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Abstract
In the current market scenario, there is fierce competition in the automotive market
as the market trend shifted towards the development of e-mobility and autonomous
cars. The integration of advanced technology and battery modules increases the
weight and cost of the battery pack which serves the background of the project.
There is a need to reduce the weight and cost of the battery pack to achieve a
long-range of the vehicle.

By investigating the opportunities in the battery pack, the scope was limited to
battery housing components such as cross beams and bottom plates. In this thesis
work, the product development approach was followed to redesign and optimize the
existing battery housing of Volvo Cars in terms of weight reduction and material
cost reduction with equivalent crash safety performance.

Various concepts on bottom plates and cross beams were generated from idea gen-
eration activities and using methods such as topology and topography optimization.
Promising concepts were selected based on the parameters such as weight, material
cost, manufacturing feasibility, and crash safety parameters (intrusion and bending)
in the Kesselring matrix. The final concept has been obtained as a result of re-
finement and the simulations driven approach and has an opportunity to fulfill the
requirements.

The final concept achieved 65.4% material cost reduction. There is also a possibility
of merging many bottom plates in the existing concept into a few or single bottom
plate with the help of the final concept. The extra weight of 6.3% and 28% intrusion
loss of the final concept in comparison to the existing concept can be reduced if the
final concept is redesigned. Hence, the steel material is found to be an opportunity
for e-mobility to be affordable, cheaper, and sustainable in terms of environmental
aspects.

Keywords: design, simulation, optimization, topology, topography, weight, cost,
safety, product development, crash safety, battery pack, battery housing, battery
electric vehicles.
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1
Introduction

This chapter involves the company background and project background.
Furthermore, it discusses the aim, objective of the project, narrowing of
scope to focus areas, delimitations, research questions, and the report
outline.

1.1 Company Background
The Volvo Car Group is one of the premium car manufacturing company which
is located in Sweden, with the headquarters in Torslanda, Gothenburg. It is a
subsidiary of Geely Holding Group. Volvo Car is a global organization with the
roots of Scandinavian, but manufacturing, research, and design operations are also
located in Europe, Asia, and the America [1].

"For 2025, the business goals of Volvo Cars is to lead in electrification, safety, con-
nectivity, and autonomous driving technology and assist the customer to move in a
personal, sustainable, and safe way. With the goal of climate-neutral company by
2040, and reduce CO2 emission by 40%, the company is driving towards electrifi-
cation, and also focusing on every segment such as manufacturing, supply chain to
reduce CO2 with an aim of recycling and reuse of materials [1]".

In 1927, Volvo Cars started with the breakthrough invention of safety designing a
three-point safety belt that saved a million lives. At present, the company is also
leading in advanced passive safety like airbags, safety cages, spoc function, crumple
zones, and active safety features such as city safety technology which includes Auto-
brake System, Oncoming Collision Mitigation, Steering Support, and Large Animal
Detection and Evasion System [2] [3].

With safety and sustainability as the objective, Volvo Car Group is aiming to the in-
tegration of advanced technology in electric cars. They started with mHEV, PHEV
and Battery Electric Vehicles. In the present scenario, Volvo Car Group have made
significant investments in the design and development of Battery Electric Vehi-
cle (BEV) due to growing levels of public concern over climate change and to meet
the ambitious target for carbon emission reduction [4]. However, there are chal-
lenges in the battery electric vehicles, due to fierce competition in the market from
the industries such as Tesla, Beijing Automotive Industry Holding Corporation Ltd.,
Renault-Nissan-Mitsubishi, BYD, SAIC Motor Corporation Limited, Chery Auto-
mobile Corporation Ltd as shown in figure 1.1.
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1. Introduction

Figure 1.1: Global OEM Sales in 2018 [4]

1.2 Project Background
Generally, BEV is heavier due to more number of battery modules inside the battery
pack which affects their performance. In the current scenario, Volvo Car Group will
launch its first full-fledge BEV XC 40 Recharge which is CMA platform with battery
pack weighing more than 500 kg, and energy capacity is 78 kWh with an estimated
range of 400 km [5]. To improvise the range and aim towards larger vehicle segments,
Volvo Car Group is developing an advanced platform called SPA2 as shown in the
figure 1.2 [6]. The reduction of weight, material cost, and the packaging space with
increasing safety in the battery system help in delivering compact and sustainable
solutions to customers which serves the background for the thesis work. [Note:
Figure 1.2 represents the CMA platform as it is confidential to reveal the complete
details.]
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Figure 1.2: Battery pack of SPA2 platform [6]

1.3 Aim and objectives of thesis work
The aim of the thesis work is to optimize the existing geometry of SPA2 Battery
housing. The major objectives of thesis work are

• to reduce material cost
• to reduce weight
• to have equivalent crash safety parameters as the existing battery pack.
• to provide a sustainable solution for the environment.

1.4 Project scope
The initial scope of the project was to examine the SPA2 battery pack and investi-
gate opportunities serving the objectives of the thesis work. The SPA2 battery pack
consists of several components such as battery tray carrier, cover lid, battery mod-
ules, module fixation, High Voltage (HV) components, bus bars, Battery Disconnect
Unit (BDU), Battery Management System (BMS) and cooling system. However, we
were requested not to look into the battery modules, as it was not manufactured by
Volvo Car.

After investigating the opportunity in the battery pack, the scope was narrowed
to battery housing structure (or battery tray carrier). The components of Battery
housing structure are front and rear casting, bottom plates, sill beams and cross
beams. However, because of limited time and in order to perform detailed analysis,
furthermore narrowing down of scope to focus areas was necessary.

3



1. Introduction

Based on weight breakdown analysis and interacting with engineers for potential
opportunities, the project scope was narrowed down to few focus areas. In the
weight breakdown analysis, bottom plate and cross beam were weighing heavier
when compared to castings and sill beams as shown in 1.3. Additionally, sill beam
and castings seemed to be engineered. Based on these factors, the authors found
opportunities to reduce weight and material cost in bottom plates and cross beams.
Hence, we selected our focus areas as SPA2 bottom plates and cross beams.

Figure 1.3: Weight breakdown analysis of Battery housing

1.5 Project Delimitations
There were various choices followed in the thesis work to perform a detailed study
in achieving the goals within 20 weeks.

• In this thesis work, complete car body and battery pack as a whole was not
part of the study, instead the section of the battery pack was considered which
is explained in detail in the section 3.8.1.

• The non-linear static structural simulation was conducted instead of dynamic
simulation due to time constraint.

• The side pole crash load case was focused as this was the worst-case scenario
for Bottom plates which was acted in between two Crossbeams acting directly
on the bottom plates via through sill beam.

• The battery housing structure was simplified into a quarter section as this
reduced the computational time for simulation.

• The access for information on manufacturing cost was limited due to confiden-
tial purpose instead, the focus was shifted to material cost.

• Joining methods and masses were not investigated in the study.

• The thesis work was narrowed to virtual development in software’s such as Ca-
tia V5, Hypermesh (pre-processor), Optistruct (solver) and Hyperview (post-
processor).

4
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1.6 Research Questions
Based on the aim and objectives of thesis work, three Research questions(RQ) were
stated below. The research and development in this thesis work were mainly aimed
at addressing these three questions.

• RQ1 : What are various ways of achieving weight reduction in the existing
components of battery tray carrier such as bottom plates and cross beams?

• RQ2 : What are the different ways of designing a structure that addresses side
pole safety criteria of crash analysis set by Volvo Cars?

• RQ3 : How are the materials chosen for the design of components in the
battery housing such as bottom plates and cross beams to reduce weight, cost
and withstand crash loading?

1.7 Report Outline
The report starts with a brief introduction to this thesis work as well as the basic
theory which will help the reader to understand the concepts which will be developed
in further chapters. Thereafter the project is presented in chronological order of how
it was conducted, starting with data collection activities, requirements specification,
functional analysis, material study, concept development, and finally the presenta-
tion of the final concept along with conclusions. Future work and opportunities for
the company are given at the end of the report.
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2
Theory

This chapter outlines the basic theory to understand about the battery
pack in an electric car and the components involved in it. It also in-
volves a theory about finite element analysis and structural optimiza-
tion. The supporting literature is also presented to discuss relevant
studies carried out in the similar field of work.

2.1 Battery Electric Vehicles
To overcome the future challenges caused by the burning of fossil fuels (oil and
coal) such as reduction of CO2 emissions, climate change, increase of an interest
in population towards environmental issues, the importance of electric vehicles has
been increased in recent years [7].

The propulsion system in an electric vehicle consists of important components such
as an energy storage device (battery system), electric machine, power electronics,
and a portable charging device. The electric propulsion system is differentiated
based on the architecture layout of the drive train (series, parallel hybrids) and
range of hybridization (micro, mild, full, or plug-in hybrid). The energy storage
device helps in determining the performance and range of the vehicle. They are
differentiated by the type of chemistry involved in the device eg: lead-acid, nickel-
metal hybrid or Lithium-ion battery, super-capacitor or hydrogen fuel cell which
varies in their energy and power densities [7].

In comparison to other types of energy sources like gasoline, the batteries have sig-
nificantly lower energy density. Hence the battery electric vehicle should contain
several battery packs to maintain a suitable range for potential customers which in
turn increases the weight of the vehicle. The battery system shall contain several
different sub-systems like BMS, thermal management performance to deliver per-
formance for the vehicle. The BEV have an electric propulsion system in which the
electric machine replaces the IC engine as a single propulsion source. The electric
machines are advantageous over IC engines as they have remarkable torque char-
acteristics, high efficiency, high service life, low maintenance costs, and low noise
level [7]. On the other hand, few challenges needs to be overcomed such as reduced
range, increased initial cost, need for new charging, and recycling eco-systems. The
advantages will over-weigh the challenges in the long-term meanwhile the issues such
as cobalt mining, the toxicity of lithium which needs to be addressed in the future.

7



2. Theory

2.2 Components of Battery pack
The general descriptions about components of battery pack were discussed in this
chapter along with details of SPA2 battery pack components. The exploded view of
components is shown in figure 2.1

Figure 2.1: Volvo cars SPA2 battery pack [6]

2.2.1 Cover lid
The battery lid is the top portion of the battery enclosure and made usually of
thin sheet metal as shown in figure 2.1. The battery lid is mounted on the battery
tray carrier in such a way that it encloses all the components of the battery pack.
The battery lid shall be gastight and shield the electro-magnetic current (EMC).
Together with the tray, they are supposed to protect and prevent the ingress of
particles and liquids. The lid is also supposed to make the internal components to
access to assure that surrounding does not get in contact with high voltage. In the
situation of the thermal event, the lid should be properly sealed to prevent heat and
smoke to get into the compartment [8].

2.2.2 Bus Bars
The bus bars are the insulated high voltage power connections between the battery
modules as shown in figure 2.2. They are usually made of copper and aluminum.

8
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Generally, high voltage battery handles, conventional ordinary cables are used for
high voltage applications. With a higher capacity of voltage, the cable needs to
grow in diameter. Several aspects such as cost and package volume are likely the
reasons for not using the wires. Bus bars that look like a rail serve this purpose
which is used for distribution of voltage internally in the high voltage battery and
to and from the connection for high voltage components. The flat shape and design
flexibility of bus bars makes packaging efficient in the battery pack [8].

Figure 2.2: Bus bars [8]

2.2.3 Battery modules
The battery modules consist of several battery cells which form the main component
of the battery system. The battery modules are built in such a way that it protects
internal battery cells from external impacts and loads. The battery modules are
connected in series to build up the voltage of 400 V [8]. The battery modules placed
in the Volvo Cars SPA2 battery pack is shown in figure 2.3

9
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Figure 2.3: Volvo cars SPA2 modules [8]

2.2.4 Battery cells
Battery cells are the main component of the battery system and driver of chemical
energy. The Battery cells have different types of cell chemistries like lithium-ion,
lead-acid, nickel-metal hydride, etc. The battery cell also varies in geometry such as
cylindrical cells, prismatic, and pouch cells [9]. The difference in properties between
three types of cell geometries is represented in figure 2.4.

Figure 2.4: Different types of cell geometries [9]

10
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2.2.5 Battery management system
The battery management system is the master control system for managing different
slave units in the battery system. The BMS is the set of hardware and software and
also a control module for battery safety monitoring. An intelligent Battery Manage-
ment Unit (BMU) can control and manage cells individually, thus prolonging the
lifetime, increasing the capacity, and managing the safety of the battery. The basic
functionalities in a BMU consist of safety functions, voltage, and current measuring,
SOC, and temperature monitoring [7].

2.2.6 BDU
BDU is called a battery distribution unit or battery disconnect unit. The Bat-
tery Disconnect Unit (BDU) usually contains the circuit breakers, current meter,
electrical connectors, contactors, fuses, and the HV measurement points as shown in
figure2.5. The BDU shall be accessible from inside the car to ease the service process.
The main function is to safely connect or disconnect the battery from the vehicle
HV bus in a controlled way. In the situation of overloading, it protects the HV bus
components and vehicle from being destroyed by disconnecting the battery in the
shortest possible time. All HV components and harness outside of the contactors
are called HV bus. A BDU can have different designs and positions depending on
the vehicle platform and application. It can be also placed both inside and outside
the battery pack [8].

Figure 2.5: BDU [8]

2.2.7 Battery cooling system
The Battery cooling system is the core of battery performance and battery life.
It helps in maintaining the operating ideal temperature of 150C to 300C in electric
cars. The Battery cooling system is also known as the Battery Thermal Management
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System (BTMS). The different types of BTMS technologies are air cooling, liquid
cooling system, direct refrigerant cooling system, Phase Change Material (PCM)
cooling system and thermoelectric cooling system as well as heating which is shown
in figure 2.6

Figure 2.6: Volvo cars SPA2 cooling system [8]

Among different types of thermal management systems, the liquid cooling system is
considered as it is widely used. The cooling system consists of cooling plates, inlet
pipe, outlet pipe, distribution pipe and Thermal Interface Material (TIM). The
main purpose of cooling plates is to cool the modules which are positioned on top
of cooling plates. The coolant consists of 50/50 vol % ethylene glycol/water. The
inlet pipe distributes cold water to the cooling plates. The outlet pipe removes the
water that has been heated up by the modules. The distribution pipes transport
cold water to thermal plates and heated water from plates. Since the surface of
the thermal plate is uneven, thermal interference material is put to enhance heat
transfer [8].

2.2.8 Battery tray carrier
The battery tray carrier in general carries and mounts the components of the battery
systems such as modules, cooling systems, bus bars, and high voltage electronics.
The battery tray is the bottom portion of the battery enclosure or housing. The
battery tray carrier withstands and absorbs energy from the external impacts or
loads such as structural loads. The battery tray is integrated with the chassis body.
The size and shape of the battery housing are, on one hand, defined by the design
space and the mounting points given by the vehicle and, on the other hand, by the
internal components that have to fit in the housing. The module housing is designed
to absorb the forces generated by the cells during operation. There are two reasons
for this phenomenon. The first reason is the thermal contraction and expansion of
the cells due to the changing temperature during operation. The second reason is
the expansion and contraction of the lithium-ion cells, which are induced by the
changing State of Charge (SOC) and state-of-health of the cells [7].

As shown in figure 2.7, the Volvo cars SPA2 battery tray carrier consists of compo-
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nents such as crossbeam, bottom plates, sill beams, and castings in front and rear.
All these components share a common feature of protecting the battery modules
from crash loads and other intrusions into the tray carrier. The tray carrier consists
of 5 cross beams which are situated between two sill beams. The cross beams are
secondary safety components that protect the battery modules from crash load in
the sideways direction. The tray carrier consists of 9 bottom plates which are situ-
ated at the bottom of the battery modules. The bottom plate is designed in such a
way that there is no intrusion from the bottom of the car into the tray carrier and
also designed according to environmental conditions. The sill beams are situated at
the left and right ends of the tray carrier. They are primary components designed
to withstand the sideways crash load. The castings are primary safety components
that are situated in the front and rear side of the tray carrier, designed to withstand
the crash load from the front and rear directions of the car.

Figure 2.7: Volvo cars SPA2 tray carrier [6]

2.3 Finite Element Analysis
Finite Element Method (FEM) solves the partial differential equation which idealise
the real model consisting of loads, boundary conditions, material and interprets the
approximate solution. Finite Element Analysis (FEA) is a practical way to solve
FEM problems which is represented in figure 2.8, it involves pre-processing, solution
step, post-processing, and engineering judgements or evaluate the results [10].
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Figure 2.8: An overview of workflow from CAD geometry to evaluation

2.4 Crash Simulation

2.4.1 Importance of side pole test
Every year there is estimated 225,000 people are involved in side-impact collisions
caused due to utility poles, guardrail terminals, and roadside objects for ICE ve-
hicles. Such incidents cause 3 billion dollars yearly, injures one in three-vehicle
occupant, and fatally injuries one in hundred as per the data submitted in the year
1998. Hence, the countries all over the world along with motor vehicle manufac-
turing and regulatory communities have developed dynamic side impact tests and
evaluation criteria to reduce the severity of the impact of accidents. Correspond-
ingly, the international research community has set test procedures for performing
side-impact collision into poles. The purpose of this test is to minimize the effect of
side-impact collision risking vehicle occupant [11].

Crash conditions must imitate the real crash scenario’s that occur in the real-time
environment. In this, the results are evaluated based on two approaches: the worst-
case approach and probable condition approach. The Roadside safety community
generally test the cars with the worst-case scenario approach and the test conditions
with the speed of 50 km/hr [11].

For BEV, Euro NCAP (New Car Assessment Program) also conducted a 29 km/hr
pole test for i-MiEV, the result indicated no harm caused to the battery pack,
but the exterior battery pack was closer to the deformation which caused by the
Vehicle body. With the increase in the speed of 50 km/hr, the Australian New
Car Assessment Program (ANCAP) concluded more intrusion in the rear floor area
compared with 29 km/hr impact. Hence, with the speed of 50 km/hr side-impact
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pole results in severe damage to the occupant, potential danger to rescuers and other
road users [12].

2.4.2 Side pole: Worst case scenario
During crash analysis, side pole load can act on any position of the sill beam.
To narrow down the scope of research, concluded to focus in-between cross beams
because that is the weakest position for an object to intrude and this intrusion might
also lead to an explosion as shown in figure 2.9.

Figure 2.9: Bottom plate worst case scenario for side impact load case [6]

2.5 Structural optimization
Structural optimization is the best way to obtain a design solution for the bat-
tery housing structural problem when solving it through a systematic mathematical
approach.[13] "In mathematics, ‘best’ is defined as a minimum (or maximum) of a
battery housing structural problem" [14].

Structural design form

• Objective function (f): It describes the objective of the optimization which
has to be minimized or maximized. Here, we have considered volume fraction,
mass fraction, and compliance as a potential objective function [13].

• Design variable (x): It describes design which can be modified and here we
have considered design space, member size, manufacturing constraints, dis-
placement and material as a potential design variable [13].
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• Parameter (p): It represents the response of the design and here we have
considered stress, displacement, buckling, mass [13].

• The equation 2.2 shows the optimization problem in a mathematical way [13].

minimizef(x, p) (2.1)

x
subjected to
g(x, p) ≤ 0 (2.2)

h(x, p) = 0 (2.3)

f : function
p : parameters

x : design variable
g,h : constraints

There were various studies which followed optimization methodology to achieve
weight reduction. Among various studies, the literature from a few articles has
been discussed below.

The application of optimization methodology along with structural finite element
analysis was followed to develop the robust and lightweight battery module frame
[15]. A similar methodology was inspired by this report. The mass optimization of
the hybrid battery pack was done using CAE simulation according to one technical
paper [16]. The sizing was followed to determine ideal thickness for components
and topology optimization was performed to find critical load paths for potential
changes in design for mass reduction. Vehicle safety heavily depends on the safety of
the battery pack which in turn is dependent on its mechanical features, such as the
ability to resist deformation and vibration shocks. Also, a lighter weight vehicle is
preferred because it can increase the range of vehicles and the life cycle of a battery
pack. In this study, a design optimization methodology is proposed to optimize the
features of mechanical design (e.g. minimization of mass, maximization of minimum
natural frequency, and minimization of maximum deformation) of the battery pack
enclosure [17].

2.5.1 Topology Optimization
Topology optimization is the mathematical method which optimizes the structural
layout of the design space with the given load criteria, material, degree of freedom,
constraints, and objective functions [13]. This optimization is limited only to linear
static analysis for the simplification purpose, however, it can also solve non-linear
static simulation. In detail study on design setup and optimisation result on Topol-
ogy optimisation is given in section 7.3 .
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2.5.2 Topography Optimization
Topography optimization is an advanced form of shape optimization which utilise
sheet structure and changes it by adding stamped beads. In this way, stiffness
is maximized without adding mass [13]. This approach is used for sheet metals
only which has a thickness of 0.5 to 6mm. Here, mid-plane or shell mesh has to
be assigned when solving through the Topography method in Altair HyperMesh
software. In other words, the cross-section is an important parameter which is used
as a design variable. Additional changes to the layout of the design model cannot be
made, however stress concentration, displacement, compliance can be minimized by
modifying the shape of the design model. In detail on design setup and optimisation
result on Topography optimisation is given in section 7.4.

Various studies have followed the topography optimization method to increase the
stiffness of structures. A few of them were discussed below.

The article on topography optimization of the stiffened square plate under uniform
distribution pressure proves that the performance of stiffened square plate can be
increased by approximately 80 % in terms of tension and compression using the
topography optimization method [18]. This article also suggests potential designs of
the stiffened square plate by performing topography optimization of finite element
analysis. Another article on the topographical design of stiffeners for plates against
blast loading [19] introduced two new structural configurations of stiffened plates
which made optimal designs to improve the explosive-proof performance through
distributing stiffener topology on the plate in comparison to the baseline design.
These studies show the potential for the application of topography optimization
methodology to minimize the weight and increasing stiffness with respect to loading
on the structures.

2.6 Current trends in Industry
The aim of the investigation about trends in the industry is to gather more data
about different approaches used by the researchers and companies in solving the
problem. It also discusses the latest trending technologies, solutions, parameters
from various journals, patent studies, websites, magazines, and books.

There are various articles, journals, and books which have interesting works on
weight reduction techniques in different applications of industries.

The Volkswagen led European super light car adopted a multi-material approach to
reduce weight in a vehicle body structure and a reduced weight of 85 kg. A body
structure with different materials based on the criteria such as cost, density, qual-
ity, energy absorption, structural integrity, stiffness, form-ability is selected. Final
weight and material distribution are generated from the computerized simulations.
For the body structure weight, 53 % of material is contributed, following up with
hot-formed steel 36% and magnesium about 7 % overall weight [20].
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General Motors and Chevrolet have experimented with Heat activated smart ma-
terials to eliminate mechanisms. To open the rear hatch vent some mechanism is
needed. However, the shape memory alloy wire has a different approach, wherein
they contract when it is energized by electric current or hot air, which activates
the mechanism to open the vent. The wire returns to the original position when
the electric current or hot air is ceased. This saves 1.1 pounds of total weight as
compared to heavier motors [20].

Aluminum is weight-saving material that can be used in components such as trunk
lids and door inners. However, manufacturing processes for aluminium to form
complex shapes are quite limited. General Motors solved this issue by collaborating
with the company VTP and Kaiser Aluminum to develop a Quick Plastic forming
(QFP) process which can ease the complex shapes. In the QFP process, heated
aluminium material in an airtight seal blown against the die to form the required
shape. As a result, replacing steel with aluminium has resulted in 35 % weight
reduction[20].

Extensive research is conducted by the OEMs to bring carbon fibers into the market
because it has less density. However, they are challenged with the manufacturing
cost which contributes to 80 % of the total cost of carbon fiber. The Oak Ridge
National Laboratory (ORNL) is trying to bring down the cost to 130 SEK/kg. Ac-
cording to the research lab, advanced surface treatment, plasma oxidation, and
microwave-assisted plasma carbonization are the key technologies to reduce the
weight of the carbon fiber [20]. Industries such as Helicopter manufacturing prefers
metals over Composite materials because composite material cannot take up the
large strain without fracture. However, composite materials are having a higher
potential to absorb a large amount of load when compared to ductile materials such
as aluminium [21].

By investigating different weight reduction techniques, the investigation about the
current trends in the industry served as a good foundation of knowledge for the
development process in the thesis work.
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This chapter explains different methods and tools followed in the several
stages of thesis work.

The structured approach to solving the problem has been followed as it eliminates
uncertainty and will lead to innovative solutions. Also, this approach enhances
productivity and encloses all the solutions [22]. The project approach is shown in
figure 3.1.

Figure 3.1: Project Approach [22]
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3.1 Literature study
The literature study was carried out based on the research questions framed for the
thesis work. Initially, the study was carried out with a wide scope of search on the
battery pack involving battery tray, cover lid, cooling system, modules, bus bars,
battery disconnect unit, and high voltage electronics. Later the study was gradually
narrowed to the components in the battery tray carrier such as bottom plates,
crossbeams, castings, and extrusions. The methods used in the literature search
were journal search and Volvo intranet portal search. For the broader exploration of
the study, inspiration for the ideas was taken from different industries as the pattern
tends to repeat across the different industries. The scientific effects of the different
problem solutions add value often in determining creative solutions.

The literature study also aimed at the existing research on the usage of topology
optimization and topography optimization methods in the area of the battery hous-
ing.

3.2 Technological assessment
The technological assessment of battery housing was performed involving methods
such as data collection from interviews and knowledge transfer sessions, competitive
product benchmarking and SWOT analysis of existing battery housing of Volvo
Cars.

3.2.1 Interview guide and Knowledge transfer sessions
The interviews and knowledge transfer sessions were used as a way to collect the
different perspectives of solving a problem. The interviews were conducted in a
semi-structured manner with a structured agenda but freedom was given to the
interviewees to share their thoughts and experiences flexibly. They also helped
in gathering data to fill in the knowledge gaps during the data collection phase,
assist with relevant materials and contacts and share trending knowledge. These
interviews and knowledge transfer sessions were necessary to oversee the problem
from a different angle, and based on the interviewee past work experience.

3.2.2 Competitors benchmarking
Initially, the competitor BEV models were identified and compared based on battery
pack energy densities, range of vehicles, and battery housing weights. The bench-
marking data has been gathered and analyzed with the help of using competitive
maps. The competitive maps helped in the visualization of comparison between
competitors. Finally, the opportunities for improvement for the development of
battery housing were identified from the benchmarking.
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3.2.3 SWOT analysis
The SWOT analysis investigated the strengths and weaknesses of the existing bat-
tery housing, identified the opportunities for further development and external
threats. The SWOT analysis helped in the evaluation of current battery housing
before the start of the development of a new concept.

3.3 Functional analysis
The functional decomposition of the battery housing system was performed by using
methods such as the black-box model, process flow model and functions mean tree.
The main function was identified and broke down into sub-functions which helped
in generating alternative ideas using the morphological matrix for idea generation.

The black box model helped in the identification of inputs to and outputs from
battery housing to the surrounding environment. The process flow model identified
many sub-functions within battery housing which helped in the functional break-
down of complex function. The functions mean tree identified several sub-functions
along with associated means for each sub-function. This helped in the idea genera-
tion process.

3.4 Material study

3.4.1 Materials benchmarking
The materials benchmarking was performed by collecting the information of materi-
als from interviews, knowledge transfer sessions, literature study, and CES Edupack.
The materials benchmarking was conducted to investigate the material choices of
competitors which helped in the decision making of material selection for concepts
in the concept generation phase.

3.4.2 Materials selection
The benchmarked material information has been analyzed and compared based on
strength to weight ratio, material cost, and sustainability which is the percentage of
CO2 emission. The potential materials were then selected for design and simulation
of concepts. The materials used in the existing SPA2 battery housing were taken as
a reference during the selection of materials.

3.5 Idea generation
The idea generation was performed to collect and generate different ideas to generate
a new concept for the battery housing. The methods such as team brainstorming,
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Morphological matrix, TRIZ method helped in generating ideas that helped in gen-
erating the concepts for further development.

The team brainstorming activity was conducted in a group to learn different ap-
proaches to problem-solving for innovative ideas. The morphological matrix was
constructed using functional analysis and different sub-solutions were generated for
each sub-function which helped to generate several concepts. The TRIZ method
helped to investigate problem-solving approaches in different industries to imple-
ment in the current problem.

3.6 Topology Optimization
Topology optimization was the method used for weight reduction for aluminum
concepts generated in the concept generation phase. This method helped in gener-
ating inspired concept designs from optimization results. The detailed information
is explained in section 2.5.1

3.7 Topography Optimization
Topography Optimization was the method used for maximizing stiffness without an
increase in weight for steel concepts generated in the concept generation phase. This
method helped in generating inspired concept designs from optimization results. The
detailed information is explained in section 2.5.2

3.8 Concept evaluation
The concept evaluation was performed for a few concepts which have been selected
from the concept generation phase for further development. The evaluation has
been done based on simulation results. The simulation of concepts was conducted
in Altair Hypermesh and parameters for evaluation have been considered as concept
weight, material cost, and crash safety parameters. The Kesselring matrix was
used to evaluate concepts based on parameters. The existing SPA2 battery housing
concept was used as a reference to which several other concepts were compared.
This evaluation process was used to select the final concept which aims to perform
better in parameters in comparison to existing battery housing concept.

3.8.1 Non-linear static simulation setup
For the crash test which is the dynamic simulation is solved through LS-DYNA.
In this thesis work, for simplification purposes we are focusing on non-linear static
simulation, hence we are compared the simulation result of the final concept battery
housing against the existing SPA2 concept. Non-linear static simulation is consid-
ered instead of linear static simulation because crash simulation takes place at a
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higher load case, and material behaviour in the plastic state in this study is more
important.

• For the simplification of the simulation, instead of the whole battery pack,
only the section of the battery housing was considered as shown in the figure
3.2. Hence, we have Bottom plates joined together to the sill beam and two
Crossbeams attached to the Bottom plate and Sill beam.

• The side pole crash load was normalized to static force assumed value of 250
kN which acts on the sill beam.

• Four battery module force of 300 N was acting vertically downwards on four
points of the Bottom plates as shown in figure 3.3.

• Ends of the bottom plate and cross beams were fixed in three degrees of
freedom i.e. in x, y, and z-direction as shown in figure 3.3.

• Sill beam holes were mounted to the chassis in x, and z-direction as shown in
the figure 3.3.

Figure 3.2: Battery housing section
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Figure 3.3: Simulation setup

3.9 Simulations driven designs
The simulations driven designs were conducted to develop the final concept into a
fully functional model similar to the existing SPA2 battery housing concept. Several
different designs were developed with inspiration from simulation results. Through
this method, the designs were varied with different bead structures on the bottom
plate by understanding the load path caused by static force on the sill beam.

Thus, all the methods followed in the thesis work helped to gain knowledge and
guided in a structured way to obtain the results.

24



4
Technological assessment

This chapter on technological assessment involves data collection from
interviews and knowledge transfer sessions, competitors benchmarking
and SWOT analysis of battery housing to understand the opportunities
for further development.

4.1 Data collection from Interviews and Knowl-
edge transfer sessions

The interviews and knowledge transfer sessions were conducted to analyze the dif-
ferent perspectives on solving a problem. It helped in gathering data to fill in the
knowledge gaps during the data collection phase, assist with relevant materials, and
contacts and share trending knowledge. These interviews and knowledge transfer
sessions were necessary to oversee the problem from a different angle, and based
on the interviewee´s past work experience. Hence, we focused more on contacting
people from different industries such as the ThyssenKrupp company, SmartBratt
project team, Josephl project team, Chalmers solar team, and 9T labs along with
CAE and safety experts at Volvo Cars.

The summarised insights of the interviews were shown in the appendix A. The
decisions involved in the design, material selection, and concept development were
taken from these insights of interviews as they helped to reduce the knowledge gaps.

4.2 Competitors benchmarking
• The objective of competitors benchmarking is to study the difference between

the different BEV brands available in the market, and its strength, weak-
ness, technological advancement, new business opportunities, gaps, quantita-
tive data such as dimensions, weight, energy density, including material choices
by comparing them against the existing SPA2 Volvo Cars battery housing.

• From this study, it assisted in focusing on the opportunity to improvise within
the battery housing, understand the market, curtail the knowledge gaps, and
backs up the reasons for the changes in the output. Besides, it also assisted
in the concept development process in this thesis work.
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• A2 Mac1 website [23] and Volvo internal reports [8] were the resources used
to gather the data.

• Among various benchmarked competitors, Tesla Model 3, Chevrolet bolt EV,
Jaguar I Pace, Audi E Tron model’s battery packs were discussed below, as
they were found interesting to inspire in this thesis work.

4.3 Tesla Model 3 benchmark
The Tesla Model 3 was released in 2018 for the USA market. It had the highest
range of approximately 450 km compared to other car manufactures. The Model 3
battery pack weighs 460 kg and an energy density of 75 kWh. The unique feature
of the Tesla Model 3 battery pack is cylindrical Panasonic cells which is one of the
reasons for its lightweight, thermal efficiency, and high range. The top, bottom,
and side views of the battery pack are shown in the below figure 4.1. The battery
tray weighs only 53 kg. The interesting aspect of Tesla battery housing, unlike the
Volvo cars, is that the battery tray is made of thick metal sheets of aluminum joined
together and attached to two extrusions (aluminum 5000 series). The materials used
for the battery tray is aluminum alloy. The cross beams in this battery housing are
vertically built, unlike the Volvo cars battery housing in which they were horizontally
built. One of the reasons could be the absence of front crash absorbing structures
in Tesla Model 3 that made them build vertical cross beams in the battery tray. As
the battery tray consists of reinforcements made of steel alloy, cataphoresis painting
is used for corrosion resistance [8].

Figure 4.1: Tesla model 3 battery pack [8]
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4.4 Chevrolet Bolt EV benchmark
The Chevrolet Bolt EV was released in 2017 for the North American market as
shown in figure 4.2. The battery pack weighs 427 kg and has an energy density of
60 kW h. It consists of LG chem pouch cells. The battery tray weighs 66 kg and
is made of steel alloy [23]. The battery tray made of steel alloy is an interesting
idea that can increase crash performance and decrease material cost. This aspect is
inspired for this thesis work. Also, corrosion resistance should have been addressed
by Chevrolet as the battery tray was made of steel alloy.

Figure 4.2: Chevrolet bolt battery pack [23]

4.5 Jaguar I Pace benchmark
The Jaguar I pace was released in 2018 for the European market as shown in figure
4.3. The battery pack weighs 603 kg and has an energy density of 90 kW h. It
consists of LG chem pouch cells. The battery tray weighs 75 kg and is made of
aluminum alloy [23]. The interesting aspect about Jaguar I pace battery tray is
its geometry in the front and rear which makes it beneficial in crash performance
because that geometry can transfer forces equally into other arms of the battery
tray.
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Figure 4.3: Jaguar I pace battery pack [23]

4.6 Audi e Tron benchmark
The Audi E Tron was released in 2019 for the European market as shown in figure
4.4. The battery pack weighs 681 kg and has an energy density of 95 kWh. It consists
of LG chem pouch cells. The battery tray weighs 99 kg and is made of aluminum
alloy extrusion with aluminum sheet[23].
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Figure 4.4: Audi E Tron battery pack [23]

4.7 Energy density comparison
Eight competitor BEV models have been considered for benchmarking. Their range
of vehicles in km, individual weights of battery lid and battery tray carrier in kg,
volumes of lid and tray in mm3, Battery modules capacity in Ah, Battery voltage
in V, and Battery Energy in kWh are compared. Battery cell manufacturers and
geometries were studied for clear understanding. Along with these specifications,
the materials used for battery lid and battery tray carrier were benchmarked. The
benchmarking data was shown in the appendix B.1.

The metrics were carefully formulated for helping in comparison to competitors.
To achieve the desired results, the considered metrics were individual dimensions,
weights, and materials of battery tray and lid, Battery module energy, capacity,
voltage, weight. The materials were further investigated by comparing with their
physical, mechanical, and thermal properties. The comparable factor was decided
to be kWh/kg for comparing all the competitors on an equal level. The comparable
factor was calculated by the ratio of battery modules energy to battery housing
weight.

The benchmarking data has been analyzed in the histograms for easy visual commu-
nication of parameters varying between the competitors in comparison with Volvo
Cars. The comparable ratio used is energy density kWh/kg.

From figure 4.5 benchmarking visualization plot, Volvo cars SPA2 battery pack
was seen to have the highest energy density compared to other competitors such
as Tesla Model 3, etc. Tesla Model 3 battery pack has a high range (due to less
weight and better aerodynamics) with less energy density and less cost of battery
pack compared to Volvo Cars SPA2 battery pack. This creates a potential for the
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cost reduction in the Volvo Cars SPA2 battery pack. Along with cost reduction,
benchmarking analysis created a lot of potential areas for Volvo Cars SPA2 battery
pack to develop.
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Figure 4.5: Benchmarking analysis visualization plot

4.8 SWOT Analysis for Battery Housing
The SPA2 Battery housing of Volvo Cars is looked into and SWOT analysis is
performed by comparing various battery housings of different competitors as shown
in the figure.

Strength
• Structural design of battery housing is compact, strong and safe according to

Volvo standards

Weakness
• Structure is heavier due to Volvo safety standards
• Battery housing structure is expensive based on the material consumption

evaluation
• Supplier limitations – material selection, manufacturing
• Too many components and manufacture problems to join them

Opportunities
• New Battery housing design
• Lightweight design
• Cost reduction
• New material choice
• Improvise manufacturing problems
• Smart integration of components

Threats
• Extensive use of Aluminum by many car industries might surge global price
• Battery carrier is heavier when compared to competitors like Tesla Model 3,

Audi E Tron 55, Hyundai Kona.
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This chapter helped to assess the technological maturity of development in the
area of the battery housing and helped to identify the opportunities for further
development of battery housing.
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5
Requirements Specification and

Functional Analysis

This chapter involves the generation of requirements specification and
functional analysis using different methods namely black box model,
process flow model, and functions means tree.

5.1 Requirements specification
This section involves requirements generation which is used during concept genera-
tion, evaluation, and verification of the final concept. The requirements specification
was generated initially based on the information from data collection activities.

The requirements specification was formed based on the aim and objectives of the
thesis work and also based on the Volvo cars requirement list. It was categorized into
six rows: Size and geometry, material selection, Safety - Electrical, Mechanical and
Thermal, Environment, and Supplier limitations. Each category has an objective
that has a requirement such as demand or wish set by Volvo cars or thesis team
or departmental team. This requirement has a target value or a statement, and
verification was done by CAD modeling in CATIA V5, non-linear static simulation
in Altair Hypermesh, and CES Edupack. The requirements specification is shown
in appendix D.1.

5.2 Functional analysis
This section involves the identification of main and sub-functions for the battery
housing, formulation of the black-box model, process flow model, and functions
means tree.

5.2.1 Identification of Functions for Battery Housing
The battery housing is considered as a whole and its functions inside and outside
interaction with the environment is identified in the following way.

• To enclose the battery modules
• To protect the battery modules
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• To carry all the components of the battery system
• To withstand the external impacts
• To withstand internal pressure and internal generated heat
• To provide waterproofing, fireproofing
• To insulate electrical leakages, thermal leakages, electromagnetic current
• To be easily accessible for servicing
• To interact with the environment in a sustainable way
• To protect the users during crash situations
• To ease the user ergonomics
• To ease the manufacturing and assembling process

5.2.2 Black box model
The black box model is a framework used for the functional decomposition of a
system. The battery housing is considered as a system and the inputs, outputs
into and out of the system are considered [22]. The inputs into the battery housing
are taken as a structural, electrical, and thermal type of loads because the primary
function of the battery housing is to protect the components of the battery system
from the external collision, an internal malfunction compromising the safety, and
electromagnetic interference. As a final result, battery housing must safely protect
all the components inside the battery housing and interact with the environment
to keep the optimum working temperature inside the battery pack. Mounting com-
ponents are also part of protecting the battery pack, but it is not focused on this
thesis work, as it is considered as a complex system and out of scope. The black
box model representation is shown in figure 5.1.

Figure 5.1: Black box model

5.2.3 Process Flow Model
In the process flow model, each function involved in the system is broken down into
different sub-functions involved in the battery housing. Based on this sub-function,
respective sub-solutions are determined [22]. To ease the functional breakdown of
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the complex system, the process flow model is constructed to generate ideas from
each sub-function in the battery housing or enclosure.

Figure 5.2: Process Flow model

The process flow model helped to identify the sub-functions of the battery enclosure
whereas the black box model only helped to identify the inputs and outputs to the
battery housing with respect to the surrounding environment.

5.2.4 Function means tree
The functions means tree is constructed from the main function of the battery
housing. It is further divided into various sub-functions and different sub solutions
are generated which helped in the creation of morphological matrix in the idea
generation phase [22].

35



5. Requirements Specification and Functional Analysis

Figure 5.3: Function means tree

Thus the functional analysis helped in the idea generation phase of concept devel-
opment to generate ideas from the obtained sub-functions in the functions means
tree.
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6
Material Study

This chapter involves the material study on bottom plates and cross
beams and discussed the approaches followed for materials benchmark-
ing, and materials selection. It also discusses in detail about physical
and mechanical properties and environmental impact on material se-
lection.

6.1 Materials benchmarking
Material data is gathered from various sources such as research institutes, ASM
handbook, BEV benchmarking, and CES Edupack software. The first-hand mate-
rial information gathered from interviews, literature study, and knowledge transfer
sessions were benchmarked in an excel sheet to analyze the material choices for dif-
ferent components in battery housing used by different competitors. The materials
used in existing battery housing were taken as reference and other materials were
benchmarked in comparison to the existing materials which are shown in appendix
C.

6.2 Materials selection
The scope of materials selection was to select a few potential materials feasible for
the lightweight and strong design for crossbeams and bottom plates. The metrics
used during the comparison and selection of the materials were specific strength
and material cost. The materials used in the existing SPA2 bottom plates and cross
beams were used as a reference in the comparison of materials. From this material
selection, only thirteen materials were considered among the thirty materials as
shown in figure 6.1. There was a set of three elimination process made to finalize
the materials for the cross beam and the bottom plates.

In the first elimination process, seventeen materials were eliminated because of low
strength to weight ratio (SWR), high material cost and based on a higher percentage
of CO2 emission when compared to reference materials (or existing SPA2 material
choices).

In the second elimination process, based on the higher percentage of CO2 emission
following materials were eliminated - magnesium commercial purity ASTM 9980A,
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magnesium mg 30 % B4C and aluminium 518 die-cast F which all have 44.2 %, 34
% and 14.7 % CO2 emission.

Lastly, the third elimination process involved the dependency on the functions of the
bottom plates and cross beams. For the bottom plate, material selection criteria
were low-density material, low thermally conductivity, fire-proof, stiff, and have
energy-absorbing capabilities. For the cross beams, the material selection criteria
were high energy absorbing, stiff, and high carbon strength material because it does
not prone to corrosion (as cross beams are sealed inside the battery housing).

In conclusion, the material chosen for cross beam and bottom plate were aluminium
alloy A, and dual-phase steel YS600 cold rolled. The material properties are dis-
played in the table 6.1.

Figure 6.1: Materials selection plot

Table 6.1: Material properties

Properties Aluminum alloy Dual phase Steel
A YS600 cold rolled

Density (kg/m3) 2600 7800
Young´s Modulus (GPa) 72 200
Poisson’s ratio 0.33 0.29
Yield strength (MPa) 140 600
Elongation (%) 13 15
Ultimate strength (MPa) 220 980
Cost per kg (SEK/kg) 22 7.15
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6.3 Environmental aspect
Environmental sustainability is one of the driving factors in material selection for
automotive components. This section describes the quantitative analysis of sustain-
ability comparison of CO2 emissions of aluminum vs steel in two stages: 1) Pre-
manufacturing and 2) Post use or Recyclable. The study is limited only to these
stages because these stages played a prominent role during the material selection
phase. Hence the section describes the details of the economic and environmental
performance of the vehicle in pre-manufacturing and post-use [24].

Pre-manufacturing or primary production

Generally, pre-manufacturing is the initial stage of the life cycle of the material where
the material extraction takes place from the mining process. Here, from the earth
crust virgin material is excavated and further processed to manufacturing phased to
develop into a useful final product [25]. Hence, the production of virgin aluminum
takes more energy than virgin steel, because of the high energy-intensive process.
Being a similar manufacturing process for both the materials, the electricity required
to operate the electricity varies for both the materials [24]. For pre-manufacturing,
CO2 emission for a steel is 2.4 kg equivalent per kg material and for aluminium it
is 11 kg equivalent per kg material [26]. The pre-manufacturing cost for aluminum
is 559.3 $ and for steel, it is 398.4 $ [24].

Post-use

This is secondary production where the material is recycled after its use. The steel or
aluminum material collected for recycling can replace the virgin material with some
losses. For post-use, CO2 emission for a steel is 0.3 kg equivalent per kg material
and for aluminium it is 0.4 kg equivalent per kg material [26].

Summarised findings on economic and environmental performance are shown in table
6.2

Table 6.2: Environmental aspect [26] [24]

Material Aluminum Steel
Pre-manufacturing (kg
CO2 -eq./kg)

11.0 2.4

Pre-manufacturing cost ($) 559.3 398.4
Post-use (kg CO2 -eq./kg) 0.4 0.3

Thus material study helped in the selection of potential material choices for the
concepts generated during the development phase.

39



6. Material Study

40



7
Concept Development

This chapter discusses the methodology followed to develop bottom plates
and cross beams concepts, topology concepts, and topography concepts.
It also involves the evaluation of concepts against parameters and sim-
ulations driven designs.

7.1 Idea generation
The idea generation was carried out through different methods such as brainstorm-
ing, the TRIZ method, and the morphological matrix.

7.1.1 Brainstorming activity
The brainstorming activity was conducted within a group of 20 members at Volvo
cars. The brainstorming activity aimed at identifying and understanding different
approaches to problem-solving. Using the TRIZ method, various scenarios from
different industries were provided to the audience for solving similar objectives of
the thesis work such as weight reduction, material cost reduction, increasing safety
aspect, and sustainability. Though several ideas were challenging to relate to the
thesis work, the approach of problem-solving in achieving these objectives was in-
spired from the brainstorming activity into the thesis work.

7.1.2 TRIZ method
The TRIZ method is known as the theory of inventive problem-solving. The current
problem in this thesis work can be solved by exploring similar areas in different
industries other than the automotive industry. A similar pattern of TRIZ is im-
plemented in the team brainstorming activity for generating solutions from team
members and used for solving the current problem. The ideas from different indus-
tries such as adaptive multi-folding microstructures, hydraulics, energy absorption
structures used in ship, crash barrier net, the landing gear of helicopter, pyrotechni-
cally controllable adaptive system, etc were investigated and found to be interesting
to address the current problem of the thesis work. These ideas can be used to imple-
ment in the sill beams of the battery pack to improve crash performance and they
shall give rise to many dynamic concepts which were shown in the appendix E.0.2.
The main constraint for bringing these ideas into reality is manufacturing feasibility
due to which they were limited for further development.
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7.1.3 Morphological matrix
The morphological matrix was constructed from the sub-functions which are derived
from the functions means tree. The sub-functions namely "to withstand or absorb
structural load", "to withstand electrical load", "to withstand thermal load", "to
protect battery modules", "to protect electronic and electrical components" were
listed in columns and alternative solutions for these sub-functions were listed in
rows. This matrix helped in generating concepts based on merging several ideas
from rows and columns. The morphological matrix is shown in the appendix E.1
to E.8. Many concepts were generated and visualized from this matrix were further
explained in the next section.

7.2 Concepts generation
Several concepts generated from the morphological matrix were visualized in CAD
models in CATIA V5. The concepts were developed on the bottom plate and cross
beam components of the existing SPA2 battery housing. Among these, only a few
concepts were selected for further development based on manufacturing feasibility.

7.2.1 Aluminium corrugated bottom plate
This bottom plate concept is made of aluminum alloy and has a corrugated cross-
section to withstand vertical load in a better way than the flat bottom plate as
shown in figure 7.1. To analyze the side impact force, we selected this concept for
the simulation.

Figure 7.1: Aluminium corrugated bottom plate

42



7. Concept Development

7.2.2 Aluminium rectangular bottom plate concept
This bottom plate concept is composed of aluminum alloy and has rectangular holes
along the length of the bottom plate as shown in figure 7.2. The cross-section has
large holes and the main purpose is to reduce the weight. This concept has weight-
reducing abilities, hence this was selected for the simulation.

Figure 7.2: Aluminium rectangular bottom plate concept

7.2.3 Steel thin bottom plate concept
This bottom plate concept was made of steel alloy with a thin plate cross-section
as shown in figure 7.3. This purpose was to introduce a steel plate and analyze the
strength capabilities and improve its performance. This concept was cost-efficient
than weight compared to all aluminium concepts. To verify the crash safety behav-
ior, it was selected for simulation purposes.

Figure 7.3: Steel thin bottom plate concept
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7.2.4 Steel corrugated bottom plate concept
This concept is similar to the aluminum corrugated bottom plate concept, but with
the steel as a material and corrugated shape as the cross-section as shown in figure
7.4. Also, based on the literature study this concept can withstand more vertical
load in a better way than the steel thin bottom plate. Since it is made of steel, it is
denser in weight than aluminum. Hence, this concept was selected for simulation.

Figure 7.4: Steel corrugated bottom plate concept

7.2.5 T shape concept - Integrated cross beam and bottom
plate

In T shape concept, both bottom plates and cross beams are integrated to form
a single plate as shown in figure 7.5. This combination eases the manufacturing
process, thus saving manufacturing cost and assembling time. To analyze the safety
parameters, this was selected for the simulation purpose.
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Figure 7.5: T shape concept - Integrated cross beam and bottom plate

7.2.6 I shape steel cross beam concept
I shape the cross beam concept is inspired from the TO section 7.6. This is composed
of steel material and the top section of this concept has more material than the base
surface because the load acting on the top surface is more. Also, this concept
has manufacturing feasibility and one possible way to manufacture is by bending
operation.

Figure 7.6: I shape cross beam concept
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7.2.7 Rectangular shape cross beam concept
The rectangular cross beam is inspired by the existing cross beam and the design
space available for the beam to mount. This has a great advantage in terms of
manufacturing feasibility, because of its simple cross-section and one possible way
to manufacture is by bending operation.

Figure 7.7: I shape cross beam concept

7.3 Topology optimization driven concept gener-
ation

In the topology optimization setup for solving aluminum cross beam and aluminum
bottom plate, several simplification strategies were followed to gather more ideas,
and solve quickly. Assigning natural and essential boundary condition for the topol-
ogy optimization setup is similar to that of simulation setup as explained in the
section 7.5.1 and optimization formulation such as objective, constraints, design
and non-design space are discussed below. Many iterations with different objec-
tive have been solved to understand the correct optimization formulation and found
promising one in the table 7.1 .

• Linear static simulation with 1/8th size of the battery pack is considered for
quick computational result as shown in the figure 7.8 .

• Element type is volume tetra and size is 2 mm.

• Design space creation which is a solid CAD model that resembles that of
the existing SPA2 battery housing. It helps in developing concepts through
the topology optimization method. Here the model is subjected to loading
conditions such as essential and natural boundary conditions, also, the model
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is assigned with material properties and manufacturing criteria. As per the
scope the thesis work, design space is cross beam and bottom plate, and non-
design space is the sill beam as shown in the figure 7.8.

• Non-design space is the area where optimization is restricted. Hence, as per
the design requirement, the non-design space for the cross beam is 10mm from
the top and bottom surface, where on the top surface screws joins the lid and
battery tray carrier and on the bottom surface it is attached to the bottom
plate as shown in the figure 7.8. The sill beam is considered as non-design space
because it is the non-focus area of the thesis work. Furthermore, topology
optimization cannot be performed on it, as it is long slandered structure,
instead, optimization can be achieved through size and shape optimization.

Table 7.1: Topology optimisation problem

Optimisation Formulation Responses
Objective Minimize compliance
Constraints Volume fraction : 20% - 40%

Stress : 180 MPa – 250 MPa
Mfg. constraints : Extrusion in Y direction

Parameter Element size : 2 mm
Material : Aluminium

Figure 7.8: Battery housing design space
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7.4 Topography optimization
To investigate steel concepts, the topography approach is followed because the thick-
ness of the cross beams and the bottom plate is less than 2 mm. Topography op-
timization performed similar to topology, however, optimization response and mesh
type vary which is described in table 7.2. The bottom plate and cross beam thick-
nesses are 1.8mm and 1.6mm.

Table 7.2: Topography optimisation problem

Optimisation Formulation Responses
Objective Minimize displacement in

Y direction (intrusion region)
Parameters Element type : PSHELL

Element size : 4 mm
Material : Steel

Bead parameters
Minimum width : 30 mm
Draw angle : 60 degree
Draw height : 15 mm

7.5 Concepts evaluation

Various concepts were generated through brainstorming, morphological matrix, topol-
ogy and topography optimization. Among many concepts, only a few concepts were
selected for evaluation as they were chosen for further development. Other concepts
were limited for simulation as they were not manufacturing feasible and challeng-
ing to simulate with the decided setup. The evaluation of concepts was done by
simulating in Hypermesh software with Optistruct solver.

The parameters established for evaluation of concepts were concept weight, mate-
rial cost, manufacturing feasibility, and crash safety parameters such as intrusion
(displacement in the y-direction) when acted upon crash load case and displacement
in z-direction due to the self-weight of battery modules on the bottom plates. All
the concepts were evaluated against parameters in comparison to the existing SPA2
concept in the Kesselring matrix. As mentioned in the section 3.3, all the concepts
of battery housing were simplified for simulation purposes. Initially, the simulation
of existing SPA2 battery housing was performed to evaluate the generated concepts
against the baseline concept.

7.5.1 Simulation of existing SPA2 reference model
The simplified model of existing SPA2 battery housing was shown in section 3.3
where all the forces and constraints were represented. The non-linear static sim-
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ulation was performed in which linear buckling analysis was also included. The
material chosen for the simulation of the existing model was aluminium alloy A.

The post-processed results from simulation were displacement in y and z-direction,
and von mises stress values. Displacement in y-direction was used to determine the
intrusion due to crash load and displacement in z-direction which was used to under-
stand the effect of battery modules self-weight on the bottom plate. The simulation
results of the existing SPA2 concept were not revealed due to confidentiality. The
maximum intrusion and bending on the bottom plate was found out to be 1mm and
0.5mm, and the maximum von mises stress value was found out to be 243 MPa.

A similar simulation set-up was used in performing the simulation of concepts. The
concepts selected for simulation were listed below.

• Aluminium corrugated bottom plate concept
• Aluminium rectangular holes bottom plate concept
• Steel corrugated bottom plate concept
• Steel thin bottom plate concept
• Steel T shape cross beam and bottom plate concept
• Topology optimization driven concept
• Topography optimization driven concept

7.5.2 Simulation of Aluminium corrugated bottom plate con-
cept

The Aluminium corrugated bottom plate was assembled to the existing sill beam
and cross beams as shown in the figure 7.9. The enlarged view of the corrugated
bottom plate cross-section was shown on the right side of the image. The maximum
displacement was found out to be 7.14 mm on the bottom plate and maximum stress
was found out to be 178.7 MPa.

Figure 7.9: Aluminium corrugated bottom plate concept
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From the results, the reason for high displacement in z-direction was that corrugated
shape is better at withstanding vertical loads in comparison to the side loads on the
sill beam which was considered in the simulation.

7.5.3 Simulation of Aluminium rectangular holes bottom
plate concept

The Aluminium rectangular holes bottom plate was assembled to the existing sill
beam and cross beams as shown in the figure 7.10. The enlarged view of the bottom
plate cross-section was shown on the right side of the image. The maximum dis-
placement was found out to be 13.6 mm on the bottom plate and maximum stress
was found out to be 220 MPa.

Figure 7.10: Aluminium rectangular holes bottom plate concept

From the results, the reason for high stress was that rectangular holes have sharp
edges compared to elliptical holes in the reference model. The reason for high
intrusion was that the concept has less weight with the same material.

7.5.4 Simulation of Steel corrugated bottom plate concept
The Steel corrugated bottom plate was assembled to the existing sill beam and
cross beams as shown in figure 7.11. The enlarged view of the steel corrugated
bottom plate cross-section was shown on the right side of the image. The maximum
displacement was found out to be 2.8 mm on the bottom plate and the maximum
stress was found out to be 366.2 MPa.
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Figure 7.11: Steel corrugated bottom plate concept

7.5.5 Simulation of Steel thin bottom plate concept
The Steel thin bottom plate was assembled to the existing sill beam and cross beams
as shown in figure 7.12. The maximum displacement was found out to be 4.5 mm
on the bottom plate and maximum stress was found out to be 500 MPa.

From the results, the reason for more displacement in the z-direction is that the
concept has less buckling mode factors compared to the existing SPA2 concept.

Figure 7.12: Steel thin bottom plate concept

7.5.6 Simulation of Steel T shape cross beam and bottom
plate concept

The Steel T shape bottom plate and the crossbeam were assembled to the existing
sill beam as shown in the figure 7.13. The maximum displacement was found out to
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be 2.5 mm on the bottom plate and maximum stress was found out to be 600 Mpa.

Figure 7.13: Steel T shape cross beam and bottom plate concept

7.6 Simulation of topology optimisation driven con-
cept

Hyperview plots as shown in figure 7.14, recommended some area to remove material
and some area to retain. However, there were some drawbacks when solving topology
optimization, this study is based on the side pole acting on one direction if the side
pole load acting directly on the cross beam contour plots changes instantaneously
depending on the loading condition. Also, the lid was not part of the study which
affected the outcome.

Figure 7.14: Topology optimisation results
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7.7 Simulation of topography optimization driven
concept

From the topography result, as shown in figure 7.15, it describes the shape changes
of 15mm bead height in several areas of the bottom plot. The set target value for
displacement in the y-direction is less than 1mm and the ultimate strength of steel is
990 MPa. The results for displacement in y-direction and stresses are 1.86 mm and
1060 MPa as shown in figure 7.16 and 7.17. These values are higher than the target
value, however, by selecting the suitable boundary condition can further reduce the
displacement and stress results.

Figure 7.15: Topography optimisation results
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Figure 7.16: Topography displacement plot

Figure 7.17: Topography stress plot

7.8 Kesselring matrix
The parameters chosen for the evaluation of concepts were weight, displacement
in y and z-directions, and material cost. The parameters were arranged in order
according to their priorities. The concepts were compared against the existing SPA2
concept in the figure 7.18. The ideal concept was expected to perform well at all
the chosen parameters.
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Figure 7.18: Concepts evaluation matrix

On the whole, the concepts performed well against the existing concept in a few
parameters and did not perform well on other parameters.

The concepts were compared initially based on weight parameters. The Steel cor-
rugated bottom plate was limited for further development as it weighed more than
the existing SPA2 concept.

Even though the aluminum rectangular holes bottom plate concept weighed less
than the existing SPA2 concept, it performed worse at intrusion (displacement in
the y-direction) parameter. So it was limited for further development.

The aluminum corrugated bottom plate concept weighed least than every other con-
cept but it performed worse at buckling (displacement in the z-direction) parameter.
So it was limited for further development as the ideal concept needs to perform well
at all the parameters.

Among the remaining two concepts which were Steel thin bottom plate concept
and T shape concept, the T shape concept appeared promising and seemed to have
potential in terms of development compared to the existing SPA2 concept even
though it did not perform better than Steel thin bottom plate concept. The main
challenge observed with the T shape concept is manufacturing feasibility as it is
difficult to deep draw it in the desired way.

The steel thin bottom plate concept which has a 2 mm thick bottom plate has been
modified into a 1.6mm bottom plate to reduce weight in comparison to the existing
concept and on other hand, beads structures were incorporated on to the bottom
plate with inspiration from topography optimization method of increasing stiffness
without increasing weight. The inspiration of beads on the bottom plate was also
taken from the cover lid of the existing SPA2 battery housing.
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7.9 Simulations driven design
The simulations driven designs were performed to develop the selected concept into
a better concept which can perform similarly in parameters in comparison to the
existing battery housing concept. The concept designs were varied based on inspira-
tion from simulation results. The bead structures were varied on the bottom plate
by understanding the load path from simulation results.

The main challenge is that there was a various loop of iterations involved to refine
the concept. The topography optimization for steel concepts can reduce the CAD to
CAE loops and accelerates the development process. The topography optimization
has always been one of the methods for increasing the load-bearing capacity of
structures that are sensitive to buckling in the car structures [27]. This process of
simulations driven designs were done to develop into a better concept which can
perform well in parameters similar to the existing concept. This transformation
process from the selected concept to the final concept design will be explained in
the next section 7.10.

7.10 Transformation into the final concept
For better understanding, the transformation from a steel thin bottom plate concept
to the final concept is shown in the figure 7.19. Few important concept iterations
were shown to understand the transformation of the bottom plate and cross beam
concepts. The beads width, height, and the bottom plate thickness were considered
as variants in these iterations to make the concept perform against parameters like
intrusion and displacement in z-direction as similar to an existing concept.
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Figure 7.19: Transformation of selected concept into the final concept

Figure 7.19 explained the transformation of generated concepts through the simula-
tions driven approach. Initially, the topography inspired concept is transformed into
intrusion based design and bending based design based on simulation results and
finally transformed into a design that is inspired by cover lid of the battery pack.
This transformation of generated concepts based on the simulation driven approach
led to the final concepts which will be explained in the next chapter 8.
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8
Final concept

This chapter explains the final concept of the bottom plate and cross
beam, and its evaluation with respect to the existing SPA2 concept.
The final concept transformed through different designs from the topol-
ogy optimization which was discussed in Chapter 7. It discusses the
fulfillment of requirement specifications for the final concept.

8.1 Final concept description
The bottom plate final concept is a rectangular steel plate of L·W·H as A·B·Cmm
with the thickness of 1.8mm and a bead height of 9.8mm to prevent the intrusion
and take up the module weight without bending as shown in figure 8.1. The tree-like
structures on the bottom plates are called beads. These bead ends were intercon-
nected and take up the side impact load of 250 kN acting towards its direction as
shown in figure 8.5. The bottom plate ends were attached to the sill beams and cast-
ings. The design inspiration for bottom plate was Topology optimisation and cover
lid of battery housing. [Note: A·B·Cmm was written for confidentiality purpose].

Figure 8.1: Bottom plate isometric view
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The cross beam final concept is I shape a cross-sectional steel tube of the L·W·H is
A·B·Cmm with thickness 1.6mm as shown in figure 8.2. It was mounted above the
bottom plate beads as shown in figure 8.3 and ends were connected to sill beams.
The design inspiration for the cross section was taken from topology optimisation.

Figure 8.2: Cross beam isometric view

The sill beam, bottom plate and cross beams were assembled together to form the
section of the battery housing. The figure 8.3 and 8.4 shows the isometric view and
right side view.

Figure 8.3: Final concept isometric view
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Figure 8.4: Final concept right side view

8.1.1 Design for Intrusion
Design for Intrusion was done in the condition where the side pole crash load of 250
kN was acted on the bottom plate. The beads on the bottom plate must be able
to restrict the load, which results in minimum displacement in y-direction. For the
minimum intrusion, the following conclusions were drawn during iterative design
process, when the load was acting in-between the cross beams.

• The beads were the tree-like structure which enhanced the stiffness or dis-
tributed the load throughout the plate.

• The bead pattern near the A region has to be eliminated, if not it acts as an
obstruct and thus leads in high deformation during side pole as shown in the
figure 8.5.

• The B region beads which have a bead width of 25mm reduced the intrusion
because it acted as a path for traveling the intrusion load in the figure 8.5.

• The beads in the G regions can take up the load from the sill beam. The design
purpose is to take 50% of the load from the sill beam and transfer across the
bottom plate. This also acted as a platform for cross beam for mounting.

• The tree-like structure or beads have the unique potential to carry the load
because it does not restrict the side pole load if restricted it deforms with the
small loading criteria. Additionally, long beads with wider space allow the load
to travel throughout the plate, and distribute it to the surrounding beads.

These were the conclusions drawn from simulation driven design iterations for in-
trusion.
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Figure 8.5: Bottom plate beads for minimum displacement in Y direction

8.1.2 Design for Bending
For bending, the four battery module weight of ´X´ N influenced the displacement in
the z-direction. However, for the better design bending has to be minimum. These
conclusions were drawn from the design iterations for a minimum displacement in
z-direction.

• Horizontal beads such as C, D and E restricts the bending of all the beads
which are connected to it as shown in the figure 8.5.

• The bead height and thickness of the plate influences the displacement in the
z-direction. Hence for minimum displacement in the z-direction, bead height
and thickness has to be increased. However, further increase in thickness leads
to increase in weight and also further increase in bead height leads to exceed
design constraint. For a good design, bead height and thickness have to be
fine-tuned.

These are the conclusions drawn from simulation driven design iterations for bend-
ing.

8.2 Manufacturing Plan
The manufacturing process for the cross beam and bottom plates was the sheet
metal forming process due to their low thickness values such as 1.6mm and 1.8mm.
There are various sheet metal forming processes such as bending, extrusion, deep
drawing, rolling, wire and bar drawing, shearing, and forging process. Sheet metal
working process involved forming and machining operations performed on the metal
plates or sheets, strips, and coils.

One possible way to manufacture the cross beams was through bending operations
because different bending shapes can be generated by varying the bending pressure
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and die shapes. Bending operation is a cold working process that is accomplished by
using the equipment such as punch and die. The sheet is placed in between punch
and die, punch moves in straight axis and die is stationary and when there is a
relative motion between them, sheet metal deforms under plastic state and generates
into the required shape. The following figure 8.8 shows the clear representation of
bending operation along with sheet metal, punch, and die [28]. Another possibility
to manufacture the cross beam was through extrusion operation, however, steel
extrusions are limited because of the less ductility, shape complexity, and thickness
of the cross-section. In addition, extruding profiles could be of higher grades of
steel which are stiff and melt at the higher temperature, hence extruding die must
be stronger than the extruding profile. Further development of a cross beam to
integrate into the existing battery pack environment require machining operation.

Figure 8.6: Manufacturing plan for cross beam [29]

One possible way to manufacture the Bottom plates was through deep-drawing
operations. In this operation, flat sheet metals are deformed into cups or beads
shapes by the mechanical action of the punch. A punch pushes the sheet metal into
the required shape and a blank holder is used to clamp the blank on the die. The
bead shape transformation takes place by stretching the sheet metal [28]. There
are three Bottom Plates that could be merged into a single unit through the seam
welding process.
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Figure 8.7: Manufacturing plan for bottom plate [29]

The bottom plates and cross beam could be assembled together through the seam
welding process. This is a resistance welding process which utilizes electric current
to lap join two objects and does not require filler material and no gas formed during
the process [28].

Figure 8.8: Manufacturing plan for bottom plate and cross beam assembly
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8.3 Comparison : Existing vs. Final concept

8.3.1 Safety evaluation
The final concept was compared against the existing aluminum concept to precisely
validate the results. The simulation set-up for both models was similar, except the
existing SPA2 concept has three bottom plates composed of aluminium alloy joined
or welded together, on the other hand, the final concept has a single bottom plate
composed of steel. The intrusion, bending, and stress were the important parameters
which was evaluated in this thesis work. However, in this thesis work simulation
result for intrusion, bending and stress for existing SPA2 concept was not shown in
this report work for confidentiality purpose, and rather discussed as target values.

• Intrusion evaluation : For the intrusion evaluation, minimum displacement
in the y-direction due to side pole impact load acting on the bottom plate
is measured. The target displacement value set is less than 1mm. The dis-
placement result obtained in the y-direction was 1.28mm and the displacement
pattern for the final concept was similar to that of the existing SPA2 concept,
however, displacement was 28% slightly higher than that of the existing SPA2
concept. The resulted final concept has the potential to meet the requirements
of Volvo standards which is shown in figure 8.9 below.

Figure 8.9: Intrusion result for the final concept
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• Bending evaluation : For the bending evaluation, minimum displacement
in z-direction due to module self-weight acting on the bottom plate was mea-
sured. The displacement target value set was less than 0.5mm. The obtained
displacement result after performing simulation is 0.49mm in the Z direction
and the displacement pattern of the final concept is similar to that of the ex-
isting SPA2 concept. The resulted final concept met the requirements of Volvo
standards which are shown in figure 8.10.

Figure 8.10: Bending result for the final concept

• Stress evaluation: For the stress evaluation, Von Mises stress was measured
when acted by the side pole crash impact load on the bottom plate. For the
safer design, stress must be within the ultimate strength. Here the ultimate
strength was evaluated as the structure was subjected to crash load and defor-
mation was evaluated in the plastic state. The maximum stress of the existing
SPA 2 concept is 243 MPa and the ultimate strength of aluminium is 293
MPa. The maximum stress of the final concept is 606 MPa and the ultimate
strength of Aluminium is 990 MPa. This evaluation clearly described that the
design met the stress safety criteria.

The resulted final concept has the potential to meet the requirements of Volvo
standards which is shown in Fig 8.11 below.
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Figure 8.11: Stress result for the final concept

The summarised findings of intrusion, bending and stress evaluation are shown in
the table 8.1

Table 8.1: Summarised findings : Safety parameters

Concept Final concept
Materials Steel – Dual phase cold

rolled YS600
Target value: Intrusion (mm) 1
Resulted : Intrusion (mm) 1.28
Target value : Bending (mm) 0.5
Resulted : Bending (mm) 0.49
Ultimate strength of material
(MPa)

990

Maximum Stress (MPa) 606

8.3.2 Cost and weight analysis
The final concept resulted in increas of material cost reduction and increase in weight
when compared to existing SPA2 concepts. The material cost per kilogram for steel
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is around 7.15 SEK and for aluminium alloy is 22SEK. Considering the density of the
final concept per section the material cost was calculated. The detailed information
about cost and weight results in percentage was shown in the table 8.2

Table 8.2: Battery housing section : Cost and Weight analysis

Concept Final concept
Material Steel – Dual phase cold

rolled YS600
Material cost reduction 65.4%
Total weight increase 6.3%

8.3.3 Machining and manufacturing lead time advantage
In the existing SPA2 concept, three bottom plates were joined together by welding.
On the contrary, the final concept has a single bottom plate. Hence there is no need
of welding which saves manufacturing lead time.

8.3.4 Material advantages
These were material advantages of the usage of steel in the final concept over usage
of aluminum alloy in the existing battery housing concept.

• Heat transfer advantage: The car has to be suitable for both hot and
cold climatic condition, hence heat transfer ability shall be minimum between
the battery pack and environment, and the major contributing factor for heat
transfer is the bottom plates. With the final concept as a solution, heat transfer
was reduced to four times when compared with the existing SPA2 concept
because thermal conductivity of steel is 42 W

m◦C whereas, aluminum thermal
conductivity is 205 W

m◦C . Hence, steel restricts environment temperature in a
better way when compared to Aluminium.

• Heat resistant advantage: The final concept is twice better heat resistant
than the Existing SPA2 concept because the melting temperature of steel is
1420 ◦C and aluminum is 630 ◦C.

• Corrosion challenge: Since steel material is used in the final concept which is
more prone to corrosion than the existing SPA2 concept which is composed of
aluminum material. Additionally, corrosion preventive measures such as metal
coating needs to be taken care and one such metal coating process identified
from benchmarking is electroplating.
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8.3.5 Sustainability aspect
Steel as a material is more sustainable when compared to aluminium in the environ-
mental aspect in terms of pre-manufacturing and recyclability . For the production
of 1 kg of Steel, it is approximately 5 times lesser CO2 emission when it is compared
with Aluminium. For the recyclability of 1kg of steel, it is 0.1kg less CO2 emission
when it is compared with Aluminium.

8.4 Fulfillment of requirements specification for
final concept

The final concept was designed against the established requirements specification.
The verification of final concept performance against the established product-specific
requirements was done and shown in the table 8.12.
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Figure 8.12: Requirement specification
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9
Discussions and conclusions

This chapter involves discussion and reflection on studies performed in
the thesis work. It also involves re-visiting the research questions and
conclusions at the end.

9.1 Discussions
This section involves discussion and reflection on various sections such as benchmark-
ing, material study, concept development, optimization methods and simulations.

9.1.1 Competitors benchmarking
The benchmarking data of competitors were gathered from the A2 mack1 website
and Volvo Cars internal benchmarking reports. But there were knowledge gaps in
gathering the benchmarking data of competitors such as the Tesla Model 3 battery
pack. Due to the lack of information on the A2 mack1 website, the identification
of material choices and construction of geometry in the Tesla Model 3 battery pack
was challenging which influenced the comparison of Tesla Model 3 against Volvo
Cars SPA2 battery pack. There is a scope for the identification of new potential
areas of improvement of the Volvo Cars battery pack if that knowledge gap about
the Tesla Model 3 battery pack was reduced.

9.1.2 Materials study
In the materials benchmarking, the information about the material properties of
various materials was gathered. But the materials such as sandwich material, APM
hybrid foams, hybrix, AFS were challenging to investigate due to lack of information
on their material properties. In addition, the design and simulation of sandwich
material was also challenging due to the limited knowledge.

In the sustainability aspect of the material study, the thesis work explored the
ratio´s of mechanical and physical properties such as SWR, cost, and CO2 emission
during pre-manufacturing and post-usage. However, it would also be interesting to
investigate the operational usage and manufacturing aspect of the material. The
operational usage has a significant amount of impact on electricity because light
weight contributes to the low energy [24].
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In the chemical property study of material, this study limits the focus of chemical
leakage from the battery modules affecting the structures of the battery housing
components. However, dual-phase steel material is weak to acids and aluminum
alloy A is good with acids [30].

9.1.3 Concept development
During the concept generation phase, various generated concepts were innovative but
they were not feasible to manufacture by traditional methods. The lack of Design
for Manufacturing (DFM) knowledge influenced the outcome of concept generation.
Various concepts were limited for development due to lack of manufacturing feasi-
bility which would have influenced the outcome of the final concept.

During the concept evaluation phase, there were challenges in the selection of con-
cepts for further development. The evaluation of concepts was done against param-
eters such as weight, material cost, and safety parameters. Balancing the weight
and crash safety parameters in the evaluation of concepts was challenging and the
ranking of parameters was performed to tackle this challenge.

9.1.4 Optimization methods
Depending on the type of optimization problem setup, knowledge of topology and
topography method is essential. Instead of the simulations driven approach, the best
possible approach would be the application of optimization methods which shall con-
sider all the parameters in a single simulation and gives the solution. Additionally,
setting up the right boundary conditions, design and non-design space, constraints,
and other parameters play an important factor. However, in some scenarios where
the design freedom is completely restricted in-terms of constraints then it is difficult
for a solver to give an optimization solution.

This thesis work explored the possibility of application of optimization methods and
gain few design inspirations from it. However, it was challenging to take complete
advantage of such methods due to the time constraint, limited resources, knowledge
gaps, and boundary conditions.

9.1.5 Simulations
This thesis work focused on non-linear static simulations in Hypermesh software and
Optistruct solver. It would be possible to obtain accurate results if the dynamic
simulations were investigated. However, in the initial stage of the thesis work,
dynamic simulation in Ansys was performed but unable to obtain results because of
license limitations of 512K cells/nodes.

In the simulation setup, 250 kN force was assumed to be the side pole force acting
on a simplified section of the battery housing. Even though the large value of side
pole force was acted on the sill beam of the battery housing, a small value of static
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force 250kN was considered for the simplified section so that the post-processing
results can be extracted from the simulation of different models and comparison can
be done with the same input force value.

The simulations only involved the side pole load acting on the bottom plate where
the point of application of load is between two cross beams. If the application of
crash load is done on the cross beams directly, the results would have changed and
the design for safety of cross beams would have been higher which creates the need
for a robust design for cross beams.

The thesis work only involved weight reduction, material cost reduction, and ad-
dressed crash safety parameters for side pole crash load cases. It didn’t address
other aspects such as durability, Noise Vibration Harshness (NVH) performance,
and other load cases such as front, rear, and spoc load case which needs to be
balanced.

According to the decided simulation setup, the obtained results were investigated
for a simplified battery housing model in this thesis work. If the simulation setup is
modified by varying different parameters, the results would have obtained differently.
Various parameters such as type of crash load case, type of simulation software, type
of simplified model can be altered to investigate different focus areas in the battery
housing.

Within the decided simulation setup, various parameters like mesh size, etc in the
Hypermesh software can be altered which can influence the obtained results in this
thesis work.

9.1.6 Opportunities for further development of final concept
This section discusses various opportunities that can be further developed by Volvo
cars to make the final concept into a fully functional model as similar to the existing
concept.

• The intrusion loss of 28% in the final concept compared to the existing con-
cept was calculated for the simplified section. If it is calculated for whole
battery housing, intrusion loss might be high at the joining of the section.
This intrusion loss of 28% is important as it affects the whole battery housing
because the side pole load is multiplied during the crash analysis. Hence the
final concept shall be redesigned towards the crash safety aspect to reduce the
intrusion loss.

• The final steel concepts can be redesigned or optimized further by topography
and gauge optimization (thickness optimization), this will give an opportunity
for weight reduction and improvement in crash safety parameters (intrusion
and displacement in Z).
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• Bead height of the final concept bottom plate is equivalent to that of existing
aluminum bottom plate thickness. There is an opportunity to reduce the
height of the bead, maintaining the module weight displacement in z-direction
equivalent to Volvo Car standards.

• Replacement of existing aluminum sill beam and casting with steel sill beam
and casting, and joining bottom plates and cross beam though welding can
possibly enhance the crash performance, reduce the material cost, possibly
enhance the volume of the battery pack by giving an opportunity to add more
number of battery modules, and to possibly optimize the overall weight of
battery housing.
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9.2 Conclusions
The conclusion aims at addressing the research questions stated in the section 1.6.

RQ1: What are various ways of achieving weight reduction in the existing compo-
nents of battery housing such as bottom plates and cross beams?

To conclude the discussion, the thesis work investigated various possibilities of
achieving weight reduction in the existing components of battery tray carrier such
as bottom plates and cross beams by performing topology and topography optimiza-
tion of concepts. The exploration of potential was successfully done even though it
was not reflected in the results.

RQ2: What are the different ways of designing structures that address side pole
safety criteria of crash analysis set by Volvo cars?

The thesis work showcased various ways of designing safe structures for crash loading
in the concept development chapter. Multiple iterations of simulation-driven designs
were performed to design the bottom plate which performs well at crash safety
parameters. The iterations included varying shapes, location, height, and thickness
parameters of beads on the bottom plate.

RQ3: How are the materials chosen for the design of components in the battery
housing such as bottom plates and cross beams to reduce weight, cost, and withstand
crash loading?

The thesis work involved detailed materials selection process for the design of com-
ponents in battery housing such as bottom plates and cross beams to reduce weight,
cost, and withstand crash loading in the material study chapter. The established
parameters for the selection process were strength to weight ratio, material cost,
and sustainability to align with the objectives of weight reduction, material cost
reduction, and withstand the crash loading.

The conclusions drawn from the results were briefly discussed below:
• The thesis work obtained a financially attractive steel concept design with

65.4% material cost reduction.

• The final concept reduced the number of bottom plates into single or few plates
which can be advantageous in few aspects.

• 6.3% extra weight per section of steel concept has the potential to get reduced
and crash performance can be improved by further iterations of redesign which
can make the concept equivalent to SPA2 concept.

• Steel is an opportunity for e-mobility to be affordable, safer and sustainable
(environmental aspect).
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Future work

This chapter discusses the future work which is needed to be carried out
by Volvo cars after this thesis work.

• The final steel concept which consists of bottom plates and the cross beam can
be bonded using adhesive material to integrate into the existing aluminum
sill beam. Although, the adhesive bonding is expensive when compared to
welding, adhesive bonding is suitable as the welding of steel and aluminium is
challenging due to the different melting temperatures of both materials. Using
the adhesive bond as a joining method, battery housing shall have aluminum
sill beams and aluminum Castings integrated with steel cross beam and steel
bottom plates.

• Detail design of final steel concept cross beam which includes developing trigger
point, weld nuts, and bolt holes, gives the potential opportunity to reduce
weight and enhance the crash performance.

• For further development of the final steel concept, other attributes such as
NVH performance, durability, front, bottom, spoc, rollover, rear load case,
and side-impact force acting on the cross beam has to be balanced.

• A flat bottom sheet made of plastic is required to cover the below portion of
final concept bottom plate to prevent corrosion and improve the aerodynamics.
In this way, the material accumulation on the beads shall be prevented.

• As the cross beam and bottom plate are made of steel, there are additional
challenges such as corrosion which needs to be addressed. The corrosion resis-
tance painting has to be used in the similar way Chevrolet Bolt EV addressed
this challenge.
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A
Appendix - Interview guide

1. Thyssenkrupp Steel Europe industries - This consultation was conducted
to understand their work on Battery Housing development using Steel and Alu-
minium, to determine different grades of Steel, estimate the performance of Sand-
wich materials, identify the pros and cons of using Steel and their approach in solving
sustainability challenge.

• Expert at Thyssenkrupp briefly illustrated the advantages of using Steel instead
of Aluminium material, because it is light in weight (battery housing as a com-
plete structure), less expensive in terms of material cost and manufacturing
cost, high crash performance and suitability for mass production. Also, it has
excellent electromagnetic compatibility, high protection from fire, low produc-
tion waste (because of rolled profiles). However, he also stated the underlying
problem such as tolerance, tooling investment cost and corrosion problems, but
corrosion problems can also be solved by chromium coating.

• He also stated the problems associated in Sandwich material, and Honeycomb
structure, which are large and occupies more space. Additionally, Hybrid struc-
tures performance was not good enough, as it is expensive and consumes more
space.

• Different grades of high strength materials which are available in the mar-
ket are CP-W 660Y760T, DP-K 590Y980T, and MS-W 900Y1180T. Among
them, Cold forming steel DP-K 590Y980T has excellent compromise between
intrusion and energy absorption. Using Steel as a solution can save upto 65%
of CO2 emission during production when compared to Aluminium

2. Chalmers and Jönköping solar team - This interview was conducted as
they have developed a compact battery system with Small BMS which increases
packaging efficiency to compete for World Solar Challenge 2021. Additionally, to
understand their choice of material used for Battery housing development.

• Project team used material which is stiff and stamped aluminium with corru-
gated shapes, and next is to determine the forces which withstand the impact.

• They recommended us to look for weight-saving material such as Carbon fiber,
glass fiber, Polycarbonates, Aluminium/Steel with glass fiber. Also, focusing
more on different alloys of Aluminium and contacting Suppliers will be a good
option, because the availability of materials and manufacturability of the design
has to be analyzed with the suppliers.
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3. Smart Bratt team, Research Institute - This interview was done to un-
derstand their 8 years of research on Battery housing development using sandwich
materials. Also, to gather data on their findings and a contact person who is re-
sponsible for Battery housing design.

• They shared their research findings about Aluminium foam sandwiches and
APM hybrid foams (aluminium foam spheres bonded by epoxy foam).

• They suggested to increase service efficiency in terms of plugs disconnection,
easy removal and access of battery pack. And also, to improve sealing of hous-
ing in battery pack.

4. Expert at ETH Zurich - This interview was conducted to know about one
of the ideas i.e. Adaptive Structures which was developed during Idea generation
phase. One of the ideas during concept generation was to integrate this structure into
the Battery Housing to improvise the packaging efficiency. Inorder to know about
the insights on implementation of Adaptive structures in the cars, this interview was
performed.

• He was uncertain of implementations of adaptive structures on Battery housing
because of limited structural analysis results.

• His inputs on Stiff structures and Load absorbing structures such as E and L
shape panels was valuable. In addition, he assisted in building the contacts with
9T lab (composite startup organisation) and recommendations on corrugated
glass fibre structures, and sandwich structures
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Appendix - Competitors

Benchmarking

This section involves benchmarking data tables where the comparison of competitors
was done against several criterias and comparable ratio known as energy density was
compared at the last row of table

Figure B.1: Benchmarking data of Audi E tron 55 and Hyundai Kona
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Figure B.2: Benchmarking data of Jaguar I pace, NIO, Volkswagen e-Golf and
Nissan leaf SV
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Figure B.3: Benchmarking data of Tesla model S 60, Chevrolet, Tesla model 3,
BMW i3

Figure B.4: Benchmarking data of BMW i3 range extender, Telsa model X and
Mitsubishi
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C
Materials Benchmarking

This chapter involves material benchmarking data gathered from various sources
such as literature data, competitors benchmarking, interviews and CES Edupack.

Figure C.1: Material Benchmark - A

Figure C.2: Material Benchmark - B

VII



C. Materials Benchmarking

Figure C.3: Material Benchmark - C

Figure C.4: Material Benchmark - D
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Figure C.5: Material Benchmark - E
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Appendix - Requirements

specification

Figure D.1: Requirement Specification
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Appendix - Idea generation

This chapter involves morphological matrix where the ideas were generated from
sub-functions of function means tree and also discusses few concepts at the end.

E.0.1 Morphological Matrix

Figure E.1: Idea generation table - A
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Figure E.2: Idea generation table - B

Figure E.3: Idea generation table - C

Figure E.4: Idea generation table - D
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Figure E.5: Idea generation table - E

Figure E.6: Idea generation table - F
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Figure E.7: Idea generation table - G

Figure E.8: Idea generation table - H

Here are the few concepts which were not discussed in detail in the report.

E.0.2 Bottom plate dynamic concept for environmental con-
ditions

This concept was developed to address the main problem i.e thermal conduction
in hot and cold environment condition which is explained in detail in section ??.
Dynamic Plate which is in zigzag shape flips 90 degree gives more contact surface to
the environment allowing them to take away the heat generated from the Battery.
In a similar way, when it flips in the opposite 90 degree direction, it restricts the heat
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conduction. In this way, depending on the hot and cold climatic conditions based
on the geographic locations, the battery can maintain the operating temperature of
15 degree to 35 degree within the battery pack.

Figure E.9: Bottom plate dynamic concept for environmental conditions

E.0.3 Integrated sill beam and cross beam concept
This concept integrates both sill beam and cross beam. The cross beam is made of
I shape at both the ends. Accordingly, a cut out is made in the sill beam for the
cross beam to integrate into it. This integration can be similar as the existing cross
beam and sill beam but can consume some space which is allocated for the battery
modules between cross beams. This concept is eliminated as it has few limitations
with manufacturing feasibility and design space constraints.

Figure E.10: Integrated sill beam and cross beam concept
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