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Overview: Lightweight Vehicle and Powertrain Structures

Historically, vehicle weight has increased through the addition of
more content such as passive and active safety features and more
sophisticated comfort and convenience features. Efforts to offset
these increases have ensured vehicle weight has remained stable or
only slightly reduced across most classes whilst performance and fuel
economy continue to improve.

For electrified vehicles, the challenge of reducing vehicle weight is more
pronounced. BEV battery packs can contribute up to 300-400kg of
additional weight which reduces the vehicle’s range. In both conventional
and electrified powertrains, weight reduction enables weight savings in other
components such as the brakes and suspension systems.

The roadmap identifies developments in design, materials and
manufacturing as the key routes to lowering weight. High-volume vehicles,
typically, take on a different development route to premium vehicles,
produced in lower volumes, where different approaches to materials
specification and manufacturing processes can be adapted as necessary.

High-fidelity multi-physics simulation provides a route to optimising weight
whilst embedding manufacturing and bill-of-process at an early design
stage. Such concurrent engineering principles and new mobility solutions,
for example CAV or zero-crash capable vehicles, provide radically different
approaches to weight saving, resulting in more ambitious weight reductions.

Key technologies driving light-weighting
opportunities for automotive applications

Holistic
Concurrent
Design

Next
generation
high strength
metals

New
platform
architectures

Recyclable Mixed
CFRP and material
Polymers structures

Advanced
joining
and bonding

A full glossary is provided at the end of this report
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| am delighted to share the 2020 automotive propulsion technology roadmaps
developed closely in collaboration with industry by the Advanced Propulsion
Centre. These roadmaps define critical future targets and the most promising
pathways to achieve a decarbonised and more sustainable future vehicle parc.
They are an essential tool in developing a focused R&D agenda, particularly
relevant for collaborative innovation.

The roadmaps build on the foundations of original UK Automotive Council
roadmaps and developed further by the APC in 2017. These have been refreshed
to reflect the urgency in transitioning to the UK target of net-zero emissions by
2050. The rate of change in propulsion technologies has accelerated rapidly in
recent years; electrified vehicle adoption is on the rise, battery prices have come
down faster than previously forecast, alternative zero-emission technologies like
fuel cells are maturing at significant pace and clean fuels for combustion, including
hydrogen, are emerging to replace existing fossil fuels.

However, there are significant challenges to overcome as the rate of change must
increase further, requiring more intensive R&D and commercialisation that will
deliver affordable products to market that are even more attractive for consumers.
The 2020 technology roadmaps have been developed by industry expert surveys
and panels, delivering a consensed view of future automotive propulsion targets,
technologies and timescales.

Our aim with this report is to support the automotive sector with insights and a
common technology focus to accelerate and deliver world-class solutions. The
roadmaps are an important source of information in building collaborative R&D
opportunities to address future mobility challenges, goods transport and off-
highway vehicle research and development.

Alan Banks, Ford Motor Company
On behalf of the UK Automotive
Council Light-weighting Group

The 2020 Auto Council Roadmap updates reflect the growing importance of
innovation, alternative fuels and sustainability in the automotive arena. From

the previous 2017 roadmaps, it is clear that a lot of work has gone into keeping
the technology relevant and timely, with all of the main groups and subgroups
updated and accelerated to reflect the rapid nature of the developments. The
UK'’s drive to a ban on petrol and diesel vehicles from 2030 is a real opportunity
for the UK to drive all aspects of innovation on a global scale and provide UK PLC
with a significant advantage.

The importance of light weighting for new vehicle development is key for the
industry as an enabler for advanced and new propulsions. The added mass that
these technologies bring will require offsetting — especially from a commercial
vehicle perspective where driving license restrictions are dictated by vehicle gross
vehicle mass; and payload capacity is a critical to customer criteria.

With intelligent crossovers in all areas of the roadmaps, it is possible for UK
academia, research, SME'’s, Tier 1's and OEM'’s to come together and offer
solutions for the needs of the automotive industry well into the next decade.



Insights from the 2020 Industry Experts On-line Survey

What are the key materials for mass Is carbon fibre a viable option for high Where are the biggest weight reduction

market light-weighting? volume vehicle manufacturing? opportunities?

High-strength aluminium and steel remain stable More than half of the survey responders We asked industry to rank the biggest weight

choices for lightweighting, followed by carbon stated that carbon fibre is a viable option reduction opportunities on a scale of 1 to 5,

fibre and plastics. for high-volume manufacturing. with 1 being the most likely.

According to the survey, Aluminum and steels Although recyclability and energy-efficient According to our survey responders,

make up 53% of materials most likely to deliver production challenges need to be overcome, high-strength materials and part-count

weight improvements. volume production programmes are actively reduction initiatives are likely to provide the
looking to integrate CFRP in their structures. greatest weight saving opportunity.

Aluminium is by far the most popular choice,
due to its flexible extrusion construction and
recyclability credentials.

Aluminium (33%)
Steel (20%)

B Yes (57%) 57 New High Strength Materials
H No 43%) Advanced Joining
Carbon (19%) 47 Digital Design Optimisation
Plastics (16%) B Advanced Manufacturing Methods
Other (12%) 8 B Reduced Part Count
Magnesium (0%)
P
14
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Lightweight Vehicle and Powertrain Structures Technology Indicators

Technology indicators for light duty vehicles
Technology indicators that industry is likely to achieve in a mass-market competitive environment.

Standard indicators High ambition indicators
Incremental changes in technology with a light weighting focus Fundamental changes in vehicle architecture and new technology adoption

@ 2020 2025 2035 @ 2020 2025 2035

Conventional Conventional

vehicle weight Baseline 5-10% 20-25% vehicle weight Baseline 10-15% 30-35%
Light Duty

reduction (%) reduction (%)

Light Duty

Vehicle Vehicle

Baseline 10-15% 20-30% AR AT O M Baseline 15-20% 30-40%
reduction (%)

XEV vehicle weight
reduction (%)

Notes:

+ Conventional vehicles refer to ICE architecture vehicles

+ XEV refers all variants of electrified powertrains, but primarily battery electric

» The % weight reductions are from vehicle masses in 2020

+ Increasingly stringent decarbonisation targets have accelerated the light weighting forecasts for conventional vehicles

« Battery pack designs, systems integration and advancing electrified drivelines are seeing increased potential for weight reductions in the next 5-10 years



Technology indicators

Technology indicators for light duty vehicles ) . o
In 2020, these replace targets in the roadmaps, providing a direction of travel and

Technology indicators that industry is likely to achieve in a mass-market competitive environment. an approach to measuring best-in-class performance for this technology.
Standard indicators High ambition indicators
Incremental changes in technology with a light weighting focus Fundamental changes in vehicle architecture and new technology adoption

@ 2020 2025 2035 @ 2020 2025 2035

Conventional Conventional

vehicle weight Baseline 5-10% 20-25% vehicle weight Baseline 10-15% 30-35%

reduction (%) reduction (%)

Light Duty Light Duty
Vehicle Vehicle
XEV vehicle weight Baseline 10-15% 20-30% XEV vehicle weight Baseline 15-20% 30-40%
reduction (%) reduction (%)
0
Standard indicators CO: targets push OEMs towards higher efficiency (CO2/km) and lightweighting. Reducing

energy demand through weight reduction is a logical means to lower CO2 in conventional ICE
vehicles, offering secondary benefits since elements such as engines and brakes can also be
made smaller as vehicle mass reduces.

These performance
figures represent
achievable weight

reductions from Limiting vehicle weight has been under increasing pressure for many years due to additional
incremental ——  content for safety, NVH, comfort and entertainment. Lightweighting has been applied to
improvements in compensate for this, resulting in broadly stable weight in most vehicle classes. NB: weight gain
lightweighting using is forecast to be around 5% in 2025 and up to 10% by 2035.

design optimisation,

material selection and Electrification poses additional challenges, since the batteries or added electrified components
part-count reductions. make them heavier than conventional ICE vehicles. However, opportunities exist in battery carrier

weight optimisation, improved energy dense battery chemistries and range management.




Technology indicators for light duty vehicles
Technology indicators that industry is likely to achieve in a mass-market competitive environment.

High ambition indicators
Fundamental changes in vehicle architecture and new technology adoption

Standard indicators
Incremental changes in technology with a light weighting focus

@ 2020 2025

Conventional

vehicle weight Baseline 5-10% 20-25%
reduction (%)

2035 @ 2020 2025 2035

Conventional

vehicle weight Baseline 10-15% 30-35%
reduction (%)

Light Duty

Vehicle

XEV vehicle weight

reduction (%) Baseline 10-15% 20-30%

Light Duty

Vehicle

XEV vehicle weight
reduction (%)

A

Baseline 15-20% 30-40%

High ambition indicators

Opportunities for enhanced
weight optimisation on
new platform and new
product architectures offer
a clean-sheet possibility
for design, engineering

and manufacturing, and
when used concurrently,
can deliver higher
lightweighting gains.

New vehicle architectures, for example dedicated EV platforms, designs
for zero-crash or urban mobility solutions provide a clean-sheet approach
enabling the application of holistic lightweight design principles for
aggressive weight reductions.

Meeting the need for steep CO: reductions will require further weight
reductions, many of which cannot be achieved through incremental
changes. High ambition indicators have been set to drive innovation in
vehicle materials, design and manufacturing, supporting overall CO2 goals.

There are fresh opportunities for integrating batteries in chassis or body
structures that would provide weight-saving. Improving charging and
advances in battery chemistry can result in larger EV weight reductions
than conventional vehicles.
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Lightweight Vehicle and Powertrain Structures Technology Roadmap 2020-2035 can be seen on page 1
This roadmap represents a snapshot-in-time view of the - Dark bar: .’ Transition: 77770 .. Dotted line bar:
global automotive industry propulsion technology forecast Technology is in a mass market Transitions do not mean a Market Mature — technology has reached
for mass market adoption. Specific application-tailored application. Significant innovation phase out from market but maturity. Likely to remain in mass market
technologies will vary from region to region. is expected in this time frame a change of R&D emphasis until it fades out where it’s superseded

Dedicated high-volume EV platforms Modular, scalable and flexible multi-product platforms

Mission-suited light-weighting (e.g. CAV, zero-crash, urban mobility)

Multi-physics integrated simulation optimisation Con-current design, engineering and manufacturing simulation optimisation

Real-world on-board instrumentation improving design specifications, new optimal designs

Design led

Design for LCA and circular economy (life cycle impact, recycling components)

Flexible assembly lines for modular platforms Scalable manufacturing, multi-product variable production

High volume joining processes for structural multi-materials e.g. hot/cold welding, bonding with automation

Niche ALM parts for light weighting High volume additive manufacturing (i.e. hollow parts, complex geometry, mesh)

Body,
chassis,
closures
and glazing

Materials
led

Powertrain

Electrical

Interior

Manufacturing
and process led

Automated disassembly techniques for multi-material structures Mature closed-loop material recycling and supply chain
Energy efficient material production and decarbonisation, esp CFRP Net-zero focussed material production
Increased polymer and CFRP recycling and reuse LCA value chain Sustainable sources of polymer and composite materials

A A A A A A
2020 2025 2030 2035 2040

Material Life Cycle




Primary Technology Themes

Design led
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closures
and glazing

Materials
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Manufacturing
and process led

Material Life Cycle

Design led approaches cover vehicle architectures and concepts changing as a result of modular, flexible and scalable designs. New mobility solutions
and continued advancements in virtual simulation technologies are driving future designs. An increasing number of manufacturers are using life-cycle
assessment upfront to provide environmentally sustainable products whilst maintaining a lightweighting focus.

Materials led:

Body, chassis, closures and glazing make up the majority of the traditional weighting approach for mainstream manufactures. High-strength materials,
increasing mixed-material structures, new joining methods and increasing adoption of CFRP and polymers for high-volume production are the areas
expected to provide the greatest benefits.

Powertrain systems for ICE, battery electric and fuel cells have an array of weight reduction opportunities. These range from lightweight materials for
driveline components to integrating battery and carriers into vehicle body and chassis structures.

Electrical architectures and components can contribute up to 5% of the vehicle weight. Often ignored, these offer significant potential for weight saving.

Interior structures provide a range of lightweighting opportunities, including material selection and integrated designs to incorporate into the BIW.

Manufacturing and process led approaches are at the heart of design concept implementation. Multi-vehicle platform assembly lines, mixed material
joining and niche-volume additive manufacturing, have a big impact on seeing lightweighting strategies become a reality.

Material life cycle covers the development of design-for-disassembly, closed loop materials recycling, and sustainable production processes specifically
for carbon composites and polymers.




Design led

New platform design and multi-physics simulation are key to unlocking significant benefits in lightweighting.

Modular, scalable and flexible multi-product platforms

Mission-suited light-weighting (e.g. CAV, zero-crash, urban mobility)

Dedicated high-volume EV platforms

Multi-physics integrated simulation optimisation

Design led Con-current design, engineering and manufacturing simulation optimisation

Real-world on-board instrumentation improving design specifications, new optimal designs

Design for LCA and circular economy (life cycle impact, recycling components)

EV platforms

Dedicated EV platforms are on

the rise. A more stable selection

of battery storage and improving
charging infrastructure allows OEMs
to develop optimised EV platforms
for multi-product introductions, e.g.
VW’s MEB modular platform.

Modular, scalable and
flexible platforms

Driven by economies of scale,
future scale-up manufacturing

will rely on modular and flexible
platforms capable of delivering a
multitude of product variations and
on adaptive production systems
that can respond to changes in
demand.

Mission-suited lightweighting
Future mobility is being shaped by
connected autonomous vehicles,
zero-crash (both detection and
prevention) vehicles and new urban
mobility demands. The content

and architectures for these deviate
from conventional passenger cars,
providing new opportunities for
lightweighting.

Multi-physics simulation

Although multi-physics software
has been available for a while, there
is an increase in higher-fidelity
multi-physics tools that deliver
accuracy akin to specialised single-
physics codes. This, combined

with advances in high-performance
computing, is driving increased
simulation-led design. The capability
allows new design hypotheses,
challenges to traditional design
specifications and multi-attribute
trade-offs to be considered

early in the design process.

Con-current design, engineering
and manufacturing
Can be tackled simultaneously

along this trajectory as simulation
technology continues to advance.

-~

Real-world on-board
instrumentation

This is of increasing interest, helping
provide live vehicle performance
data to inform and improve design
specifications and rules. This is

a relatively new and developing
area, with new data allowing
overdesigned areas of the vehicle to
be addressed.

Design for LCA

Many OEMs are already embedding
LCA considerations into their
lightweighting design principles.
Approaching designs in a holistic
way, with LCA included, provides
long-term sustainability and can be
economically focused.




Materials led

Materials fit-for-purpose, next-generation high-strength steel and aluminium and multi-material bonded structures offer the largest gains in body, chassis and closures.

Body,
chassis,
closures
and glazing

Materials
led

Powertrain

Electrical

Interior

Aluminium structures

High-strength steel and aluminium

There is a high interest in the use of aluminium for body and chassis structures. Steel continues to be a primary material for vehicle structures. The use of third-generation
Simple shape extrusions, tailored thicknesses, high strength and adaptability to late high-strength steels and improved 6000-series aluminiums, both currently in mature

changes all provide unique benefits in several parts of the vehicle.

development, provide improved crash-energy-absorption structures.

D Increasing use of aluminium (castings and extrusions) 3rd Gen high strength steels (>1400 Mpa), increased strength and durability aluminium

B Mixed material, bonded vehicle structures Multi material (metal and non-metal) structures with advanced joining techniques
Volume manufacturing of composites (automated layout and hot-formed) Cost competitive CFRP manufacture

Polymer structures e.g. part reduction opportunities, next gen high modulus GF Complex geometry polymer parts

Mixed material bonded structures

More vehicle structures are utilising a mix of metal
and non-metal materials, tailored to the properties
and benefits each one provides. CFRP can deliver
30-40% weight saving on conventional metallic
structures. For e.g., NIO uses carbon fibre and
aluminium in its EV car bodies for the China market.

Multi material with advanced joining

The challenges of joining mixed materials for
high-volume rapid production systems and
material thermal expansion differences need to be
overcome for mass manufacturing.

0 n 0
Volume manufacturing of composites Polymer structures
Work in industrialising the production of CFRP Glass fibre and other polymer structures are
continues. Replacing manual layout processes currently available and likely to feature in the
with configurable automated (and visual mass market from 2022. They provide part-
recognition) systems, reducing the time to hot- reduction opportunities, replacing multiple parts
press parts and faster cures are all expected to with joints, using a moulding process. Higher-
become mainstream from as early as 2025. strength/modulus glass fibre are in development
Cost competitive CFRP Complex geometry parts
As the benefits and integration of CFRP components Continued innovation in moulding technologies will
in vehicle structures become better understood, enable even complex geometries.
cost reduction opportunities will allow for greater
use of these materials. . o




Materials led

There are opportunities in powertrain lightweighting, electrical systems and vehicle interiors still waiting to be realised.

Body,
chassis,
closures
and glazing

Materials
led

Powertrain

Electrical

Interior

.

Lightweight TPS (combustion engines)

Engines in ferrous materials and aluminium currently
dominate. Selective weight-saving is possible

as manufacturing processes develop, allowing

the use of hollowed components (e.g. ALM) and

a wider range of materials (e.g. titanium springs,
magnesium alloy castings and composite conrods).
Driveline components also offer good potential, e.g.
thermoplastic differential and e-machine casings,
and CFRP propshafts.

)

2. B8 )
Lightweight battery carriers Lightweight fuel cell tanks
Most battery casings and internal support structures CFRP tanks are used for proton exchange membrane
are metal. Polymers and composites offer a means fuel cell hydrogen storage. Pressures of 350 bar,
to consolidate parts and integrate features. However, moving to 700 bar, require extreme high-strength
polymers require higher volumes to mitigate materials. Opportunities to reduce weight whilst
tooling costs, whilst composites require process achieve higher pressure storage will require
development to achieve higher volume. significant innovation in fuel tanks.
Longer term, batteries are anticipated to be more NB: the Toyota Mirai has two hydrogen tanks with a
readily integrated into vehicles, e.g. as primary three-layer structure made of CFRP, weighing 87.5kg
structural elements. in total.
J J

.

B Seat systems light weighting — material and design Seat and cockpit integrated into primary vehicle structure

Wiring simplification

Higher electrical and electronic content tends to increase wiring mass.
Rationalisation of circuits and use of lighter wires, flexible circuits (e.g. Tesla working
with Lear Corporation, BMW’s i-venture with CelLink) is likely to move to conductive
body structures (e.g. embedded strips) to reduce need for wiring. Beyond this,
functional integration and wireless control further reduces wiring mass. With almost
5% of the vehicle weight in wiring, there is a lot of potential for weight-saving.

) =

Seat systems and cockpit

Current seat lightweighting mainly focuses on the use of alloys for seat frames,
moving to single-piece parts from multiple parts (aided by manufacturing process
improvements) and polymer materials. There are significant opportunities for seat
and cockpit structures being integrated into the BIW structure for new architecture
vehicles. Besides a reduction in part-to-part joints, a holistic system-based

design philosophy is growing in industry (e.g. for CAV and urban mobility).

~




Manufacturing and process led

Concurrent design with manufacturing and bill-of-process development has the potential to develop holistic solutions that are unobtainable in a conventional sequenced development process.

Flexible, scalable and modular platforms

The use of such platforms is a critical step in
achieving significant gains in lightweighting. Bill-
of-process and bill-of-material have significant
opportunities in weight reductions when viewed with
a holistic, system-optimisation approach. Material
selection, joining techniques, assembly process
steps, plant layout and manufacturing foot-print
design can all combine to achieve larger gains.

New EV platforms or future mobility vehicles have
a fresh starting point to look at these synergies.
Modular and scalable systems allow economies of
scale so lightweighting strategies can be realised.

Joining is key to light weighting

Development of mono-material processes for multi-
materials such as multi-point joining (e.g. remote
laser welding; hot, cold and thermoplastic welding),
bonding (e.g. quick cold cure resins), mechanical
joining (e.g. self-piercing rivets, fasteners and friction
bit joining) can offer significant opportunities for
weight reduction.

Automation and robotics are critical to achieving
consistent joints and allowing design specifications to
optimise joining material utilisation.

Lower takt times will make new production lines more
efficient and improve shop-floor layouts.

Niche and high-volume ALM

Metal processes to reduce the need for machining
whilst enabling cost-effective and unique geometries
(e.g. additive layer and metal injection moulding) are
currently in the market for niche applications.

In the longer term, highly automated processes and
scale-up rapid production systems will enable multi-
material, net-shape manufacture to achieve optimal
performance and low weight. Hollow parts, complex
geometries and mesh components are likely to
feature in future vehicle structures.

Flexible assembly lines for modular platforms Scalable manufacturing, multi-product variable production

High volume joining processes for structural multi-materials e.g. hot/cold welding, bonding with automation

B Niche ALM parts for light weighting High volume additive manufacturing (i.e. hollow parts, complex geometry, mesh)

Manufacturing

and process led




Material life cycle

CFRP and polymers offer significant weight-saving opportunities but require further LCA development and a reduction in energy utilisation for their production and recycling.

Material Life Cycle

Multi-material structures

Although multi-material structures benefit
weight reduction, dis-assembly and material
separation for recycling both need to be
addressed in the design and engineering
process in order to meet LCA requirements.

Closed-loop recycling and supply chain

Value-stream-oriented, closed-loop supply chains
are developing for most materials. However,

new materials, polymers and CFRP need further
maturation and development in this area.

Energy efficient material production

CFRP manufacturing is highly energy intensive.
Studies show CFRP parts (50% by volume-fraction)
can require up to 800MJ/kg to produce, compared to
steels at 50MJ/kg. Green electricity from renewable
sources together with process improvement to lower
energy demand is a key focus for composite material
supplies, and also leads to economic benefit.

In order to meet net-zero targets by 2050, a critical
look at energy-intensive material production process
is required.

Polymer and composite LCA considerations

Developing recyclable polymers and CFRPs,
together with economically viable supply chains
that support a circular economy, are necessary
to meet increasingly stringent LCA mandates.

Sustainable sources

Hydrocarbons are at the core of polymer and
composite materials. New work in generating
alternative materials from sustainable biological
materials (not-petroleum) is looking promising.

D Automated disassembly techniques for multi-material structures Mature closed-loop material recycling and supply chain

B Energy efficient material production and decarbonisation, esp CFRP Net-zero focussed material production

B Increased polymer and CFRP recycling and reuse LCA value chain Sustainable sources of polymer and composite materials




Glossary

Abbreviation Explanation

Originally used for rapid prototyping, additive layer manufacturing creates three dimensional parts by assembling numerous

ALM
two-dimensional layers. There are numerous forms of additive layer manufacturing that range from 3D printing to electron beam melting.
BIW Body-in-white. The structural shell of a vehicle.
CAVs Connected and autonomous vehicles is an umbrella term to capture the varying levels of autonomy and technologies relating to self-
driving vehicles.
CFRP Carbon fibre reinforced polymer composites
LCA Life-cycle assessment. Assessing environmental impacts over all stages of the life-cycle of a product (for instance from raw material
extraction, through processing, to manufacture, use and ultimately recycling/disposal).
Metal injection moulding merges two established technologies, plastic injection moulding and powdered metallurgy. The process uses
MIM finely-powdered metal, which is mixed with binder material to create a feedstock, that is then shaped and solidified using injection
moulding.
Multi-physics Computer simulation of multiple interacting physical phenomena (such as electrical current in a circuit, magnetic fields in an e-machine,
simulation physical feedback to a driver and chemical reactions from a battery).
NIO Chinese electric vehicle manufacturer.
NVH Noise, vibration and harshness

A thermal propulsion system is a device that integrates an engine or fuel cell with thermal and/or electrical systems to manage power
TPS delivery to the wheels and recover waste energy to improved performance and efficiency. The key feature of a TPS is that the primary
energy is stored chemically (rather than electrochemically like in a battery).

VW’s MEB modular platform or modular electric drive matrix - a joint electric-vehicle platform which underpins volume production of

MEB multiple models within the brand.

A special thanks goes to Spell Creative and Mindraft for helping design and write this report and to BMG Research for conducting and supporting the roadmap industry survey on behalf of the APC.



This is an industry consensus roadmap facilitated by the APC

Summary of engagements during the 2020 roadmap refresh

Spread of companies that participated in the refresh

109 industry organisations participated in Workshops and Interviews
38 additional industry organisations participated via the Online Survey

Total engagements 147 Industry Organisations

B TierN(77)

B oM (29)

B Academia (15)
B Other/Trade (26)
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A global view with international participation

Austria Singapore
Belgium Sweden
England Switzerland
Germany United States
Netherlands Wales
Scotland Japan
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