.00 [262]
24.00 [263]
PP
Polymer matrix 66.00-80.00 [263]
11.00-27.00 [153]
PEEK 286.00-315.00 [263]
183.00-286.00 * [252]
272.00-300.00 [263]
280.00 * [252]
1000.00 [200, 264]
Reinforcement CF
704.00 [200]
1468.00 * [265]
286.00-478.00 [153]
190.00-870.00 * [266]
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521.00-1563.00 * [252]
855.00 [200]

49.00-54.00 [153, 263]
GF 13.00-32.00 * [252]
7.00-16.00 * [266]

The fibres need to be produced by specific sub-processes to be combined in yarns, which can be
considered as the base unit for the woven construction. In Table 6.2, these sub-processes are detailed
for both CFs and GFs yarns summarising the energy consumption for each phase. Specifically, CFs
are obtained by the polymerization of Polyacrylonitrile (PAN) while GFs are produced starting by a
molten SiO: slurry. In Fig. 6.1(a), these different sub-processes are illustrated. According to that, it
has to be clarified that the energy consumption is a value that is obtained by converting the wasted
energy required to execute a specific process, and quantified by the absorbed electric energy,
measured in MJ, into MJ oil equivalent, which depends on the employed country’s energy mix. For

the performed analysis, the energy consumption refers to the European average energy mix [110].

Table 6.2 Sub-processes used to weave the yarns.

Fibres Sub-processes Energy consumption Reference(s)
(MJ/kg)
1.PAN Polymerising 0.00-156.00
2.PAN spinning 2.60
CF [266, 267]
3.Oxidation 142.00-427.00
4.Finishing 35.00-75.00
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1.Molten slurry of SiO> 1.30-2.50

2.Melting 3.40-9.10
GF

3.Yarn Spinning 2.60

4.Finishing 0.90-1.90

Once the yarns are obtained, these have to be weaved to achieve the fabrics. Therefore, the yarns are
wrapped and oriented by specific crimp angles to create the desired woven fabric. This can be
performed using techniques such as weaving, knitting, or braiding methods. The energy used in this
manufacturing phase was estimated by [267]. Specifically, this energy consumption was quantified
at 2.90 MJ/kg. The woven fabric, subsequently, has to be impregnated with the thermoplastic resin to
obtain the prepregs by applying heat and pressure to soften the matrix, allowing it to impregnate and
bond with the reinforcement. This can be executed using techniques like hot pressing, hot melt
infusion, or thermoforming (Fig. 6.1(b)). For the impregnation, the energy required for the PP and the
PEEK matrices was quantified in the range of 20.80 — 23.00 MJ/kg and 25.30 — 27.90 MJ/kg,
respectively [267]. The prepregs must be finally manufactured by the autoclave moulding process.
Also, for this working step, the energy consumption values vary depending on the characteristics of
the polymer matrix and its melting temperature. Furthermore, the production volume must be
considered in the assessment of energy consumption [235]. Considering the investigated

thermoplastics, the process energy values were found in literature and listed in Table 6.3.

Table 6.3 Energy consumption required for the autoclave moulding process.

. . Melting temperature Energy consumption
Thermoplastic matrix °C) (MJ/kg) Reference(s)
141.00 [265]
PP 160
111.36 -141.00 [268]
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PEEK 340 163.68 [265]

Finally, the cutting phase necessary to finish the demoulded parts obtained after autoclaving requires

energy ranging from 0.10 to 1.40 MJ/kg as detected in the literature [245] (Fig.6.1(c)).
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Figure 6.2 The whole production phases of the target component made of CFRTPs: (a) Yarn, (b)

Cutting process

prepreg and (c) component manufacturing.

6.2.3 EoL considerations

As already mentioned, the increasing use of composite materials in several sectors results in problems
of waste management [269, 270]. When a material is recycled, it often requires less energy than
extracting and processing the raw material from scratch. For this reason, different recycling methods
have been proposed [160, 198, 219, 252, 253, 271-273]. In this work, combustion, recycling
(thermal/chemical) and reforming were analysed. Specifically, about the recycling process, (Table 4),
the solvolysis (chemical recycling) consists in the removal of the thermoplastic matrix by dissolution
in a proper solvent. The advantages of chemical recycling over thermal recycling, is that lower
temperatures are generally required to degrade the polymeric matrices [252] reducing possible
damages on the recovered fibres allowing recovery of both the polymer matrix and the full-length
fibres [274]. Anyway, a limited number of studies is still available in the scientific literature on the
chemical recycling of CFRTPs [249], which can be performed by using a wide spectrum of solvents

and catalysts that significantly affect the environmental impact of the EoL phase. For this variability
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and data solidity, the solvolysis was not further explored leaving its analysis to a following research

step.

In detail, the process energy of three different EoL phases was outlined in Table 6.4. Combustion,
where both matrix and fibres are wasted, recycling by pyrolysis conserving the full architecture of
the woven fabric, and reforming, where the whole materials are saved for a new manufacturing phase,
were considered in the executed study. The impact of solvolysis was reported just for further data
information deserving, as above highlighted, a specific in-depth analysis looking not just at this EoL’s

energy consumption, but also at the impacts of employed solvents and catalysts.

Table 6.4 Energy consumption of the investigated EoL routes.

. Energy consumption
EoL phase Method Material (MI/kg) Reference(s)
30.50-32.00 [160]
Combustion Incinerator PP/PEEK
32.00-33.60 [263]
PP 2.80-30.00 [160]
Pyrolysis
PEEK 23.98-63.00 [265]
Recycling
PP 15.00-64.00
Solvolysis [160]
PEEK 61.00-93.00
PP 3.23
PEEK 3.82
. Thermo-
Reforming forming [275]
PP 28.68
PEEK 45.29

119



The values used in Table 4 were extracted from literature and Cambridge Engineering Selector
Edupack database (CES) [263]. In addition, a cleaning step and a reorientation phase are required in
the recycling phase. For what concerns the cleaning step, the energy consumption is 8.73 MJ/kg [276].
The cleaning phase is necessary to purify the reinforcement (GF/CF) to make it ready for a new life
cycle. In the reforming route, instead, the reforming process consists of a thermal forming phase that
consists of heating the component and a consolidation phase known as calendaring. Considering the
polymer matrix of PP (melting temperature 160°C) and PEEK (melting temperature 340°C), a heat-
assisted forming tool step is required during thermal re-forming. The energy consumption for these
reforming phases is 6.882 MJ/kg for PP and 15.122 MJ/kg for PEEK [275]. Finally, a heat treatment
is required during the calendering process. The energy consumption for this process step is 3.354
MJ/kg and 6.215 MJ/kg if the composite is made, respectively of PP or PEEK [275]. The different
EoL routes are described in Fig. 6.2.
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Figure 6.3 Main steps to move from the initial composite/scrap to the final recycled product for

Thermal reforming

reforming, combustion, and thermal and chemical recycling.
6.3 Material and methods

Four different material combinations were analysed using GFs and CFs reinforcement fabrics, 2/2
twill balanced weave [277], and PP and PEEK polymeric matrices. A low performing polymer matrix

(PP) and one with high-performance (PEEK) were taken into account. The same consideration was
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made for the fibres’ selection, being GF and CF known as a low and a high-performance
reinforcement, respectively. Furthermore, different percentages of reinforcement were analysed.
Specifically, the investigated Fibre Volume Percentages (FVF) are: 45% (FVF 1), 23% (FVF 2) and
11% (FVF 3). These reinforcement percentages were considered because 45% is close to the upper
limit of reinforcement that can be achieved in a composite while 11% is close to the lower limit
(below which reinforcement fails to improve the performance of the composite [278]). Finally, 23%,
besides being a typical value for reinforcements within composites, was chosen as this is a volume
percentage that is almost double of 11% and half of 45%. The CED impact of the various composite
sheets was evaluated considering three different EoL routes. The research was performed without
considering the changing of performance between virgin and recycled or remanufactured materials.
According to Von Freeden et al., 2023, longer and multiple use of the composite material in high
quality condition was proved[231]. However, the demonstration was performed at laboratory level
and needs further studies to be evaluated considering additional phenomena [279]. Hence, a CED
analysis of the materials and processes was carried out, according to the type of reinforcement, matrix,
and their percentage in the composite materials. The product system is a component made of CFRTPs,
the so-called target component, which is characterised by a volume of 78.4 mm3. Specifically,
composite sheet blanks with dimensions of 280mmx280mmx 1 mm were considered. The densities of

the matrices and of the reinforcements are summarised in Table 6.5.

Table 6.5 Density of the investigated materials.

Polymer matrix Reinforcement
PP PEEK CF GF
Material density (kg/m?) 912.50 1320.00 1900.00 1857.00
Reference(s) [280] [281] [282] [283]

The target components’ configurations analysed, namely PP-CF, PEEK-CF, PP-GF, PEEK-GF are

summarised in Table 6.6.
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Table 6.6 Component features expressed in kg at the three investigated FVF.

PP-CF FVF 1 FVF 2 FVF3
Fibre mass 0.067 0.034 0.017
Matrix mass 0.039 0.055 0.063
Component weight 0.106 0.089 0.080
PEEK-CF
Fibre mass 0.067 0.034 0.017
Matrix mass 0.057 0.080 0.092
Component weight 0.124 0.114 0.108
PP-GF
Fibre mass 0.065 0.032 0.016
Matrix mass 0.039 0.055 0.063
Component weight 0.104 0.088 0.079
PEEK-GF
Fibre mass 0.065 0.032 0.016
Matrix mass 0.057 0.080 0.092
Component weight 0.122 0.113 0.108
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6.3.1  Goal and Scope

The aim of the study is to characterise the environmental impact, from a CED point of view, of one
target component manufactured by each EoL route. The results can be used to compare the CED of
EoL routes analysed in the study. The aim is to analyse these impacts for each route to provide
guidance for the selection of the most energetically friendly EoL strategy with varying production
scenarios. The functional unit chosen for this study is the EoL processing of one unit of the target
component (composite sheet blank with dimension 280mmx280mmx I mm). Indeed, the general idea
is to compare the EoL processing, looking at the primary energy used from cradle to grave for each
of the highlighted EoL scenarios. The benchmark EoL scenario was the so-called conventional open
loop process allowing a CED assessment of a component that is processed by combustion. The second
scenario is a partially closed loop because the woven fabric, thermally recycled, once cleaned and
reoriented, needs, subsequently, to be impregnated with the virgin thermoplastic resin to obtain the
prepregs. The third scenario envisages a whole closed loop involving the recovery of the entire
component, with the possibility of changing its original shape for a new use. The three detailed
manufacturing scenarios are summarised in Fig. 6.3.
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Raw materials

Incinerator
s ) 7
(PP/ PEEK) } ?

; v
Reinforcement W Fabric I Prepreg T > Component I Target o o End of life -
(GF/CF) weaving manufacturing manufacturing component component
— x (S
. leani .
Pyrolysis ———> Cleaning Calendaring

reinforcement
S S ¥
i

________________________________________________________________

Figure 6.4 Detail of the analysed EoL routes.

In the study, a recycled content approach was applied. This approach, also called the 100:0 or the
recycled content, considers that the environmental impacts of the production phase for a product are
attributed to the first use of this product and follows the “polluter pays” principle [284]. The second

use of the product only bears the environmental impact of collection and the preparation of the product
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for its subsequent use. In some cases, the collection is also attributed to the first use of the product.
However, the materials used for the second time bear no environmental burden from the primary

production process [109, 285].
6.3.2  System boundary and main assumptions

Concerning the metric for the comparison of the environmental impact, CED (MJ) was used. Indeed,
since the first LCA studies, CED has been one of the considered key indicators [285]. The adopted
system boundary includes raw material extraction, product manufacture and EOL, as schematised in
Fig. 6.4. The analysis does not include the use phase’s contributions. Indeed, the use phase was
neglected, being common to the three processes examined. Furthermore, the impact of transport
between process units was not taken into account, as it is assumed to be the same between process
units and between the analysed scenarios. In the following paragraph, some details about assumptions
made to deal with electrical energy demand and material scraps, if present, were specified. Regarding
the process’s electric energy demand, it was converted into primary energy source consumption by
considering an average efficiency of 36% to account for the energy generation and the transmission

losses [110].
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Figure 6.5 The adopted system boundaries.

As far as material waste is concerned, all the material creates an environmental impact for the
conventional open loop process because the whole component at the end of its life is processed via

incinerator. Whereas for the partially closed loop approach, all the fibres were considered without any
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degradation due to the thermal recycling phase while the matrices become waste and a new quantity
of thermoplastic, PP or PEEK, must be added in the process. Finally, for the whole closed loop, on
the other hand, there was no material’s environmental impact, as all material is reused and reformed.

Furthermore, in this case the mechanical performances of the material remain unchanged [231].
6.3.3  Life cycle inventory

LCI data were generated using different approaches. Data from scientific literature and CES Edupack
database [263] were used. A great variability in the parameters of EE was found in the scientific data,
as previously shown in Table 6.1 - 6.2. Therefore, the analysis was conducted considering the lower,
the average and the higher values as described in Table 6.7, where the various energy contributions
were organised. In detail, Hie gathers the EE values necessary to obtain both matrices and fibres and
the sub-processes energy required to combine fibres in yarns. Hppc collects the energy for weaving
the yarns, achieving the fabrics and the energy for their impregnation to get the prepregs. Hy lists the
energy required to form the prepregs, i.e., the manufacturing energy, including the cutting phase.
According to this aliquot, the autoclave manufacturing process assumes two energy values depending
on the different process temperatures of PP and PEEK (Table 3). Indeed, the process temperature is
closely related to the process energy [265, 268]. Finally, Hic reports the EoL energy taking into
account all the routes analysed. As already written, the data related to solvolysis were reported to
provide a complete inventory data, even if pyrolysis was the only considered in the study, being the
most energy efficient recycling process from a CED’s point of view [286] and considering the lack
of data for chemical recycling of CFRTPs. Furthermore, the processes of reforming and
reconsolidation were, instead, obtained by the energy absorption of the employed machines

considering the composite’s reprocessing temperature [231].

Table 6.7 Life cycle inventory data.

Energy consumption

Processes
(MJ/kg)
Low Ave High
CF embodied energy 608.78 722.39 836.00
Hmc
GF embodied energy 23.00 28.50 34.00
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PP embodied energy 43.25 52.00 60.75
PEEK embodied energy 283.01 290.26 297.51
CF manufacturing 47.75 132.63 217.50
GF manufacturing 1.75 2.90 4.05
PP manufacturing 20.80 21.90 23.00
Hype PEEK manufacturing 25.30 26.60 27.90
Fabric manufacturing 2.54 2.60 2.67
Autoclave (PP) 55.68 90.93 126.18
Hye Autoclave (PEEK) 65.60 114.64 163.68
Cutting phase 0.05 1.76 3.47
Incinerator 30.50 31.25 32.00
Pyrolysis (PP) 3.00 16.50 30.00
Pyrolysis (PEEK) 23.98 43.50 63.00
Cleaning 0.00 1.76 8.73
H,.
Re-forming (PP) 10.11 10.11 10.11
Re-consolidation (PP) 32.03 32.03 32.03
Re-forming (PEEK) 18.94 18.94 18.94
Re-consolidation (PEEK) 51.51 51.51 51.51
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6.3.4 Life Cycle Energy Demand Quantification

The methodology proposed by Suzuki and Takahashi [235] to quantify the CED was applied to
perform a comparative analysis of the case study’s environmental impact, described in Section 6.3.
The life cycle primary energy demand quantification analysis was performed using Egs. 6.1-6.5. The
CED analysis of the target component assesses the environmental impact during its life cycle. The
method considers the EE of the composite material (Hmc) based on the weight of the polymer matrix
fraction and of the reinforcement as summarised in Eq.1. The EE of the component is calculated as
the mass fraction of the matrix (mfn) and of the fibres (mfr) multiplied by the EE of the matrix (Hmm)
and of the fibres (Hmr), respectively. The contributions of the processes used in pre-manufacturing
and manufacturing are included through the energy consumption parameters (Hp, and Hp) (Eqs.6.2-

6.3). The overall energy of the formed composite product is quantified by H¢ (Eq.6.4).

Hpe = Mfy, * Hyp + mfy - Hpf (6.1)
Hype = Mfyy - Hppy + Mg - Hypy (6.2)
Hye = me - (Hpy + Hppt ... +Hpp) (6.3)
H. = Hpe + Hppe + Hye (6.4)

Eq.4 can be used to quantify the CED of the target component for the combustion route (conventional
open loop) adding just the contribution of H,... Being the developed analysis based on the recycling
content approach, Eq.6.5 was instead used to calculate the component's CED in the recycling and

reforming routes (respectively, partially and whole closed loops):

HRecycling content approach — R- [(Hc - (Hrc ' mfm + Hy¢ - mf})] (6.5)

where, R is the fraction of the recycled material. R value is equal to 100% for the reforming route

while, in the recycling strategy just the fibres are completely recycled.
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6.4 Results and discussions

The CED values for the four material configurations, listed as: PP-CF, PEEK-CF, PP-GF,
PEEK-GF, for each FVF and EoL strategy are reported in Fig. 6.5.
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Figure 6.6 CED required for each investigated FRPs and EoL routes at changing of (a) 11%,
(b) 23%, (c) 45% FVF percentage.

The impact of the different EoL strategies on CED depending on the type of composite material
to be processed can be deduced from Fig. 6.5. The analysis of Fig. 6.5 resulted in different

evidence that could be useful to consider for CED minimization of a specific CFRTPs
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component. In detail, the PP-CF scenario is with a low performance polymer matrix and a high-
performance reinforcement fibre. For the PP-CF scenario, the recycling and reforming EoL
strategies are always comparable. Both processes are more advantageous than the combustion
process. This advantage is even more evident as the percentage of reinforcement increases. For
example, when considering the composite with 45% of reinforcement, the average values of
the three EoL processes are 69.13MJ, 13.99MJ and 14.34MJ, respectively. The PEEK-CF
configuration is the one with the composite made of both high-performance polymeric matrix
and fibre. The most competitive product’s EoL is reforming, which has an energy impact that
depends slightly on the fibre volume fraction percentage. The recycling process, instead, starts
to become competitive just for the configuration with a high fibre percentage. Indeed, being
the pyrolysis a recycling route that recovers the fibres, if the amount of reinforcement in the
composite increases, the impact of the recycling process decreases. Conversely, if the matrix
increases its prevalence, the pyrolysis wastes a higher quantity of high-performance matrix
resulting in an increment of the energy impact close to the one ascribed to the combustion.
Looking at the average values of the 3 processes, the values are respectively of 84.34, 30.89,
23.16 MJ for combustion, recycling, and reforming for a fibre percentage of 45% while if this
percentage passes to 11% the values change to 47.05, 38.56, 20.29 MJ, respectively. Looking
at PP-GF, the composite material is made of both low-performance polymeric matrix and fibre.
The EoL routes, i.e., combustion, recycling, and reforming processes, are comparable. The
trend remains unchanged as the percentage of composite’s reinforcement changes. Therefore,
in this scenario, the combustion, being the simplest to be performed, is to be preferred, if CED
is the index to be considered. Looking at the average values of the 3 processes, the values are
respectively of 13.73, 13.83, 14.14 MJ for combustion, recycling, and reforming for a fibre
percentage of 45% while if this percentage decreases to 11% the values remain comparable
respectively to 10.83, 13.42, 10.77 MJ. The last consideration has to be, instead, reassessed, if
specific midpoint or endpoint LCA indicators on use of raw materials are taken into account
(Mio & Fermeglia, 2022). Considering the PEEK-GF, the composite material made from high-
performance polymer matrix and low-performance fibre shows that the reforming process is
the most promising process, especially if the configuration with low fibre volume percentage
is taken into account. Furthermore, for this scenario, combustion is always preferred when
compared to the recycling route. Looking at the average values of the 3 processes, the values

are respectively of 28.90, 30.70, 22.88 MJ for combustion, recycling, and reforming for a fibre
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percentage of 45% while if this percentage decreases to 11% the values change respectively to

33.19, 38.52, 20.22 MJ.

Furthermore, the energy impacts of the different steps in the whole from-cradle-to-grave
product’s life were shown in Fig. 6.6, where the CED average values, for each considered FVF
percentage, were reported. The weights of the recovered energies owing to the chosen EoL
strategy are relevant, affecting the performances of the selected route, if products made by CFs
are processed. Indeed, recovering CFs by recycling or reforming allows to reduce the energy
impact of the products, markedly. For these configurations, reforming is, gradually, more
promising than recycling at FVF’s reduction if a performing polymer, i.e. PEEK, is processed.
On the other side, if less valuable fibres are treated, i.e., GFs, the EoL routes, lose their weight

on CED of the composite products, especially if GFs are combined to poor matrices.
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Figure 6.7 Energy impacts of the different steps in the whole from-cradle-to-grave product’s
life for (a) 11%, (b) 23%, (c) 45% of the analysed FVF percentage.

6.5 Conclusions

A CED analysis was carried out by evaluating a target component made by the combination of
two types of fibres, GF and CF, and matrices, PP and PEEK and considering also three FVF
(11%, 23% and 45%). A life cycle energy analysis was performed evaluating three EoL routes.
Specifically, applying the recycling content method approach, the CED of a specific product’s
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life cycle was evaluated by using the data collected by a literature review. From this point of
view, the possible EoL strategies were identified modelling, theoretically, the processing steps
and gathering the information required for a proper CED quantification for each of them. The
achieved LCI data are characterised by a huge dispersion in terms of embodied energies and
energy consumption for both materials and manufacturing processes. In this respect, low,
average and high values were reported, and used in the analysis to evaluate the products’ CED

with different material combinations.

The obtained results highlighted how, in a perspective of reducing the energy impact, the
reforming EoL strategy is always a valuable solution to be taken into account. The choice can
be more or less convenient depending on the type of composite processed looking at the utilised
fibres and matrices and at the percentage of their employment in the composite construction.
This research aimed at providing guidance for the selection of the most suitable EoL strategies,
taking into account the CFRTPs material properties, as a decision support tool that, practically,
can be employed in choosing the most energetically convenient path. The following

recommendations can be extracted:

e if the composite is made of a low-value matrix and a high-value fibre, both reforming
and recycling EoL routes can be used to minimise the energy impact;

e if the composite is made of a high value of both matrix and fibre, it is definitely
worthwhile to use the reforming process, especially for low FVF of the FRPs;

e if the composite is made of a low value of both matrix and fibre, the energy impact of
the three investigated EoL routes is comparable. Therefore, the choice of combustion,
being the simplest solution, via incineration, should be preferable if CED is the only
indicators to be considered;

e if the composite is made of a high-value matrix and a low-value fibre, reforming is
more energetically convenient even if its advantages are more evident for low FVF;

e recycling is not always more advisable than combustion. Actually, if the composite is
made by low-value fibres, combustion is to be preferred.

e the FVF can change the advantages of one EoL route with respect to another one.
Specifically, particularly if high-value fibres are processed, recycling and reforming
processes become increasingly comparable if the percentage of reinforcement increases

and, at the same time, the combustion process becomes increasingly impactful.
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7. Discussion

Over the years, the development and evolution of LCA has revealed the usefulness of the
methodology for assessing the sustainability of production processes with the aim of measuring

and thus contributing to the reduction of the environmental impact of a given system.

However, from the literature, it has not always been possible to analyse and compare the
different processes, environmental parameters and end-of-life scenarios of the product and the
respective material. In response to this shortcoming, new approaches to LCA have been and
are currently being developed that are able to provide the knowledge of the environmental
impact that a specific process may have under varying construction constraints. Following
these premises, it will be possible to anticipate the future impact and define strategies and
intervention points in order to optimise the development of a product and correct the trajectory

n time.

With regard to the objectives of this work, Objective 1 was defined as a literature review of the
main production processes analysed in terms of sustainability and to identify knowledge gaps
and provide possible solutions. Despite the various sustainability reviews examined, there is a
lack of comparative studies in the literature regarding the study of different end-of-life
scenarios and strategies for the main production processes. On the other hand, a lack of

robustness of life cycle inventory data was noted.

Therefore, considering Objective 2, a framework was applied to evaluate the different end-of-
life scenarios; this framework was coupled with the LCA methodology in order to quantify the
entire production cycle as the end-of-life scenario and the type of material used vary. This
framework makes it possible to make assessments of the energy quantified when obtaining the
raw material that enters the production cycle under study. On the other hand, it is possible to
quantify the end-of-life phase in the different scenarios in order to obtain a comparative
evaluation of the processes, thus estimating the best scenario from an environmental point of
view. Thus, by applying the proposed framework coupled with the LCA methodology, it is
possible to evaluate a conventional technology with an innovative one. At the same time, it is
possible to integrate the recycled content of the first-use material into the analysed system. In
this way, assessments can be made based on the impact the material has on the entire life cycle

of a component.
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Therefore, after defining the methodology for the comparative assessment of the analysed
processes, the latter was applied to four case studies. The case studies cover different fields of
application from conventional production processes involving multi-material products to the

production processes of unconventional materials applied in the automotive industry.

Objective 3 focuses on the application of the proposed methodology for the evaluation of the
selected case study, which involves the comparative analysis of three production processes such
as the machining, additive and casting process of a lightweight aluminium component with and
without topological optimisation. The latter is constrained by the construction constraints and
the material chosen. The component selected for the environmental sustainability
benchmarking is a bracket used in the automotive industry. Considering the parameter
representing the total energy required by the process, the analysis revealed that topological
optimisation significantly reduces the CED, especially for AM (-65%) and SM (-55%), while
CP benefits less (-24%) considering the material production phase; at the same time, AM has a

great advantage due to its ability to reduce volume, from 23.72 MJ to 8.14 MJ.

Considering the product manufacturing phase, as far as the SM is concerned, the CED increases
with the optimised shape (13.35 MJ vs. 11.08 MJ) due to the removal of more material. While
AM reduces the energy required (from 24.19 MJ to 8.29 MJ), the impact of CP remains
marginal (0.46 MJ vs. 0.37 MJ).

In the use phase, the energy required is directly related to mass. The AM obtains the greatest
benefit (-17.32 MJ), while the SM and CP require 30.31 MJ and 39.30 MJ, respectively.

Considering the end-of-life phase, however, the recovered energy is proportional to the mass:

-13.85 MJ (initial SM), -8.33 MJ (optimised SM), -4.76 MJ (optimised AM), -11.89 MJ (CP).

Concerning the whole Life Cycle (from Cradle-to-Grave), the optimisation leads to an overall
reduction of the CED: AM: -65%, SM: -41%, CP: -25%. On the other hand, CP is not

sustainable for limited production runs, given the impact of moulds.

In detail, AM is the most efficient and sustainable process due to its ability to optimise shape

and volume, considering geometrically complex shapes.

Objective 4, on the other hand, provides a further evaluation framework to the LCA analysis

and also analyses specific indicators as the energy mix studied changes, comparing the two
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techniques that proved to be comparable in the first analysis phase. It then extends the
considerations to multi-material products and processes to include non-conventional materials

such as thermoplastic matrix composites in the sustainability analysis.

Specifically, two scenarios for the end-of-life (EoL) phase of the subtractive process (SM) were
investigated using the framework applied to LCA analysis. WCHIP (discarded chips) in which
processing chips are not recovered; RCHIP (recycled chips) in which chips are properly

recycled.

A comparison between additive manufacturing (AM) and subtractive manufacturing (SM),
considering the CED throughout the entire product life cycle (from cradle to grave), shows that
the SM process is less impactful up to a 90 per cent reduction of the initial block mass. At this
level of reduction, the two processes become broadly comparable. This result is due to the high
incidence of energy required for production in the case of AM, which outweighs the other
contributions. These conclusions are valid both in the case of chip recycling (RCHIP) and by
applying the substitution method for the evaluation of EoL. In the case of WCHIP, however,
the energy required to extract the material (not compensated by recycling) has a greater impact
on the sustainability of the MS, leading to a CED break-even point of between 40% and 80%

reduction of the initial block material.

The results are valid regardless of the energy mix of the country of production, but the total
environmental impact (MJoe per piece) varies by production site: The Middle East turns out to
be the most impactful for AM and SM. For AM, the required CED in the Middle East is
1522.97, 913.78, 304.59 and 152.30 MJoe for volumes of 1.75, 1.05, 0.35 and 0.18 kg
respectively. For SM (RCHIP), the CED is 622.20, 416.81, 211.14 and 159.87 MJoe for
material reductions of 0%, 40%, 80% and 90%.

Norway and France show similar behaviour through the use of hydropower and nuclear energy
respectively, with substantial advantages over oil (Middle East). The impact of the World
Average is generally intermediate, but closer to the Middle East than to Norway or France, with

more marked differences for AM and MS with longer processing times.

On the other hand, in the case of no chip recovery (WCHIP), the energy required for material
extraction becomes significant, with the CED increasing as the percentage of block reduction

increases. In the Middle East, the CED values for SM are 622.14, 723.01, 823.88 and 848.91
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MJoe for material reductions of 0%, 40%, 80% and 90% respectively. This progressive growth
is due to the lack of material recovery, which weighs more than the reduction in part weight or

fuel savings in the use phase.

The Global Warming and Climate Change categories confirm the advantages of hydropower
and nuclear energy. For other impact categories (e.g. radiation, human health), nuclear power

loses competitiveness compared to other energy sources.

The data reinforce the need for efficient materials management and the importance of choosing

a sustainable energy mix to minimise the overall environmental impact.

On the other hand, in order to extend the analysis to products and processes that also require
the use of non-conventional processes, a multi-material case study used in the automotive field
was investigated. In fact, with a view to a lightening that guarantees both high mechanical
performance and high durability of the component, a comparative analysis of several types of
gear wheels was carried out. The analysis showed that the evaluation of the CED (cumulative
energy required) for the three types of gears analysed (full, lightweight and hybrid) showed

distinct results for the two recycling scenarios analysed:

“Most common” approach: metal and composite waste is mainly disposed of in landfills or
incinerated to recover energy. Full gear has the lowest production impact, but the higher weight
generates the highest energy consumption in the use phase. The lightweight gear reduces the
overall CED by 41.81% compared to the hybrid. The hybrid gear, while having a higher CED,
is comparable to the full gear (+12.58%).

“More sustainable” approach: metal scrap is remelted and composite (hybrid) laminates
recycled through pyrolysis. Energy recovery improves significantly, with the hybrid gear
having the highest recovery in the EoL phase (259.01 MJ), saving 28.82% CED compared to
full. Lightweight and hybrid are energetically comparable, with only a 7.5 per cent difference.

The sustainable approach reduces the overall impact. The lightweight gear is the most efficient
in the total life cycle, while the hybrid excels in the recycling phase due to its high energy

recovery.

Finally, the last case study analysed involves the analysis of a composite component with

different end-of-life strategies. The work adds clarity to the composite material processes and
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provides guidance on design choices based on the required product performance specifications.
The analysis of the impact of different end-of-life (EoL) strategies on the CED (cumulative
energy required), depending on the type of composite material processed, provides useful
indications for minimising the energy impact of components made of CFRTP (fibre-reinforced

thermoplastic composites). Below are the scenarios analysed.
As for PP-CF, i.e. low performance polymer matrix, high performance reinforcement fibres):

Recycling and reforming strategies are always comparable and more advantageous than
combustion, especially with increasing percentage of reinforcement fibres. For example, with
45% reinforcement, the average CED values are 69.13 MJ (combustion), 13.99 MJ (recycling)
and 14.34 MJ (reforming), respectively.

Considering PEEK-CF (polymer matrix and fibres both high performance): reforming is the
most advantageous option, with the energy impact varying little with fibre percentage.
Recycling becomes competitive only with a high percentage of fibres, due to their recovery by
pyrolysis. If the matrix prevails, the energy impact of recycling approaches that of combustion.
Considering 45% reinforcement, the average CED values are 84.34 MJ (combustion), 30.89
MJ (recycling) and 23.16 MJ (reforming). With 11% fibre, the values change to 47.05 MJ,
38.56 MJ and 20.29 M respectively.

On the other hand, PP-GF (low-performance matrix and fibres): the three strategies
(combustion, recycling, reforming) have comparable energy impacts, regardless of the
percentage of reinforcement. Combustion, being the simplest process, is preferable if CED is
the only indicator considered. Indeed, investigating 45% reinforcement, the average values are
13.73 MJ (combustion), 13.83 MJ (recycling) and 14.14 MJ (reforming). While considering
11%, the values are similar: 10.83 MJ, 13.42 MJ and 10.77 M1J.

Considering the PEEK-GF scenario (high performance matrix, low performance fibres):
reforming is the most promising strategy, especially with low fibre percentages. Burning is
always preferable to recycling. Considering 45% reinforcement, the average values are 28.90
MJ (combustion), 30.70 MJ (recycling) and 22.88 MJ (reforming). With 11%, the values
become 33.19 MJ, 38.52 MJ and 20.22 MJ.

Generally, recovery by recycling or reforming significantly reduces the energy impact.

Reforming is progressively more advantageous with a high-performance matrix (PEEK) and
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reduced fibre content. The impact of EoL strategies on CED decreases, especially if glass fibres
are combined with low-value matrices. In this case, combustion remains a preferable option

for simplicity and efficiency.
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8. Conclusions

As part of the doctoral project, this thesis work addressed the challenges and knowledge gaps
that emerged from the literature analysis and explored the possibility of evaluating and
comparing the different processes in order to provide guides for LCA practitioners to anticipate

decision-making choices with a view to optimising future environmental impacts.

Starting from these premises, the thesis began with an analysis of the literature, described in
chapter 1, which made it possible to highlight the critical points in the existing literature, laying
the foundations for a research that set out to fill the knowledge gaps regarding a lack of
robustness in the inventory data present, an analysis of the end-of-life scenarios that in chapter
2, through a specific framework, were coupled with the analysis of sustainability in order to
carry out extensive evaluations capable of comparing different scenarios and suggest

sustainable practices to reduce the environmental impact of the processes investigated.

To this end, the LCA methodology applied to topological optimisation processes of the main
manufacturing processes, such as machining, additive manufacturing and casting, was studied
in Chapter 3. Specifically, the application of topological optimisation to additive manufacturing
highlights the significant advantages of this process over machining in terms of sustainability.
These advantages derive primarily from the ability of additive manufacturing to produce more
complex optimised geometries, which allow for substantial component lightening and,

consequently, environmental benefits during the use phase.

A further strength of optimised shapes for additive manufacturing is the reduction in process
time, made possible by the simplification of the tool path, resulting in lower energy
consumption in the production phase. In contrast, in machining by chip removal, more material
must be removed from the initial semi-finished product to obtain the desired shape, resulting

in a greater environmental impact in the production phase.

Shifting to the casting process, topological optimisation offers lower environmental benefits,
mainly influencing the production of the material and the utilisation phase of the life cycle. The
analysis conducted showed that, compared to additive manufacturing, the casting process
applied to optimised shapes is less sustainable, regardless of the number of parts produced.

However, as batch sizes increase, the casting process becomes increasingly competitive,
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especially for less complex shapes. This makes casting a preferred choice in production

contexts where high productivity is a key requirement.

The results from Chapter 2 show that the comparable processes are the additive process and

machining, therefore, a more extensive LCA analysis was the subject of the first part of Chapter

4.

The LCA study was conducted to assess the environmental impact of the additive
manufacturing (AM) and machining (SM) processes on components with different shapes,
which can be obtained from a fixed volume of semi-finished coil. The analysis considered the
CED (Direct Energy Consumption) of the production processes, evaluating the influence of the
different energy sources, and other environmental parameters derived from the Midpoint and
Endpoint impact categories. In addition, two end-of-life scenarios were analysed for the SM

process: WCHIP (waste without recovery) and RCHIP (waste with recovery).

The results show that, in order to reduce the environmental impact over the entire product life
cycle, it is essential to compare AM and SM both on the basis of the percentage of the volume
of the semi-finished product to be removed and considering material waste management. If
CED is taken as the main parameter, SM is more sustainable up to high reductions in the
volume of the semi-finished product (around 90% of the initial volume), as the energy required
for production with AM outweighs the other factors. However, in the absence of proper waste
management (WCHIP scenario), AM and SM become comparable for intermediate volume
reductions (between 40% and 80%), due to the energy associated with the material lost and not

recovered in the SM process.

The national energy mix does not significantly alter these CED trends. However, in the WCHIP
scenario, the absence of adequate material recovery and the consumption of fossil fuels alter
the primary energy consumption (MJoe) as a function of component weight, with variations

related to the dependence of the energy mix on oil sources.

With reference to specific midpoint and endpoint indicators, such as MJoe per piece and impact
on climate change or global warming, oil emerges as the most impactful energy source, while
hydropower and nuclear energy are the most sustainable and nearly equivalent. However, this
comparability breaks down when considering other indicators. For example, factors such as

ionising radiation and the use of mineral resources (Midpoint), as well as human health and
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ecosystem quality (Endpoint), show a higher environmental impact of nuclear energy not only

compared to hydropower, but also compared to oil sources.

At this point, not only conventional processes and materials were comprehensively evaluated
in Chapter 5 but also processes that allow ultralight materials such as composite materials to
be processed. And at the same time, what the production of hybrid components entails in terms

of environmental impact.

In detail, the presented LCE study offers valuable insights into the analysis of the
environmental impact of gears throughout their life cycle, with a focus on EoL. The analysis
compared different types of gears with the same mechanical performance, considering end-of-
life (EoL) strategies based on open and closed loop scenarios. Three cases were examined: an
all-steel gear, a lightened gear with reduced flange thickness and a hybrid gear with a flange
made of continuous carbon fibre reinforced polymer matrix composite (CFRP). The EoL
scenarios were analysed theoretically, quantifying the energy required at each stage of the

product life cycle, from initial production to final disposal.

The results showed that the optimal environmental choice varies depending on the scenarios
considered. The hybrid gear proved to be competitive with the all-steel gear not only in terms

of weight reduction performance, but also in an overall life cycle view.

In particular, it was found that CFRP laminate, while offering weight advantages, has a high
energy impact during production, penalising the environmental sustainability of the hybrid gear
if an effective EoL strategy is not adopted. This is particularly evident when comparing with
the lightweight steel solution. However, by implementing appropriate recycling strategies, the
EoL required to run the hybrid gear can be significantly reduced, making this solution not only
advantageous in the use phase due to its reduced weight, but also competitive in a full cradle-

to-grave analysis.

Finally, in Chapter 6, the focus was on composite materials and the impact that different end-

of-life processes can have on the environment.

Thus, a CED analysis was conducted on a component made by combining two types of fibres,
GF and CF, and two matrices, PP and PEEK, considering three different fibre volume
percentages (FVF: 11%, 23% and 45%). Life cycle energy analysis was performed by
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evaluating three EoL strategies. In particular, by applying the recycling content method, the

life cycle EoL of a product was estimated using data collected from a literature review.

From this perspective, possible EoL strategies were identified by modelling, theoretically, the
processing steps and collecting the necessary information for a correct quantification of the

CED for each of them.

The LCI data collected show a great dispersion in terms of embodied energy and energy
consumption for both materials and production processes. In this respect, minimum, average
and maximum values were reported and used in the analysis to assess the CED of products

with different material combinations.

The results showed that, from an energy impact reduction perspective, the EoL strategy of
reforming is always a valid solution to consider. However, the most cost-effective choice
depends on the type of composite examined, in particular the combination of fibres and

matrices used and the percentage of use in the composite construction.

Therefore, the objective is to provide guidelines for selecting the most suitable EoL strategies,
considering the properties of CFRP materials, as a decision-support tool to identify the most

energy-efficient route.
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9. Further development

Future work could focus on expanding the reach of the thesis and extend the application of the

proposed approach to other processes from academic and industrial R&D.

As far as future developments, different coolants for SM and the biomaterials for the AM
techniques, as a function of the type of shape to be manufactured and of the process typology
taken into account, can be process variables to be considered. The increasing of these key
variables that potentially influences the LCA outcomes, will result in the need of a sensitivity
analysis implementation to detect the most environmentally impactful and their

possible interactions.

On the other hand, considering multi-material and composite components, as far as future
developments are concerned, experimental tests need to be considered to assess the mechanical
performance of the investigated composite product at different EoL routes. Loss in performance
of the recycled fibres due to recycling phase or limitations in reforming owing to critical areas,
such as bend angles and wrinkles onset, must be also considered, and evaluated as a future step
for the development of the executed analysis. Furthermore, to be able to properly consider in
the analysis also the solvolysis, namely the chemical recycling EoL route for CFRTPs, and its
impacts due to the different solvents and catalysts used in recovering of both the polymer
matrix and the full-length fibres. By doing so, specific midpoint indicators, i.e., global
warming, ionising radiation, and mineral resources, and endpoint indicators, i.e., human health,
ecosystem quality and climate change, can be assessed to highlight the impacts of the
investigated EoL solutions looking at their effects on different moments and environmental
categories and providing a different point of view able to develop the results arisen by the CED

analysis.

Finally, the application of the LCA methodology in the manufacturing and deposition of a
composite filament has to be considered. In order to quantify, firstly, the environmental impact
of glass/Kevlar reinforcement, and PLA/PEEK matrix during the production of composite
filament and, secondly, the environmental impact of deposition during a 3D printing process.
Considering this emerging technology, i.e. 3D printing of CFRP, a predictive LCA 1is required
to quantify the environmental impact in the early development stages and to optimise the

environmental impact before marketing. on the other hand, the traditional design flow must be
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modified to obtain a circular process in which the design phase interfaces with the LCA analysis
phase to make trade-off choices between the development of a sustainable and an appropriately

mechanical performing component.

144



References

I. Sap S, Usca UA, Uzun M, et al (2022) Investigation of the Effects of Cooling and
Lubricating Strategies on Tribological Characteristics in Machining of Hybrid

Composites. Lubricants 10:63. https://doi.org/10.3390/lubricants 10040063

2. Yilmaz B, Karabulut S, Giillii A (2020) A review of the chip breaking methods for
continuous chips in turning. J Manuf Process 49:50-69.

https://doi.org/10.1016/j.jmapro.2019.10.026

3. Shaw MC, Cookson JO (2005) Metal cutting principles. Oxford university press New
York

4. Sirin §, Yildirim CV, Kivak T, Sarikaya M (2021) Performance of cryogenically treated
carbide inserts under sustainable cryo-lubrication assisted milling of Inconel X750 alloy.
Sustainable Materials and Technologies 29:¢00314.
https://doi.org/10.1016/j.susmat.2021.e00314

5. Yilmaz B, Karabulut §, Giillii A (2018) Performance analysis of new external chip
breaker for efficient machining of Inconel 718 and optimization of the cutting

parameters. J Manuf Process 32:553-563. https://doi.org/10.1016/j.jmapro.2018.03.025

6. Yildirrm CV, Kivak T, Sarikaya M, Erzincanli F (2017) Determination of MQL
Parameters Contributing to Sustainable Machining in the Milling of Nickel-Base
Superalloy Waspaloy. Arab J Sci Eng 42:4667-4681. https://doi.org/10.1007/s13369-
017-2594-z

7. Nadolny K, Kiera$ S (2020) New approach for cooling and lubrication in dry machining
on the example of internal cylindrical grinding of bearing rings. Sustainable Materials

and Technologies 24:¢00166. https://doi.org/10.1016/j.susmat.2020.e00166

8. Leksycki K, Kaczmarek-Pawelska A, Ochat K, et al (2021) Corrosion Resistance and
Surface Bioactivity of Ti6Al4V Alloy after Finish Turning under Ecological Cutting
Conditions. Materials 14:6917. https://doi.org/10.3390/ma14226917

145



10.

I1.

12.

13.

14.

15.

16.

17.

Debnath S, Reddy MM, Yi QS (2014) Environmental friendly cutting fluids and cooling
techniques in  machining: a review. J Clean Prod  83:33-47.

https://doi.org/10.1016/j.jclepro.2014.07.071

Pusavec F, Deshpande A, Yang S, et al (2014) Sustainable machining of high
temperature Nickel alloy — Inconel 718: part 1 — predictive performance models. J Clean

Prod 81:255-269. https://doi.org/10.1016/j.jclepro.2014.06.040

Herrera A, D’Imporzano G, Acién Fernandez FG, Adani F (2021) Sustainable
production of microalgae in raceways: Nutrients and water management as key factors
influencing environmental impacts. J Clean Prod 287:125005.

https://doi.org/10.1016/j.jclepro.2020.125005

Cai W, Liu C, Jia S, et al (2020) An emergy-based sustainability evaluation method for
outsourcing machining resources. J Clean Prod 245:118849.

https://doi.org/10.1016/j.jclepro.2019.118849

Krolczyk GM, Maruda RW, Krolczyk JB, et al (2019) Ecological trends in machining
as a key factor in sustainable production — A review. J Clean Prod 218:601-615.

https://doi.org/10.1016/j.jclepro.2019.02.017

Campitelli A, Cristoébal J, Fischer J, et al (2019) Resource efficiency analysis of
lubricating strategies for machining processes using life cycle assessment methodology.

J Clean Prod 222:464-475. https://doi.org/10.1016/j.jclepro.2019.03.073

Mia M, Gupta MK, Lozano JA, et al (2019) Multi-objective optimization and life cycle
assessment of eco-friendly cryogenic N2 assisted turning of Ti-6Al-4V. J Clean Prod
210:121-133. https://doi.org/10.1016/j.jclepro.2018.10.334

Pusavec F, Kopac J (2011) Sustainability Assessment: Cryogenic Machining of Inconel
718. Strojniski vestnik — Journal of Mechanical Engineering 57:637—647.
https://doi.org/10.5545/sv-jme.2010.249

Ginting YR, Boswell B, Biswas W, Islam MN (2015) Investigation into Alternative
Cooling Methods for Achieving Environmentally Friendly Machining Process. Procedia

CIRP 29:645-650. https://doi.org/10.1016/j.procir.2015.02.184

146



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Winter M, Ohlschliger G, Dettmer T, et al (2012) Using Jatropha Oil Based
Metalworking Fluids in Machining Processes: A Functional and Ecological Life Cycle
Evaluation. In: Leveraging Technology for a Sustainable World. Springer Berlin

Heidelberg, Berlin, Heidelberg, pp 311-316

Pereira O, Urbikain G, Rodriguez A, et al (2019) Process performance and life cycle
assessment of friction drilling on dual-phase steel. J Clean Prod 213:1147-1156.
https://doi.org/10.1016/j.jclepro.2018.12.250

Zhao F, Ogaldez J, Sutherland JW (2012) Quantifying the water inventory of machining
processes. CIRP Annals 61:67—70. https://doi.org/10.1016/j.cirp.2012.03.027

de Souza Zanuto R, Hassui A, Lima F, Dornfeld DA (2019) Environmental impacts-
based milling process planning using a life cycle assessment tool. J Clean Prod 206:349—

355. https://doi.org/10.1016/j.jclepro.2018.09.207

Khan AM, Jamil M, Mia M, et al (2020) Sustainability-based performance evaluation of
hybrid  nanofluid  assisted machining. J Clean Prod  257:120541.
https://doi.org/10.1016/j.jclepro.2020.120541

Bagaber SA, Yusoff AR (2019) Energy and cost integration for multi-objective
optimisation in a sustainable turning process. Measurement 136:795-810.

https://doi.org/10.1016/j.measurement.2018.12.096
Peters J (1975) CIRP Unified Terminology

Zhou G, Lu Q, Xiao Z, et al (2019) Cutting parameter optimization for machining
operations  considering carbon emissions. J Clean Prod 208:937-950.

https://doi.org/10.1016/j.jclepro.2018.10.191

Mori M, Fujishima M, Inamasu Y, Oda Y (2011) A study on energy efficiency
improvement for machine tools. CIRP Annals 60:145-148.
https://doi.org/10.1016/j.cirp.2011.03.099

Gupta AK, Shahare H, Kumar P, et al (2023) Effect of tool path strategy and tooltip

profile on geometrical feature and surface quality of AI-6061 alloy during deformation

147



28.

29.

30.

31.

32.

33.

34.

35.

machining in bending mode. Advances in Materials and Processing Technologies 9:297—

314. https://doi.org/10.1080/2374068X.2022.2091835

Liu ZY, Li C, Fang XY, Guo YB (2018) Cumulative energy demand and environmental
impact in sustainable machining of inconel superalloy. J Clean Prod 181:329-336.

https://doi.org/10.1016/j.jclepro.2018.01.251

Godina R, Ribeiro I, Matos F, et al (2020) Impact Assessment of Additive Manufacturing
on Sustainable Business Models in Industry 4.0 Context. Sustainability 12:7066.
https://doi.org/10.3390/su12177066

Liang Hao, Raymond D, Strano G, Dadbakhsh S (2010) Enhancing the sustainability of
additive manufacturing. In: 5th International Conference on Responsive Manufacturing

- Green Manufacturing (ICRM 2010). IET, pp 390-395

Diegel O, Singamneni S, Reay S, Withell A (2010) Tools for Sustainable Product
Design: Additive Manufacturing. J Sustain Dev 3:. https://doi.org/10.5539/jsd.v3n3p68

Alfaify A, Saleh M, Abdullah FM, Al-Ahmari AM (2020) Design for Additive
Manufacturing: A Systematic Review. Sustainability 12:7936.
https://doi.org/10.3390/su12197936

Jackson MA, Van Asten A, Morrow JD, et al (2018) Energy Consumption Model for
Additive-Subtractive Manufacturing Processes with Case Study. International Journal
of Precision Engineering and Manufacturing-Green Technology 5:459—466.
https://doi.org/10.1007/s40684-018-0049-y

Petrovic V, Vicente Haro Gonzalez J, Jorda Ferrando O, et al (2011) Additive layered
manufacturing: sectors of industrial application shown through case studies. Int J Prod

Res 49:1061-1079. https://doi.org/10.1080/00207540903479786

Gebler M, Schoot Uiterkamp AJM, Visser C (2014) A global sustainability perspective
on 3D printing technologies. Energy Policy 74:158-167.
https://doi.org/10.1016/j.enpol.2014.08.033

148



36.

37.

38.

39.

40.

41.

42.

43.

44,

Burkhart M, Aurich JC (2015) Framework to Predict the Environmental Impact of
Additive Manufacturing in the Life Cycle of a Commercial Vehicle. Procedia CIRP
29:408—413. https://doi.org/10.1016/j.procir.2015.02.194

Baumers M, Tuck C, Bourell DL, et al (2011) Sustainability of additive manufacturing:
measuring the energy consumption of the laser sintering process. Proc Inst Mech Eng B

J Eng Manuf 225:2228-2239. https://doi.org/10.1177/0954405411406044

Le Bourhis F, Kerbrat O, Dembinski L, et al (2014) Predictive Model for Environmental
Assessment in Additive Manufacturing Process. Procedia CIRP 15:26-31.
https://doi.org/10.1016/j.procir.2014.06.031

Peng T, Kellens K, Tang R, et al (2018) Sustainability of additive manufacturing: An
overview on its energy demand and environmental impact. Addit Manuf 21:694—704.

https://doi.org/10.1016/j.addma.2018.04.022

Kellens K, Renaldi R, Dewulf W, et al (2014) Environmental impact modeling of
selective  laser  sintering  processes. Rapid  Prototyp J  20:459-470.
https://doi.org/10.1108/RPJ-02-2013-0018

Faludi J, Baumers M, Maskery I, Hague R (2017) Environmental Impacts of Selective
Laser Melting: Do Printer, Powder, Or Power Dominate? J Ind Ecol 21:.
https://doi.org/10.1111/jiec.12528

Nagarajan HPN, Haapala KR (2017) Environmental Performance Evaluation of Direct
Metal Laser Sintering through Exergy Analysis. Procedia Manuf 10:957-967.
https://doi.org/10.1016/j.promfg.2017.07.087

Balogun VA, Kirkwood N, Mativenga PT (2015) Energy consumption and carbon
footprint analysis of Fused Deposition Modelling: A case study of RP Stratasys
Dimension SST FDM. Energy consumption and carbon footprint analysis of Fused

Deposition Modelling: A case study of RP Stratasys Dimension SST FDM 6:1-6

Meteyer S, Xu X, Perry N, Zhao YF (2014) Energy and Material Flow Analysis of
Binder-jetting Additive Manufacturing Processes. Procedia CIRP 15:19-25.
https://doi.org/10.1016/j.procir.2014.06.030

149



45.

46.

47.

48.

49.

50.

51.

52.

53.

Tang Y, Mak K, Zhao YF (2016) A framework to reduce product environmental impact
through design optimization for additive manufacturing. J Clean Prod 137:1560-1572.
https://doi.org/10.1016/;.jclepro.2016.06.037

Urbanic RJ, Hedrick R (2016) Fused Deposition Modeling Design Rules for Building
Large, Complex Components. Comput Aided Des Appl 13:348-368.
https://doi.org/10.1080/16864360.2015.1114393

Mele M, Campana G (2020) Sustainability-driven multi-objective evolutionary
orienting in additive manufacturing. Sustain Prod Consum 23:138-147.

https://doi.org/10.1016/j.spc.2020.05.004

Priarone PC, Lunetto V, Atzeni E, Salmi A (2018) Laser powder bed fusion (L-PBF)
additive manufacturing: On the correlation between design choices and process

sustainability. Procedia CIRP 78:85-90. https://doi.org/10.1016/j.procir.2018.09.058

Zhang Y, Bernard A, Valenzuela JM, Karunakaran KP (2015) Fast adaptive modeling
method for build time estimation in Additive Manufacturing. CIRP J Manuf Sci Technol
10:49-60. https://doi.org/10.1016/j.cirpj.2015.05.003

Zhang H, Nagel JK, Al-Qas A, et al (2018) Additive Manufacturing with Bioinspired
Sustainable Product Design: A Conceptual Model. Procedia Manuf 26:880-891.
https://doi.org/10.1016/j.promfg.2018.07.113

Baumers M, Tuck C, Wildman R, et al (2017) Shape Complexity and Process Energy
Consumption in Electron Beam Melting: A Case of Something for Nothing in Additive
Manufacturing? J Ind Ecol 21:. https://doi.org/10.1111/jiec.12397

Huang R, Riddle M, Graziano D, et al (2016) Energy and emissions saving potential of
additive manufacturing: the case of lightweight aircraft components. J Clean Prod

135:1559-1570. https://doi.org/10.1016/j.jclepro.2015.04.109

Xu X, Meteyer S, Perry N, Zhao YF (2015) Energy consumption model of Binder-jetting
additive  manufacturing  processes. Int J Prod Res 53:7005-7015.
https://doi.org/10.1080/00207543.2014.937013

150



54.

55.

56.

57.

58.

59.

60.

61.

62.

Yang S, Tang Y, Zhao YF (2016) Assembly-Level Design for Additive Manufacturing:
Issues and Benchmark. In: Volume 2A: 42nd Design Automation Conference. American

Society of Mechanical Engineers

Verma A, Rai R (2017) Sustainability-induced dual-level optimization of additive
manufacturing process. The International Journal of Advanced Manufacturing

Technology 88:1945—-1959. https://doi.org/10.1007/s00170-016-8905-9

Paul R, Anand S (2015) A combined energy and error optimization method for metal
powder based additive manufacturing processes. Rapid Prototyp J 21:301-312.
https://doi.org/10.1108/RPJ-07-2013-0065

Simon TR, Lee WJ, Spurgeon BE, et al (2018) An Experimental Study on the Energy
Consumption and Emission Profile of Fused Deposition Modeling Process. Procedia

Manuf 26:920-928. https://doi.org/10.1016/j.promfg.2018.07.119

Tian W, Ma J, Alizadeh M (2019) Energy consumption optimization with geometric
accuracy consideration for fused filament fabrication processes. The International
Journal of Advanced Manufacturing Technology 103:3223-3233.
https://doi.org/10.1007/s00170-019-03683-5

Liu Z, Ning F, Cong W, et al (2016) Energy Consumption and Saving Analysis for Laser
Engineered Net Shaping of Metal Powders. Energies (Basel) 9:763.
https://doi.org/10.3390/en9100763

DeBoer B, Nguyen N, Diba F, Hosseini A (2021) Additive, subtractive, and formative
manufacturing of metal components: a life cycle assessment comparison. The
International Journal of Advanced Manufacturing Technology 115:413-432.
https://doi.org/10.1007/s00170-021-07173-5

Swetha R, Siva Rama Krishna L, Hari Sai Kiran B, et al (2022) Comparative study on
life cycle assessment of components produced by additive and conventional
manufacturing process. Mater Today Proc 62:4332-4340.
https://doi.org/10.1016/j.matpr.2022.04.840

Landi D, Zefinetti FC, Spreafico C, Regazzoni D (2022) Comparative life cycle

assessment of two different manufacturing technologies: laser additive manufacturing

151



63.

64.

65.

66.

67.

68.

69.

and traditional technique. Procedia CIRP 105:700-705.
https://doi.org/10.1016/j.procir.2022.02.117

Santiago-Herrera M, Igos E, Alegre JM, et al (2024) Ex-ante life cycle assessment of
directed energy deposition based additive manufacturing: A comparative gearbox
production case study. Sustainable Materials and Technologies 39:¢00819.
https://doi.org/10.1016/j.susmat.2023.e00819

Priarone PC, Ingarao G (2017) Towards criteria for sustainable process selection: On the
modelling of pure subtractive versus additive/subtractive integrated manufacturing

approaches. J Clean Prod 144:57-68. https://doi.org/10.1016/j.jclepro.2016.12.165

Ingarao G, Priarone PC, Deng Y, Paraskevas D (2018) Environmental modelling of
aluminium based components manufacturing routes: Additive manufacturing versus
machining versus forming. J Clean Prod 176:261-275.
https://doi.org/10.1016/j.jclepro.2017.12.115

Khanna N, Agrawal C, Gupta MK, et al (2020) Sustainability and machinability
improvement of Nimonic-90 using indigenously developed green hybrid machining

technology. J Clean Prod 263:121402. https://doi.org/10.1016/j.jclepro.2020.121402

Banerjee N, Sharma A (2018) A comprehensive assessment of minimum quantity
lubrication machining from quality, production, and sustainability perspectives.
Sustainable Materials and Technologies 17:¢00070.
https://doi.org/10.1016/j.susmat.2018.e00070

Agrawal C, Khanna N, Gupta MK, Kaynak Y (2020) Sustainability assessment of in-
house developed environment-friendly hybrid techniques for turning Ti-6Al-4V.
Sustainable Materials and Technologies 26:¢00220.
https://doi.org/10.1016/j.susmat.2020.e00220

Pakkanen J, Manfredi D, Minetola P, Tuliano L (2017) About the use of recycled or
biodegradable filaments for sustainability of 3D printing: State of the art and research
opportunities. Sustainable Design and Manufacturing 2017: Selected papers on

Sustainable Design and Manufacturing 4 776785

152



70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Mohammad M, Masad E, Al-Ghamdi SG (2020) 3D Concrete Printing Sustainability: A
Comparative Life Cycle Assessment of Four Construction Method Scenarios. Buildings

10:245. https://doi.org/10.3390/buildings 10120245

Alshannaq AA, Bank LC, Scott DW, Gentry R (2021) A Decommissioned Wind Blade
as a Second-Life Construction Material for a Transmission Pole. Construction Materials

1:95-104. https://doi.org/10.3390/constrmater1020007

Utekar S, V K S, More N, Rao A (2021) Comprehensive study of recycling of
thermosetting polymer composites — Driving force, challenges and methods. Compos B

Eng 207:108596. https://doi.org/10.1016/j.compositesb.2020.108596

Gongalves RM, Martinho A, Oliveira JP (2022) Recycling of Reinforced Glass Fibers
Waste: Current Status. Materials 15:1596. https://doi.org/10.3390/mal15041596

Arif ZU, Khalid MY, Ahmed W, et al (2022) Recycling of the glass/carbon fibre
reinforced polymer composites: A step towards the circular economy. Polymer-Plastics
Technology and Materials 61:761-788.
https://doi.org/10.1080/25740881.2021.2015781

Isah ME, Zhang Z, Matsubae K, Itsubo N (2024) Bibliometric analysis and visualisation
of research on life cycle assessment in Africa (1992-2022). Int J Life Cycle Assess
29:1339-1351. https://doi.org/10.1007/s11367-024-02313-x

La Rosa AD (2023) Life Cycle Assessment Methodology (LCIA). University Lecture.
2023. GJOVIK

Kliippel HJ (2005) The revision of ISO standards 14040-3: ISO 14040: Environmental
management - Life cycle assessment - Principles and framework; ISO 14044:
Environmental management - Life cycle assessment - Requirements and guidelines. In:

International Journal of Life Cycle Assessment. p 165

Golsteijn L (2022) Life Cycle Assessment (LCA) explained. In: https://pre-

sustainability.com/articles/life-cycle-assessment-Ica-basics/

PR¢ Sustainability, Bauer C, Steubing B, et al (2020) Ecoinvent SimaPro

153



80.

81.

82.

&3.

&4.

85.

86.

87.

88.

ZHU J, ZHOU H, WANG C, et al (2021) A review of topology optimization for additive
manufacturing: Status and challenges. Chinese Journal of Aeronautics 34:91-110.

https://doi.org/10.1016/j.cja.2020.09.020

Junk S, Fleig C, Fink B (2017) Improvement of Sustainability Through the Application
of Topology Optimization in the Additive Manufacturing of a Brake Mount. pp 151-161

Leary M, Merli L, Torti F, et al (2014) Optimal topology for additive manufacture: A
method for enabling additive manufacture of support-free optimal structures. Mater Des

63:678—690. https://doi.org/10.1016/j.matdes.2014.06.015

Umbrello D, Matsumura T, Arrazola PJ, et al (2022) Mini symposium on cutting and
machining: 25 years of ESAFORM activity. International Journal of Material Forming
15:35. https://doi.org/10.1007/s12289-022-01680-w

Ahn H, Gingerich MB, Hahnlen R, et al (2021) Numerical modeling of mechanical
properties of UAM reinforced aluminum hat sections for automotive applications.
International Journal of Material Forming 14:917-928. https://doi.org/10.1007/s12289-
020-01607-3

Ingarao G, Deng Y, Marino R, et al (2016) Energy and CO 2 life cycle inventory issues
for aluminum based components: the case study of a high speed train window panel. J

Clean Prod 126:493-503. https://doi.org/10.1016/j.jclepro.2016.03.070

Gagliardi F, La Rosa AD, Filice L, Ambrogio G (2021) Environmental impact of
material selection in a car body component — The side door intrusion beam. J Clean Prod

318:128528. https://doi.org/10.1016/j.jclepro.2021.128528

Knez S, Strbac S, Podbregar I (2022) Climate change in the Western Balkans and EU
Green Deal: status, mitigation and challenges. Energy Sustain Soc 12:1.

https://doi.org/10.1186/s13705-021-00328-y

Rousseau M, Pabst T (2022) Topology optimization of in-pit codisposal of waste rocks
and tailings to reduce advective contaminant transport to the environment. Structural
and Multidisciplinary Optimization 65:168. https://doi.org/10.1007/s00158-022-03266-
1

154



&9.

90.

91.

92.

93.

94.

95.

96.

97.

Upadhyayula VKK, Parvatker AG, Baroth A, Shanmugam K (2019) Lightweighting and
electrification strategies for improving environmental performance of passenger cars in

India by 2030: A critical perspective based on life cycle assessment. J Clean Prod

209:1604—1613. https://doi.org/https://doi.org/10.1016/j.jclepro.2018.11.153

Luk JM, Kim HC, De Kleine RD, et al (2018) Greenhouse gas emission benefits of
vehicle lightweighting: Monte Carlo probabalistic analysis of the multi material
lightweight  vehicle glider. Transp Res D Transp Environ 62:1-10.
https://doi.org/10.1016/j.trd.2018.02.006

Bian J, Mohrbacher H, Zhang JS, et al (2015) Application potential of high performance
steels for weight reduction and efficiency increase in commercial vehicles. Adv Manuf

3:27-36. https://doi.org/10.1007/s40436-015-0102-9

Duriez E, Morlier J, Azzaro-Pantel C, Charlotte M (2022) Ecodesign with topology
optimization. Procedia CIRP 109:454-459. https://doi.org/10.1016/j.procir.2022.05.278

Lee AWL, Chung SY, Low JSC, Lu WF (2023) Beyond light weighting, adapting
topology optimisation to support ecodesign. Procedia CIRP 116:366-371.
https://doi.org/10.1016/j.procir.2023.02.062

Habeeb HA, Wahab DA, Azman AH, Alkahari MR (2023) Design Optimization Method
Based on Artificial Intelligence (Hybrid Method) for Repair and Restoration Using
Additive Manufacturing Technology. Metals (Basel) 13:490.
https://doi.org/10.3390/met13030490

Deal EG, Gailhofer P, Herold A, et al (2021) The role of Artificial Intelligence in the

European Green Deal

Challa R, Kamath D, Anctil A (2022) Well-to-wheel greenhouse gas emissions of
electric versus combustion vehicles from 2018 to 2030 in the US. J Environ Manage

308:114592. https://doi.org/10.1016/j.jenvman.2022.114592

Ingarao G, Priarone PC (2020) A comparative assessment of energy demand and life
cycle costs for additive- and subtractive-based manufacturing approaches. J Manuf

Process 56:1219-1229. https://doi.org/10.1016/j.jmapro.2020.06.009

155



98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Slamani M, Karabibene N, Chatelain J-F, Beauchamp Y (2021) Edge trimming of flax
fibers and glass fibers reinforced polymers composite — An experimental comparative

evaluation.  International Journal of Material Forming 14:1497-1510.

https://doi.org/10.1007/s12289-021-01644-6

He B, Bi C, Li X, et al (2023) Residual stresses and deformations of laser additive
manufactured metal parts: a review. International Journal of Material Forming 16:7.

https://doi.org/10.1007/s12289-022-01729-w

Quaranta G, Haug E, Duval JL, Chinesta F (2020) Parametric evaluation of part
distortion in additive manufacturing processes. International Journal of Material

Forming 13:29-41. https://doi.org/10.1007/s12289-018-01462-3

Jalouli Z, Caillaud A, Artozoul J, et al (2021) Modelling of shrinkage formation in
casting by the phase field method. International Journal of Material Forming 14:885—
899. https://doi.org/10.1007/s12289-020-01602-8

Niu L, Liang Z, Tian T, et al (2023) Simulation and experiment research on integrated
casting and forging process of automobile control arm. International Journal of Material

Forming 16:3. https://doi.org/10.1007/s12289-022-01726-z

Aathif Akmal SM, Bharathiraja G (2022) Analysis of engine mount material for
automotive vibration and noise reduction. Mater Today Proc 62:2235-2239.

https://doi.org/10.1016/j.matpr.2022.03.462

Yu Y, Naganathan NG, Dukkipati R V (2001) A literature review of automotive vehicle
engine mounting systems. Mech Mach Theory 36:123-142.
https://doi.org/10.1016/S0094-114X(00)00023-9

Bassoli E, Defanti S, Tognoli E, et al (2021) Design for Additive Manufacturing and for
Machining in  the  Automotive  Field.  Applied Sciences  11:7559.
https://doi.org/10.3390/app11167559

Autodesk (2022) Autodesk Inventor

Markforged (2021) Eiger software

156



108.

109.

110.

I11.

112.

113.

114.

115.

116.

117.

Hsia SY, Su YH (2020) Zero Waste Process for Direct Forming Process of Nail Spikes.
Solid State Phenomena 311:27-32.
https://doi.org/10.4028/www.scientific.net/SSP.311.27

Obrecht TP, Jordan S, Legat A, et al (2021) An LCA methodolody for assessing the
environmental impacts of building components before and after refurbishment. J Clean

Prod 327:129527. https://doi.org/10.1016/j.jclepro.2021.129527

Ashby MF (2021) Materials and the environment: eco-informed material choice.

Elsevier

Liu ZY, Li C, Fang XY, Guo YB (2018) Energy Consumption in Additive Manufacturing
of Metal Parts. Procedia Manuf 26:834-845.
https://doi.org/10.1016/j.promfg.2018.07.104

Denkena B, Helmecke P, Hiilsemeyer L (2014) New production technologies in
aerospace industry - 5Sth machining innovations conference (MIC 2014) energy efficient
machining with optimized coolant lubrication flow rates. In: Procedia CIRP. Elsevier

B.V,, pp 25-31

Gao C, Wolff S, Wang S (2021) Eco-friendly additive manufacturing of metals: Energy
efficiency and life cycle analysis. J Manuf Syst 60:459-472.
https://doi.org/10.1016/j.jmsy.2021.06.011

Cecchel S, Cornacchia G, Panvini A (2016) Cradle-to-Gate Impact Assessment of a
High-Pressure Die-Casting Safety-Relevant Automotive Component. JOM 68:2443—
2448. https://doi.org/10.1007/s11837-016-2046-3

Capuzzi S, Timelli G (2018) Preparation and Melting of Scrap in Aluminum Recycling:
A Review. Metals (Basel) 8:249. https://doi.org/10.3390/met8040249

van Straten B, Dankelman J, van der Eijk A, Horeman T (2021) A Circular Healthcare
Economy; a feasibility study to reduce surgical stainless steel waste. Sustain Prod

Consum 27:169—175. https://doi.org/10.1016/j.spc.2020.10.030

Gutowski V, Li S, Filippou C, et al (2015) Rapid structural bonding of dissimilar
lightweight materials: polyolefins, composites and metals High-Tech Modular Building

157



118.

119.

120.

121.

122.

123.

124.

125.

Components with High Contents of Australian Hardwoods View project Solid wood
adhesion View project Rapid structural bonding of dissimilar lightweight materials:

polyolefins, composites and metals

Alawa B, Chakma S (2022) Investigation in compression ignition engine performance
using alternative fuels produced from waste packaging materials. Resources,
Conservation & Recycling Advances 14:200075.
https://doi.org/10.1016/j.rcradv.2022.200075

Ingarao G, Priarone PC, Gagliardi F, et al (2014) Environmental Comparison between a
Hot Extrusion Process and Conventional Machining Processes through a Life Cycle
Assessment Approach. Key Eng Mater 622—623:103—-110.
https://doi.org/10.4028/www.scientific.net/ KEM.622-623.103

Pereira L, Posen ID (2020) Lifecycle greenhouse gas emissions from electricity in the
province of Ontario at different temporal resolutions. J Clean Prod 270:122514.
https://doi.org/10.1016/j.jclepro.2020.122514

Gielen D, Boshell F, Saygin D, et al (2019) The role of renewable energy in the global
energy transformation. Energy Strategy Reviews 24:38-50.
https://doi.org/10.1016/j.esr.2019.01.006

Edirisinghe LGLM, de Alwis AAP, Wijayasundara M (2024) Sustainable circular
practices in the textile product life cycle: A comprehensive approach to environmental
impact mitigation. Environmental Challenges 16:100985.
https://doi.org/10.1016/j.envc.2024.100985

Garwood TL, Hughes BR, Oates MR, et al (2018) A review of energy simulation tools
for the manufacturing sector. Renewable and Sustainable Energy Reviews 81:895-911.

https://doi.org/10.1016/j.rser.2017.08.063
Ritchie H, Roser M, Rosado P (2020) Energy. Our World in Data

Tiseo 1. (2023) Annual carbon dioxide (CO:) emissions worldwide from 1940 to 2022

158



126.

127.

128.

129.

130.

131.

132.

133.

134.

Fang Y, Asche F, Xie J (2024) Within day and seasonal variations of electricity and
emission costs: The social costs of electricity on the margin. Cleaner Environmental

Systems 12:100166. https://doi.org/10.1016/j.cesys.2024.100166

Oros Daraban, Negrea, Artimon, et al (2019) A Deep Look at Metal Additive
Manufacturing Recycling and Use Tools for Sustainability Performance. Sustainability

11:5494. https://doi.org/10.3390/sul1195494

Fischer LAS, Foggiatto JA, Marcondes PVP, Lajarin SF (2024) Design for Additive
Manufacturing (DFAM) applied in the manufacture of Master Sample for the automotive
industry. Proc Inst Mech Eng B J Eng Manuf.
https://doi.org/10.1177/09544054241230571

Marson A, Piron M, Zuliani F, et al (2023) Comparative Life Cycle Assessment in the
plastic sector: A systematic literature review. Cleaner Environmental Systems 9:100119.

https://doi.org/10.1016/j.cesys.2023.100119

Sanguineti F, Magnani G, Zucchella A (2023) Technology adoption, global value chains
and sustainability: The case of additive manufacturing. J Clean Prod 408:137095.
https://doi.org/10.1016/j.jclepro.2023.137095

Campana G, Mele M, Ciotti M, Rocchi A (2021) Environmental impacts of self-
replicating three-dimensional printers. Sustainable Materials and Technologies

30:¢00335. https://doi.org/10.1016/j.susmat.2021.e00335

Li S, Niu R, Wang Q, Wang T (2024) A dynamic topology optimization design method
based on multiple domain variable parameters. Proc Inst Mech Eng B J Eng Manuf.

https://doi.org/10.1177/09544054231223996

Mantovani S, Barbieri S, Giacopini M, et al (2021) Synergy between topology
optimization and additive manufacturing in the automotive field. Proc Inst Mech Eng B

J Eng Manuf 235:555-567. https://doi.org/10.1177/0954405420949209

Al Rashid A, Khan SA, Ko¢ M (2024) Life cycle assessment on fabrication and
characterization techniques for additively manufactured polymers and polymer
composites. Cleaner Environmental Systems 12:100159.

https://doi.org/10.1016/j.cesys.2023.100159
159



135.

136.

137.

138.

139.

140.

141.

142.

143.

Baumers M, Wildman R, Wallace M, et al (2019) Using total specific cost indices to
compare the cost performance of additive manufacturing for the medical devices
domain. Proc Inst Mech Eng B J Eng Manuf 233:1235-1249.
https://doi.org/10.1177/0954405418774591

Vytisk J, Honus S, Koci V, et al (2022) Comparative study by life cycle assessment of
an air ejector and orifice plate for experimental measuring stand manufactured by
conventional manufacturing and additive manufacturing. Sustainable Materials and

Technologies 32:¢00431. https://doi.org/10.1016/j.susmat.2022.e00431

Kanishka K, Acherjee B (2023) A systematic review of additive manufacturing-based
remanufacturing techniques for component repair and restoration. J Manuf Process

89:220-283. https://doi.org/10.1016/j.jmapro.2023.01.034

Kanishka K, Acherjee B (2023) Revolutionizing manufacturing: A comprehensive
overview of additive manufacturing processes, materials, developments, and challenges.

J Manuf Process 107:574-619. https://doi.org/10.1016/j.jmapro.2023.10.024

Rupp M, Buck M, Klink R, et al (2022) Additive manufacturing of steel for digital spare
parts — A perspective on carbon emissions for decentral production. Cleaner

Environmental Systems 4:100069. https://doi.org/10.1016/j.cesys.2021.100069

Andrade-Campos A, Coppieters S, Strano M (2022) Optimization and inverse analysis
in metal forming: scientific state-of-the-art and recent trends. International Journal of

Material Forming 15:44. https://doi.org/10.1007/s12289-022-01690-8

Serratore G, Gagliardi F, Martin CA, et al (2020) A novel sensitivity analysis on friction
spot joining process performed on aluminum\polycarbonate sheets by simulation.
International Journal of Material Forming 13:737-747. https://doi.org/10.1007/s12289-
020-01578-5

Sarikaya M, Gupta MK, Tomaz I, et al (2022) Resource savings by sustainability
assessment and energy modelling methods in mechanical machining process: A critical

review. J Clean Prod 370:133403. https://doi.org/10.1016/j.jclepro.2022.133403

Roy S, Das A, Kumar R, et al (2024) Exploring the viability of alternative cooling-

lubrication strategies in machining processes: A comprehensive review on the

160



144.

145.

146.

147.

148.

149.

150.

151.

performance and sustainability assessment. Proc Inst Mech Eng B J Eng Manuf.

https://doi.org/10.1177/09544054241229472

Andriankaja H, Le Duigou J, Danjou C, Eynard B (2017) Sustainable machining
approach for CAD/CAM/CNC systems based on a dynamic environmental assessment.
Proc Inst Mech Eng B J Eng Manuf 231:2416-2429.
https://doi.org/10.1177/0954405416629104

Ramadugu S, Ledella SRK, Gaduturi JNJ, et al (2024) Environmental life cycle
assessment of an automobile component fabricated by additive and conventional
manufacturing. International Journal on Interactive Design and Manufacturing (IJIDeM)

18:847-858. https://doi.org/10.1007/s12008-023-01532-0

Faludi J, Bayley C, Bhogal S, Iribarne M (2015) Comparing environmental impacts of
additive manufacturing vs traditional machining via life-cycle assessment. Rapid

Prototyp J 21:14-33. https://doi.org/10.1108/RPJ-07-2013-0067

Abdallah S, Ali S, Pervaiz S, Kannan S (2022) Conventional Machining of Single
Crystal Metals and Super Alloys: A Review. J Manuf Sci Eng 144..
https://doi.org/10.1115/1.4053807

Borda F, La Rosa AD, Filice L, Gagliardi F (2023) Environmental impact of process

constrained topology optimization design on automotive component’ life. International

Journal of Material Forming 16:48. https://doi.org/10.1007/s12289-023-01771-2

Reis RC, Kokare S, Oliveira JP, et al (2023) Life cycle assessment of metal products: A
comparison between wire arc additive manufacturing and CNC milling. Advances in
Industrial and Manufacturing Engineering 6:100117.
https://doi.org/10.1016/j.aime.2023.100117

Mecheter A, Tarlochan F, Kucukvar M (2023) A Review of Conventional versus
Additive Manufacturing for Metals: Life-Cycle Environmental and Economic Analysis.

Sustainability 15:12299. https://doi.org/10.3390/sul51612299

Ford S, Despeisse M (2016) Additive manufacturing and sustainability: an exploratory
study of the advantages and challenges. J Clean Prod 137:1573-1587.
https://doi.org/10.1016/j.jclepro.2016.04.150

161



152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

Stenico de Campos R, Tadeu Simon A, de Campos Martins F (2019) Assessing the

impacts of road freight transport on sustainability: A case study in the sugar-energy

sector. J Clean Prod 220:995-1004. https://doi.org/10.1016/j.jclepro.2019.02.171

Lunetto V, Galati M, Settineri L, Iuliano L (2023) Sustainability in the manufacturing of
composite materials: A literature review and directions for future research. J Manuf

Process 85:858—874. https://doi.org/10.1016/j.jmapro.2022.12.020

Ashby MF (2009) Materials and the Environment Eco-Informed Material Choice.

Elsevier, Oxford

Lunetto V, Priarone PC, Kara S, Settineri L (2021) A comparative LCA method for
environmentally friendly manufacturing: Additive manufacturing versus Machining

case. Procedia CIRP 98:406—411. https://doi.org/10.1016/j.procir.2021.01.125

Liu ZY, Li C, Fang XY, Guo YB (2018) Energy Consumption in Additive Manufacturing
of Metal Parts. Elsevier B.V., pp 834-845

Giddings J (2016) Comparing running costs of diesel, LPG and electrical pumpsets
Alfed (2023) Aluminium Industry Fact Sheet 5 : Aluminium Recycling

Raabe D, Ponge D, Uggowitzer PJ, et al (2022) Making sustainable aluminum by
recycling scrap: The science of “dirty” alloys. Prog Mater Sci 128:100947.
https://doi.org/10.1016/j.pmatsci.2022.100947

Tapper RJ, Longana ML, Norton A, et al (2020) An evaluation of life cycle assessment
and its application to the closed-loop recycling of carbon fibre reinforced polymers.

Compos B Eng 184:107665. https://doi.org/10.1016/j.compositesb.2019.107665

Xiong B, Zhang X, Li F, et al (2015) Recycling of Aluminum A380 Machining Chips.
In: Light Metals 2015. Springer International Publishing, Cham, pp 1011-1015

Olakanmi EO, Cochrane RF, Dalgarno KW (2015) A review on selective laser
sintering/melting (SLS/SLM) of aluminium alloy powders: Processing, microstructure,
and properties. Prog Mater Sci 74:401-4717.
https://doi.org/10.1016/j.pmatsci.2015.03.002

162



163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

Hammond G, Jones C (2010) How to account for recycling: a methodology for
recycling. Inventory of carbon and energy (ICE)

Priarone PC, Ingarao G, Settineri L, Di Lorenzo R (2016) On the Impact of Recycling
Strategies on Energy Demand and CO2 Emissions When Manufacturing Al-based
Components. Procedia CIRP 48:194—199. https://doi.org/10.1016/j.procir.2016.03.044

NASA (2016) NASA’s Revolutionary Hybrid Gear Lightens Your Load.
https://www.newequipment.com/research-and-development/article/22058083/nasas-

revolutionary-hybrid-gear-lightens-your-load. Accessed 3 Sep 2024

Dobrzanski LA, Tanski T, Cizek L, Brytan Z (2007) Structure and properties of
magnesium cast alloys. J Mater Process Technol 192-193:567-574.
https://doi.org/10.1016/j.jmatprotec.2007.04.045

Pavlovi¢ A, Sintoni D, Minak G, Fragassa C (2020) On the modal behaviour of ultralight
composite  sandwich  automotive  panels. Compos  Struct  248:112523.

https://doi.org/10.1016/j.compstruct.2020.112523

Suski CA, Silva Filho JF, Cortez A, et al (2024) The environmental impact of lightweight
body in white structures in vehicle manufacturing. J Clean Prod 449:141833.

https://doi.org/10.1016/j.jclepro.2024.141833

Shweiki S, Palermo A, Mundo D (2017) A Study on the Dynamic Behaviour of
Lightweight Gears. Shock and Vibration 2017:1-12.
https://doi.org/10.1155/2017/7982170

Handschuh RF, Roberts GD, Sinnamon RR, et al (2012) Hybrid Gear Preliminary

Results-Application of Composites to Dynamic Mechanical Components

QiL, LiC, YuX, etal (2021) Effect of reinforced fibers on the vibration characteristics
of fibers reinforced composite shaft tubes with metal flanges. Compos Struct

275:114460. https://doi.org/10.1016/j.compstruct.2021.114460

Laberge KE, Thorp S Performance Investigation of a Full-Scale Hybrid Composite Bull

Gear

163



173.

174.

175.

176.

177.

178.

179.

180.

181.

Laberge KE, Johnston JP, Handschuh RF Evaluation of a Variable Thickness Hybrid
Composite Bull Gear

Catera PG, Mundo D, Treviso A, et al (2019) On the Design and Simulation of Hybrid
Metal-Composite ~ Gears.  Applied ~ Composite =~ Materials ~ 26:817-833.
https://doi.org/10.1007/s10443-018-9753-6

Catera PG, Gagliardi F, Mundo D, et al (2017) Multi-scale modeling of triaxial braided
composites for FE-based modal analysis of hybrid metal-composite gears. Compos

Struct 182:116—123. https://doi.org/10.1016/j.compstruct.2017.09.017

Isaac CW, Ezekwem C (2021) A review of the crashworthiness performance of energy
absorbing composite structure within the context of materials, manufacturing and
maintenance for sustainability. Compos Struct 257:113081.

https://doi.org/10.1016/j.compstruct.2020.113081

Zheng C, Duan F, Liang S (2021) Manufacturing and mechanical performance of novel
epoxy resin matrix carbon fiber reinforced damping composites. Compos Struct

256:113099. https://doi.org/10.1016/j.compstruct.2020.113099

Catera PG, Mundo D, Gagliardi F, Treviso A (2020) A comparative analysis of adhesive
bonding and interference fitting as joining technologies for hybrid metal-composite gear
manufacturing. International Journal on Interactive Design and Manufacturing (IJIDeM)

14:535-550. https://doi.org/10.1007/s12008-020-00647-y

Rezayat A, Catera PG, Capalbo C, et al (2022) Numerical and experimental analysis of
the transmission error in hybrid metal-composite gears. Compos Struct 298:116012.

https://doi.org/10.1016/j.compstruct.2022.116012

Yilmaz TG, Dogan O, Karpat F (2022) A numerical investigation on the hybrid spur
gears: Stress and dynamic analysis. Proc Inst Mech Eng C J Mech Eng Sci 236:354—
369. https://doi.org/10.1177/0954406220982007

Gauntt SM, Campbell RL (2019) Characterization of a Hybrid (Steel-Composite) Gear
with Various Composite Materials and Layups. In: AIAA Scitech 2019 Forum. American

Institute of Aeronautics and Astronautics, Reston, Virginia

164



182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

European council (2024) Industrial Emissions. In:

https://www.consilium.europa.eu/en/policies/industrial-emissions/

Campos-Romero H, Rodil-Marzabal O, Goémez Pérez AL (2024) Environmental
asymmetries in global value chains: The case of the European automotive sector. J Clean

Prod 449:141606. https://doi.org/10.1016/j.jclepro.2024.141606

International ~ Energy  Agency  (2023) Industry Energy  System. In:

https://www.iea.org/energy-system/industry

Colombo B, Gaiardelli P, Dotti S, Caretto F (2023) Environmental assessment of a
spinning process for the production of ring-spun hybrid yarns from recycled carbon
fiber: A cradle-to-gate approach. J Clean Prod 425:138995.
https://doi.org/10.1016/j.jclepro.2023.138995

Kim HC, Wallington TJ (2016) Life Cycle Assessment of Vehicle Lightweighting: A
Physics-Based Model To Estimate Use-Phase Fuel Consumption of Electrified Vehicles.
Environ Sci Technol 50:11226—11233. https://doi.org/10.1021/acs.est.6b02059

Kirchain Jr RE, Gregory JR, Olivetti EA (2017) Environmental life-cycle assessment.
Nat Mater 16:693—697. https://doi.org/10.1038/nmat4923

Zhu'Y, Kang Z (2023) A topology optimization framework for 3D phononic crystals via
the method of successive iteration of analysis and design. Compos Struct 326:117641.

https://doi.org/10.1016/j.compstruct.2023.117641

Borda F, Ingarao G, Ambrogio G, Gagliardi F (2024) Cumulative energy demand
analysis in the current manufacturing and end-of-life strategies for a polymeric
composite at different fibre-matrix combinations. J Clean Prod 449:141775.

https://doi.org/10.1016/j.jclepro.2024.141775

Bhong M, Khan TKH, Devade K, et al (2023) Review of composite materials and
applications. Mater Today Proc. https://doi.org/10.1016/j.matpr.2023.10.026

NASA New Equipment Digest. NASA’s Revolutionary Hybrid Gear Lightens Your
Load.

165



192.

193.

194.

195.

196.

197.

198.

199.

200.

Ohrn KE (2014) Aircraft Energy Use. In: Encyclopedia of Energy Engineering and
Technology, Second Edition. CRC Press, pp 32-38

Benaicha Y, M¢lot A, Rigaud E, et al (2022) A decomposition method for the fast
computation of the transmission error of gears with holes. J Sound Vib 532:116927.

https://doi.org/10.1016/j.jsv.2022.116927

Palermo A, Britte L, Janssens K, et al (2018) The measurement of Gear Transmission
Error as an NVH indicator: Theoretical discussion and industrial application via low-
cost digital encoders to an all-electric vehicle gearbox. Mech Syst Signal Process

110:368-389. https://doi.org/10.1016/j.ymssp.2018.03.005

Cosco F, Adduci R, Muzzi L, et al (2022) Multiobjective Design Optimization of
Lightweight Gears. Machines 10:779. https://doi.org/10.3390/machines10090779

Pimenta S, Pinho ST (2012) The effect of recycling on the mechanical response of
carbon fibres and their composites. Compos  Struct 94:3669-3684.
https://doi.org/10.1016/j.compstruct.2012.05.024

Abdou TR, Espinosa DCR, Tendrio JAS (2016) Recovering of Carbon Fiber Present in
an Industrial Polymeric Composite Waste through Pyrolysis Method while Studying the
Influence of Resin Impregnation Process: Prepreg. In: REWAS 2016. Springer
International Publishing, Cham, pp 313-318

Giorgini L, Benelli T, Mazzocchetti L, et al (2015) Recovery of carbon fibers from cured
and uncured carbon fiber reinforced composites wastes and their use as feedstock for a
new composite production. Polym Compos 36:1084-1095.
https://doi.org/10.1002/pc.23440

Meyer LO, Schulte K, Grove-Nielsen E (2009) CFRP-Recycling Following a Pyrolysis
Route: Process Optimization and Potentials. J Compos Mater 43:1121-1132.
https://doi.org/10.1177/0021998308097737

Witik RA, Teuscher R, Michaud V, et al (2013) Carbon fibre reinforced composite waste:
An environmental assessment of recycling, energy recovery and landfilling. Compos

Part A Appl Sci Manuf 49:89-99. https://doi.org/10.1016/j.compositesa.2013.02.009

166



201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

Autodesk (2024) FeatureCam Ultimate

Ingarao G, Priarone PC (2020) A comparative assessment of energy demand and life
cycle costs for additive- and subtractive-based manufacturing approaches. J Manuf

Process 56:1219-1229. https://doi.org/10.1016/j.jmapro.2020.06.009

Wang J, Wang J, Dong J (2024) Prediction and optimization of hobbing parameters for
minimizing energy consumption and gear geometric deviations. Advances in

Mechanical Engineering 16:. https://doi.org/10.1177/16878132241236374

Soares LAP, Firmino AS, de Oliveira JA, et al (2022) Comparative LCA of automotive
gear hobbing processes with flood lubrication and MQL. The International Journal of
Advanced Manufacturing Technology 119:1071-1090. https://doi.org/10.1007/s00170-
021-08331-5

Guglielmi G, Mitchell B, Song C, et al (2021) Life Cycle Environmental and Economic
Comparison of Water Droplet Machining and Traditional Abrasive Waterjet Cutting.
Sustainability 13:12275. https://doi.org/10.3390/sul132112275

Candelaresi D, Valente A, Bargiacchi E, Spazzafumo G (2022) Life cycle assessment of
hybrid passenger electric vehicle. In: Hybrid Technologies for Power Generation.

Elsevier, pp 475-495

Speight JG (2011) Production, properties and environmental impact of hydrocarbon fuel

conversion. In: Advances in Clean Hydrocarbon Fuel Processing. Elsevier, pp 54—82

Pimenta S, Pinho ST (2011) Recycling carbon fibre reinforced polymers for structural
applications: Technology review and market outlook. Waste Management 31:378-392.
https://doi.org/10.1016/;.wasman.2010.09.019

Suzuki T, Takahashi J (2005) Prediction of energy intensity of carbon fiber reinforced
plastics for mass-produced passenger cars. Proceedings of 9th Japan International

SAMPE Symposium 14-19

European Union Report (2023) Metal Recycling Factsheet. Brussels

167



211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

Lee J-M, Min B-J, Park J-H, et al (2019) Design of Lightweight CFRP Automotive Part
as an Alternative for Steel Part by Thickness and Lay-Up Optimization. Materials
12:2309. https://doi.org/10.3390/ma12142309

Ouyang Z, Rao Q, Peng X (2022) Significantly improving thermal conductivity of
carbon fiber polymer composite by weaving highly conductive films. Compos Part A

Appl Sci Manuf 163:107183. https://doi.org/10.1016/j.compositesa.2022.107183
Inagaki M. (2000) New Carbons - Control of Structure and Functions. Elsevier
Nayak N V (2014) Composite Materials in Aerospace Applications

Ghassemieh E (2011) Materials in automotive application, state of the art and prospects.

New trends and developments in automotive industry 20:365-394

Jasinski D, Meredith J, Kirwan K (2015) A comprehensive review of full cost accounting
methods and their applicability to the automotive industry. J Clean Prod 108:1123—1139.
https://doi.org/10.1016/j.jclepro.2015.06.040

(2019) Siemens. White Paper: Boosting Productivity in Gearbox Engineering

Vijayan DS, Sivasuriyan A, Devarajan P, et al (2023) Carbon Fibre-Reinforced Polymer
(CFRP) Composites in Civil Engineering Application—A Comprehensive Review.
Buildings 13:1509. https://doi.org/10.3390/buildings13061509

Qureshi J (2022) A Review of Recycling Methods for Fibre Reinforced Polymer
Composites. Sustainability 14:16855. https://doi.org/10.3390/su142416855

Meng F, Olivetti EA, Zhao Y, et al (2018) Comparing Life Cycle Energy and Global
Warming Potential of Carbon Fiber Composite Recycling Technologies and Waste
Management Options. ACS Sustain Chem Eng 6:9854-9865.
https://doi.org/10.1021/acssuschemeng.8b01026

Stratview research (2023) Continuous Fiber Composites Market size, share, trende,

forecast & competitive analysis

168



222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

Verhoef LA, Budde BW, Chockalingam C, et al (2018) The effect of additive
manufacturing on global energy demand: An assessment using a bottom-up approach.

Energy Policy 112:349-360. https://doi.org/10.1016/j.enpol.2017.10.034

European Commssion (2023) A European Green Deal Striving to be the first climate-

neutral continent

Martina Ferrara Snider (2022) NEW MATERIALS & CIRCULAR ECONOMY
ACCELERATOR THINK TANK

Mathieu R, Charfi MA, Chatelain J-F, et al (2022) Effect of graphene additive on cutting
forces and temperature during the trimming process of CFRP. The International Journal
of Advanced Manufacturing Technology 122:3969-3981.
https://doi.org/10.1007/s00170-022-10150-1

Shekarchi M, Farahani EM, Yekrangnia M, Ozbakkaloglu T (2020) Mechanical strength
of CFRP and GFRP composites filled with APP fire retardant powder exposed to
elevated temperature. Fire Saf J 115:103178.
https://doi.org/10.1016/j.firesaf.2020.103178

Szewczak A (2021) Influence of Epoxy Glue Modification on the Adhesion of CFRP
Tapes to Concrete Surface. Materials 14:6339. https://doi.org/10.3390/ma14216339

Aiswarya S, Awasthi P, Banerjee SS (2022) Self-healing thermoplastic elastomeric
materials: Challenges, opportunities and new approaches. Eur Polym J 181:111658.
https://doi.org/10.1016/j.eurpolym;.2022.111658

Krivonogov PS, Shkuro AE, Glukhikh V V., Stoyanov O V. (2019) Composite Materials
Based on Thermoplastic Matrix. Polymer Science, Series D 12:41-46.
https://doi.org/10.1134/S1995421219010106

Snyder AD, Phillips ZJ, Turicek JS, et al (2022) Prolonged in situ self-healing in
structural composites via thermo-reversible entanglement. Nat Commun 13:6511.

https://doi.org/10.1038/s41467-022-33936-z

von Freeden J, Rodenwaldt B, Nebel D (2023) Investigation of the influence of multiple

thermoforming processes on the properties of continuous fiber-reinforced

169



232.

233.

234.

235.

236.

237.

238.

239.

thermoplastics  to  enable  structural reuse. SN  Appl Sci  5:54.
https://doi.org/10.1007/s42452-023-05273-3

Correia JR, Bai Y, Keller T (2015) A review of the fire behaviour of pultruded GFRP
structural profiles for civil engineering applications. Compos Struct 127:267-287.

https://doi.org/10.1016/j.compstruct.2015.03.006

Vallée T, Tannert T, Meena R, Hehl S (2013) Dimensioning method for bolted,
adhesively bonded, and hybrid joints involving Fibre-Reinforced-Polymers. Compos B

Eng 46:179-187. https://doi.org/10.1016/j.compositesb.2012.09.074

Market research report (2023) Continuous Fiber Composites Market by Resin Type
(Thermoset Composite Resins, Thermoplastic Composite Resins), Product Type (Woven
Fabric, Non-Crimp Fabric, Unidirectional Tape, and Others), Reinforcement Type
(Glass Fiber Composites, Carbon Fiber Composites, and Others), Industry Vertical
(Aerospace, Automotive, Power and Energy, Sports and Leisure, Consumer Electronics,

and Others), and Region 2023-2028

Suzuki T, Takahash J (2005) PREDICTION OF ENERGY INTENSITY OF CARBON
FIBER REINFORCED PLASTICS FOR MASS-PRODUCED PASSENGER CARS .
The Ninth Japan International SAMPE symposium

Zhang X, Zhang M, Zhang H, et al (2020) A review on energy, environment and
economic assessment in remanufacturing based on life cycle assessment method. J Clean

Prod 255:120160. https://doi.org/10.1016/].jclepro.2020.120160

Stieven Montagna L, Ferreira de Melo Morgado G, Lemes AP, et al (2022) Recycling of
carbon fiber-reinforced thermoplastic and thermoset composites: A review. Journal of
Thermoplastic Composite Materials 36:3455-3480.
https://doi.org/10.1177/08927057221108912

Hsissou R, Seghiri R, Benzekri Z, et al (2021) Polymer composite materials: A
comprehensive review. Compos Struct 262:113640.

https://doi.org/https://doi.org/10.1016/j.compstruct.2021.113640

Wiley J. (2022) Polymers for Advanced Technologies. Polym Adv Technol 33:3017—
3022. https://doi.org/https://doi.org/10.1002/pat.5386

170



240.

241.

242.

243.

244,

245.

246.

247.

248.

Gogoi R, Maurya AK, Manik G (2022) A review on recent development in carbon fiber
reinforced polyolefin composites. Composites Part C: Open Access 8:100279.
https://doi.org/https://doi.org/10.1016/j.jcomc.2022.100279

Miller SA (2021) The role of data variability and uncertainty in the probability of
mitigating environmental impacts from cement and concrete. Environmental Research

Letters 16:054053. https://doi.org/10.1088/1748-9326/abe677

Ageorges C, Ye L, Hou M (2001) Advances in fusion bonding techniques for joining
thermoplastic matrix composites: a review. Compos Part A Appl Sci Manuf 32:839-857.
https://doi.org/10.1016/S1359-835X(00)00166-4

Fernandez I, Blas F, Frovel M (2003) Autoclave forming of thermoplastic composite
parts. J Mater Process Technol 143-144:266-269. https://doi.org/10.1016/S0924-
0136(03)00309-1

Clancy G, Peeters D, Oliveri V, et al (2019) A study of the influence of processing
parameters on steering of carbon Fibre/PEEK tapes using laser-assisted tape placement.

Compos B Eng 163:243-251. https://doi.org/10.1016/j.compositesb.2018.11.033

Forcellese A, Marconi M, Simoncini M, Vita A (2020) Life cycle impact assessment of
different manufacturing technologies for automotive CFRP components. J Clean Prod

271:122677. https://doi.org/10.1016/j.jclepro.2020.122677

Stoiber N, Hammerl M, Kromoser B (2021) Cradle-to-gate life cycle assessment of
CFRP reinforcement for concrete structures: Calculation basis and exemplary

application. J Clean Prod 280:124300. https://doi.org/10.1016/j.jclepro.2020.124300

Krauklis AE, Karl CW, Gagani Al, Jorgensen JK (2021) Composite Material Recycling
Technology—State-of-the-Art and Sustainable Development for the 2020s. Journal of
Composites Science 5:28. https://doi.org/10.3390/jcs5010028

Morici E, Dintcheva NTz (2022) Recycling of Thermoset Materials and Thermoset-
Based Composites: Challenge and Opportunity. Polymers (Basel) 14:4153.
https://doi.org/10.3390/polym14194153

171



249.

250.

251.

252.

253.

254.

255.

256.

Pegoretti A (2021) Towards sustainable structural composites: A review on the recycling
of continuous-fiber-reinforced thermoplastics. Advanced Industrial and Engineering

Polymer Research 4:105—115. https://doi.org/10.1016/j.aiepr.2021.03.001

Kiss P, Stadlbauer W, Burgstaller C, et al (2020) In-house recycling of carbon- and glass
fibre-reinforced thermoplastic composite laminate waste into high-performance sheet
materials. Compos Part A Appl Sci Manuf 139:106110.
https://doi.org/10.1016/j.compositesa.2020.106110

Lee C-K, Kim Y-K, Pruitichaiwiboon P, et al (2010) Assessing environmentally friendly
recycling methods for composite bodies of railway rolling stock using life-cycle
analysis. Transp Res D Transp Environ 15:197-203.
https://doi.org/10.1016/;.trd.2010.02.001

Oliveux G, Dandy LO, Leeke GA (2015) Current status of recycling of fibre reinforced
polymers: Review of technologies, reuse and resulting properties. Prog Mater Sci 72:61—

99. https://doi.org/10.1016/j.pmatsci.2015.01.004

Jiang L, Ulven CA, Gutschmidt D, et al (2015) Recycling carbon fiber composites using
microwave irradiation: Reinforcement study of the recycled fiber in new composites. J

Appl Polym Sci 132:n/a-n/a. https://doi.org/10.1002/app.42658

Kao CC, Ghita OR, Hallam KR, et al (2012) Mechanical studies of single glass fibres
recycled from hydrolysis process using sub-critical water. Compos Part A Appl Sci

Manuf 43:398-406. https://doi.org/10.1016/j.compositesa.2011.11.011

Jody BJ, Pomykala JA, Daniels EJ, Greminger JL (2004) A process to recover carbon
fibers from polymer-matrix composites in end-of-life vehicles. JOM 56:43-47.
https://doi.org/10.1007/s11837-004-0181-8

Naqgvi SR, Prabhakara HM, Bramer EA, et al (2018) A critical review on recycling of
end-of-life carbon fibre/glass fibre reinforced composites waste using pyrolysis towards

a circular economy. Resour Conserv Recycl 136:118-129.

https://doi.org/10.1016/j.resconrec.2018.04.013

172



257.

258.

259.

260.

261.

262.

263.

264.

265.

Wong S-C, Lee W-Y (2019) Numerical study on the natural convection from horizontal
finned tubes with small and large fin temperature variations. International Journal of

Thermal Sciences 138:116—123. https://doi.org/10.1016/j.ijthermalsci.2018.12.042

Longana ML, Ong N, Yu H, Potter KD (2016) Multiple closed loop recycling of carbon
fibre composites with the HiPerDiF (High Performance Discontinuous Fibre) method.

Compos Struct 153:271-277. https://doi.org/10.1016/j.compstruct.2016.06.018

Akonda MH, Lawrence CA, Weager BM (2012) Recycled carbon fibre-reinforced
polypropylene thermoplastic composites. Compos Part A Appl Sci Manuf 43:79-86.
https://doi.org/10.1016/j.compositesa.2011.09.014

Hengstermann M, Raithel N, Abdkader A, et al (2016) Development of new hybrid yarn
construction from recycled carbon fibers for high performance composites. Part-1: basic
processing of hybrid carbon fiber/polyamide 6 yarn spinning from virgin carbon fiber
staple fibers. Textile Research Journal 86:1307-1317.
https://doi.org/10.1177/0040517515612363

Hasan MMB, Nitsche S, Abdkader A, Cherif C (2018) Carbon fibre reinforced
thermoplastic composites developed from innovative hybrid yarn structures consisting
of staple carbon fibres and polyamide 6 fibres. Compos Sci Technol 167:379-387.
https://doi.org/10.1016/j.compscitech.2018.08.030

Song YS, Youn JR, Gutowski TG (2009) Life cycle energy analysis of fiber-reinforced
composites. Compos  Part A  Appl Sci  Manuf  40:1257-1265.
https://doi.org/10.1016/j.compositesa.2009.05.020

Granta Design Limited (2023) CES Selector 2023 software

Duflou JR, De Moor J, Verpoest I, Dewulf W (2009) Environmental impact analysis of
composite use in car manufacturing. CIRP  Annals 58:9-12.

https://doi.org/10.1016/j.cirp.2009.03.077

Katsiropoulos C V., Loukopoulos A, Pantelakis SG (2019) Comparative Environmental
and Cost Analysis of Alternative Production Scenarios Associated with a Helicopter’s

Canopy. Aerospace 6:3. https://doi.org/10.3390/aerospace6010003

173



266.

267.

268.

269.

270.

271.

272.

273.

274.

Liddell H, Dollinger C, Fisher A, et al (2017) Bandwidth Study on Energy Use and
Potential Energy Saving Opportunities in US Glass Fiber Reinforced Polymer

Manufacturing

Song YS, Youn JR, Gutowski TG (2009) Life cycle energy analysis of fiber-reinforced
composites. Compos  Part A  Appl Sci  Manuf  40:1257-1265.
https://doi.org/10.1016/j.compositesa.2009.05.020

Vita A, Castorani V, Germani M, Marconi M (2019) Comparative life cycle assessment
and cost analysis of autoclave and pressure bag molding for producing CFRP
components. The International Journal of Advanced Manufacturing Technology

105:1967-1982. https://doi.org/10.1007/s00170-019-04384-9

Altay L, Atagur M, Akyuz O, et al (2018) Manufacturing of recycled carbon fiber
reinforced polypropylene composites by high speed thermo-kinetic mixing for
lightweight applications. Polym Compos 39:3656-3665.
https://doi.org/10.1002/pc.24394

Karsli NG, Aytac A (2013) Tensile and thermomechanical properties of short carbon
fiber reinforced polyamide 6 composites. Compos B Eng 51:270-275.
https://doi.org/10.1016/j.compositesb.2013.03.023

Giorgini L, Benelli T, Brancolini G, Mazzocchetti L (2020) Recycling of carbon fiber
reinforced composite waste to close their life cycle in a cradle-to-cradle approach. Curr

Opin Green Sustain Chem 26:100368. https://doi.org/10.1016/j.cogsc.2020.100368

Khurshid MF, Hengstermann M, Hasan MMB, et al (2020) Recent developments in the
processing of waste carbon fibre for thermoplastic composites — A review. J Compos

Mater 54:1925-1944. https://doi.org/10.1177/0021998319886043

van de Werken N, Tekinalp H, Khanbolouki P, et al (2020) Additively manufactured
carbon fiber-reinforced composites: State of the art and perspective. Addit Manuf

31:100962. https://doi.org/10.1016/j.addma.2019.100962

Cousins DS, Suzuki Y, Murray RE, et al (2019) Recycling glass fiber thermoplastic
composites from wind turbine blades. J Clean Prod 209:1252-1263.
https://doi.org/10.1016/j.jclepro.2018.10.286

174



275.

276.

2717.

278.

279.

280.

281.

282.

283.

284.

Lee ZJ (2021) Life Cycle Assessment of Reuse/ Remanufacture End-of-Life Fibre

Reinforced Polymer in Composite

Kooduvalli K, Unser J, Ozcan S, Vaidya UK (2022) Embodied Energy in Pyrolysis and
Solvolysis Approaches to Recycling for Carbon Fiber-Epoxy Reinforced Composite
Waste Streams. Recycling 7:6. https://doi.org/10.3390/recycling7010006

Doris G (1989) Woven structure and design: Part 2 - Compound Structures. British
Textile Technology Group

Mallick PK (2007) Fiber-reinforced composites: materials, manufacturing, and design.

CRC press

Mercier J, Bunsell A, Castaing P, Renard J (2008) Characterisation and modelling of
aging of composites. Compos Part A Appl Sci Manuf 39:428-438.
https://doi.org/10.1016/j.compositesa.2007.08.015

Su B, Zhou Y-G, Dong B-B, Yan C (2019) Effect of Compatibility on the Foaming
Behavior of Injection Molded Polypropylene and Polycarbonate Blend Parts. Polymers
(Basel) 11:300. https://doi.org/10.3390/polym11020300

NaR, Liu J, Wang G, Zhang S (2018) Light weight and flexible poly(ether ether ketone)
based composite film with excellent thermal stability and mechanical properties for
wide-band electromagnetic interference shielding. RSC Adv 8:3296-3303.
https://doi.org/10.1039/C7TRA11675F

SEZGIN H, BERKALP OB, MISHRA R, MILITKY J (2017) Jiit, E-cam ve Karbon
Kumaslarin Termo-mekanik Analizi. Cukurova Universitesi Miihendislik-Mimarlik

Fakiiltesi Dergisi 32:183—194. https://doi.org/10.21605/cukurovaummfd.358423

Poso F, Perez J, Ruivivar J, Peregrino J (2021) Glass Fiber with Plastic Waste Composite
Roofing Material

Gervasio H, Dimova S, Pinto A (2018) Benchmarking the Life-Cycle Environmental
Performance of Buildings. Sustainability 10:1454. https://doi.org/10.3390/su10051454

175



285.

286.

Frischknecht R (2010) LCI modelling approaches applied on recycling of materials in
view of environmental sustainability, risk perception and eco-efficiency. Int J Life Cycle

Assess 15:666—671. https://doi.org/10.1007/s11367-010-0201-6

Kawajiri K, Sakamoto K (2022) Environmental impact of carbon fibers fabricated by an
innovative manufacturing process on life cycle greenhouse gas emissions. Sustainable

Materials and Technologies 31:€00365. https://doi.org/10.1016/j.susmat.2021.e00365

176



	Dottorato di Ricerca in
	Profiltek S.r.l.
	CICLO
	XXXVII
	TITOLO TESI
	Abstract
	Impact Statement
	Acknowledgements
	Table of Contents
	List of Figures
	List of Tables
	List of Abbreviations
	Thesis Outline
	Introduction
	Research Objectives

	1. Chapter I: Literature Review in Sustainable Manufacturing
	1.1 Chapter Summary
	1.2 State-of-Art of the Investigated Manufacturing Processes: A Sustainability Perspective.
	1.2.1 Machining Processes from Sustainable Perspective
	1.2.2 Additive Manufacturing Processes from Sustainable Perspective
	1.2.3 Casting Process from Sustainable Perspective
	1.2.4 A Comparison between Additive and Machining Processes
	1.2.5 Parameters Related to the Materials

	1.3 LCA Methodology
	1.3.1 LCA Framework
	1.3.2 Goal & Scope
	1.3.3 Functional Unit
	1.3.4 Inventory Analysis
	1.3.5 Life Cycle Impact Assessment
	1.3.6 Impact Assessment Method
	1.3.7 Interpretation

	1.4 Conclusions
	2. Chapter II: Applied Framework and Introduction to the Analysed Case Studies
	2.1. Chapter Summary
	2.2 The Framework
	2.3 The Case Studies
	2.3.1 Case Study I
	2.3.2 Case Study II
	2.3.3 Case Study III
	2.3.4 Case Study IV

	3. Chapter III: Sustainability Analysis of the Subtractive, Additive and Casting processes.
	3.1 Chapter Summary
	3.2 Introduction
	3.3 Materials and Method
	3.3.1 Life Cycle Assessment

	3.4 Results and Discussion
	3.5 Conclusions
	4. Chapter IV: A Comparative LCA of a Component Manufactured by Opposing Manufacturing Strategies.
	4.1 Chapter Summary
	4.2 Introduction
	4.3 Material and Methods
	4.3.1 Goal & Scope
	4.3.2 Life Cycle Inventory (LCI)

	4.4 Results and Discussion
	4.5 Conclusions
	5. Chapter V: Cumulative Energy Demand Analysis of Commercial and Hybrid Metal-Composite Gears at Different End-of-Life Strategies
	5.1 Chapter Summary
	5.2 Introduction
	5.3 Material and Methods
	5.3.1 Numerical Model
	5.3.2 Goal & Scope
	5.3.3 Life Cycle Inventory (LCI)
	5.3.4 Life Cycle Energy Demand Assessment

	5.4 Results and Discussion
	5.5 Conclusions
	6. Chapter VI: Cumulative Energy Demand Analysis in the Current Manufacturing and End-of-Life Strategies for a Polymeric Composite.
	6.1 Chapter Summary
	6.2 Introduction
	6.2.1 Investigated manufacturing and EoL strategies
	6.2.2 Embodied & manufacturing Energy
	6.2.3 EoL considerations

	6.3 Material and methods
	6.3.1 Goal and Scope
	6.3.2 System boundary and main assumptions
	6.3.3 Life cycle inventory
	6.3.4 Life Cycle Energy Demand Quantification

	6.4 Results and discussions
	6.5 Conclusions
	7. Discussion
	8. Conclusions
	9. Further development
	References









