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Abstract
This study reports the results of a comparison made using life cycle assessment (LCA) analysis of the environmental impact of
nine different sandwich material models (SMs). The objective is to reveal whether the candidate materials considered for a
railway passenger vehicle (conventional or high-speed train) are green/environmentally friendly or not. For this aim, life cycle
approach enables to take into account the light weighting gain without disregarding the environmental impact of manufacturing
process. These SMs are designed as combinations of existing traditional and candidate materials, such as steel, aluminium,
carbon/glass fibre–reinforced plastics (CFRP/GFRP), aluminium honeycomb, and polymer foam core. The environmental
performance of these nine different models has been calculated via the LCA analysis with CML-IA v.3.0 impact assessment
methodology in a SimaPro 8.5.0. The system boundaries in the LCA analysis include “cradle to grave” process of sandwich
composite materials in the railway passenger vehicle. The functional unit was selected as “one product of SM” for each
configuration; besides, this panel has a lifetime span of 25 years at 400,000 vehicle-km per year in the vehicle operation. The
results show that the use-phase, which dominates the environmental impact of the SMs of the railway passenger vehicle car body,
is itself largely affected by electricity generation. In particular, the mass reduction in the models also achieved a reduction in
environmental impact over its lifetime, mainly owing to decreased energy consumption. Another important finding regarding the
manufacture of certain models (such as CFRP and GFRP) for lightweight design, is that assessment, based solely on mass
reduction, may not always have better environmental performance or be reliable due to the manufacturing impact.
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Introduction

Recent years have seen an increasing interest in reducing
greenhouse gas (GHG) emissions of rail transport operations.
Ninety percent of these emissions are generally created during
the life cycle of a carriage (Lee et al. 2010). One solution to

reduce GHG emissions can be the implementation of light-
weight materials, such as aluminium alloys, composite mate-
rials, and sandwich materials for rail car body shells and inte-
riors (Lee et al. 2010). The majority of existing railway vehi-
cles in service today are made mainly of steel and aluminium.
However, efforts have been made recently to implement new
materials, such as fibre-reinforced polymer (FRP) composite
materials in order to achieve a more efficient transportation
mode (REFRESCO Project 2013; Ulianov and Hyde 2016).
Reducing vehicle mass may be accomplished using one of
two key approaches; material replacement, where present ma-
terials, for instance steel, are substituted with lighter weight
alternatives and advanced design, in which components are
optimized in order to acquire better performance (Witik et al.
2013). FRPs are lighter comparedwithmostmetallic materials
due to their ability to be tailored according to the specific
needs. This, in turn, allows the manufacture of parts free of
unnecessary material, leading to lightweight designs. Light
weighting is a key element for every transportation mode as
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it is directly related with energy/fuel consumption, e.g. con-
sidering lightweight design of aircraft structural and other
components to decrease environmental impact, particularly
for transportation mode GHG emissions. The aerospace/aero-
nautics, marine, and automotive industries have been dealing
with structural composite materials for more than half a de-
cade. The railway industry has incorporated such materials in
railway vehicles for almost half a decade as well, but most of
the applications involve non-structural parts, such as tables,
interior panels, doors, and bogie skirts/fairings. The use of
composites for main load bearing structural parts, such as
front cabs, car body shells, and bogie frames, is of increasing
interest (Robinson et al. 2012; Wennberg 2013; Önder 2017;
Ulianov et al. 2018). However, the interest is focused mainly
on (as expected) mechanical performance of new candidate
composites. On the other hand, the environmental effect of
these lightweight approaches should be investigated as well,
since innovative designs are expected to meet an acceptable
level of environmental friendliness.

The life cycle assessment (LCA) model has been conducted
in the early design stages (i.e. conceptual design stage) serving
as an eco-design decision-making support tool (Mayyas et al.
2012). Moreover, Das (2011) states that the LCA is a useful
methodology in order to compare the energy usage and envi-
ronmental impacts of alternative carbon fibre precursor mate-
rials and manufacturing technologies by analysing a represen-
tative part of the automotive industry, i.e. a floor panel. The
environmental performance of the composite material struc-
tures has been examined in the literature through LCA studies.
From a literature review, LCA-based studies assessing the ma-
terial replacement options mainly focus on the automotive sec-
tor; aviation sector; and, rarely, on railway transportation. Song
et al. (2009) compared the extruded carbon fibre components in
buses and trucks by considering energy intensity analysis. Das
(2011) and Witik et al. (2011) also analysed different carbon
fibre–reinforced polymer composites using the LCAmethodol-
ogy in the automotive sector. In another LCA study in the
automotive sector, Luz et al. (2010) compared the environmen-
tal performance of sugarcane bagasse polypropylene (PP) with
respect to talc-filled PP composite. Their results showed that the
first option is environmentally preferred in relevance to weight
of automotive applications. Lightweight structure implementa-
tion to aircrafts has been classified as having the third highest
energy-saving potential compared with passenger car and light-
duty vehicle implementation (Herrmann et al. 2018).
Bachmann et al. (2017) investigated the environmental life cy-
cle perspective in aviation sector, considering the use and end
of life (EoL) stages of lightweight aircrafts. Timmis et al. (2015)
reported that in the aviation sector, carbon fibre–reinforced
plastic (CFRP) structures result in decreased environmental im-
pact, in the production process in spite of having higher envi-
ronmental, since composites are more energy-intensive to pro-
duce and more difficult to dispose of or to recycle/recovery. In

literature, there are only a few case studies (Schwab Castella
et al. 2009; Del Pero et al. 2015; Ingarao et al. 2016) on the
replacement of materials about train vehicles or vehicle com-
ponents that have been found. Schwab Castella et al. (2009)
analysed the economic and environmental impact of composite
rail car bodies for a Korean train. Del Pero et al. (2015) studied
the LCA of a heavy metro train that would operate in an urban
area. Ingarao et al. (2016) researched two aspects, as primary
energy and CO2 emission analysis of all life cycle on a new
design of window panel to be assembled for an Italian high-
speed train (HST). These studies were only carried out consid-
ering the aspects of energy consumption and GHG emissions
due to life cycle processes.

The above literature research shows that the LCA approach
used for the material replacing analyses is dominantly applied
in the automotive sector. Hence, the other types of transporta-
tion should be also investigated in order to fill the gap in the
literature. Differing from existing research, this study investi-
gates a much wider range of lightweight material design for a
panel from a comprehensively environmental impact perspec-
tive with the aim of assessing their environmental perfor-
mance. Ten different environmental impact categories were
considered for the life cycle stages (from cradle to grave) of
nine different lightweight designs of the material models.
Sandwich material models are different combinations of
existing conventional (steel) and candidate materials, such as
aluminium, carbon/glass fibre–reinforced plastics
(CFRP/GFRPs), aluminium honeycomb, and polymer foam
core. Because, the manufacturing process which is mostly
disregarded in environmental analyses, it is remarkably im-
portant to find out environmental impacts of whole life cycle.
Therefore, in this study, the LCA analysis reveals whether the
composite material models created for the side panels of a
railway vehicle (conventional or HST) have lower environ-
mental performance compared with the conventional steel
structures by considering the environmental indicators such
as global warming, abiotic depletion of fossil fuels, toxicities,
photochemical oxidation, and acidification.

This paper is organized in the following way:
“Methodology” begins with a step-by-step LCA methodology
frommaterials andmethods; “Results” presents the results of the
LCA and continues with a sensitivity analysis; “Discussion”
discusses the results of this study; finally, conclusions, limita-
tions, and possible future study are expressed in “Conclusions.”

Methodology

Goal and scope of the study

The LCA can predict the environmental burdens and potential
impact throughout the lifetime of products, as the so-called
cradle to grave. The scope of this assessment includes the
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impact of raw materials all the way to the final disposal of the
product or its sub-processes, which covers the following: ma-
terial extraction; its processing; manufacturing; transport; use;
maintenance; and, finally, its EoL, either by recycling the
retired product back into the stream or landfilling it without
any kind of recycling. The aim of this study is to determine the
environmental effects of different sandwich composite config-
urations of a railway vehicle using life cycle assessment meth-
odology. These composite material configurations aim to re-
place the metal parts in a car body side wall.

Generally, a mainland railway vehicle car body is approx-
imately 23–25 m long. Considering the front nose section and
the inter-car sections, which generally incorporate energy
dissipating/absorbing elements acting as protectors in a crash
situation, it is reasonable to carry out calculations over a 20-m-
long car body. Since we do not have access to any specified
car body design, we have to make an estimation on the shapes
and volumes of the materials used in the car body, taking into
account the previously published studies for, for example,
wall thickness values (Kim et al. 2007; Schwab Castella
et al. 2009). The geometrical parameters of each side wall
configuration were designed as “equivalent volumes” which
was assumed to meet the functional structural requirements
(Ingarao et al. 2016) of the train car body. These configura-
tions are provided in Table A1 in the Supplementary File
(ESM). A railway vehicle car body can be sectioned into four
basic simple structured elements such as floor, roof, and two
side walls (Schwab Castella et al. 2009). Indeed, the railway
vehicle should meet certain design and proof criteria. In this
study, it cannot be a structural requirement such as strength or
stiffness as it was mentioned above the lack of precise design
boundaries. From the proof loads perspective, stiffness and
strength could be affected by every minor geometrical detail
(window cuts, window corner shapes and sizes, varying thick-
ness value of the panel, etc.). Therefore, the general assump-
tion (and design criteria) of this study depends solely on a
general geometrical boundary defined by the “volume of one
side wall” of a train vehicle. Table 1 shows examples from the
literature on body shell specifications and material
configuration.

System boundaries and functional unit A railway vehicle
body consists of a floor (under-frame), side walls (the panel
structure), and a roof. The system boundaries consider the
materials (composites, steels, polymers, resins, and suchlike),
production, manufacture of side wall, use of side wall, and
EoL of side wall (as illustrated in Fig. 1). In this study, the
stage of maintenance of sandwich models (SMs) has not been
included. The functional unit was determined in one side wall
panel production for the railway vehicle body manufacturing.
In order to represent this functional unit, this panel has a life-
time span of 25 years at 400,000 vehicle-km per year in the
vehicle operation. Besides, the weights of the side wall panels

were calculated according to length, height, and thickness of
selected different materials. The properties of SMs are also
shown in Table A1 in SF.

Side wall sandwich model description In this study, nine dif-
ferent sandwich composite configurations, with the potential for
use in a railway car body shell as side wall, were considered. The
specifications of each sandwich material regarding layers, mate-
rial types, total mass, and weight reduction are reported in
Table 2. Sandwich composite configurations are labelled as
SMx (x = 1 to 9, being the number of each configuration). The
material types were selected considering both the existing mate-
rials and the potential materials that can compete with existing
materials in terms of being lightweight and energy-efficient.
Therefore, traditional steel, aluminium, carbon fibre, glass fibre,
aluminium honeycomb, and polymer foam core were selected
and compared. As sandwich structures depend on joining differ-
entmaterials, structural bonding adhesiveswere included aswell.
In addition, due to the safety requirements of railway vehicles,
considering such things as fire, smoke, and toxicity, different
resin matrix materials were considered.

All the calculation design of the SM specifications (mass,
volume, dimensions, density, etc.) and details can be found in
Appendix A in SF. In the environmental design stage, the
potential SMs should be lighter compared with existing
steel-based vehicle structures. Therefore, SMs were designed
to decrease the mass of the railway vehicle body. Nine differ-
ent lightweight structures were created based on technical
specifications and environmental design. It should be noted
that in all of the SM configurations, it was assumed that the
FRPs have a fibre-to-resin volume fraction ratio of 70/30%.
As can be seen in Table 2, for configurations SM2, SM4, and
SM6, the mass reduction was calculated in the range of 25 to
38% compared with the base model SM1 created using steel.
The substitution materials for aluminium, CFRP (unidirec-
tional), and GFRP (unidirectional) can achieve the mass re-
duction around 40–60% and 20–40% compared with the reg-
ular steel, respectively (Mayyas et al. 2012; Egede 2017).

Besides, to achieve a lighter vehicle structure design, these
models assume that the steel metallic part is to be replaced by
respective CFRP. These models can be compared between
each other as well; for example, if polymer foam core (SM6)
is preferred over aluminium honeycomb (SM2), around 40%
weight saving per part can be achieved. Similar to CFRP,
GFRP models (SM3, SM5, and SM7) were created based on
glass fibre, phenolic/polyester resin, and aluminium
honeycomb/polymer foam core. Again, as Table 2 shows,
GFRP-based models can achieve mass reduction in the range
of 13 to 25% contrary to SM1. SM8 consists of aluminium
face sheets and aluminium honeycomb core, resulting in an
almost 50% mass reduction per side wall structure, whereas
SM9, based on aluminium face sheets and polymer foam core,
can achieve a 40% mass reduction compared with SM1.
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Life cycle inventory

In order to assess the life cycle stages of the composite
models, life cycle stages for raw material extraction (material
production), manufacturing, use, and EoL are outlined in the
following sections, respectively.

Data collection Life cycle inventory (LCI) is one of the most
needed effort/time-consuming step, since it includes the gath-
ering, storing, and analysing of the details about the processes

in accordance with the study’s aim and scope.Most of the data
concerning the production (raw material extraction, transpor-
tation, and manufacturing of sandwich models) process were
obtained from secondary data sources. These data were col-
lected mainly from the Ecoinvent v.2.2 and Ecoinvent v.3.3
databases which were embedded in the SimaPro 8.5.0 soft-
ware. Other gathered data from relevant literature studies are
summarized in the following sections: “Data collection,”
“Manufacturing of side wall models,” and “Use-phase of side
walls.” The data of other processes such as use-phase and EoL

Fig. 1 System boundaries of the sandwich models for side wall

Table 1 Material configurations for certain train models

Train model References Material Wall thickness (mm) Weight (t) Notes

Korean TTX Schwab Castella et al. 2009 Steel 45 11.5 Full body

CF/epoxy resin+ aluminium
honeycomb

45 8.4 Full body

Full composite 45 7.6 Full body

Japanese
Shinkansen

Watson 2011 Steel − aluminium - 10–5.5 Full body

Swedish C20 FICA Wennberg 2009 Steel + polymer foam 31.5–51.5 - Full body

CAF AVI-2015 Cuartero et al. 2011 Aluminium 36 - Roof section

Metro vehicle Hudson et al. 2010 CF/phenolic resin + polymer foam 24 Floor of metro vehicle
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were mostly obtained from literature studies. The required
electrical energy consumption (the emissions and environ-
mental analyses of electricity production) in the manufactur-
ing, use-phase, and EoL stages of SMs was obtained from the
co-author’s previous study (Günkaya et al. 2016). Besides, the
electrical energy generation was considered (fossil fuels as
coal 34.3% and natural gas 32.5%; renewables as hydro
24.8%, wind 6.0%, geothermal 2.0%, and solar 0.4%) accord-
ing to the usage percentile of the resources.

This assumed electricity profile was chosen based on
Turkey electricity generation case. The list of related sources
of the collected data is given in Table 3. The LCI stages as
manufacturing process, use-phase process, and EoL processes
and their assumption and design conditions are explained in
the following section.

Manufacturing of side wall models

The raw material extraction process is the first part of the life
cycle of a product. The materials used to create the sandwich
models in this study are classified as metallic materials (steel,
aluminium), polymer materials (resins, foam), and fibre mate-
rials (carbon and glass). The material extraction of steel and
other metallic materials initiates as ore mining, followed by

the refinement of the ore materials, and eventually, the main
production of metallic materials. The steel production process
includes the continuous steps of pickling line, cold rolling,
annealing, tempering, inspecting and finishing, packing coils
or sheets, and roll maintenance. In the manufacture of steel
sheet material, the process uses un-alloyed and low-alloyed
steel. To obtain steel material, the model was based on the
transports of scrap metal and other input materials (anode,
oxygen liquid, iron scrap, electric arc furnace, steel making
process, and casting). The output emissions of steel produc-
tion were considered to air emissions (heat waste, nitrogen
oxides, carbon monoxide, cadmium, hydrocarbons, PAH,
and waste to treatment (disposal of dusts and slag and other
inert waste)). The manufacture of aluminium honeycomb is
called expansion, which consists of the stacking of aluminium
sheets while using structural adhesive strips with periodic
spacing. The data regarding the aluminium sheet manufacture
process is based on the Ecoinvent v.2.2 database (Ecoinvent
2010). In the aluminium sheet rolling process, aluminium in-
gots of 500–700-mm thickness, and up to 25 t in weight, are
rolled, first hot and then cold processed to a final sheet thick-
ness ranging from 0.2 to 6 mm. For this rolling process, an
energy source is provided as electricity and fuel oil burned in

Table 2 Material type and mass properties of sandwich models

Sandwich models Material type Mass (kg) Wf%/Wm%
(weight/mass
fraction)

Mass (kg) Total mass (kg) Reduction
mass based
on SM1 (%)

SM 1 Steel 785.0 - 785 905 -
Aluminium honeycomb 120.0 - 120

SM 2 Carbon fibre 442.8 0.7 305 563 38
Epoxy resin 0.3 138

Aluminium honeycomb 161.0 - 120

SM 3 Glass fibre 566.5 0.7 413 787 13
Phenolic resin 0.3 154

Polymer foam 220.0 - 220

SM 4 Carbon fibre 459.3 0.7 305 679 25
Phenolic resin 0.3 154

Polymer foam 220.0 - 220

SM 5 Glass fibre 561.0 0.7 413 681 25
Polyester resin 0.3 148

Aluminium honeycomb 120.0 - 120

SM 6 Carbon fibre 442.8 0.7 305 663 27
Epoxy resin 0.3 138

Polymer foam 220.0 - 220

SM 7 Glass fibre 561.0 0.7 413 781 14
Polyester resin 0.3 148

Polymer foam 220.0 - 220

SM 8 Aluminium 319.2 - 319 439 50
Aluminium honeycomb 120.0 - 120

SM 9 Aluminium 320.0 - 320 540 40
Polymer foam 220 - 220
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an industrial furnace. These sheets are cut and stacked, after
the adhesive lines are cured under pressure at an elevated
temperature. The honeycomb before expansion block
(HOBE block) is cut into slices according to the required
thickness. Ultimately, the aluminium HOBE slices are ex-
panded to form an array of hexagonal cells (Segovia et al.
2019).

One might think that there is no need to use FRP compos-
ites since aluminium-based configurations can achieve a good
level of light weighting. However, it is not always simple to
make definitive design choices. For example, it is true that
HST construction is generally made using aluminium which
can be very lightweight. However, such construction general-
ly requires dominant joining techniques which increase labour
and cost. In addition, in the case of Japanese Shinkansen
trains, the friction stir welding process is used to join alumin-
ium parts, but since it is a very specific joining technique, it
requires years of quality experience along with very expensive
equipment (Watson 2011). HSTs require many smooth and
complex curvatures, especially at the front section which can
be much more conveniently manufactured with FRP sand-
wich composites through a less-separate-part design and

reduced labour. Moreover, light weighting is not needed sole-
ly for HSTs; conventional trains should require mass reduc-
tion even if not as significant as HSTs, since they damage the
rail track, affecting the track access charges which can be a
huge cost for train operators. Therefore, FRP composites in
the form of sandwich structures can be an extremely conve-
nient choice for other railway vehicles because many varying
requirements can be gathered in one single sandwich con-
struction, including thermal, sound, vibration insulation, and
appealing cosmetics. Another aspect is that a railway vehicle
design should consider the life cycle strength performance of
the structure. In a study by Shin and Hahn (2005), it was found
that after an accelerated ageing process (exposure to humidity,
heat, sun light, UV lights, and suchlike), composite materials
display sufficient mechanical deformation performance, there-
by meeting standards. However, it was not the case for alu-
minium, where deformation was found outside the allowable
range. These design aspects and details highlight that FRP
sandwich composites have many important advantages and
can compete with existing materials.

The production of polymer-based materials, such as epoxy,
polyester resin, phenolic resin, and polymer foam core, was

Table 3 LCI stages of study

Material production process References Remarks

Steel Ecoinvent v.2.2 - “Steel, electric, un- and low-alloyed, at plant/kg/RER” process
was chosen from SimaPro software.

Aluminium honeycomb Segovia et al. 2019 - The process model occurred based on from the literature study.

Carbon fibre Schmidt and Watson 2012;
Khalil 2017

- The process model was mainly obtained from the literature studies.

Epoxy resin Ecoinvent v.2.2. - “Epoxy resin, liquid, disaggregated data, at plant/kg/RER”
process was selected from SimaPro software.

Glass fibre Ecoinvent v.2.2. - “Glass fibre, at plant/kg/RER” process was used in
SimaPro software.

Phenolic resin Ecoinvent v.2.2. - “Phenolic resin, at plant/kg/RER” process was chosen from
SimaPro software.

Polymer foam Ecoinvent v.2.2. - “Polymer foaming/RER” process was gathered from
SimaPro software.

Manufacturing processes

Sheet rolling Ecoinvent v.2.2. - “Sheet rolling, aluminium/kg/RER process was selected from
SimaPro software.

Vacuum-assisted resin
infusion (VARI)

Song et al. 2009 - Energy consumption of VARI was considered.

Use process

Electricity production Günkaya et al. 2016 - Turkey mix electricity generation case was used in this process.
Distribution of energy sources was given in above section.

End of life processes

Recycling Delogu et al. 2017 The recycling process was created from literature studies.
The inputs (electrical energy) and outputs (residuals of
non-recyclable) were considered. For more detail,
see “Use-phase of side walls.”

Pyrolysis Font et al. 2001; Cunliffe et al. 2003;
Torres et al. 2009

Landfill Ecoinvent v.3.3
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obtained from the Ecoinvent v.2.2 database (Ecoinvent 2010).
Resins used in FRPs, such as epoxy, phenolic, and polyester,
and other polymers are produced by chemical processes.
Epoxy resin production is carried out using epichlorohydrin
and bisphenol A as raw materials. Phenolic resin is made of
phenol and formaldehyde (as examples of the respective sub-
stance classes) with a yield of 98%. The emissions to air
(0.2 wt% of raw material input) and to water are estimated
using mass balance. It was assumed that the wastewater was
treated in an internal wastewater treatment plant (elimination
efficiency of 90% for carbon). The material extraction of glass
fibre of small diameter is achieved by drawing strands of
molten glass through small orifices in a heated plate made of
a platinum alloy. The plate may have several hundreds of
holes, each making one fibre. Glass fibre production process
was obtained from the Ecoinvent v.2.2. The inventory consists
of the gate-to-gate production of glass fibre. During the pro-
duction of the glass fibre, the model occurred from input ma-
terials (as mainly tap water, aluminium oxide, boric acid, clay,
and silica sand) and energy (electrical and natural gas burned
in industrial furnace) consumption. The output emissions
were considered from air (heat waste, non-methane volatile
organic compounds, carbon dioxide, sulphur dioxide, partic-
ulates) to waste treatment (waste water, disposal of inert and
hazardous materials). On the other hand, carbon fibre (CF)
occurs from raw material extraction, refining, and separating
processes. CFs are typical reinforcing materials in polymer-
based composites that have a large amount of energy content.
The production data of CF was gathered from different studies
currently in the literature (Schmidt and Watson 2012; Khalil
2017) since a CF product system does not exist in the
Ecoinvent database. During the CF production stage, the pro-
cess needs materials such as polyacrylonitrile (PAN) fibres,
nitrogen, water, and sulphuric acid. The manufacture of
CFRP/GFRP was assumed via the vacuum-assisted resin in-
fusion (VARI) technology in which the carbon/glass fibre
tows are embedded into the desired resin. With the VARI
manufacturing technique, extremely high quality parts can
be made relatively easily compared with other FRP-
manufacturing methods, such as automatic tape laying or au-
toclave methods. In addition, the first setup cost of this method
is not particularly expensive, making it cost-effective in the
long run. The required amount of energy intensity for the
VARI process was determined as 10.2MJ based on a previous
study (Song et al. 2009).

Use-phase of side walls

Naturally, replacing steel and aluminium construction with
sandwich composite materials would result in mass saving.
Consequently, a lighter railway vehicle will need/consume
less energy while in service. A common performance com-
parison between engines is the power-to-mass (weight)

ratio (kW/t), which is equal to the power generated by an
engine divided by the mass of the engine. However, when
the focus is on vehicles, rather than engines themselves,
the power-to-mass ratio considers the mass of the full ve-
hicle without the mass of the passengers or the extra haul.
Table B1 in SF shows some examples of power-to-mass
ratios of well-known HSTs around the world. All of the
HSTs in the table are electric-multiple-units (EMUs), so
the power source is electrical. Only HST types were con-
sidered in this table for the energy consumed in service due
to the higher potential and greater gain to implement sand-
wich composites in railway vehicles. Mass and power
values depend on the formation of the trainset. For in-
stance, the formation of a TGV train is 10 cars, two of
which are motor cars and 8 are trailers. Therefore, 383 t
is the total mass of ten cars, but the 9280-kW power results
from two motor cars. Nonetheless, there is no need to dis-
tinguish the formation into motors and trailers since all of
the focus is the power-to-mass ratio. Table B1 also shows
that different formations can have similar power-to-mass
ratios; for example, a 7 car AGV has a 22.35-kW/t ratio,
while a 16 car Shinkansen N700 has a 23.89-kW/t ratio.
Even though the formation is doubled, the power-to-mass
ratio is similar. This comparison, supplemented by the rest
of the ratios in the table, implies that the power-to-mass
ratios of various trainsets are similar, hence determining an
average value is rational. Therefore, we determined a
power-to-mass ratio of 19.95 kW/t to be used in this study,
which is the average value of the ratios in Table B1.

The equation to calculate the energy consumed by a train
during its lifetime (UPE (use-phase energy) (kWh)) while in-
corporating sandwich panel construction to replace the origi-
nal construction of a train was derived as shown in Eq. 1:

UPE ¼ PWratioð Þ � 1

Vave

� �� �
�W � L� D

¼ 0:1�W � L� D ð1Þ

where PWratio is power-to-weight ratio, 0.1 is the traction fac-
tor in kilowatt-hour per ton-kilometre (resulted from PWratio

divided by Vave), and W is the mass of the upper structure of
the vehicle (t). The traction factor is the power-to-mass ratio
multiplied by the inverse of the average vehicle speed (Vave),
which translates into (kWh/tkm). L is the lifetime of the vehi-
cle in years, and D is the annual travel distance of a railway
passenger vehicle (km/year), which were determined as
25 years and 400,000 km/year, respectively. These values
were obtained from the Ecoinvent v.2.2 database considering
HSTs of ICE1 and ICE2. The average vehicle speed used in
this calculation was determined as 200 km/h, which is a ratio-
nal operational speed for a HST similar to those reported ones
in Table B1.
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Table 4 lists the sandwich model configurations considered
in this study and the resulting UPE when they are used in a
railway vehicle. The UPE is listed in kilowatt-hour and
gigawatt-hour units. The end right side column of the table
(UPE reduction based on SM1) indicates the UPE ratio of the
steel sandwich model to other individual sandwich configura-
tions. Therefore, the last column basically shows the compar-
ison and consequent reduction in UPE while using sandwich
models other than SM1. For example, for SM2, 0.562-GWh
value (1–38%) is the result of SM2 with respect to SM1.

It is fair to say that all of the sandwich models except for
SM1 would be much more energy-efficient for a railway pas-
senger vehicle in the long run. The most beneficial models
appear as SM8 and SM9, which are based on aluminium,
followed by SM2 carbon fibre, and SM4, SM5, and SM6
which are FRP-based sandwich models as well.

End of life of side walls

A railway vehicle’s recycling process covers four regular
steps: pre-treatment, dismantling, metal separation, and treat-
ment of non-metallic residues according to certain report
(UNIFE 2013) and literature studies (Delogu et al. 2017;
ISO 2019; Kaewunruen et al. 2019; Lee et al. 2020). The
management of the EoL of side walls was considered by pro-
cesses consisting of a shredding process for shredder heavy
fraction (SHF), shredder light fraction (SLF), material
recycling, or energy recovery from shredding residues after
the dismantling process. In addition, the treatment was con-
sidered so that it consists of advanced post-shredding and
recycling technologies. Here, it was supposed that the
recycling of fibres is done by the pyrolysis process; this inno-
vative technology enables for the separation of fibres from
resin (or matrix) using thermal energy in an oxygen-free en-
vironment. The EoL of side walls process is shown in Fig. C1
in SF. The actual level of recycling of composites is quite low.
Composites are mostly discarded to landfill. However, this
option is not ideal given their highly long service life. It is

necessary to obtain and reuse the energy still embodied in the
composite parts. On the contrary, pyrolysis can achieve prod-
ucts that may be used as fuels or feed stock for petrochemicals
(Song et al. 2009). SHF comprises pure ferrous materials (i.e.
steel, iron, and its alloys) and non-ferromagnetic materials (i.e.
aluminium, copper, brass) and the SLF includes a mix of
different materials and substances, such as plastics, fibres,
glass, and residue (Delogu et al. 2017). Witik et al. (2013)
compare the environmental advantages of the CFRP (with
epoxy resin) recycling through pyrolysis, incineration with
energy recovery, and disposal by landfilling. They report that
1 kg of composites needs 30 MJ of electrical energy for the
pyrolysis reaction process, with an energy intensity of 30 MJ/
kg, but the pyrolysis process can produce useful energy in
various forms of LPG, fuel oil, and composite fillers.
Therefore, the energy recovery of composite structures, via
the pyrolysis method, is 19 MJ/kg (Song et al. 2009). As a
result, considering pyrolysis as an EoL scenario, we can ac-
quire recovery energy from composites in composite sand-
wich models. The pyrolysis process also seems to be a
favourable process for composite recycling (Naqvi et al.
2018). The recovery percentages of CF/GF-reinforced com-
posites, using the pyrolysis process, are summarized in
Table C1 in SF. Additionally, composite fillers can also be
recycled as recycled fibre, but, in this study, the recycled fi-
bres from the pyrolysis process is not considered, since
recycled fibre fails to satisfy the required strength compared
with virgin fibre material. The fibre material obtained after
pyrolysis process is considered to be sent to a landfill site.
Moreover, the residue of metal parts is also considered to be
sent to a landfill site after the metal parts are processed in a
material recycling facility. Hence, LCI data for the landfill of
inert material was used, since the composite material-specific
data was not available in the Ecoinvent v.2.2 and v.3.3 data-
bases. The landfill site is a site constructed and it has both a
leachate treatment system and a gas collection system for
landfill gases to be burned off, not considered an energy re-
covery. The LCI dataset for landfill site also included the

Table 4 UPE of sandwich model
configurations and their
comparison with respect to SM1

Sandwich models Mass of panels (t) UPE (kWh) UPE (GWh) Energy reduction
based on SM1 (%)

SM1 0.905 902,737.5 0.903 –

SM2 0.563 561,592.5 0.562 38

SM3 0.787 785,032.5 0.785 13

SM4 0.679 677,302.5 0.677 25

SM5 0.681 679,297.5 0.680 25

SM6 0.663 661,342.5 0.661 27

SM7 0.781 779,047.5 0.779 14

SM8 0.440 438,900.0 0.439 50

SM9 0.540 538,650.0 0.539 40
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construction and operation (wastewater treatment and emis-
sions). The data sources concerning materials/energy con-
sumption of the technologies involved in the EoL of sandwich
models of side walls are reported in Table C1. The amount of
aluminium and steel recycling from side wall models was
generally 98% in a number of studies (Delogu et al. 2017).
The recovery percentages of CF/GF-reinforced composites
using the pyrolysis process are obtained from literature stud-
ies. For instance, Cunliffe et al. (2003) reports that epoxy resin
with CF/GF (45%) pyrolysis product yields (wt%) 74%, 24%,
and 2%, for solid, oil, and gas (recovery percentages of CF/
GF-reinforced composites using the pyrolysis process), re-
spectively. In addition, in the same study, the authors calculate
that, for phenolic resin with GF (31%), pyrolysis products
yield 89%, 8%, and 3% for solid, oil, and gas, respectively.
The pyrolysis product (solid, oil, and gas) yield of phenolic
resin with CF was assumed to be 65%, 8%, and 3%, respec-
tively (Cunliffe et al. 2003). The ultimate FRP type is the GF
with the polyester composite, which was obtained based on
Torres et al. (2009), with yields of 77%, 12%, and 11% for
solid, oil, and gas phases, respectively. Witik et al. (2013)
express that the energy consumption of the pyrolysis process
is a factor contributing greatly to the impact of the recycling
process. The mass amount of the EoL process of SMs is
shown in Table C1-C2.

Life cycle impact assessment and interpretation

In the life cycle impact assessment stage of this study, the
analysis was performed using a SimaPro 8.5.0 PhD. licenced
software program. The impact assessment was calculated
based on CML-IA v.3.0 assessment methodology. This meth-
od includes certain impact categories; abiotic depletion fossil
fuels (ADff), global warming (GW), ozone depletion (OP),
human toxicity (HT), freshwater aquatic ecotoxicity (FAET),
marine aquatic ecotoxicity (MAETP), terrestrial ecotoxicity
(TE), photochemical oxidation (PO), acidification (Acid.),
and eutrophication (Eutroph.).

Results

This section explains the LCA performance results of nine
different sandwich material models to be used in side walls
of a railway passenger vehicle.

Life cycle impact assessment results

According to impact assessment, the characterization results
of all of the sandwich models (from SM1 to SM9) are given in
Table 5. Here, the characterization results, which consist of
such life cycle stages as the sum of manufacture, use-phase,
and EoL, are presented for the functional unit as one product

for a sandwich model; for details, see Table D1-D3 in SF. The
main finding from the characterization results is that the use-
phase of the sandwich models in car body is mainly dominant
in a range from 96.7 to 99.8%. This is in line with the literature
(Schwab Castella et al. 2009) and with EPD documents. In the
manufacturing process, the environmental impact occurred
within a range from 0.2 to 3.0%. In the last stage of the life
cycle, the environmental loads of EoL took place within a
range of − 0.02 to 0.4% for the whole life cycle of the sand-
wich models.

The LCA analysis shows that the use-phase is of main
importance in all cycles of sandwich models. In particular,
the decreased mass of the models means less electricity con-
sumption in the use-phase during train operation. Energy con-
sumption is obtained from electricity generation which is in-
directly related to all impact categories. In the LCA analysis, it
was determined that the use-phase is the most responsible
phase for environmental impact among all of the phases of
the life cycle stages. This is because energy consumption in
the use-phase stage has a linear relationship to the mass of
sandwichmodels. Additionally, the energy required to operate
a train depends on the mass and shape of the train (aerody-
namic drag factor). Since we consider the same shape here for
all car bodies, most of the variation in energy consumption is
owing to differences in the mass. Lighter trains need less total
energy, because there is less resistance to driving, shock, and
gradient (Schwab Castella et al. 2009). Moreover, the envi-
ronmental loads of the composite components were mainly
from the production of the resins and fibres; in particular,
carbon fibres required more energy consumption for their
manufacturing. The manufacture phase also needed higher
energy consumption than for steel owing to the curing and
forming processes for the heating requirements, together with
longer cycle times, thereby leading the larger environmental
impact (Witik et al. 2013). Besides, Witik et al. (2013) calcu-
lated that the environmental burden associated with the EoL
stage of the composite components was responsible for very
small and led to < 1% of the life cycle. Similar to this perspec-
tive, the characterization results of the life cycle stages show
that SM8 has the lowest impact among all ten different impact
categories compared with all other models in Table 5. This
sandwich model consists of outer layers of aluminium and an
inner core of aluminium honeycomb. It shows the lowest en-
vironmental impact compared with other counterparts (based
on CFRP, GFRP, and steel), since this model is 50% lighter
rather than the heaviest model as SM1. The second environ-
mentalist model was determined as SM9. SM9 is composed of
an aluminium face sheet and a polymer foam core. The mass
reduction was therefore designed as 40% compared with
SM1. However, at first glance, the assumption of “lighter is
environmentalist” may not be true for certain models, such as
SM4 vs. SM5 and SM3 vs. SM7. All the life cycle stages of
these four models show that lower mass does not reflect to
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lower environmental impact. In terms of the mass of the above
models, SM5 is heavier than SM4; however, SM5 appears to
be more environmentally friendly than SM4 for the impact
categories ADff, GW, OD, HT, FAET, TE, and Eutroph. On
the other hand, SM5 has less environmental performance for
MAET, PO, and acid impact categories. These remarkable
findings result from the manufacturing process of CFRP
which is more responsible for environmental loads compared
with that of GFRP. Phenolic resin production shows better
environmental performance than polyester resin production
in the sandwich models. SM3 performed better environmen-
tally in the ODP and TE impact categories compared with a
heavier opponent such as SM7.

The environmental impact which resulted from the
manufacturing process of these sandwich models is illustrated
in Fig. 2, which presents how much contribution these SMs
made to the investigated environmental impact categories.
During the manufacturing stage, there is a general trend show-
ing that the sandwich configurations based on CFRP compos-
ites have higher environmental impact than GFRP and metals.
The next sections explain in detail the main process contribu-
tions of sandwich model production to the environmental im-
pact categories.

Abiotic depletion for fossil fuels During the manufacture of
each SM, it was calculated that SM6 has the greatest impact,
with an approximate 1.5E+05 MJ value on the ADff category.

It was identified that this effect is the combined processing
result of acquiring the PAN as an ingredient of carbon fibre,
electrical energy production, production of epoxy resin, and
production of polymer foam (obtaining methylene diphenyl
diisocyanate material). The resultant ADff effect by the pro-
duction of the SM2 and SM4 models was observed to be
similar to the production processes of SM6. However, for
SM3, the main actors for the ADff effect were identified as
the acquisition of fossil resources (hard coal, lignite, and nat-
ural gas) used to generate electrical energy, and the processes
required to obtain the materials (methylene diphenyl
diisocyanate and polyols) required to produce polymer foam.
In SM7 production, the ADff effect depends onmajor process-
es, such as obtaining the fossil resources required to generate
electrical energy, obtaining xylene and propylene materials
needed to manufacture polyester resin, and obtaining methy-
lene diphenyl diisocyanate and polyol materials needed to
manufacture polymer foam. ADff effects that occur due to
the production of SM5 especially obtain the fossil resources
required to generate electrical energy and obtain the xylene
and propylene materials needed to manufacture polyester res-
in. In the production of SM8 and SM1, obtaining the fossil
resources required to generate electrical energy and epoxy
resin production processes used in aluminium honeycomb
production causes the ADff effect. Finally, the greatest contri-
bution to the ADff effect for SM9 appears to be polymer foam
production processes.
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Fig. 2 The environmental impact of the manufacturing process stage of
the sandwich models. (SM: sandwich material), (SM1: steel-aluminium
honeycomb (Al H)), (SM2: carbon fibre (CF)-epoxy resin (ER) and Al

H), (SM3: glass fibre (GF)-phenolic resin (PHR)-polymer foam (PF)),
(SM4: CF-PHR-Al H), (SM5: GF-polyster resin (POR)–Al H), (SM6:
CF-ER-PF), (SM7 GF-POR-PF), (SM8: Al-Al H), (SM9: Al-PF)
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Global warming Among the considered sandwich models,
SM2 is the configuration that contributes most to global
warming. CFRP and aluminium honeycomb are used to man-
ufacture this model, in which processes, such as PAN produc-
tion, usage of electrical energy, and the transportation of ma-
terials, are the main elements responsible for global warming.
This situation is the same for SM4 and SM6, since these
models are also based on CFRP material. In GFRP-based
configurations, such as SM3, a significant contribution to
global warming comes mainly from the production of electri-
cal energy, methylene diphenyl diisocyanate, and the polyol
production processes required to produce polymer foam, and
the benzene and propolyne production processes required to
produce phenolic resin. On the other hand, it was identified
that the SM5 model affected global warming through the us-
age of electrical energy, the Adipic acid production process
used in polyester resin, and aluminium production processes
used to manufacture aluminium honeycomb. The manufactur-
ing stage of carbon fibre or glass fibre with polymer resins
shows extremely important findings in order to make environ-
mental decisions for the life cycle of railway vehicle car body
panels. Nevertheless, avoiding the use of the PAN to manu-
facture the CF could be shown to have less environmental
impact (La Rosa et al. 2016). The GW effect caused by the
production of SM1 and SM8 is identified mainly as electrical
energy production (coal and natural gas burned in a thermal
power plant), the use of magnesium and pig iron during steel
production, and aluminium production processes. It was ob-
served for SM9 that polymer foam and electrical energy
obtaining processes have a significant effect on GW.

Ozone depletion The highest OD effect (5.5E−04 kg CFC−11
eq.) was calculated in SM2, which resulted from the PAN
production process, crude oil production, and the transporta-
tion of natural gas used in electrical energy production.
Similar to SM2, CFRP-based (PAN production) SM4 and
SM6 also have a high OD effect. The rest of the models
SM3, SM5, and SM7, and metal-based SM1, SM8, and
SM9 have this impact due mainly to crude oil production
and natural gas transportation with regard to electrical energy
production.

Human toxicity In terms of HT, the greatest impact is caused
by SM3 manufacture. This effect results from the glass fibre
production and cumen material production used in phenolic
polymer resin. When compared, SM4 configuration has less
mass than SM5, but the HT effect of SM4 is greater than that
of SM5. This mainly occurs due to the PAN production for
carbon fibre and the production of materials that form polymer
phenolic resin. The glass fibre production process and poly-
ester resin production process created a high HT effect in both
SM5 and SM7 configuration. The HT effect of SM8 and SM9
are similar, except that, in addition to the removal of the coal

ashes process occurring after the burning of fossil fuel, the
obtaining of methylene diphenyl diisocyanate used in polymer
foam contributed significantly to HT for SM9.

Freshwater aquatic ecotoxicityWhen all nine sandwichmodel
configurations are compared in terms of FAET, SM3 appears
as the model affecting the environment the most. It is believed
that this SM3 effect (also of SM4) results from the phenolic
resin and polymer foam production processes, and from the
removal of coal ashes after the fossil fuel burnout used in
electrical energy production. For SM6, the PAN and methy-
lene diphenyl diisocyanate production processes required for
carbon fibres and polymer foam, respectively, causes the
FAET effect. In the SM7 model, the greatest contribution to
FAET comes from polyester resin production, accompanied
by the effect of the hazardous materials’ removal processes.
For metallic-based configurations, such as SM1 and SM8, it
was identified that the use of water and the removal processes
of mud during the steel and aluminium production processes
have significant impact on the FAET category. Finally, the
effect of SM9 on FAET is believed to come mainly from the
polymer foam production process and the removal of the coal
ashes process occurring after the burning of fossil fuel in order
to generate electrical energy.

Marine aquatic ecotoxicity It was calculated that, from an
MAET effect perspective, the most significant role is that of
SM2’s production. In the SM2 (aluminium honeycomb), SM5
(aluminium honeycomb), SM8, and SM9 models, it was ob-
served that the aluminium production processes have an im-
portant effect in this category. A similar effect was observed
for the steel production process in SM1. The obtaining process
of PAN used in carbon fibre was identified as being the re-
sponsible factor for the MAET effect in SM2, SM4, and SM6.
In addition to the aluminium production processes, obtaining
methylene diphenyl diisocyanate and polyols for polymer
foam also contributed to MAET in SM9 configuration.
Lastly, SM3, SM5, and SM7 configurations are believed to
affect MAET through the glass fibre production process and
the burning processes of fossil fuel required for electrical
energy.

Terrestrial ecotoxicity SM6 has the greatest TE effect, which
results from processes such as epoxy resin production, PAN
production, production of polymer foam constituent materials,
and the electrical energy production process via hard coal and
lignite coal. For SM2, epoxy resin and PAN production cre-
ates the largest TE effect, along with other important process-
es, such as obtaining zinc used in aluminium honeycomb pro-
duction and the production of electrical energy. Similar TE
effects can be observed for SM1 when compared with SM2,
except for the contribution from PAN production, but with the
addition of the sintering process of steel. It was identified that
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for SM4 and SM6, the main contributors to the TE effect were
the production of polymer foam constituents and the process
of PAN production required in carbon fibre production.
Polymer foam production also has the greatest impact to TE
in the manufacture of the SM9 configuration.

Photochemical oxidation The greatest PO effect was calculat-
ed in the SM2 configuration, which resulted from the process-
es to obtain PAN, and the process of fossil fuel burning

leading to the production of electrical energy. Other carbon-
based models, SM4 and SM6, display similar PO effects like
SM2, with the additional contribution from polymer foam
production. For glass fibre–based models, SM3, SM5, and
SM7, the major PO effect comes mainly from electrical ener-
gy production acquired by the burning of fossil fuels (natural
gas, lignite, and hard coals) and polymer foam production. For
metallic-based models, SM1, SM8, and SM9, the common
dominant PO contributor was the electrical energy production

Fig. 3 The environmental impact of the use-phase stage of the sandwich
models. (SM: sandwich material), (SM1: steel-aluminium honeycomb
(Al H)), (SM2: carbon fibre (CF)-epoxy resin (ER) and Al H), (SM3:

glass fibre (GF)-phenolic resin (PHR)-polymer foam (PF)), (SM4: CF-
PHR-Al H), (SM5: GF-polyster resin (POR)–Al H), (SM6: CF-ER-PF),
(SM7 GF-POR-PF), (SM8: Al-Al H), (SM9: Al-PF)
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process, but for SM9, polymer foam production was also
significant.

Acidification In terms of the acidification effect category, the
greatest environmental effects were displayed by the manu-
facture of SM2, which mainly resulted from the production of
electrical energy. In the manufacturing process of SM2, SM4,
and SM6, obtaining PAN for carbon fibre causes a great deal
of acidification effect. For glass fibre–based configurations,
such as SM3, SM5, and SM7, the acidification effect firstly
originated from fossil fuel burning processes to produce elec-
tricity and then glass fibre production processes. In the SM1,
SM8, and SM9 models, the acidification effect, based on the
electrical energy production process, was observed to be dom-
inant. Additionally, the acidification impact resulting from the
manufacture of SM5 and SM9 was determined mainly due to
the production of the materials (methylene diphenyl
diisocyanate and polyols) obtained from polymer foam.

Eutrophication The eutrophication effect is greatest in SM2,
followed by SM6 with only a slight difference. The main
reasons for this high effect value are the PAN production
process and the removal process of coal ashes occurring
through the burning of fossil fuels to generate electrical ener-
gy. For the other carbon fibre–based configuration SM4, the
eutrophication effect is similar to SM2 and SM6, but an addi-
tional effect comes from the process of obtaining polyols to

produce polymer foam. The glass fibre production process
was identified as making a major eutrophication effect for
SM3, SM5, and SM7. In addition, in the manufacture of
SM3, other major contributions to eutrophication arise from
the processes of obtaining lignite used in electrical energy
production, the burning of fossil fuels in thermic power plants,
and the processes to obtain the constituents to produce poly-
ester resin (Adipic acid) and polymer foam (polyols). For
metallic material-based sandwich models SM1 and SM8,
electrical energy production plays a dominant role in the eu-
trophication effect, while the eutrophication effect of SM9
includes a contribution from polymer foam production.

Figure 3 shows the environmental impact of the all
models related to impact categories during the use-phase
stage of the sandwich models. Since the electricity con-
sumption is the only input during the use-phase, all of the
impact categories showed a similar trend to each other for
all the sandwich models. The distribution of use-phase
stage impact between the different SMs has the same
trend, since it depends linearly on component mass for
all the LCIA impact categories (from ADff to Eutroph.).
This trend shows parallel behaviour with respect to the
mass of these models. SM8 has the lowest contribution,
whereas SM1 has the highest environmental impact for all
the given impact categories. Since SM8 has the lowest
mass (leading to lower electricity consumption), it is the
most environmental model in the use-phase stage.
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The environmental impact of the EoL stage of the sand-
wich models is shown in Fig. 4. All impact categories showed
similar trends to each other based on the contribution percent-
ages of the models themselves. At the EoL stage, the pyrolysis
process was considered for the CFRP and GFRP composites.
The required energy for this process was determined as most
for SM3. As a result of this energy consumption, SM3 had the
greatest environmental impact of all the impact categories.
Accordingly, the CFRP and GFRP models (SM7, SM6,
SM4, SM5, SM2), followed by SM3, have a greater environ-
mental impact in all the discussed categories compared with
other sandwich models manufactured based on metals (SM9,
SM1, SM8). On the other hand, SM8 displayed the lowest
environmental impact at the EoL stage. At the EoL stage of
the sandwich models, based on Al and steel, the recycling
process was taken into account since the recycling process
efficiency was assumed to achieve almost 98%. The metal-
based sandwich models were also recycled to avoid products
in the life cycle, such as a scrap aluminium and steel materials.
In addition, the recycling process of SMs based on metal com-
ponents required very low electricity consumption compared
with the recycling of the carbon/glass fibre–based sandwich
configurations, which required the pyrolysis process.

Sensitivity analysis procedure

Sensitivity analysis in the LCA is important because it can be
used to identify parameters that can significantly change re-
sults and which might need further investigation (Groen et al.
2014). In this study, a sensitivity analysis was performed in

order to investigate the environmental impacts in the use-
phase of SMs at component level. Since use-phase is consid-
ered which has dominant effects on SM due to influence by
the electricity production mix profiles, these were compared
with different electricity production options, such as the
European, Korean, and fossil fuel profiles: the European elec-
tricity mix profile is based on statistical research by the
European Commission’s report (European Commision 2018)
(fossil fuels such as coals 22% and natural gas 21%, nuclear
27%, for renewables such as hydro 13%, wind 10%, geother-
mal 2%, and solar 5%); the Korean electricity mix profile was
reported by Schwab Castella et al. (2009) (fossil fuels such as
coal 45.0% and natural gas 15%, nuclear 39%, for renewables
such as hydro 1.0%); and the fossil fuel profile also considered
electricity production from certain resources (coal 50.0% and
natural gas 50%).

Therefore, using the sensitivity analysis, ten impact cate-
gories for the different electricity production resources were
analysed with different electricity production scenarios; the
results are given in Fig. 5. Figure 5 shows that the change
has a linear relationship between the impact categories and
different electricity production scenarios. This means that
when Korean electricity scenario makes a higher contribution
to electricity production from fossil fuel consumption (coals
and natural gases), the impact categories display lower envi-
ronmental performance due to the higher energy demand and
their emissions (CO2, SO4, and NOX etc.). This relationship
can also be clearly seen as these impact categories display
better environmental performance when the usage percentage
of renewable sources (hydro, wind, and solar) in the electricity
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production increases. For this situation, it occurred in the
European scenario owing to lower created emissions, such
as CO2, NOX, and SO2 emissions. In particular, Fig. 5 also
demonstrates three impact categories (HT, FAET, and
MAET), which might be considered more sensitive impact
categories during the sensitivity analysis. On the other hand,
these impact categories result in higher environmental burdens
with the higher use of fossil fuels, and they have lower envi-
ronmental burdens with higher contributed of the renewable
resources.

Discussion

The results show that the use-phase is by far the most impact-
ed life cycle stage owing to the impact involved by production
of the electricity mix profile of the railway passenger vehicle
car body during its operational process. For energy consump-
tion and corresponding to the environmental impact investi-
gated, the most important stage for the LCA of the railway car
body is the use-phase because it is directly associated with the
vehicle mass. The most responsible stage for the environmen-
tal impact in the LCA of the railway car body is clearly the
energy consumption in the use-phase because it is directly

related to the mass of the vehicle. In railway vehicle operation,
the energy consumption is affected dominantly from the elec-
trical energy; therefore, the environmental impact of the use-
phase stage can be reduced by obtaining electricity from green
different sources. This was proven from the results of the
sensitivity analysis considering, for instance, the fossil fuels
profile electricity production in Fig. 5. The greener electricity
production (based on a higher contribution of renewable elec-
trical energy sources and with lower fossil fuels usage) will
decrease the environmental impact indirectly. In addition, the
environmental benefits owing to the decreased fuel consump-
tion would allow reducing the atmospheric emissions
throughout the lifetime. Lightweight sandwich material con-
figurations, SM2 to SM7, that are designed alternatively to
SM1 appeared much greener in the range of 10–51% of total
environmental impact categories which can be a significant
contribution. Besides, Fig. 6 shows environmental improve-
ment of each candidate SM through the life cycle stages with
respect to reference configuration as SM1. The x-axis values
were obtained from the bottom row of Table 5 whereas y-axis
values were acquired from the last column of Table 2. In
addition, the level of environmental performance is not exact-
ly the same as mass reduction for metal-based configurations,
but the difference is extremely small (as seen in Fig. 6). On the

Fig. 6 Environmental improvement during LC with respect to mass
reduction based on SM1. (SM: sandwich material), (SM1: steel-
aluminium honeycomb (Al H)), (SM2: carbon fibre (CF)-epoxy resin
(ER) and Al H), (SM3: glass fibre (GF)-phenolic resin (PHR)-polymer

foam (PF)), (SM4: CF-PHR-Al H), (SM5: GF-polyster resin (POR)–Al
H), (SM6: CF-ER-PF), (SM7 GF-POR-PF), (SM8: Al-Al H), (SM9: Al-
PF)
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other hand, the environmental performance of certain SMs
(SM2 to SM7) has been found improved due to their mass
reduction compared with SM1. Although, this environmental
improvement did not occur in the same amount as the percent-
age of mass reduction due to different environmental impact
levels resulted from their manufacturing stage.

On the other hand, in the metallic-based models SM8 and
SM9, environmental effects caused by the manufacturing
phase were found to be lower comparedwith FRP-based sand-
wich materials, and the level of environmental performance
appeared the same as their corresponding mass reduction level
which directly affects the use-phase. In particular, the
manufacturing phase of these materials was thoroughly inves-
tigated from ten different impact categories. According to this
assessment, the SM2, SM4, and SM6 models have higher
environmental impact compared with GF opponents, such as
SM3, SM5, and SM7 or metal opponents, such as SM1, SM8,
and SM9. However, the manufacturing of SM3 has higher
environmental impact compared with SM4 for the toxicity
impact categories, such as HT, and FAET.

Conclusions

This study focuses on a comprehensive comparative LCA
analysis of existing and potential materials application for
railway passenger vehicles. Aiming to understand whether
the “lighter is greener” motto is true or not, nine different
sandwich composite material configurations were modelled
and identified. Eight of these sandwich models (SM2 to
SM9) were designed so that they would result in mass reduc-
tion (light weighting) compared with the conventional steel
material (the remaining one SM1) used in railway passenger
vehicles.

The important findings of this study are summarized
below:

& The LCA results clearly express that striving for the mass
reduction as a sole objective will not necessarily result in
any reduced environmental impact of the railway vehicle
of the future. Environmental improvement is required and
should be obtained while considering the whole life cycle,
including the manufacturing and end of life stages.

& Mass reduction enables railway vehicles to be operated
more efficiently during the use-phase because energy de-
mands (e.g. acceleration, rolling friction, rail track dam-
age) on the powertrain are reduced. This can lead to major
benefits on the total life cycle impact of vehicles because
the current use-phase is responsible for 96.7–99.8% of the
total life cycle environmental impact on the abiotic deple-
tion of fossil fuels, global warming potential, toxicities,
acidification, and photochemical oxidation.

& Among all nine SMs, SM8 displayed the lowest environ-
mental impact for all the impact categories during its life
cycle.

& An assessment based solely on mass reduction might not
always be so clear while not considering the environmen-
tal impact from the manufacturing processes. This was
also proven in this study with the comparison of, for ex-
ample, SM4 and SM5. Certain sandwich configurations,
such as SM4 and SM5, both provide the same level of
mass reduction (25%), but glass fibre–based SM5 displays
slightly better environmental performance compared with
the carbon fibre–based SM4. In addition, the same com-
parison also has a hidden, but undeniable design element;
the cost, since it is well-known that carbon fibre is much
more expensive compared with glass fibre.

& The production of the SM2, SM4, and SM6 models,
which are manufactured using CFRP, is estimated to be
about between 6 and 10 times more energy-intensive than
SM8 and SM9, which are based on aluminium.

Being one of the pioneering very few studies, it is believed
that this study will provide valuable information to the railway
sector, as recently there has been growing interest in the sector
in terms of experimenting with new material solutions to re-
duce the total mass of railway vehicles further. These efforts
are also motivated by policies which require that newly built
vehicles should be even greener in order to deal with environ-
mental impacts such as global warming. Therefore, the LCA
analysis carried out in this study presents detailed findings
regarding the potential candidate composite materials and
their status with respect to conventional materials. This study
is novel due to its timely touch to the subject and its rich
content that has not been seen in previous studies.

Care should be taken that this study has two limitations: it
relatively depends on the secondary data in the life cycle in-
ventory phase, and lack of access to a precise car body design
data including structural strength/stiffness requirements.
Evaluation of the environmental impact of SMs generated
based on the assumptions considered in this study could be
misinterpreted when an actual side wall design is investigated.
The side wall (or the whole car body) is more accurately and
efficiently designed so that it meets the structural requirements
with minimum cost. This might lead to change in various
material related characteristics especially for composite mate-
rials such as fibre orientation of each layer, layer stacking
sequence, and uniform/varying layer thickness. This can in
turn affect the environmental loads caused from the
manufacturing processes, and affects the energy consumption
resulted from use-phase during service time. Therefore, the
results of this study should be assessed with these limitations
in mind to avoid misinterpretation. These limitations can be
overcome when manufacturers or suppliers are voluntary to
share their primary data.
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