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Abstract

The transport sector faces several challenges when it comes to reducing its con-
tribution to global warming and dependence on fossil fuels. This means that the
transport sector needs to find alternative energy sources for its vehicles as well as
to decrease the energy use in the use phase of the life cycle. This can be achieved
by turning from vehicles with conventional internal combustion engines to electrical
vehicles as well as to reduce the weight of the vehicles. The latter can be accom-
plished by substituting conventional materials with lightweight materials such as
carbon fiber composites. However, there are also solutions on how to combine these
strategies where the energy is stored in the body, which will reduce the mass of the
vehicle as a consequence of reduced battery size.

The aim of the thesis was to assess the environmental impact of two composite
vehicles based on either carbon fiber reinforced polymers or structural batteries as
well as to give suggestion on how these materials can substitute conventional ma-
terials to reduce the weight while keeping or increasing the system performance.
This implied a conceptual design of a conventional battery electric vehicle where
the components were replaced with either carbon fiber reinforced polymers or struc-
tural batteries. This resulted in three conceptual vehicles based on different mate-
rials which functioned as input data to the inventory analysis of a cradle-to-grave
life cycle assessment where the vehicles were assessed according to global warming
potential, crustal scarcity indicator and cumulative energy demand.

The result showed that both carbon fiber reinforced polymers and structural batter-
ies have the potential to reduce the weight of a conventional battery electric vehicle
of approximately 30-50% while keeping or increasing the mechanical and electro-
chemical performance of the vehicle. The result showed that the vehicle based on
carbon fiber reinforced polymers provides environmental benefits over a conventional
electric vehicle, while structural batteries cause more environmental impact. How-
ever, the result indicated that the carbon fiber reinforced polymers and structural
batteries could decrease its environmental impact drastically if the energy use was
reduced in the carbon fiber production as well as the structural batteries manufac-
turing process in addition to using fossil carbon lean energy system.

Keywords: Multifunctionality, Lightweight Materials, Structural Batteries, Carbon
Fiber Reinforced Polymers, Life Cycle Assessment
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Introduction

1.1 Background

From 1970 until today, emissions from the transport sector have more than doubled
and the emission intensity has increased faster than any other comparable sector
[1]. The transport sector includes road vehicles such as cars, trucks and buses as
well as aircraft, boats and trains [2]. Based on data from 2010, road vehicles (i.e.
cars, trucks and buses) caused approximately 72 % of the total emissions at a global
level, which corresponds to 5.04 GtC'Oseq per year. This value equals approximately
0.38 round trips annually per person between Gothenburg and New York assuming
a total population of 7.8 billion people and that a round trip emits 1.7 tC'Oqeq. per
person. Importantly, the value does not include indirect emissions such as fuel pro-
duction, vehicle production and infrastructure construction [1]. Other sectors such
as agriculture, industry and energy have seen a decline since the early 1990s in terms
of emissions. However, the transport sector has not followed the same trend shift.
Not until 2007 could the same type of shift be identified in the transport sector,
though the emissions are still at higher levels than in 1990 [3]. The transport sector
is central to Europe’s economy. Consequently, the emission reduction is a critical
issue to achieve the long-term objectives set by the European Union (EU), where the
main objective is to reduce emissions by 60 % until 2050 compared to 1990 levels [2].

The transport industry has committed to reduce C'O, emissions and improve energy
use to meet future requirements on environmental impact, which can be accom-
plished in several ways [1]. One approach is to switch from traditional internal com-
bustion engine vehicles to electric vehicles (EVs). The mass of the vehicle can also be
reduced by substitution of conventional materials to lightweight and thereby reduce
the energy use from the use phase. Carbon fiber reinforced polymers (CFRPs) is a
monofunctional lightweight material with good mechanical properties that has the
potential of increasing system performance of battery electrical vehicles. This can
also be accomplished by a combination of these strategies by using structural bat-
teries (SBs) where the energy is stored in the vehicle’s components, which replaces
the lithium-ion (Li-ion) batteries and the structural components. This concept is
referred to as multifunctionality which means that two or more material properties
are utilized simultaneously to support multiple functions in a single material.
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Multifunctionality is a rather new concept that can be utilized to further improve
the efficiency of different products. Increasing the energy storage while reducing
the weight is one good example of an application area where multifunctionality can
be utilized [4]. Multifunctionality implies that two or more conventional materials
with their characteristics are combined to create a material which covers multiple
functions. Some examples are load-bearing structures, thermal insulation, energy
storage, self-repair, health monitoring or adaptive structures [5, 6].

Carbon fibre composites have suitable material properties to increase the appliance
of multifunctionality in different products. This follows as a consequence of the
microstructure of carbon fibre composites which entails great mechanical and elec-
trochemical properties. SBs can be designed as either laminated or 3D-structured
components where carbon fibres are enfolded in structural battery electrolytes (SBE)
whose structure permits ionic redox reactions to occur while simultaneously ensur-
ing structural stiffness [7, 8]. There are many similarities between SBs and lithium
ion (Li-ion) batteries. The biggest being that they both have a positive (cathode)
as well as negative (anode) electrode with a separator in between. The charging of
SBs works in the same way as for regular Li-ion batteries, where current drives the
lithium ions from the cathode to the anode. This creates an electrical potential that
can be used to generate electrical power [6].

This type of solution was demonstrated in a case study where the roof of an EV
was replaced with SBs. From the study, the main conclusion was that mass-savings
could be achieved by using SBs. In addition, the researchers claimed that the roof is
a suitable car component for SBs as the component should not bear any significant
loads, which implies that the mechanical requirements can be lower in comparison
to other more critical structural components [9]. Some studies have performed a life
cycle assessment (LCA) of SBs. One study showed that with renewable energy sys-
tems providing the electricity for replacing steel and lithium-ion batteries with SBs,
there is a positive effect on several environmental impact categories [10]. Addition-
ally, another LCA indicated that carbon fibre composites can achieve significantly
reductions in energy use and greenhouse gas (GHG) emissions due to its low weight
[11]. However, the same result also showed that the potential is highly dependent
on the energy requirements for producing the carbon fiber. However, to our best
knowledge, research on this type of solutions is limited, especially when it comes to
the environmental impact of SBs and how these would affect the overall life cycle
of a vehicle. Therefore, this study aims at addressing the environmental challenges
and opportunities of CFRPs and SBs by conducting an LCA based on a conceptual
design.

1.2 Objectives

The purpose of the thesis is to assess the environmental impact of two conceptual
composite vehicles with either CFRPs or SBs. The thesis also intends to examine
monofunctional and multifunctional materials and give suggestions on how these
materials can be utilized to improve the system performance. An LCA will be per-



1. Introduction

formed on the conceptual composite vehicles where the environmental impacts will
be assessed. The LCA result will include a basecase of a conventional battery electric
vehicle (BEV) to make a comparative analysis. The LCA will identify challenges
and opportunities of dominant phases, materials and design parameters. Issues re-
garding the methodologic assessment of technologies like composite cars with SBs
will also be identified.

The outcome of the master thesis will function as a basis for future research on
LCA of composite cars based on either CFRPs or SBs. Furthermore, the outcome
should also raise awareness about design and technological lock-in“s in the automo-
tive industry when it comes to multifunctionality.

1.2.1 Specification of the Issue Under Investigation

Given the previous research, this thesis aims at answering the following research
questions:

1. Which car components in a conventional BEV are possible to replace with
either CFRPs or SBs while keeping the same level of performance in terms of
modulus of elasticity and energy storage?

2. What are the environmental impacts of a conceptual composite vehicle with
either CFRPs or SBs?

3. What are the differences in environmental impacts of a conceptual composite
vehicle with either CFRPs or SBs?

4. What are the challenges and opportunities of CFRPs and SBs in terms of
dominant phases, materials and design parameters?

5. What are the main methodological issues in assessing technologies like CFRPs
and SBs using LCA?

1.3 Limitations

The thesis is limited to the following points:

o There are other existing type of solutions for multifunctionality in road vehi-
cles, including structural capacitors, structural supercapacitors and structural
fuel cells [12]. These solutions are excluded from the study, which means that
structural batteries only will be considered.

o The LCA is limited to components included in the conventional BEV as well
as the conceptual composite vehicles with either CFRPs or SBs.

o The conceptual BEV as well as the composite vehicles with either CFRP or
SBs will not be validated through data simulation.

e The modulus of elasticity was selected as the mechanical property for the
study.
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o The assessment of the SBs electrochemcial property will only consider energy
density.

o The LCA is limited to only include three impact categories.

e The end-of-life treatment of the system will not be included in the sensitivity
analysis.

o All type of transport except in the use phase is excluded from the LCA study.
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Theory

This chapter presents the theory including multifunctional materials design, carbon
fibers reinforced polymers, structural batteries, classical Laminate theory and life
cycle assessment.

2.1 Monofunctional Materials Design

Monofunctional materials are materials that only has one function in a system.
Monofunctional materials are nothing new and is what almost all systems consist
of today where many different components are working together but only have one
single function. However, a new interesting idea is to use lightweight monofunctional
materials, that can increase the performance of a system by decreasing its weight
without changing any other parameters. One material that has the potential of
changing the automotive industry is CFRPs. According to some researchers, CFRPs
has the potential of decreasing the weight of vehicles by 60 % [13]. CFRPs consists
mostly of carbon fibers mixed with a polymer (e.g., epoxy), which creates the low
density and relative high stiffness of the structure.

2.1.1 Carbon Fibers

Carbon fiber can either be pitch-based or polyacrylonitrile (PAN)-based fibres. The
former is characterised by high stiffness and moderate strength as well as low failure
strain. This type of carbon fiber usually have a high level of graphic content with
large and oriented crystals. However, pitch-based fibres are much more rare to use
compared to PAN-based fibres [14]. This is because PAN-based fibres microstruc-
ture can be varied much easier, which entails that the mechanical properties can be
adapted to more specific application. The stiffness of PAN-based fibres ranges from
200-600 GPa, while its strength ranges from 3000-6000 MPa.

Carbon fibers are today mostly manufactured by stabilization and carbonization
of the PAN-based fibers [15]. This is a highly energy intensive process in addition
to the fact that the carbon fibers are fossil-based. New production methods can
possibly decrease the energy use in the manufacturing process where one example is
lignin-based carbon fibers, which could further decrease the environmental impact
[16].
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2.1.2 Carbon Fibers Reinforced Polymers

CFRP are widely used in many applications today. It has mechanical properties that
is comparable to steel and aluminium when it comes to the weight ratio [17]. To
create CFRPs with a thermoset (e.g., epoxy), the manufacturing method is usually
injection moulding or pultrusion [17]. However, there are possibilities of using other
materials than epoxy to create CFRPs which have similar mechanical properties.

2.2 Multifunctional Materials Design

Multifunctional materials seeks to improve the system performance while maintain-
ing or reducing the weight. O’Brien et al. [18] developed a model for multifunctional
materials design based on Ashby [19] and Thomas and Qidwai’s [20] models regard-
ing materials selection and flight time maximization, respectively. The purpose of
the model is to determine the electrochemical and structural requirements for mass-
savings in multifunctional design. O’brien et al. [18] model was constructed for a
platform with both capacitive energy storage and structural requirements. However,
the model can be extended and used for other similar multifunctional applications.

The total mass of the system is given in Equation (2.1).
M =m, + mg (2.1)

where m, represents the mass of the electrical element (kg) and mg represents the
mass of the structural element (kg).

The energy density for the capacitor can be defined as presented in Equation (2.2)
112
;0S8

Me

I = (2.2)
where C represents the capacitance (F) and S represents the breakdown voltage of
the capacitor (V).

The previous equations represents the conventional system. This system must be
compared with a new system which also includes the mass of the structural capaci-
tor.

M* =mZ+mg+my,, (2.3)

where m’ f represents the mass of the structural capacitor (kg).

This system should be the same as the conventional system in terms of electro-
chemical and mechanical properties. However, the conditions presented in Equation
(2.4) and (2.5) must be met for the properties to be the same.

Tm; + f‘mfm;f =T'm, (2.4)

and B B B
Em; + Eppmy,, = Emg (2.5)
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where I',,, f represents the energy density (Wh/kg) and E,, f represents the specific
stiffness (N/m?).

By combining Equation (2.1) and (2.3), the requirement for mass-saving can be
found.
M <M (2.6)

Equation (2.1), (2.2), (2.4) and (2.5) can be combined to express what requirements
the structural capacitor must satisfy to achieve mass-saving.

r E
M — M* :(mf+mf—1>m* 2.7
(M = 217) = (2L 4 22— 1) 2.7
Equation (2.7) shows that the sum of the ratio for energy density and specific stiffness
between the structural capacitor and the conventional system must be larger than
1 to achieve mass-savings.

Top By
—+—=>1 2.8
r E (2:8)

The ratios can be expressed as efficiencies for simplicity as in Equation (2.9).

[ Eony
.= and g, =20 2.9
n 5 n 5 (2.9)

This provides the design requirement for mass-savings in multifunctional design.
Equation (2.10) shows that if the capacitor can be produced such that the require-
ment is met, the new system will have less mass than the conventional system.

Nmf =Ns +Ne > 1 (2.10)

2.3 Structural Batteries

2.3.1 Carbon Fibres in Structural Batteries

Carbon fibres must carry mechanical loads and function as an active electrode si-
multaneously to achieve multifunctionality. The latter requirement implies that the
carbon fibres have the possibility to store ions in its microstructure. The storage
function is necessary when the ions are inserted into the fiber during charge (lithia-
tion) and removed during discharge (delithiation). Kanno et al. [21] and Snyder et
al. [22] showed that PAN-based fibres function as good electrodes, while pitch-based
fibers exhibited the opposite behaviour. Kjell et al. [23] and Fredi et al. [24] have
performed studies on PAN-based fibres to investigate the electrochemical properties.
The carbon fibers under investigation ranged from low to high modulus. The results
showed that all tested carbon fibers had some electrochemical performance. How-
ever, the fibers with high stiffness showed lower electrochemical performance than
fibers with low and intermediate stiffness. The researchers explained that the elec-
trochemical performance is negatively affected by large and highly oriented graphite
crystals. Thus, the high modulus carbon fibers tend to have lower electrochemical
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performance, while low and intermediate carbon fibers tend to have higher electro-
chemical performance.

Jacques et al. [25] study on carbon fibers investigated the effect lithiation has
on the mechanical properties. The result indicated that the stiffness was not af-
fected by lithiation. However, the strength was affected by lithiation, but it was
returned once the carbon fibers were delithiated. Additionally, Jacques et al. [25]
also investigated the effect on the electrochemical performance by mechanical loads.
The result showed that the carbon fibers exhibited the same electrochemical perfor-
mance regardless of whether the fibers were exposed to a mechanical load or not.
Additionally, carbon fibers tend to expand when ions are moving between the elec-
trodes during lithiation and delithiation. A study performed by Jacques et al. [26]
concluded that the expansion depends on the amount of lithium inserted where low
levels of lithium resulted in the larger carbon fiber expansions. Furthermore, carbon
fibers do not have the piezo-electrochemical effect naturally. However, if lithium is
inserted into the microstructure, carbon fibers become piezo-electrical.

2.3.2 Architectures for structural batteries

There are several designs for SBs, but the laminated and the 3D-fibre are the most
common ones. The former design consists of a positive and a negative electrode
separated from each other by an electrically insulating thin film (see Figure 2.1).
The positive and the negative electrode are built up by carbon fibres, but the carbon
fibers in the positive electrode are also coated with a thin-film of lithium metal oxide
or phosphate. The SB is infused by an electrolyte, i.e., an in-homogeneous system
such as the bi-continuous structural electrolytes. Asp et al. [14] constructed a
semi-structural 3D-fibre battery. The result did not meet the theoretical values
of LiFePQy, but it gave a hint about the potential of this type of battery design.
However, the solution is still at an innovative stage and extensive work still remains
to scale up the battery design.

ONONONONONORC . o v
Negative
electrode
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: «— >
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O O O O O O () | | Fositve

coating

Figure 2.1: Structural battery laminated design, cross sectional view.

2.3.3 Case-studies on Structural Batteries

Research on SBs have intensified the last few years with the aim of improving the
performance. Asp et al. [27] reported improvements in different multifunctionality
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aspects of the SBs where most important conclusion was regarding the improvement
of the mechanical and electrochemical properties of SBs [27]. The study used carbon
fibers in both the positive and the negative electrodes where the carbon fibers in
the positive one was draped in aluminium film in addition to two different separa-
tors in glass fiber (GF plain weave and GF/A Whatman). Asp and Carlstedt [7]
have shown a non-linear relationship between the thickness of the separator and the
driving range where conclusion was that a thinner separator improves the driving
distance. The result also showed that implementing stiffer separators with warp
and weft yarns in the same direction as the implemented forces increases the tensile
strengths in those directions. One conclusion regarding SBs is that the electrochem-
ical and mechanical properties can be tuned to specific area of application [14, 27].
Previous studies on SBs have either focused on improving the electrochemical or
mechanical properties. Moyer et al. study showed electrochemical performance of
35 Wh kg~! but with low mechanical performance with an Young’s modulus of
about 2 GPa.

Case-studies have been performed on SBs to investigate its usefulness in different
applications ranging from interior panels in aircraft to hull of electric ferry to laptop
computer chassis. Johannisson et al. [9] performed a case-study on a roof of an
electric vehicle made from a SB. The base case of the study was a roof in steel which
was compared to a roof based on either carbon fiber composites and SBs, where the
result indicated a mass-saving of 20 % and 62 % respectively. It is worth mentioning
that a roof does not need to be designed to carry any heavy loads. However, the roof
must be sufficiently stiff to not deform permanently due to pressure on the surface.
In practice this translates to that the roof is not designed to withstand heavy forces
upon a car accident unlike a door of a vehicle.

2.4 Classical Laminate Theory

In the following section, the theory of classical lamination theory (CLT) is presented.
CLT can be used to calculate the effective modulus of elasticity of materials for com-
posites. In order to determinate the effective modulus of elasticity of a composite,
one need to determine the volume and weight fractions, longitudinal and tensile
strength and Poisson’s ration. All these parameters provides with information such
that the effective modulus of elasticity can be found.

2.4.1 Volume and Weight Fractions

An important aspect of classical laminate theory is the fraction between the fibers
() and matrix (,,) of the composite material. The fractions can be expressed by
either using weight (W;) or volume (V;) fraction for characterization as presented in
Equation (2.11) and (2.12).
Wy, w
Wy = —2 Wy = L (2.11)

We We

where w, represents the total weight of the composite material, while w; and w,,
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represents the total weight fractions of the matrix (kg) and fibre material (kg),
respectively.

Um Uy
Vip=—,V, = — 2.12
ey (2.12)

where v, represents the total volume of the composite material, while v; and vy,
represents the total volume fractions of the matrix (kg) and fibre material (kg),
respectively.

2.4.2 Longitudinal Strength

The longitudinal strength of a unidirectional composite can be calculated given a
number of assumptions. Firstly, the carbon fibres must be assumed to have the same
size and properties, and act in parallel to each other. Secondly, there must exist a
perfect bonding between the fibers and the matrix. This causes each longitudinal
strain to be the same for the fibres, the matrix and the composite, which causes
the longitudinal load carried by the composite to be shared between the fibres and
the matrix. Based on these assumptions, the longitudinal load can be expressed by
adding the respective forces as presented in Equation (2.13).

Pc:UcAc:Pf—i-Pm:UfAf—l—UmAm (213)

where o; represents the stress (N/m?) and A; represents the cross sectional area (m?).

The composites longitudinal elastic stiffness can be obtained by assuming a linear
elastic behaviour for the fibres and the matrix.

E; = Efo + E.. Vi (214)

where E; represents the longitudinal stiffness (N/m?).

2.4.3 Tensile Strength

Failure occurs when the fibers are exposed to the critical fracture strain. However,
this fact is based on the assumption that the fibre failure strain is less than the
matrix failure strain. This means that the composite failure stress is dependent on
fibre volume fraction. The critical volume fraction express when the failure strength
of the fibres and the matrix are equal to each other and the parameter can be
determined by comparing the failure strengths of the fibres and the matrix. In
practical applications, the critical volume fraction is usually very low. Thus, the
fibres volume fraction do not tend to be a problem.

2.4.4 Poission’s Ratio

The longitudinal stress and the transverse strain can be related to each other by
using the major Possion’s ratio (v77) and minor Poisson’s ratio (vry), respectively.
vir _ Vi r

— = VpL = Vi — (215)

vir = ViV + vy Vi, and B B o

10
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where E7 and Ep represents the longitudinal elastic stiffness (N/m?) and the trans-
verse elastic stiffness (/m?), respectively.

2.4.5 Macromechanics of a Lamina

Hooke’s law of a generally anisotropic material can be generalised to relate stresses
and strains.

g; = Cijej Zjl = 1, 276 (216)

where Cj represents the stiffness matrix (N/m?) and ¢; represents the strain com-
ponents.

The constitutive relations for a fibre reinforced lamina is based on the assumption
that the lamina is in the plane stress state. If a xy,r9,23 coordinate system is
arranged such that the x;-axis are parallel to to fibers direction and the x3-axis
points out of the plane, the stress in the x3-direction and the shear stresses in the
x1,r3-direction and x,,x3-direction will be equal to zero. This assumption is valid
in most structural applications since the load is often applied in the plane of the
laminate.

01 Qn le 0 €1
02 = le Q22 0 €2 (2-17)
T12 0 0 Qs Y12

Q]

The constitutive relations must be translated from a fibre oriented coordinate system
(x1,m9,23) to a global coordinate system (xyz). This can be done by multiplying the
reduced stiffness matrix (|Q|) with the stress transformation matrix ([T3]71) and
the strain transformation matrix ([73]).

oL O m?  n? 2mn
op ¢=[T""4 o, p=[0]" =] n® m> —2mn (2.18)
LT Tuy —mn mn m?—n?

€L Ep m? n? mn

er =1 ¢ = [1h] = n? m*  —mn (2.19)
YLT Yy —2mn 2mn m? —n?

This implies that the relation between stresses and strains in a xyz coordinate system
can be expressed as in Equation (2.20).

Oz € Qll Qm QlG €z
op (=N QINIS & (=] Qr Qn Qu €y (2.20)
Tzy Q] Vay Q16 Q2 Qoo Yay

The strain-displacement can be expressed as presented in Equation (2.21) where ¢’
and K represents the midplane strains and the plate curvatures, respectively, and
the index (s) marks the present direction.

€ = €0+ 2K, (2.21)

11
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The stresses (i.e., stress and shear stress) can be expressed as normal forces and
moments, which can be obtained by integrating the stresses over the thickness of
the laminate.

h/2 h/2

N; = odz i=x,y and N, = Toydz i =xy,yx (2.22)
—h/2 —h/2
h/2 h/2

M, = o;zdz i=ux,y and M;= Tuy2d2 i=uzy,yr  (2.23)
—h)2 —h/2

The normal forces must be grouped into a single vector to be able to relate the
normal forces with the midplane strains and the plate curvatures. This is done
by integrating the stresses (i.e. stress and shear stress) over the thickness of the
laminate.

N, h/2 Oy n h Oy
k
{N}=4 N, ;= /h ) dz = Z/h o, ¢ dz (2.24)
Ny - Tzy R=L Ty )y

By combining Equation (2.21) and (2.24), the N vector can be expressed as presented
in Equation (2.25).

(N} = ki /h Zkl[Q]k [0+ 2k} dz (2.25)

Equation (2.25) can be rewritten as presented in Equation (2.26) given the fact that
the midplane strains and the plate curvatures as well as the material properties are
constant within each lamina.

(N} = [A]{e°} + [B]{k} (2.26)
where
[A] = Xi:[Q]k (hk - h'k:—l)‘| and [B] = ; [i[Q]k (hi - hi—l)‘| (2'27)

The same type of reasoning can be applied for the moments resulting in Equation
(2.28).

M,
(M) =3 M, = B {2") 4 D1k (2.25)

where L
Dl = ;| S0 (1 - 1) (2.29)

By combining all these equations, the relationships between N-M and €’-k can be
expressed as in Equation (2.30).

SIRERIEY =

12
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2.5 Life Cycle Assessment

LCA was developed to assess the environmental impact of products and system. An
LCA study is structured in four steps: goal and scope definition, inventory analysis,
impact assessment and interpretation. The LCA procedure is presented in Figure 2.2
as described by Peters and Svanstrom [28].

Y

Goal and scope definition

! 7\
A 4

Inventory analysis 4
<- c
A 2
: 8
Y o
2
8]
Impact assessment > £

Classification
Characterisation
| Weighting | <7

Figure 2.2: The LCA procedure where solid and dashed arrows indicates the order
and possible iterations, respectively.

The first step includes a definition of the goal and scope of the study. This implies
definition of how the results will be used, the reason for carrying it out well as
the audience of the study. Additionally, this step also includes a specification of the
modelling aspects such as the choice of functional unit. Technical aspects should also
be defined in the scope such as flowcharts, system boundaries, allocation procedures
and impact categories. This step is followed by an inventory analysis where the
technical system is modelled according to the requirements defined in the step. This
involves modelling of the technical system, data collection on inputs and outputs
such as raw materials, products and solid waste as well as calculations of resource use
and emission. The third step is the impact assessment where the inventory results are
translated to environmentally understandable information. This includes activities
such as classification and characterization. The findings are continuously interpreted
during the study through identification of important environmental findings and
critical methodological choices as well as evaluation of consistency and completeness,
which will result in conclusions and recommendations.

13
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Methodology

This chapter presents the methodology of the conceptual design of the conventional
BEV as well as the composite vehicles where components are based on either CFRPs
or SBs (Section 3.1-3.4). The result from the conceptual design is summarised in
Section 3.5. The chapter also includes the methodology of the cradle-to-grave LCA
of the conventional BEV and the composite vehicles (Section 3.6). The purpose
of the conceptual design was to show the potential mass-savings while keeping or
increasing the system performance by using CFRPs or SBs instead of conventional
materials. The result functioned as input data for the inventory analysis of the LCA
whose purpose was to assess the environmental impact of the conceptual composite
vehicle (i.e., vehicles based on either CFRPs and SBs) as well as to identify key
areas that need further research.

3.1 Multifunctional Design Analysis

The purpose of the multifunctional design analysis was to demonstrate the potential
mass-savings while increasing the system performance by replacing monofunctional
materials with multifunctional materials. By using multifunctional materials, a ma-
terial is obtained that provides both mechanical and electrochemical properties. The
properties can be varied such that the system performance increases while the vehi-
cle receives a mass-saving. The result from the multifunctional design analysis was
used as a basis for the design process of the conventional BEV (Section 3.2).

EVs based on lightweight materials are a rather new concept and there are vari-
ous suggestions on how the concept should continue to be developed. BMW and
Tesla are two pioneers in the matter and the car manufactures have chosen to de-
velop the concept in different ways. The main difference lies in the material selection
and the management of the consequences of the material selection. In the BMW
case, the EVs are mainly built by CFRPs [29], which means that the EVs can be de-
signed to use lighter and smaller batteries. Tesla has chosen to focus on aluminium
instead [30], which is approximately twice as heavy as CFRPs. As a result, Tesla
must design the EVs with a much heavier and larger battery to compensate for the
additional mass in comparison to BMW EVs.

The multifunctional design analysis included the Tesla model S and the BMW i3 to

see what implications the material selection have for the multifunctionality aspects
of a vehicle. The analysis was based on O’brien et al. [18] model on multifunctional
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materials design presented in Section 2.2. The original model was intended to ex-
amine the design requirements of structural capacitors for mass-savings. However,
the same model was used for this analysis because the model was based on the same
type of variables such as mass, modulus of elasticity and energy density. Data for
construction and battery weight were obtained from Rangarajan [31].

Figure 3.1 presents the result from the multifunctional design analysis including (a)
the BMW i3 and (b) the Tesla Model S. The blue dashed lines represents the nom-
inal weight of the EVs based on current mechanical and electrochemical properties.
The red, yellow and purple solid lines represents different values of electrochemical
properties (€2.), which have been varied over different values of mechanical proper-
ties (€2,). The system performance can only be improved if the Q.+ g > 1 and the
ideal situation is achieved when €., ), = 1.
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Figure 3.1: Multifunctional design requirements for a) the BMW i3 and b) the
Tesla Model S. The dashed blue line for both figures represent the nominal weight
of the two vehicles. The purple, yellow and red lines represent different values of
electrochemical properties.

Figure 3.1 shows that it is possible to achieve increased system performance while
the mass is reduced by using multifunctional materials. The break-even point (i.e.,
the point just before the system performance starts to increase) for both the BMW
i3 and the Tesla Model S occurs when the red, yellow or purple solid lines intersect
with the blue dashed line, i.e., when €, + 0, = 1. However, the break-even point
does not imply any mass-savings for the vehicles. The mass savings can only be
achieved when the system performance is increased, i.e., 2. + €2, > 1, which occurs
when the red, yellow or purple lines are below the blue dashed line. For instance, in
the BMW i3 case, when 2, = 0.5 and §2, = 1.0, the system performance is increased
by 0.5 and the vehicle obtains a mass-saving of approximately 250 kg. The BMW
i3 and the Tesla Model S can both achieve an increased system performance by
using multifunctional materials, but it can be seen in Figure 3.1 that the effect of
using multifunctional materials is larger on the Tesla Model S than the BMW 1i3.
This can be identified by studying the slope of the curves for the different vehicles.
For instance, if the mechanical performance increases from 0.5 to 0.6, the mass-
savings would be approximately twice as much in absolute terms for Tesla Model
S in comparison to the BMW i3. It is reasonable to imagine that this follows as
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a consequence of the heavier and larger battery as well as heavier components.
However, the key to the result is that both the vehicles have the possibility to
increase the system performance while reducing the mass.

3.2 The Conventional BEV

The following section presents the design process of the conventional BEV where
the result from the multifunctional design analysis functioned as the starting point.

3.2.1 Design of the Conventional BEV

The multifunctional design analysis resulted in some insights regarding the design
process of the conventional BEV. For instance, the result showed that both the
BMW i3 and Tesla Model S have potential to increase the system performance while
the mass is reduced by replacing monofunctional materials with multifunctional
materials. It therefore became interesting to examine different materials and car
components to see what implications it has for multifunctionality. This resulted in
a list of several components based on different materials including aluminium, steel,
CFRPs and plastic as well as a Li-ion battery. Table 3.1 present the mechanical
and electrochemical components in the conventional BEV. Aside from the Li-ion
battery, the conventional BEV only includes a selected amount of components from
a generic vehicle, which are static and only function as design elements or mechanical
structures. The material types of the components in the conventional BEV were
either based on [30] or discussions with technical experts. Polypropylene was selected
as the material for all plastic components. However, in reality, different types of
plastics are used depending on the component in question [32]. Data for material
properties were adapted from Hermansson et al. [33], while data for the Li-ion
battery was gathered from Asp et al. [7].

Table 3.1: Data on components in the conventional BEV including material type
and properties as well as dimensions. Data is adapted with permission from Her-
mansson et al. [33]. Data for Li-ion battery is based on the findings in Asp et al.
[7].

Component Material p (kg/m®) E(GPa) 1(m) w(m) t(mm) m (kg) Energy density (MJ/kg)
Outer door panels Aluminium 2700 69.0 1.20  0.800 3.00 31.1 n/a
Roof Steel 7800 206 2.20 1.10 0.800 15.1 n/a
Bumpers Polypropylene 950 1.40 2.00  0.50 5.00 9.50 n/a
CFRP 1310 50.0 2.00 0.50 2.00 5.20 n/a
A and B roof arches Steel 7800 206 1.10  0.05 1.00 0.860 n/a
C roof arch Steel 7800 206 1.10  0.05 5.00 2.10 n/a
Hood Steel 7800 206 1.60 110  0.800 11.0 n/a
Dashboard Polypropylene 950 1.40 1.80  0.50 2.00 1.70 n/a
Inner door panels | Polypropylene 950 1.40 1.00  0.60 2.00 4.60 n/a
Luggage floor Polypropylene 950 1.40 1.00 0.88 2.00 1.70 n/a
Luggage wall (x2) | Polypropylene 950 1.40 0.500 0.880 2.00 1.70 n/a
Li-ion battery n/a n/a n/a n/a  n/a n/a 540 0.570

The input data in Table 3.1 was used to create two composite vehicles with the
same components, but where the materials were replaced with either CFRPs or SBs
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(Section 3.3 and Section 3.4). To do this, the modulus of elasticity was chosen as
reference point to be able to compare the materials mechanical performance. This
gave data about the amount of CFRPs and SBs required to replace the compo-
nents in the conventional BEV while maintaining the mechanical performance of
the vehicles.

3.3 The CFRP car

This section includes the design process of the CEFRP car. All calculations for the
required amount of CFRPs were done in MATLAB.

3.3.1 Design of the CFRP car

In the design process of the CFRP car, the modulus of elasticity and the thickness of
the components in the conventional BEV were compared to the CFRPs modulus of
elasticity. Thereby, data could be obtained on what thicknesses the CFRPs need to
maintain the mechanical performance of the components. Using the thicknesses of
the CFRPs in the components, the total amount of CFRPs required to replace the
components in the conventional BEV was determined. The calculations were done
according to Equation 3.1 where tcomponent ald Ecomponent Tepresent the thickness and
modulus of elasticity of the component in question and tcprp and Ecprp represent
the thickness and the effective modulus of elasticity of the CFRPs.

tcomponent E component (3 1 )

tcrrp =
Ecrrp

The modulus of elasticity of the CFRPs was assumed to 50 GPa after discussions
with technical experts. The thickness of the CFRPs was found by multiplying the
thickness of the particular component in the conventional BEV with its modulus of
elasticity (Table 3.1) and divide the product with the modulus of elasticity of the
CFRPs. To find to the total mass of CFRPs in the component, the thickness of the
CFRPs was multiplied with its density as well as the length and width of the replaced
component in the conventional BEV Table 3.1. The density of the CFRPs was as-
sumed to 1310 kg/m? after discussions with technical experts. Table 3.2 presents the
results for the CFRP car including material properties and dimensions. The CFRPs
do not hold any electrochemical properties due to its monofunctional characteristics.
This is why the CFRP car do not receive any battery weight reduction.
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Table 3.2: Data on components in the CFRP car including material type and
properties as well as dimensions. Data is based on MATLAB calculations and the
findings in Asp et al. [7].

Component Material p (kg/m3) E (GPa) 1(m) w (m) t(mm) m (kg) Energy density (MJ/kg)
Outer door panels CFRP 1310 50.0 1.20  0.80 4.14 20.8 n/a
Roof CFRP 1310 50.0 2.20 1.10 3.30 10.5 n/a
Bumpers CFRP 1310 50.0 2.00 0.500  0.140 0.370 n/a
CFRP 1310 50.0 2.00  0.500 2.00 5.24 n/a
A and B roof arches | CFRP 1310 50.0 1.10 0.0500  4.12 0.590 n/a
C roof arch CFRP 1310 50.0 1.10  0.0500  20.6 1.48 n/a
Hood CFRP 1310 50.0 1.60 1.10 3.30 7.60 n/a
Dashboard CFRP 1310 50.0 1.80  0.500  0.0600 0.0700 n/a
Inner door panels CFRP 1310 50.0 1.00  0.600 0.0600 0.180 n/a
Luggage floor CFRP 1310 50.0 1.00 0.880 0.0600 0.0700 n/a
Luggage wall (x2) CFRP 1310 50.0 0.500 0.880 0.0600 0.0700 n/a
Li-ion battery n/a n/a n/a n/a n/a n/a 540 0.570

3.4 The SB car

This section presents the design process of the SB car including cell design and
calculations of the effective modulus of elasticity as well as the design process. The
calculations of the modulus of elasticity as well as the calculations for the required
amount of SBs were done in MATLAB.

3.4.1 Cell Design

The energy density of the SBs was set to 75 Wh/kg after discussions with technical
expert which is based on current state of the art of SBs. The effective modulus
of elasticity was calculated based on classical laminate theory (Section 2.4.5). In-
put data for the calculations are presented in Table 3.3, which was adapted from
Hermansson et al. [33].

Table 3.3: Input data for calculations of the effective modulus of elasticity. Data
was reprinted with permission from Hermansson et al. [33].

Parameter | Metric Unit
Vay 0.300 -
Vyz 0.0500 -

E. 75.0 GPa

E, 10.0 GPa

Gay 5.00 GPa
d 60.0  pm/cell

The cell was designed to include 6 laminates with a the orientation code of [0/60/60]s.
Figure 3.2 present a sketch of the cell where the layers represent the laminates in
the cell and the lines represent the carbon fibers. The cell was designed in this way
to make the SBs isotropic, i.e., uniform regardless of the direction. An additional
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cell design was tested where the cell included 8 laminates with a orientation code
of [0/-45/45/90];. However, this cell design resulted in a lower effective modulus
of elasticity. For further information about the cell design with 8 laminates, see
Figure A.1. The calculations of the effective modulus of elasticity of the SBs were
based on classical laminate theory and the cell design with 6 laminates as presented
above. For more information regarding the calculations, see Hermansson et al. 2021
[33]. The calculations of the mechanical property resulted in a effective modulus of
elasticity of 32.5 GPa.

Figure 3.2: Cell with 6 laminates and laminate orientation code [0/60/-60].

3.4.2 Design of the SB car

The design process of the SB car followed the same type of logic as for the CFRP car
presented in Section 3.3.1 where the modulus of elasticity and the thickness of the
components in the conventional BEV were compared to the SBs effective modulus
of elasticity according to Equation 3.2. The density of the SBs was assumed to 1600
kg/m? after discussions with technical experts.

t omponen E omponen
Comp tL2Comp t (3 ) 2)
Esp

The Table 3.4 presents the results for the SB car including data for material prop-
erties, dimensions and weight. Note that the total weight of the Li-ion battery
has been reduced from 540 to 497 kg. The amount of SBs required to replace the
components in the conventional BEV such that the mechanical performance was
maintained resulted in a net increase of the components total weight. However, as
already explained, SBs are multifunctional materials, which means that the materi-
als can supply with both mechanical and electrochemical properties simultaneously.
This means that the net increase of the components total weight plays less of a
role because SBs provided with electrochemical properties that corresponds to ap-
proximately 43.0 kg, which resulted in a total net reduction of the vehicle by 38.0
kg.

tsp =
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Table 3.4: Data on components in the SB car including material type and proper-
ties as well as dimensions. Data is based on MATLAB calculations and the findings
in [7].

Component Material p (kg/m3) E (GPa) 1(m) w (m) t(mm) m (kg) Energy density (MJ/kg)
Outer door panels SB 1600 32.5 1.20  0.800 6.37 39.2 n/a
Roof SB 1600 32.5 2.20 1.10 5.07 19.6 n/a
Bumpers SB 1600 32.5 2.00 0.500  0.220 0.690 n/a
SB 1600 32.5 2.00  0.500 3.08 9.85 n/a
A and B roof arches SB 1600 32.5 1.10  0.0500  6.34 1.12 n/a
C roof arch SB 1600 32.5 1.10 0.0500  31.7 2.79 n/a
Hood SB 1600 32.5 1.60 1.10 5.07 14.3 n/a
Dashboard SB 1600 32.5 1.80  0.500 0.0900  0.120 n/a
Inner door panels SB 1600 32.5 1.00  0.600 0.0900  0.330 n/a
Luggage floor SB 1600 32.5 1.00 0.880 0.0900  0.120 n/a
Luggage wall (x2) SB 1600 32.5 0.500 0.880 0.0900  0.120 n/a
Li-ion battery n/a n/a n/a n/a n/a n/a 498 0.570

3.5 Summary of the Design Processes

Table 3.5 shows the weight loss of the CFRP car and the SB car compared to the
conventional BEV. The result was used as input data for the inventory analysis.
Note that the mass of SB changes as a consequence of a material substitution, but
also as a consequence of a reduction of the battery size.

Table 3.5: The mass savings and change in mass of the battery for the conceptual
vehicles.

Vehicle Change in mass (kg) Change in battery size (kg) Total mass-savings (kg)
The conventional BEV n/a n/a n/a
The CFRP car -37.6 0 -37.6
The SB car 3.68 -42.0 -38.4

3.6 Life Cycle Assessment

The following sections presents the goal and scope of the study. This is followed by
the inventory analysis including the modelling of the system before the methodology
of the sensitivity analysis is presented.

3.6.1 Goal of the Study

The goal of this LCA study was to assess the environmental impact of two concep-
tual composite cars with either CFRPs or SBs. The outcome of the study should
function as a basis for future research on composite vehicles. The LCA study has
an attributional cradle-to-grave approach.
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3.6.2 Scope of the Study

The following sections present the functional unit, system boundaries, impact cate-
gories, allocation, data quality requirements, limitations and assumptions.

3.6.2.1 Functional Unit

The functional was defined to include the function of the car components as well
as the battery of the electric vehicle where the lifetime was set to 200,000 km. For
further information about the reasoning behind the life, see Section 3.6.3.4. The
functional unit was quantified per vehicle to include all components in the system,
which is presented in Table 3.6.

Table 3.6: Reference flow for the vehicles.

Vehicle Reference flow
The function of the components in the conventional BEV, except the Li-ion battery,
The conventional BEV with a lifetime of 200,000 km and a total mass of 84.54 kg

(for more information about the components, mass and materials , see, Table 3.1).
The function of the CFRP components, except the Li-ion battery,

The CFRP car with a lifetime of 200,000 km and a total mass of 46.93 kg

(for more information about the components, mass and materials, see, Table 3.2).

The function of the SB components and the weight reduction of the Li-ion battery,

The SB car with a lifetime of 200,000 km and a total mass 46.18

(for more information about the components, mass and materials, see, Table 3.4).

3.6.2.2 Data Quality Requirements

The LCA study only used average data where the data sources are essentially sec-
ondary data sources. A large part of the modelling is based on Ecoinvent APOS 3.7
[34] and ELCD [35] in addition to literature data. As mentioned in Section 3.3.1, the
input data for inventory analysis (i.e., input data for all the conceptual vehicles) are
based on estimations and assumptions. However, the inventory has been validated
by a technical expert on composites at Volvo Cars in Gothenburg.

3.6.2.3 System Boundaries

The LCA study has a cradle-to-grave approach including raw material extraction,
production processes, manufacturing of car, use phase and end-of-life treatment.
The input and output flows consist of raw materials and energy as well as emissions
and waste.
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Figure 3.3: Simplified flowchart of the processes including input and output flows.

The LCA study did not include processes for RD activities, business travels and
capital goods. The geographical boundaries were set to Europe, which means that
only European data were used in the modelling. However, in some cases, the mod-
elling was not possible with European data on the 1st provider in Ecoinvent APOS
3.7 [34]. For instance, standardized processes in Ecoinvent APOS 3.7 for both bat-
tery production and battery recycling are only available with global data. For these
processes, the modelling was done with global data.

SBs is an emerging technology that has just been introduced. One can expect
significant developments in the coming years for both production and manufactur-
ing technology, but also for the SBs themselves. Additionally, carbon fiber has been
relatively expensive for a long time, but the price is expected to decrease in the
future. This means that a time horizon of 20 years is a reasonable limitation, which
makes the result relevant to 2041.

3.6.2.4 Impact Categories

The LCA study had a midpoint approach and considered global warming potential
and cumulative energy demand using the IPCC 2013 and the cumulative energy
demand impact assessment methods as provided by Ecoinvent APOS database ver-
sion 3.7 [34] as well as the crustal scarcity indicator made by Arvidsson et al. [36].
The amount of impact categories was limited to only a few categories. However, the
correlation between the impact categories is generally high, making a limited set
of impact categories sufficient [37]. For example, cumulative energy demand has a
correlation to eutriphication, acidification and photochemcial ozone creation. This
implies that the impact assessment should be sufficient and give a fair approxima-
tion. Furthermore, many of the environmental problems related to the transport
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sector can be considered as global issues, which makes impact categories such as
eutrophication and acidification less relevant.

Global warming potential was included as an impact category as it was expected
that the life cycle impact of the vehicles contribute to global warming. Additionally,
the impact category is also common and recognized among LCA practitioners.

Crustal scarcity indicator is included as it covers minerals in the electric vehicle
batteries, but also other other materials in the vehicles.

Cumulative energy demand is an indicator in that calculates the direct and indi-
rect energy use and presents them as either renewable (Wind, solar, water, biomass
and geothermal) or non-renewable energy (fossil fuels, nuclear and primary forest).
There is typically a correlation between global warming and cumulative energy de-
mand. However, the impact categories do sometimes diverge from each other when
there is a high portion of renewable resources, which is important to identify and
further investigate.

3.6.2.5 Allocation

The LCA study has an attributional approach as mentioned in section 3.6.1. LCA
proxy suggest partitioning as allocation procedure when allocation problems occurs
such as when a process has single-input and multi-output. However, for this study,
system expansion with substitution has been used for problems like this where a
credit for avoided production and recycling have been given to the system.

There are arguments of dealing with allocation problems with both partitioning
and system expansion with substitution. Hermansson et al. [38] performed an LCA
study on lignin where different allocation approaches was examined to give a better
understanding of how important the choice of allocation approach may be when
assessing lignin as a substitute for other raw materials. The authors claimed that
system expansion is more natural to consequential LCA studies, but that the al-
location procedure also is applicable in attributional LCA studies where the main
difference lies in the type of data that is selected. However, Hermansson et al. [3§]
study was based on processes with multi-output, but this thesis only covers recycling
processes with single-output. It was therefore assumed that the same principles can
be applied for single-output processes as well.

3.6.2.6 Limitations

The LCA study was limited to materials and components in Table 3.1, Table 3.2
and Table 3.4. This implied that other components of a vehicle was left out the
study. The LCA study was limited to three impact categories: global warming po-
tential, crustal scarcity indicator and cumulative energy demand. Toxicity could
have worked as complement to the impact categories, but was not been included
in the study. Zackrisson et al. [39] have concluded that toxicity evaluation is not
currently reliable, particularly when it comes to metals such as lithium. This is ex-
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plained by the lack of characterisation factors that translates these pollutants into
toxic impacts.

All types of transport of goods and materials during the life cycle were excluded
from the LCA study except from the use phase. However, it was found that some
standard processes in Ecoinvent APOS version 3.7 had transport as a predetermined
flow, but no manually changes were done to adjust these flows. Additionally, the
assembly of the car components and the material sorting of the components before
the recycling were also excluded. It was assumed that the impact from these pro-
cesses are the same regardless of whether it is the conventional BEV, the CFRP car
or the SB car, which means that the impact from each car take out each other.

3.6.2.7 Assumptions

EVs are associated with electricity losses as well as losses related to the mass of the
battery. This type of reasoning for car batteries in the use phase has been used in
other LCAs [40], who mainly used an energy reduction value (ERV) to compensate
for the losses. For this LCA study, it is assumed that the influence of the electricity
losses and the mass of the battery corresponds to 0.065 Wh/kg/km according to the
New European Driving Cycle (NEDC). The NEDC gives a lower ERV in compari-
son to the worldwide harmonised light-duty vehicles test procedure (WLTC) value
(0.069 Wh/kg/km). The NEDC and the WLTC have both been criticised for not
representing the reality in a proper way and choosing the worst case scenario is
therefore reasonable.

The components of the vehicle were assumed to not be fully recycled after the
use phase. A recycling rate (i.e., the proportion of the material that is recycled
and does not end up as landfill) of 95% was therefore assumed for all the materi-
als. This assumption is in line with the European end-of-life vehicle directive [41].
Furthermore, all materials in the vehicles were assumed to be collected and undergo
a material sorting process. However, the environmental impact of these steps was
excluded from the study due to data uncertainties. The metals in the conventional
BEV was assumed to have a recovery rate of 100% in addition to be reused in
secondary applications. Additionally, the polypropylene was assumed to end up as
waste in a municipal solid waste incinerator [42]. The polypropylene was assumed to
have an energy content of 38 MJ/kg [42], which represents the lower heating value of
the polymer. Additionally, it was assumed that all energy in the polypropylene was
turned into heat without any losses. The CFRP production process was assumed
to be resin transfer moulding (RTM). The energy requirement for this process was
assumed to 12.8 MJ/kg of CFRP according to Suzuki [43] suggestion, while the
recycling of the CFRP components was assumed to undergo a pyrolysis process to
recover the carbon fibers where the energy requirements was assumed to 30 MJ/kg
of CFRP according to Witik [44]. It was also assumed that all the energy used in
the process was electricity in addition to a material degradation rate of 50% of the
carbon fibers. Furthermore, recycling of SBs is not something that is currently going
on. However, it was assumed that a pyrolysis process can be used to recover the
carbon fibers and the glass fibers in the SBs. The same material degradation rate
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was assumed for the carbon fibers in the SBs as for the carbon fibers in the CFRPs.
Additionally, the glass fibers in the SBs was assumed to have material degradation
rate of 50% [45]. The battery was assumed to be recycled via a hydrometallurgical
process [46].

3.6.3 Inventory Analysis

The following sections present the modelling of the systems for the conventional
BEV, the CFRP car and the SB car. The modelling was done in OpenLCA based
on Ecoinvent APOS database version 3.7 [34]. If any other data sources were used,
it has been stated in the text. For more information about the processes as well as
the providers, see Appendix B.1-B.3. The modelling of the use phase for the three
vehicles is presented in Section 3.6.3.4.

3.6.3.1 Modelling of the Conventional BEV

The conventional BEV includes car components made of aluminium, steel, polypropy-
lene and CFRP presented in the flowchart of the system in Figure 3.4. Solid lines
represent processes included in the system, while dashed lines represent processes
excluded in the system. For a more detailed description about the modelling of the
carbon fiber production, see Figure 3.5. For information about the modelling of the
battery production and the battery recycling, see Section 3.6.3.3.
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Figure 3.4: Flowchart of the conventional BEV. Solid lines represent processes
included in the system, while dashed lines represents processes excluded in the sys-
tem.

The aluminium components were modelled as aluminium alloys. The aluminium
alloy was modelled to undergo a forming process before the use phase that included
sheet rolling and impact extrusion with 5 strokes. The steel components were mod-
elled as a hot-rolled alloy that also to underwent a forming process before the use
phase. This step was modelled with the same impact extrusion process as for the
aluminium alloy. The production of the polypropylene was modelled as polypropy-
lene granulate and the forming polypropylene was modelled as injection moulding.
The CFRP components includes processing processes for both carbon fiber produc-
tion as well as CFRP production. The modelling of the carbon fiber production was
based on a life cycle inventory by Romaniw [47]. The polyacrylonitrile precursor
fiber production data was taken from Fazio and Pennington [35] and the data was
found in the ELCD database [48]. The CFRP production process was modelled as
resin transfer moulding (RTM) where the energy requirement for this process was
set to 12.8 MJ/kg of CFRP. An electricity process with low voltage was used to
supply the production process with energy.

Aluminium and steel components in the conventional BEV was modelled to be fully
recovered after the use phase, which was modelled as a credit to the system. The
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polypropylene components were modelled to end up in incineration where the heat
from the treatment process resulted in a credit to the system. The energy content
of the polypropylene was set to 38 MJ/kg. Additionally, all the energy content in
the polypropylene was turned into heat in the incineration process. The CFRP pro-
duction process used a resin transfer moulding (RTM) and the energy requirement
of the process was set to 12.8 MJ/kg of CFRP where all energy was modelled as
electricity. The recycling of the CFRP components to recover carbon fibers was
modelled as a pyrolysis process, where the energy requirement was set 30 MJ/kg
of CFRP [44]. This implied that the modelling only included emissions from the
energy use, which meant that other potential emissions from the pyrolysis process
were excluded. The energy use in the reycycling process of CFRP was modelled as
electricity and the recovery rate was set to 50%.

3.6.3.2 Modelling of the CFRP car

The flowchart for the CFRP car are presented in Figure 3.5. Production of the
car components for the CFRP car includes processing processes for carbon fiber
production and CFRP production. The modelling followed the same logic as for the
CFRP components in the conventional BEV presented in Section 3.6.3.1. The same
applies for the recycling of the CFRP car components, which can be found in the
same section. For information about the modelling of the battery production and
the battery recycling, see Section 3.6.3.3.
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Figure 3.5: Flowchart of the CFRP car. Solid lines represent processes included
in the system, while dashed lines represents processes excluded in the system.

3.6.3.3 Modelling of the SB car

Figure 3.6 presents the flowchart of the SB car including the production processes
and the use phase as well as the recycling processes. Solid lines represent processes
included in the system, while dashed lines represent processes excluded in the sys-
tem. For further information about the modelling of the carbon fiber production,
see Figure 3.5.
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Figure 3.6: Flowchart of the SB car. Solid lines represent processes included in
the system, while dashed lines represents processes excluded in the system.

The SBs was modelled as battery cells with an external casing made of glass fibers
and epoxy resin based on Zackrisson et al. [49]. The bill of materials are presented in
Table 3.7 including data for constituents and mass. The modelling of the carbon fiber
production process follows the same logic as for the carbon fiber production in the
conventional BEV presented in section 3.6.3.1. The battery cells was modelled with
a negative and positive electrode, where the negative electrode was made of carbon
fibers impregnated with SBE. Input data for the SBE is presented in Table 3.8, which
is based on [49]. The main constituents in the SBE was bisphenol A dimethacrylate
and ethylene carbonate. These constituents were modelled with processes taken
from Ecoinvent APOS 3.7. However, the remaining constituents in the SBE could
not be found in the database, so these materials were modeled as either organic or
inorganic chemicals. See Table B.5 in Appendix B.1 for further information.
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Table 3.7: Data for structural battery cells was adapted from Zackrisson et al.

[49].

Part Constituent Mass (%) Mass (g)

Negative electrode Carbon fibers 13.08 12.3

Carbon fibers 13.08 12.3

o LiFePO4 40.8 38.5

Positive electrode PVDF 1.04 1.83

Carbon black 2.34 2.19

Separator Glass fibers 0.160 0.15

Casing Glass fibers 8.53 8.04

Epoxy resin 4.01 3.78

Electrolyte SBE (see Table 3.8) 16.4 174

Total 100 94.7

Table 3.8: Data for structural battery electrolyte was adapted from Zackrisson et
al. [49].

Part Constituent Mass (%) Mass (kg)
Bisphenol A dimethacrylate 9.26 8.77
Lithium trifluoromethanesulfonate 0.813 0.77
Ethylene carbonate 2.84 2.69

SBE Dimethyl methylphosphonate 2.84 2.69
2,2’ (Ethylenedioxy)diethanethiol 0.581 0.55
Tris(N-nitroso-N-phenyl-hydroxylaminato)al. 0.0106 0.01
2,2’-Azobis(2-methylpropionitrile) 0.095 0.09
Total 16.4 17.4

The positive electrode was modelled as carbon fibers coated with LiFePO4, polyvinyli-
denfluride film (PVDF) and carbon black. LiFePO4 was modelled as diammonium
phosphate production and data was taken from Manjare and Mohite [50]. Zackris-
son et al. [49] used another type of PVDF in the modelling, but that process could
not be found in the Ecoinvent 3.7 database. However, the processes are similar to
each other and the impact was assumed to be negligible. Furthermore, the separator
was made of glass fibers impregnated with SBE where the manufacturing process
was assumed to be injection moulding. The casing was modelled to both include
glass fibers and epoxy resin.

The energy requirements for battery cell manufacturing and battery assembly are de-
pendent on several factors, such as dry or clean room conditions and plant through-
put [51]. The modelling was been based on the assumption that it takes 11.7 kWh
electricity and 8.8 kWh gas per kg of structural battery. Zackrisson et al. [10] used
the same set up to model the SBs in their study.

The SBs were assumed to be partly recovered after the use phase. A material
degradation rate of 50% as well as a recycling rate of 95% was taken in the mod-
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elling for both carbon and glass fibers. The SBs were recycled by means of pyrolysis
to recover carbon and glass fibers. The same energy requirement as for the pyrolysis
process in the CFRP recycling was used (Section 3.6.3.1)

The battery of the electric vehicle was modelled as a rechargeable prismatic Li-
ion battery, which could be used for mechanical drive of an electrical vehicle. The
avoided battery production was modelled as a credit for the SB car where the avoided
mass of the Li-ion battery, due to the SBs multifunctionality, set the size of the credit
(Table 3.5). The recycling of the Li-ion battery was modelled as a hydrometallur-
gical process [46]. The same reasoning about the credits applies for the battery
recycling as for the battery production.

3.6.3.4 Modelling of the Use Phase

The energy use in the use phase of the conventional BEV, the CFRP car and SB
car was modelled with electricity low voltage, see Table B.6 for further information
about provider. The use phase was modelled with an energy reduction value of
0.065 Wh/kg/km according to the NEDC with a lifetime of 200,000 km where the
reference flow for each case was used to calculate the energy savings for all impact
categories. Hottle et al. [52] showed that LCAs typically model the use phase of a
vehicle with a wide range of lifetimes ranging from 150,000 km to 322,000 km. How-
ever, the authors stated that two distinct groupings could be identified: 190,000 km
to 210,000 km and 231,000 to 250,000 km.

There are also regional differences of modelling the use phase of a vehicle. For
example, the US vehicles are usually modelled with a lifetime from 190,000 km to
290,000 km, while the Japanese vehicles are modeled with a travel distance half to
the US vehicles. One could argue that there are differences in lifetime between US
and European vehicles. However, it is reasonable to think that the approximation is
much similar than the Japanese one. Furthermore, the lifetime will affect the credit
from using lightweight materials, which motivates the 200,000 km considered as a
worse case scenario. Additionally, the energy use in the use phase was modelled
with electricity with low voltage in Europe.

3.6.4 Sensitivity Analysis

A sensitivity analysis was performed on the vehicles for all impact categories where
Swedish and global was used. All used processes modelling had providers based
on global data as an option, which only necessitated adjustments from European
to global data in the first process with its provider. However, there was a lack of
Swedish data in the corresponding processes and providers. In these cases, the input
data for the processes and providers were changed manually two steps down in the
processes. For further information, see Appendix C.1-C.3.

A sensitivity analysis for the use phase was also performed where the lifetime of

the CFRP car and SB car was varied until the break-even point was identified. For
this sensitivity analysis, the break-even point represent the point when the environ-
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mental impact for the CFRP car and the SB car is the same as for the conventional
BEV. The break-even analysis was only done for global warming potential based on
European data.
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Result and Discussion

This chapter begins with the results from the conceptual design of the vehicles
(Section 4.1) followed by a brief presentation of the LCA results where the vehicles
are compared to each other per impact category: global warming potential (Section
4.2), crustal scarcity indicator (Section 4.3), cumulative energy demand (Section
4.4). The vehicles are individually examined in a hotspots analysis (Section 4.5)
where each process of the vehicles is investigated. This is followed by a sensitivity
analysis (Section 4.6) where a break-even analysis is performed on the lifetime of
the vehicles. Additionally, the hotspots in the CFRP car and the SB car are also
re-calculated, but based on either Swedish or global data.

4.1 Design of the Conceptual Vehicles

The design process of the SB car resulted in a weight reduction of 6% (Table 4.1)
compared to the conventional BEV. The weight reduction was achieved without
reducing the electrochemical or the mechanical performance in regards to the energy
storage and the modulus of elasticity of the replaced car components. The result
for the CFRP car showed that the system received a mass-saving of approximately
6%. This was also achieved without reducing the electrochemical or the mechanical
performance of the vehicle.

Table 4.1: Weight loss for the CFRP and SB car relative to the conventional BEV.

The CFRP car (%) The SB car (%)
Weight loss of the total system (battery 540 kg) 6.02 6.14
Weight loss with reduced battery size (battery 28.18 kg) 33.37 46.73

The weight reduction of the vehicles are heavily affected by the fact that the weight
of the Li-ion battery in the study was assumed to 540 kg. This means that the
weight of the Li-ion battery constitutes approximately 87% of the total weight in
the conventional BEV (Table 3.1). Translating this to the CFRP car and SB car the
Li-ion battery still consist of a large part of the total weight. This is why the total
weight reduction of the CFRP car and SB car are so similar, Table 4.1. However,
in a generic BEV including all the components, a battery typically constitute 25%
of the total weight. If the battery weight in the conventional BEV is scaled down
such that it constitutes a 25% of the total weight, the new battery weight would be
28.18 kg, which result in a total weight of 112.73 kg for the conventional BEV. By
scaling down the battery weight, the actual weight reduction can be found. For the
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SB car, this gives a weight reduction of 46.73%, while for the CFRP car, this result
in a weight reduction of 33.37%. However, the SBs provides the system with electro-
chemical performance that corresponds to 42.04 kg of battery, but in this case, the
system only have 28.18 kg of Li-ion battery to replace, which means that the system
receives a surplus of energy storage. Although a surplus of energy storage has a pos-
itive impact on the electrochemical performance of the vehicle, which can increase
the driving range, the mass-savings cannot fully be exploited. The result for the SB
car is similar to findings by Asp et al. [7] who concluded weight reductions of 20-30%.

Other similar studies that have examined the opportunities and benefits of mul-
tifunctionality have also come to the same results. Johanisson et al. replaced a
steel roof with SBs and achieved an increased system performance of the vehicle
[9]. However, this study distinguishes itself from the previous one because of the
fact that different components of a vehicle based on monofunctional materials were
replaced with SBs in addition to the number of different materials that were tested.
Cars have a complex structure with many different components and materials that
are collaborative and have different functions. Thus, increasing the number of com-
ponents and materials will provide more comprehensive results and hence a more
reality-based conclusions. Although, an increase of the complexity of the system
can lead to more uncertainties and in the end affect the results.

In Table 4.2, the results from the calculations using the weight reduction model
are presented including the mass for all component in the three conceptual vehicles
and the relative weight loss for the CFRP car and SB car in comparison to the
conventional BEV. The relative weight loss for the SB car also includes the weight
reduction of the battery that originates from the electrochemical properties of the

SBs.

Table 4.2: Compiled results from the weight reduction model.

Conventional BEV CFRP car SB car
Component Material ~ Mass (kg) Mass (kg) wcigﬁgkllzls\;c(% ) Mass (kg) ‘o duc\t];/s;lgﬁgt tery Weigl:;lik;:s‘;e(% )
Outer door panels | Aluminium 31.1 20.8 33.0 39.2 18.7 34.1
Roof Steel 15.1 10.5 30.8 19.6 9.40 31.9
Bumpers PP 9.50 0.370 96.1 0.690 0.330 96.2
CFRP 5.24 5.24 0 9.85 4.69 1.58
A and B roof arches Steel 0.860 0.590 30.8 1.12 0.530 31.9
C roof arch Steel 2.15 1.48 30.8 2.79 1.33 31.9
Hood Steel 11.0 7.60 30.8 14.3 6.81 31.9
Dashboard PP 4.56 0.180 96.1 0.330 0.160 96.2
Inner door panels PP 1.71 0.0700 96.1 0.120 0.0600 96.2
Luggage floor PP 1.67 0.0600 96.1 0.120 0.0600 96.2
Luggage wall PP 1.67 0.0600 96.1 0.120 0.0600 96.2
Li-ion battery LiFePO, 540 540 0 498 n/a 7.79
All components 625 587 6.02 586 42.0 6.14
(Total)

The conventional BEV includes many different components and materials and the
required amount of either CFRPs or SBs to replace the components are decided by
the effective elastic modulus and the density of the materials for all parts except
the battery. The results show that the best material to substitute is polypropylene
which achieves a relative weight loss of 96.14% for the CFRP car and 96.16% for the
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SB car. According to Emilsson et al. [32], plastic constitute around 20% of the total
weight of a generic BEV after-pre-treatment (i.e., the weight after the batteries,
tires, and liquids are removed). In this model, the polypropylene was set to ap-
proximately 13% of the total mass of the components (excluding the battery). This
means that the possibilities of replacing SBs with plastics in a conventional BEV are
even bigger than shown in this study. Plastics are often used in components where
there are no or small requirements for good mechanical properties, hence, the possi-
bilities of replacing the structure with SBs are favorable. The relative weight loss for
aluminum (34.10%) and steel (31.90%) are almost equal for the CFRP car and the
SB car. Steel is the most used material in the automotive industry today, mainly
because of its outstanding mechanical properties. However, the results from this
study demonstrates that it is possible to replace aluminium and steel components
with either CFRPs or SBs while keeping the mechanical performance. Additionally,
the result indicates that replacing a lightweight material (i.e., the CFRPs in the
bumper) with SBs does not increase the system performance. Instead of a weight
loss, the vehicle received a weight gain of 58%. This is due to the higher effective
modulus of elasticity in the CFRP compared to the SBs and that the density of the
two materials are almost equal.

The weight reduction model can be improved by adding other mechanical properties,
but to do that successfully, the model requires specific primary data, particularly
for specific load cases. The model can be developed and extended with more param-
eters to the calculations. For example, the input data for the effective modulus of
elasticity can be varied to handle future improvements of the SBs. As an example,
Johannisson et al. [9] suggest that the volume fractions of the carbon fibers in the
electrodes can be increased to improve the mechanical performance of the SBs.

4.2 Global Warming Potential

Figure 4.1 shows the result for global warming potential with a time horizon of
100 years. For a more detailed explanation of the vehicles, see Section 4.5.1 (the
conventional BEV), Section 4.5.2 (the CFRP car) and Section 4.5.3 (the SB car).
The figure presents three different vehicles: the conventional BEV, the CFRP car
and the SB car. Grey bars represent C'O, —eq for the car components in the vehicles,
while credits for avoided battery production and lightweighting are represented by
dark grey and light grey bars, respectively. The black bars represent the net climate
impact for all the three different vehicles.
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Figure 4.1: The climate impact of the three vehicles. The black bars represent the
net climate impact of the vehicles.

The result shows that the conventional BEV and the CFRP car have similar net cli-
mate impact. However, the climate impact of the car components in the CFRP car
is higher in comparison to the conventional BEV, but the CFRP car is credited from
using lightweight materials in the use phase, which results in a lower net climate im-
pact for the CFRP car. The SB car has the highest net climate impact of the three
vehicles despite the credits from avoided battery production and lightweighting.

Credits from using lightweighting materials was based on the New European Driv-
ing Cycle (NEDC), which is dependent on the vehicle’s mass as well as the lifetime
of the vehicle. For this study, the lifetime of the vehicle was set to 200,000 km.
The credits from lightweighting is also dependent on the electricity mix. A vehicle
propelled in Europe will result in more credits than a vehicle propelled in Sweden.
This is the same reasoning and results as Zackrisson et al. [10]. The credits for
avoiding production of battery are slightly larger then the credits for lightweight-
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ing. As mention in Section 3.6.3.3, only global data is available for modelling the
Li-ion battery in Ecoinvent APOS version 3.7. This has consequences for the credits
size, which probably would be smaller if the data for the battery production was
based on European data. However, the major part of the battery production is cur-
rently taking place on a global scale [53], which makes the result more representative.

It should be mentioned that the technology maturity level between the vehicles
is very different, where the conventional BEV and the SB car are having the highest
and the lowest technology maturity level, respectively. Up to this point, SBs have
only been manufactured in a small scale lab environment [27], even though SBs
are facing several developments in material properties and composition. However,
the difference in technology maturity level have implications for the comparison
between the vehicles. For example, it is uncertain to compare technologies where
one technology has been used for a very long time while the other has just been
introduced.

4.3 Crustal Scarcity Indicator

Figure 4.2 presents the result for crustal scarcity impact. For a more detailed expla-
nation regarding crustal scarcity impact for the separate vehicles see, conventional
BEV (Section 4.5.1), CFRP car (Section 4.5.2) and SB car (Section 4.5.3). The
figure is structured in the same way as Figure 4.1 where grey, dark grey and light
grey bars represent the car components and the credits from avoided production
of battery as well as lightweighting. The same applies for the black bars, which
represent the net impact between the car components and the potential credits.
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Figure 4.2: The crustal scarcity impact of the three vehicles. The black bars
represent the net crustal scarcity impact.

The net crustal scarcity impact is similar between the conventional BEV and the
CFRP car where the CFRP car is credited from using lightweight materials in the
use phase. The SB car outperform both the conventional BEV and the CFRP car,
which is mainly explained by the credit from the avoided battery production, but
also the credit from lightweighting. It should be mentioned that the production
of the battery cell and the battery itself accounts for approximately 80% of the
credit from avoided battery production. These processes are resource intensive and
that is why the SB car receives a large credit from the avoided battery production.
Additionally, the battery production is based on global data, which also probably
contributes to the large credit from avoided battery production. This is further
explained Section 4.5.3.
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4.4 Cumulative Energy Demand

Figure 4.3 shows the result for the cumulative energy demand. For a more detailed
explanation regarding cumulative energy demand for the separate vehicles see, the
conventional BEV (Section 4.5.1), the CFRP car (Section 4.5.2) and the SB car
(Section 4.5.3). The figure is structured in the same way as Figure 4.1 and Figure 4.2
where grey, dark grey and light grey bars represent car components and credits from
avoided production of battery as well as lightweighting. The same applies to the
black bars, which represent the net impact between car components and potential
credits.
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Figure 4.3: The cumulative energy demand of the three vehicles. The black bars
represent the net cumulative energy demand.

The result for the cumulative energy demand are similar to the results from the
global warming potential where the conventional BEV and the CFRP car have
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resembling net impacts, while the SB car have a slightly higher energy demand.
Car components for both the CFRP car and the SB car are produced with energy
intensive processes, which despite the credits from avoided production of battery
for the SB car and credits for lightweighting for both the vehicles are more energy
demanding.

4.5 Hotspot Analysis

The following sections includes hotspot analyzes of the processes included in the
conventional BEV, the CFRP car and the SB car.

4.5.1 The Conventional BEV

Figure 4.4, Figure 4.5 and Figure 4.6 present the impact categories for global warm-
ing potential, crustal scarcity indicator and cumulative energy demand per process
of the conventional BEV (excl. the use phase of the vehicle). The conventional BEV
was modelled as a reference point to the CFRP car and the SB car. This means
that the analysis of the conventional BEV will only be general and not include any
further investigations of potential hotspots. Note that Figure 4.6 do not have a
separate process for carbon fiber production as in the other impact categories. The
energy demand in the carbon fiber production and the CFRP production have been
aggregated to a single process, which is represented by the CFRP production (inc.
carbon fiber production).
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Figure 4.4: GWP 100 of the processes in the conventional BEV.
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Figure 4.5: Crustal scarcity indicator of the processes in the conventional BEV.
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Figure 4.6: Cumulative energy demand of the processes in the conventional BEV.
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The results show that the aluminium production causes the most impact in all three
categories. This result is interesting considering that aluminum and steel constituted
approximately equal shares of the total mass in the conventional BEV (Table 3.1).
The credits from recycling of aluminium and steel are approximately the same in
both the global warming potential and the cumulative energy demand. However, the
credit from recycling of aluminium is much larger in the crustal scarcity indicator.
As already explained, the total masses of steel and aluminium in the conventional
BEV were approximately the same. This imply that there is another explanation
to the result. The impact factors of aluminium and steel in the impact assessment
method crustal scarcity indicator made by Arvidsson et al. [36] are also approxi-
mately the same ranging from 3 to 5. However, the Ecoinvent APOS version 3.7
for the market for aluminium cast alloy includes a process for zinc mine operation,
which constitute approximately 17% of the total crustal scarcity impact from all
processes. In the zinc mine operation process lead is a residual product from mining
processes, and that has a really high impact for this impact category. This can
be compared to the crustal scarcity impact from the steel production, which also
constitute 17% of the total crustal scarcity impact. Depending on the type of zinc,
the impact factor varies from 400 to 4000. However, it is unknown what type of zinc
the zinc mine operation use, but this reasoning explains partly why the aluminium
production as well as the aluminium recycling contribute with such a large impact
on the crustal scarcity indicator.

Note that the proportion between the weight of aluminum and steel is not that
common in a generic BEV, which usually has a larger portion of steel compared to
aluminum [32]. However, many of the car manufactures are trying to find substitutes
to steel with similar mechanical properties, which motivates a comparison between
the materials. The modelling of both the production and recycling processes for
aluminium and steel were done with processes in Ecoinvent APOS database version
3.7. This implies that the result should be representative of reality.

The carbon fiber production process causes the second most impact in all impact
categories after aluminium production. The system also receives a credit from the
recycling of carbon fibers. Aside from the crustal scarcity indicator, the recycling
of carbon fibers give the largest credit to the system in all impact categories. For
further information about the carbon fiber production and the CFRP production as
well as the CFRP recycling, see Section 4.5.2.

The polypropylene production process causes relatively low impact on the global
warming potential compared to the aluminium and steel production processes con-
sidering that polypropylene constituted two-thirds of their masses Table 3.1. How-
ever, the result for the cumulative energy demand shows that the energy demand
for polypropylene is much higher than the energy demand for steel. Additionally,
the credits from the municipal incineration process are similar for all impact cate-
gories. It should be mentioned that a generic vehicle often consist of several types
of polymers. If the study had included other polymers, the result would most likely
have looked different. The modelling of the recycling processes for aluminium, steel,
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polypropylene and carbon fibers are based on a recycling rate of 95% according
to EUs direction on recycling of metals and polymers [41]. However, the recycling
rate can be discussed whether it is grounded in reality or not, but for this LCA
study where a prospective approach was taken, the directive could be considered as
reasonable.

4.5.2 The CFRP car

Figure 4.7, Figure 4.8 and Figure 4.9 presents the result per process (exl. the use
phase of the vehicle) of the CFRP car for global warming potential, crustal scarcity
indicator and cumulative energy demand. The appearance of the bars are rather
similar between the impact categories and it can be seen that the carbon fiber
production process is the hotspot of the system.
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Figure 4.7: GWP 100 of the processes in the CFRP car.

45



4. Result and Discussion
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Figure 4.8: Crustal scarcity indicator of the processes in the CFRP car.
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Figure 4.9: Cumulative energy demand of the processes in the CFRP car.
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Carbon fibers are made of carbon-rich precursor material that undergoes a pyrolysis
process where the precursor material is stabilized and carbonized. For this study, it
was assumed that the precursor material was polyacrylonitrile fibers [35], which is
a fossil-based polymer. The polyacrylonitrile fibers must first be stabilized, which
is done through an oxidation process at an elevated temperature (180-300 °C). The
stabilized fibers then undergoes a carbonization process where the fibers are heated
at high temperatures (up to 1700 °C). This is done to remove non-carbon atoms
from the polyacrylonitrile fibers. The carbonization process also requires nitrogen
so that the fibers do not oxidize.

The processes have approximately the same type of energy requirements and emis-
sions, but the concentration of the emissions are very different between the processes
where the stabilization process emits high concentrations of nitrogen, while the car-
bonzation process emits high concentrations of hydrogen cyanide and ammonia [47].
Hydrogen cyanide is not included as an input factor in the global warming poten-
tial, crustal scarcity indicator or cumulative energy demand. This means that the
environmental impact of hydrogen cyanide will not be included in the result. Hy-
drogen cyanide does have an impact on human health and other living organisms
and would have had an impact on the result if human toxicity was chosen as an
impact category. Furthermore, there are solutions on how to increase the energy
efficiency and reduce the emission level of the carbon fiber production. Das [15]
suggest that the polyacrylonitrile fibers can be substituted with lignin-based fibers,
which could reduce the energy requirements and emission level by 5% and 22%, re-
spectively. This suggestion is also in line with the findings by Janssen et al. [16] and
Hermansson. [54] who also concluded that lignin could function as a substitution
to polyacrylonitrile fibers and decrease the environmental impact of carbon fiber
production. Furthermore, there are also solutions on processing technologies that
would decrease the energy demand as well as the emissions. Lam et al. [55] suggest
a microwave pyrolysis technology which provides a faster heating process resulting
in a lower energy consumption.

The CFRPs was assumed to be recycled via pyrolysis process to recover the carbon
fibers where only electricity was used. The modelling only included emissions re-
lated to the energy input, which means that other emissions were excluded. Meng
et al. [11] discussed that recycling of carbon fiber with pyrolysis typically use a
combination of electricity and natural gas in the combustion process. However, the
authors did not specify the amount of electricity versus natural gas, but a slightly
lower credit from the carbon fiber recycling process can be assumed according Meng
et al.[11] energy set up.

Figure 4.10, Figure 4.11 and Figure 4.12 presents contribution graphs of the carbon
fiber production in the CFRP car for global warming potential, crustal scarcity indi-
cator and cumulative energy demand. Note that Figure 4.10 includes an input flow
referred to as 'other emissions’. This input flow consists of particles released from
the precursor material as it is processed during the stabilization and carbonization
process. These particles only cause impact on global warming potential, which is
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why the input flow is left out in Figure 4.10 and Figure 4.12.

The CFRP car; GWP 100 (European data)
- Carbon fiber production

5%

17%

46%
32%
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= Nitrogen, liquid

Other emissions

Figure 4.10: Cumulative energy demand of the processes in the CFRP car.
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Figure 4.11: Crustal scarcity indicator of the processes in the CFRP car.
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The CFRP car; Cumulative Energy demand
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- Carbon fiber production

16,32%

46,03%

37,64%

= Electricity, low voltage
= Polyacrylonitrile fibres (PAN), production mix, at plant
Nitrogen, ligiud

Figure 4.12: Cumulative energy demand of the processes in the CFRP car.

It can been seen that the electricity with low voltage constitute the largest share in
both the global warming potential (Figure 4.10) and the cumulative energy demand
(Figure 4.12), while the polyacrylonitrile fibers makes up the bulk in the crustal
scarcity indicator (Figure 4.11). The high portion of electricity with low voltage
is explained by the high energy use when the polyacrylonitrile fibers are stabilized
and carbonized as described earlier, while the polyacrylonitrile fibers requires a lot
of fossil-based resources in the production such as crude oil, brown and hard coal
as well as sodium chloride, which explains its large share in the crustal scarcity
indicator. Furthermore, the results for how much energy the polyacrylonitrile fibers
require are in line with the findings by Das [15] who reported that the production
of the precursor material typically constitutes 35% of the total energy use in carbon
fiber production. However, it should be mentioned that the data set in this case
for polyacrylonitrile fibers [35] is based on global data, while the other input flows
are based on European data. This means that the polyacrylonitrile fibers would
probably hold a slightly smaller share than Das [15] if all input flows were based on
European data.
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4.5.3 The SB car

Figure 4.13, Figure 4.14 and Figure 4.15 presents the environmental impact per
process of the SB car for global warming potential, crustal scarcity indicator and
cumulative energy demand. The results show that the carbon fiber production and
the SB manufacturing (excl. carbon fiber production) are the hotspots in the system
for all impact categories in addition to the battery production for the crustal scarcity
indicator. For further information about the carbon fiber production, see Section
4.5.2.
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Figure 4.13: GWP 100 of the processes in the SB car.
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Figure 4.14: Crustal scarcity indicator of the processes in the SB car.
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Figure 4.15: Cumulative energy demand of the processes in the SB car.
Credits from avoided production of batteries have a great impact on the environmen-
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tal impact of the SB car. Manufacturing of the anode (graphite) and the cathode
(LiMn50y) in the Li-ion battery are the biggest contributors accounting for more
than 50% of the total emissions from the battery production. The anode production
process has an electrifying process of copper that causes the high climate impact,
while the high climate impact from the cathode derives from the aluminum needed in
the production process. The lack of European data in Ecoinvent APOS version 3.7,
regarding battery production, can influence the reliability of the results. Although,
manufacturing of batteries occurs on a global scale and includes many different ma-
terials and processes across the globe [53]. By choosing global data for this type of
production process, the result will be much authentic. However, one could imagine
that battery production is moving towards increased energy efficiency and reduced
emissions. This would give the SBs a lower credit from the battery production pro-
cess.

The recycling process of the Li-ion batteries only includes the hydrometallurgical
process and the climate impact from this energy intensive process. These emissions
are calculated as a credit for the system because of the chosen allocation method.
No material recovery are included from the recycling process of the batteries in
the system. However, the hydrometallurgical process, as described by Wang and
Friedrich [46], also recovers graphite, cathode and lithium carbonate, which could
be used to manufacture new batteries. These materials could have been included in
the study, which would have resulted in a negative credit to the system. This affects
the results, which can be considered as a weakness of the result.

The recycling of SBs was assumed to be done via a pyrolysis process to recover
the carbon and glass fibers. However, this is something that is not taking place
today. The same type of reasoning applies for the recycling of carbon fibers in the
SB car as for the carbon fibers in the CFRP car (Section 4.5.2). The credit to the
system for the recycling process of carbon fiber also has a large impact in the sys-
tem, as for the CFRP car. Furthermore, the recycling of glass fibers was assumed to
also be be recovered via a pyrolysis process as the carbon fibers. The recovery rate
was assumed to be the same for the carbon fibers and glass fibers. This assumption
can be questioned as to whether it is reasonable or not. Other studies [45, 33] have
used a lower recovery rate for carbon fibers than for glass fibers. If the modelling
of the recycling processes had been done with a lower recovery rate for the carbon
fibers as in the other studies, the SB car would have received a lower credit from
the recycling process. However, it is reasonable to imagine that the recovery rate of
carbon fibers improves in the future, which motivates a similar rate to the glass fiber.

Figure 4.16, Figure 4.17 and Figure 4.18 presents contribution graphs of the SB

manufacturing process (excluding the carbon fiber production) of the SB car for all
impact categories.
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Figure 4.16: GWP 100 of the processes in the SB car.
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Figure 4.17: Crustal scarcity indicator of the processes in the SB car.
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Figure 4.18: Cumulative energy demand of the processes in the SB car.

The results show that the electricity with low voltage constitute the largest share
of the impact on the system for all impact categories. Figure 4.16 and Figure 4.18
have similar distribution of the most crucial input flows where the only difference
is the glass fiber reinforced plastic and diammonium phosphate. However, it should
be mentioned that the electricity consumption are only estimations based on the
production environment of Li-ion batteries. As discussed in the method section
(3.6.3.3), two important aspects of the manufacturing process are the primary en-
ergy needed in the manufacturing plant and how many processing steps that requires
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dry room conditions. The study assumed that the energy requirement is 11.7 kWh
electricity and 8.8 kWh gas per kg structural battery, which corresponds to 150 MJ
primary energy [10]. However, the actual energy requirement will depend on how
much of the manufacturing that must be done under clean room conditions. Ad-
ditionally, dry room conditions is modelled with natural gas that has high climate
impact for all the impact categories, except for crustal scarcity indicator, where nat-
ural gas only contribute to less then one percent of the total impacts (Figure 4.17).
However, it is not known if natural gas will be needed in the future and if so, to
which extend. It is reasonable to think that electricity mixes with high amount of
renewable energy sources will be affected by the amount of natural gas.

The modelling of the structural battery electrolyte Table 3.8 included several con-
stitutes that could not be found in the Ecoinvent APOS database version 3.7. These
constituents were modelled as either inorganic or organic chemicals. Additionally,
the diammonium phosphate was used to represent the Li F'e PO, in the negative elec-
trode of the structural battery cell. These approximations may have affected the
results. However, previous studies have used the same assumptions for modelling,
which increase the reliability [49, 50].

4.6 Sensitivity Analysis

The following section includes sensitivity analysis of the lightweighting as well as
the lifetime of the vehicles. Furthermore, the hotspots in the CFRP car and the SB
car are also examined based on global and Swedish data for all impact categories.

4.6.1 The Result of Lightweighting Normalized to Swedish
and Global data

Table 4.3 presents the result from the sensitivity analysis of the lightweighting,
GWP100, where the credit from using lightweight materials based on European
data is normalized to Swedish and global data. It can be seen that the credit would
be 89% lower if the data was based on Swedish data and 78% higher if it was based
on global data, see Figure D.8 and Figure D.2. This means that the CFRP car and
the SB car will be credited differently depending on where the vehicles are used.
Consequently, in regions with low emissions from the energy production, the credit
will be lower compared to a region with the opposite conditions. This observation
was also made by Zackrisson et al. [10] who have the same conclusion.

Table 4.3: Lightweighting normalized to Swedish and global data for global warm-
ing potential 100.

Swedish data European data Global data
The CFRP car 0.11 1 1.78
The SB car 0.11 1 1.78
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4.6.2 Break-even Analysis of the Use Phase of Global Warm-
ing Potential

In Figure 4.3, it can be seen that the net global warming potential is lower for the
conventional BEV in comparison SB car including the credits from using lightweight
materials and avoided production of batteries. For the CFRP car, the net global
warming potential is lower for the CFRP car (Figure 4.3) including the credits
from lightweighting. However, the credits from the lightweighting was based on a
lifetime of 200,000 km as suggested by Hottle et al. [52], but there are ambitions
that the lifetime of a vehicle will be increased as technologies continue to develop.
Petrovic et al. [56] states that autonomous vehicles have great potential to reduce
traffic accidents. If traffic accidents decreased in the future, the average lifetime
of a vehicle would increase as a consequence. This motivates a sensitivity analysis
where the lifetime of the vehicles is varied. Figure 4.19 presents the result from the
break-even analysis where the SB car reach a lower global warming potential than
the conventional BEV, this happens at about 335,000 km. The CFRP car reaches
break-even at about 160,000 km, which is lower than the assumed driving range for
a electric vehicle.

900 Sensitivity Analysis: GWP 100 (European data set)
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Figure 4.19: Break-even analysis of the global warming potential for the CFRP
car and the SB car. Data is based on European data.

The result means that there are vehicles that are particularly suitable for CFRPs
and SBs such as buses, taxicabs or trucks (i.e., vehicles with a high utilization rate).
However, this presupposes that the lifetime of the vehicle is sufficiently high. This
sensitivity analysis is based on European data, which means that the lightweighting
results in a much larger credit in comparison to the same analysis with Swedish data.
As presented in Table 4.3, the credit from using lightweight materials is 89% lower
if the data is based on Swedish data instead of European. The result shows that the
energy mix has a huge impact on the credit from lightweigting, which imply that
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credits from lightweighting is much central to vehicles used in geographical areas
where the energy mix is less clean.

4.6.3 Hotspots in the CFRP Car and the SB Car

In the following sections, the impact for the hotspots in the CFRP car (Section
4.5.2) and the SB car (Section 4.5.3) are normalized to global and Swedish data.

4.6.3.1 Global Warming Potential

Table 4.4 presents the sensitivity analysis of the hotspots in the CFRP and the
SB car for global warming potential. From the Table 4.4, it can be seen that the
climate impact varies approximately the same whether the calculations are based
on Swedish or global data. Aside from the CFRP production in the CFRP car, the
relative difference is greater for all processes if the data is based on Swedish data.
The sensitivity analysis implies that the production of CFRP cars and SB cars
would benefit significantly if the production was based on a Swedish energy mix,
particularly the carbon fiber production in the CFRP car and the SB car, which
reduced its impacts by 64% relative to the result based on European data. By using
a Swedish energy mix, the net global warming potential becomes lower for the SB
car including the credits from lightweighting and avoided battery production. For
the CFRP car, this was already the case when the data was based on European.
However, it can be seen that the net global warming potential becomes even lower.
For further information about this sensitivity analysis, see Figure D.8 and Figure D.2

Table 4.4: The climate impact for the hotspots in the CFRP and the SB car
normalized to Swedish and global data.

Swedish data set European data set Global data set
CF production - CFRP car 0.44 1 1.51
CF production - SB car 0.44 1 1.52
CFRP production - CFRP car 0.67 1 1.36
SB manufacturing - SB car 0.52 1 1.40

4.6.3.2 Crustal Scarcity Indicator

In Table 4.5, the sensitivity analysis of the hotspots in the CFRP and the SB car
with respect to crustal scarcity indicator is presented. It can be seen that the crustal
scarcity impact becomes much smaller for all processes in the CFRP and the SB
car when the data is based on Swedish data in comparison to when the data been
based on European data. Furthermore, the SB manufacturing process in the SB
car receives the largest relative difference in crustal scarcity impact. As explained
earlier, this is related to the high energy requirements of the production. For further
information about the sensitivity analysis, see Figure E.8 and Figure E.2.
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Table 4.5: The crustal scarcity impact for the hotspots in the CFRP car and the
SB car normalized to Swedish and global data.

Swedish data set | European data set Global data set
CF production - CFRP car 0.67 1 1.14
CF production - SB car 0.67 1 1.15
CFRP production - CFRP car 0.75 1 1.11
SB manufacturing - SB car 0.53 1 1.19

4.6.3.3 Cumulative Energy Demand

Table 4.6 presents the results for the hotspots from the sensitivity analysis. The table
shows that there are small differences in cumulative energy demand if the modelling
are based on European, Swedish or global data. This is reasonable because the only
difference between the data sets are energy losses that occur within the electrical
infrastructure of the geographical area, see Appendix F.

Table 4.6: The cumulative energy demand for the hotspots in the CFRP and the

SB car normalized to Swedish and global data.

Swedish data set European data set Global data set
CF production - CFRP car 0.89 1 1.04
CF production - SB car 0.89 1 1.04
CFRP production - CFRP car 0.89 1 1.04
SB manufacturing - SB car 0.90 1 1.02
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Conclusion

This thesis designed a conceptual BEV with conventional materials which were re-
placed with either CFRPs or SBs. The thesis also assessed the life cycle impact of
the conventional BEV and the composite vehicles. The results showed that CFRPs
and SBs have the potential to reduce the weight of a conventional BEV while not
deteriorating the modulus of elasticity or energy storage of the system. A total ve-
hicle weight reduction of approximately 33 % and 47 % could be found in the CFRP
and the SB car, respectively. The result also showed that the SB car provided a
surplus of electrochemical capacity in comparison to the conventional BEV, which
resulted in additional energy storage.

From the results, it is obvious that the carbon fiber production and the struc-
tural batteries manufacturing counteract the credits from lightweighting as well as
the avoided battery production. The result shows that the CFRP car does provide
an environmental benefit over the conventional BEV, while the SB car causes more
environmental impact. However, the result indicates that the CFRP car and SB car
could decrease the environmental impact drastically if the energy use was reduced
in the carbon fiber production as well as the structural batteries manufacturing.
Another possible solution to achieve environmental benefit for the CFRP car and
SB car is to manufacture the vehicles in geographical areas where the energy system

is fossil carbon lean. This leads to quite drastic reductions in environmental impact
for the CFRP and the SB car.

The main methodological issue in assessing technologies like SBs using LCA is the
definition of a functional unit as SBs stimulate two functions simultaneously. An
additional problem was to model the system for the conventional BEV and com-
posite vehicles as the materials and its manufacturing and recycling processes have
different technology maturity level. This may have had implications for the com-
parative assessment of the vehicles.

The break-even analysis demonstrates that SBs should be implemented in vehi-
cles with high utilization rates and long lifetimes. The high utilization rate could be
improved by changing the way the vehicles are used today. Implementing circular
economy is one way to handle the issue where car sharing is a strategy that could
be used. For the lifetime, a possible scenario could be the implementation of au-
tonomous driving, which would probably reduce the traffic accident rates. However,
it can be concluded that the credit from lightweighting is heavily influenced by the
energy mix where a fossil carbon lean energy system decreases the size of the credit.
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However, the break-even analysis shows that for the CFRP car the importance of
high utilization and long lifetime is not as important as for the SB car, which entails
better prerequisites for CFRPs to be used in applications other then buses, taxicab
or trucks.

5.1 Future Research

Future studies should focus on the modelling of the vehicle components, particularly
for SBs. This study only used secondary data and some constituents in the SBs that
could not be found in the Ecoinvent APOS version 3.7 were replaced with similar
materials. It would also be interesting if future studies did a similar study, but
where precursor materials was on lignin fibers instead of polyacrylonitrile fibers to
see what impact it has on the result. Additionally, there is no method to recycle
SBs at the moment. Future studies should therefore focus on this aspect to increase
the knowledge of its impact. There seems also to be lack of European data for
production and recycling of batteries. Further analysis in this area would be useful
to give a more representative result of the impact from the batteries.
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Calculations of the Effective
Modulus of Elasticity

A.1 Cell Design with 8 laminates

()

Figure A.1: Cell with 8 laminates and laminate orientation code [0/-45/45/90];.
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B

Inventory Amnalysis

B.1 Modelling of the conventional BEV

Table B.1: Providers for the modelling of the conventional BEV including processes
for production. Data is based on the database Ecoinvent APOS 3.7 and ELCD.

Process

Provider

Aluminum production

aluminium alloy production, AIMg3 |
aluminium alloy, AIMg3 | APOS U

impact extrusion of aluminium, 5 strokes |
impact extrusion of aluminium, 5 strokes |

APOS U

sheet rolling, aluminium | sheet rolling,

aluminium | APOS U

Steel production

steel production, low-alloyed, hot rolled |

steel, low-alloyed, hot rolled | APOS U

impact extrusion of steel, hot, 5 strokes |
impact extrusion of steel, hot, 5 strokes |

APOS U

Polypropylene production

injection moulding | injection moulding |

APOS U

polypropylene production, granulate |
polypropylene, granulate | APOS U

Carbon fiber production

market for electricity, low voltage |
electricity, low voltage | APOS U

market for nitrogen, liquid | nitrogen,
liquid | APOS U

Polyacrylonitrile fibres (PAN), production mix,
at plant, from acrylonitrile and methacrylate,
PAN without additives

CFRP production

market for electricity, low voltage |
electricity, low voltage | APOS U

market for epoxy resin, liquid | epoxy resin,
liquid | APOS U

ITT



B. Inventory Analysis

Table B.2: Providers for the modelling of the conventional BEV including processes
regarding recycling. Data is based on the database Ecoinvent APOS 3.7 and ELCD.

Process

Provider

Recycling of carbon fibers

Same as for Carbon fiber production
market for electricity, low voltage |
electricity, low voltage | APOS U

Recycling of PP

treatment of waste polystyrene, municipal
incineration | heat, for reuse in municipal
waste incineration only | APOS U

Steel recycling

steel production, electric, low-alloyed |

steel, low-alloyed | APOS U

Aluminium recycling

treatment of aluminium scrap, post-consumer,
by collecting, sorting, cleaning, pressing |
aluminium scrap, post-consumer | APOS U

B.2 Modelling of the CFRP car

Table B.3: Providers for the modelling of the CFRP car. Data is based on the
database Ecoinvent APOS 3.7 and ELCD.

Process

Provider

Carbon fiber production

market for electricity, low voltage |
electricity, low voltage | APOS, U

market for nitrogen, liquid | nitrogen, liquid | APOS, U

Polyacrylonitrile fibres (PAN), production mix, at plant,
from acrylonitrile and methacrylate, PAN without additives

CFRP production

market for electricity, low voltage |
electricity, low voltage | APOS, U

market for epoxy resin, liquid |
epoxy resin, liquid | APOS, U

Recycling of carbon fibers

IV

Same as for Carbon fiber production

market for electricity, low voltage |
electricity, low voltage | APOS, U




B. Inventory Analysis

B.3 Modelling of the SB car

Table B.4: Providers for the modelling of the SB car. Data is based on the database
Ecoinvent APOS 3.7 and ELCD.

Process Provider
market for electricity, low voltage | electricity, low voltage | APOS, U
Carbon fiber production market for nitrogen, liquid | nitrogen, liquid | APOS, U

Polyacrylonitrile fibres (PAN), production mix, at plant,
from acrylonitrile and methacrylate, PAN without additives
glass fibre reinforced plastic production, polyamide, injection moulded |
glass fibre reinforced plastic, polyamide, injection moulded | APOS, U
market for epoxy resin, liquid | epoxy resin, liquid | APOS, U
market for polyvinylfluoride, film | polyvinylfluoride, film | APOS, U
market group for heat, district or industrial, natural gas |
heat, district or industrial, natural gas | APOS, U
market for electricity, low voltage |
electricity, low voltage | APOS, U
Same as for carbon fiber production
market for electricity, low voltage |
electricity, low voltage | APOS, U
battery production, Li-ion, rechargeable, prismatic |
battery, Li-ion, rechargeable, prismatic | APOS, U
EcoSpold 2 intermediate exchange,
ID = e3¢4c750-7765-43b6-802b-8dbe05270{05
glass fibre reinforced plastic production,
Recycled glass fiber polyamide, injection moulded |
glass fibre reinforced plastic, polyamide, injection moulded | APOS, U

SB production

Carbon fiber recycling

Battery production

Battery recycling




B. Inventory Analysis

Table B.5: Providers for the modelling of the SBE adapted from [49].

Data is

based on providers in Ecoinvent APOS version 3.7.

Constituent Provider Comment
Bisphenol A Market for‘bisphenol A,
dimethacrylate powder | bisphenol A,

powder | APOS, U
Lithium Market for chemicals, Corresponds to salt.
trifluoromethane- inorganic | chemical, Approximated as
sulfonate inorganic | APOS, U inorganic chemicals.
Ethylene Market for ethylene
carbonate carbonate | ethylene -

carbonate | APOS, U

. Market for chemical, Corresponds to organic

Dimethyl . . .
methylphosphonate organic | chemical, substance. Approximated

2,2’ (Ethylenedioxy)-
diethanethiol

Tris(N-nitroso-N-
phenyl-hydroxy-
laminato)al.

2,2’-Azobis(2-methyl-

propionitrile)

organic | APOS, U
Market for chemical,
organic | chemical,
organic | APOS, U
Market for chemical,
organic | chemical,
organic | APOS, U
Market for chemical,
organic | chemical,

organic | APOS, U

as organic chemicals.
Corresponds to organic
substance. Approximated
as organic chemicals.
Corresponds to organic
substance. Approximated
as organic chemicals.
Corresponds to organic
substance. Approximated
as organic chemicals.

B.4 Modelling of the Use Phase

Table B.6: Provider for the modelling of the use phase of the vehicles. Data is
based on providers in Ecoinvent APOS version 3.7.

VI

Provider

Comment

Market group for electricity, low voltage
| electricity, low voltage | APOS, U - EU

Represent the propulsion
of the vehicles.




Sensitivity Analysis

C.1 Adjustments in the Sensitivity Analysis based

on Swedish data

C.1.1 The Conventional BEV

Table C.1: Manually changed in the processes for the sensitivity analysis of the
conventional BEV. Data is based on Ecoinvent APOS version 3.7.

Process

Provider

Aluminum production

Market for alkylbenzene sulfonate, linear, petrochemical GLO
to market for alkylbenzene, linear, petrochemical RER

Market group for electricity RER to market for electricity SE

Steel production

2nd provider steel, low-alloyed: market group for electricity GLO
to market for electricity SE

2nd provider steel, low-alloyed: market from electric arc furnace
converter GLO to electric arc furnace converter RER

2nd provider steel, low-alloyed: market anode, for metal electrolysis GLO
to anode production, for metal electrolysis RER

Polypropylene production

2nd provider polypropylene, granulate: market for polypropylene,
granulate GLO to polypropylene production, granulate RER

Polypropylene forming

2nd provider injection moulding: market group for electricity RER
to market for electricity SE

2nd provider injection moulding: market for kaoling GLO
to kaoling production RER

2nd provider injection moulding: market for malusil GLO
to malusil production RER

Carbon fiber production

Market group for electricity RER to market for electricity SE

2nd provider nitrogen liquid: market group for electricity RER

CFRP production

Market group for electricity RER to market for electricity SE

Recycling of carbon fibers

Market group for electricity RER to market for electricity SE

2nd provider nitrogen liquid: market group for electricity RER

Recycling of CFRP

Market group for electricity RER to market for electricity SE

VII



C. Sensitivity Analysis

C.1.2 The CFRP car

Table C.2: Manually changes in the processes for the sensitivity analysis of the
CFRP car.

Process Provider

Market group for electricity RER to market for electricity SE

2nd provider nitrogen liquid: market group for electricity RER to market for electricity SE
CFRP production Market group for electricity RER to market for electricity SE

Market group for electricity RER to market for electricity SE

2nd provider nitrogen liquid: market group for electricity RER to market for electricity SE
Recycling of CFRP Market group for electricity RER to market for electricity SE

Carbon fiber production

Recycling of carbon fibers

C.1.3 The SB car

Table C.3: Manually changes in the processes for the sensitivity analysis of the SB
car.

Process Provider

Market group for electricity RER to market for electricity SE

2nd provider nitrogen liquid: market group for electricity RER to market for electricity SE

SB manufacturing Market group for electricity RER to market for electricity SE

2nd provider: market group for electricity GLO to market for electricity SE

2nd provider: metal for metal working factory GLO to metal working factory construction RER
2nd provider: market for reinforced steel GLO to reinforced steel production EU without Austria
2nd provider: market for sheet rolling steel GLO to sheet rolling steel RER

Market group for electricity RER to market for electricity SE

2nd provider nitrogen liquid: market group for electricity RER to market for electricity SE
Recycling of glass fibers Market group for electricity RER to market for electricity SE

2nd provider: market for chemical factory. organics GLO to chemical factory, organics RER
2nd provider: market group for electricity GLO to market for electricity SE

2nd provider: market for lime hydrated packed ROW to market for lime hydrated packed RER
2nd provider: market for sulfuric acid ROW to market for sulfuric acid RER

Carbon fiber production

Battery production

Recycling of carbon fibers

Recycling of battery
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D

Global Warming Potential

D.1 European data

D.1.1 The SB car

The SB car; GWP 100 (European data)
- Carbon fiber production

3,93%

14,82%

52,91%

28,35%

= Electricity, low voltage
= Polyacrylonitrile fibres (PAN), production mix, at plant
= Nitrogen, liquid

Other emissions

Figure D.1: Contribution graph for global warming potential of the carbon fiber
production for the SB car based on European data. The result was achieved by
an LCA where the inventory was based on a conceptual design of the vehicle. The
functional unit included the function of the car components as well as the battery
of the electric vehicle where the lifetime was set to 200,000 km.
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D. Global Warming Potential

D.2 Global data

GWP100
(Global data)
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Figure D.2: Global warming potential of the three vehicles based on global data.
Black bars shows the net climate impact. The result was achieved by an LCA where
the inventory was based on a conceptual design of the three vehicles. The functional
unit included the function of the car components as well as the battery of the electric
vehicle where the lifetime was set to 200,000 km.



D. Global Warming Potential

D.2.1 The conventional BEV

The conventional BEV; GWP 100
(Global data)
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Aluminium recycling
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Municipal incineration, heat
CFRP recycling

Figure D.3: Global warming potential per process for the conventional BEV based
on global data. The result was achieved by an LCA where the inventory was based
on a conceptual design of the vehicle. The functional unit included the function of
the car components as well as the battery of the electric vehicle where the lifetime
was set to 200,000 km.

XI



D. Global Warming Potential

D.2.2 The CFRP car

The CFRP car; GWP 100
(Global data)
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Figure D.4: Global warming potential per process for the CFRP car based on
global data. The result was achieved by an LCA where the inventory was based on
a conceptual design of the vehicle. The functional unit included the function of the
car components as well as the battery of the electric vehicle where the lifetime was
set to 200,000 km.
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D. Global Warming Potential

The CFRP car; GWP 100
(Global data)
- Carbon fiber production
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= Electricity, low voltage
= Polyacrylonitrile fibres (PAN), production mix, at plant
= Nitrogen, liquid

Other emissions

Figure D.5: Contribution graph for global warming potential of the carbon fiber
production for the CRFP car based on global data. The result was achieved by
an LCA where the inventory was based on a conceptual design of the vehicle. The
functional unit included the function of the car components as well as the battery
of the electric vehicle where the lifetime was set to 200,000 km.
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D. Global Warming Potential

D.2.3 The SB car

The SB car; GWP 100
(Global data)
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Figure D.6: Global warming potential per process for the SB car based on global
data. The result was achieved by an LCA where the inventory was based on a
conceptual design of the vehicle. The functional unit included the function of the
car components as well as the battery of the electric vehicle where the lifetime was

set to 200,000 km.
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D. Global Warming Potential

The SB car; GWP 100
(Global data)
- Carbon fiber production
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= Polyacrylonitrile fibres (PAN), production mix, at plant
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The SB car; GWP 100
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Figure D.7: Contribution graphs for global warming potential of the carbon fiber
production and the SB manufacturing for the SB car based on global data. The
result was achieved by an LCA where the inventory was based on a conceptual design
of the vehicle. The functional unit included the function of the car components as
well as the battery of the electric vehicle where the lifetime was set to 200,000 km.
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D. Global Warming Potential

D.3 Swedish data

GWP100
(Swedish data)
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Figure D.8: Global warming potential of the three vehicles based on Swedish data.
Black bars shows the net climate impact. The result was achieved by an LCA where
the inventory was based on a conceptual design of the vehicles. The functional unit
included the function of the car components as well as the battery of the electric
vehicle where the lifetime was set to 200,000 km.
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D. Global Warming Potential

D.3.1 The conventional BEV

The conventional BEV; GWP 100 (Swedish
data)
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Figure D.9: Global warming potential per process for the conventional BEV based
on Swedish data. The result was achieved by an LCA where the inventory was based
on a conceptual design of the vehicle. The functional unit included the function of
the car components as well as the battery of the electric vehicle where the lifetime
was set to 200,000 km.

XVII



D. Global Warming Potential

D.3.2 The CFRP car

The CFRP car; GWP 100
(Swedish data)
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Figure D.10: Global warming potential per process for the CFRP car based on
Swedish data. The result was achieved by an LCA where the inventory was based
on a conceptual design of the vehicle. The functional unit included the function of
the car components as well as the battery of the electric vehicle where the lifetime

was set to 200,000 km.
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D. Global Warming Potential

The CFRP car; GWP 100
(Swedish data)
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= Other emissions
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Figure D.11: Contribution graph for global warming potential of the carbon fiber
production for the CRFP car based on Swedish data. The result was achieved by
an LCA where the inventory was based on a conceptual design of the vehicle. The
functional unit included the function of the car components as well as the battery
of the electric vehicle where the lifetime was set to 200,000 km.
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D. Global Warming Potential

D.3.3 The SB car

The SB car; GWP 100
(Swedish data)
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Figure D.12: Global warming potential per process for the SB car based on
Swedish data. The result was achieved by an LCA where the inventory was based
on a conceptual design of the vehicle. The functional unit included the function of
the car components as well as the battery of the electric vehicle where the lifetime
was set to 200,000 km.
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D. Global Warming Potential

The SB car; GWP 100
(Swedish data)
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Figure D.13: Contribution graphs for global warming potential of the carbon fiber
production and the SB manufacturing for the SB car based on Swedish data. The
result was achieved by an LCA where the inventory was based on a conceptual design
of the vehicle. The functional unit included the function of the car components as
well as the battery of the electric vehicle where the lifetime was set to 200,000 km.
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Crustal Scarcity Indicator

E.1 European data

E.1.1 The SB car

The SB car; Crustal Scarcity Indicator
(European data)
- Carbon fiber production

10,82%

33,78% 55,40%

= Polyacrylonitrile fibres (PAN), production mix, at plant
= Electricity, low voltage
Nitrogen, liquid

Figure E.1: Contribution graph for crustal scarcity indicator of the carbon fiber
production for the SB car based on European data. The result was achieved by
an LCA where the inventory was based on a conceptual design of the vehicle. The
functional unit included the function of the car components as well as the battery
of the electric vehicle where the lifetime was set to 200,000 km.
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E. Crustal Scarcity Indicator

E.2 Global Data

Crustal Scarcity Indicator
(Global data)
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Figure E.2: Crustal scarcity impact of the three vehicles based on global data.
Black bars shows the net climate impact. The result was achieved by an LCA where
the inventory was based on a conceptual design of the vehicles. The functional unit
included the function of the car components as well as the battery of the electric
vehicle where the lifetime was set to 200,000 km.
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E. Crustal Scarcity Indicator

E.2.1 The conventional BEV

The conventional BEV; Crustal Scarcity
Indicator (Global data)
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Figure E.3: Crustal scarcity impact per process for the conventional BEV based
on global data. The result was achieved by an LCA where the inventory was based
on a conceptual design of the vehicle. The functional unit included the function of
the car components as well as the battery of the electric vehicle where the lifetime
was set to 200,000 km.
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E. Crustal Scarcity Indicator

E.2.2 The CFRP car

The CFRP car; Crustal Scarcity Indicator
(Global data)
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Figure E.4: Crustal scarcity impact per process for the CFRP car based on global
data. The result was achieved by an LCA where the inventory was based on a
conceptual design of the vehicle. The functional unit included the function of the

car components as well as the battery of the electric vehicle where the lifetime was
set to 200,000 km.
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E. Crustal Scarcity Indicator

The CFRP car; Crustal Scarcity Indicator
(Global data)
- Carbon fiber production

13,21%

48,61%
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= Polyacrylonitrile fibres (PAN), production mix, at plant
= Electricity, low voltage
Nitrogen, liquid

Figure E.5: Contribution graph for crustal scarcity indicator of the carbon fiber
production for the CRFP car based on global data. The result was achieved by
an LCA where the inventory was based on a conceptual design of the vehicle. The
functional unit included the function of the car components as well as the battery
of the electric vehicle where the lifetime was set to 200,000 km.
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E. Crustal Scarcity Indicator

E.2.3 The SB Car

The SB car; Crustal Scarcity Indicator
(Global data)
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Figure E.6: Crustal scarcity impact per process for the SB car based on global
data. The result was achieved by an LCA where the inventory was based on a
conceptual design of the vehicle. The functional unit included the function of the
car components as well as the battery of the electric vehicle where the lifetime was
set to 200,000 km.
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E. Crustal Scarcity Indicator

The SB car; Crustal Scarcity Indicator
(Global data)
- SB manufacturing
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Figure E.7: Contribution graphs for crustal scarcity indicator of the carbon fiber
production and the SB manufacturing for the SB car based on global data. The
result was achieved by an LCA where the inventory was based on a conceptual design
of the vehicle. The functional unit included the function of the car components as
well as the battery of the electric vehicle where the lifetime was set to 200,000 km.
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E. Crustal Scarcity Indicator

E.3 Swedish Data

Crustal Scarcity Indicator
(Swedish data)
4,50E+05

3,60E+05
2,70E+05
1,80E+05

9,00E+04

0,00E+00 I l

-9,00E+04

kgSi-eq./case

-1,80E+05
-2,70E+05
-3,60E+05

-4,50E+05
Conventional BEV CFRP car SB car

m Credits from avoided production of battery
Credits from lightweighting
Car components

Figure E.8: Crustal scarcity impact of the three vehicles based on Swedish data.
Black bars shows the net climate impact. The result was achieved by an LCA where
the inventory was based on a conceptual design of the vehicles. The functional unit
included the function of the car components as well as the battery of the electric
vehicle where the lifetime was set to 200,000 km.
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E. Crustal Scarcity Indicator

E.3.1 The conventional BEV

The conventional BEV; Crustal Scarcity
Indicator (Swedish data)
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Figure E.9: Crustal scarcity impact per process for the conventional BEV based
on Swedish data. The result was achieved by an LCA where the inventory was based
on a conceptual design of the vehicle. The functional unit included the function of
the car components as well as the battery of the electric vehicle where the lifetime

was set to 200,000 km.
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E. Crustal Scarcity Indicator

E.3.2 The CFRP car

The CFRP car; Crustal Scarcity Indicator
(Swedish data)
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Figure E.10: Crustal scarcity impact per process for the CFRP car based on
Swedish data. The result was achieved by an LCA where the inventory was based
on a conceptual design of the vehicle. The functional unit included the function of
the car components as well as the battery of the electric vehicle where the lifetime
was set to 200,000 km.
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E. Crustal Scarcity Indicator

The CFRP car; Crustal Scarcity Indicator
(Swedish data)
- Carbon fiber production

3,40%

= Polyacrylonitrile fibres (PAN), production mix, at plant
= Electricity, low voltage
Nitrogen, liquid

Figure E.11: Contribution graph for crustal scarcity indicator of the carbon fiber
production for the CRFP car based on Swedish data. The result was achieved by
an LCA where the inventory was based on a conceptual design of the vehicle. The
functional unit included the function of the car components as well as the battery
of the electric vehicle where the lifetime was set to 200,000 km.
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E. Crustal Scarcity Indicator

E.3.3 The SB Car

The SB car; Crustal Scarcity Indicator
(Swedish data)
1,10E+05 8,75E+04

4,75E+04

5,50E+04

0,00E+00
-1,62E+03 4 70E+03

-5,50E+04 -4,22E+04

o
CP -1,10E+05
(83-1 ,65E+05
X

-2,20E+05
-2,75E+05
-3,30E+05 -3,15E+05

-3,85E+05
m Carbon fiber production
m SB manufacturing (excl. carbon fiber production)
Battery production
Carbon fiber recycling
Glass fiber recycling
Battery recycling

Figure E.12: Crustal scarcity impact per process for the SB car based on Swedish
data. The result was achieved by an LCA where the inventory was based on a
conceptual design of the vehicle. The functional unit included the function of the
car components as well as the battery of the electric vehicle where the lifetime was
set to 200,000 km.
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E. Crustal Scarcity Indicator

The SB car; Crustal Scarcity Indicator
(Swedish data)
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Figure E.13: Contribution graphs for crustal scarcity indicator of the carbon
fiber production and the SB manufacturing based on Swedish data. The result was
achieved by an LCA where the inventory was based on a conceptual design of the
vehicle. The functional unit included the function of the car components as well as
the battery of the electric vehicle where the lifetime was set to 200,000 km.
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Cumulative Energy Demand

F.1 European data

The SB car; Cumulative Energy Demand
(European data)
- Carbon fiber production
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Figure F.1: Contribution graph for cumulative energy demand of the carbon fiber
production for the SB car based on European data. The result was achieved by
an LCA where the inventory was based on a conceptual design of the vehicle. The
functional unit included the function of the car components as well as the battery
of the electric vehicle where the lifetime was set to 200,000 km.
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F. Cumulative Energy Demand

F.2 Global Data

Cumulative Energy Demand
(Global data)
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Figure F.2: Cumulative energy demand of the three vehicles based on global data.
Black bars shows the net climate impact. The result was achieved by an LCA where
the inventory was based on a conceptual design of the vehicles. The functional unit
included the function of the car components as well as the battery of the electric
vehicle where the lifetime was set to 200,000 km.
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F. Cumulative Energy Demand

F.2.1 The conventional BEV

The conventional BEV; Cumulative Energy
Demand (Global data)
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Figure F.3: Cumulative energy demand per process for the conventional BEV
based on global data. The result was achieved by an LCA where the inventory
was based on a conceptual design of the vehicle. The functional unit included the
function of the car components as well as the battery of the electric vehicle where
the lifetime was set to 200,000 km.
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F. Cumulative Energy Demand

F.2.2 The CFRP car

The CFRP car; Cumulative Energy Demand
(Global data)
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Figure F.4: Cumulative energy demand per process for the CFRP car based on
global data. The result was achieved by an LCA where the inventory was based on
a conceptual design of the vehicle. The functional unit included the function of the
car components as well as the battery of the electric vehicle where the lifetime was
set to 200,000 km.
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F. Cumulative Energy Demand

The CFRP car; Cumulative Energy demand
(Global data)
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Figure F.5: Contribution graph for cumulative energy demand of the carbon fiber
production for the CRFP car based on global data. The result was achieved by
an LCA where the inventory was based on a conceptual design of the vehicle. The
functional unit included the function of the car components as well as the battery
of the electric vehicle where the lifetime was set to 200,000 km.
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F. Cumulative Energy Demand

F.2.3 The SB Car

The SB car; Cumulative Energy Demand
(Global data)
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Figure F.6: Cumulative energy demand per process for the SB car based on global
data. The result was achieved by an LCA where the inventory was based on a
conceptual design of the vehicle. The functional unit included the function of the
car components as well as the battery of the electric vehicle where the lifetime was
set to 200,000 km.
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F. Cumulative Energy Demand

The SB car; Cumulative Energy Demand
(Global data)
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Figure F.7: Contribution graphs for cumulative energy demand of the carbon
fiber production and the SB manufacturing for the SB car based on global data. The
result was achieved by an LCA where the inventory was based on a conceptual design
of the vehicle. The functional unit included the function of the car components as
well as the battery of the electric vehicle where the lifetime was set to 200,000 km.
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F. Cumulative Energy Demand

F.3 Swedish Data

Cumulative Energy Demand
(Swedish data)
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Figure F.8: Cumulative energy demand of the three vehicles based on Swedish
data. Black bars shows the net climate impact. The result was achieved by an
LCA where the inventory was based on a conceptual design of the vehicles. The
functional unit included the function of the car components as well as the battery
of the electric vehicle where the lifetime was set to 200,000 km.
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F. Cumulative Energy Demand

F.3.1 The conventional BEV

The conventional BEV; Cumulative Energy
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Figure F.9: Cumulative energy demand per process for the conventional BEV
based on Swedish data. The result was achieved by an LCA where the inventory
was based on a conceptual design of the vehicle. The functional unit included the
function of the car components as well as the battery of the electric vehicle where
the lifetime was set to 200,000 km.
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F. Cumulative Energy Demand

F.3.2 The CFRP car

The CFRP car; Cumulative Energy Demand
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Figure F.10: Cumulative energy demand per process for the CFRP car based on
Swedish data. The result was achieved by an LCA where the inventory was based
on a conceptual design of the vehicle. The functional unit included the function of
the car components as well as the battery of the electric vehicle where the lifetime
was set to 200,000 km.
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F. Cumulative Energy Demand

The CFRP car; Cumulative Energy demand
(Swedish data)
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Figure F.11: Contribution graph for cumulative energy demand of the carbon fiber
production for the CRFP car based on Swedish data. The result was achieved by
an LCA where the inventory was based on a conceptual design of the vehicle. The
functional unit included the function of the car components as well as the battery
of the electric vehicle where the lifetime was set to 200,000 km.
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F. Cumulative Energy Demand

F.3.3 The SB Car

The SB car; Cumulative Energy Demand
(Swedish data)
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Figure F.12: Cumulative energy demand per process for the SB car based on
Swedish data. The result was achieved by an LCA where the inventory was based
on a conceptual design of the vehicle. The functional unit included the function of
the car components as well as the battery of the electric vehicle where the lifetime
was set to 200,000 km.
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F. Cumulative Energy Demand

The conventional BEV; GWP 100 (European
data)
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Figure F.13: Contribution graphs for cumulative energy demand of the carbon
fiber production and the SB manufacturing for the SB car based on Swedish data.
The result was achieved by an LCA where the inventory was based on a conceptual
design of the vehicle. The functional unit included the function of the car com-
ponents as well as the battery of the electric vehicle where the lifetime was set to

200,000 km.
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