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Abstract

The contemporary global automotive industry hasipeed, relatively unchanged, since
its inception over a century ago. However, it appehdat major changes may be underfoot with
increasing environmental, social, and economic sures to improve the industry's long-term
sustainability. An alternative model, known as Mi¢factory Retailing (MFR), guided by the
emerging field of Industrial Ecology (IE) has beproposed as a possible solution to the
industry’s sustainability crisis. This thesis widkplore the prospects of MFR in Canada and
propose the use of 3D printed electric vehiclesaasieans to facilitate sustainable system
innovation. To demonstrate the feasibility of thpsoposed technological pathway, three
entrepreneurial firms attempting to disrupt the wayvhich cars are made, sold, and used will
be studied. Although the timeline of such a majansition is currently unknown, Canada should
act proactively to transition its role in the glblaatomotive sector and lead the way towards a

more sustainable automotive ecosystem through MFR.
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Chapter 1 Introduction

1.1 Justification of Research Topic

It is undeniable the level with which automobileard the global industry that produces
them—have affected nearly every facet of daily.liflehis was emphasized by Wells and
Nieuwenhuis (2012, p.1682) when they suggested“damtdependency has literally been built
into the fabric of contemporary life” due to itsretit impact on spatial, physical, social, and
economic structures, its influence on patterns rbbnization, and on societal perceptions of
mobility. Particularly in the United States (US)has been argued that highways have hastened
the demise of cities, draining their tax base hyilitating the outward migration of wealthier
residents to the suburbs (Stromberg, 2016). Therdtdte Highway System that spans the US
cost $425 billion in public funds over a half cemtto build and led to the demolition of entire
neighbourhoods for the construction of giant iarmes and the fragmentation of communities

now isolated by “ribbons of asphalt” woven through urban landscape (Stromberg, 2016).

The car’'s immense social influence has premisedttysical separation of work, home,
leisure, shopping, education, and other activifissher entrenching the role of the car in
contemporary life. Beyond its functional role ircifdating mobility, however, the car has also
established itself as a cultural symbol of persdregddom (Wells & Nieuwenhuis, 2012). Nearly
every car trip results in some form of social ooremmic transaction that benefits quality of life,
through access to markets, services (such as basd)h employment, and education (OAIC,
2017). The car has become so deeply embedded wiithicontemporary life of industrialized
nations that any potential alternative seems almuginceivable. Yet, the negative impacts
associated with the use and manufacturing of calg llecome more pronounced as their role
within society expands. Incremental technologiogbriovements to address vehicle emissions in
the automotive industry, for instance, have predamily been offset by an increase in the
number of vehicles on the road, heavier vehicles wiore advanced features and equipment
options, larger engine sizes, more frequent tinty and longer average trip distances (Koéhler,
Whitmarsh, Nykvist, Schilperoord, & Haxeltine, 200Fhe lack of progress achieved through
incremental innovations reinforces the need foremadical changes in the transport system to
facilitate a regime transition to a more sustaiaaditernative (Kemp & Rotmans, 2004 as cited
by Nykvist & Whitmarch, 2008).
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As one of the largest manufacturing sectors intbed, producing more than 72 million
passenger vehicles in 2016, the global automotndrsgtry’s influence extends far beyond
national borders and is a key generator of weatith e@mployment in industrialized nations
(OAIC, 2017; Wells & Nieuwenhuis; 2012). In Canddainstance, vehicle assembly and parts
manufacturing directly contributed nearly $18.2libwl to Canada’s gross domestic product
(GDP) in 2016 (Statistics Canada, 2017). The Camadutomotive industry’s contribution to
Canadian manufacturing GDP is second only to fomdiycts (Sweeney, 2017). Between 1997
and 2007—prior to the sharp economic decline offitrencial crisis—the Canadian automotive
industry regularly contributed over $21 billion matnum to national GDP. Direct employment
in the industry was upwards of 120,000 workersQt4£, albeit this was significantly lower than

the industry’s peak in the early 2000s with oves,000 workers (Sweeney, 2017).

South of the border, 322,000 Americans were enguajirectly by original equipment
manufacturers(OEMSs) in 2015 while the automotive supply andleleaetworks accounted for
an additional 521,000 and 710,000 secondary/intéiaie jobs, respectively (Hill, Menk, &
Cregger, 2015). The automotive industry in the WS historically contributed between three
and 3.5 percent annually to the country’'s GDP. BEyplent “spin-off” and “multiplier” effects
in the automotive sector are particularly strongdwse of complex supply networks and
downstream spending effects (Stanford, 2014). $ffirer expenditure-induced employment
results from direct and intermediate automotiva@eemployees spending money and creating
jobs in other, unrelated industries. Hill and cafjaes (2015) estimated that for every OEM job,
nearly seven additional jobs are created withinWleconomy, while each automotive sector
job (direct and indirect) nearly creates an addaidour jobs in other sectors of the economy.
The large economic impact associated with diredtermediate, and spin-off employment in the
automotive industry often afford it a disproportda level of socio-political influence despite
issues of overcapacity and poor profitability (Rlpadorou & Harris, 2007). Governments have
been known to offer generous subsidies and incesitiy attract auto sector investments and jobs
(Papatheodorou & Harris, 2007).

The automotive industry epitomizes the fundamentalallenge of reconciling

environmental, social, and economic needs simubtasig (Wells & Orsato, 2004). The growing

! Herein OEM will be used interchangeably with vehintanufacturer (VM) and automaker.
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concern over air quality, especially in populatedan centres, has prompted some governments
to legislate emissions requirements. In additimmcerns over climate change have resulted in
the legislation of Corporate Average Fuel Econo@#KE, pronounced caléstandards for new
vehicles and minimum proportional sales requiresdot zero-emission vehicles (ZEVs) and
ultra-low emissions vehicles (ULEVS). Despite sigas ecological modernization in the
automotive industry, defined by Wells and Orsatd0@®) as “the internalization of ecological
responsibility, the implementation of anticipat@anning practices, and the switch to the use of
cleaner technologies” (p. 373) one-question remdsshe current structure of the automobile
industry conducive to long-term sustainability? Aowing body of research suggests that
perhaps the contemporary automotive industry’sezurproduction and consumption paradigm

is incompatible with the sustainability goals of“agologically modern” industrial system.

Furthermore, the joint impact of tightening enwineental regulations and increasing
social pressure have cast doubt over the indusalylty to increase its economic and
environmental sustainability within the confines it prevailing paradigm. For instance, the
industry’s inability to adjust to the sudden changedemand following the 2008 financial crisis
highlights the difficulties in operating within thexisting paradigm. Both GM and Chrysler
sought financial assistance from the federal gavent in the US and Canada to facilitate their
restructuring. Ford did not enter bankruptcy oreree government financial support; however,
there were serious concerns over whether the coynmauid survive without GM and Chrysler,
given the numerous shared part and component supdietween them. The ripple effect of
those plant closures on the supply network wouldehseverely strained Ford’s ability to

continue its own North American operations.

It is important to note that the industry’s ecomomurmoil did not begin with the global
financial crisis, although that event illustratelde tinherent vulnerabilities of the existing
paradigm. Perpetual overcapacity and dwindling gores demand in mature markets like
Western Europe challenged the industry’s profitgbibrior to the financial crisis with some
automakers posting operating losses over severalecative years. General Motors’ Opel and
Vauxhall brands posted their 17th consecutive |0s8015 (Sylvers & Boston, 2016). It was
announced in 2017 that GM was selling its Europeiarsion to French auto manufacturing

group PSA, which oversees Peugeot, Citroén, andlmewy brand DS automobiles, in a deal
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worth €2.2 billion (PSA Group & GM, 2017). Industanalysts have suggested that it may be
many years before mass-market car manufactures astam Europe see any significant
increases in their profitability margins. Despits recent acquisition, PSA Group sought
financial assistance from China’s state owned Demgf Motor Group and the French

government back in 2014 after several years of emuts/e losses to reorganize its corporate
structure and reduce its debt load (Sylvers & Bos2®16; Bloomberg, 2014).

Although more sustainable mobility already existghe form of shared mobility and
public transportation, there has yet to be sigaiftanode shifts towards these alternatives in the
face of ubiquitous personal automobffiip most mature markets—reinforced by the prevailin
socio-technical paradigm. It remains unlikely tipatblic transportation alone will be able to
address increasing levels of GHG emissions andgrigir pollution in the global transport sector.
As such, there is a critical need to develop marstasnable forms of personal mobility.
Likewise, there appears to be a growing consersatsat paradigmatic shift and technological
regime transition is necessary in the automotiv@ustry in order for it to become more
sustainable in the future. What appears to be das Iconclusive is how exactly such a
transformation would occur and what a future, meuwetainable automotive ecosystem would

look like.

1.2 Understanding the Concept of Sustainability

The logical essence of sustainability’'s contempo@efinition can be traced back to
various religious teachings, medieval philosophiasd traditional beliefs, which largely
emphasized the idea of “living in harmony with matand with one another” (Mebrutu, 1998, p.
518). At its most basic level, sustainability applto any system or activity that can be continued
indefinitely (Nienwenhuis, 2014). Sustainabilitypwever, is often discussed in the context of
development within national and international ppldocuments such as the United Nations
sponsored 1987 repo@ur Common Futureby the World Commission on the Environment and
Development (WCED), which defined the term “susthie development” as.."development
that meets the needs of the present without compognthe ability of future generations to
meet their own neetiWCED, 1987, p. 43, as cited by Nieuwenhuis, 20 wide spectrum

of definitions and interpretations has since risah of the relative vagueness and ambiguity of

% The use of automobiles as a primary means of toxhsp
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the WCED definition (Mebratu, 1998). The conceps lganerally come to be conceptualized in
both government and in business as a balance betiveeeconomic, social, and environmental

impacts of human activities (Nieuwenhuis, 2014).

The concept of sustainability has also been agppptigpatterns of human consumption and

production. The term “sustainable consumption aediyction” (SCP) has been defined as:

The use of services and related products whichorespo basic needs and bring a better quality
of life while minimising the use of natural resoescand toxic materials as well as the emission
of waste and pollutants over the lifecycle of tieevice or product so as not to jeopardise the
needs of future generations (ISSD, 1994 as citeddMiP, 2015, p. 10).

Similar to sustainable development, SCP emphadimseeds of future generations and the
importance of decoupling economic growth and theeafsnatural resources in order to limit the
degradation of the natural environment. Other mples of SCP include a focus on all phases of
product life cycles and the idea that re-bound aeffewhich arise when gains in resource
efficiency are essentially canceled out by commetsuincreases in consumption, should be
avoided or minimized to the greatest extent poss(tJNEP, 2015). The concept of SCP
highlights the critical importance of addressinghbsystems of production and consumption
when attempting to achieve sustainability withirdustrial system, such as the automotive

industry.

1.3 Towards Sustainability in the Automotive Industy

In an effort to explore what a more sustainable—eewlogically modern—paradigm for
the automotive industry could look like, researshieom the Cardiff Business School in Wales,
UK, namely Paul Nieuwenhuis and Peter Wells, exgaldhe concept of Micro-Factory Retailing
(MFR), a theoretical business model rooted in deabBred and distributed economics
(Nieuwenhuis, 2014; Nieuwenhuis, 2008; Wells & @os2005; Wells & Orsato, 2004; Wells &
Nieuwenhuis, 1999). Central to their argument agjaihe viability of the current automotive
paradigm is the primacy of least cost manufactugognomies of scale within the prevailing
business model. The industry’s dominant productiechnologies have remained relatively
unchanged since the inception of mass automobiledyation nearly a century ago.
Contemporary vehicle design remains centred ardbedll-steel unibody, while conventional

gasoline and diesel fuel internal combustion ergiff€Es) predominate. The researchers have
5



Master’'s Thesis — S. Q. Hachey; McMaster Universichool of Geography & Earth Sciences

argued that this technological monoculture—charatd by inefficient ICEs, high capital costs,
and high entrance barriers—stifle radical innovatamd impede meaningful improvements to
the industry’s overall sustainability. Under themtmned pressure of increasing regulations,
shifting patterns of demand, and evolving consuatgtudes and preferences, there is growing
uncertainty over the future viability of the curteparadigm, locked-into a potentially
unsustainable technological regime.

A caveat of the proposed MFR model is that it carbe effectuated within the existing
technological regime. The MFR framework is basedsorall-scale, distributed manufacturing
sites that are incompatible with the high produttimlumes necessary to amortize the high
capital costs of current production processes amddysct technologies. Aside from
acknowledging the need for a technological regimamdition, the literature on MFR in the
automotive industry did not initially present atabie alternative to facilitate the transition.
Richardson, Will, and Napper (2015) were the ficsexplore an alternative vehicle design for
distributed micro-factory production, a hallmark toe MFR business model. The researchers
highlighted the future production possibilities aménufacturing practices being forged ahead
by “a new and diverse breed of tech/artisan-derivadsport providers emerging from outside
the existing industry” (Richardson, Will, & Napp&Q15, p.1).

Alternatively, Williams (2006) put forth the idehat the path to sustainability in the
automotive industry lies perhaps in functional asybtemic level changes rather than in
technological innovations at the product or prodesel, which tend to be the focus of most
sustainability solutions in the automotive indusifize concept of product-service systems (PSS)
is put forth as a means of achieving such functiand systemic changes as it is predicated on
new arrangements for product ownership and stewgrdsand new producer-consumer
interactions. Simultaneously, Williams (2006) argu&at small-scale manufacturing sites as
described by the MFR concept and dependent upoel rapproaches to vehicle design and
production could effectively facilitate the adoptiof full scale PSS in the automotive industry at
a local scale. Collectively, there appears to baescather compelling synergies between these
concepts and perhaps an opportunity for a moraisiadtle path for the future of the automotive

industry.
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The political climate and market for electric vdbs (EVs) appears to be changing
rapidly, with widespread electric mobility (EM) pottially on the horizon. France and Britain
were the first two countries to make an unprecesteptedge to ban the sale of gasoline (petrol)
and diesel ICE vehicles by 2040 (Asthana & Tay2@] 7). Automotive OEMs also appear to be
on their way towards embracing alternative proumdechnologies, specifically electrification,
as a means to satisfy increasingly stringent faehemy regulations and consumer demand for
more environmentally conscious products. Perhaps ieffort to compete with the likes of Tesla
Motors (which began production of its first forayta the mass market with the all-electric
extended range Model 3 in June of 2017) severainmb@ent automakers have announced new
strategies for the development of future productifWvis, signaling rapid change in the EV

market.

Luxury vehicle manufacturers (VMs), in particulaeem keen to offer an alternative to
Tesla’'s premium EV offerings. Noteworthy examplexlude Mercedes-Benz and Volvo.
Mercedes-Benz unveiled the name of an all-new El+tsand named EQ and a close-to-
production sports utility vehicle (or SUV) concepblvo Car Group announced that every new
vehicle launched beyond 2018 would be equipped withelectric motor, signaling the end of
ICE only vehicles; moreover, Volvo’s current perfance arm, Polestar, will be re-branded as
its own standalone global electrified performanae company (Mercedes-Benz, 2017; Volvo
Cars, 2017a; Volvo Cars, 2017b). In the mass maresumer space, GM debuted its own all-
electric extended range vehicle named the Boltdvaace of the Model 3, and Nissan recently
debuted the second generation Leaf with an enhaatéetectric range. Reluctantly or not, the
industry seems to understand that EM will havevatgai role in the future and is eager to gain a

competitive advantage.

1.4 The Prevailing Paradigm and the Origins of Mas®roduction

The automotive industry’s current production anohsumption paradigm is well
established, having dominated the industry withtregly few changes to its core business model
over the last century. All major global VMs relyimmipally on revenues generated from the sale
of new vehicles and their associated finance aasel@greements (Wells & Orsato, 2004). This
business model requires strong and persistent ditfnam geographically expansive markets to

support a capital-intensive production process ($V&l Orsato, 2004; Wells & Nieuwenhuis,
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2004). Large, centralized manufacturing facilittdgracterized by elaborate and geographically
expansive supply networks transport finished velsidb a dense network of distributed retail

franchises operated under the manufacturer's bramdder to reduce costs (Wells & Orsato,

2004). As such, OEMs do not conventionally paratgpin downstream revenue opportunities
throughout the life cycle of their vehicles inclngimaintenance; post-production customization;
retrofitting or upgrading; and recycling and displo@Vells & Orsato, 2005).

1.4.1. Henry Ford’s Continuous Flow Manufacturing

The history of the automobile industry is oftenided into three distinct periods, each
representing significant structural changes inattmotive industry: Craft Production, Fordism
(i.e., Mass Production), and Lean Production (epited by the Toyota Production System
[TPS]). Craft production techniques were used bg thorld’'s first specialty automobile
manufacturers in Europe beginning in the late 1880&mack, Jones, & Roos, 1990).
Automobiles were assembled one-by-one using hanenpadts by skilled craftsman. Each
vehicle was distinct due to the “dimensional credpt occurred as each subsequent part was
made to fit onto the assembly leading to poor diitatand reliability (Womack et al., 1990).
This process was time consuming and expensive @dugtion was limited to only a few
hundred units per annum. Car ownership was ex@ugivthe upper class, who often valued
speed and customization primarily over cost, diiitgth and maintenance (Womack et al.,
1990).

The introduction of car ownership to the mass mtvkas the impetus for the industry’s
first paradigmatic shift, pioneered by Henry Fotide founder of the Ford Motor Company.
Several pivotal innovations, including advancemémtsachine tooling capable of working with
pre-hardened metals, lead to the standardizatigmads and mass production, which lowered
costs and improved quality and reliability. Whee ford Model T first entered production in
1908, skilled fitters performed a sequence of #ettv lasting 514 minutes on average at a
stationary assembly stand. Improved part interceabigjity, simplicity and ease of attachment
allowed Ford, by 1913, to successfully reduce trexage task cycle of a factory worker to just
2.3 minutes by having them perform just a singlapdé task before moving on to the next

assembly stand to perform the same task again (\Wogtaal., 1990).
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Ford realized even greater efficiencies at the ligth Park plant in Detroit, Ml with the
introduction of the moving/continuous flow assemliilye that allowed workers to remain
stationary as vehicles moved along a motorizednalsiseline, reducing the average task cycle to
just 1.19 minutes. Although “the complete and cstesit interchangeability of parts and the
simplicity of attaching them to each other” (p. 26)abled the moving assembly line, it was the
division of labour on the factory floor and workerfamiliarization with simplified tasks that
maximized production efficiency (Womack et al., @99This dramatically reduced the amount
of labour required to assemble each vehicle andtedeeconomies of scale in production (the
process by which unit costs are reduced by inangatlie rate of production). The cost of
manufacturing remained relatively unchanged asdkes of production increased, allowing the
fixed costs of manufacturing to be spread out avgreater number of individual units. The
design of the Model T was influenced by its produtiprocess (lending to its ease of use and
manufacture) which, allowed it to be produced mdhteaply despite improvements in quality

relative to craft production (Womack et al., 1990).

1.4.2 Alfred Sloan’s Management Strategy

In spite of laying the foundation for modern massduction and vehicle design, Henry
Ford’s competitive advantage over craft-producemss veventually outdone by competing
automakers. Henry Ford’s rigid pursuit of leasttwaist production initially awarded him market
dominance by undercutting the competition on pfidelweg, 2008). This rigidity and a reliance
on a single strategy contributed to Ford’s inapiid respond swiftly to new market demands and
new competitive pressures (Holweg, 2008). Ford’sketdeadership ended in 1927 when it was
overtaken by General Motors (GM) with the help leéit new president, Alfred P. Sloan, who
perfected the modern mass production system bypdating a decentralized organizational
structure and by satisfying the market's demancchaice and product variety (Holweg, 2008).
Ford’s strategy to provide a vehicle at unrivaltedt “in any colour as long as it was black” was
undercut by Sloan’s ability to provide “a car fareey purse and purpose”. Sloan introduced the
concept of “planned obsolescence” and cultivatedsomer loyalty by creating a ladder of
success through a multi-level brand strategy allgwionsumers to upgrade to a more luxurious

model with a more prestigious brand image gradwlyhey became more affluent with age.
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Product standardization was a pillar of Ford’sduaion strategy to drive down costs
continuously and to sell vehicles based on priomeal Sloan’s more flexible product strategy
accomplished this by standardizing mechanical corepts across the entire vehicle range and
by investing in dedicated tooling that would be dise manufacture the same vehicles over
several years. In order to expand the market amdrgarket share, Sloan pioneered the concept
of consumer credit and installment paying, andohiiced model cycles with annual design
changes. Superficial changes to a car’'s exterioint@rior appearance were used to generate
consumer demand while manufacturing economies @t ssere maintained through the car’s
major underlying structural and powertrain compdsenwhich remained predominantly
unchanged for several iterations of a model (Wells Nieuwenhuis, 2012). Today's
contemporary VMs continue to operate in line withthb Ford’s and Sloan’s production and

management strategies (Wells & Orsato, 2004).

1.4.3 Edward Budd’s All-Steel Car Body

One of the main tasks of a contemporary automatseembly plant is to manufacture
all-steel car bodies, which are then painted arndrlassembled into finished vehicles.
Nieuwenhuis and Wells (2007) suggested that thel s body is the single most important
engineering and marketing component of a moderanaoitile. Not only are all the parts and
components of a vehicle fixed onto its body, itliso the primary design feature and marketing
tool used to distinguish between vehicle modelsattrdct consumer interest. Unlike mechanical
components like engines or transmissions, whickenoffpan more than one model in an
automaker’s line-up and endure for several desiggies with only minor adjustments, car
bodies require continual investment to accommodzgelar aesthetic changes (Nieuwenhuis &
Wells, 2007).

As a production technology, the all-steel bodypkdl reduce labour requirements and
drove down unit costs when combined with Ford’sdpidion strategy on the factory floor. The
high capital cost required for the manufactureteélscar bodies also represents a major barrier
to entry. Investments in steel-pressing and bodypstoften impede the entry of new firms,
while also prohibiting incumbent firms from exitinige market or making significant changes to

their existing practices (Nieuwenhuis & Wells, 2D07These investments can only be
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recuperated over time through large production mals that are often initially unachievable by

small car firms entering the market for the firste.

Numerous factors throughout its history have mficed the trajectory of the automotive
industry, culminating in its current state. Changdated to the organization of labour (including
the division of labour, skill and work cycles) alatbour-management relations, are often cited as
being the foremost motivators for the Fordist efanass production (Nieuwenhuis & Wells,
2007). In their account, Nieuwenhuis and Wells {®08id not attempt to refute this history;
rather the authors wished to identify and outline tole that technology has played within this
narrative, specifically the co-evolution of innowvat products and processes. Other
contemporary perspectives that have consideredotheof technology in mass production have
focused exclusively on the role of the ICE andrtieving assembly line (Nieuwenhuis & Wells,
2007). For instance, Alfred Chandler, Jr.’s analysf the changes that made both mass
production and manufacturing based corporationsiliézain the US is widely accepted within
the field. However, it credited the improved man&geskills and practices that allowed the
benefits associated with economies of scale todadized through the exploitation of ICE

technology and the continuous-flow manufacturingcpss.

Nieuwenhuis and Wells (2007) suggest that thisatige is incomplete and that business
historians have collectively ignored the fundamkeatatributions of Edward Gowan Budd and
his all-steel “monocoque” or “unibody” that evolvedongside Ford’s production strategy.
Parallel innovations in press technology, vehigsign, welding systems, body framing fixtures
and jigs, steels, and paint all enabled the uriboaof the car chassis and body and the
secondary benefits it provided. The all-steel desips stronger and stiffer than traditional
composite bodies that were made of wood and steklalowed greater flexibility in vehicle
design. Nieuwenhuis and Wells (2007) posited thatgwith the ICE, Budd's all steel body is
one of the core technologies that enabled massuptiod. Their analysis emphasized the co-
development of product design (Budd’'s all-steel body) and production technology
(continuous-flow manufacturing) in describing thedustry’s trajectory and establishing

contemporary automotive manufacturing practices.

Ford had originally resisted the use of this neehhology, insisting that the added time

needed to heat and cool the pressed steel wasfwaate instead favoured the casting process
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used for composite bodies. Ford instead pursueecad# of incremental improvements to his
production process before conceding to the advastafjthe all-steel unibody in 1925. Ford’s
resistance towards radical innovation due to sumestments in the existing technology and
production process was compounded by the vertitabration of the supply chain, which was
designed to reduce costs and the risk of supplstates. Together, these factors helped maintain

the existing technological regime.

The high degree of outsourcing by contemporargraakers means that manufacturing
economies of scale are often achieved in the ptaducof all-steel bodies, engines, and
transmissions. Car bodies are also the core dedgment that differentiate vehicles from
competing automakers and is a key marketing toolnfav vehicle models (Nieuwenhuis &
Wells, 2007). The high capital intensity of alletebody production often determines the
minimum level of production necessary to recupetia¢se costs. Assembly plants typically aim
to maintain annual production level of at least,200 vehicles to achieve competitive per unit
costs (Stanford, 2014). The increased level of matmn within the production of all-steel
bodies has also increased the capital cost involi#id setting up a production line. Although
many global automakers also manufacture their awgmnes and transmissions, the pressing and
painting of car bodies still demands the largespprtion of capital investments. For this reason,
automakers restrict the activities in their assgnmbhnts to press and paint shops, and vehicle
trim and final assembly. The significance of thiesééel body in modern automobile production
suggests that achieving sustainability in the aotmite industry will require an alternative

production technology to replace the use of caitainsive all-steel bodies.

1.4.4 Lean Production and the Toyota Production Sysm

The second major shift in automotive productiondrem the 1950s when Japan’s newly
established Toyota Motor Corporation developed asr@oduction strategy tailored to their
smaller facility and that required less capitalgdivenhuis, 2014). Toyota did not initially have
the capital necessary to emulate the Ford-Buddyatazh system, which they also felt was
plagued with inefficiencies and waste with resgecime, effort, and material (Womack et al.,
1990). Unable to achieve the levels of verticakgnation or large standardized production
volumes in Western automotive assembly plants, ®oychose instead to adapt Ford's

continuous-flow principles to provide greater protion flexibility and product variety. Toyota
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accomplished this by integrating its assembly glamth a local network of parts suppliers to
reduce inventory requirements and enable a “Ju$tare” (or JIT) delivery model, whereby

only the parts and components needed on the fadloogr at a particular time were

manufactured and delivered to the production IKmafcik, 1988).

By eschewing the “Just-in-Case” inventory phildsppised in most Western plants, TPS
drastically improved plant level efficiencies byinghating supply stockpiles. Toyota also
developed a technique to change sheet metal stgndpis in a fraction of the time, allowing
them to produce metal parts in much smaller lo¢ssiand instead produce a greater variety of
products along a single production line (KrafciR88). Toyota’s production system inspired the
idea of lean manufacturing, which keeps invent@yels to a minimum to reduce costs and
allows quality problems to be quickly identifieddaresolved. A lean management strategy can
offer higher efficiency returns but can involve rmudagher levels of risk because of the potential

of having to shut down a production line in thergv@at a problem is detected.

Nieuwenhuis and Wells (2007) insisted that botrdFemnd Budd were equally responsible
for defining the structure of contemporary autow@tnanufacturing. They believed that “while
Fordism was possible without Budd, ‘Toyotism’ refinFordism within Budd technology” (p.
204), suggesting that the lean production practigegularized by TPS would have been
irrelevant without the context of Budd'’s all-stdmdy (Nieuwenhuis & Well, 2007). The all-
steel body is responsible for the highly automatgstem of mass production that characterizes
modern assembly plants and the high capital investmassociated with automotive
manufacturing, both of which contribute to the emwmic processes of “lock-in” and “path-
dependence”.

1.5 Path-Dependence in Technological Regimes

A socio-technical regime refers to the embeddedetaicand economic conventions that
shape the existing set of dominant technologies sumport organizations and institutions,
collectively known as a socio-technical system (BakMaat, & van Wee, 2014). Consequently,
this combination of formal (i.e., organizationaldamstitutional), and informal (i.e., societal)
rules results in the frequent exclusion of new aadical innovations that may disrupt the
existing structure. Innovation within an establdrsocio-technical regime is often limited to

incremental improvements that either reinforceeproduce the existing paradigm in a process
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known as path-dependence. Changing a regime involame scale and often long-term
systemic changes to prevailing technological, omgional, and institutional designs. These
changes must occur simultaneously for a transtborccur and to overcome opposition from the

dominant regime and its incumbents (Bakker etall4).

Studies on the adoption and diffusion of innovatidten incorrectly assume that superior
attributes and features are responsible for detengpithe success or failure of a technology
(Briggs, Webb, & Wilson, 2015). However, externattbrs are routinely responsible for the
failure of superior innovations, allowing a subd{opl system to persist. Conversely, such
pressures can also prompt a transition when thafliciowith the existing regime. Successful
innovation requires financial support from eith@e tpublic or private sector to fund their
development, to gain public support and understapdand to establish a favourable political
and regulatory environment to establish a viabbhai(Bakker et al., 2014). A niche represents a
relatively limited number of consumers who are wglto pay a premium for innovation and is
often an environment where technology can be nedftuincubated, and improved before it is
introduced to the masses and must compete withnthenbent regime (Bakker et al., 2014;
Steinhibler, Wells & Thankappan, 2013).

Many factors can influence a consumer’s ratiofalehoosing a particular product over
any number of alternatives. However, some studege Hound the presence of social and
institutional factors relating to customs, circuamtes, and habitual behaviours can outweigh
attribute considerations and rational choice (Bsiggal., 2015). Another important determinant
is the influence that governments and industry havea user’s social environment and choice
selection (Briggs et al., 2015). The presence ofereal factors unrelated to product
characteristics suggests that consumer choicetén amperfect and irrational which, under
processes of lock-in and path-dependence, allowtHer sustained selection of sub-optimal
alternatives (Briggs et al., 2015). Path-dependamrsylts when previous decisions constrain
decisions in the present (Wells & Nieuwenhuis, 20These economic concepts relate well to
the development of the American transport systechitnselection of the ICE and the private
automobile alongside the continued growth of itatesl industries and a proportional reduction

in the use of public transportation (Briggs et 2015).

14



Master’'s Thesis — S. Q. Hachey; McMaster Universichool of Geography & Earth Sciences

These economic processes speak to the difficaltyhallenging an established regime,
which is no truer than in the automotive industiyeg that it has relied on the same core
technologies and production processes for neadgrdury. At the same time however, these
processes reinforce the need for radical innovatiorihe automotive industry, given that
sustainability improvements within the current set@chnical paradigm will be incremental at

best.

1.6 Contextualizing the Canadian Automotive Industy
Domestic automotive manufacturing in Canada begahe early 1900s, motivated by

high tariffs on imported vehicles and favourableffon Canadian-made products exported to
the British Commonwealth (Holmes, 2014). An endhe British Empire’s trade preference in
the early 1960s crippled the Canadian branch pllwaishad been established to take advantage
of these export markets. Canada’s domestic demauldi ot sustain the existing production
capacity of the established branch plants, whichlccaono longer capture scale efficiencies
(Holmes, 2014). As such, there was little incentivanvest in Canada’s automotive industry,
until 1965 when the Canada-US Auto Pact (i.e.,Abtomotive Products Trade Agreement of
1965) resurrected the industry by integrating thend&liian and US markets and removing

automotive trade barriers (Crane, 2017).

Two Canadian-written annexes contained within #ggeement stipulated minimum
levels of Canadian value added and a producti@ssgalio ensuring that for each vehicle sold in
Canada there was at least one vehicle built in @anBhe US market accounted for over 80% of
the vehicles assembled in Canada throughout th@sl9$e Canada-US Free Trade Agreement
(FTA) of 1989 maintained the aforementioned Canadi@eguards contained within the Auto
Pact. However, Canada agreed to stop offering rartjissiori incentives to attract Japanese
Transplants to Canada for export to the US. Thevipians of the Auto Pact became less
important in determining automotive investments mwhdexico was added to the North
American Free Trade Agreement (NAFTA) of 1994. Ehesnewed ties between the US and

Canada maintained barrier free automotive tradesamborted the continued prosperity of the

3 Duty-remission is a duty exemption scheme thatwadlb companies to offset duties on imported
automotive parts by increasing exports of Canadiade automotive parts (Crane, 2017).
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Canadian automotive industry, which was operatiaig d&ove the production/sales-ratio and

minimum value added requirements stipulated inAthi® Pact (Crane, 2017).

The automotive industry in Canada is highly comi@#ad in the province of Ontario
along a narrow corridor extending between the <ité Windsor and Oshawa. The Canadian
automotive manufacturing footprint is an extensioh the manufacturing cluster in the
Northeastern part of the US, predominantly scaltdsetween New York, Michigan, Ohio,
Indiana, lllinois, and Wisconsin (Holmes, 2014). eTtheyday of Canadian automobile
manufacturing was in 1999 when it became the fdaripest automotive producing nation in the
world, assembling 3.06 million vehicles. Accordipgthe country’s automotive trade balance
peaked in 1999 at which time the total value ofcetgrl automotive goods exceeded the total
value of imported automotive goods by $14.6 billifolmes, 2015). The flow of automotive
trade between the US and Canada peaked the sameviyieaexports and imports valued at
$44.76 billion and $19.52 billion, respectively.elbuccess of the Canadian auto industry during
this period was rooted—for the most part—in theratitcy of the US consumer market and its
demand for Canadian-built vehicle models, partidylght-duty trucks, SUVs, and minivans
(Holmes, 2014). Other important success factorthattime were Canada’s lower dollar and
subsequently lower cost of labour, and the lowet ob employee health care benefits (Holmes,
2014).

Unfortunately, the favourable conditions that éwetl this growth did not persist. By
2000, Canada’s automotive industry began a steadyné (Holmes, 2014). Between 2002 and
2008, four assembly plants were shuttered and Gémadtomotive trade balance—for the first
time in decades—turned negative in 2007 (Holme$42Blolmes, 2015). Factors contributing to
this decline were the end of the Auto Pact in 2@¥glining market share by North America’s
domestic manufactures as a result of increasedremitce imports from Japan, Europe, and
South Korea; and the loss of Canada’s labour adgentiue to a higher Canadian dollar and
concessions by the American automotive labour wssespecifically the United Automobile
Workers (UAW; Holmes, 2014). The remaining Auto PFaovisions that were carried over into
the Canada-US FTA and NAFTA, later on, continuedpset vehicle and part manufactures in

Japan and the European Union (EU). A complaint ¢ginodorth by these jurisdictions to the
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World Trade Organization (WTO) successfully endssl Auto Pact, and its remaining Canadian

safeguards (Crane, 2017).

The Canadian government had chosen not to appeaWTO decision as all three
members of the pact (GM, Ford, and Chrysler) wdregerating well above the minimum
mandated production and value-added safeguardsdiedeto protect Canada’s manufacturing
footprint (Mordue & Sweeney 2017). The industrysoeg performance in Canada (driven
mainly by high productivity, publically funded h#alcare, and a lower currency relative to the
US) meant that the Auto Pact's Canadian safegulaadisnot been enforced for almost two
decades. As a result, its dismissal was mostly asenconsequential and the long-term impacts

of its cancelation were easily overlooked (Mordnd &weeney, 2017).

Furthermore, the Canadian Government’s unwillimgnt® offer any additional subsidies
following the cancellation of the Auto Pact may @aontributed to the decision by GM, Ford,
and Chrysler to each close one of their Canadiantplwithin a three-year period following the
cancellation of the Auto Pact. Dozens of large eugitive parts facilities also abandoned their
Canadian operations in the aftermath, many of whiehe American owned companies that had
located in Canada originally to satisfy the valdeled safeguard (Sweeney & Mordue, 2017).
Additionally, although Honda and Toyota operategh$plants in Canada, Canadian suppliers
remained heavily dependent on the “Big Three” ,(i@M, Ford, and Chrysler), which were
steadily losing market share to foreign vehicle anig and transplants, making them particularly
vulnerable to the plant closures following the Wd€xision in 2001 (Holmes, 2014).

Economic uncertainty following the 2008 finanaiaisis triggered a pronounced decline
in 2009: American automobile sales decreased by @3% in Canada), automotive production
fell by 46% (42% in Canada), and US employmenh&dutomotive sector was reduced by 32%
when compared to 2007 levels (Holmes, 2014). GéMwotors and Chrysler entered accelerated
bankruptcy restructuring south of the border andewequired by the conditions of their
government bailout to cut labour costs—to the gr®lagxtent possible—to match that of Toyota
and Honda’s non-unionized workforces. Although Im&it company entered bankruptcy
protection in Canada, they both accepted finaragaistance from the federal government, which

was concerned with the potential loss of its mactuféng footprint in the aftermath of the crisis.
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As part of their bailout package, both companie®ed) to keep 16% of their North American

manufacturing operations in Canada through untilg20

Following the recession, Canada’s recovery has bess robust than the recovery in the
US and even less so than Mexico’s, where thererather rapid growth following the financial
crisis (Homes, 2014). The three NAFTA signatoriempete with one another for automotive
investments. However, the health of the US consumarket tends to have a significant
influence on the manufacturing industries in Canaigichin Mexico. Mexican-built vehicles and
automotive parts flow into the US and—to a lesseéem—into Canada. By 2012, automotive
production in Canada and the US once again matitigedre-recession levels of 2007. However,
employment growth in Canada was negligible andcthentry’s rank among the world’s largest
auto-producing nations fell to the " pot (Holmes, 2014). Comparatively, employmenthie
automotive sector nearly doubled in Mexico betw2807 and 2012, making it the 5th largest

automotive parts exporter in the world (Holmes, 201

Canada is increasingly unable to compete with kt@for new automotive investments
due to their steep wage advantage. Canada’s negadidle balance with Mexico grew to $9.12
billion in 2014 as more automakers made investmientdexico, including high margin luxury
VMs (Holmes, 2015). In 2014, BMW announced its plém invest $1 billion in Mexico, where
the construction of two new assembly plants wasaaly ongoing: One by Audi, and the other
jointly by Nissan and Mercedes-Benz at a cost aB$nd $1.4 billion, respectively. Such
announcements were particularly concerning givext Mexico historically attracted smaller,
low-margin vehicles as opposed to higher-margincles from premium brands. Furthermore,
during the first quarter of 2015 Toyota announdeat tit would be shifting production of its
Corolla model (which had been built at its Cambeid®N plant since the 1980s) out of Canada
by 2019 to a new plant in Mexitat a cost of $1 billion (Evans, 2015). Productanthe
Cambridge plant will continue with an unspecifieddel that is said to be a larger and more
expensive vehicle with deeper profit margins (Ev&e5). Mexico is an increasingly attractive
destination for the assembly of subcompact and eatyehicles due to its lower profit margins

and therefore benefits most from Mexico’s labowaadage (Holmes, 2015).

* More recently, Toyota announced that Corolla prtidnovould be moving to a new US plant built
jointly with Mazda Motor Corporation (CBC, 2017a).
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1.7 Thesis Objectives and Research Question

In an effort to contribute to existing researchtthas attempted to develop a possible
theoretical view of what a sustainable automotiveustry could look like in the future, this
thesis will explore: (1) The combined synergieswaen innovative process technology to
revolutionize contemporary vehicle design; (2) ave product technology to replace
traditional propulsions technologies; and (3) Newavative business models, and consider what
a possible transition towards MFR could look likeldhow long it might take. Specifically, this
thesis will attempt to answer whether the joint atis of additive manufacturing (AM) and EM
could enable a more sustainable form of automgdreeluction and distribution known as MFR,
and if the circumstances in Canada are favourabfiecilitate such a transition.

The Canadian market is an ideal candidate fomaitysis of possible future outcomes for

a sustainable automotive industry for two primaeasons. First, the future of the Canadian
automotive manufacturing industry is growing evarenuncertain as the amount of automotive
investments allocated here have been significasthaller relative to other auto-producing
regions in North America, namely the Southern U8 &exico. Second, several Canadian
provinces (British Columbia, Ontario, and Québemyehattempted to position themselves at the
leading edge of EV policy development and EV adoptBoth of these factors suggest that the
Canadian automobile industry is poised for charmed that a focus on innovation and
sustainability could lead to the competitive adeget Canada needs to maintain the prosperity of

this important industry.

Essentially, this research aims to outline a pgatetechnological pathway for MFR and
suggest potential policy implications for both isthy and government that should be considered
to enable a more sustainable and economically esiabntomotive ecosystem. The practicality
and feasibility of these policy prescriptions Wik demonstrated with a detailed review of three
empirical examples of the proposed technologiesbarsthess concepts being used by innovative

new entrants’ attempts to disrupt the status guberautomotive industry.

1.8 Thesis Contents
This next chapter will describe the major econoamd environmental challenges that are
facing the automotive industry and have togethertdethe emerging doubt regarding the future

sustainability of the current mass production payad The current strategies and measures
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being used by the industry to mitigate the effefthese challenges will also be outlined within
the Chapter Two. The third chapter will outline #raerging scientific field of industrial ecology
(IE), which formed the theoretical basis for the RIfodel and the ecological modernization of
the automotive ecosystems, including previous appbns and criticisms. Chapter Four will
describe how IE can be used to improve the sudidityaof the automotive industry by

expanding the IE’s theoretical framework with sfiececological concepts. The MFR model

will also be detailed within this chapter.

Chapter Five will introduce the process of AM ardue how it could be used to enable a
transition towards MFR. Chapter Six consists ofetailed review of the literature on EM and
will form the basis for the discussion in Chaptewvénh regarding the need for business model
innovation to overcome lock-in and path-dependendde current socio-technical regime and
enhance the synergies between the proposed tegwallcnnovations and the MFR model. By
stifing innovation, these economic processes copdvent a transition towards a more
sustainable system that is based on a differerdfsire technologies and processes. The eighth
chapter will discuss three case studies illustgatite use of the proposed technologies (i.e., AM
and EM) to disrupt the status quo in the automatingeistry and potentially drive change in the
fundamental design of contemporary automobiles, tzow they are made, sold, and used, to
demonstrate the feasibility of the proposed prodarti process innovations in stimulating
sustainable system innovation in the form of MFRhia automotive industry.

Chapter Nine contains a discussion of a potemiethodology that could be used in
future research to approximate the impacts of aritmaline for system innovation in the
automotive industry and considered whether theunistances in Canada favour a transition to
MFR by hypothesizing potential intermediate stepd autcomes of a transition following the
proposed technological pathway. Chapter Ten witicbade the thesis with a synthesis of major

findings and research contributions, and area®tantial future research.

20



Master’'s Thesis — S. Q. Hachey; McMaster Universichool of Geography & Earth Sciences

Chapter 2 Driving Change in the Automotive Industry

2.1 Regulating the Car and its Environmental Impacs

Pollution controls on carbon monoxide (CO), nigngoxides (NG), un-burned
hydrocarbons (HC), and particulate matter (PM) haeeived the most attention from regulators
over the second half of the ®@entury, out of concern for human health rathantout of
concern for the planet or the environment (Nieuwesih2014). California was the first
jurisdiction to begin imposing regulations on tgk emissions when it established the Air
Resource Board (ARB) in 1967. Having more privagdiele registrations than any other state
and boasting some of the nation’s worst air quatitglifornia became a leader in environmental

regulation, setting a global benchmark for air gyatandards and tailpipe emissions.

Vehicle emissions are determined by running aclels engine through a standardized
test cycle that is intended to simulate the coodgiof a typical trip (Nieuwenhuis, 2014). Test
cycles fluctuate by region, contributing to vamais in regulatory standards which can increase
costs and complexity for VMs. Due to the size amitlence of the US automotive market and
because California’s regulations are among the nsbshgent in the world, the ARB’s
regulations have acted as a template for othesdigtions who have adopted them in part or in
full. Maximum allowable emissions in Japan, fortarge, closely resemble those in the US
given that the US is a significant export marketFapanese OEMs (Nieuwenhuis, 2014).

Examples of technological innovations stemming@aiy from environmental regulation
are catalytic converters and engine managementeragstto reduce tailpipe emissions
(Nieuwenhuis, 2014). Catalytic converters, for amste, are effective at reducing the
concentration of HC, CO, NQand other pollutants from engine exhaust fumesspide their
efficacy, catalytic converters required significmaoperation between the automotive and fuel
industries to achieve mass adoption. In the e&I§0§, prior to this technology, gasoline was
enriched with lead (Pb) because it boosted theopeence of spark-ignited engines by
preventing self-ignition (i.e., engine knock) bycieasing the octane rating of gasoline (Lovei,
1998). Lead additives were also effective at |uddiiggy exhaust valves, allowing lower-grade
metals to be used for their construction.
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However, leaded gasoline reduced the effectivepnéssatalytic converters, potentially
causing damage to them if lead was deposited orcdtaytic material, blocking it from the
exhaust gases. The impetus for removing lead a&eédifrom gasoline in the US was the use of
catalytic converters as well as public outcry otrex health impacts of airborne lead exposure
(Lovei, 1998). Lead is a cumulative neurotoxin timpairs brain development in children and
can cause elevated blood pressure in adults leadiag increase in negative health outcomes.
The phasing-out of lead additives from gasoline e@ssidered at the time to be a complex issue
that required political commitment, cross-sectioo@bperation, government incentives, as well
as the support and understanding of the public €L,01998). The widespread introduction of
catalytic converters on new vehicles required gasalefineries to invest in modernizing their
equipment to produce gasoline with higher octarimga and allow for the removal of lead
additives. Once a supply of unleaded gasoline waesladble, automakers could commit to
installing catalytic converters on all new vehicésswell as using hardened engine valve seats to
operate without the lubricating effects providedégded gasoline.

Catalytic converters are only one example of taméendous effort that can be required to
achieve emission reductions in the automotive itrgiugor this reason, regulatory frameworks
often outline incremental targets that require gh&dual reduction of toxic emissions within a
predetermined timeframe. Overtime, as more reguylastandards are introduced, the cost of
manufacturing is likely to increase. The cost aht®logical improvements, necessary to satisfy
increasingly rigorous environmental standards,lixkedy to become more expensive over time
and require greater research and development (R&@stments by OEMs (KPMG Int., 2010).

2.1.1 The Cost of Environmental Regulation

Automakers and industry executives have resistediy every attempt by policy makers
to regulate any aspect of motor vehicles, includsadety, emissions control, or energy use
(Sperling, 2004). The industry’s assertion was gbvthat greater regulation would lead to
economic hardship. Research from the InstituteTf@nsportation Studies at the University of
California, Davis found that the industry’s claifnoait stringent, technology forcing regulations
might not have been justified or reasonable. It feasd that although policies relating to motor
vehicle safety, emissions reduction, and incredsetl economy between 1967 and 2001 had

indeed contributed to the price increase of newickeh during that period, the proportion
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relative to the total price increase was modese fbal cost of quality improvements and other
cost factors (including regulation) between average vehicle prices in 1967 and 2001 was
determined to be $12,480 (Sperling, 2004). Baseshupe same government data, Ward’s
Automotive Yearbook estimated that regulatory inwemaents accounted for about $4,020 (or
one-third of the price increase of new vehiclesMeen 1967 and 2001). Based on his detailed
review, Sperling (2004) believed this was an owerettion and set the cost of regulation for
vehicles in 2001 at $2,500 (one-fifth of the prinerease of new vehicles between 1967 and
2001)—of which only $1,000 was said to be the ttestiemissions regulations while the rest
was attributable to improvements in vehicle safé@tye majority ($9,980) of the price increase
during the study period was due to improvementseliability, durability, fit-and-finish, and
performance. It was also noted that improvementsenmssion control systems and fuel
efficiency during the study period would have ocedrregardless, even in the absence of
regulation, due to shifting consumer demand becabtishanging social views and perceptions
(Sperling, 2004). For instance, the safety featares equipment that are available on modern
vehicles far outpace regulatory requirements bexafishe significance consumer’s attribute to

vehicle safety.

Despite industry push back, regulations have bpemtal in achieving dramatic
improvements in vehicle emissions—modern automebigeit 90 to 99% less toxic air
pollutants than vehicles pre-dating government leggun (Sperling et al.,, 2004). Another
indication of the need for ongoing regulation i ttack of improvement to vehicle fuel
efficiency following 1985, when more stringent CAB&andards took effect. It is not that further
improvements in efficiency have not been achievattes 1985, but rather that those
improvements have been counterbalanced by incréaseshicle size and weight, performance
and acceleration, and an increase in energy iMenaghicle features and options such as all-
wheel drive and air conditioning. This researchgass that although regulators should be
sensitive to the potential economic impacts of megulations, it is not true that past attempts to
regulate the car and its environmental impacts hede¢o economic hardship in the automotive

industry.
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2.1.2 The Cost of Resisting Regulation

A recent and highly publicized example of a cowtempt to circumvent emissions
regulations, likely to avoid added costs in mantufiang and R&D, was Volkswagen's (VW)
2015 “dieselgate” scandal. As Europe’s largestmateer, VW is highly influenced by consumer
preferences in its home market. Since the 199@ghly half of new cars sold in Europe have
been equipped with a diesel engine (Voelcker, 20A5)competing automakers (e.g., Toyota,
GM, and Ford) began to introduce hybrid-electrievpdrains to comply with US fuel efficiency
standards, VW opted instead to pursue greaterdiiigiency exclusively with what it called
“clean diesels”. Adding to the complexity of théusition was the divergence that occurred in
2008 between the emission standards in place é&setliengines in the US and Europe. The US
adopted much stricter rules in its tiered regulatbemework for diesel engines while the
equivalent European standards remained unchangadiaiming its existing so-called “Euro 5”
standards. Volkswagen believed not only that diésehnology was intrinsically more cost
efficient than hybrid technology, but that it ofer superior performance with better driving

dynamics and acceleration (Voelcker, 2015).

Volkswagen did not offer an electrified powertrarthe US until 2013 when it launched
its low volume Touareg hybrid SUV. Volkswagen’s ite#gon and resistance to pursuing
alternative powertrain technologies meant thataid ho choice but to rely on its diesel engine
technology to meet mandatory US fuel efficiencyndtads for its vehicle fleet. Another
potential factor contributing to VW’s decision theat on US emissions tests was the added
costs associated with technologies used for emmssamntrol in diesel engines. Other VMs
offering diesel engines as an option chose to etipg@im with selective catalytic reduction (SCR),
a second catalytic converter that uses a ureatiofeto convert NQ into nitrogen and carbon
dioxide (CQ). Volkswagen chose to equip only select diesel eteodvith this technology,
possibly to avoid further increases to the alresidwgificant price premium for its diesel engines.
As a volume brand, VW caters to a more price s@esgonsumer than other German brands,
including its own luxury brand Audi as well as BWavid Mercedes-Benz, who can more easily
command a higher price premium for their dieselimagquipped models (Voelcker, 2015).
Volkswagen'’s diesel vehicles also had an importapttation to maintain, being fun to drive
and having superior acceleration and fuel econdmay their gasoline counterparts. Abiding by
the new, stricter US emissions standards for diesgines would have likely jeopardized this
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marketable reputation by requiring a decrease th hoceleration and fuel efficiency (Voelcker,
2015). Tuning a diesel engine to release greateuata of NQ actually improves its overall
fuel efficiency. Volkswagen was clearly investednmaintaining the brand image and market

share it had created for its clean diesel techryolog

In September, 2015 the US Environmental Protectigancy (EPA) issued a notice of
violation to the VW groupfor its 2.0 litre four cylinder diesel enginesddletween model year
(MY) 2009 and MY 2016 (approximately 550,000 veégin the US and 11 million vehicles
worldwide) that were equipped with “defeat devieesls defined by the Clean Air Act—to
circumvent EPA emission standards for N@artlett, Naranjo, & Plungis, 2016). A second
notice of violation was issued to VW Group, Pors&@, and Porsche Group of America in
November of 2015 regarding its 3.0 litre V6 diesegines (approx. 85,000 vehicles in the US)
which were also equipped with defeat devices (Badt al., 2016). The malicious devices made
use of sophisticated software capable of distingng between real world driving conditions
and test cycle conditions. The device allowed tfiending vehicles to pass emissions tests by
limiting the amount of NQ released during testing situations while altex®dyi allowing
vehicles to emit as much as 40 times the permesditlit of NO, during real world driving
(Bartlett et al.,, 2016). This scandal illustratée tperils of not actively pursuing innovative
technologies that will allow OEMSs to achieve in@@aly stringent emission and fuel efficiency

regulations that are in place in the US and inéngdg around the world.

While high excise duties on fuel in Europe angalahelped generate market demand for
smaller, more fuel efficient vehicles, the US gaowveent had to take a legislative approach to
decreasing its reliance on foreign oil in the walkeahe 1973-1974 fuel crisis triggered by an
embargo on gasoline exports from Arab oil produciagons to the United States (UCS, n.d.a).
Corporate Average Fuel Economy standards weredated in 1975 and set a maximum
allowable fleet-average fuel economy for all pageercars sold by a VM during a given year
(Nieuwenhuis, 2014). Pre-regulation fleet-averagd €économy was in the range of 15 miles per
gallon (mpg). The sales-weighted CAFE standardsired automakers to achieve an average
fuel economy of 18 mpg by 1978 and 27.5 mpg by 1@8%erling et al., 2004). Minivans,

pickup trucks and SUVs were given a separate, $&ssgent target. If automakers failed to

> Comprising of Volkswagen AG, Audi AG, and Volkswag8roup of America
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achieve the fuel economy standard a fine had toa Automakers performing better than the
required average could sell credits—calculatedhia same way as the fines—to offending
automakers that did not meet the required targdiss scheme provides automakers with a
financial incentive to improve their fleet-avera@ieel economy voluntarily beyond what is

required by the regulatory standard (Nieuwenhui@142. The Energy Independence and
Security Act of 2007 finally increased the aging kEAstandard form 27.5 mpg to 35 mpg (14.8
km/l) by MY 2020 (KPMG Int., 2010). Growing concarover the human health effects of air
pollution, market demand for more fuel efficienthicdes as a result of rising fuel prices and
concerns over oil dependence, and greater awarefdhe greenhouse gas (GHG) effects of

CO, emissions triggered the current era of social leggun on the car which began in the 1960s.

2.2 Market Challenges and Economic Pressures

While the global automotive industry can be anaflyat various micro-level scales,
including individual years, regions, or manufactaréhe aim of this section is to highlight long-
term trends and challenges that have perpetuatide iimdustry. Overall, the industry can exhibit
significant variation in terms of annual sales vo&s or net profits since external economic
shocks (e.g., various oil crises and the globaéssion in 2008) which can have a dramatic
impact on the success of the industry. Aside frbm tnherent vulnerability, the automotive
industry faces some fundamental challenges thataaseciated with its core technological
competencies and its dominant business model. Wiened along timescales of several
decades, it becomes evident that the global auteenatdustry’s prevailing economic and
environmental performance cannot be sustained imtidy and—due to greater political and
social pressure—will have to change how it operates how it generates value in the future to
become more environmentally and economically soghde (Wells & Nieuwenhuis, 2004;
Wells & Orsato, 2004). It is becoming increasingikely that the automotive industry will
undergo a major paradigmatic shift as traditionaiomnotive stakeholders attempt to remain
competitive while contemplating a more sustaindbtare for mobility that is characterized by
disruptive technologies and business models (GaasKMohr, & Wee, 2016; Wells & Orsato,
2004). The specifics of this sustainable future atd unknown, but can be explored
theoretically in the field of Industrial EcologyH). Before exploring a theoretical alternative for
a more sustainable future, the current issues dradleages facing the industry must be
understood. The changing regulatory environmentvmch the industry is embedded was
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discussed above; below, the market and economiltenbas affecting the industry will be

discussed.

2.2.1 The First Waves of Globalization in the Autorative Industry

Globalization in the automotive industry seemseneintly unavoidable as automakers
strive for greater economies of scale in producti@lobalization also leads to greater
competition, as demonstrated by the experienceathNAmerican automakers. The post-war
period in North America was characterized by a segly insatiable demand for new vehicles
(Howleg, 2008). Established North American automslexperienced nearly uninhibited growth
until the first oil crisis: a two-year embargo s$itag in 1973 increased consumer demand for
small, fuel efficient economy cars in responseh® quadrupling of US fuel prices (Sperling et
al., 2004). North American automakers were ill eged to handle this sudden shift in market
demand, creating a gap in the market for moreiefftcand economical vehicles. This provided
an opportunity for Japanese producers to entetJ®enarket—the world’s largest automotive
market at the time—successfully with vehicles tlat]east initially, undercut the established

American producers on both efficiency and pricel(¢ég, 2008).

Although American automakers could not have begreeed to predict an external
shock like a spike in oil prices following a geagio&l dispute, higher gasoline prices alone were
not what allowed Japanese automakers to climbdadp of the American market even after
gasoline prices had stabilized. Japanese manufagtptants worked quite differently than
traditional western automotive production by maximg efficiencies through a lean production
system, which enabled greater production flexipiind improved quality. Japanese imports
were competitive not only because of their more @sbdrice, but because of their superior
quality. The inflexibility of the traditional Ameran-style production system meant that
domestic automakers could not respond to the wilscas quickly, causing them to lose market

share to their Japanese rivals (Holweg, 2008).

The competitive threat of Japanese import vehiclédbe US was eventually met with a
growing political discourse regarding possible patibnist policies and trade barriers to protect
domestic employment and the US economy (Howleg8RQIapanese producers reacted swiftly
to these threats by “transplanting” production aing of their best-selling vehicles in the North

American market to the US. By the 1980s, Japandds Were highly competitive and were
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quickly moving upmarket to compete in nearly allrke segments. This gave South Korea’'s
burgeoning motor industry a similar opportunityeipand its market share and break into the
North American market, initially with small econaral cars appealing to the most price
sensitive consumers. Lower labour costs within gmer markets often provide manufactures
with an initial competitive advantage when impagtiproducts into mature markets with higher
labour costs, such as the US and Canada (Howl&8)20

Today, South Korea’s indigenous automakers nowpatenon a level playing field with
North American, European, and Japanese produceéesnrs of build quality, performance, and
feature content. Hyundai Motor Company purchasedrdrolling stake in South Korea’s second
largest auto company, KIA Motors, to form the Hyantotor Group. As they began their shift
upmarket, they too expanded their production fantpand began assembling certain models
within the US to supply domestic demand. The Hyumdiator Group recently spun its Genesis
nameplate into its own premium brand—in the samg M@nda moved into the premium/luxury
segment with the introduction of Acura in North Amsa, which was also replicated by Toyota
and Nissan with Lexus and Infinity, respectivelyvé&h that history has already repeated itself, it
seems likely that the next wave of import compeatitin North America will be led by newly
established Chinese manufactures as they init@iypete at the low end of the market in

pursuit of greater economies of scale (Holweg, 2008

2.2.2 Globalization through Regionalization and Cosolidation

The geography of globalization in the automotimdustry is surprisingly complex and
asymmetrical (Stanford, 2010). The automotive ingus dominated by a handful of globally
oriented OEMSs, selling vehicles in all major maskeand increasingly planning their
technological, production, and marketing operatiangund a globalized strategy. However,
given the automotive sector’s disproportionate ecain importance, resulting from its strong
economic linkages with other industrial sectors greemployment spin-off from both upstream
and downstream supply chains, the industry dematestisignificant regional tendencies as well
(Stanford, 2010). Among the world’s leading glod#tMs, there remains a propensity to build
vehicles near the location where they will be sddadth economic and political influences
contribute to the regionalization of investment grdduction in the automobile industry. For

example, trans-oceanic transportation costs canaadauch as ten percent to the cost of final
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production vehicles (Stanford, 2010). Furthermahe, industry’s adoption of a JIT inventory
strategy—a hallmark of TPS—is not amenable to dl@oamponent sourcing because of the
tightly managed logistics that are required by lgaoduction (Stanford, 2010). The JIT
production strategy has conversely encouraged ¢fytomeration of parts suppliers around
automotive assembly plants. Perhaps this shift ccdod interpreted as the industry’s best
approximation of localization or a localized strpteinsofar as it lowers logistics costs by
reducing the distance between where vehicles araifaectured and where they are eventually
sold while simultaneously maintaining the same &mdntal business model and production

technologies.

Political influences contributing to increased iogglization include the avoidance of
protectionist policies such as tariffs and impanbtgs. Globalization in the automotive sector
therefore presents itself in various forms inclgdiglobally integrated management and
marketing strategies, standardized global vehitdggyms, and foreign direct investment (FDI)
for the construction of assembly plants in foremgarkets (Stanford, 2010). In an attempt to
expand their global presence, leading OEMs havialmmlated with indigenous automakers in
foreign markets. These partnerships can take dousaforms. While some involve a complete
take-over of one OEM by another, some involve theclpase or trade of minority equity rights
to facilitate the sharing of resources and knowdeiigsuch areas as technology, engineering, and
marketing (Stanford, 2010). This global consolidatof OEMs was quite common throughout
the 1990s and resulted in several smaller vehiepufactures (e.g., Volvo, Saab, Daewoo, MG,
and Jaguar Land Rover) ceasing to exist on their amd being integrated into the operation of
much larger globalized OEMs—granting them accessi@éw markets and increasing their

presence within the world’s most dominant mark8tsugford, 2010).

2.2.3 Changing Patterns of Globalization

The aftermath of the 2009 global financial criei®ught to light the complexity and
asymmetry that exists within the automotive sest@attern of globalization (Stanford, 2010).
The crisis affected regions around the world qdiféerently as a result. Prior to the rise of
automobile industries in emerging economies ofBR&C (Brazil, Russia, India, and China), the
industry was regionally concentrated within the eleped world (Stanford, 2010). The three
dominant markets hosting the largest globally aadrOEMs were North America (the US and
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Canada), Western Europe, and East Asia (Japan euith 8orea). However, the vitality and
financial success of the OEMs indigenous to thegens has been very different given uneven

patterns of international trade and investmentr({®ta, 2010).

One element contributing to the differing respookéhese regions to the financial crisis
is the variation in their apparent net exports,dtigerence in domestic production and domestic
sales. This summary metric indicates each regit@avel of participation in global automotive
trade and, whether or not, the overall producterel of each region is proportional to its own
domestic demand. Before the global financial cridépan and South Korea produced more than
twice as many vehicles as they consumed domestica#aning the region had a large, positive
apparent net export (Stanford, 2010). The regiarefies from largely closed domestic markets,
meaning indigenous OEMSs control around 90% of thraektic market share. This dominance in
their home market is what initially allowed Soutlsi&n OEMs to pursue a more globalized
strategy through exports and FDI, focused primainlyNorth America. South Asian OEMs
invested significantly in the North American marketween 1996 and 2010; they now account
for close to 40% of North American vehicle prodaontithrough their 25 assembly plants
(Stanford, 2010). Like automotive trade, FDI in BoAsian markets is asymmetrical in nature
with nearly all FDI flowing outwards with hardly ar=DI from non-indigenous OEMs flowing
into the region (Stanford, 2010).

Production and trade performance in North Ameiscquite different. North American-
based OEMs are suffering a reduction in domesticketashare because of an increasing
dependence on net automotive imports and growibhgund FDI (Stanford, 2010). Before the
financial crisis, net imports of new vehicles aau®d for nearly one-fifth of domestic vehicles
sales. The crisis itself exacerbated the situatisrNorth American producers suffered larger
production cuts than other automakers, allowingrteeimport of foreign vehicles to increase
(Stanford, 2010). On the other hand, outgoing aotoma trade from North America is small and
offsets only a fraction of the region’s total autttime imports, resulting in a negative
automotive trade balance. Already in a fragile estabNorth American OEMs suffered

disproportionately from the impacts of the finamhciasis.

The uneven geography of automotive globalizatath asymmetries in both automotive

trade and FDI, combined with an already shrinkioghdstic demand made North America’s Big
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Three highly vulnerable to the effects of the ficah crisis (Stanford, 2010). The Big Three
suffered crippling net losses between 2005 and 2@f8ling more than USD $100 billion—

representing nearly the entire equity base ohadldé companies (Stanford, 2010).

The effects of globalization on European OEMs Bemewhere between the East Asian
and North American experience. European-based OBRM® maintained a relatively stable
dominance over their home market, controlling abwd-thirds of the market share for new
vehicles. Imports of finished vehicles into Europeming predominantly from East Asia are
balanced with vehicle exports, mainly to North Aroarbut to other world regions as well
(Stanford, 2010). Although Western Europe as a wh@s been successful in maintaining a
relatively stable trade balance, there have beangds—more recently—in the location of new
automotive investments and production capacityiwithe region. With the expansion of the EU
in 2004 to include former Communist countries, Caneand Eastern Europe became an
attractive region for export-oriented automotiveastments, due to their lower labour costs, to
supply the larger automotive markets of Westernopean countries. In fact, automotive
production in these former Communist countries dedibetween 2004 and 2008 (Stanford,
2010).

2.2.4 Vehicle Manufacturers in Emerging Markets Pusue Globalization

It should also be noted that European VMs havebeen immune to the trend of global
consolidation, which sees smaller independent fiowertaken by larger global players with
foreign ownership. This has resulted in the disapgece of indigenous OEMs in secondary
automotive producing countries in Europe. In the i instance, British Leyland Motor
Corporation, which formed after the merger of BhtiMotor Holdin§ and Leyland Motor
Corporatiod was downsized when it sold the Rover Group toBNBV Group in 1994, which
included the Land Rover and Mini brands (AutomotNews, 2015). However, after consistent
losses, BMW broke up the Rover Group in 2000 sglliand Rover to the Ford Motor Company
and auctioning off MG (which had been a part of Mounder British Leyland). The liquidation
of MG Rover in 2005 marked the end of a British-ednOEM; Rover’'s technology and

® Grew out of the acquisition of Morris Motors, Astitotor Company, and Jaguar Cars (Britannica,
2015).

’ Formed from the merger of Leyland Motors and thed® Company.
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production equipment, as well as the MG name, perehased by China’s state-owned SAIC
Motor Corporation (Automotive News, 2015).

Both previously under the ownership of British lamd, Jaguar and Land Rover were
reunited as a subsidiary of Ford in 2000 when icpased Land Rover. Ford had purchased
Jaguar in 1990 (Britannica, 2015). However, in #oreto raise capital and ensure its own
survival during the financial crisis, Ford sold dagLand Rover (including the luxury Range
Rover marque) in 2008 to India’s multinational clomgerate Tata Group (Bajaj, 2012). Tata
Motors appears to have accomplished an unprecetlésat as a company from a developing
country to, successfully, turn around a strugglmgstern automotive company. Redesigned
Range Rover vehicles have been positively recebyedritics and consumers, benefiting from
growth in the popular luxury SUV class, while Jaggsiaecently debuted, first ever SUV has
received similar praise. Tata successfully intraglthe brands into the Chinese market where
luxury car sales have surpassed those in the Ufj(B#12). Jaguar Land Rover has been
enjoying record sales and sustained growth, evgrarekng its manufacturing footprint into
emerging markets outside of China, including Branidl Slovakia.

Similarly, Swedish VM Volvo was purchased by Fand1999 as part of its Premier
Automotive Group, which included Aston Martin areydar Land Rover. Volvo was the last of
Ford’s Premier Automotive brands to be sold offigrthe financial crisis to raise capital and
avoid bankruptcy protection. The sale of Volvo waslized in 2010 to China’'s Geely
Automotive Holdings Ltd for significantly less thavhat Ford had initially paid to acquire the
brand. The sale represented the largest acquisifiarforeign automaker by a Chinese company
and reflected the growing influence of the Chinagtomotive market, which had surpassed that
of the US to be the largest in the world just oearyprior (Yan & Leung, 2010). As Tata is
attempting to do with Jaguar Land Rover, Geely plimexpand the Volvo Car brand into the
Chinese market by investing heavily in new modeld aew assembly plants in China (The
Economist, 2014). The company also has plans torexghinese made Volvo vehicles into the
US, which would represent the first Chinese madkicke to be exported to the US. The
introduction of Chinese built Volvo cars in the W&uld help pave the way for Geely to expand
its namesake brand in the US, representing a fovaitte of automotive globalization into the US
(The Economist, 2014).
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2.2.5 The Start of a Regional Strategy and the Pat#al Perils of Globalization

As suggested by the above narrative, globalizatuithin the automotive industry is
highly complex and asymmetrical, even within theditional dominant automotive producing
regions of North America, Western Europe, and Hesth. The desire to be global is also
balanced by a significant tendency to regionalz®motive production as automakers look to
gain market share and overcome potential economit political barriers. This tendency is
illustrated by the presence of Japanese and Sautal transplants in North America (Stanford,
2010). Regional differences in the cost of labote more significant at the low end of the
market, where profit margins tend to be much loamd where competitive advantage is often
achieved through price, given the higher price igitg of consumers in the economy segment
(Holweg, 2008). Initially, import producers fromp#n and South Korea leveraged their cost
advantage through reduced labour costs and suatdbeir home markets to compete with
domestic OEMs in North America and Western Europelfeg, 2008; Stanford, 2010).
Through the pursuit of a globalized strategy anel use of FDI to regionalize some of their
production in North America, Japanese and Koreaonaakers now compete on an even playing
field with traditionally dominant OEMs, achievingl&% and 37% market share in Western
Europe and North America, respectively (Holweg, 0@ superior manufacturing strategy and
the inability—at least initially—for Western VMs tmatch their levels of productivity and
quality control allowed these producers to be cditipe in foreign markets (Holweg, 2008).
Indigenous OEMSs in these regions initially resisted transition to “leaner” manufacturing
methods, pursuing instead the prevailing industantra of the 1990s that size (i.e., production
volume) and global market coverage would ensureiglr(Holweg, 2008). Industry alliances
were pursued by several automakers looking to miagirmn the advantages of scale, including
BMW'’s aforementioned venture with Rover and GMlsagice with Fiat in 2000.

However, industry alliances based only in the piirsf scale were misguided and often
set up for failure. An example of a successful stdualliance based not only on scale but also
on strong complementarity in term of capabilitiesd anarket coverage is French automaker
Renault's merger with Japanese automaker Nissanlw@do 2008). Nissan’s strong
manufacturing capabilities in lean production coenpénted Renault’s expertise in design.
Similarly, Nissan’s largest market share remain®\&ma and North America while Renault is
well represented in both Europe and South Amefiteir strong complementarity and global
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market reach produced a fruitful merger while lingt redundancies and overlap (Holweg,
2008). Successful OEMs of the future will be thed® are able to find new ways of creating
value and creating beneficial partnerships with ,neveviously distinct stakeholders (IBM,
2004).

However, scale alone does not ensure survivaladtomaker will not be guaranteed
success based solely on size and scale (IBM, 20@4,)the phrase “too big to fail” is often used
with reference to the automotive industry. Foramse, proponents of the government bail out of
the North American car-industry during the 200&finial crisis often relied on this argument as
justification. The thought was that certain larggporations are simply too important to go
bankrupt because the resulting unemployment woeldiévastating for the economy and be
politically unacceptable, and the impact on finahanarkets and economic growth would be too
great (Schuman, 2008). Hence, the rationale foegowuent loans to stave off the bankruptcy of
a private firm. Conversely, the orchestrated caapf South Korea's influential Daewoo Group
in 1999 in the wake of the Asian financial crisisntbnstrated that actually letting a large
conglomerate fail as a result of its own mismanag@nand poor performance could potentially
benefit the economy over the medium- to long-teBaewoo, South Korea’'s fourth largest
industrial conglomerate, became too much of a buafeer an ill-conceived global expansion
(including of its automotive division) left the c@any saddled with debt. As with Daewoo, GM

and Chrysler proved in 2008 that size alone doégmsure one’s survival.

2.3 A New Era of Regionalization: Shifting Productbn and Future Growth

The geography of global automotive production isdergoing a dramatic shift.
Traditionally dominant auto-producing regions, ngmte US, Western Europe and Japan
(collectively referred to as the TRIAD) are endgria net loss of production capacity as older
plants are shut down while new investments areeasmingly being directed away from
traditional markets in favour of emerging marketbere a rapidly growing middle class has set
its sights on motorization and car ownership (Hgw2008; KPMG Int., 2013). In 1970 for
instance, these established automotive manufagtuegions accounted for 91% of the world’s
total automotive production (Holweg, 2008, p. 28&).the time, the US, and western Europe
especially, had major net positive automotive trhd&ances while both Japan’s domestic and

export production were increasing rapidly. The afoentioned shift in global automotive
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production geography was well underway throughbeatt990s. By 2004, the TRIAD’s share of
global automotive production had fallen to abou¥o/®Between 1970 and 2004, the total number
of automotive assembly plants worldwide grew by,Z6@m 197 plants in 1970 to 460 plants in
2004 (Holweg, 2008, p. 22) The TRIAD only accounfed 44% of the new assembly plants
during this period, clear evidence of a shift ia geography of global automotive production and

investment.

The majority of these new automotive manufacturplgnts were built in emerging
markets which—because of significant growth in itlteimestic demand—could now justify the
large capital investments required to build fuldecautomotive assembly plants. At the time,
Latin America was a key emerging market attractiag/ automotive investments. Not only was
domestic demand increasing in the region but, duts fower labour cost, close proximity to the
US, and new free trade agreements, it was alsosué#d to building smaller economical cars
with modest profit margins for export to the US [(Weg, 2008). Between 1980 and 2000,
vehicle production in Argentina, Brazil, and Mexicearly doubled, reaching a combined output
of nearly 4 million units by the year 2000 (Holwe2f)08). This pattern of shifting production
capacity towards emerging markets and away froditiomal industrial nations does not appear
to be slowing down as automakers bet their futuieeesss on the rising automotive demand in
Brazil, Russia, India, and especially China wha'andatic economic growth has been the most
impactful (KPMG Int., 2013). Collectively, theseutoemerging markets are referred to as the
BRIC, given that they are at a similar stage ofnecoic development and it is thought that they

could form a powerful economic bloc in the future.

Global consulting firm KPMG conducts an annual veyr of global automotive
executives to uncover the most pressing trendsssues facing the future of the industry. For
three years straight (2013-2015) the number one tkeryd in the industry as ranked by
automotive executives was growth in emerging marK&tPMG, 2017). Executives in both
TRIAD and BRIC nations agreed that growth in emeggmarkets was an important industry
trend (KMPG Int., 2013). Specifically, executiveshoth the TRIAD and the BRIC have their
sights set primarily on China followed by India athén Brazil and Russia in third and fourth
place, respectively (KPMG, 2014).
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The surveys have also revealed that consumer dkmat expectations in emerging
markets increasingly resemble those in more deeeloparkets. Consumers in emerging BRIC
markets are increasingly favouring larger and mupscale vehicles, including SUVs and multi-
purpose vehicles (MPVs), midsize sedans, minivaars] pickup trucks, as a way of
demonstrating their newfound wealth (KPMG Int., 2D1in China for instance, SUVs are the
fastest growing vehicle segment, experiencing dt@mgear-over-year growth. Female
consumers in China have especially embraced SUWR, their popularity attributed to their
utility, safety, and style (KPMG Int., 2013). Norfmerican and European automakers alike are
eager to cash in on this tremendous growth oppiytuford introduced four new SUV models
in the Chinese market before its target of 2013 EiatiChrysler Automobiles (FCA) announced
it was working alongside Chinese automaker Guangzagomobile Group Co. to work out a
plan to manufacture all of its Jeep nameplateshm& (KMPG Int., 2013). The luxury SUV
segment is also being embraced in China. Porsdbaigenne SUV has been popular with
Chinese consumers while Lamborghini chose the iBeimotor-show to debut its first ever SUV
concept, the Urus. As of 2009, China became baHaitgest automotive market surpassing the
US and the largest automotive producer surpassapgn (Stanford, 2010). With such fast
growing demand in emerging markets such as China, understandable why the industry is
paying attention and has been shifting its investnpatterns away from traditional markets,

where demand has become relatively stagnant foe sione.

The primary reason for the reorganization of tlegles automotive manufacturing base
is the anticipated shift in the geography of auttwmeodemand. The majority of the projected
growth in automotive demand is expected to occungmily within emerging economies, like
the BRIC, where the consumer class is rapidly edipan(Holweg, 2008). Demand in traditional
markets on the other hand has stagnated for maarg ge has grown at a much slower rate. As a
result of both economic and political forces, OEMse choosing to distribute their
manufacturing operations in hopes of capitalizinglte expected growth in automotive demand
in emerging economies. As previously mentioned, leympent spin-off effects provide the
automotive industry with a disproportionate ecormnaind political influence making it
politically advantageous for governments to encgerand even subsidize the construction of
new assembly plants. This shift in production cégalcbodes well for countries desperately
trying to develop, but is worrisome for establishedo-producing countries, such as Canada,
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who face the threat of plant closures and the @ssacloss of employment. To an extent, this
shift represents a localization of the automotna@ustry: new investments in production capacity
are being directed towards emerging markets whemneva appetite for motorization and car
ownership is resulting in higher demand (Holweg)&0 The demand in emerging markets is
now sufficiently high to justify the large capitahvestment required to build full-scale

automotive assembly plants (Holweg, 2008).

For instance, production capacity for passengéicies was virtually non-existent in
China prior to 1980. Just over two decades later2004, China was producing 2.32 million
vehicles for its domestic market (Holweg, 20082p). To date, China’s fledging automotive
sector has been entirely self-contained with noigant automotive trade moving into or out of
the country (Stanford, 2010). Growth in China’scemibtive demand has so far been balanced by
increases in domestic production. Chinese based OB&/e not yet been successful in
globalizing their operations into markets like NoAmerica and Western Europe. China has
instead become an important market for establi€hEis to expand their global footprint and
cash in on the countries increasing demand. In 0% of the vehicles manufactured in China
in 2004 were produced by a company involved inirat jeenture with an established global OEM
(Holweg, 2008).

The young automotive industries of other quicklyeeging markets have also exhibited a
relatively self-contained growth pattern, not yetsipg an imminent threat to the TRIAD.
Despite managing small net export surpluses, thge lanajority of the automotive production
that is taking place in both India and Brazil i®dido satisfy their growing domestic demand
(Stanford, 2010). The public perception—especiallydeveloped nations threatened by plant
closures—of the relationship between automotivéaliaation and labour cost, tends to be that
automotive manufacturing concentrates in jurisditsi with the lowest labour costs. While there
is evidence of this occurring regionally within MorAmerica and within Europe, where free
trade agreements have facilitated some migratidover cost jurisdictions, this cannot be said
of the industry’s expansion and migration into GhiBrazil, and India, whose growth is driven
primarily by increases in domestic production ratllean growth in automotive exports
(Stanford, 2010).
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However, this is not to say that OEMs in the BRIG not intend to globalize their
operations. They have been developing their owmwtrglans to increase international market
share and were found to be more likely than theerp in the TRIAD to raise their investments
in all regions of the world. While automakers iretiRIAD have focused their regional
expansion primarily in BRIC nations, indigenous BRhutomakers have increased their
investments not only in the BRIC but also into ygenemerging markets in South East Asia,
Africa, Eastern Europe, and South America morehaa their TRIAD counterparts have. Due to
stiff competition and a wide range of existing aomgr options, Western Europe and North
America remain predominantly off-limits for BRIC4®d OEMSs. Rather, their largest growth
opportunities tend to be in South East Asia, iniclgdrhailand, Indonesia, and Malaysia. These
markets are attractive not only for their growthdamestic demand but also for their close
proximity to larger markets like China and IndiaRMG Int., 2013). Eastern Europe and South
America are the next two most promising growth apputies for BRIC automakers and could
act as launch pads for a future expansion into restablished markets like Westerns Europe

and North America respectively.

The bold step of entering into mature markets midist likely take place from hubs in
lower cost regions. For instance, China’s Zheji@egely Holding Group Co Ltd has expanded
its automotive production into the Ukraine and Beta Similarly, in South America, both
Mexico and Brazil have developed strong trade agesg¢s with China and other BRIC nations
making them attractive locations for a future exgyan into the US (KPMG Int., 2014). Along
with tax incentives from the country’s Inovar-Aytcogram, which began in 2012 and for which
preliminary data has shown promising results imtepf increasing the number and quality of
R&D investments related to the automotive supplgichlocal and state governments in Brazil
are trying to lure foreign automotive investorshwat variety of incentives (de Mello, Marx, and
Motta, 2016). Brazil is now tied with Mexico as iesf choice for export oriented automotive
production to the US. With the BRIC nations havexgerienced enormous growth over the last
number of years, automotive executives anticipad¢ the next wave of growth is likely to take
place in other parts of the world including: Thada South Africa, Indonesia, Turkey,
Argentina, and Saudi Arabia, with the countrieskeghin order of the percentage of survey
respondents that rated the country as the nextgamgemarket in KPMG’s Global Automotive
Executive Survey 2016.
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2.3.1 Market Saturation and Overcapacity

Overcapacity is a challenge that has afflicted dnéomotive industry for decades as
demand in traditional markets has stagnated aspme cases, even declined. The overcapacity
problem has been perpetuated through time becdube industry’'s systemic failure to adjust
its production capacity to levels of consumer dednarhe huge capital investment required to
build an assembly plant and the desire to mairgagnomies of scale in production contribute to
the lack of flexibility that perpetuates the ovegraeity problem. Asymmetries with respect to
capacity adjustments also contributes to overcpagi making it far easier to build additional
capacity than it is to remove or reduce it (Holw@§08). Given the direct and indirect
employment benefits associated with automotive sthgy governments often encourage and
even subsidize the new assembly plants. Howeveznwelisting plants are underutilized due to
lower demand, the decision to reduced or removeaehaity quickly becomes political as
governments attempt to maintain the numerous s@cidl economic benefits associated with

their existing manufacturing footprint.

Global overcapacity was estimated to have bedrighsas 20 million units, which results
in large inventories of new, unsold vehicles. Istandard for automakers in most markets to
have inventories of 1.5 to 2 months (Holweg, 20@3les incentives such as discounting, high
trade-in pricing, and free upgrading are used tmlmat growing inventories and to maintain
market share and economies of scale in productimiweg, 2008). Perpetual discounting can
further erode the already low profit margins ofwok automakers. Furthermore, capital tied up
in large vehicle inventories cannot be investeddtiner areas of the business such as R&D,

innovation, and product development.

The high production volumes necessitated by thrd-Badd mass production system are
no longer relevant in highly competitive mature keds, where demand has generally stagnated
and where product variety and customization aresasingly valued. About half of respondents
in KPMG’s 2013 annual Automotive Executive Survgyesed that there is a risk of overcapacity
in mature markets: Japan, Germany, the US, Soutealdpain, and France. Two thirds of
executives surveyed in 2014 ranked the risk of eayeaicity as either “high” or “very high” in
Germany, France, the US, and Japan with only $ligkss risk in Spain and South Korea.

Although industry executives appear to be awaressies related to overcapacity, it does not
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appear as though they agree on a solution. Therensiderable variation between the solutions
deemed more appropriate by executives from difftecuntries. The solution ranked most
frequently as “most effective” by the surveyed erkees was “industry consolidation/joint
ventures/strategic alliances” at 25% of respondéKBMG Int., 2013). “Increased vehicle
exports” and “government incentives” were tied $econd place, each with 19% support; while
“OEM incentives” received 17% support (KPMG IntQ13). “Production cutbacks”, “raising
brand profiles”, and “increased contract manufaegir received the least support from
automakers, with only French auto executives pagity favouring cutbacks in production
(KPMG Int., 2013).

Regionalization in the automotive industry is ex@ating issues of overcapacity; new
assembly facilities are being built in emerging ke#és more quickly than they are being shut
down in traditional markets. Existing capacity iratore markets is often difficult to reduce
because of strong political pressure to maintainufacturing employment. Overcapacity in the
US has diminished recently—with some automakelisgitocal under capacity—because of
rebounding sales following the 2008-2009 recesswamnich created pent-up demand (KPMG
Int., 2014). Automotive sales in the US hit anothezord high in 2016, narrowly beating the
record set in 2015, due in large part to strongatehfor light-duty trucks including SUVs and
CUVs. The shift away from sedans is not expecteebe anytime soon—good news for OEMs
with a wide selection of light-duty trucks, whicfien command larger profit margins because of
their size and price. Similarly, Canada achievedfdaurth consecutive sales record in 2016
(Keenan, 2017). As the only remaining growth spothe TRIAD, auto sales in the US and
Canada are expected to cool off slightly in 201& ttuthe continued slow demand for traditional

vehicle segments (e.g., large and midsize sedans).

2.3.2 Product Differentiation

Established global automakers have been forcediapt to the challenges presented by
saturated demand in mature markets: intensifyimgpadition, changing consumer expectations,
and reduced brand loyalty (Guttner & Sommer-Diktyi2008). Slow or stagnate growth in the
TRIAD, which will likely remain a pivotal market foglobal OEMs, means that the only way
automakers will be able to increase their markatesim the future will be at the expense of their

competitors by offering superior products with maneailable and higher quality equipment
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options and features. This implies that “not mdret, qualitatively better and more expensive
vehicles” will be sold in the future to ensure cafifiveness (Gittner & Sommer-Dittrich, 2008,
p. 59). Given the abundance of choice in the autmmamarket—with most vehicles now
exhibiting similar levels of quality, functionalityand performance—automakers have no choice
but to offer a wide range of distinctive and difetiated products to satisfy the unique needs of
consumers living in different markets around theld/@Branstad, Williams, & Rodewig, 1999).
Regionalization has also contributed to the risimportance of product differentiation as
automakers operate in more and more foreign marketsere regulatory differences and locale
taste preferences require vehicles to be regiordilyinctive (Guttner & Sommer-Dittrich,
2008).

Automakers have dealt with increased competitioth éhanges in consumer demand by
expanding their product portfolio and by increading variety of available features, options, and
equipment. Developing products that uniquely combboth functional and expressive, or
emotional, attributes in order to appeal to enotmisumers to ensure a decent ROl is a complex
and expensive task (Branstad, et al., 1999). Betvli®88 and 2008, the number of equipment
options available on new vehicles sold in Europged, while the range of available models
quintupled (Guttner & Sommer-Dittrich, 2008). Sggitdated consumers in mature markets
desire personalized products that cater to thefspaeeds and wants of their individual lifestyle
as opposed to standardized products designed agideened for global appeal (IBM, 2004).
Increasingly, consumers in emerging markets are adeing the same level of quality,

performance, and features as consumers in the TRK&ADG Int., 2013).

Creating an array of products that are both ditie and emotionally engaging is not
only a challenge but carries significant risk. Mawtomakers have chosen to differentiate their
products by focusing on niche vehicles and crossoa® opposed to traditional vehicle segments
(namely sedans) in an attempt to combine both ioimat and emotional appeal in a new and
unique package (Branstad et al., 1999). Emotioppeal is often achieved through innovative
designs and styling cues that can differentiateodehfrom its competitors. Increasing variety in
the automotive market has resulted in the implogibriraditional vehicle segments as they
become ever more fragmented with finer and moreiggedefinitions. In 1990, the European car

market was made up of 187 different models. By 20@8del variety had increased to 315
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different models (Holweg, 2008). Entirely new vddisegments were created due to the appeal
of personalization and differentiation, includingny Cars (e.g., Ford Mustang & Chevy
Camaro); Sports Sedans (e.g., BWM M5 & Cadillac &M)SLuxury SUVs (e.g., Jeep Grand
Cherokee & Cadillac Escalade); and Hot hatches, (¢alkswagen Golf GTl & Ford Focus RS).

The development of niche vehicles with more rddiesigns and bolder styling can be a
risky endeavour for automakers, especially if thia@y to achieve the desired combination of
emotional and functional appeal. The cost of desggrand engineering a new model and
retooling an assembly line for its manufacturedstly, sometimes reaching into the billions of
dollars (Branstad et al., 1999). If, however, adma proves successful, the benefits can be
significant, providing generous ROI—so long assiable to maintain its distinctiveness among

its competitors (Holweg, 2008).

A recent vehicle segment that has been highlyessfal and remains one of the fastest
growing segments in North American is the crossoniity vehicles (CUVs). The shift to larger
and more expensive CUVs offering larger profit ni@gwas a major reason why American
OEMs on the brink of collapse were able to returprofitability so quickly after the financial
crisis. Crossover vehicles combine desirable featdound in SUVs, such as a higher ride
height, available all-wheel drive, and a rear &tey with the same passenger compartments,
driving dynamics, and creature comforts expecteohfa traditional sedan—combining style and
functionality (Holweg, 2008). Crossovers borrow ithanderpinnings—and therefore their
handling and ride quality—from their sedan couraeify which contributes to their added
popularity. The major trade-offs of this unibodynstruction are reduced off-roading and
hauling capabilities as compared to traditional SUWhich use a body on frame design
(DeMuro, 2015).

Offering a more extensive product range can irsgezosts by reducing supply chain
performance with the introduction of dis-econonoéscale that can increase component costs,
lead times, and inventory requirements (SchafferSé&hleich, 2008). On the other hand,
increased product variety can lead to greater nasthare and larger volumes overall. Lower
sales volumes of individual models could erode eomms of scale, reducing an automaker’s
ability to recuperate the high development cost®lired in engineering and designing a new

product (Holweg, 2008). However, automakers hawnlaetively combatting this by increasing
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platform and powertrain sharing between various ef®dh their portfolio and even between
brands owned by the same parent company. The ngellehen pursuing product differentiation
is twofold: (1) developing a deep understanding@isumer needs and wants—to reduce the
number of product flops, attempts ill-received bg tmarket—and (2) reducing both the amount
of time and money required to develop new prodbgtemproving the design and engineering

processes involved in product development (Branstadl, 1999).

Accompanying the trend of increasing model varistya shortening of the traditional
vehicle life cycle, defined here as the length iofet a particular model stays on the market
before receiving significant changes. Vehicles raeiving more frequent and more extensive
“mid-cycle refreshes” before they are schedulebedully redesigned, which is also occurring
more frequently for a variety of reasons. One redsothis is the level of competition that now
exists in nearly all vehicle segments. Automakeesteying to gain a competitive advantage by
improving their product lineup more frequently irder to make older designs appear stale. This
constant product improvement does come at a poeeter. Nissan’s Chief of Product Strategy
said in a media interview that his company spemeho four times more than usual to refresh its
two-bestselling sedans to incorporate the newestsafety technology and upgrade the
infotainment system, among other things (Wernlg,620Along with innovations in safety and
connectivity, tightening fuel economy standards emdsumer demand for greater efficiency can
also prompt automakers to introduce changes to gwvertrains prematurely. One consultant
estimates that today’s product facelifts can rurhigh as $100 to $200 million. Automakers
need to give consumers a reason to visit their shanv or upgrade into a new vehicle, perhaps
following the end of a lease agreement, which @sult in customers visiting showrooms far
more frequently, and often an extensive produceséf can be enough to boost a model’'s sales
(Wernle, 2016).

Although consumers are increasingly demanding miesvest and most advanced
technology and safety features in their vehicles, ttend towards more frequent and extensive
product updates could potentially have a negatifiece on the industry’s long-term
sustainability. It could be argued that this treadan example of the controversial business
strategy known as planned obsolescence—the prbges$ich a product becomes obsolete or,

at least, undesirable before the end of its usddbleycle. The purpose of planned obsolescence
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is to encourage consumers to upgrade or prematweplpce a product before the end of its
useful life cycle (Guiltinan, 2009). The ethicadues surrounding this practice are often debated
given its negative environmental impacts with resge resource efficiency and the economic
burden it places on consumers to always purchasdatkst products (Guiltinan, 2009). The
replacement strategy employed in the automotiveustigt relies mostly on technological
obsolescence, which is often considered voluntarhere is no practical reason why the product
would no longer be useful, rather than on physima$olescence, which render a product
unusable or in need of repair (Guiltinan, 2009)vehicle is said to be beyond economic repair
when the cost of repairing the vehicle exceed utsent market value, and should instead be
replaced. In general, the industry tends to faveptacement rather than retrofitting, repairing,

or component upgrading, all of which would incretiseindustry’s environmental sustainability.

The first documented application of planned olbsmace was in the automotive
industry, introduced by Alfred P. Sloan—head of GMi-the mid-1920s (Kitman, 2009). He
introduced the notion of annual model changes Aeddea that this year's model ought to be
better, faster, and more exciting than last ye&w'gncourage upgrading and replacement buying
(Kitman, 2009). Planned obsolescence was ess¢atiaM’s success and its ability to overtake
Ford as the world’s leading automaker—which hasbgted as the first example of fashion
positioning being favoured over durability posiiiog in the consumer durables market (Kitman,
2009; Slade, 2006). Ford’'s competitive strategy wasncrease efficiencies and drive down
prices to increase sales while Sloan’s approachhasiped superior performance and styling—
to convince consumers to purchase a newer protlatthey essentially did not need (Kitman,
2009).

Planned obsolescence is used in part to remaimpetiime within a market that has
become increasingly crowded with new models andooptand that has faced perpetual
overcapacity because of saturated demand. The afateechnological innovation is also
exacerbating the need for frequent product updatess the need to appeal to a new generation
of consumers who increasingly view vehicles asshitm accessory, akin to their smartphones.
Updating aging models mid-way through their typilifg cycle is now standard practice and is
often used to sustain consumer interest and denvalmidh tends to evolve much faster than

standard model development timelines. General Mobmplemented this strategy during its
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post-bankruptcy restructuring to become more coiiget(Kranz, 2012). It was believed that

regular styling changes and product enhancementtdve more cost effective than marketing
aging vehicle designs with steep sales incentivesustom that had become common at GM.
With fewer sub-brands in its portfolio followingsitestructuring, GM now had the resources to
update its vehicles more frequently (about evergdtyears). The plan also allowed them to be

swifter with respect to technological advancemanis regulatory changes (Kranz, 2012).

2.3.3 Marketing and Distribution

A forthcoming challenge for VMs will be their owigdd method of selling and
distributing vehicles—a key pillar in the estabéshindustry paradigm—through a network of
franchised dealerships. This approach limits theellef OEM engagement at the consumer
interface leaving the task of forging strong, pesittonsumer relationships on marketing alone.
Intense competition and market saturation are asingly forcing automakers to search for new
ways to generate and capture value throughout keehfe cycles. Automotive manufacturers
have traditionally shied away from downstream resecapture, participating instead in the
assembly and distribution phases of vehicle lifeley (Branstad et al., 1999). Today,
automakers are attempting to capture a greaterofiop of the total value chain of their
vehicles by either “following the car” or “followgthe consumer” (Branstad et al., 1999). The
former approach relates to increasing their involgat in the various transactions that take place
after a vehicle is sold during its useful life aycllhe latter approach relates to cultivating and
fostering stronger relationships with consumertherhope of participating in future transactions
with them over their buying lifetime. The curreetiance on franchised dealerships could make

it more difficult for OEMs to pursue either of tleestrategies directly.

The current distribution model transfers manufesrti returns to intermediaries, creating
a gap between them and their customers. This redheeamount of influence OEMs have over
their consumer interface and reduces the effeatisef costly marketing campaigns (Branstad
et al.,, 1999). Further distancing manufacturersnfrieir consumers is the consolidation of
franchised dealerships. Across the US, large d&dfemetworks—hosting multiple competing
brands—are working to generate their own brand enaigd strengthen their control over the
consumer interface. AutoNation is the largest sdebler network in the US and is publicly
traded on the New York Stock Exchange. The comparmeysees 290 dealerships spanning 15
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states and nearly every automotive brand. By sdesmg the consumer interface to car
dealerships, OEMs are further removed from dowastrdransactions in the value chain,
relegating them to mere metalsmiths in the eyesoolumers. A constellation of dealerships,
such as AutoNation, is concerned with selling asiyneehicles as possible; the make of the
individual vehicles in a sense becomes irrelevanliigss an OEM is successful in maintaining a

coveted brand image.

Furthermore, the success and popularity of leapnegrams has also put the needs of
OEMs at odds with those of their franchisees. Awkens have an interest in maintaining high
residual values for their vehicles while dealersf@rto buy low and sell high when it comes to
the sale of used or off-lease vehicles. Vehicle ufecturers have made significant strides with
improvements to vehicle quality and reliability. eftsame can generally not be said about
improvements to the consumer interface, i.e., imimgpthe experience of buying and owning a
vehicle (Branstad et al., 1999). A major challerge the future will be cultivating a better
understanding of consumer needs and increasing\vbeof direct contact automakers have with
their customers, to better attract service andirrdteem amid intense competition from both
established and emerging VMs (Branstad et al., 199#®ect sales strategies in North America
are currently offered by Tesla Motors and Southd&is new luxury brand Genesis.

2.4 Vehicle Manufacturers’ Strategic Response

2.4.1 Industry Consolidation and Cooperation

Global VMs have a history of consolidating theipecations. The motivation for
consolidation is to share development costs, stieardistribution networks, eliminate excess
production capacity, and to negotiate lower priceth suppliers based on higher volumes (The
Economist, 2015). Acquisitions are sometimes tadjéd gain access to new or underdeveloped
markets or to inherit a particular technology (HoeTollins, & Roehm, 2009). In other cases,
multiple acquisitions are used to rationalize cégaand become the dominate player in a
particular niche market. Consolidation could ineeean the future as the emerging markets in
China and India become more prominent and theiigémbus brands attempt to expend their
business internationally. The recent acquisition\stern firms by Geely and Tata are early
signs of this future trend. Recent comments by RCA&EO Sergio Marchionne grabbed

headlines as the automotive executive brazenly ptednhis desire to see his company merge
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with GM, who was quick to rebuff the proposition.aMhionne has publically rebuked the
automotive industry for the enormous amount of tehpt requires to develop new models,
suggesting that up to half of these costs are stgrad in the development of proprietary
technologies rarely distinguishable to consumer$ie(TEconomist, 2015). In his view,

automakers should collaborate in developing fuelrgainnovations instead of each automaker

pursuing their own costly development program.

The partnership that began in 1999 between RemadtNissan is now viewed as an
industry benchmark (Hoelz et al., 2009). Similartperships are likely to emerge in the future,
as industry pressures require automakers to setdeficost reduction strategies. Their strategic
alliance was used to reduce development and R&Dscfts new vehicles using shared
architectures and to have greater purchasing paen negotiating with suppliers thanks to
increased volumes (Hoelz et al., 2009). One redsorthe success of this alliance was its
hesitation to fully integrate both companies. Commeynergies between the French and
Japanese automakers ensured the alliance was muheeficial while their decision to
maintain independent management teams preservedexiséng culture of each company
(Welch, 2015). Mergers are often met with heavystaace when one party tries to assimilate
the other and impose its own practices. As preWousentioned, the two brands generally

operate in different markets, limiting the amouhtiimect competition between them.

Indeed, there are several examples of passed meage ill-conceived alliances that
were unsuccessful in achieving the desired levelcadt savings and subsequently failed.
Examples including the merger between Renault aolddy the merger between Daimler and
Chrysler, and their subsequent alliance with Mitshiy the alliance between Ford and Fiat;
BMW's acquisition of Rover, and Ford’s Premier Aomotive Group with Volvo, Jaguar, Land
Rover, and Aston Martin (The Economist, 2015; WeRB15). Although consolidation is often
pursued in an effort to generate greater econoofiegale, reduce costs, and increase profits,
these outcomes are not a guarantee. For instarioeki21 years for Renault-Nissan to achieved
part sharing synergies equivalent to those at Ghh wabout 70% of their vehicles sharing
common parts and components (Welch, 2009). Simjlaxhy future large merger between
equals would take many years before the initiatscofthe merger were recovered through joint

efficiencies and cost savings (Economist, 2015)tehms of the effect of scale on generating
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higher profits margins, as measured by earning®rbefnterest, taxes, depreciation and
amortization (EBITDA), both Nissan and Renault gated margins that were lower than those
achieved by Honda, who sells about half as mang. darrthermore, GM sells even more cars
than Renault-Nissan and achieves even lower margiosing that scale alone does not ensure
higher profit margins (Welch, 2015).

2.4.2 Increased Outsourcing and Supplier Responsity

Vehicle modules as defined by automotive OEMs are-assemblies, or groups of
physically adjacent components, that can be temtedassembled outside of the main assembly
line in order to reduce complexity and save timeirdu final assembly (Sako & Warburton,
1999). The outsourcing of complete modules to aoto@ suppliers increased as Western
automakers attempted to interpret and implemenptheciples of lean manufacturing in their
operations. The result has been a drastic inclieathe responsibility of suppliers to design and
manufacture complete modules that can be easigndsded by OEMs. Automotive suppliers are
now manufacturing over 80% of the parts and comptnthat go into a vehicle, meaning the
focus of contemporary OEMs is on vehicle assemthistribution, and marketing rather than

manufacturing (Kallstrom, 2015).

This dramatic shift in responsibilities encouragedsolidation among the supply base as
suppliers attempted to gain the relevant knowleztge expertise needed to assemble component
modules. A new tier of automotive supplier has egmdrdue to the increased outsourcing by
OEMs. Traditionally, Tier 1 suppliers delivered tgadirectly to VMs. Consolidation has
increasingly displaced these suppliers with largBer 0.5 suppliers that act as system
integrators. These new, larger suppliers sources geom many different suppliers to build a
complete sub-assembly or module that can be eass#gmbled onto several vehicle models
along an assembly line. As OEMs increasingly dowdgd responsibilities onto their supply
base, suppliers were forced to consolidate to aeguwider range of competencies to fulfill this
new role. As suppliers’ activities account for aeajer proportion of the value in vehicle
manufacturing, they may, in the future, establisreal channels and touch points with
consumers to participate in downstream value cepttinreatening the positioning of traditional
OEMs at the head of the supply chain (Gao, KaasirM® Wee, 2016).
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2.4.3 Platform and Component Sharing

Another common strategy used by VMs to cut castplatform sharing”. The strategy
involves the use of the same platform or chassisntterpin numerous models within a single
brand or across brands with the same parent compaatyjorm and component sharing is not a
recent phenomenon. In the 1960s, GM used commadfoites and powertrains for several
different models across its brand stable includdamtiac, Buick, Chevrolet, and Oldsmobile
(Csere, 2003). Back then, however, models sharianigipie mechanical components tended to
also share common sheet metal with little more thadifferentiated front and rear end to
distinguish them. The practice was often dispamglgirreferred to as “badge engineering”
(Csere, 2003). No longer is this the case. Consutagiay are often unaware of the amount of
shared components between vehicles in the showmamon the road. Platform sharing has
become ubiquitous in the industry as it allows iigh capital costs of engineering and tooling
up an assembly line for a new model to be amortiaeer a number of different models

achieving greater economies of scale.

Nowadays, the terminology used by most automakeishared architecture” rather than
platform sharing. The term architecture generadifers to derivatives of a single platform,
meaning it may have been stretched or shrunk tonagmdate a different body style (Sabatini,
2014). This means contemporary platform sharingigaonly span multiple models and brands
but different vehicle segments as well. Not onlg &UVs based on the same architecture as
sedans, but also compact sedans can now sharsianvef a platform used in a larger and more

expensive premium product like a mid- or full-sizestian.

Volkswagen AG may become a pioneer in the autoraatidustry if its planned mega-
platform strategy is successful. The plan, annodinoe2012, involves the use of only four
modular architectures to be used across all ofctmapany’s 12 brands, including both mass
market and niche brands, including Bentley and Langibini (Henry, 2015). Internally referred
to as the MQB platforfih VW's first modular architecture is by far receigithe most attention.
The MQB platform is anticipated to underpin al\adlkswagen AG’s front-wheel drive vehicles
across all its brands, accounting for nearly 80%bhef vehicles the company assembles. The

platform will also be used globally, in assemblargk in Europe, North and South America,

8 MQB refers to a German acronym meaning “modularsdvarse matrix”.
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China, and South Africa. Historically, vehicles guged in emerging markets would use an older
less advanced platform to cut costs but with corsudemand in these markets now rivaling
those in more established markets, it makes semséMs to use a common global platform
(Henry, 2015).

The degree of “plug-and-play modularity, flexibyland parts commonality” found in the
MQB platform far exceeds that of major VW compestand means the company could soon be
building up to 40 models across several of its amageket brands using a single flexible
architecture (Frost, Cremer, & Lienert, 2013). Sandustry analysts have likened VW's MQB
architecture with previous influential innovatiditee Ford’s moving assembly line, GM’s ladder
of brands, and the Toyota production system (TRBhough it is potentially revolutionary, the
MQB architecture has reportedly cost the automak&d billion to implement. However,
estimates suggest that the successful adoptiamedMQB platform could generate cost savings
of as much as $19 billion annually by 2019 (Her2915). When VW unveiled the plan, it said
its MQB concept could save up to 20% on componestscwhile also reducing the time to
market of new models by 20%. With the large investirinvolved, only time will tell if VW
will achieve its predicted ROI. The competitive adtage however could be short lived with
GM announcing similar plans to consolidate its matgtforms into only four by 2025 and
Toyota announcing what it calls its Toyota New GlbArchitecture (or TNGA) which is also

akin to VW's strategy.

An unintended consequence of platform and compastering and the consolidation of
suppliers is a huge increase in the number of \ehaffected by quality and safety recalls. Take
the recent Takata air bag recall, which has beewgried by the National Highway Traffic
Safety Administration (NHTSA) as “the largest andsncomplex safety recall in US history”
(Barlett, 2017). The Recall spans 19 different m#kers and vehicles from MY 2002 all the
way to MY 2015, totaling more than 42 million veleg in the US alone (Barlett, 2017).

2.5 Conclusion

This chapter gave a synopsis of the major chadlerfgcing the contemporary global
automotive industry. Those challenges were spld twvo broad categories: environmental and
economic pressures. Environmental challenges steamaply from increasingly stringent

regulations on exhaust emissions and fuel econdtoyever, there is also growing demand
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among environmentally conscious consumers and ttmseerned with the cost of fuel. The auto
industry generally opposes any form of regulatiant of fear of economic hardship, but as
dieselgate has shown, there can also be high assteiated with resisting technological change

and regulation.

The second broad category of industry challenges wconomic pressures, which
included the joint—and sometimes opposing forcesglabalization and regionalization as well
as the changing geography of global vehicle pradaand demand. Perpetual overcapacity has
long been a challenge for more mature marketsjsandw being exacerbated by rapid growth in
certain emerging markets. Consumers are also dengagdeater variety and differentiation in
their products, presenting a challenge for automsalend fueling planned obsolescence to

maintain high levels of demand.

Given the plethora of challenges, OEMs have hadetelop new strategies to secure
their market share and maintain their profitabilggrformance. Vehicle manufacturers have
increasingly looked at each other for support,egitthrough consolidation to achieve greater
economies of scale or increasing cooperation toestlavelopment costs. Furthermore, OEMs
are relying much more on their suppliers, by outsiog full vehicle modules, thereby spurring
consolidation among their supply base. Finally, VMave developed common vehicle
architectures to increase part and component gshbatween models and brands to cut costs and

remain globally competitive.

Before presenting a sustainable alternativéh& paradigm that was described in the
above chapter, the following chapter will review emerging scientific field that will serve as
the theoretical basis for a proposed alternativelehohat could be used to achieve greater

sustainability in the automotive industry in theéuiie.
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Chapter 3 Achieving Sustainability in Industrial Systems

3.1 A Historical Perspective of what is Natural

In the first chapter of his 2014 bo&kistainable Automobility: Understanding the Car as
a Natural Systenfaul Nieuwenhuis explored the origins of the wtead belief—especially in
the West—that humankind is somehow separate framndastinct from the rest of nature. The
agricultural revolution was cited as a possiblersedor this perception of nature. Civilization’s
use of modern agriculture has instilled it withemse of great control and power over nature,
which could have contributed to the notion that husand nature are somehow estranged from
one another (Challenger, 2011). The onset of algmi@s also marked the beginning of
humankind’s influence on the climate. It was as tiiine that concentrations of &nd methane
(CH,) in the atmosphere started to trend upwards aveay their expected values as a result of
land clearing/deforestation for cultivation, cattéaring, and wet rice cultivation—a significant
source of CH gas (Ruddiman, 2005). Of course, this departwm fthe norm was much less
severe than the impeding industrial revolution ttetsed a much more pronounced increase in
atmospheric concentrations of GHGs.

Religion was cited as another possible source riboiing to society’s perceived
alienation from and superiority over nature. Maalgions, some of which developed alongside
the agricultural revolution, perpetuate the bellet humankind is distinct from or has power
and authority over nature (Nieuwenhuis, 2014). §tfamity, for instance, suggests that the rest
of creation exists primarily for the benefit of hans—God’s intellectual creatures
(Nieuwenhuis, 2014). Aside from humankind’'s ex@bodn of nature, Christianity also casts
humans as environmental stewards, benevolent poosecf the rest of creation. Although the
idea of environmental stewardship and conservatreroften viewed positively, they should not
be confused with environmental sustainability foeyt maintain the idea that nature is separate
from humankind and its impacts (Nieuwenhuis, 2014).

Implicit in the notions of stewardship and consgionism is the idea that humans are
free to choose when and where conservation isipeacto suit their own needs. Conservation is
typically restricted to particular sites that aeethed worthy of such efforts (e.g., conservation
areas and national/provincial parks). The realitganservationism is, therefore, the protection
of ecosystem services from which humans have beewing a benefit to ensure humankind’s

ability to continue to live and thrive on earth éNivenhuis, 2014). This bias towards protecting
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the needs of humankind over those of nature wasealglent in the above discussion regarding
regulating the car and its environmental impacegWations affecting the car and its use were
derived not from an intrinsic desire to protect &mvironment but rather out of concern for the
adverse effects cars had been having on humarhhealt

Humankind’'s perceived separation from nature wawvglent in western societies and
was even evident in early scientific research. &gichl studies from the 1950s viewed industrial
systems such as cities and factories as distioot the biosphere and outside the scope of their
research; instead focusing exclusively on the &ffexf pollutants on natural environments
(Erkman, 1997). This so-called “end-of-pipe” perspe was rather limiting as it excluded the
processes that had led to the creation and emisgidhe environmental pollutants that were
being studied. It also ignored the fundamental that human systems and biological systems
are intimately connected due to their extensiverattions with one another. The magnitude of
change required to improve the sustainability afustrial systems, such as the automotive
industry, would not be possible using such a Iimgtperspective. An alternative approach was
therefore necessary to analyze sustainable transiin industrial systems.
3.2 Industrial Ecology: A New Interpretation of what is Natural

What is required is an alternative belief systemat texplicitly acknowledges the
interconnectedness and fundamental linkages betweerenvironment and human/industrial
systems. Field and Conn (2007) asserted that ifanusystems (e.g., social, political, and
financial systems) were viewed analogously to tivetosystems, much insight could be gained
in terms of how such systems are designed and redn&ymply acknowledging the mere fact
that humans—as well as their creations—are an ralttggart of nature would likely yield a
number of positive implications and outcomes. Nienlwuis (2014) argued that dissolving the
separation between what is deemed a human creattbwhat is deemed as natural could be the
solution to resolving the many problems associat@d automobility, including the use and
production of automobiles. Applying a biological tayghor to the car and the automotive
industry as a whole could provide insights into h&wstainability is achieved and what changes
are necessary to improve the environmental andossimrsustainability of the car industry.

This section will examine the argument that a maeful and encompassing approach to
inform the re-structuring of the automotive indystito a more sustainable alternative—is the

relatively young field of Industrial Ecology (IEErkman (1997) acknowledged the initial,
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apparent oxymoron that exists within the term “istthal ecology” given entrenched schools of
thought, which suggest that human systems are pattaf nature. In a sense, the aim of IE is to
dispel the belief that industry and nature areli@hty contradictory. Industrial ecology suggests
not only that industrial systems are fundamentaftgrtwined with natural ecosystems, but that
they are themselves part of the biosphere (Grad®86; Clift & Druckman, 2016; Isenmann,
2003). Industrial systems cannot be dissociatenh ftiveir surroundings given that they often
depend on various finite natural resources andystas services (Erkman, 1997). Current
automotive production for instance, relies on thailability of steel, which requires the
extraction of iron ore from the earth.

The analogy between biological ecosystems andsindl economies that is generally
agreed to have precipitated the evolution of IE2@resent state stems from the 1989 seminal
paper in theScientific American‘Strategies for Manufacturing” by Robert A. Frosehnd
Nicholas E. Gallopoulos, both of whom worked aseagshers for the GM at the time of
publication. Frosch and Gallopoulos (1989/1995nhagkedged that:

...the traditional model of industrial activity—imvhich individual manufacturing

processes take in raw materials and generate psodacbe sold plus waste to be

disposed of—should be transformed into a more mted model: an industrial
ecosystem. In such a system the consumption ofgr@erd materials is optimized, waste
generation is minimized, and the effluents of onecess...serve as the raw material for

another process. (p. 144)

This initial description of the “industrial ecosgat” suggested that the linear flows of materials,
energy, and information that define human systemd aconomies could become more

sustainable if they were treated in a manner awa®do the circular flows of materials and

energy in natural ecosystems. This concept forneshbifisis of the ecosystem metaphor that
underpins the field of IE. Both biological and imsthial systems can be defined in terms of
complex flows of materials, energy, and informat{&nkman, 1997, Isenmann, 2003).

Since then, an entire field of research—includimgJournal of Industrial Ecology—has
emerged around the concept of the industrial etesysThe International Society for Industrial
Ecology adopted a slightly broadened definition IBf first coined by White (1994), that
expended upon the initial ideas of Frosch and @alitos (1989/1995) by integrating them into

the wider socio-economic context as well as incapog the principles behind an earlier
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linguistic variation of IE and more analytically iggn concept known as the “industrial
metabolism” (IM). White (1994) wrote:

Industrial ecology is the study of the flows of ev#ls and energy in industrial and

consumer activities, of the effects of these flaamsthe environment, and of the

influences of economic, political, regulatory, asatial factors on the flow, use and

transformation of resources. .

This definition emphasized the “systems view” nseeg in IE’s approach. The term IM, coined
by Ayres (1989) refers to the complex interactiomsolved with the flow of materials, water,
and energy both within and between industrial acdlagical systems, including natural
biochemical cycles that usually operate at muclatgrescales, as well as the transformation of
these materials into products, by-products, antuesits (Erkman, 1997; de Hond, 2000).
Understanding these interactions is important agrabsystems are often polluted as a result of
the unceremonious reintegration of industrial mater wastes, and by-products (Clift and
Druckman, 2003). Analytical approaches such as mahftow analysis, based on mass-balance
principles, are used to study these interactiorts ae vital to IE’s toolset and its underlying
vision (Erkman, 1997).

Industrial ecology takes the IM framework a stefitfer by using scientific knowledge of
ecosystem structure and function to modify indaktsiystems, essentially mimicking nature’s
solutions to make industrial systems more sustén@oons & Baas, 1997; Erkman, 1997; den
Hond, 2000). Also included in the scope of IE is thng-term evolutionary trajectories of key
technologies that may improve the viability andtaumability of core industrial systems to
encouraging sustainable development (Erkman, 1994.sense, this paper aims to portray two
primary technologies and their evolutionary trapegtas potential solutions for the future of
automotive manufacturing and as tailwinds for aarahtive automotive ecosystem based on the
principles of IE. By acknowledging the inextricaldennection shared between industrial and
ecological systems, it seems only logical to inseetheir compatibility with one another by
making industrial systems behave more like “indak&cosystems” (Clift and Druckman, 2016).
Applying this ecological metaphor first requiregsh@rough understanding of the current state
and function of a particular industrial system,lugiing how the system is regulated, and what

interactions it has with the biosphere (Erkman,7d99his primary step was achieved in the
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previous chapter of this thesis, which considehedenvironmental impacts of automobility and

the effects that regulation has had on the auta@atidustry.

3.2.1 Sustainability through Imitation

A strong thread within IE’s biological analogy tilse concept of biomimicrywhich
involves understanding the formation, structure, fanction of biological substances,
mechanisms, and processes to inspire innovatigherdevelopment and design of sustainable
products, technologies, and processes (Kabiraj,5;2QUrie-Luke, 2014; Nguyen, 2006).
Mimicking nature is thought to be a useful stratégysolving complex social and technological
challenges. The rationale behind biomimicry andslEessentially the same and is based on the
simple observation that present-day ecosystems éalged through mechanisms of adaptation
and natural selection, throughout the earth’s 3Bt year history to become highly efficient
(Nguyen, 2006; Nielsen, 2007). Pressing societallehges, relating to the production and
disposal of waste, and to resource efficiency aramhagement could likely be resolved by
observing solutions within ecosystems that havenbesgturally selected over time (Nguyen,
2006).

Janine Benyus first coined the term in her 199&kiRiomimicry: Innovation Inspired by
Nature and acknowledged: “nature knows what works, whagpropriate, and what lasts here
on Earth” (Nguyen, 2006, p. 1). Benyus describeddldifferent ways in which nature can be
used to develop sustainable solutions to societddlems: (1) using nature as a model, (2) using
nature as a measure, and (3) using nature as @maArgolar cell inspired by the photosynthetic
properties of leaves in an example of using natisra model or blueprint for the design and/or
development of innovative products and processekitiSns in nature have evolved over the
course of 3.8 billion years, making it the idealasiere or standard to compare and judge
innovations on their correctness or compatibilityhmnature (Nguyen, 2006). Lastly, nature can
be used as a mentor, to gain knowledge ratherlibkarg viewed simply as a sack of resources
(Nguyen, 2006). Valuable knowledge and understanddgarding the sustainability of industrial
ecosystems can be gained by observing patternspeswksses in nature as suggested by
biomimicry and IE, more generally (Nielsen, 2007).

It should be mentioned that the scope of IE hasesexpanded to include thinking and
practices with no real natural equivalent (Nieuwash2014). Biomimicry is then a practical
example of applying IE principles to the developtmand design of sustainable products. It
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should be recognized that biomimicry and to anrexdte, represents an ideal that may never be
fully achieved in practice (Nieuwenhuis, 2014). Thaality of IE according to Frosh and
Gallopoulos—the founding fathers of modern IE—agisehen both manufactures and
consumers successfully alter their behaviour byelbming new habits that more closely
approach those observed in natural systems whslaising the current standard of living within
a society (Nieuwenhuis, 2014).

3.2.2 Previous Applications of Industrial Ecology

Industrial ecology emerged out of the realizatiwet the simplified end-of-pipe approach
to pollution reduction was insufficient (Erkman,91h. Several analytical tools have emerged
within IE, many of which continue to be developedl aefined such as in the case of material
flow analysis and life cycle assessment (Well & d@ws 2005). A key strength of the IE
perspective is its ability to study an entire systather than just a single component at the level
of an individual product, value chain, or factoity practice however, this is not always the case.
Industrial ecology is often used to achieve incnetalemprovements in sustainability, including
waste minimization and pollution reduction, by appd strategies such as material substitution,
emission reduction, life cycle analysis, total gyahanagement, and design for the environment
among other remedial actions (Wells & Orsato, 20BE&kman, 1997). These strategies lend
themselves to identifying and improving particudavironmental “hot spots” rather than a truly
holistic approach (Wells & Orsato, 2005).

Despite being a positive , approaches such aselgaroduction (CP) and pollution
prevention have been criticized for adopting an-efagipe philosophy by focusing exclusively
on the prevention and reduction of waste rathen tdopting the systems view that lies at the
heart of IE (Erkman, 1997). One of the goals ofidEo replace once-through, linear material
flows that contribute to society’s “throw away” mality with closed-loop cycles. As such, IE
could theoretically embrace a solution whereby gheduction of a particular waste product is
ramped up, in the absence of a feasible CP stratieigycould be re-manufactured into a viable
and marketable by-product (Erkman, 1997). Howewerorder for such a solution to be
conceived, CP strategies and pollution preventiethmds must be integrated into a system-wide
perspective. The true essence and value of IE iliegts ability to provide “a systemic,
comprehensive, [and] integrated view of all the poments of the industrial economy and their
relation with the biosphere” (Erkman, 1997 p.1).
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Critiques of certain initiatives under the umbsetif IE have increased the appeal of
strategies promising more than just incrementalraw@ments (Wells & Orsato, 2005). One
alternative is the concept of eco-efficiency, a agament philosophy for sustainable business
and production that looks to increased resourdeatiopn—doing less with more—primarily
through innovation and technological advancemeWsll§ & Orsato, 2005). In practice, an
increase in eco-efficiency represents an increaserne measure of economic value added over
some measure of environmental impact or a reduatidhe total level of environmental impact
(Ehrenfeld, 2005). This ratio can be used to measumd compare the impacts of alternative
products and processes or potential governmentgsl(iEhrenfeld, 2005). The difficulty in this
approach lies with quantifying the level of economalue added and even more challenging the
level of, and what constitutes an “environmentgbact” (Ehrenfeld, 2005).

Accompanying eco-efficiency in the literature lie t'factor X debate”, which quantifies
the level of dematerialization required to offsebmomic and population growth given the
Earth’s anticipated carrying capacity; the valueXofanges between four and 50 (Reijnders,
1998; Ehrenfeld, 2005). To achieve such quanturpslea resource efficiency, the factir
debate emphasizes the importance of technologyeahological innovation in “improving the
environmental performance, and lowering the mdtertansity of economies” (Reijnders, 1998,
p.14). The value oK generally increases over time and can be appliechrying scales to
particular products or services, sectors of theneot, and the economy as a whole (Reijnders,
1999).

The premise behind the concept of “natural capitdl, a new perspective on traditional
economics, is that companies can behave in a mdhaers respectful of both people and the
environment while also providing economic compegitadvantage (Lovins & Lovins, 2001).
The four principles of natural capitalism are: (gjor increases in eco-efficiency; (2) circular,
closed-loop production; (3) service based businassels that reward both resource productivity
and circularity; and lastly (4) reinvestment intatural capital (Lovins & Lovins, 2001). A
fundamental problem with an approach to sustaiitglibsed on eco-efficiency improvements is
the effect of rebound. An example of the rebouni@cefin the automotive context is the
offsetting of fuel efficiency improvements in newhicles by an overall increase in the total

number of vehicles miles travelled each year

58



Master’'s Thesis — S. Q. Hachey; McMaster Universichool of Geography & Earth Sciences

A recent concept that effectively incorporatessiEystem-wide view is the “circular
economy”, an economic model pioneered by the EN&cArthur Foundation (2015) that
ultimately seeks to decouple global economic deprakent from finite resource consumption.
Rather than relying on large quantities of cheasilg accessible materials and energy for
economic development, a circular economy could ggaegrowth and create jobs while
reducing the environmental impacts of material useuding GHG emissions, by maximizing
the utility and value of products, components aratemals in the economy at all times (Ellen
MacArthur Foundation, 2015). In this way, a circudgonomy is restorative and regenerative by
design and favours sustainable economic developtmenimiting the use of finite resource,
material and energy, which are often associatett eitvironmental degradation and climate
change. The proposed alternative economic modedepted below embodies the circular
economy concept by reducing material and energwsfldhroughout every facet of the
automotive industry and all life cycle phases &f #utomobile.

Graedel & Lifset (2016) provided a comprehensiceoant of IE tools developed by
industry between 1990 and 2000. The majority o$¢h®ols emerged out of corporate initiatives
aimed at enhancing a company’s competitive advantagugh the simplification of product
assembly and disassembly, and aimed at reducied fiosts through resource reuse, recovery,
and recycling, among others (Graedel & Lifset, 201#like most scientific disciplines, IE is
firmly rooted in industry and governmental poliddithough seldom altruistic, the ideas that
underpinned these often uncoordinated and ad hidiatives eventually developed into an
academic specialty. Given the focus of this thesis,an interesting coincidence that one of the
most instrumental corporate initiatives during IE&minal period was pursued by Swedish car
company Volvo. Alongside Swedish academic and gowent organizations, Volvo was one of
the first companies to develop a life cycle impagtessment for use in product development and
planning (Graedel & Lifset, 2016). The various ®tilat are now included under the umbrella of
IE demonstrate the myriad opportunities that exist improve sustainability, allowing
development in both emerging and advanced econamiesntinue without compromising the
environment and its natural carrying capacity ia titure (Wells & Orsato, 2005). Provided its
origins in industry and policy development, thenpiples and strategies that underpin IE should
be used by industry practitioners to identify efficies in production, resource use, and waste

disposal for the purpose of improving profitabilignd increasing competitive advantage
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(Erkman, 1997). An economic structure that was d¢hasethe principles of IE would therefore
be more intelligent and more elegant than societyigent “take, make, dispose” economic
model (Erkman, 1997).

3.2.3 A Manifestation of Industrial Ecology

One of the earliest quintessential examples ohlBractice manifested itself in the form
of Denmark’s eco-industrial park (EIP) at Kalundipomhe cooperative arrangement involved
the sharing of resources such as water, energynatetrial by-products between closely situated
firms. The industrial symbiosis that was createdm@agthese firms ensures that the large amount
of industrial output that is not part of the inteddartifact is maintained within the economy as
opposed to being unceremoniously returned to tiver@mment as waste (Ehrenfeld & Gertler,
1997). Eco-industrial parks promise a win-win scenaith benefits for both the environment
and the economy (Ehrenfeld & Gertler, 1997; Well©&ato, 2005). It is interesting to note that
natural food webs can be used as a biological ggdtor EIPs, encouraging the use of cyclical
or closed-loop—rather than linear or open—supplgirch (Erkman, 1997). The premise behind
“islands of sustainability” are the same as EIRg, éxpanded somewhat to include regional
levels of geography. The industrial cluster in gmeall city of Kalundborg espouses the ideas
contained in Frosch and Gallopoulos’ seminal pagspite having begun its development in the
1960s. Kalundborg became such a pivotal examplesustainable industrial development
because of its “extensive network of cooperatindustrial operations” and “interconnected
resource sharing” that many people mistakenly asginat term Industrial Symbiosis defines all
of IE (Chertow & Park, 2016, p. 89). Industrial dyiosis remains today an important subfield of
IE rooted in both theory and practice.
3.3 Criticisms of Industrial Ecology

Some academics have offered up criticisms of IE dmave suggested possible
improvements to its application. Nielsen (2007) stdared whether modern ecosystem theory
could be used to advance current practices of h. duthor argued that CP and IE should forgo
their reliance on metaphors and integrate morerebm@cological analogies (based on recently
discovered ecosystem properties) to improve theactgal efficiency and functionality.
Similarly, Wells and Orsato (2005) stated that H&s been highly selective in its treatment of
the science of ecology and its use of metaphoraradogy” (p. 16) suggesting that there is
indeed room for improvement in the application & |An examination of the differences
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between ecological and social/industrial systenmhalten target features (including, among
others, component complexity, evolutionary mechasjsfeedbacks and controls, and diversity)
considered relevant and potentially beneficial # &hd IE revealed a significant opportunity to
embrace modern ecosystem principles (Nielsen, 20R®Isen (2007) proposed “an eco-
mimetic development of society” (p. 1650) in whitie sustainability performance of industrial
systems is increased to lessen its adverse eftectthe environment while simultaneously
promoting economic growth and development usinggsi&the-art ecosystem theory.

Isenmann (2003) insisted upon there being gre&tmmsparency with regards to
“‘industrial ecology’s ‘hidden philosophy’ of nattir@. 144) and its use of ecological metaphors
and biological analogies, which he suggested aenafver-emphasized or inadequate as a result
of a rather one sided and romanticized view of meaitu general. To clarify IE’s interpretation of
nature as a model, Isenmann (2003) proposed af ggtilosophical arguments to ensure the
proper epistemological application of metaphor andlogy within scientific research. When
used as a model within IE, nature is used to gath ktheoretical and practical insights on the
ideal use of natural resources and ecosystem servesmhnn (2003) criticized the idea that
nature can be imitated, as is suggested by theepbraf biomimicry. He considered the
insinuation that nature offers itself as a bluepantemplate ready to be copied to be not only
unproductive, but impossible to do without simghfiion. Nature must first be interpreted by
human language before it is translated into huraaguage, distorting the human elucidation of
natural processes and phenomena. Isenmann (2aD3)otidenounce the use of metaphor and
analogy in scientific research, suggesting its cee be legitimate and even helpful if used to
clarify new insights in the context of discoverydafurther their communication within the
context of application but warned that grave erpotentially await researchers if used for the
purpose of “proving a proposition or even to estdbh presumption in its favour” (p. 151).

Boons and Baas (1997) pointed to a fundamentétrdiice between biological and
industrial systems. Biological systems will oftechieve a local equilibrium state because of
evolutionary mechanisms at the level of organism,(variation, selection and reproduction). A
local equilibrium is achieved when ecosystem florctieaches a highly—though not necessarily
optimally—efficient state (Boons & Baas, 1997). Hpuum states occur because the rate of
evolutionary adaptation is often faster than the od environmental change or the frequency of

environmental disturbances that disrupt ecosystenction. The fact that ecological systems
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evolve to reach such highly efficient combinatioofs organisms provides the fundamental
justification for IE’s ecological metaphor: usingitore as a model for the efficient use of
materials, water, energy, and by-products. A paéestmplification of this metaphor, as noted
by noted by Boons and Baas (1997), is the inhembility of ecological systems to approach
optimum efficiency independently through a sortatiforithmic process. Industrial systems on
the other hand, are often governed by competitishich does not necessarily ensure a
continuous progression toward greater efficienay. the absence of altruistic corporate
objectives, industrial systems require the consciparticipation of external actors to achieve
increased efficiency in resource use.

Along a somewhat similar theme, Peterson (200@g¢chdhat unlike natural systems,
which rely solely on past events and circumstarfioesdaptation, industrial systems have the
advantage of human insight and, therefore, the fliesfeinformed decision-making based on
this foresight to enhance the efficiency of indastsystems. Industrial ecology requires the
integration of entire—or at least partial—produblains within a given region to reduce the
environmental impacts of economic activities. Comea must therefore reduce their desire for
corporate autonomy and embrace cooperation wittretpossibly competing—firms (Boons &
Baas, 1997). Firms clustered within a particulavggaphic region are not necessarily going to be
dependent upon one another or be able to formdarsinal symbiosis automatically. Because of
this, Boons and Baas (1997) emphasize the impatahcoordination, with respect to industrial
activities, economic actors, and governmental agencin achieving the goals of IE.
Coordination does not itself guarantee inter-firaogeration, which requires a delicate mix of
both cooperation and competition (Boons & Baas,7).99

Determining this mix requires the intentional an8 of an initiating organization (with
an ability to lead stakeholders), government agenor business/industry association to ensure
the cooperation necessary in achieving an indligtcasystem and to catalyze development and
innovation within product and material life cycléBoons & Baas, 1997). Despite these
dissimilarities, IE's ecological metaphor underBnghe importance of recognizing and
understanding the interrelatedness of industriabcggses in order to reduce adverse
environmental impacts (Boons and Baas, 1997).

Industrial ecology will form the basis of the thetical perspective used in the following

chapter to identify an alternative business model paradigm shift for the automotive industry
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given the identification and analysis of currenbremmic and environmental trends in the global
automotive industry that have been argued to ngdohe sustainable moving forward.

Chapter 4 Applying Industrial Ecology to the Automative Industry

The convergence of regulatory and market pressaithe automotive industry has raised
doubts about the continued viability of the indystrprevailing paradigm which has remained
relatively unchanged since its inception nearlyeatery ago. As outlined in Chapter One,
incumbent VMs have attempted to mitigate the negaiinpacts of changing circumstances
within the industry by adapting their business wathlvariety of strategies to increase economic
efficiency. The majority of these strategies, hoarevare aimed at reducing costs by increasing
complementarities and economies of scale. Dranedjgs in sustainability are unlikely to occur
provided the confines of standard practice and entional logic in the automotive industry. As
scrutiny over the industry’s poor sustainabilityrfpemance rises and contexts shift, the
inevitability of a radical or unprecedented tramsfation in the automotive industry will
continue to increase. This chapter will introduceogential alternative model, theorized by Dr.
Peter Wells and Dr. Paul Nieuwenhuis—both of whamwmehvast knowledge of and experience
studying the automotive industry, which is argued¢ more sustainable both economically and

environmentally than the dominant production anasconption paradigm.

The theoretical concept, known as Micro-FactoryalReg (MFR), was developed using
insights from the burgeoning field of IE and is tex in the economic theories of distribution
and decentralization. The last chapter providedesature review of IE that outlined its early
development; its core concepts and principles; softits earliest practical applications; as well
as some ideological critiques. The forthcoming isest of this chapter will outline emerging
approaches to sustainability in the business tileea how IE can be used to improve the
sustainability of the automotive industry, and ploles conclusions that can be drawn from
applying an ecological approach to this particutetustrial sector. Specific details about the

proposed alternative will also be described tamtjstish it from the status quo.

4.1 Limits to Industry’s Current Approach to Sustainability
Sustainability has increasingly become a promirteetme in facets of the business
literature concerned with supply chains and netaoBurgess, Hwarng, and De Mattos (2002)

conveyed the importance of efficient inter-orgatiaaal relationships (a concept in IE) by
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suggesting that “the competitiveness of a compartlgeahead of a supply chain (i.e., facing the
consumer...) depends upon [its] ability to manage rédst of the supply chain to maximum

effect” (as cited in Wells & Orsato, 2005, p. 1Bhterprises are thought to gain a competitive
advantage by improving their extended supply chiaiough techniques such as “value stream
mapping” and “supply chain agility.” Similar condeptherefore emerged in the automotive
industry. One of the pillars of lean production,emht arrived in North American in the 1990s,

was the elimination of waste in the form of largenponent and part inventories, in favour of

JIT delivery.

Green supply chains, reverse logistics, and refaaturing all emerged out of a similar
effort by supply chain managers to reduce wastecasstl by increasing efficiencies throughout
their logistics network (Wells & Orsato, 2005). dsifrom regulatory compliance, VMs also
began adopting cleaner manufacturing techniquesdease their resource productivity—via
energy and material conservation—for pecuniaryaesagWells & Orsato, 2005). Along with
increased investments in environmentally relatedeasch and self-imposed voluntary
environmental targets, many global OEMs began seigayearly environmental reports in the
latter half of the 1990s addressing such topicgedscle emissions reductions, alternative drive
and fuel systems, and end-of-life vehicle (ELV)ydmng strategies (Wells and Orsato, 2005).

These attempts, although valuable, were not sefficon their own to bring about the
guantum leap in eco-efficiency required in the mgbile industry, as suggested by the
aforementioned factoX debate. They also fail to take advantage of IEength as a holistic
approach that can encompass entire economic sectorgdustries in its scope of analysis. Wells
and Orsato (2005) have pointed out that the bdsisalysis of many IE studies has remained at
the material or process level—favouring incremestalironmentalism over radical disruptions
to increase sustainability. To successfully redesige IE of the auto industry, Wells and Orsato
(2005) have insisted that the scope of analysist mygand beyond that of extended supply
chains to include therganizational field a concept developed by Dimaggio & Powell (1983).
The IE of the automotive industry must addressremvnental impacts associated with all phases
of a vehicle’s life cycle, from the extraction adw materials to the disposal of ELVs, and
include all stakeholders involved throughout theigahain (Wells & Orsato, 2005).
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The industrial ecosystem of the automobile is cosed of a series of actors and
stakeholders including VMs; parts and componenpkeys; car dealers/distributors; accident
repair and maintenance facilities; fuel supplistgypliers of car related materials such as engine
oils and windshield washer fluid; government fundedds and related infrastructure such as
bridges; and facilities tasked with recycling andpdsing of ELVs (Nieuwenhuis, 2014). In
order for this industrial ecosystem to become meustainable, it must reconcile the
competing—and sometimes contradictory—needs oétiveronment, society, and the economy,
a task Wells and Orsato (2005) argued cannot bguatiely achieved given the current state of
IE.

Measurable improvements have indeed been madehen automotive industry—
particularly concerning the reduction of toxic esiims—over the last quarter of the twentieth
century. However, despite efficiency improvememndsif new engine technologies, reductions in
CO, emissions have mostly been offset by rebound tsfietated to average increases in vehicle
weight, acceleration, and top speed (Wells & Orsa@®5). In the same way that the industry
has been unable to reduce net,Génissions from personal transport, measures téken
automakers to improve their environmental perforoeanalthough not insignificant, have
brought to light fundamental limits in the contermgny logic that preclude them from making

dramatic sustainability improvements (Wells anda@iys2005).

Ford’'s River Rouge assembly plant in Dearbornjd3vl good example of these imposed
limits. The assembly facility underwent significargnovations to display the company’s
improved environmental performance and state-ofatthienanufacturing efficiency. The River
Rouge plant was outfitted with a host of environtaéyn friendly innovations such as a green
roof, reduced storm-water runoff, and a phyto-reiatésh project to address soil contamination
at the site (Tukker & Cohen, 2004). Although adegebus, the overall strategy underpinning
the facility’s improvements fell short of a truessgms approach and the essence of IE. The
green facility was used to assemble the compargss-$elling F-150 pick-up truck. By failing to
take a holistic approach, Ford ignored the lifeleympacts of the products it manufactures and
a significant source of GHG emissions (Tukker & €0h2004).

This example supports the general presumptiont tha level of eco-efficiency

improvements conceivable within the contemporagid®f the automotive industry are bound
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by fundamental limits set by its entrenched producprocess and product technology, which
set the parameters for the industry’s dominantrass model. These constrains significantly
reduces the number of alternative solutions avigledVMs. The dominance of the all-steel car
body and the ICE in the auto industry have co-deiteed the prevailing vehicle design and
manufacturing process that define the contemposatpmotive industry and together have
favoured incremental rather than radical efficieryd sustainability improvements (Wells &
Orsato, 2005). The existing paradigm has, to aengxforced VMs to pursue strategies that

uphold the dominant technological regime by inargaeconomies of scale to reduce costs.

According to Wells and Orsato (2005) the “primacl least cost manufacturing
economies of scale” (p. 18), which they contendaisnajor determinant of the automotive
industry’s scale, capital structure, and dominaisiriess model, is a key limit of the existing
paradigm. Similarly, Wells & Nieuwenhuis (2004)ist¢hat sustainability cannot be achieved in
the automotive industry unless issues of scale eapital structure are addressed. The
researchers argue that it is structurally impossibk OEMs—given the status quo—to fully
achieve the laudable goals of the corporate swidity programs that are often put forth to

promote their commitment to sustainability.

The corporate scale, capital structure, and basin@del employed by most global VMs
is intimately related to the product design and uf@acturing process they employ, which result
in the contemporary patterns of consumption andiygton defining the automotive industry
(Wells & Orsato, 2005). These patterns requiresiignt plant-level economies of scale in
manufacturing to lower per-unit costs and ensugh l@nough sales to justify the large capital
costs of the specialty equipment and automatedngahvolved in manufacturing all-steel car
bodies and ICEs. It is estimated that economiesale in the automotive industry can be as high
as 5 million units per annum for R&D, two milliomis per annum for pressed steel panels, one
million units per annum for engine castings, and 2Bousand units per annum for final
assembly (Wells & Orsato, 2005). These figuresrasgdly determine the minimum allowable

production scales to remain economically viable.

The standard capital structure of the automothaustry may have been economically
efficient for vehicle manufacturers when consumemend could justify production above high

break even points (i.e., assembly plants must affErate above 85% capacity to be profitable)
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but also supports a dominant product design andufaeturing process that is quite inefficient
from an environmental standpoint (Wells & Orsatd02). These factors have all contributed to
a business model that not only encourages—butralss upon—perpetual mass consumption
of new products to generate profits. Vehicle mactuii@rs do not traditionally benefit from any
of the downstream value generated by the in-useeploh the vehicles they produce (Wells
&Orsato, 2005). Mass consumption is not possibkhaut mass production, suggesting a more
sustainable economic model must address both séthgstems. The mass production system in
the automotive industry helps drive mass consummitd should, thus, be addressed first when

envisioning a more sustainable automotive paradMgieuwenhuis, 2008).

4.2 Improving Industrial Ecology’s Theoretical Framework

Wells and Orsato (2005) contended that if IE igffectively inform the redesign of the
automotive industry, it must also broaden its egolal analysis to include a wider range of
topics such as diversity, resilience, and scaleyTdrgued that the state of IE was, at the time,
theoretically limiting and limited due to the sdlee nature of its ecosystem metaphor and
biological analogies. Traditionally, IE has beemrfusas an analytical tool for identifying and
describingwhat is(i.e., contextualizing current challenges) ratiantbeing the prescriptive tool
Wells and Orsato (2005) envisioned for it, suggestnsteadwhat could bge.g., guiding the
implementation of and the decision making processiral innovative strategies and solutions
for a more sustainable future). To date, IE has be®n widely applied in this manner. By
considering economic scale and organization—withitd between firms—as part of the
analysis, Wells and Orsato (2007) hoped to dematestthe real power of industrial ecology as
an organizing theoretical framework for the redesifan entire sector of economic life” (p. 17),

in this case the contemporary automotive industry.

A key consideration that emerged out of the EImcept—one of the clearest
manifestations of IE in practice—is the significanof transportation. Whether it is the
transportation of raw materials or components ffigr production of goods or the transportation
of assembled products, there is an environmenttlamd risk associated with it. These impacts
must be considered when proposing a model foradesign of an industry producing a product
as complex as the automobile, with thousands oivithaal components having sometimes
distant supply chains. This consideration led Wafld Orsato (2005) to expand the scope of IE
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to include aspects of economic scale and industrighnization. It is unlikely that a future
automotive ecosystem could support local supplgslimto geographically dispersed factories,
making spatial form a vital consideration for anpgosed alternative. Nieuwenhuis (2008)
explores the notion of diversity, scale, and resite and suggests that a more sustainable
alternative model for the automotive industry migiiteady exist within the contemporary

automotive industry and exemplify some aspectd@firoposed MFR model.

4.3 An Ecological Approach to Transforming the Autenotive Industry

Nieuwenhuis (2008) draws on the notion of divgrsithich refers to the level of variety
and variability within a system, to improve the tsursability of the automotive industry.
Diversity affects both the productivity and stalyilof ecosystems as it can provide a mitigating
effect or buffer against environmental change (@mn2000). Ecosystems that are more diverse
can spread environmental variability across a greaimber of species, which tend to respond
to change independently, in the same way that a rdimersified investment portfolio is less
volatile and carries less risk given unexpectedketashifts (Tilman, 2000). The significance of
diversity is most apparent during periods of chaaget often determines a system'’s ability to
respond and adapt to environmental change, sirtceahaelection has fewer adaptive pathways
or “building blocks” upon which to draw (Folke, 28)0

A related concept is that of ecosystem resiliereetrings (1998) recognized two

different, but related definitions for ecosystersilience:

1) The time required for a disturbed system tarreto its initial or undisturbed

equilibrium state (i.e., the speed with which stegns returns to equilibrium), and

2) The magnitude of disturbance a system can taitlsbefore it is forced into a new

stability domain or local equilibrium state.

The link between ecosystem resilience and diverségnains inconclusive, though one
perspective suggests that system resilience isndepé on the range of species available to
maintain and support the critical system functioasd processes under a variety of
environmental conditions (Perrings, 1998). Thisdekito the presence of redundancy: species
with no apparent value within the current structarefunction of the system. Perrings (1998)

argues, however, that redundancy does not nedgssquate to an absence of ecological value.
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For instance, a previously unproductive species,mayder a new set of environmental
conditions, become highly valuable given a new ldguim state (Perrings, 1998). Likewise,
dominant species could be made redundant givemmgehof state. The degree to which the loss
of a species will influence a system depends upemumber of alternative species capable of
fulfilling its role or function, suggesting a divws mix of species is an important factor in
determining the resilience, and therefore the btalmf an ecosystem (Perrings, 1998). Could it
be true that variability in the automotive industiffers a similar benefit it terms of system

resilience and stability?

Diversity arises naturally as a result of spontassegenetic mutations but also because of
competition between species. In the automotive strgfy competition prevents any one
automaker from achieving a monopoly and restridgsheautomaker’s total market share.
Consider for a moment a forested ecosystem wheeesjpecies with the largest canopy benefit
most from the incoming solar radiation graduallgtueing the amount of available sunlight that
is able to penetrate through the canopy as it moleser to the forest floor, where there may
only be a fraction of radiation available if anyadit A similar structure or gradient could be said
to have developed within the contemporary automsoindustry where higher volume brands
like VW, Toyota, GM, Ford, etc. compete directlythvione another for the mass market
consumers (the largest share), while premium brdikdsBMW, Mercedes-Benz, and Audi
compete with one another for a share of the luyeryjormance vehicle market which represents
a subset of total vehicle market share and involess price sensitivity than mass market
consumers. The higher profit margins on premiumicted motivated some mass-market
producers to enter into the segment to expand thaiket share and improve their profitability
performance by establishing their own premium brandby acquiring an existing brand (i.e.,
Honda/Acura, Toyota/Lexus). The gradient betweemsuomer segments is what allows
automakers to expand their reach upmarket withanhibalizing on their existing market share.
Although cross shopping can occur, Toyota’s corgetamarket for instance is different from
that of Lexus. Further down the gradient, speaaliproducers like Ferrari and Porsche operate
within small niches and even finer still, manufaets of exotic sports cars and supercars such as
Spyker, Pagani, Lotus, Bugatti, etc. compete witle another in much smaller volumes for a

very specific share of the consumer market (Nielwes) 2014). This pattern of competition in
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the automotive industry and the resulting struciltedes to two important consideration: the

role of redundancy and scale.

4.3.1 Resiliency and the Effects of Scale

Resilient ecosystems tend to have apparent redaiedain species composition and sub-
systems that allow them to persist—albeit in apratl form—after experiencing a disturbance
(Nieuwenhuis, 2014). However, species can be dividéo functional groups, based on their
ecological role, as well as by the specific scalevhich they operate and function (Peterson et
al., 1998). Ecological resilience is derived fraia} overlapping functions within specific scales
among species of different functional groups; dndfiinctional reinforcement among species at
different scales sharing a common function (Petersb al., 1998). Cross-scale resilience
minimizes competition, which suggests that scaleone of the determinants of inter-firm
competition. Species or firms that may appear rddohdue to overlapping functions may not
compete with one another—despite sharing seleoureeas—because they exist and operate at
different scales (Nieuwenhuis, 2014). Despite sigara common function or purpose, by
exploiting different scales, firms may experienice same environment quite differently, and be
affected by and respond to market changes diffgrestthey often do not affect an entire system

uniformly.

Firms operating at various scales are equally mapt The apparent hierarchy created
by scale differences are not representative of tle&tive value within a system, whose function
is dependent on the multitude of complex interaxtiamong all its parts (Nieuwenhuis, 2014).
In the context of industrial symbiosis, this sokedl“scale effect” suggests that the relationship
between firms operating at different scales shdugd mutually beneficial, perhaps through
resource sharing or the re-use of industrial bydpots, while simultaneously minimizing
competition between them (Nieuwenhuis, 2014). H®vebecause of the interconnectedness
that exists between the various scales, the losp@cties at any particular scale can make the
system more vulnerable and less stable. The swggpngines from Ford and BMW to Morgan,

a specialty manufacturer of coach built automobitesd the financial bailout of Chrysler and
GM are good examples of the important role thamdirat various scale have for the system as a

whole.
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The mechanisms of change for an industrial transition may not be fully understood
but previous technological transitions in the auttwe industry may offer up some clues, most
notably the transition from composite wood framesatl-steel car frames or bodies. It is
common for elements of an alternative model to temissome form within the dominant
economic paradigm, or even, for several viable rsode operate side by side within an
industrial system. The latter case could be argaeskist in the automotive industry. The mass
production model was not the only viable manufantuistrategy that was in existence at the
time of its introduction. However, it became donmnhébecause of the particular set of
circumstances that had been created at that tirheserl circumstances however have since
changed; suggesting that perhaps the current ptiodusystem is not optimal given the
circumstances that exist today in which demand atume markets is stagnant, resulting in
perpetual issues of overproduction and overcapaCtitgre is significant evidence to suggest that
the status quo is inefficient given the context stfengthening environmental and market
pressures. It can also be argued that the indssligiminant business model—an outcome of the
industry’s scale and capital structure—will notdetable in the future to adequately serve the
needs of an increasingly diverse consumer baseigtdgmanding more personalized mobility
products, solutions, and services, such as elieetin, shared-mobility, and ride-hailing

services.

Global VMs whose core competencies are deeplyeedfred in the dominant business
model will intuitively downplay the significance tine inevitability of a major transition in the
industry because not only do they benefit fromdheent structure but they have also invested a
significant amount of capital into the existing guation system (Wells & Orsato, 2004;
Nieuwenhuis, 2008). In the absence of regulatouirements, economic imperatives will
always supersede environmental concerns. Industsiaften mistakenly view the environment
as a subset of the economy, when in reality botn@mic and social spheres are embedded
within the environment (Nieuwenhuis, 2014). Econesndepend on natural resources while
societies depend on people, both of which emergedob the environment. An alternative
automotive ecosystem must create viable economiportynities without sacrificing

environmental quality or human health. It must bstainable.
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4.3.2 ldentifying Resiliency in the Status Quo

Among those who recognize the necessity for asfommation in the automotive
industry, there is less clarity on how such a cleandl occur or what such a change might look
like. Nieuwenhuis (2008) observed that a few speed automotive producers who have
remained economically viable over the long term-rgs business model that was distinct from
the one used by mass-market producers—by operatiogg the fringes of the current
automotive paradigm. Based on this evidence, tseareher suggested that these so-called
fringe business models could represent possibé&natives for the future that are much more
sustainable. Nieuwenhuis (2014) later suggestedaspects of the proposed MFR model are
already evident within the business models of exgstmall-scale producers that, in his opinion,
hold the key to the impending paradigmatic shifttiie automotive industry. Some of these
smaller fringe automakers are housed under theocatgumbrella of mainstream brands such as
FCA, which owns Alfa Romeo and previously ownedr&erwhile VW’'s parent company
oversees Porsche, Bentley, Lamborghini, and Bugaktiese smaller specialty manufacturers

make the automotive ecosystem more resilient irattaogy by Nieuwenhuis (2008) since:

Any disturbance that affects the mass producera assult of the twin pressures of
diversifying markets and the need for more sustdéh@conomic structures may leave
the small-scale specialists relatively unaffected—-ah extent they are able to operate

within the confines of their own sub-system. (p6)L5

The continued success of these highly specializedyzers suggests the presence of alternative
business models that could be used to improve ridastry’s economic and environmental
sustainability if they could be made viable on aager scale and at a lower cost using the
proposed theoretical business case known as MFRtlemdnnovative product and process

technologies outlined in this thesis.

It could be argued that specialized producers aldd diversity to the automotive
industry, making it more resilient. For exampleprbes magazine recently reported that
Volkswagen AG’s high-end luxury brands Porsche @whtley were its most profitable
divisions, accounting for nearly 18% of the compartgtal valuation despite only representing
1.5% of its net sales volume. According Forbes’ estimates, the EBITDA margins for the

Porsche, Bentley division is nearly 40% while athdsmargins across all the company’s brands
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was only 14% (Trefis Team, 2014). The difficultgdiin the high price premiums demanded by
these fringe producers given that they operate wathniower volumes and benefit from fewer
economies of scale. Despite this challenge, Nietwisn(2014) suggests that if these specialized
business models were moved from the fringes tomh&stream, the industry would be more
sustainable. Desirable features of these fringeinbas models include an emphasis on
customization; a build-to-order production systgareventing capital from being locked up in
unsold inventories of new vehicles that must ofterdiscounted using sales incentives to move
them off dealer lots; and the involvement of endrasn the manufacturing process to encourage
an emotional connection between consumers and Wedicle to ideally reduce the rate of

premature replacement and upgrading due to techicaloobsolescence.

However, previous attempts to make smaller niatads more mainstream within the
current system have been met with difficulty oduie. Ford was unable to find success with
Jaguar-Land Rover, selling off the brands just mptm the 2008 recession, while GM was a
significant factor in the demise of Swedish autdwebrand Saab whose assets were dissolved
in 2010 when it was bought by the small Dutch agrtmup Spyker, a brand that was resurrected
in 2000 as a manufacturers of exclusive coach-bsuiger sports cars (Ahlander & Bailey,
2010). These examples suggests that in order fdr business models to be brought into the
mainstream there must first be a fundamental ghiflhe dominant production technologies that
are used to manufacture and assemble contempastognabiles. Given that current specialty
automakers demand a significant cost premium, ikssential that any effective alternative
technology be able to produce affordable vehiclgbaut relying on economies of scale as the
primary mechanism for lowering production costse Tollowing chapter will attempt to outline
a potential technological pathway to facilitateransition towards MFR, a theoretical business
model based on concepts from IE and from fringeormakers operating within the current

automotive paradigm.

4.4 Micro-Factory Retailing: A Theoretical Model for a Sustainable Future

Micro-factory retailing is a theoretical businessncept based in decentralized and
distributed economics that is considered a mordaswble model, both economically and
environmentally, than the automotive industry’sreat production and consumption paradigm
(Nieuwenhuis, 2014/2008; Wells & Orsato, 2005; @k Wells, 2007). This alternative model
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would require “a radical reshaping of the relatldpsbetween product technology, process
technology, business organization, and the purcaageaise of cars” (Wells and Orsato, 2004, p.
376). Essentially, the MFR model involves completeldesigning the automotive ecosystem so
that it will more accurately align with recent ghifin consumer preferences and regulatory
requirements—particularly in the mature marketst thee symptomatic of the challenges
associated with the current mass production sys&mee its inception, no other business model
has successfully competed against the economissaté achieved with mass production (Wells
& Orsato, 2004). The keystone of the MFR modeltssrejection of least cost manufacturing
economies of scale and centralized mass produfamiities with an average breakeven point of
250 thousand units per annum (Wells & Orsato, 20843uming a full transition to MFR, the
same production capacity would be spatially dispe@cross many small-scale, local or regional
production facilities.

In practice, Wells & Orsato (2004) suggest tha dame production capacity (i.e.,
250,000 units) could be distributed among 50 daffer production sites situated to match
concentrations in population each producing 5,08@suannually as opposed to a single,
centralized assembly plant. Multiple low-volumeilities serving the markets in which they are
located are inherently more flexible and adaptabte. instance, production levels would more
easily be adjusted to reflect the market and denflaictlations. Greater value creation and an
emphasis on downstream activities means that tinége-factories would be less susceptible to
closures during periods of slow demand. The ecoaamability of MFR is not solely embedded
in the sale of new vehicles but equally in the gatpportunities available once a vehicle has
been sold. In the rare occurrence that a plant beishuttered, the social impacts of the closure
on the local community would be much less dram&iployment losses from traditional plant
closures can easily devastate a community and mhakech more difficult to redistribute those
jobs among other sectors of the economy. Redussiliree utilization is also a goal of MFR by
increasing the longevity of vehicle life cycles ambaging in take-back programs to ensure the

proper disposal and recycling ELVSs.

As its name suggests, MFR eliminates the distnchetween manufacturing activities
and retail sales. Under the current system, thewmer interface is managed by third party retalil

franchises or car dealerships who are responsdilemly for the sale of new and used vehicles,

74



Master’'s Thesis — S. Q. Hachey; McMaster Universichool of Geography & Earth Sciences

but are also responsible for vehicle aftercarenteaance, and repair. Under the current system,
VMs do not participate in any downstream value gsgpand have very little direct contact with
their consumers. In the MFR scenario, the consunterface would be controlled by the VMs
themselves at the micro-factory. The distributiomacro-factories would reflect spatial patterns
in population to match demand (Wells & Orsato, 2004e reduced spatial footprint of micro-
factories would allow them to be located within—ableast much closer to—metropolitan areas,
where the highest concentrations of population texi$icro-factories could be located on

existing brownfield sites in need of redevelopmenbpposed to premium greenfield sites.

These factories would not only house assemblysahels activities of new vehicles, but
would also expand their activities to include véhimaintenance, service, and repair. Value
could also be generated through the sale of spats; petrofitting and upgrading older models
with new features and technologies; as wells adetmas and ELV recycling and disassembly.
Micro-factories would engender sustainability witthbcal communities through their production
process, production technology, and through produetvardship and recycling. After-sale
activities, such as maintenance and upgrading, dvbgicome increasingly important to car
manufacturers that would rely less on the saleew mehicles to generate value and more on
value added activities traditionally not captureg WMs. Producers would have a stake in
increasing the longevity of their products giverithnewfound participation in downstream
value capture. Manufacturers would be inclined astdr a trusting relationship with their
customers that extends beyond the initial sale pfagluct and continues throughout the life
cycle of the vehicle. This new dynamic between posis and consumers would ideally prevent
or delay premature vehicle scrappage through tizglein which the old vehicle could be
upgraded and/or refurbished for resale, or by woiffeto retrofit the vehicle with the newest
features and/or technologies. Electric VM Tesla digis already offering this type of service, to
an extent, through mobile, cloud-based softwareatgedto enhance vehicle performance and
provide additional features or upgrades to vehgystems like semi-autonomous driving

functions (i.e., Tesla’s autopilot).

In terms of economic impacts, current sales chanaed retail outlets would be
eliminated, while automotive repair and maintenaneaters would also likely experience a

significant decrease. However, Wells and Orsat®@%2@rgue that MFR “clearly resonates with
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social and political objectives” (p. 23) as it wikenerate meaningful local employment and
wealth creation through a network of small-scalenafiacturing and retailing facilities.

Consumers would have the opportunity to visit dxedry that is building their vehicle and know
that their purchase was having a direct, positigenemic impact on the local or regional

economy. Given the centralized nature of existimgdpction activities in the automotive

industry, it is likely that areas with a high contration of auto sector jobs would experience a
decrease in employment from plant closures. Ind#es closure of existing mass production
facilities would likely result in some negative doyment outcomes for regions, like Ontario,
which currently has a high proportion of auto segbbs. It should be noted however, that the
existing system was already vulnerable to plansuies, with several successive rounds of
rationalization and relocation resulting in plamtighin the TRIAD closing while new capacity

was being created in emerging economies (Wells &uiNenhuis, 2004). Some jurisdictions
could experience a net increase in auto sector gmant, as fewer cars would need to be
imported from abroad. Regions without previous epient from the automotive sector would
likely benefit from the construction of micro-fades based on patterns of demand and

population.

The industry’s existing paradigm was able to reneonomically viable because of high
plant level economies of scale. The MFR conceptidmmentally rejects this core principle. As
previously discussed, spatial structure and sga&ama important consideration when attempting
to reshape and redesign an entire sector of ecanidmi It is unlikely that local supply chains
would develop around micro-factories in the samey what automotive suppliers have
traditionally concentrated themselves around laag®motive assembly plants, specifically to
accommodate JIT delivery, whereby only the parts @mponents needed on the factory floor
at a particular time are delivered to the productioe, and leaner manufacturing. The MFR
model would generate external or industry-wide eoaies of scale rather than at the plant level
(Wells & Nieuwenhuis, 2004; Wells & Orsato, 200&xitical suppliers would be strategically
located and highly automated to generate econowfiescale in the production of generic
modules and powertrains that could then be dideibuo networks of decentralized micro-
factories so that they could maintain some of tenemic benefits associated with high-volume
production (Wells & Orsato, 2004). The parts andloles chosen for mass production would be
carefully selected, most likely consisting of coments not readily visible to the consumer to
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maintain product differentiation and uniquenesse Gkely component that would benefit from

the cost savings of mass production are battendgpawertrains for EVs.

A shift to MFR could benefit consumers in a variet ways (Wells & Orsato, 2005).

First off, consumers would benefit from a reductionvehicle depreciation. In the current
context, the adage is that vehicles lose value idmely upon leaving a dealership’s lot.
Depreciation is caused by a combination of factargluding vehicle wear and tear;
overproduction and subsequent discounting of nekicles; and the frequent introduction of
new or “refreshed” models (Wells & Orsato, 2005heTMFR concept could reduce the effects
of the latter two factors on vehicle depreciatidicro-factories would be well suited to use a
technique already used by small-scale, prestigenaakers in Europe, which offer customers the
ability to tour the facility and meet the individsavho build their vehicle in order to increase
consumers’ emotional attachment to their vehiclé laopefully increase the likelihood that they
will want to extend its useful life cycle while alseducing instances of premature disposal or
recycling (Wells & Orsato, 2005).

Consumer satisfaction might also be improved thattk the direct participation of
vehicle manufacturers at the consumer interfaceh $uteractions could provide manufacturers
with a firsthand account of their consumers’ lifést aspirations, and mobility needs as they
arise and as they change over time. This informatauld drive consumer-focused development
and designs that meet the specific needs of tha leapulation and allow for much greater
product differentiation and specialization (WellsG&sato, 2005). The added flexibility inherent
in MFR would make such customization possible thhoushorter lead times and late
configuration, unlike the traditional model, whiishcrippled by long logistic chains and spatially
distributed retail locations (Wells & Orsato, 200%he ability to quickly respond to consumer
orders and adjust production levels to consumeratheingives MFR a distinct advantage over the
traditional model. Modular vehicle design and pratchn would ensure that individual micro-
factories could feasibly provide a range of différevehicle configurations (e.g., sedans,

hatchbacks, station wagon, and crossover utiliboles [CUVs])).

4.5 Conclusion
Micro-factory retailing represents an ideal—a fgalssvision for the future in which the

relationships existing between product technolggycess technology, business organization,
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and the sale and use of cars is radically recordajiio improve economic and environmental
sustainability (Wells and Orsato, 2005). The hypttal structure put forth by MFR did not
claim that that is was the only solution for aclmgvsustainability in the automotive industry,
however, it should be considered as a potentiahvwmyt for combating the increasing
environmental and economic pressures facing thenaattve industry (Wells & Orsato, 2005).
Small scale-production provides flexibility, allavg VMs to be better positioned to satisfy an
increasingly diverse range of consumer needs amdanés for which the mass production
system is ill suited to provide (Nieuwenhuis, 2008dncepts of mobility, especially in mature
automotive markets, are beginning to change anldsadn require new and improved business
models capable of accommodating them. For instadhegipcus on vehicle ownership is shifting
somewhat towards more sustainable notions of mghiicluding mobility-as-a-service (MaaS)
and car sharing schemes. Given these trends, @aapfikely that OEMs will in the future be
much more involved in traditional downstream atigd as they reposition their business models

to accommodate shifting consumer preferences.

Industrial ecology not only provides a basis faderstanding the potential benefits of a
model such as MFR, but could also provide a meénerifying that the impacts and outcomes
of such a transition are in fact desirable andcgiffe at improving the sustainability of the
industry. All phases of the product life cycle,frahe extraction of raw materials to the disposal
of final use products, and everything in betweersinie considered when attempting to study
the sustainability of an economic sector (Wells &&o0, 2005). It is highly unlikely that a single
solution will solve the sustainability problem fagithe automotive industry; rather it is more
likely that a multiplicity of different solutionsoeexisting in time and space will work together to
improve the long-term sustainability of the autoiv@industry (Wells & Orsato, 2005). It is also
likely that both established OEMs and innovativesmatrants will have a role in orchestrating a
transition in the industry. The tools of IE could bsed to compare and contrast various models
and/or alternative structures for the automotivadustry as well as various combinations of
different strategies. Research into the IE of th®motive industry could act as a platform to
advocate for political and regulatory changes resmgsto promote and hasten the development
of more sustainable business models and economictwtes on the supply side of the

automotive industry.
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Chapter 5 Driving Change with Technological Innovaion

An assertion held by the researchers who develtpedonceptual MFR framework was
that the production technology used to manufadBur@d-style all-steel car bodies is too capital-
intensive and is economically viable only at highlumes with significant economies of scale.
The high volumes generated by mass production sarBsentail strong and steady demand
(i.e., mass consumption) to be successful. Themeisnting doubt as to whether this production
and consumption paradigm can remain viable givea ithperative of future, long-term
sustainability and increasing regulatory agencye TMFR concept was developed as an
alternative to the status quo to ensure future @man and environmental sustainability. That
being said, MFR could not prevail within the Fordel8l production paradigm given its dominant
technologies and fundamental vehicle design. Ireffort to demonstrate a plausible pathway
towards MFR in the automotive industry, the follogi chapters will outline two niche
technologies that could—if deployed properly—fodtex necessary environment to facilitate a
regime change via system innovation. The two teldgies anticipated to have a significant—or
possibly disruptive—influence on the automotiveusuly are additive manufacturing (AM) and
electric mobility (EM). The following chapters willrovide an overview of these technological
innovations and their potential impact on the gstree of the automotive industry. Following
that, three innovative automotive companies—depigyine or both of these technologies—will
be profiled in a case study to demonstrate thail-werld plausibility and ability to facilitate a

regime transition to MFR.

5.1 Understanding Additive Manufacturing
Additive manufacturing or direct digital manufagtiy (DDM), colloquially referred to

as three-dimensional (3D) printing, describes augrof technologies that allow objects to be
created directly from digital data by sequentigjbining together thin layers of material
(Cotteleer, Holdowsky, & Mahto, 2013). The proce$s3D printing is analogous to sending a
digital text file to an ink-jet desktop printer. &@Hdifference between the two is that instead of
depositing layers of ink, a 3D printer depositstlayers of material (such as molten plastic
polymers or fused metal alloy powders) one by ongl the desired shape or object is fully
formed (The Economist, 2011). Direct digital mamiaing is used interchangeably with AM
and 3D printing but is preferred by some pract#ien who feel the term more clearly

distinguishes the technology given its explicit oédigital data (Crump, 2014a).
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Grynol (2013) provided a historical timeline of 3inting, which has evolved steadily
over the last three decades and now includes ¢hirtdistinct technologies in total
(stereolithography being the first to became coneraly viable in 1984). The various sub-
technologies encompassed within AM differ in th@etyof manufacturing process they use
(among 7 distinct types), the type of material withich they are compatible and the various
advantages and disadvantages they offer. Descergptd each of these technologies is beyond
the scope of this thesis but can be explored furithhéhe work of Cotteleer et al. (2013). A
commonality among all AM technologies is the useahputer-aided design (CAD) software to
create a 3D digital model of the object that wid printed. Once a CAD drawing has been
finalized, it is converted into a simplified fileoimat and sliced into smaller files—or
instructions—each corresponding to one of the lyleat are sequentially deposited by the 3D
printing machine to create the physical replicahaf digital files (Cotteleer et al., 2013). Once
printed, objects often require some level of pasepssing (e.g., sanding, filling, polishing,
curing, or painting) depending on their materiamposition, design complexity, and the

manufacturing process used.

Additive manufacturing is fundamentally differefitom traditional manufacturing
methods (e.g., machining and drilling) which ardtsactive in nature, meaning material is
gradually removed from areas where it is not neddetteate a desired shape (Cotteleer et al.,
2013). Traditional methods are most often assatiaith mass production so that the high fixed
costs of developing and installing dedicated tapltan be amortized over a greater number of
units (Cotteleer et al., 2013). Additive manufactgron the other hand, is most competitive at
low-to-medium volumes, benefiting from economiessobpe rather than economies of scale.
Scott Crump (2014a), founder and CEO of 3D productystems manufactur8tratasys has
contended that in order for AM to become what mareycalling the next industrial revolution;
its advantages must be appropriately and realistigositioned within the dialogue of its
benefits and utility, and then implemented appmtpty. Crump (2014a) further explains that
AM is not necessarily “a cure-all or a magical i to all that ills on the manufacturing floor”
(p. 3), but is instead a viable alternative for ofacturers whose needs or expectations are not
being adequately met with existing technologieprocesses. Constraints and limitation inherent
in traditional methods, such as injection moldingl alie-casting, may make it impractical to
manufacture a product optimally or as desired duarie and cost impediments (Crump, 2014a).
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Considerable benefits can be realized when AM Bdu® overcome problems or achieve
specific goals that were previously unrealistic umachievable given the utility of existing

technologies and/or processes.

5.2 The Benefits of Additive Manufacturing: A Third Industrial Revolution?

It is important to distinguish AM as more thantjasrevision of existing methods for the
purpose of accelerating the manufacturing proc@bsés characterization fails to take into
account the fundamental differences associated Mithand the numerous benefits it offers
throughout the manufacturing process. In fact, AAdresents a radical departure from traditional
methods by altering many of the imperatives of nfacturing engineering and product design
that governed what was possible (Crump, 2014a).ithddmanufacturing is not dictated by
barriers inherent to previous manufacturing techgiels, allowing it to support new ways of
thinking, new manufacturing processes and proceduaad modifications to workflows and
supply chains across a wide range of industries faerospace, to health care, automotive, and
consumer durables (Crump, 2014b; Giffi, Ganguldlli&da, 2014).

There are several distinct advantages availabt®mnopanies that choose to explore and
develop new internal capabilities effectuated by AMch as greater design complexity. It
enables the creation of intricate shapes and patteat would otherwise have not been possible
(Cotteleer et al., 2013). The level of design friradacilitated by AM is further enhanced by its
relinquishment of traditional manufacturing tradésoNo longer are increased costs or timelines
imposed on the level of design sophistication fatance. With AM, complexity is essentially
free, whereas with previous manufacturing methadshe complexity of a design increased so
too did the amount of time and money required fanafacturing (Crump, 2014b). Eliminating
traditional, fundamental manufacturing trade-offieates opportunities for innovation and
promotes the optimization of product designs tocmaheir performance parameters to their
desired utility. Furthermore, AM reduces the rigydof traditional product life cycles given the
freedom to update a product’s design as often aedgssary or desired and to more closely
reflect the higher clockspeed of technological vatmns. The added flexibility from not having
to retool a production line means products cangmated or redesigned more frequently without

the penalty of high costs and/or production delag@empanies can be more nimble and
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responsive to the dynamism of consumer preferemeeagdvantage when it comes to growing or

maintaining ones market share (Crump, 2009b).

An extension of AM’s added design freedom is ltdity to enhance part consolidation,
which allows the agglomeration of multiple, indivel parts into a single, more complex
component or module. This is conducive to othergmegrinciples including design for assembly
(DFA), which seeks to simplify the assembly pro¢cesducing time and costs by optimizing a
product’s design. Material waste can be reducedguBiFA by limiting the number of possible
mistakes or defects that can occur during the asigeprocess, resulting in unnecessary
scrappage (Crump, 2014b). Design for assembly smaalvantage supply chain management,
production scheduling, and inventory control, yietdreductions in time, cost requirements, and
increased quality control. Furthermore, greatertrobrover these facets of production can be
exerted by reducing the size of production runshwih-demand manufacturing, a notable
advantage of AM. Manufacturing schedules can bibredéd to fluctuations in sales forecasts
and inventory levels to maximize production effratg without increasing per unit costs
(Crump, 2014b).

The ability to manufacture end-use products onatein directly from digital data,
significantly reduces time-to-market by eliminatiogstly production delays for new or updated
products that require line retooling. Lead timesrew products were conventionally measured
in spans of days, weeks, or months rather thamthates and hours that are made possible with
AM (Crump, 2014b). Eliminating, or significantlydacing, the need for advanced tooling and
die casts dramatically reduces the capital experalitequired to begin manufacturing. This
creates an opportunity for entrepreneurial comaiied start-ups looking to enter into the
market, by reducing barriers to entry and mitigatine high level of risk typically involved with
manufacturing (Crump, 2014a). This could facilitggeater competition between incumbent
firms, which are often heavily invested in the s$atjuo, and innovative start-ups that tend to be

more nimble and flexible with fewer vested intesastthe status quo.

A by-product of reducing barriers to entry is fileg cash that can be re-allocated to
other areas within an organization, including R&D §rowth promotion and innovation, product
development and diversification, and expansion iavipusly unattainable markets due to

insufficient demand with respect to mass producf@rmump, 2014b). Additive manufacturing is
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more than just an incremental improvement to repkxisting technologies. It has the unique
ability to encourage and facilitate radical newibass models, and work flows that would have
previously been unrealistic or cost prohibitiver FdM to be truly revolutionary, it must be

embraced throughout companies’ organizational tiras and be used to promote innovation.

5.2.1 Opportunities and Current Applications

Before describing potential future opportunities AM in the auto industry, it should be
noted that VMs as well as automotive part and carepbsuppliers have already incorporated,
to an extent, AM in their production process. Itigrently used to enhance existing operations,
by reducing capital costs and time-to-market. Additmanufacturing is used as a decision
support tool during the design phase, a qualityrasge tool during the preproduction phase,
and is used to build customized manufacturing tap(iGiffi et al., 2014). Rapid prototyping is
likely the most common applications of AM in thelustry at this time. Companies can quickly
and cost effectively test several physical examplea product’s design and conduct quality
trials as well as fit and finish tests before iriresg in the necessary tooling used in final

production.

A 2013 press release celebrating the Ford Moton@my’s 500,000 3D printed auto
part—a prototype engine cover for the redesignedtihg—revealed the extent to which the
company has benefited from rapid 3D prototyping potential parts. Not only did Ford
experience significant time and cost savings asalt; its part quality also improved. Engineers
had the necessary time and freedom to optimizegparicomponent designs given their ability to
test multiple iterations using 3D printing, resadtiin months of development time and millions
of dollars being saved compared to traditional mesh Ford emphasized these benefits by
comparing the time and cost requirement of prototy@n intake manifold—the most complex
engine component to manufacture—using both methbls. process traditionally took nearly
four months to complete a single prototype and $660,000. Using AM, multiple iterations of
the part were prototyped in as little as four daysa cost of $3,000 (Ford, 2013). Other
component types prototyped using AM are cylindeadseand air vents. Ford (2013) revealed in
the press release that it intended to explore AiMtesgies that had yet to appear in the auto
industry including application of mixed material 3itinting, continuous 3D printing, and direct

metal 3D printing.
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Engineers in BMW AG'’s jigs and fixtures departmé@mntGermany discovered that 3D
printing allowed them to create ergonomic hand-lasisembly devices for the factory floor that
were superior in performance to conventional metdling manufacturing methods (Stratasys,
2015). The 3D printed assembly enhanced produgtivitorker comfort, ease-of-use, and
process repeatability all thanks to greater degligxibility made possible with AM. In one
instance, BMW engineers reduced the weight of altreetd assembly aid by 72% by replacing
the solid-fill of the tool's core with internal b removing 1.3 kg (2.9 Ibs). Although this
reduction may appear marginal, it can have a diarmapact on assembly workers who rely on

the tool, using its hundreds of times in a singlg (Btratasys, 2015).

The organic designs enabled by 3D printing cameg®e manufacturing efficiency and
productivity by improving the handling charactddst of manufacturing tools with more
sweeping and flowing shapes. In addition to itsgheireduction, this particular hand-tool was
58% less expensive to produce than traditional méaaip methods and was manufactured 92%
faster. Engineers at BMW suggested that 3D printteghnologies were becoming an
increasingly important manufacturing method for Je@lume components and that “no
enterprise [could] afford to do without rapid prigfeing for product development” (Stratasys,
2015, p. 2). As AM technologies evolve and overcauee of their current limitations, the
number of opportunities throughout the productigole where the technologies could be used

will only increase.

5.2.2 A Strategic Framework for Additive Manufacturing in the Auto Industry

When analyzing the influence of AM on competitikdationships in the automotive
industry, Giffi et al. (2014) identified AM driverproduct innovation and supply chain
transformations as the two area most likely toaf®mpetitiveness and to potentially disrupt or
revolutionize the industry. Firstly, by eliminatinglesign restrictions and enhancing
manufacturing flexibility, AM could be a significasource of innovation leading to products
that are faster, safer, lighter, and more effici€uotr instance, automotive parts could be designed
with costume features in mind, such as the integradf hollow structures to house electrical
wiring. High strength components that are also tligiight can be created with complex
structural geometries that were not possible with®M. Materials with favourable properties

(e.g., high strength and electrical conductivitgncbe built into the layers of a product to
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enhance functionality using newly developed mulétenial 3D printing, further increasing the
variety of components that can be produced via AM.

Secondly, AM could have a transformative effecttbe structure of supply chains by
reducing costs, encouraging simplification, promgtdecentralization, and improving market
responsiveness through reduced time-to-marketi(&ifl., 2014). Reduced material utilization
(an inherent benefit of AM) and the flexibility tesign for lightness would drive down logistics
costs while on-demand and on-location manufactuciygabilities could support decentralized
manufacturing with low-to-medium production volumetirther reducing the cost and
complexity of supply chains. Together, product wetoon and supply chain restructuring
provide AM with the unique ability to transform thveays in which products are designed,
developed, manufactured, and distributed (Giffakt 2014). The degree to which individual
OEMs harness the capabilities available through MM determine the potential for the
technology to drive change within organizations &osler more sustainable, alternative business
models.

In their analysis, Giffi et al. (2014) identify do separate tactical pathways with which
companies could choose to create value through Fh. potential value of AM, according to
the researchers, lies in its ability to break ffemm two fundamental performance barriers
inherent in traditional manufacturing methods. Thst trade-off is the relationship between
production scale and capital costs. When using Abbnomies of scale can be achieved with
less capital by lowering the efficient scale of guotion (the point at which both production
output and long-run total average costs are mirgd)izwhich has the potential to influence the
configuration of supply chains while reducing barsi to entry into mass markets. The second
performance trade-off is the relationship betweewpe and capital. Additive manufacturing is
inherently flexible, allowing a variety of differgated products to be manufactured using the
same 3D printing device without any additional cdstm production changeovers or
customization, a fact that is likely to have a dasimeffect on automotive design. Essentially,

additional complexity and short-run production e with AM.

The pathway that emerges within each individuahfwill be co-determined by the

extent to which their business strategy prioritipesformance, growth, and innovation and
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insofar as they choose to deploy the capabilitfe&M within their business. Giffi et al. (2014)
identified four strategic pathways based on thevalperformance parameters:

- “Path | (stasis): Companies do not seek radicatagibms in either supply chains or

products, but may explore AM technologies to imgrovalue delivery for current
products within existing supply chains;

- Path Il: Companies take advantage of scale ecomsooffered by AM as a potential
enabler of supply chain transformation for the jucid they offer;

- Path Ill: Companies take advantage of the scopeaics offered by AM technologies
to achieve new levels of performance or innovaiiothe products they offer; and

- Path IV: Companies alter both supply chains andlyets in the pursuit of new business

models (p. 5).

Stasis, the first tactical pathway, emphasizesoperdnce improvements by deploying AM to
enhance the efficiency of current operations, ascrileed above with the current uses and
applications of AM in the automotive industry. Tloag-term and far-reaching opportunities for
AM in the automotive industry, as shown in pathd¥this framework, is the ability to drive
both performance and growth through business medelution using the benefits of AM.
In anticipation of these long-term goals, auton®tmanufacturers will likely first
progress along Path lll—product innovation. Durihgs intermediate phase, AM is used to
fundamentally alter the product development cyobenfthe design phase to the assembly phase
by reducing the capital intensity required for prodinnovation and reducing the complexity
and cost of vehicle assembly through AM-enabled siarplification and consolidation (Gaffi et
al., 2014). As discussed previously, by removingigle limitations imposed by traditional
manufacturing methods, which proliferates the nunabgarts required to produce a component
and increase the duration and complexity of therabsy process, AM can consolidate parts
together, decreasing the time and cost requirecagsembly while also increasing production

quality.

Using lightweight materials (e.g., carbon fiberdaauminum) and complex structural
configurations (e.g., lattice structures) automalan minimize logistics costs and improve the

fuel economy ratings of their vehicles. If AM isfaster business model innovation, longer-term
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strategic imperatives should emphasize performata®y with growth and innovation. Path IV

denotes significant changes to both product desighsupply chains. Additive manufacturing is
most competitive at medium-to-low production volwnesupporting a transition to

geographically distributed production sites. Derai#tation in the automotive industry is likely

to have a significant impact on business modelgrawing their responsiveness to market
dynamics and reducing logistics costs through tksmediation to shorten and simplify supply
chains. Future business models enabled by AM chigabiand benefiting from economies of
scope could emphasize customization which coulddsel strategically to improve the level of
satisfaction consumers derive from a product desigegnd-or customized specifically for their
needs and lifestyle, empowering consumers witteatgr sense of control (Gaffi et al., 2014).

5.3 Additive Manufacturing: A Tailwind for Micro-Fa ctory Retailing

The ubiquity of least cost economies of scale emabtomotive industry is antithetical to
the industry’s general ambition of becoming morstamable. The link between patterns of
production and consumption has been discussed hsasvéhe industry’s perpetual affliction
with overcapacity and massive inventories of unseldicles in mature markets like the TRIAD.
Apart from its economic challenges, the existingdorction paradigm is associated with adverse
environmental outcomes, including high materializgtion and GHG emissions to name a few,
that cannot be sustained indefinitely and suggésitsa major transformation is inevitable—and
possibly imminent. However, automakers are funddalgnbound to this particulamodus
operandibecause of the immense capital investments rafjfimemanufacturing vehicles with
Budd-style all-steel bodies. Maintaining high-lexelonomies of scale with larger production
volumes is the primary way in which VMs amortizesk costs. Apart from reducing overhead
costs from task overlap, the main reason for thtoraative industry’s long history of
consolidation and strategic partnerships was toease production volumes to achieve even
greater economies of scale, which only perpetuatses of overcapacity and unsustainability.
The key to improving sustainability in the autometindustry is to reduce the capital intensity
of automotive production to remove the need fomecaies of scale by replacing the industry’s

core production technologies.

The potential alternative production system orustdal ecosystem that is being

considered in this thesis is the MFR concept, wiiéHls and Orsato (2005) emphasized “is not
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just normal car manufacturing on a small scalegitessarily requires and enables radically new
automotive technologies and production procesge2X). A key contention of this thesis is that
as AM could soon become a compelling alternativettfi@ industry as it undergoes a major
transition towards greater sustainability, awayrfroapital-intensive all-steel car bodies that rely
on subtractive manufacturing methods. Presumingthigaoutcome of a paradigmatic shift in the
automotive industry is a structure closely resentpMFR, as this thesis is proposing, AM could
be used to facilitate a transition in this direntigiven that it promotes business model
innovation. Likewise, MFR itself provides an oppmity and space for the development of
novel technologies, such as AM, since MFR is ineorable in the context of the industry’s

existing production paradigm and technologies.

Additive manufacturing could disrupt the manufaictg process, the structure of capital,
and the configuration of supply chains in the awdbwve industry. Lightweight construction and
materials would also make cars more efficient asd harmful to the environment. The distinct
benefit of AM is its ability to provoke business d&b innovation. The MFR concept promotes
decentralized small-scale manufacturing (for whidi is ideally suited) since it reduces the
minimum efficient scale of production and reduceghh barriers to entry. Additive
manufacturing and MFR are highly complementary shdre many of the same goals. A key
challenge for AM that could also prevent it froneéking into the mainstream within the current
production paradigm is that its primary advantaggespresent only at low-to-medium production
volumes. Additive manufacturing is much less contipetgiven the high volumes of the current
mass production system. Scale is a key differenmtia¢tween mass production and MFR, which
suggests that not only could AM help facilitateransition towards MFR, it also necessitates a
transition to lower volume production for it to pide a competitive advantage. Therefore, it is
feasible for AM and MFR to co-evolve, due to thaiatually beneficial relationship throughout

the ecological modernization of the automobile stdy

Additive manufacturing could also yield economenbfits for OEMs by reducing the
size and complexity of their supply chains andeasing the amount of value they generate by
reducing the proportion of value that is outsourttiedart and component suppliers. Automakers
have continuously sought to reduce the complexityth@ir supply chains over concerns

regarding the time, effort, and money required tmage and plan bulky logistic networks. By
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bolstering their internal capabilities with AM, OEMould make a larger value contribution and
reduce outsourcing, saving time and money (Gifalgt2014). As a result, system integrators or
tier 0.5 suppliers would likely retain or increabeir level of value creation through R&D and
production while simultaneously reducing their ilnagnent in oversized supply chains. Greater
value contributions by OEMs would have a negatiifece on lower-tier suppliers who stand to
lose their share of value creation, likely accelaafuture consolidation in the supply network
(Giffi et al., 2014).

A potential misalignment between the objectiveAbdf and MFR is the opportunity to
accelerate technological obsolescence, due toestiogt production and development cycles
with AM. The improved responsiveness and flexiblyaeded to VMs with AM technology
could potentially induce faster model changes atatgs, accelerating the pace of technological
obsolescence to encourage increased vehicles s@ddadly, however, the MFR concept would
remove the incentive to increase production toeeheconomies of scale, negating the potential
for increase obsolescence. Furthermore, AM coub dle used to discourage or reduce
premature vehicle replacement and prolong vehifdespans—an important consideration for
improving the industry’s environmental sustainapilin the context of MFR, AM could reduce
the cost of and lead times for replacement paetpitg to reduce the number of vehicles that are
deemed “beyond economic repair”. Large, expensiventories of older parts would not have to
be maintained since those parts could be producedemand or built-to-order with AM.
Furthermore, AM could enable more sustainable radieres to buying a new vehicle such as
upgrading or retrofitting an existing vehicle witre latest technology or feature. It is, therefore,
important that companies deploy AM in a way thajerders the role of sustainability described
in the MFR model.

5.4 Challenges Facing the Adoption of Additive Manfacturing

There are a myriad of potential benefits and opymities for AM in the automotive
industry, including a mutually supportive relatibis with MFR. However, there remain
challenges that will need to be resolved before gam truly become a disruptive force. A
crucial obstacle with respect to automotive manufaeg is the ability to cost-effectively print

larger parts, such as body panels (Giffi et al140Most commercially available 3D printers
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cannot accommodate industrial sized parts and coengs, suggesting a possible need for AM

technologies that are developed exclusively foringritomotive manufacturing.

Finish quality and required levels of post-progggsnust also be addressed before AM
can be used reliably for production components.e&gbility is also a concern due to thermal
stress and the potential for small air pocketsaidw created during the printing process that can
affect the consistency and uniformity of qualitaredards (Giffi et al., 2014). Conventional
methods can sometimes outperform AM in terms ofesisional accuracy, which could reduce
levels of fit and finish and pose a problem fortaier high performance parts and precision
components. Post-processing is required in somacdgonce a product has been 3D printed to
either remove excess material or support structanesto improve surface finish. The quality
and reliability of these procedures must be impdot@ ensure that the finish quality of 3D
printed products is as good as or better thantiomdl manufacturing. A possible solution to
overcome these issues is to combine beneficial cespef additive and subtractive
manufacturing. With hybrid manufacturing, the bétsefof AM can be maintained while

improving finish quality.

Another barrier that has reduced the competiggsrof AM is the higher cost and limited
selection of compatible materials. Some novel netehave been developed exclusively for use
in 3D printing but their application has so far bdinited and costly. However, research into
new materials for AM is continuing to gain momentwyith the intent of developing high-
strength thermoplastics, carbon fibers, and nanenadg (Giffi et al., 2014). As the breadth of
materials amenable to AM increases and as theiriso®duced, material cost and selection

could very well become a competitive advantageeraian a barrier.

5.4.1 Multi-Material Additive Manufacturing

A related initiative is to integrate multiple ma& feedstocks simultaneously to create
multifunctional structures or parts without any giddal processing or assembly. The emerging
technology known as “multi-material additive maraitaing” (or MMAM) would enable
variations in material type or composition to bebended into a product at specified 3D spatial
locations. The addition of multiple materials wouwdcur freely and be digitally controlled
throughout the printing process (Vaezi, Chianraquivlellor, & Yang, 2013). Performance

optimization is a major potential benefit of MMAM; product’s mechanical properties or level
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of sophistication can be enhanced to improve aesse its functionality. Incorporating specific
material properties directly into a product’s desigould increase design freedom and could
enable unique product features and functionalitiethout increasing costs. For instance,
desirable properties such as thermal or electrimahductivity, strength, hardness, and
temperature resistance could be incorporated immduct’'s design to enhance functionality or
create entirely new capabilities. Additionally, &tenic devices (e.g., resistors, circuits, and
sensors) could be embedded directly into a prottucbnserve space and reduce the product’s
size (Vaezi et al., 2013).

Part consolidation could increase with MMAM to wed assembly and labour
requirements. Streamlining manufacturing could cedtime, costs, and material and energy
inputs resulting in manufacturing that is more @é&nt and less environmentally taxing. The
potential benefits of MMAM offer more than just rgaral improvements over conventional
manufacturing technologies that are unable to aehmmilar levels of material integration.
According to Vaezi et al. (2013), MMAM could brirmpout an entirely new manufacturing

paradigm once it becomes cost competitive withtexjsechnologies.

Before MMAM is commercialized, some issues mustrésolved. Current challenges
include: Contamination between material feedingtesys, weak bonds between layers of
different material, the CAD file type used for AMumot specify material composition; delays
and process interruptions can occur when usingiphelimaterial feeding systems; integrating
multiple processes into an efficient hybrid sysimd developing new capabilities for multi-axis
printing; and lastly, developing new materials wabecific, desirable properties (Vaezi et al.,
2013).

5.4.2 Adding a Fourth Dimension to 3D Printing

Researchers working to develop specialized m#gefa 3D printing materials have
recently delved into the fourth dimension with imative “smart materials”, defined by Khoo et
al. (2015) as having the ability to manipulate tistiape or some other property in response to an
external stimulus. The ability to change over timeregarded as the fourth dimension. The
evolution of 4D printing was only recently made gibte thanks to three key innovations: (1)
advancements in printing technology by Stratasgswith their Connex3 Object500 printer; (2)
advancements in metallic 3D printing pioneered SSolutions and their Selective Laser
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Melting (SLM) technology; and (3) developments irsimart materials and active fibres (Pei,
2014; Khoo et al., 2015). When combined, advancésnarthese three areas made it possible to
create 4D printed components consisting of suceedsiyers of stimuli-responsive adaptive,
biomimetic composites or multi-materials with vanyiembedded properties or functionality that
allowed them to transform themselves over timeughoa physical or chemical change of state

based on external stimuli (either natural or indii¢eei 2014).

By sandwiching conventional 3D printing materidilee thermoplastics with varying
amounts of synthetic smart materials, 4D printethponents can be designed with low-level
functionality or self-assembly (the process of oigag disordered parts into an organized
structure). Smart materials would have the abtdyadapt and change over time only when
activated by an external stimulus specific to gaatticular material (Pei, 2014). The presence of
water, for instance, could act as a trigger tdatetthe self-assembly of components containing
layers of absorbent smart material (capable of mdipg up to 150% of its original size) within
its geometry. Based on the location and the quaatismart material used, the object would be
able to bend and twist itself into the desired shid@ei, 2014).

Although a more in-depth analysis of 4D printisghieyond the scope of this thesis, it
remains important to touch upon the evolutionanyreof AM and a potential future trajectory
for the technology that is also relevant to theomdtive industry. German automaker BMW
recently unveiled a prototype vehicle that it cdltbe “Vision Next 100" to display its foresight
into the next 100 years of automotive innovation amobility. The concept featured BMW's
pioneering design philosophy known as “Alive Geatietwhich includes dynamic, fully
enclosed wheelhouse covers that move harmoniousiysteering manoeuvers to optimize the
vehicle’s aerodynamic efficiency (Seizt, 2016). défgsmlly, the wheels remain enclosed under
steering because the covers stretch in respondgigetanovements. The innovative, flexible
wheelhouse covers offer a new frontier for kineggtdriving performance, and design at BMW
and would be manufactured using a 4D printing pecthat would allow the complex
component to be fully manufactured—including itsidmic properties and finished paintwork—
in a single step using a single machine, essenteiminating all material waste from the

manufacturing process (BMW, 2016).
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Chapter 6 A Review of the Electric Mobility (EM) Literature

The previous chapter detailed current and fut@odunities for AM in the automotive
industry as well as its potential sustainabilitynéits. The second proposed technological
innovation that could be used to facilitate a titams to MFR is EM. However, before outlining
the impacts of an EM ecosystem to the auto indugtry chapter will review the extensive body
of literature that focuses on EM. In addition, tbigpter will provide a brief history of electric
vehicles (EVs), and discuss the environmental bisnef electrification, barriers to the adoption
of EVs, and profiles of potential adopters. Theptea will conclude with an examination of
government policies and regulations aimed at oveneg adoption barriers and expanding the
EV market.

6.1 Types of Electric Vehicles

The literature appears to distinguish betweeretitypes of EVs: hybrid electric vehicles
(HEVs), plug-in hybrid electric vehicles (PHEVshdabattery electric vehicles (BEVs). From a
driver's perspective, HEVs are the most similarao internal combustion engine vehicle
(ICEV). Generally, hybridization (the addition oflager battery and an electric motor) is used
to provide some additional power to the drivetrailipwing the ICE engine to be downsized for
greater fuel econonlyHybrids cannot be recharged from the electrical gnd tend to have a
driving range that is similar to that of ICEVs (e.the Toyota Prius & Hyundai loniq). As its
name suggests, a PHEV is similar to HEV but it¢dpgt(which is often larger) can be plugged-
into the grid and recharged, providing a relativehort range (20-80 kms) of 100% electric,
zero-emission driving. Once the battery is suffite depleted, PHEVs recruit an ICE for
additional power and operate as an HEV (e.g., CMaly& BMW i8).

The final category of EV and the only type withaut ICE are BEVSs, also referred to as
zero-emission vehicles (ZEVs) because of their 1@d86tric propulsion (e.g., Nissan Leaf &
Tesla Model S). The lack of an ICE means BEVs haeelargest battery capacity (offering a
range between 100 and 400 kms) and must be plugte@n electrical outlet to be recharged
and to restore their full driving range (Axsen, @mdrg, & Bailey, 2015). Due to their greater
potential to reduce GHG emissions (a pivotal faéborthe future of sustainable mobility), this

®Refer to UCS (n.d.b) for a description of the thiygees of HEVs: series hybrid, parallel hybrid, or
series/parallel hybrid.
93



Master’'s Thesis — S. Q. Hachey; McMaster Universichool of Geography & Earth Sciences

thesis focuses primarily on PHEVs and BEVs—colledti referred to herein as plug-in electric
vehicles (or PEVS).

A new subcategory of EV known as an extended-révagtery electric vehicle (or BEVX)
was legislated by the California ARB in their 20fEport outlining amendments to their ZEV
mandate (Voelcker, 2013). Vehicle’s qualifying fibris designation must adhere to specific
requirements regarding the minimum amount of dkectinge, the total amount of additional
range, and the amount of emissions released (Veel@13). The distinguishing feature of a
BEVx is a small auxiliary power unit (APU) that camnovide a limited amount of additional
range. The BMW i3, for instance, can be equippeith @n optional APU that powers a small
generator that maintains a constant minimum chargée battery once it has been depleted.
Often referred to as “range-extenders”, APUs atenitled to quell range anxiety (a common

barrier to BEV adoption) rather than to provideihstantial amount of additional range.

6.2 A Brief History of Electric Vehicles

The history of the electric car closely matchegaadements in battery technology and
the chemical storage of electrical energy (Hey8072. The technological breakthroughs made
during the “golden age” of EV development and dgpient between 1880 and 1900 still form
the technological basis of today’'s EVs (Hgyer, 200he electric car industry continued to
thrive after this period because of the circumstanaf the First World War, which saw gasoline
shortages, the requisitioning of ICEVs for useha war, and an abundance of electrical energy
following the development of both coal-fired anddhy power stations in various European
countries. The electric car boom would quickly fadleing the 1920s when the electric car
began losing significant market share to the irgirgdy competitive gasoline and diesel
powered ICE and would come to a near completeihdl®29 after the stock market crash that
saw most of the remaining electric carmakers ce#ap the Depression.

Interest in EVs would re-emerge in the 1960s aleiily the advent of the modern
environmental movement, coinciding with RachaelsGals acclaimed 1963 nov8llent Spring
During this period, environmental pollution was itiypsonsidered a localized problem requiring
a local solution. As such, emissions from privaiéomobiles were considered problematic for
local air quality and EVs were viewed as a possdaleition (Hayer, 2007). Despite a renewed

interest in electrification to address local aialijty, most of the attempts made to develop an
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electric car during this period never emerged fritva prototyping phase which reinforced
existing notions that BEVs would remain inferior ®GBEVs in terms of driving range and

performance, all the while costing considerably entor purchase in comparison.

A second round of attempted EV commercializatiegan in the 1970s following three
international events that brought the global energgis to the vanguard of a public discourse on
the environment in most Westernized nations andesyently reinvigorated an interest in EVSs.
The first event was the publication of the 1972 bdbe Limits to GrowthThe nontechnical
report, commissioned by the global think tank CafbRome, emphasized the absolute global
limits of the Earth’s natural systems and theildigbto sustain future economic and population
growth based on the continued exploitation of nemewable resources like fossil fuels. Later, it
became clear that the earth was also subject tibsliom global carbon emissions as natural
carbon sinks were found to have a limited abiliydke up and sequester atmospheric carbon—
highlighting the potential threat of increasing centrations of atmospheric G@nd the GHG
effect. Coinciding with this newfound consciousnedsenvironmental limits to growth and
carbon sequestration was the Arab oil embargo (1973l) which prompted extensive rationing
in the US as prices surged with the drop in supphis event in particular brought the energy
crisis to light and sparked a public debate overissue. The third event to draw attention to the
world's energy problems as part of the growing jputiscourse on the environment was, in fact,
a series of events that lead to a heightened distind debate over the use and safety of nuclear

energy.

Collectively, these events shone a light on thesging need to develop alternative,
renewable energy resources and technologies likd,wave, and solar power; bio-energy; and
geo-thermal energy (Hayer, 2007). An internaticefédrt into researching and developing “soft
energy paths”—the term coined by Amory Lovins (10f6f alternative energy scenarios based
on renewable resources—began in response to tHie plebbate on the energy crisis. Alongside
these efforts was a renewed attempt by large OEda Japan, Europe, and the US to develop
EV technologies, which were now considered a prcispet only for emissions free transport but
also as a means of bringing energy independentetdS by utilizing clean, renewable energy
resources that could be developed domesticallyadiod the US to quell its demand for foreign

oil imports (Hagyer, 2007). A sign of this renewextds was the “Electric and Hybrid Vehicle
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Act of 1976” passed by the US Congress to promd&® Rs well as demonstrations of EV
technologies with the express purpose of electnifythe entire US automotive fleet by the turn
of the Millennium. Despite the ample interest antivaty in and around the development of EVs
during this period, not a single EV was succesgfodimmercialized and the end of the decade

most, if not all, EV development activities wereaghed (Hgyer, 2007).

It would not be long however before EVs re-emergétin the public consciousness as
a result of growing concern over deterioratingcpiality, specifically within large metropolitan
areas. In 1990 for instance, the California ARB lenpented a fervent regulatory initiative to
improve air quality that included unprecedentedslagjon requiring the development and sale of
zero-emission vehicles (ZEVs) by global automakgusrating in the state. This momentous
political decision was taken mainly in responseh® increasing concentration of cars and air
pollutants in metropolitan Los Angeles (Hayer, 200/roughout the 1960s and 70s, transport
problems were most often viewed as problems ohsitg (i.e., too many cars concentrated in
one area resulting in poor local air quality). Hee®e unlike other sectors that have stabilized or
even reduced their energy use during the post-tndugeriod, energy use for passenger and
freight transport has continued to increase despitentervailing measures to reduce GHG
emissions from personal transport especially. Tikiglue in part to the transport sector’s

pronounced volume growth and its inextricable lgéao the fossil fuel industry.

An appreciation of this relationship led to an ortant shift, beginning in the 1990s, in
how transport problems were viewed. Instead ofdpeifled as problems of intensity, they were
increasingly seen as problems of volume (i.e., @y cars generally consuming too much
fossil fuel energy contributing to macro-level poibn both regionally and globally including
climate change). This new framework for understagdiransport problems lead to the
development of two new concepts used extensivelgcademic and public policy realms in
regards to sustainability. The first wasstainable transportwhich focused more so on the
physical means of transportation and the infrasitirecit makes use of; and the second was
sustainable mobilitywhich broadened its view by taking into accourd wider social patterns
and volumes associated with the movement of peammdefreight. However, both concepts were
unanimous in their position that EVs are a majarguuisite for sustainability at all scales from

local to global (Hayer, 2007).
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The history of the HEV is nearly as long as tretdriy of the BEV with which it is tightly
intertwined. (Refer to sections eight through terHigyer (2007) for a detailed account of this
history and a description of the various types BM4.) In short, HEVs were first developed as a
solution to the limitations of BEVs and were mospipneered by small companies and even
some do-it-yourself (DIY) backyard engineers. Adamental benefit of the HEV configuration
is that it avoids the large, heavy, and costlydrgtpacks required by BEVs in favour of an
electric motor designed to assist the ICE, whiah lma downsized by as much as 60% as a result.
In a similar fashion as BEVs, hybrids originallyiléa to re-emerge during the energy crisis,
unable to make it passed the prototyping phasepitdetegislation like the aforementioned
Electric and Hybrid Vehicle Adnd initiatives like the 199Bartnership for a New Generation
of Vehicles(PNGV). Even with the ARBs ZEV legislation, whiclarae into effect in 1996,
annual sales of BEV did not surpass 1000 units ajlpbetween 1995 and 2000 (Dijk &
Yarime, 2010). Despite their dismal success, Togata a business opportunity for its hybrid
technology, which it had advanced in the wake ef ZIiEV legislation, despite the automotive
industry’s successful campaign to have some ofadislation repealed (Dijk & Yarime, 2010).
Toyota first commercialized its Prius hybrid in 798 its home market of Japan. The Prius
arrived in the US, initially only in the state ofal@ornia, for its second generation in 2000.
Toyota’s Japanese rival, Honda was the first tercdfHEV in the US with the launch of its two-
door Insight in California in 1999. Unlike the Ight, the Prius proved more successful than
anticipated, winning “Car of the Year” from US magee Motor Trendand the North American
International Auto Show in 2004—the year of itsligibdebut—despite its initial premium price

tag over comparably sized ICEVs (Hgyer, 2007).

Overall, the history of EV development can be abterized by many vicissitudes. While
changing social contexts lead the charge for ttiewelopment several times over, fundamental
barriers such as purchase price, driving range, dppeed, and charging time seemed to
consistently act as a barrier to their widespreadetbpment and adoption (Hagyer, 2007). A
second era of HEV development was spearheaded yyta'es Prius, which experienced some
level of acceptance on the global market, thougtei the only HEV to do so. Moving forward
however, it appears that newly developed PHEVs Biad's will likely overtake much of the

existing HEV market share due to their higher emrssreduction potential.
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6.3 Quantifying the Environmental Impact of Electric Vehicles

Plug-in electric vehicles offer several distindivantages over conventional ICE vehicles
including improved powertrain efficiency, fewer nwog parts requiring less frequent
maintenance, and zero tailpipe emissions duringladitric driving which helps mitigate the
effects of climate change and urban air pollutittakins, Gausen, & Strgmman, 2012).
However, there remains a negative perception—mastigng non-adopters—that BEVs are not
indeed more environmental friendly than ICEVs doelte indirect GHG emissions resulting
from generating electricity from non-renewable segrto powers PEVs. Many studies have
attempted to quantify the environmental benefit$BVs by comparing their impact to that of

conventionally powered ICEVSs.

350

300

250
mGas

200 mHEV

mPEV - Scenario 1: User Informed

150

m PEV - Scenario 2: Enhanced
workplace charging

PEV - Scenario 3: BEV-240 with home
and work Level 2

100

Emissions intensity (g CO2e/km)

BC AB ON

Figurel A comparison of we-to-wheel emissions intensity (gCO2e/km) u¢ hourly
marginal emissions factors for electricity in thi@anadian Provinces based on t
consumer-informed PEV scenarios (Axsen et al., 2p1553).

One such study by Axsen et al. (2015) estimated pitential well-to-wheél GHG
impacts of PEV use among Early Mainstréabuyers in three Canadian Provinces using current
electrical generation profiles: British Columbiaydino-based grid), Alberta (fossil-fuel based

grid), and Ontario (mixed grid). The results (Figur) use hourly marginal emissions factors

10 A well-to-wheel analysis comprises life cycle GHG ssions from fuel production and transport (i.e.,
well-to-tank) and fuel use (i.e., tank-to-wheel).
1 Data for this analysis was obtained from the 20&@%/Nehicle Owners Survey of mainstream
Canadian consumers, excluding Québec.
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(kg/MWh) for each region to reflect time of use ijiag and suggest that the GHG inten'Sityf
driving a PEV can reduce GHG emissions by 79% iidBr Columbia (BC), 44% in Alberta,
and 58% in Ontario assuming existing recharge acoesuser informet®” charging, the most
likely near-term usage scenario. These resultcatdithat PEV use can reduce fleet-average
GHG emissions intensity compared to HEVs and gaseped ICEVs in all three provinces,
despite varying electrical generation profiles. &Rgns in Alberta were modest however,
reflecting the importance of policy initiatives tmcreasing the proportion of electrical

generations from renewable sources.

The above study considered only well-to-wheel Gla@issions, which excludes
emission sources from the rest of the vehicle diele including production and disposal. A
fundamental tool in IE known as the life cycle asseent (LCA) can be used as a framework for
determining the full environmental impact and gllolvarming potential (GWP) of PEVs across
their entire life cycle. Nealer & Hendrickson (20T®nducted a comprehensive review of recent
LCAs of energy and GHG emissions for EVs and fotirad the literature unanimously supports
the position that EVs have the capacity to reduddGGemissions when compared to
conventional gasoline vehicles. The majority of émergy use and GHG emissions produced by
PEVs occur within the use-phase of their life cyalich is most affected by the electricity mix,
vehicle lifetime, vehicle weight, and driving belmw. As such, it is important that policy
initiatives aimed at increasing PEV adoption ardcmad with realistic goals and timelines for
renewable energy investments to improve the GWRhefelectrical grid and avoid shifting
emissions from one area to another (i.e., problkiftireg). The promotion of BEVs in in the
absence of such considerations could prove cotmtsihort- and medium-term goals to reduce
GHG emissions (Hawkins et al., 2013).

Besides well-to-wheel emissions, both Hawkins le{2013) and Nealer et al. (2015)
noted the importance of including the environmeritapacts of vehicle production when
comparing the emission reduction potential of PBRg ICEVs. Due to the chemical compounds

and rare earth metals used in vehicle batteries, ptioduction phase of PEVs tends to be

12 Measured in grams G@quivalent per kilometre (gG&rkm)
13See Axsen et al. (2015) section 12.2 (p. 143) fbetailed summary of the three usage scenarios
included in the results of emissions intensity BW/B.
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substantially more environmentally damaging thaat tf ICEVs. Hawkins et al. (2013) found
that the GWP of BEV production was about twice tbhatICEVs, with battery production
accounting for 35 to 41% of the total. Nearly halthe life cycle GHG emissions generated by
the base case BEV in the analysis stemmed frorpribduction phase and its associated supply
chains. This estimate of GWP for BEVs, however, waarly twice that of estimates found by
previous studies by Baptista et al., 2010; Burntearal., 2006; Notter et al., 2010; and Samaras
& Meisterling, 2008. The authors attributed thisalepancy to their higher estimate of battery-
related impacts and the inclusion of other eledtra@omponents not inventoried in the other
studies. The researchers called on battery manuéastto make primary inventory data around
battery production more publicly accessible to emeahe accuracy of future “cradle-to-grite
analyses by limiting the number of assumptions madmrding the energy requirements and
system boundaries of battery production. Hawkiralet(2012) also advocated for stricter life
cycle management and life cycle auditing to limitgntial problem shifting, primarily from
material requirements for battery production, améhventory all potential environmental trade-
offs associated with the use of BEVSs.

Additional IE strategies, such as material flovalgsis and design for the environment
and for disassembly should be used to identifyluata, and reduce or eliminate secondary
environmental impacts of PEV production and promibte use of alternative materials and
processes to improve component recyclability whalducing life cycle emissions. Nealer and
Hendrickson (2015) agreed that the LCA provideseful framework to estimate and track the
GHG emissions of PEVs as they become more widedpteaensure continued improvements
by way of technological advances, including furthesearch on the environmental impact of
battery manufacturing, improving EOL battery reeymlity, and identifying second-life
opportunities for batteries no longer useful in BEV

Sensitivity analysis by Hawkins et al. (2012) e@sttthe robustness of their study’s results
against changes in various base parameters suggbsteassumptions regarding battery mass,
vehicle lifetime, vehicle efficiency, and electticimix have the greatest impact on the GWP of

the different vehicles type. Important in the comtef this thesis is the impact of increasing the

14 Refers to the full product life cycle including theanufacturing of a product and its input materials
its eventual disposal and reuse.
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useful lifespan of vehicles, which has a far greaftect on per kilometer GWP of BEVs than it
does for ICEVs due to their higher in-use emissioftgss suggests that extending the useful
lifespan of BEVs—through upgrading or retrofittin@gs suggested in the MFR concept—may
have a significant impact on the GWP of PEVs amddberall sustainability of the automotive

industry.

6.4 Challenges Facing Consumer Acceptance of EleictVehicles

Automotive manufacturers and other private sedtmlustries have been racing to
develop the next big innovation in battery techgglto make PEVs competitive with ICEVS in
mainstream markets. Energy storage and density ineth@ primary barriers for battery
manufacturers. A battery’s energy storage detersnine total distance or range that a PEV can
travel on a single charge, whereas a battery’sggndensity determines its mass and overall
efficiency (Egbue & Long, 2012). These issues hbeen a fundamental problem for EV
penetration since their inception and contributetheir initial decline following the introduction
of the ICE (Hgyer, 2007).

Although these technological hurdles are significahey are not the only factors that
affect consumer acceptance and adoption of PEMsalSpolitical, and economic barriers can
be equally important. Auto manufacturers and pohegkers must be aware of the prevailing
social connotations surrounding PEVs if they wanintrease consumer acceptance and market
share as social barriers can indirectly affectitmgetus and direction of technological pathways
by influencing the perceptions of new car buyessyell as society’s support (or lack thereof)
for regulatory measures that promote the use efrative technologies (Dikj & Yarime, 2010).
This suggests that a socio-technical perspectivéetatifying deterrents of PEV adoption may be
most appropriate and fruitful as it encompassesonbt technological barriers but also social,
cultural, political, economic, and institutionalpediments that can affect consumer attitudes and
perceptions towards technological innovations amsamer’s willingness to pay (Sovacool &
Hirsh, 2009).

Even though it is important for both technologieald social barriers to be addressed,
social barriers can often remain long after techgichl impediments have been minimized or
resolved if consumer skepticism regarding a teadmplpersists (Egbue & Long, 2012). The

recent release of more affordable, long-range PiW&ding the Chevy Bolt and Tesla’s highly
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lauded Model 3, is an indication that technologicairiers may soon be less of a factor as the
utility of PEVs becomes more or less equivalenthiat of ICEVs. Determining attitudinal and
societal barriers that impact actual PEVs adopénd outlining appropriate polices to diminish
their effect will become increasingly important the technological gap between PEVs and

ICEVs narrows.

Addressing barriers to consumer acceptance angtiadcof PEVs is imperative as the
degree of environmental benefit that society cdneae with ZEVs hinges entirely on their rate
of adoption and total market penetration. Significeeductions in C@emission for climate
change mitigation will not be possible without wsgecad acceptance and adoption.
Governments hoping to meet emissions targets thraitgG reductions in the transport sector
will likely need to consider the use of various ippland regulatory measures to overcome
barriers to adoption and increase market shareinstance, data retrieved from the Government
of Canada (2017) shows that light duty passengsrarad trucks accounted for roughly 48% of
Canada’'s GHG emissions from the transport sectoRdh5 while emissions from freight

transport accounted for fewer than 37%.

The innovation literature has suggested that n@e¢inologies diffuse through a series of
niche markets—small groups of consumers willing gay a substantial premium for a
technology they perceive to have superior charsties (Steinhilber, Wells, & Thankappan,
2013). Within these niches, technologies experiegraelual improvements allowing them to
reach further into the market. Innovative techn@egften remain within these niche markets
until a critical threshold of users or early adopts reached, at which point the new technology
may be pushed into the broader mass market, begniie process of a regime transition
(Steinhilber et al, 2013). Socio-technical barrieesm often impede this process, preventing a
transition from a niche market to the mass marketw technologies often require regulatory
support as well as continuous technological impnomet to meet the demands of both producers
and consumers, specifically during the earliesjetaof development when cost premiums are
typically the highest (Steinhilber et al., 2013)tHe factors constraining innovation diffusion are
not properly understood and addressed, a techneltbysuperior characteristics can still fail to
reach mass-market acceptance. Below is a reviewoténtial barriers affecting consumer

acceptance and adoption of PEVs.
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Coffman, Bernstein & Wee (2017) conducted a comgmelve review of 50 peer-
reviewed studies that considered key factors affgdhe rate of EV adoption given the recent
jump in commercially available PEVs. The reviewtitiguishes between internal (i.e., vehicle
properties) and external (i.e., societal contefds)ors affecting PEV adoption. Purchase price,
driving range, and recharge time were the primatgrnal factors cited in the literature. The
higher initial purchase price of PEVs relative @ENs has been cited as a significant barrier
(Carley et al., 2013; Graham-Rowe et al., 2012;elaebet al., 2012). The limited driving range
of BEVs has also been highlighted; consumers hdten cassigned a significant value to
additional driving range (Carley et al., 2013; Egb& Long, 2012; Hidrue et al., 2011;
Hackbarth & Madlener, 2013). Finally, minimizingchearging time has received high valuations
by potential PEV consumers surveyed by researd@aham-Rowe et al., 2012; Hackbarth &
Madlener, 2013; Hidrue et al., 2011).

Due to consumers’ apparent emphasis on drivingaaseveral studies have suggested
that consumer preference for PHEVs is greater theBEVs due to their superior range (Carley
et al.,, 2013; Axsen & Kurani, 2013; Tamor, Gearh&t Soto, 2013). Conversely, when
attempting to determine adequate levels of charmifrgstructure, Tran et al. (2013) found that
consumer preference for BEVs was higher than foE¥$1and concluded that range anxiety was
best addressed through increased access to phhbligieg rather than through increased single-
charge driving range. Similarly, Graham-Rowe et(2012) found that willingness to pay for
extended range was higher when fast charging wasailable. Clearly, important relationships
exist between internal factors (i.e., range andgihg time) and external factors (i.e., access to
charging infrastructure) and more research is reeédedetermine the implications of these

factors and their relationship on vehicle usageadaption (Coffman et al., 2017).

The primary external factors identified by Coffmah al. (2016) affecting actual or
intended PEV adoption were the impact of fuel @ioa the Total Cost of Ownership (TCO) of
PEVs compared to ICEVs and HEVs (Al-Alawi & Brad]@&p13; Prud’homme & Koning, 2012;
Tseng et al., 2013; Wu et al., 2014); the potemidience of different consumer characteristics
and socio-economic factors; the effect of accesani availability of charging infrastructure
(Bakker, Maat, & Wee, 2014; Cambell, Ryley, & Thyjr2012; Egbue & Long, 2012; Schroeder
& Traber, 2012; Lopes, Moura, & Martinez, 2014; r3chula et al., 2014; Mersky, Sprei,
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Samaras, & Qian, 2016); the influence of PEV awessnand visibility (Mau, Eyzaguirre,
Jaccard, Collins-Dodd, & Tidemann, 2008; Axsen, Rtain, & Jaccard, 2009; Axsen & Kurani,
2013); and the impact of social norms (Lane & Rot#®07; Eppstein, Grover, Marshall, &
Rizzo, 2011; Axsen & Kurani, 2013; Burgess et a013; Mohamed, Higgins, Ferguson, &
Kanaroglou, 2016).

The only study to look at the impact of relativelf prices on actual PEV adoption was a
study by Sierzchula, Bakker, Matt, and Wee (20149 found that fuel prices were not a strong
predictor of PEV market penetration. On the othend) Coffman et al. (2016) noted that this
finding contrasts somewhat with other studies Ingkat consumer uptake of HEVs and found
that relative fuel prices were a strong predictbrmarket uptake (Beresteanu & Li, 2011;
Diamond, 2009; Gallagher & Muehlegger, 2001). Thiggests the impact of fuel prices on PEV
adoption is a potential area of future research.

6.5 Who is Most Likely to Adopt an Electric Vehicl&

There is a plethora of research on the potemtiphict of various consumer characteristics
on one’s likelihood of purchasing a PEV. This imh@tion is often used to predict future rates of
PEV adoption or to segment the population intoréigcgroups with varying rates and likelihood
of PEV adoption (e.g., early adopters vs. laggardslicators that were commonly used among
the studies reviewed by Coffman et al. (2016) tarabterize consumers’ interest in PEVs were
level of education, income, number and type oftexgsvehicles, concern for the environment,
and level of enthusiasm for new or innovative tedbgies. However, the review offered few
concrete conclusions regarding the effect of eaudicator on the consumer purchasing
preferences and adoption of PEV given that theesad was fairly mixed with regards to both

their level of and direction of influence.

It should also be noted that due to the novelty lamited market penetration of PEVS,
most research into these characteristics and gegstof PEV is based on stated preferences (i.e.,
a consumer’s intention to purchase a PEV) rathan tbn revealed preference (i.e., actual
consumer behaviours). This is important becauselitteture has also concluded that, in
general, consumers are unfamiliar with the featarescharacteristics of PEVs and the attributes
distinguishing PHEVs and BEVs (Morton, Schuitema,Afable, 2011). Therefore, in the

absence of direct experience with a PEVs, consuarerfeing asked to state their interest in or
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their intention to purchase a product with whicleythpotentially have little knowledge or
experience, resulting in inaccurate or based asssgs due to bias the value/attitudinal-action
gap (the difference between what people say thdly dwi vs. what people actually do).
Unfortunately, due to low PEV market share in muosasdictions, stated preference is at present
the only effective method of conducting this tyderesearch and remains a well-known and

widely applied research methodology in the fielEEM research.

Another criticism is that such studies often asssirthat consumer preferences remain
static over time when in reality, the hierarchywvahicle features and attributes desired by a
potential buyer can shift throughout the purchagingress itself. Future research will not only
have to account for variation in consumer prefeesmaver time but will also have to determine
the potential impact that increased PEV adoptiofli Wwave on consumer attitudes and
perceptions as a result of social learning andutiimoincreased marketing, education, and

direct/indirect exposure to PEVs (Morton et al, 201

6.5.1 Socio-Economic and Demographic Characterissc

Recent work by Mohamed et al. (2016) identifigelly PEV adopters in Canada using a
stated preference survey of Canadian householdsewpiessed a future interest in purchasing
an economy car. The researchers found that youmgeseholds were more likely to express
interest in purchasing a PEV, in line with previduslings by Hirdue, Parsons, Kempton, and
Gardner (2011) and Ziegler (2012). A higher leviet@ucation also tends to be associated with a
greater propensity to purchase a PEV (Carley gP@l3; Hackbarth & Medlener, 2013; Hidrue
et al., 2011; Mohamed et al., 2016) as does fulétemployment (Mohamed et al., 2016; Plots,
Schneider, Globisch, & Ditschke, 2014). Having acelto install a home charger, such as a
garage, appears to increase consumers’ statedrgeés for PEVs (Hidrue et al., 2011;
Mohamed et al., 2016; Plots et al., 2014) and veap@ated with a sense of autonomy among
respondents with experience using a PEV (GrahameReiwal., 2012). While Hidrue et al.
(2011), found that owning multiple vehicles was naiportant to BEV adoption, Jensen,
Cherchi, de Dios, and Ortuzar (2014) found thattiawghicle households expressed a greater
interest in purchasing a BEV both before and afteing given experience with a BEV as

compared to single-vehicle households. Similarlyphimed et al. (2016) and Schuitema,
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Anable, Skippon, and Kinnear (2013) demonstrated BEVs were more suitable as a second

vehicle rather than as a household’s primary vehgiven their range limitation.

Interestingly, several studies have shown thabrme level is not a significant factor in
determining interest in PEV adoption despite coremgnoften being aware of their higher initial
purchase price (Carley et al., 2013; Hidrue et24111; Mohamed et al., 2016; Sierzchula et al.,
2014). Conversely, profiles of American consumerssimikely to purchase an EV (i.e., early
adopters) were found to be high income individweith an average annual household income
(HHI) in excess of $200,000 while the next grougikély adopters (i.e., early majority) were
found to have an above average HHI averaging $004(Giffi, Gardner, Hill, & Hasegawa,
2010). The profile of non-adopters had an averageia HHI of only $54,000. It should be
noted that Mohamed et al. (2016) concluded thah evgnificant personal socio-economic and
demographic variables have a much smaller impadP®B¥ adoption than individual attitudes
and norms, environmental concern, and perceptinddeelings of technological factors relating
to PEV use.

6.5.2 Level of Environmentalism

As a potential solution to transport related emiss of GHGs and other airborne
pollutants, driving a PEV is often regarded as a-gmvironmental behaviour. Analyses
attempting to predict patterns of PEV adoption mderstand consumer purchasing decisions for
PEVs often include data on consumer attitudes,egland beliefs towards environmental issues
(Rezvani, Jansson, & Bodin, 2015). However, Coffredral. (2017) found mixed evidence
within the literature as to whether or not conswsh@ro-environmental beliefs translate into
greater likelihood of adoption and, if so, how muafhan impact this variable has. They also
concluded that a variety of different—often loosestions relating to levels of
environmentalism were used to characterize consyrpetentially contributing to the variance

found in the results.

For instance, Skippon & Garwood, 2011 found thasinstudy participants seemed to be
aware of the environmental benefits of PEVs, thonghall of them linked these benefits to a
reduction in GHG emissions. Personal concern fog #nvironment was one of two
distinguishing factors among the four attitudindisters obtained using cluster analysis. The

authors concluded that although the environmentlebts would appeal to some, other
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participants had not considered BEVs to be the amé only solution for the future of low-

carbon future personal mobility. Jensen et al. 80&und that early adopters of three types of
alternative fuel vehicles (AFVs) rated fuel efficey, environmentally friendliness, and the
possibility of alternative fuels higher than noreptérs. On the other hand, Sierzchula et al.
(2014) found that environmentalism was not a sigaift predictor of early PEV adoption across
30 countries in 2012. In a study of fleet operat&igrzchula found that environmental benefits
and an organization’s green image were secondaiyprtovativeness and testing out a new

technology.

Research by Egbue and Long (2012) assessing titades and perceptions of
individuals identified as “technological enthusgistound that although a majority (79%) of
respondents said they considered sustainabilitynwhaking a vehicle purchase, many of them
expressed uncertainty regarding the environmentigtagability of EV batteries and the
electricity used to recharge them with some indigld even perceiving the current
environmental performance of PEVs to be inferiorciarent ICE technologies. This was
troubling for the authors who suggested that emvitentally minded individuals may not be
swayed by regulatory measures or incentives aintethaaeasing EV adoption if they are
skeptical of the environmental benefits of PEVgerceive their use as replacing one problem

with another (because of non-renewable electriggtyeration).

Graham-Rowe et al. (2012) gave participants a REE¥even days before exploring their
beliefs and attitudes regarding the technology.yTdiscovered that although some participants
felt good about driving a PEV because of the emvitental benefits, many participants did not,
and some even reported driving more as a restitaing less guilty about driving—a potential
rebound effect (Herring & Roy, 2007; Hertwich, 200B4any participants prioritized the
personal utility they derived from a vehicle abarey environmental benefits and, similarly to
the findings of Egbue & Long (2012), many particifmexpressed skepticism around the overall
carbon footprint of PEVs and questioned whethey there truly a green technology.
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6.5.3 Access to Charging Infrastructure

The relationship between PEV adoption and accessharging infrastructure is
uncertain. The dilemma is deciding which needsoime first. Does having access to adeddate
charging infrastructure encourage adoption, ot igecessary to reach a minimum threshold of
early adopters to rationalize investments in chmyginfrastructure (Coffman et al., 2017)?
However, just like the chicken and the egg conumgiilne relationship can develop into a sort of
causality dilemma given that a lack of adequategihg infrastructure has been linked to lower
PEV uptake which suggests that governments widllyikhave to play a pivotal role in not only
encouraging early adopters of PEV with favouraldicpes and incentives but will also need to
make the initial investments into creating a pubhearging network. Coffman et al. (2017) cited
driving distance, vehicle range, trip type and tlara home charging, charging time, and grid
impacts resulting from charging to be importantedsinants of what is optimal in terms of the

type and distribution of charging infrastructurehin the literature.

6.5.4 Social and Behavioural Norms

Mohamed et al. (2016) applied a structural equaticodel to test a hypothetical,
extended version of the Theory of Planned BehaWoBB) to determine factors that influence
the stated preferences of Canadian householdsy(likgpurchase a new economy class vehicle
in the future) towards PEVs. The TPB, as it waginally conceived, predicts how the following
three constructs affect one’s intention of perfargna particular behaviour: (1) attitudes towards
the behaviour, defined as the beliefs and evalostiegarding the perceived consequences of
performing a behaviour; (2) subjective norms, dedimas the perceived pressure from a reference
group within society or significant others to engatn a behaviour; and (3) perceived
behavioural control, which is determined by oneidmgudgement of how easy or difficult the
behaviour is to perform (control beliefs) and onegectation of being able to perform the
behaviour successfully. The authors added two @aait constructs (both of which were cited in
the literature to significantly influence PEV adopt behaviour) to the TPB to improve their
analysis: (4) concern for the environment and (8&)spnal moral norms, defined as one’s

perceived obligation to perform a specific behawidue., purchasing a PEV). Survey

1> Refer to Coffman et al. (2016) for a review of wisatadequate” vis-a-vis charging infrastructure.
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respondents’ behavioural intentions along these foonstructs was determined using 18

attitudinal statements based on a five point Likegle of agreement.

The study’s results indicate that respondentdedtantention of adopting a PEV was
primarily influenced by one’s perceived behaviowahtrol, which was mainly informed by the
car's battery warranty and perceived ease of maint and operating a PEV; and attitudes
towards purchasing a PEV, which was primarily infed by one’s perception of a PEV’s cost
effectiveness (Mohamed et al., 2016). These resntiEate that technological factors (e.g.,
driving range, maintenance, and battery performaace critical to PEV adoption. Personal
moral norms and subjective norms were also foungetsignificant but to a lesser degree than
the vehicle’s characteristics. Interestingly, selforted levels of environmental concern were
shown to have a significant indirect impact on thar other behavioural constructs in the
analysis, but was not found to be a significantedrinant of individual’'s actual purchasing
intentions. This suggests that the impact of anviddal's level of environmentalism on PEV
adoption is more nuanced, affecting individualsrso@al beliefs regarding their attitudes
towards and perceived control over PEV use (Mohaeted., 2016). The authors suggested that
additional research like this be conducted in thark, given that late adopters may be
influenced by a different set of beliefs, motivatip and social/moral norms than the early
adopters profiled in their research, which represgronly a snapshot in time of the Canadian

automotive market for a particular class of vehicle

Rezvani et al. (2015) analyzed 16 peer-reviewadias$ to identify both drivers of and
barriers to PEV adoption. The authors identifiedd aeviewed five different theoretical
frameworks used in the literature to identify amalerstand consumer purchasing intentions and
adoption behaviour with respect to PEVs. The ptedicof PEV adoption intentions and actual
adoption outcomes were categorized into five suibises that relate to each of the theoretical
frameworks identified. Consumer intentions and alc@adoption patterns were found to be
affected by various attitudinal factors: a pro-eammental behaviour, a pro-innovation and
technology behaviour, a symbolic behaviour, andeamtional behaviour. Attitudinal factors
identified in the review were categorized into threeparate groups consisting of technical
factors (i.e., consumer attitudes and perceptidnBE)/ range, performance, safety, size, and

style), cost factors (i.e., attitudes and percegtiof PEV ownership and operational costs), and
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contextual factors (i.e., consumer attitudes ardgpions of pro-PEV policies and regulations,

and the way in which these policies are framedamdextualized).

With regards to exhibiting a “pro-environmentaBHaviour, their review was in line the
aforementioned findings on the level of environmadisin discussed in the consumer
characteristics section. In short, explanatoryistidn the matter are mixed. Pro-environmental
values, beliefs, attitudes, and norms are showpositively affect the adoption intentions of
some consumers while others were either unawas&eaptical of the benefits and/or impacts of
PEVs on the environment. A critical concept in thegard is the attitude-action gap, in which
positive attitudes about a specific behaviour may consistently result in adoption of that
behaviour. Research looking at how to close thig gaggests enhancing consumers’ self-
efficacy (feelings around their ability to persdpahake a difference) and exploring the effect of

different contextual factors, such as policies addcational framing, on consumer self-efficacy.

Rezvani et al. (2015) found in their review of thierature that as an innovative
technology, PEV adoption could improve if their quatibility with consumers’ everyday lives
and existing habits were improved. Greater compiyilzould be achieved with improvements
in suitable charging infrastructure and how mantuii@s or companies deliver the technology to
consumers, separating battery ownership from cameoship is one such example from the
literature. On the reverse side, some consumersh@ayorry about the pace of innovation and
technological development, fearing technologicadadescence and waiting for current barriers
to be resolved. For instance, as battery perforenanproves, consumers may worry that future
PEVs will offer longer driving ranges and/or shortdarging times. This could potentially

encourage some consumers to delay purchasing a PEV.

Consumers often place symbolic meanings or vabmegroducts as a means to express
their personal identity or social positioning yiet,date, studies have not explored this aspect of
PEV ownership (Morton et al., 2011). Rezvani et(2015) noted that current research on the
symbolic meaning of PEVs and their effect on sedfntity tends to be restricted to pro-
environmental and pro-technology/innovation expoess Future research should aim to
understand the symbolic meanings placed on PEVstlandiesired self-identities of potential
adopters as well as their impacts on consumer’shasing intentions. Differences in symbolic

meanings and/or self-identities could arise betweeuntries or technologies (i.e., BEV vs.

110



Master’'s Thesis — S. Q. Hachey; McMaster Universichool of Geography & Earth Sciences

PHEV). Desirability bias among survey respondeiats pose a challenge when attempting to
uncover hidden symbolic meanings, suggesting saétrmation must be obtained through

indirect questions to limit potential biases (Re®wt al., 2015).

Emotional impacts on consumer’s attitudes and hasging intentions were found to be
the most overlooked and least researched topi¢snaite PEV adoption literature (Rezvani et
al., 2015). Hedonic attributes of PEV use coultabearea of future investigation as well as the
precursors to and outcomes of these emotions aed #mpact on PEV adoption. This
information could prove invaluable for PEV marketiand educational, and policy initiatives to
increasing adoption. Similarly, Morton et al. (20Xketermined in their review of the literature
that impulsive and unconscious socio-physiologiéattors, such as emotions, identity,
symbolism, and personality, should be includeduiure research that aims to adequately model

car choice among potential consumers.

6.6 Policies and Regulations to Support Widespreatldoption

In their review, Coffman et al. (2017) categorizeaicy measures used to support PEV
adoption as financial and non-financial (use-bagsmhntives, increasing availability to charging
infrastructure, and increasing public education awdreness. The first category includes
government subsidies on new PEV purchases or tmtag on vehicle registration fees as well
as other benefits for PEV drivers: reduced or elated fees for road tolls or congestion charges,
unrestricted access to high occupancy vehicle (H@¥gs, high occupancy toll (HOT) lanes
and/or bus lanes, and free or preferred publicipgriVhile vehicle subsidies address the higher
fixed costs of PEVs, namely their higher initiargliase price, use-based incentives decrease the

marginal costs of driving a PEV.

Langbroek, Franklin, & Susilo (2016) conductedtaex choice experiment to uncover
consumers’ perspectives on incentive policies Y ® In this particular study, free parking was
found to be the most highly valued incentive, higian current PEV subsidies in Sweden. Free
charging was the second most valued while accesmidolanes, though still significant, was
valued lower. When combined, the value assignedhése three use-based incentives was
equivalent to more than €10,000. The authors ad$erchined that consumers considered to be at
a more advanced stage of behavioural change towRES adoption (meaning they have a

higher intrinsic motivation to adopt a PEV) hadwér price sensitivity and were therefore more
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likely to adopt a PEV in the future. Survey respaemd were grouped into stages of behavioural
change based on socio-economic characteristics smuib-cognitive constructs including
knowledge of PEVs, attitudes towards PEVs, and |lefeself-efficacy. The researchers
concluded that, perhaps, policy makers should focuadvancing individuals further along these
stages of behavioural change through educationireordased awareness of the advantages of
PEVs so that less extensive, more affordable imnvemiackages could be designed to target

these individuals specifically.

While there is existing literature on consumerspectives of PEV-supportive policies,
Coffman et al. (2017) noted a dearth of empirieslearch on whether or not existing incentives
actually increase PEV uptake. Limited data on thecant PEV market was hypothesized to be a
contributing factor to this lack of information. @y concluded that the literature on the impact of
PEV incentives is mixed but noted that the magmitahd type of incentives offered are
significant. For instance, Sierzchula et al. (20felnd that financial incentives (greater than
$2,000) and increased charging infrastructure voetd positively correlated with PEV uptake
across 30 different countries, but cautioned thet does not necessarily demonstrate a causal
relationship between policy and uptake. Increaskdrging infrastructure was a stronger
predictor of PEV adoption than financial incentileeg the policies are highly complementary. It
was suggested that other underlying factors likeflyenced adoption in some countries and that
such factors should not be overlooked. Chargintagtfucture appears to be important to PEV
market share, but the literature has yet to sorttloe direction of causality between the two
(Coffman et al., 2017).

As previously discussed, the literature has showat potential consumers are often
misinformed or unaware of the potential benefit®BNs and their characteristics. The literature
has also shown that consumers often lack the kmimelenecessary to accurately assess
differences in TCO between PEVs and ICEVs. Misinfation or information deficiencies can
therefore bias consumers against purchasing a R¥vVernments should therefore invest in
initiatives aimed at correcting consumer misconoggt around the maintenance and fuel costs

of PEVs to increase adoption (Coffman et al., 2017)
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6.6.1 Norway'’s Progressive Electric Vehicle Policge

Norway is a good example of how government potiag be useful in expanding PEV
market share given a favourable environment. Thaty leads the world with the highest level
of PEV market share: In 2016, PEVs accounted fstr gwer 29% of all new vehicles sold (i.e.,
15.7% from BEVs and 13.4% from PHEVs; EAFO, n.&jnong the country’s total vehicle
fleet, PEVs accounted for 2.8% in 2015 (Figenba@®16). Norway’s generous incentive
program began in 1990, but has developed overtneclude additional incentives and became
entrenched in Norway’s official climate change &gy in 2012. Below is a breakdown of
Norway's PEV incentives and the year in which eadficy took effect (Haugnland, Bu, &
Hauge, 2016):

Financial Incentives

- Purchase/import tax exemption — 1990

- Lowered annual road tax — 1996

- Company car taxes reduced to half — 2000

- Exemption from the 25% Value added Tax (VAT) (Nogguivalent to a goods and
services tax [GST] in Canada) on the purchase 4 B0Cease — 2015 of a new PEV

Use-based Incentives

Exempt from road tolls — 1997, and ferry tolls -020
Free municipal parking — 1999

Access to bus-only lanes — 2005

Due to the growing market share of PEVs acrossctheitry, control over use-based
incentives was placed under the jurisdiction of raipal governments as of 2017 and are now
subject to change. Road and ferry tolls will alelly be switched to a pricing scheme that is
based on C@and NQ emissions. Financial incentives will remain unaech until 2018, when
they will be revised and phased out over time a¥ Rtarket share reaches a critical threshold
and so-called “neighbourhood effects” begin to ta&kl through increased awareness and word

of mouth from existing PEV owners (Haugneland et2016).

Figenbaum (2016) analyzed the PEV market in Norasgy the factors leading to their
success using the Multi-level Perspective (MLPhditon theory. Despite having generous tax
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incentives on PEVs since 1990, the PEV market sharélorway did not take off until
incumbent mass-market vehicle manufacturers begaiffér BEVs with lithium-ion batteries in
2010. The analysis revealed that Norway's incenpiragram did not become effective until the
availability of BEVs increased because of growingeinational pressures to reduce emissions
and advancements in battery technology. It is notdw that Norway's PEV incentives
remained in place long enough to be impactful bat they continued to develop and improve
the environment for PEV adoption over time. Unti13, Norway's tax subsidies lowered the
price disadvantage of BEVs so that they could cdepgdfectively with gasoline and diesel
ICEVs. Since then, the same subsidies have proadsmst advantage to BEVs over ICEVs as a
result of falling battery costs. The literature loéten pointed to the additional costs of PEVs as a
significant deterrent for potential adopters. Noywaas able to leverage its existing transport tax
regime that makes use of high registration taxesnéw vehicles, annual taxes on existing
vehicles, high fuel taxes, and numerous road tollsolster the success of its pro-PEV policies
(Figenbaum, 2016). Furthermore, 96% of Norway'steleity comes from hydroelectric dams
and is relatively inexpensive, which together wiitle above context makes widespread PEV

adoption a sound political strategy and climatengegpolicy.

Another mounting pressure that favoured PEV adoptvas the steady expansion in the
number of tolls around city centers and along primraads in Norway. This expansion helped
grow the BEV niche market geographically as weliresease the impact of the incentives over
time. The relative success of first generation BEVINOrway suggests consumers are both
willing and able to meet their daily transportatioeeds given the modest all-electric range of
vehicles like the Nissan Leaf and the VW e-GolfrMay’s top-selling PEVs in 2015. The report
however did acknowledge that charging infrastrietwould be essential to encourage PEV

adoption among customers with longer commutesarfuture (Figenbaum, 2016).

Despite the apparent success of Norway’'s PEV igslimaysayers have suggested that
the program encourages higher-income householgsrtthase a second vehicle they may have
otherwise foregone. Holtsmark & Skonhoft (2014) gesjed that several environmental
challenges would result from the increase in medtiicle households and stated that as a policy
instrument to reduce GHG emissions, the countrywspglicy misses the mark. Holtsmark &

Skonhoft (2014) go on to say that due to the higt of PEV incentive programs, government’s
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would be better off purchasing emissions crediteugh the EU’s emission trading system,
effectively making Norway carbon neutral. The aushalso argued that if the rights to a large
number of emissions credits were to be purchasddemain unused that the decrease in supply
would cause quota prices to increase, possiblyriboing to a technological push towards
ZEVs. The main argument is that the enormous doBEY subsidies cannot be justified by the
emissions savings that are achieved by driving ¥4, BEggesting subsidizing PEVs is ineffective
at reducing emissions and even counterproductieetadwnintended consequences. The authors
conclude that Norway should discontinue its incgntprogram as soon as possible and
discourage other countries from emulating the Ngrare model. The solution, they argue, is to
restrict car use with more aggressive taxes ta lihe many social impacts associated with all

types of automobility.

Despite such stark criticism, it can be argued gwvernment subsidies are essential,
along with increased availability of PEVs, to induearly adoption by making PEVs cost
competitive so that as market share increasestiywsionsumer interactions through word of
mouth and neighbourhood effects can take over @agitical mass of adoption has been
achieved (Haughneland et al., 2016). The PEV mashkate in Norway would have likely not
been achieved without having subsidies in places @y has to look to neighbouring European
countries with less generous subsidies (or noralato realize the effectiveness of Norway’s

policy program.

Although it can be argued that Norway’s subsidiage been effective in increasing the
rate of PEV adoption, it is not yet certain whetttes demand will continue to grow once the
subsidies are scaled back. Countries around thiel wulf likely be watching to see if Norway is
successful in its pursuit to become a leader in R&hnology and continue to grow sales of
ZEVs when it begins to wean buyers off the geneinasntives that have so far been used to
grow the PEV market (Autovista Group, 2017). Tharent Norwegian government has
extended the life of its main PEV tax incentivesgioally scheduled to be reduced in 2018, until
2020 (Milne, 2017). The current incentive regimexsremely costly for both national and local
governments, which will need to determine an effecmeans of increasing taxation on PEVs
without drastically reducing their demand and stikarly favouring the sale of PEVs over

ICEVs. In neighbouring Denmark for instance, s&eBEV fell by over 60% year-over-year in
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the first quarter of 2017 following their decisitmphase out PEV incentives between 2016 and
2020 (Levring, 2017). The government later decitedelay and alter its original plan to phase
out PEV incentives, likely after recognizing theagh decline in PEV sales. Denmark’s
experience could be a sign that the market is ebpsepared to embrace PEVs in the absence of
government incentives and should act as a cautidade for other jurisdictions looking at how

to effectively reduce current PEVs subsidies.

6.6.2 Pro-Electric Vehicle Policies and Initiativesn Canada

A part of its Climate Change Action Plan (CCAM)e tgovernment of Ontario recently
enhancetf its Electric Vehicle Incentive Program (EVIP), whibegan in 2010, to make it more
affordable for people across the province to adotEV and reduce the province’s share of
GHG emissions while emphasizing support for ZEV8 B&Vs with larger batteries and greater
seating capacity (MTO, 2017; Plug 'n Drive, 2017The rationale for removing caps on
incentives for higher priced vehicles was that sushicles tend to have much greater all-electric
ranges and therefore have a greater impact on iemssgeductions. The revised EVIP provides
eligible BEVs and PHEVs with incentives of $6,00814,000 with up to an additional $1,000
for the purchase and installation of fast-chargaggiipment for home or work as part of the
province’s Electric Vehicle Charging Incentive Pra.

Ontario’s long-term climate change strategy iseduce GHG emissions by 80% below
1990 levels by 2050 (Ontario, 2015). To ensure @sgtowards this goal, the province also set
a target for 2020 of 15% below 1990 levels andmdgeadded a second intermediate target of
37% below 1990 levels by 2030. Several action avesre outlined in the province’s CCAP to
ensure compliance with these targets, with trariapon as the first sector to be highlighted in
the report. Transport accounted for one third otafla’s total GHG emissions, while road
transportation (i.e., cars and trucks) accounted/6%6 of this total. Increasing the province’s
share of PEVs is one of the actions aimed at reduGHG emissions in the sector. The Province
set targets for electric and hydrogen vehiclesivd percent of new vehicles sales by 2020
(Ontario, 2016).

%A cap limiting incentives to 30% of a vehicle’s nudacturer's suggested retail price and a cap of
$3,000 on vehicle’s with an MSRP between $75,08050,000 were removed (MTO, 2017)
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The province intends to achieve this goal by naanimig EVIP through 2020 as well as
implementing several other planned programs inténdeincrease adoption: eliminating the
harmonized sales tax (HST) on ZEVs in conjunctiathwhe federal government as early as
2018, establishing a four-year EV charging progreith free overnight charging for residential
customers as early as 2017, and vehicle rebatelverand moderate-income households to
help them replace older and less fuel-efficienticdles with new or used PEVs (Ontario, 2016).
The province also hopes make charging infrastrectnore widely available by investing in
charging stations in workplaces, multi-unit resig@nbuildings, and along major transportation
corridors; ensuring new homes with a garage argpqd with a 240-volt plug; and requiring
new commercial buildings and designated workplasesequipped with a minimum number of

charging spots.

The only other Canadian provinces to offer anyt ®brPEV incentives are BC and
Québec. Québec offers $8,000 for eligible BEVs BRMEVs depending on the energy storage
capacity of the vehicle’s battery (Québec, 2012er€ is also up to $600 in financial assistance
available for the purchase and installation of #gitkde home charging station. In BC, the
government offers incentives of up to $5,000 ogikle PEVs (NCDA, 2017). At the federal
level, the Canadian Government recently pledgedaas of its 2016 budget, $62.5 million to
support infrastructure projects for AFVs, includirREVsS, as part of its commitment to
“providing national leadership on climate changeidapursuing economic growth through
“investments in green infrastructure, clean tecbgias and lower-carbon transportation options”
(NRCan, 2016).

6.6.3 The Canadian Electric Vehicle Market

Canadians purchased 11,060 new PEVs in 2016, thareever before (Stevens, 2017).
The 2016 sales figures represent a 56% increasdlmy@revious year’s sales of 7,072 and more
than double the 5,356 PEVs sold in 2014. At the@r2D16, the country’s total PEV fleet sat at
29,210 vehicles, but remained highly concentratétthinvthree provinces: Québec — 13,464,
Ontario — 9,179, and BC — 5,397. These three poagirare the only Canadian provinces with
incentive programs for PEVs in place and accoufted®5% of PEV sales in 2016. Ontario
experienced the strongest year-over-year growtR0ib6 at 68%, while BC saw more modest
year-over-year growth of 38%. Both Québec and BiCahsignificant milestone in 2016 with
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PEV sales surpassing one percent of their resgeatinual motor vehicles sales while Ontario’s
PEV share was only half a percent (Stevens, 2@ath Ontario and Québec have set provincial
targets for PEV adoption in 2020 as part of thdanpto reduce GHG emissions but both

provinces must experience exponential growth totnmestated targets on time (Stevens, 2017).

Keeping in mind the above literature review on gleamobility and the current PEV
market in Canada, the next chapter will considergérspective of OEMs in a transition toward
electrified transportation as well as discuss tim@artance of business model innovation in
achieving greater PEV market share. Additionallyy ®ill be discussed as a technological
tailwind for MFR as well as the potential synerdileat exist between AM and EM in the context
of MFR.
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Chapter 7 The Role of Electric Mobility in a Future Automotive Ecosystem

7.1 Introduction

The rate of PEV adoption is accelerating in majotomotive markets like the US, and
increasingly in Europe and China due to a combnmatf factors including government
subsidies, declining battery costs, tightening emrental regulations, increasing investments
and commitments by incumbent OEMs, and growing eores demand; as such, the automotive
industry will likely need to undergo a significamtansformation (Christensen, Wells, &
Cipcigan, 2012; McKerracher et al., 2016). An irtdas ecosystem based on EM would bring
together utility companies (electricity generat@nsd distributors); downstream oil and gas
providers; the existing automotive sector (manuwfiasy and sales); the public sector including
local and municipal authorities; the technologytse¢telecommunication providers and digital
mapping and information suppliers); infrastructpreviders including roadways and parking,
and charging stations; new automotive suppliersh vekpertise in battery technology and
electrical systems; and new automotive intermeelagixploring new business models, including

new entrants and mobility service providers (AnderdMathews, & Rask, 2009).

Electric mobility is poised to create an arrayhefv opportunities and challenges for both
new and existing stakeholders of automotive vahares. For instance, utility companies would
be essential actors in an EM ecosystem, presenitddnew opportunities for value creation
(e.g., as operators of charging infrastructure)evliso potentially facing major challenges from
a demand management perspective (i.e., uncontrBlled charging could exacerbate demand
peaks). Although it creates new challenges for gpdrators, PEV charging also represents an
opportunity: PEVs can act not only as mobile sterdgvices, but as mobile generating devices
used to feed stored renewable energy back intgrideduring peak periods to alleviate demand
and possibly mitigate the need for additional gatieg capacity (Anderson et al., 2009). This
type of mutually beneficial arrangement betweerd grperators and PEV owners is often
referred to as a vehicle-to-grid (V2G) integratemd represents the next frontier in smart grid
management (Anderson et al., 2009). By compensdliivgrs for the stored energy they feed

back into the grid, V2G integration could reducstdmarriers to PEVs by subsidizing their TCO.

Similarly, conventional refueling stations, pauteErly in metropolitan areas where the

initial demand for PEVs is expected to be the gstashould anticipate slower growth and even

119



Master’'s Thesis — S. Q. Hachey; McMaster Universichool of Geography & Earth Sciences

reduced demand because of EM. These providers sey to reconsider their primary business
model to mitigate such losses, perhaps by installievel 3 fast charging stations. Increasing
access to fast charging would likely positivelyeatf PEV adoption by easing range anxiety in
potential consumers, which remains a significamtiéa Notable however is a new generation of
long range BEVs that could possibly negate the rfeediast networks of public chargers as
most private vehicle owners would likely plug-intadme overnight when electricity rates are
cheapest. This further complicates the relationsbgiween PEV adoption and charging
infrastructure, as it is uncertain if the largeaestment into a public charging network would

have the desired impact and ROI.

Alternatively, public charging infrastructure wilkely be pivotal for high utilization
PEVs used as part of future mobility trends (esbgred mobility, ride hailing and taxi services,
and autonomous vehicles), and in urban areas vdmestreet parking is common (McKerracher
et al., 2016). However, until the market share &VP is sufficient to justify this type of
investment and ensure adequate ROI, it is unlikey oil and gas providers will want to install
charging capacity and explore alternative businesslels. As such, governments will be
required to spearhead the initial push and investrigo public charging infrastructure®
Tesla’s exclusive-use network of superchargersiallyi designed to enable long distance travel

for its owners, is one notable exception of an OBRWXesting in charging infrastructure.

The use of PEVs necessarily entails a shift—pesteen a full transformation—in the
existing automotive ecosystem to accommodate niyt @madical new technology, but also a
new network of connections, partnerships, and acteyns that emerge from the multiplying
number of stakeholders involved in the automotiv@sgstem as a result of EM (Dammenhain &
Ulmer, 2012; Kley, Lerch, & Dallinger, 2012). Thisew industrial ecosystem will include
established industry actors, such as automotive ©&hdl their networks of suppliers, as well as
a range of new actors and stakeholders involvethatnterface between PEV users and the
electrical grid: IT providers, EM providers and lia@ology suppliers, public sector projects and

initiatives, providers of charging and battery spiag infrastructure, electrical utilities, grid

17 california has invested more than USD $38 milliotoicommercial, workplace, residential and fast
charging infrastructure (California energy commissi2017).
18 An Ontario Government grant program has awardedyn€AD $20 million in public private
partnerships for Level 2 and 3 EV charging statidn$O, 2017b).
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operators, and all levels of government (Dammen8aldimer, 2012). In essence, social and
industrial systems that were previously distincdemthe existing paradigm would need to
interact and, likely forge new connections and mpathips with one another (Wells, 2013). For
instance, the production and use of PEVs will lthe automobile industry and the personal
transport sector with electrical utilities, battggoducers, software and electronics producers,

and metal industries in unprecedented ways.

A transition towards EM requires commensurate ghanin several related areas
including charging infrastructure, government téatand incentive programs, insurance
policies to accommodate new mobility concéhtspecialized maintenance and aftercare
facilities for PEVs, and other affiliated sectonsdabusinesses (Wells, 2013). Merging these
previously distinct systems together adds compfebiit also presents an array of new prospects
for potential partnerships, business models, ardevereation for all involved. A future EM
ecosystem will inexorably look quite different frotine system that currently exists. There is
mounting pressure on all involved stakeholderslotiag the public sector) to plan strategically
for the future by exploiting business model innawas and novel technologies to position

themselves favourably in a future characterizeddawy mobility trends, including EM.

7.2 Challenges Facing Automakers’ Electric Vehicl&trategy

The stakes are high for those involved in EM; hesvethe threat to existing VMs is
even higher (Hensley, Knupfer, & Pinner, 2009).hftsowards PEVs would have a significant
effect on all aspects of the automotive supply rtheom inbound and outbound logistics to in-
house competencies, namely ICEs and transmissiing,(2012). As the demand for PEVs
increases, VMs will have to reinvent how they ceeatd capture value by developing new core
competencies and new business models to survige increasingly competitive EM ecosystem.
Initially, battery manufacturers and tier-one sugsl will likely control much of the value
associated with battery technologies and theirtedlalectronics, meaning VMs will have to
determine how to best develop their relationshifhvhese stakeholders over time. Most VMs

have, to date, partnered with battery manufactucedevelop first generation EVs.

19 Some Canadian insurance providers have alreadynliecaccommodate insurance gaps created by
ride hailing services offered through Uber and (¢@BC, 2016).
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Looking ahead, VM should develop a plan to capthesvalue implicit in owning the
software and electronic components that determime dactual performance measures of
electrified powertrains, including power- and thatftmanagement systems. This move is critical
to ensuring that the bulk of the new value implicitPEVs is not left in the hands of their
suppliers (Hensley, Knupfer, & Pinner, 2009). Byngag new competencies with respect to
PEVs, OEMs can create value for performance-ortesttnsumers by designing a distinctive
driving experience and maximizing the inherent geriance advantages of electrification.
Electric motors offer superior acceleration to I@&hicles because electric power is available
immediately and equally at all speeds, creatingigue driving experience. On the other hand,
the energy density of currently available battehese yet to match that of ICEVs, meaning
PEVs tend to have a lower range than what custoareraccustomed to. One way of enhancing
the range of PEVs is by seeking weight reductieither through lightweight materials and/or
through design efficiency: tailoring vehicle desgio specific needs (e.g., urban living) rather
than offering multi-purpose vehicles characteribgdsuperfluous design elements and features
(Bohnsack, 2013). The heavy all-steel body thatasttarizes traditional ICEVs is not only ill

suited for PEVs in terms of weight, but also imtsrof production flexibility.

The longer payback period associated with highieed PEVs suggests that owners may
need to extend the lifespan of their vehicle twmffthe technology, which could reduce net
automobile demand. This could require VMs to sti@ emphasis of their business towards
value captured during the use phase of vehiclérdahan focusing exclusively on new vehicle
sales (Wells, 2013). In the future, minimizing thietime “usership” costs (or TCO) for
consumers will become more important than miningzthe initial purchase price given the
anticipated shift towards more sustainable formsnobility, including EM and novel mobility
concepts. Strategic planning to acquire new capiabiland to create new value propositions
with their business models should start now as/eatbpters begin to create a substantial market
for electric vehicles, especially in the face ofgmment incentives that are helping to bridge the

price gap that still exists between PEVs and ICEVs.

Electric vehicles will likely have an increasingtifsruptive effect on the automotive
industry as their market share burgeons along wadathsumer demand due in part to ongoing

technological improvements driving down the cosbatteries, greater availability of long range
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BEVs, and larger public charging networks (Knupfdensley, Hertzke, & Schaufuss, 2017).

Simultaneously, automakers are facing increasisfipgent regulatory requirements at various
levels of government to increase fleet-average &geinomy and increase the sale of ZEVs.
Despite these multiple and compounding pressur@svest in PEVs, OEMs face four primary

challenges that—if left unaddressed—could hindeir throfitability when it comes to the sale of

PEVs: unfavourable battery economics; the traddraff between ICE optimization and PEV

technology; capital competition among mobility meégends; and lastly, a mismatch between the
supply and demand of PEVs.

7.2.1 Unfavourable Battery Economics

Despite continuing progress to reduce batteryegrigvhich have fallen nearly 80% since
2010, unfavourable battery economics could persist-a profitability barrier for OEMs—for
the next two to three product cycles (Knupfer et2017). Estimates of battery costs reveal that
price parity with ICEs may not occur until sometitmetween 2025 and 2030. This means that
OEMs may have to contend with the possibility thety will lose money on each PEV they sell
until battery prices are in line with ICEsAs a large incumbent OEM, GM is willing to absarb
financial loss on each Bolt EV it sells to enhairtsérand image and its appeal to younger, tech
savvy consumer who may not have otherwise considareChevrolet. In addition, GM is
demonstrating that it can compete with new compestiike Tesla, which appeared to be leading
the way for BEVs before the release of the Bolt—fie mass market priced long range EV
(Welch & Lippert, 2016).

7.2.2 Internal Combustion Engine Optimization vs. Bchnological Innovation

The unfavourable prospects for the profitabilifyREVs create a challenging and risky
environment for VMs. On the one hand, they must glgmvith environmental regulations or
face financial penalties, while on the other, thayst make rational business decisions regarding
their bottom line. This involves making trade-olfetween investments in ICE optimization—
which is likely to remain their primary profit dev over the short term and a core component of
future HEVs and PHEVs—and R&D investment to devdlapre PEVs (Knupfer et al., 2017).

Most global VMs have chosen to pursue incremem@irovements to ICEs over investing too

20 Reportedly, GM loses between $8,000 and $9,000verydolt EV it sells while Sergio Marchionne
said in 2014 that FCA lost $14,000 on each FiatBBY it sold in California to comply with regulatie
(Welch & Lippert, 2016)
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heavily in AFVs, but Knupfer et al. (2017) estimdteat a sizeable gap is likely to remain
between CQ@ reductions obtained with through incremental inweroents and the anticipated
future regulatory requirements for G@missions. More efficient ICEVs may seem favouratil

the moment but, this is unlikely to continue ashesmund of efficiency improvements delivers

diminishing efficiency returns and costs more ttianlast.

7.2.3 Increasing Capital Competition from Other Mohlity Mega-Trends

Electrification is not the only mega-trend constireg the capital of VMs. It is
anticipated that EM will evolve alongside other araechnology-driven trends: connected cars,
autonomous driving features, and new mobility cptedMcKerracher et al., 2016). As these
technologies develop, they are likely to becoms Isslated and increasingly become mutually
reinforcing as they are combined and their synergieploited through new business models.
Nevertheless, at this point in their developmemtythepresent competing priorities for OEMs,
further squeezing their already limited investmeapital for R&D and creating a so-called
“capital crunch” (Knupfer et al., 2017). Investmernhto PEVs must compete against ICE
optimization, which has a higher short term ROIt &lso, increasingly, against other nascent
technological innovations. With competition for ¢ap funding increasing on multiple fronts,
the importance of determining how, when, and wherdisinvest human and financial capital in
ICE technology is even more critical (Knupfer et @017). Moving forward, automakers must
attempt to predict and understand the pace and déwmpact that each of these tech-trends will
have along with any potential trade-offs that widled to be made to craft an appropriate plan for
the future that, ideally, maximizes any potentipkides while simultaneously minimizing any
anticipated adverse effects of each technology (dc&Cher et al., 2016).

7.2.4 Supply-Demand Mismatch

A significant impact and challenge related to éhespital constraints at VMs is the
incongruity between current consumer demands aniecially available PEVs. The number
of PEVs available on the market today has growrstsuitially over the last few years, but there
remains a mismatch between the PEVs that are alai#ad the models, platforms, body styles,
and features that are being demanded by nasceuyt abopters (Knupfer et al., 2017). For
instance, small car-based crossovers have beerriexgpeag double-digit growth in major

automotive markets in China, North America, anddpet but they are not yet well represented
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in the PEV market. This suggests that capital caims at VMs are restricting the range of PEVs
available on the market creating a barrier to iasirey demand.

7.3 How Can Automakers Be Profitable in an Electriled Mobility Ecosystem?

Provided the likelihood of a future automotive ggsiem that incorporates EM to a
significant degree, how can individual firms ensthat they will remain profitable given the
major challenges outlined above? Analysts sugdest@EMs must combine both their internal
and external capacities to ready themselves foarssition towards widespread PEV adoption,
which could potentially rework how value is createdd how profits are generated in the
automotive ecosystem (Knupfer et al., 2017). Theates difficult circumstances for automakers
who will have limited maneuverability as they exglmew strategies while increasingly relying
on trial and error to determine which one is mdstotive. Automotive OEMs will have to
strengthen their understanding of the diverse peafees held by potential PEV consumers and
determine how this knowledge can be used to inftmen development of a corporate EM
strategy. For instance, surveys conducted in theaktSin Germany have noted a gap between
the perceived charging requirements and range gnafepotential PEV consumers versus the
actual driving experience of PEV owners. Partly tdbating to this are the misconceptions
potential consumers often have about the technoklgy the lack of information regarding
lifetime costs or TCO, reliability, and driving espence among others. Appropriate marketing
and consumer education will be necessary to disitonceptions and shift the focus towards
the considerably lower lifetime maintenance co$tBEVs and their enhanced performance and
driving experience thanks to instantaneous tordaetors often deemed important by early
adopters (Knupfer et al., 2017).

Along with a deep understanding of consumer pesfegs, traditional VMs should
harness their inherent advantage over new entrdetsla has been successful in generating
crucial consumer enthusiasm and media buzz arotmgbroducts and its brand to ensure
consumers are willing to pay a premium for its tealbgy and the Tesla badge. However, survey
results by Knupfer et al. (2017) show that consgm@ace the highest levels of trust in
traditional brands with a much longer legacy in theéustry. According to the authors, these
results suggest that a potentially fruitful strgtégr established automakers to leverage their

brands and their history, while also generating@esque excitement, could be to introduce a
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sub-brand that focuses exclusively on electrifietlisles—in similar fashion to what BMW has
done with its ” branded PEVSs, the i3 and i8. Sub-branding has ba®m used in the industry to
emphasize higher performance variants such as Mese&MG, BMW M, and Audi RS.
Perhaps the same sort of strategy could be usefuéntourage greater excitement and
desirability around PEVs. Existing global OEMs wilave to learn how to use their vast
knowledge and existing brand power to maintain mahare in the face of intensifying
competition as technology companies and new estnagnture into the automotive ecosystem
fueled by the aforementioned technology drivendsetimat are evolving alongside EM.

Automotive OEMs must also attempt to understand atentify differences in the
preferences of existing versus emerging consumgmeaets. Depending on their stage of
adoption, current early adopters will likely havdéfedent preferences than adopters in later
stages. The varying needs and expectations ofitfezesht consumer “horizons” should not be
overlooked. Knupfer et al. (2017) suggested thatehs currently a market for more basic EM
solutions that do not require an ICE equivalenttele range. Specifically, consumers familiar
with PEVs may have distinct expectations that aceemn line with current technologies and
that are different from those of consumers in |stages of adoption who are less willing to
make compromises or to pay for innovative technekdJnderstanding the differences between
various consumer horizons could be crucial to frgmmarketing campaigns and packaging
vehicle features appropriately to attract both teagsand emerging consumer segments as part of

an EM strategy that evolves alongside the market.

When it comes to meeting the needs of mass madtetumers who are likely to have
higher expectations for PEVs in terms of rangefqoarance, and vehicles features but who are
similarly unwilling to pay a premium for such prefaces, VMs will likely have to explore new
strategies—or potentially, entirely new businesslel®—in order to meet the needs of these
consumers while remaining profitable. This willdlg require OEMs to move away from their
current model of selling mobility products (i.eimply selling new vehicles) to selling MaaS, or
as an integrated package of products and servi€éeapfer et al., 2017). Embracing new
mobility concepts in their business models will émsential if traditional VMs are to remain
profitable and competitive; one possibility is toifs the economics of PEV ownership away

from the initial costs or purchase price to lifetinsosts or TCO. Successful strategies will
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leverage the unique capabilities of PEVs in ordesdtisfy consumer demands in an entirely new
way while also providing automakers with a mechanif offering consumers more capable
PEVs at higher price points by focusing on TCO aelling mobility rather than car ownership
through user fees, subscriptions, or compreherisage agreements (Knupfer et al., 2017). If
implemented promptly and properly, this could pdeva first mover advantage and potentially a
larger share of the nascent long-range PEV market.

7.4 New Business Models for Electric Mobility

The business model concept is taking on a notaiidein both academic and business
literature with regards to EM and sustainable egcwmvation in the automotive industry. The
primary motivation for developing a new businessdeimr re-structuring a pre-existing model
is to increase consumer benefits by satisfying theliceived needs with innovative solutions and
approaches (Kley et al.,, 2011). Innovative businesslels can also be useful in securing a
competitive advantage against rival firms and, egree, bypassing traditional incumbents by
finding new ways of creating and capturing valued@@rsen et al., 2009). There is growing
intrigue into the business model concept with respe EM as it could be a useful mechanism
for VMs to offset the higher cost of PEVs and immroconsumer acceptance through the
provision of additional services and creating new anique value opportunities. Christensen et
al. (2012) pointed out that business model evatui® primarily triggered by some sort of
technological innovation, either in the productsees or in the underlying business process, or
by economic distress within the existing businesxieh that reduces its competitive power.
Christensen et al. (2012) agreed that business Iniodevations often “emerge in turbulent
technological, economic and regulatory context, whew ways of conducting business become
possible” (p. 499) or in the case of the automofivdustry when new ways of conducting
business become necessary with regards to contineemhomic and environmental
sustainability.

The global automotive industry, arguably, satsfiall of these pre-conditions.
Electrification represents a radical technologicalange while the industry itself can be
characterized by repeated periods of economicedistivith some global automakers having
reported prolonged periods of financial losses iajam traditional automotive markets.

California’s ARB was also a leader in implementmagical environmental regulations requiring
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automakers to invest in ZEV technologies. Gives tluntext, automotive stakeholders should be
exploring alternative business models in an etimestablish a competitive advantage in light of
new competitors and new industry dynamics. Furtloeembusiness model innovation is often

considered a prerequisite for the widespread aaneptand adoption of PEVs and, therefore, the
broader sustainability benefits of the technolo@ri{stensen et al., 2012; Beaume & Midler,

2009). Electric mobility not only represents an ogpnity to explore new business models, but
EM itself requires new business models in orddodoome competitive in mainstream markets

against existing technologies.

A business model “describes the design or ardhitecof the value creation, delivery,
and capture mechanisms” explicitly or implicitly plmyed by a business enterprise, or more
simply it defines “the manner by which the entespridelivers value to consumers, entices
consumers to pay for value, and converts those paigio profit” (Teece, 2010, p.172). Based
on this definition, a generic business model camlibiEled into three primary elements: (a) the
value proposition; (b) the configuration of the walchain; and (C) the revenue model (Kley,
Lerch, & Dallinger, 2011). Kley et al., (2011) agguthat a shift within each of these elements is
inevitable in the context of EM because the industclassical business model—in large part
designed around the ICE—cannot simply be adaptaddommodate an innovation like EM due

to inherent technological restrictions.

Often considered a disruptive force in the autaweoindustry, Tesla’s business model
remains highly product-focused and shares manyegieswith the classical automotive business
model, including a traditional revenue model basedindividual ownership. Furthermore,
Tesla’s ambition to ramp up its production volurteesompete with industry incumbents reflects
its desire to manufacture BEVs within the industrgxisting production and consumption
paradigm. Tesla’s innovative value proposition stenstead from its novel direct sale retall
concept, which includes an online ordering procass the ability of some owners to access a
proprietary fast charging, inter-city superchargimgtwork free of charge to facilitate long
distance travel. This unique value proposition weasnded to reduce range anxiety and allow
Tesla owners to make long distance trips, previoushly suitable for an ICEV. The
configuration of Tesla’s value chain is somewhé#edent as it integrates new stakeholders at the

interface between the vehicle and the electrical gnd a new network of “refueling”
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infrastructure. However, Tesla’s revenue model sseatially unchanged in terms of how
consumers are able to pay for this value eithéreapoint of sale or by entering into a traditional

finance or lease agreement.

A variety of new business models could arise essalt of the interactions within a new
network of stakeholders involved with EM as theytsmut how to define, or re-define, their
share of the value chain. Self-contained businesdefa will no longer be able to operate in
isolation given their interaction with new stakelmis and the potential for new value
opportunities resulting from EM (Wells, 2013). Bidtcation will inevitably challenge
traditional VMs, as the necessary changes for ticeess of PEVs are likely to undermine their
existing business model, which is based primaniyttee production, distribution, and marketing
of finished steel-bodied ICEVs. Incumbents tendegist changes that conflict with their existing
business practices, procedures, and operationaisn(hristensen et al., 2012). This means new
entrants, who are more willing to consider new ambvative business models, might have an
advantage over their more established competiBobr{sack, 2013). There is some level of risk
and uncertainty involved with pursuing a new businmodel as it remains unclear at this point,
which strategy—or combination of strategies—wilbye to be the most effective or have the
greatest revenue stream. There is also, howe\sds,imi maintaining the status quo. There is
mounting pressure on all stakeholders to developmesiness models, as consumer increasingly
demand new value propositions and as first movegsnbto enter and disrupt the market with

innovative solutions to satisfy consumers’ mobildgmands (Kley et al., 2011).

The successful commercialization of PEVs will neguaccompanying business models
that can overcome the myriad socio-technical bartieat have, to date, dampened their demand
(Bohnsack, 2013). By itself, a technological innom&—no matter how superior—does not
guarantee commercial success. Superior technoladtes fail because of the ill-conceived
business model used to introduce them to the maaketll-defined business model is one that
establishes a target market and a strategy foudagtvalue from that market (Teece, 2010). An
innovative product that is new to consumers reguérdailored business model that effectively
enhances market acceptance and, ideally, providesompetitive advantage that is
distinguishable and not easily emulated by the aitipn. Wells (2013) contemplated in his

commentary on sustainable business models forutoemmtive industry the degree to which the
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lack of uptake of PEVs is due to the technologgliter to the lack of penetration of innovative

business models by either established brands ompfeyers in the industry.

A case study of the implementation of BEVs by EdMnpanyBetter Placein Denmark
revealed that even an innovative business modelkegaiwith a new technology can be
insufficient against the barriers to change embeddde established business practices
(Christensen et al., 2012). The authors contendadthe Better Place example illustrates that
business models should not simply be about how@ges create and capture value, but should
be about how related firms and agencies can bdmefikamining internal and external relations
of the business. For instance, the long-term sgcoéshe Better Place business model should
have included an evaluation of the number of PEN& tould be supported by the existing

electrical grid before having to increase its caéyansofar as it relates to PEV charging.

Despite the importance of business model innomaitiosupporting a transition to EM,
implementation is not a straightforward task. Elstdled businesses face significant barriers
when it comes to developing and experimenting wiv business models. Business managers
are less likely to embrace experimentation withifess models that threaten the value of the
enterprise’s existing assets. Incumbent firms ofesist disruptive innovations because of “the
conflict between the business model already estaddi for the existing technology, and that
which may be required to exploit the emerging, upsive technology” (Chesbrough, 2010, p.
358). What often ends up happening, and a curtaitenge for global automotive OEMSs, is the
established technologies are disproportionatelypdesd when it comes to the allocation of
capital and other resources. Significant barriersarket acceptance and diffusion of disruptive
technologies will always mean that innovative pradwvill have, at least initially, lower profit
margins than the established technology, a fudiencentive for firms to experiment with new

business models for these technologies.

7.5 Business Model Evolution: Incumbents vs. New Emnts

Bohnsack, Pinkse, and Kolk (2014) conducted aitgtiake analysis of PEV initiatives by
key industry players to determine the respectivpaich of path-dependent behaviour on the
approach, used by incumbent and entrepreneuriadsfilnew entrants), to business model
innovation by tracking changes to their value psipan, value network, and revenue/cost

model over time (2006 — 2010). The analysis idesttifour business model archetypes: Luxury
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specific-purpose (i.e. Tesla Roadster); luxury mrulirpose (i.e., Fisker Karma); Economy
specific-purpose (i.e., Think EVs and Daimler's2gwy with the Smart ForTwo electric-drive);

and economy multi-purpose (i.e., Chevy Volt, Niskeaf, Mitsubishi IMEV, Better Place).

The results generally indicated that the varibusiness model archetypes distinguished
in the analysis required different configuratiorisndegrated products and services to overcome
the primary technological barriers associated WiEVs: higher purchase price, limited driving
range, and uncertainty about battery lifespans Babk et al., 2014). The integration of a
service component to compensate for these bamis more important for EV initiatives
targeting the more price sensitive economy segnieitiatives targeting the less price sensitive
luxury segment were not only less concerned with liigher cost of PEVs but also on the
provision of services to compensate for the needrequent recharging. A common feature
among all four business model archetypes was thed @ evolution and change that occurred
throughout the five year study period (Bohnsackalet 2014). Of particular interest to the
researchers was the degree to which path-dependeficenced business model evolution
within each archetypes and if there were observalifierences in the approach used by

incumbent and entrepreneurial firms.

In accordance with the existing business modetdture, Bohnsack et al. (2014) found
that in the case of the car industry, incumbentficars approached their PEV business models
differently than did entrepreneurial car firms. Tloemer were focused mainly on efficiency for
value creation, with the goal of mass productianfrthe outset, while the latter were the main
source of novelty and business model innovation kuer diffused throughout the industry.
Incumbent firm were found to be the most influendsdpath-dependence, constraining their
behaviour to incremental innovations that were naréess in line with their existing business
logic, targeting the same consumer groups withoalymst focused business model. With respect
to business model evolution by incumbents, mostthef adjustments were made to the
cost/revenue model to save on costs and lowerutehase price of their PEVs. Incumbents also
made adjustments to other business model compoiesitgling the provision of additional
services (i.e., leasing batteries independentlyviding extended battery warranties, and
providing access to an ICEV for longer trips), amatsourcing core EV components from

external suppliers with the proper expertise. tiudth be acknowledged, however, that most of
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these tactics had been previously applied in tlstry to conventional ICEVs and were
therefore not entirely unfamiliar. A few notableceptions of incumbents straying further from
their traditional product focused business mode$ \Raimler’'s car sharing initiative car2go,
which made use of its Smart brand’s novel desighaternative retail and product strategy for
experimentation, and BMWissub-brand or purpose built PEVs (Bohnsack et QlL42

Entrepreneurial firms on the other hand were abléntroduce key novelties in their
business models to overcome inherent drawbacksciagsd with PEVs that later diffused
throughout the industry. Before evolving into mowevel business models, these firms initially
found innovative ways to create value for consumeisker and Tesla emphasized performance
and luxury within a consumer segment that was mgllio pay these premium features, including
superb acceleration. In the economy segment, Béti@re attempted to tackle the hassles
associated with having a limited range and havingequently recharging the car’s battery by
introducing a novel payment system through a mobitertphone application. Despite their
initial attempt to introduce novel business modehtegies, contingent events that were both
external and internal to the automotive industiy te greater convergence between incumbent
and entrepreneurial firms, which were now pursu@sg expensive PEVs that could be produced
at higher volumes. Thanks to the success and suésethalo effect” of the Tesla roadster,
Tesla gained a greater sense of legitimacy in thes eof consumers and was the only
entrepreneurial firm to sustain its activities begdhe five year study period that ended in 2010
(Bohnsack et al., 2014). This demonstrates theehnighsceptibility of entrepreneurial firms in

the face of contingencies such as the 2008 finhogss.

The global financial crisis was a major externatatyst that resulted in widespread
impacts to the automotive industry. The financiailduts of GM and Chrysler were contingent
upon certain sustainability requirements, whichpldl sustain EV development. Furthermore,
the US government launched the Advanced TechnoMefyicle Manufacturing direct loan
program, which allowed VMs to apply for loans tovelep PEVs and other green technologies
(Bohnsack et al., 2014). However, the program’ststimeframe favoured incumbent firms and
existing entrepreneurial firms that also had acdesexisting assets to benefit from these
incentives. Incumbents with larger internal revestreams to finance new projects were able to

move much faster in response to these incentivédang PEVs to market much sooner.
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Incumbents were able to leverage existing hybradiets and develop them into plug-in
versions with fairly minor technological changestiB GM and Nissan developed purpose-built
PEVs, with the Volt and Leaf respectively, by usiegjsting vehicle platforms. It was also
thought that over time, incumbents’ dealer networksild move towards being a significant
asset as they become involved in delivering newigeibased components as part of their value
proposition. A new entrepreneurial firm without &g complementary assets generally needs
much more time to bring a vehicle to market. Theszegpment loans also led to greater
convergence in the economy multi-purpose segmemnaepreneurial firms that had already
entered the market were able to use them to bro#usn business model. The halo effect
initially created around Tesla’s initial succestetaextended intdhe rest of the EV market.
Automakers began investing in their own internagdatalities under the growing assumption that
battery technology would become key to future caitigeness in the PEV market. Initially
however, it was the lack of control that incumbemds over batteries’ technological progress as
a result of outsourcing that subsequently led te kiey business model innovations (e.qg.,
substitution with and ICEV, battery swapping, anar sharing) that eventually diffused
throughout the automotive industry (Bohnsack et24114).

Incumbent firms were generally more resilient twamges resulting from contingent
events given their existing complementary assedsiaternal capital; whereas incumbent firms
dealt with greater uncertainty given that much it funding was dependent on government
grants and venture capital. This uncertainty arehigr susceptibility is evident in the fact that
Tesla is the only remaining entrepreneurial firrattivas studied. Path-dependent behaviour was
observed at incumbent firms with their dominantibess model logic, complementary assets,
and contingent events creating a self-reinforcirggnanism that kept them near to their existing
practices. Although it was expected that entrepreakfirms would focus on a primary business
model, making marginal adjustments over time byptidg knowledge from adjacent industries,
incumbent firms essentially did the same by foaysin a single business model as opposed to
experimenting with several different initiativesnsiltaneously. Most of the business model
changes made by the observed firms were small tatunés relating to the value network and
the revenue/cost model as opposed to more radigastenents to the core value proposition.
The authors also concluded that since the studyogeoccurred relatively early in the
development of the EV market, business model cramngmild become less pronounced over
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time as the industry approached a more stable. dtagtly, although many of the key business
model novelties were initiated by entrepreneuriiah$, the authors noted that incumbents were
actively developing their EV business model anddfore, felt that labelling them as followers

would have been inappropriate (Bohnsack et al.4p01

7.6 Business Model Innovation through Product-Sergie Systems

Similar to the novelties and business model iations initially pursued by
entrepreneurial firms, the notion that new and vatiwe business models are necessary to
overcome barriers to PEVs and increase their agnept and adoption among potential
consumers is gaining more recognition. A successisiness model innovation should structure
the value proposition in such a way that lowers T®hklle offering additional value added
benefits to consumers (Kley et al., 2011). Withpeed to PEVs, business model innovation
could be used to spread out their higher cost twerwvehicle’s lifetime by emphasizing TCO,
while ensuring VMs can remain profitable. Automakehould leverage current technology-
driven mobility trends as part of sustainable bessnmodel innovations to solidify their role in
future automotive value chains and to maximizertipeofitability potential while improving

consumer satisfaction.

The concept of integrating products and servioés & Product-Service Systems (PSS)
has become an increasingly relevant topic in th&ness and sustainability literature. Tukker
and Tischner (2006) defined PSS as “a mix of tdagiboducts and intangible services designed
and combined so that they are jointly capable dillfag final consumer needs”. Mont (2002)
suggested that the focus of a PSS should be otingesystem-based solutions that facilitate a
shift away from the dichotomy that exists betwegatems of production and consumption.
When defining PSS, the author included the integmnatof supporting networks and
infrastructure, along with products and servicesl suggested that to ensure its competitiveness
a PSS should be designed to satisfy consumerssra®t reduce environmental impacts to the
system. This broader definition of PSS is relewanEM because it requires new stakeholders
and networks of interactions between them, and inéwastructure with which consumers must

use and interact with in new ways.

The integration of products and services in a R&3ointly fulfill users’ needs

encompasses a range of strategies concerned wehmianagement of products throughout their
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life cycle in an effort to minimize environmentahpacts and to identify alternative profitable
revenue streams” (Williams, 2006, p. 176). New arati of ownership, new product designs and
services, and new forms of producer-consumer ictierass have all formed part of existing

business-to-business or business-to-consumer atitgra but have yet been unified into a
coherent whole to form a “full” PSS (Williams, 2006

Generally, OEMs have very few direct interactiovith consumers; those relationships
are forged and maintained by franchised dealerstmptheir behalf. In a PSS, VMs control the
consumer interface and retain ownership of thewdpcts, fundamentally changing how
producers interact with their products and theinstomers. By retaining ownership of their
products, producers would endeavour to limit lifeti costs by extending product lifespans and
improving durability. Manufacturers would also besponsible for taking back ELVs,
encouraging product designs for easy recyclabditg upgradability, and bringing circularity to
their supply chains. The benefits of AM could beelaged by PSS to extend product lifespans;
3D printed component modules could be designedrannpte easy removal for replacement,

upgrading, or recycling.

The relationship between producers and consumeutivalso be affected by PSS, which
“entails not only a product, but also the servitlest surround it, and the information that a
consumer and firm impart on each other” (Williar008, p.177). New forms of interaction and
information sharing could lead to the creation ahifal feedback loops between manufacturers,
which could provide information on how to minimizee environmental impacts of their
products, while consumers could impart valuabledpob information relevant to manufacturers
for design purposes or to improve efficiency. Vditis (2006) regards PSS as a practical
approach towards innovation at a functional andtesyg level as opposed to focusing

exclusively on environmental innovations at thedut level.

Vezzoli and Ceschin (2008) posit that the ecceidficy benefits of sustainable business
model innovation through PSS is derived from theehcstakeholder iterations and shared
economic interest that emerge when a variety dediht socio-economic stockholders are
brought together to create a “satisfaction systeifitie convergence of economic interest
between stakeholders in a particular value chaifvalue constellation” through innovation at

the product level and critically, at the level atar-firm cooperation (including new forms of
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interaction and partnerships) provides an incentovefirms to reduce their resource use. The
reason being is that individual stakeholders areegdly involved with a single life cycle phase.
This promotes apathy among individual firms to ioy® the overall eco-efficiency of product
life cycles insofar as it does not affect the eceniws of their business model. Thus, there is no
incentive for firms to improve system eco-efficignend might even be encouraged to reduce
product longevity to accelerate turnover. As suchovative stakeholder interactions that either
(a) extend a stakeholder’s involvement into mudtipte cycle phases of different products and
services within a PSS; or (b) extends the lengttinoé a particular stakeholder interacts with a
given product life cycle or PSS, can create anrenment where the eco-efficiency of the

systems converges with the economic interest a¥idhall firms (Vezzoli & Ceschin, 2008).

By designing business models as “need-fulfillmgygtems” in which the focus is placed
on the needs of consumers and the provision ofat#eiservices, rather than on final products, a
PSS has the potential to dramatically reduce enmental impacts (Tukker, 2015). Shifting a
firm’s focus away from the design and sale of thlegproducts (i.e., product oriented business
models) to the provision of a mix of services iy the use of a product (i.e., service-oriented
business model or PSS) to satisfy a particular remedemand fundamentally changes their
economic interests. While the former incentivizeghbr volume and sales through market
expansion and faster product turnover to generetéty) the latter turns products into cost
centers rather than profit generators, which ineesss firms to prolong product lifetimes,
increase use-intensity, and minimize product casts material intensity (Tukker, 2015). This is
possible because in a PSS, profits are generategigtn the provision of product-related services
which helps align a firm’'s economic interests witimproved product longevity and

sustainability.

In the current automotive paradigm, increasingdpotion volumes drives economies of
scale, which are necessary to cut costs and impmoéit margins, thereby amortizing
production costs over the greatest number of |hkzzoli & Ceschin, 2008). The high capital
costs of automotive production related to converatigoroduct and process technologies create
high breakeven points that necessitate mass pliodudthis severely restricts the flexibility of
VMs and the number of alternative available to theérhe industry’s conventional logic

encourages turnover and technological obsolescensalting in high resource intensity and
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waste generation. Conversely, a PSS based on EM tauwease eco-efficiencies and minimize
material flows by converting linear flows into aitar ones while potentially improving

consumer satisfaction.

7.6.1 Types of Product-service Systems

The literature generally distinguishes betweereghprimary types of PSS: product-
oriented services (e.g., maintenance contractxtended warranties, financing schemes, ELV
take-back programs, providing vehicle efficiencyjormation, and providing traffic avoidance
information/services); use-oriented services (a/ghicle leasing, car sharing, carpooling); and
result-based services (e.g., pay per service adifanctional result). Williams (2007) conducted
a systematic review of both existing and planne® Rfttiatives in the automotive industry to
assess their contribution to system-wide innovatitimg five evaluative critefd The results
indicated that at present only the “functional i€stype of PSS has the capacity to provide the
diversity of changes necessary to enable systeavation (Williams, 2007). By focusing on the
provision of an end-result without specifying hawsi delivered to the user, mobility providers
are given the flexibility to illustrate the speeifi outcome through a variety of means to
maximize both efficiency and sustainability. Fostamce, a functional result could be delivered
through an integrated, multi-modal mobility schethat includes public and/or active transit,

and mobility services like car sharing or ride ima!

The authors noted that most of the reviewed P3times did not recognize the
importance of providing a total or complete offgrito satisfy mobility requirements, which is
necessary to maximize the benefits of a full P3t& fEsearchers acknowledged that many of the
initiatives were focused on showing off new tecloggl as opposed to truly “exploring and
exploiting how new technological opportunities azffer new ways of providing mobility and
sustainability” (Hoogma, Kemp, Schot, & Truffer,@) p. 5, as cited in Willams, 2007). This
suggests that there is untapped potential withimeoti and planned PSS in the automotive
industry. For this reason, this paper has chosg@nesent the PSS in the context of AM and EM,

two radical—and potentially disruptive—technologikat in the opinion of this thesis should be

21 «Evidence of ‘higher-order’ learning amongst stiaddelers; changes in infrastructure and institutiona
practice; changes in vehicle design, manufactudeead-of-life management; changes in vehicle
ownership structure; changes in modes of produser4ateractions.” (p.1093)
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leveraged in the transition towards sustainabititthe automotive ecosystem as proposed by the

theoretical MFR concept.

7.7 Micro-Factory Retailing: A Platform for Integra ted Product Service Systems

As described in more detail by Williams (2007)e tMFR concept could be an ideal
mechanism for delivering full PSS in the automotiugustry to drastically improve
sustainability and address the limitations of coiri@nd planned PSS in the automotive industry.
The small scale and local nature of the MFR conosgdns that there would be an opportunity
for locally sourcing certain parts and materiafs.addition, logistics networks associated with
more generic component modules and sub-assemblkgsifactured in centralized facilities
would likely be more economically and environmelytagfficient than existing logistics
networks tasked with transporting and deliveringyfassembled vehicles across long distances.
Another major benefit of the MFR concept is theigiedreedom that becomes possible without
the constraints of the all-steel body (Wells & @os&004). The separation of car bodies from
car frames and chassis means increased opportufatienodular design concepts, which can be
further enhanced using AM—as suggested by thisgh&his type of vehicle architecture also
presents novel opportunities to introduce altemeapowertrains, including electric propulsion
systems, while overcoming some of the barriersaatam with these alternatives. Theoretically,
the same car body and interior could be placed chassis with either an ICE or an electric
powertrain, and could be easily switched if neagsg®Villiams, 2007). The integration of
vehicle manufacturing and retail sales in the MFhoept and its proximity to consumer
markets means that these sites could “facilitate type of enhanced producer-consumer
interactions envisaged as part of a PSS” by allgwor the direct interaction and information
exchange between staff involved with vehicle desamd manufacturing, and consumers
(Williams, 2007, p. 180). Furthermore, MFR sites @eally suited to provide repair and module
upgrading and replacement services as well as nrepége take back, recycling, and potential
refurbishment of ELVs. The take away here is thetdamental principles of MFR align well
with those in PSS and could therefore provide aalichterface for the provision of more radical
and fully integrated PSS, further enhancing theneodc and environmental sustainability of the

automotive industry—especially when integrated i@ and AM.
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Similarly, Vezzoli and Ceschin (2008) hypothesized“alternative business model for a
sustainable satisfaction system” (p. 6) in the @ugtove industry and noted that “the MFR
approach can potentially facilitate the adoptionegb-efficient PSS via aspects such as the
unification of the commerce and manufacturing fior, and the proximity of manufacturing
and servicing sites to users”. The researchersogesp further enhancements to maximize the
benefits of MFR by suggesting that small, local ofanturers should operate not in isolation but
in cooperation with energy and insurance providerfacilitate the provision of mobility while
ensuring product ownership remains with the VMsrtiiermore, a PSS facilitated by such
partnerships and MFR sites could collaborate waital authorities and local public transport
providers so that mobility could be delivered dsirt of satisfaction” and paid for on the basis
of distance covered, including the use of a veheefeergy requirements for charging, insurance
and maintenance requirements, as well as accgsakong and public charging infrastructure.
Several key innovative characteristics emerge feomalternative model that, like this thesis,

envisions the provision of eco-efficient PSS thiolWfFR sites.

First, innovative stakeholder interactions areessary to engage all stakeholders in the
resource optimization of the entire system. Trada#l life cycle phases can fragment
stakeholders and breed indifference towards sysgeues such as resource efficiency. Second,
traditional sales models would have to shift tHeaus from selling products to selling results.
Consumers would no longer pay for individual comgras, such as a vehicle, fuel, and
insurance, but rather they would pay for unitsaifsfaction through services that provide access
to mobility. Third, without a product-centric foguthe responsibilities of product ownership
must also shift, remaining with PSS providers omufacturers rather than with consumers.
Finally, given new structures of ownership, proddessigns must be altered to ensure the
profitability of PSS providers. Vehicles shoulddesigned with efficiency and dematerialization
in mind and be easily upgraded, maintained, disg=anibeused, and recycled to reduce lifetime
costs. As this thesis has attempted to argue,ehefits of both EM and AM should be leveraged

to achieve these sustainability goals and faa#litaith the use of MFR and the provision of PSS.

7.8 Accommodating Competing Mobility Mega-Trends
Electric mobility is not the only technology-drivérend with a huge disruptive potential

in the automotive industry. Connectivity and autmyoare emerging alongside EM, demanding
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their own R&D investments and experimentation. &aately, much of the discussion so far on
business model innovation and integrated PSS ve$ipact to EM is equally applicable and,
arguably, necessary for the development of thesepeting technological innovations. These
mega-trends are all converging on the automotivdustry simultaneously, creating

unprecedented challenges for incumbents in thesinguThe common thread among all three of
these trends is the need for business model inlmovathe industry is grappling with a shift

from traditional products-oriented approaches tovise-oriented approaches (i.e., MaaS) to
satisfy increasingly diverse consumer needs andadds for customized and on-demand

products and services.

Silberg, Mayor, Dubner, Anderson, & Shin (2015)rmedd incumbent OEMs of the
impeding “clockspeed dilemma” that nascent consuexgrectations are creating by requiring
innovation to occur simultaneously at multiple ssabnd speeds. The convergence of large
technology companies like Apple and Google, andhtegh entrepreneurial firms like Tesla
Motors is exacerbating the clockspeed dilemma asuation in these sectors often occurs much
faster than traditional vehicle life cycles. To dmah the onslaught of new competitors,
traditional automotive manufacturers must operateilsaneously in two different worlds and at
two different speeds. Current examples of fast-paeehnological innovations in the automotive
industry are vehicle connectivity and autonomousimly features. The development cycles of
information technology hardware and software arpically much faster than traditional
innovation cycles in the automotive sector, meaniaditional VMs will have to find a way to
keep pace with these digital innovations or riskilg out to new competitors form Silicon
Valley (KPMG Int., 2015).

Consultancy firm KPMG suggested that tradition®3d/are at an important crossroads in
terms of outlining their future role in a mobiligcosystem in which cars are ubiquitously
connected and capable of generating large amotidist@ about consumers and their behaviours
(KPMG Int., 2015). To a greater extent than evdotge consumers are considering the overall
package of services that are being offered to th@nmfluence their purchasing and usage
decisions. In addition to shifting consumer expeats, there is the threat of new competitors
from the technology sector that are working hardapply the knowledge they have gathered
about their consumers to new revenue streams iut@motive sector. Traditional VMs must
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entice consumers with their own suite of productdees, software solutions, and mobility
services or risk being excluded from valuable newenue streams made possible with the
consumer data generated by connected cars. AnalyKBMG International (2015) suggest that
automakers must choose to either compete or notpemmagainst innovative technology
companies for data at the consumer interface, wivilhdetermine i—moving forward—they
remain “metalsmiths” (i.e., keeping their businessdel static and acting as suppliers of finished
vehicles), or “grid masters” (i.e., shifting thdmusiness model towards integrated PSS by
“creating customized vehicle-independent producatuies and services, throughout the

customer’s entire lifecycle” [p. 3]).

In the same way that automotive manufacturers halve to vigorously defend the
consumer interface against new EM stakeholderseasing vehicle connectivity will require
OEMs to forge new direct consumer relationshipsiéfend against the influx of third party
firms who will attempt to step in between them dnmeir consumers (KPMG Int., 2015). A grid
master must be consumer- and service-oriented vehibeetalsmith will remain product- and
hardware-driven. Factors that previously determimast purchasing decisions will be replaced
by new criteria as consumers look to optimize thime, cost, and quality of life simultaneously.
Future business models will have to reflect thedsesf their consumers and be able to satisfy
them in real-time using new features and applicatid he data generating power of ubiquitously
connected cars is immense. Automakers must inegjiatuse of this behavioural data into their
business model innovation to create revenue strehatswill remain profitable over time. As
consumers and competitors become increasingly ao¥dahe value of their data, competition for
this information will increase as third partieseatpt to acquire control over it and provide
innovative, data-driven services. Unfortunatelys ttould mean that only premium brands will
be equipped to maximize the potential of this detde mass-market brands will be confronted
with new partnerships or arrangements with techmoland communications firms. Lastly, the
key to becoming a grid master and adapting quitkly}changing consumer demands is the
decoupling of R&D activities for vehicle-dependemtd vehicle-independent hardware and
software to ensure automakers can effectively apextitwo different speeds of innovation and
avoid the clockspeed dilemma (KPMG Int., 2015).
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A recent example of a new entrant taking advantafiethe increasing vehicle
connectivity is Tesla Motors. The company impleredra fix to some of its vehicles in response
to a recall by the National Highway Traffic Safetdyministration (NHTSA) in the US for
potential fire risks while charging using an ovieedair software update (Brisbourne, n.d.). This
meant that none of Tesla’'s customers had to take trehicles into a dealer for repair,
essentially redefining what an automotive recalthe future might entail. Similarly, Tesla has
issued multiple over-the-air cloud-based softwagrdates to its autopilot driving feature, also in
response to an investigation by the NHTSA (Burlks, 7).

Similar to the connected car, once the technolgy capability for fully autonomous
cars is established they will create many new dppdtres for innovative business models and
opportunities for new competitors, including majole-hailing services like Uber who has been
investing heavily in developing and testing selfahg cars in order to expand its revenue model
(McKerracher et al., 2016).

Autonomous vehicles are likely to give rise to neperating models and ownership
structures, further emphasizing the need for VMexpand their revenue streams by taking full
advantage of these technological trends and irtiagrthem into innovative and integrated PSS.
It is anticipated that new operating models madssite with self-driving cars will result in
much greater usage intensity and possibly incremseual vehicle kilometers travelled.
Therefore, self-driving cars are likely to be efects to not contribute to an increase in GHG
emissions. These vehicles should be used as pam afitegrated PSS that includes charging
infrastructure and public transportation to furtlieecrease sustainability and mitigate the “last
mile” problem often associated with shared trangpimn modes like busses and commuter
trains.
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Chapter 8 Looking Ahead with 3D Printed Battery Electric Vehicles
8.1 Case Study Selection Criteria

This chapter will outline three innovative vehiclencepts by entrepreneurial firms, each
hoping to disrupt the status quo by doing away wahventional logic and revolutionizing how
cars are designed, built, and sold to improve esoni@and environmental outcomes in the
automotive industry. The purpose of these detailesk studies is twofold: firstly, to illustrate
that facets of the MFR model that are being actiy@lirsued by innovative new entrants,
validating the potential real-world applicability MIFR as a viable and achievable alternative;
and secondly, to demonstrate the capacity of AMENIto jointly enable a transition to a more
sustainable production and consumption paradigracbas the MFR model.

The selection criteria used to determine the B®iolu of each case study were
straightforward. As denoted by the above objectieagh case had to exhibit distinct parallels
with the overall objectives advocated by the MFRdsloSince MFR fundamentally requires an
alternative production process and product teclgyoto be viable, eligible cases had to employ
AM methods to some extent within their final protlac process and had to either make use of
an electric powertrain or be compatible with alegive powertrain technologies, including
electrification. Moreover, firms had to demonstratame level of business model innovation
rooted in sustainability. Despite utilizing novetoduct technologies such as electrification,
semi-autonomous driving features, a lightweightmahum body, and offering unique value
propositions that include online and direct retales, Tesla Motors was not an eligible case
because its fundamental production process is baseexisting mass production methods in
centralized assembly plants. Seeing as the focubisfthesis is the Canadian market, North
American based companies were prioritized. Althonghe of the vehicle concepts are yet in
production (as of December 2017), it was required €ach company have had exhibited a full-
sized and fully functional prototype as opposegust a physical model. This was important to
demonstrate the viability of the chosen design #émdnnovative production process. Finally,
new entrants to the automotive industry were przed over established global automakers that
tend to be constrained by their existing businesstizes and less willing or able to pursue

disruptive innovations as a result.
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The selected case studies were the Urbee by K@Rgc (Winnipeg, MB, Canada), the
Strati by Local Motors (Phoenix, AZ, USA), and tBkade by Divergent 3D (Los Angeles, CA,
USA). Each case study reveals the overall missfogaoh firm and describes the technological
specifications underpinning their novel conceptioieh It is important to note that the featured
companies are not only new to the automotive inglustit are actively trying to disrupt it, as
such their business models and products are dynamgicsusceptible to change as they evolve
and determine how they can be successful and gotditover the long-term. Therefore, the
descriptions contained herein depict the strateesg pursued by each firm at the time the
information was collected and should be considexednly a snapshot in time within their
ongoing evolution to disrupt the industry and bréatio the mainstream market. The chapter
concludes with a discussion of the benefits ofdtnategies being pursued by these new entrants
and the potential difficulties or barriers that maffinge on the development of 3D printed EVs
in the future.

8.2 The Urbee by KOR Ecologic
8.2.1 Designing the Greenest Car Ever Built

The engineering firm KOR Ecologic, named afterptesident and senior designer Jim
Kor, developed the world’s first vehicle to featwre8D printed exterior shell: The lightweight,
jellybean-shaped, two-passenger HEV was code-ndunieee (Stratasys, 2013). The inspiration
behind the Urbee car project was an electric-poverapid personal transit, rail vehicle—
dubbed the Podcar—designed, built, and tested by Kfaologic’'s team of designers and
engineers (Bargmann, 2013). The team’s aspirafionshe Urbee were similar to that of the
Podcar: to revolutionize the future of sustainapéesonal mobility. The difference was that
Urbee would rely on the vast network of existingidways as opposed to requiring a new
network of infrastructure. The engineering teamdmegorking towards a prototype vehicle in
1996, and gradually refined their design over thiessequent decade.

Collectively concerned about climate change arditteparable damage that was being
caused by the combustion of fossil fuels, KOR Egicet out to innovate a solution to mitigate
the effects of GHG emissions on future generatiand to be a catalyst for change in the
personal mobility sector (Kor, 2012c). Urbee’s daswas based on a scientific approach with

“an unwavering emphasis on energy efficiency” aras \wtended to represent an alternative to
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the fundamental design of contemporary automolfies, 2012c). The result was a lightweight
(<600 kg), low-energy, and highly aerodynamic HEWwethanol as backup designed for urban
use and powered by renewable energy—Urbee’s nansededved from the words urban,
electric, and ethanol (Bargmann, 2013). The Urbesiser unorthodox, truncated teardrop shape
is incredibly aerodynamic and was chosen—despitmesmpposition—to maximize its
efficiency, which Kor insisted was to be priorittzever the vehicle’s aesthetics. The streamlined
body was refined using simulation software (FigRydo minimize the vehicle’s coefficient of
drag (Cd), a dimensionless measure of the resistar@ated by an object in a fluid environment.
The Urbee had the lowest Cd of any multi-passengsricle, at 0.149, a value that is
substantially lower than Toyota’s newest versiomhef Prius hybrid, which features a Cd among

the lowest of any current production vehicle adQRBargmann, 2013; Toyota, 2017).

Figure2 A simulation of Urbee’s aerodynamics (Kor Ecolodlf,14)

8.2.2 Building a Full-Sized Prototype

The first step in creating a full-sized prototygfehe Urbee was to carve out a 60% scale
clay model that could be scanned into CAD softwardest its aerodynamic properties and
further refine the specifications of its designorarthere, a full-size prototype could be built
based on the 3D digital model. It was clear from gtart that traditional manufacturing methods
would not be suitable for building a lightweighighly efficient urban vehicle of the future (Kor,
2013b). The first potential alternative that wasnifear to the team was the use of fibre-
reinforced polymer (FRP) or fibreglass. Howeveg tbam wanted to have a working prototype
much sooner than was possible with fibreglass gamdtich would have required eight to ten

months of steady work for two people to complete.
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A second familiar alternative was rapid designt@nging with AM. Indeed, several
global automotive suppliers and VMs already maleafsAM for this purpose: creating tangible
prototypes of individual parts and components gyiakost effectively and accurately for testing
purposes. The issue was that 3D printing had nbeésre been used to prototype the full
exterior body of a vehicle given that most comnar8D printers at the time were unable to
accommodate large objects. Fortunately, one ofteaen’s designers came across Stratasys, a
Minnesota-based manufacturer of 3D production systidat was on the forefront of developing
3D printing solutions for larger objects (Kor, 2@)3Confident that their design was correct and
equipped with a 3D digital model, KOR Ecologic dksz in 2010 to pursue 3D printing to
rapidly prototype the Urbee in partnership with Rge On Demarfd and their largest
performance series 3D production system: the F&0MNnc fused-deposition modeling (FDM)
3D printer, shown in Figure 3 sitting to the leftaprototype of the Urbee (Bargmann, 2013;
Stratasys, 2017).

——— ™ ‘

Figure 3 Urbee sitting next to Stratasys’ Fortus series FBR
printer (Stratasys, 2013).

Despite its ability to accommodate much largerots, Urbee’s body panels were still
much too large for the Fortus 3D production systéhe 3D digital model had to be divided into
20 strategically sized pieces and later assemidid) wovetail joins (Bargmann, 2013). The first
full scale prototype was 3D printed out of fullycyelable acrylonitrile butadiene styrene (ABS)
plastic over about 2,500 hours and was just ovezetimetres long (George, 2013). Once

fabricated, the car’'s body panels were bolted entightweight sub-frame made of alloy steel

22 Stratysys’ previous production arm, now called t&sgs Direct Manufacturing
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tubing that had been welded together (Kor, 201P8spite its ABS plastic exterior, KOR
Ecologic claimed that Urbee’s tubular sub-frameg(fe 4), which encapsulates the car’s
occupants, offers racecar-like safety similar took cage (George, 2013). There is also the
possibility of exploiting the flexibility of 3D priting to create shock-absorbing parts and crash
structures placed between the printed exterior ody the metal sub-frame to further enhance
Urbee’s safety (George, 2013). Furthermore, Urbkglgweight and three-wheel configuration

means that it would likely be classified as a mogole in many jurisdictions, affecting the

required crash standards.

Figure4 Urbee’s tubular, allc-steel su-frame (Kor Ecologic, 2014

8.2.3 Urbee 2

After successfully creating a full-sized prototyged with newfound knowledge of the
tremendous capabilities of AM, KOR Ecologic begdanping the development of a second
iteration of the Urbee in 2013 to maximize the wieigqdvantages of the 3D printing process. The
aim was to reimagine how vehicles are mass-prodbgetteating a much cleaner and compact
“factory of the future” housing many 3D printerschacapable of on-demand manufacturing
(Kor, 2012b). The outsourced powertrain to be usedrbee 2 was envisioned as being purely
electric at city speeds (below 40 MPH or 64 km/sing an ethanol powered ICE exclusively at
higher speeds or in combination with the electriotan for more power when passing or
travelling over steep terrain (Kor & Vukelic, 201The company had planned to make a historic
and record-breaking journey in Urbee 2 in 2015dHavwg from New York to San Francisco

using only 10 gallons of bio-fuel; however, the fqoey has yet to take place following
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unsuccessful crowdfunding efforts (Millsaps, 2016appears that the Urbee 2 project has been
stalled due to a lack of capital funding; the nmesent media reports about Urbee 2 mostly date

back to 2013. The fate of KOR Ecologic’s Urbeemaject is, therefore, currently unknown.

8.3 The Strati by Local Motors

8.3.1 Overcoming Barriers to Industrial-Scale 3D Pinting

While the Urbee was the world’s first vehicle tave a production-worthy 3D printed
exterior shell, the vehicle in the second caseystwas the world’s first vehicle to feature a fully
3D printed structure, integrating both the car'sdypaand chassis into a single piece. As
previously mentioned, one of the primary barriershte application of 3D printing technologies
in the automotive industry is the inability to griarger objects, as most commercial-grade 3D
printers can only accommodate smaller objects wittolume of no more than 1,000 £(Babu
et al., 2015). Despite the size advantages of treu§ 3D production system used to print the
Urbee, it too could not accommodate the body panéisll, requiring each panel to be divided
into multiple pieces. As a result of the additioaakembly, Urbee’s 3D printed panels required
more labour than the stamped metal panels tradityorused in automotive manufacturing
(Richardson, Will, and Napper, 2015).

Size is not the only limitation that has helpedtniet the use of AM technologies to
specialized applications such as biomedical devocee aerospace industry. Other fundamental
impediments include build speed, which is typicédiys than 30 cirper minute, and the cost of
material feedstock, which is typically in the rangé USD $100/kg (Babu et al., 2015).
Arguably, the FDM 3D printing technology used by Rcologic demonstrated all three of
these limitations: the body was printed in multigkections; approximately 2,500 hours of 3D
printing was required; and it used a relatively engive ultra-fine pre-processed ABS plastic
filament (Georges, 2013). In order for AM to fedgitevolutionize the automotive industry, the
three fundamental barriers of AM (size, speed, lauaderial cost) would have to be addressed.
American vehicle manufacturing company Local Motfrs1) hoped to demonstrate a radical
new way of building lightweight, sustainable, andlyf recyclable production vehicles that use
far less material and require much less capitai theditional automotive assembly plants with

the use of an innovative industrial scale 3D pnigtiechnology.
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8.3.2 Disrupting the Auto Industry

John “Jay” B. Rogers Jr., co-founder and CEO ofdldVotors, wanted to address the
staggering amount of capital that is necessary dsigd and manufacture contemporary
automobiles, a reality he claims stems from thétfzat cars have been built much the same way
since 1915; that is to say, thousands of individuthponents are put together along a moving
assembly line (Dyer, 2015). Rogers believes thatwul to this problem is to radically disrupt
the way in which cars are built using industrigdlec3D printing not just as a tool for rapid
prototyping— already a common practice in the awtive industry—but to actually build final
production vehicles. Local Motors describes itsadf a technology company that not only
designs, builds, and sells vehicles, but also pridgelf on being much more than that. The
company’s manifesto proclaims that it is “loyallozal” and working towards a future where
“supply and demand have the same hometown” byugdisrg the status quo” and “declaring the
end of the large factory footprint” (localmotorsQ15, 0:16-0:30). The company wants to
decrease the amount of expensive tooling requoeddtomotive manufacturing and drastically
reduce the launch time of highway capable vehigtésg an innovative design process based on
open innovation, which includes crowdsourcing anecieation, and localized micro-factories
enabled by direct digital manufacturing (DDM).

The purpose of a digitally enabled co-creatiortfpien is to effectively and efficiently
bring together designers, engineers, and innovdtora around the world to collaboratively
solve tough challenges in less time (Rogers, 20h63eptember 2016, the company introduced
a new digitally enabled open innovation platforniezhLaunchFourth, which they hope will
reduce the development and launch cycle of thdircles to six months or less. The goal of re-
localizing manufacturing through 3D printing enabhaicro-factories is to drastically reduce the
capital costs required to build vehicles that aredenup of far fewer parts to decrease the
environmental costs associated with large-scaletralezed manufacturing. The “buy-to-fly”
ratio in traditional automotive manufacturing isiaBy about twenty-to-one, meaning the weight
of the raw materials used to manufacture a vehgl20 times more than the weight of the
finished vehicle that rolls off the assembly lirguginess Insider, 2015). By 3D printing entire
vehicle structures, LM can achieve a buy-to-flyigahat is very close to one, minimizing
material wastes and dramatically reducing manufaucosts. Somewhat emulating the road
paved by Silicon Valley's open-source software, bipes to combine its crowd-powered co-

149



Master’'s Thesis — S. Q. Hachey; McMaster Universichool of Geography & Earth Sciences

creation approach with local micro-factories to €lep a new generation of so-called “open
hardware” (Rogers, 2016, 8:53). Although the comyphas already begun selling a Local
Motors branded vehicle named the Rally Fighter,d®®gs open to the possibility of working as
a supplier for larger OEMs (Dyer, 2015).

8.3.3 Developing an Industrial Scale 3D Printing Mehine

The ground breaking technology that enabled LMprmduce a continuous, 3D printed
vehicle structure is known as Big-Area Additive Méacturing (BAAM). The technology was
developed by machine-tool manufacturer Cincinnatiotporated in collaboration with the
Manufacturing Demonstration Facility at the Oak dg&dNational Laboratory (ORNL) in
Tennessee with the funding support of the US Degeant of Energy’s Advanced Manufacturing
Office (Manheim, 2014). The design and technologgduto build the industrial sized 3D printer
was based on Cincinnati’s laser cutting machinéfqia. The gantry-style setup was adapted
with an automated material extruder and feedingesyshat allowed the system to be easily
configured to an industrial scale capable of pnigptB feet in every dimension, in addition to
offering several other distinct advantages overroencial 3D printing technologies (Babu et al.,
2015).

In an effort to reduce the high production costoagted with the pre-processed polymer
filament used in AM technologies like FDM, BAAM wadesigned to use commodity
thermoplastic materials, specifically the same Af&stic pellets used for injection molding
(Love et al., 2015). Unfortunately, parts printesing this low cost (USD $1.40/kg) material
experienced significant warping (Babu et al., 20Mdaterial trials determined that reinforcing
the thermoplastic pellets with carbon fibre (CF)proved the material’'s thermal properties,
effectively reducing the level of distortion whidso providing added strength and stiffness. For
this reason, the Strati was made out of a more resipe CF reinforced ABS plastic (USD
$25/kg). In order to scale-up the technology, BAMMd to address the rate of material
deposition so that larger parts could be printddtikely quickly. Instead of melting a thin
polymer filament to a semi-liquid state and extngdit through a tiny nozzle measuring only
250 micrometers, BAAM used a single-screw extrudéth a five millimeter nozzle to
accommodate the larger material feedstock. Astreéke flow rate at the end of the extruder is

much faster (about 16,000 &min). Also, due to the relative size of the seimidd plastic
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beads deposited by BAAM's larger extrusion noz#hey remain heated for several seconds
after they have been deposited, allowing crossslifgktype of chemical bond linking polymer

chains) to form between successive layers, creaimguch stronger adhesion between them
(Babu et al.,, 2015). These processing and matadahntages allowed LM to scale-up the
technology so that it could feasibly print an emtrehicle structure. Furthermore, BAAM uses an
open-air design that is much more energy effictaah other AM technologies that require a
heating chamber to maintain strict environmentaltids throughout the printing process (Babu
et al. 2015).

Figure5 A prototyge of LM’s first 3D printed car, the Strati (StairZ)15 ir
Dyer, 2015).

8.3.4 A Live Demonstration of Local Motors’ 3D Prirting Technology

The world’s first vehicle to combine both co-cieatand DDM is called the Strati
(Figure 5), the winner of LM’s first ever 3D Pridt€ar Design Challenge, by Italian automotive
designer Michele Anoé (LM, 2014). The company hadeived more than 200 submissions
during the six-week challenge, which culminatedaitive demonstration at the International
Manufacturing Technology Show (IMTS) 2014 in Chieaglllinois. The live-build
demonstration was used to debut the Strati anthritsvative, industrial scale 3D printer. The
process began with 44 hours of additive manufaotuio create the structure of the vehicle upon
which the rest of its approximately 40 componergyre 6) could be rapidly assembled,
including the motor, wheels, suspension, seats, vaindshield, by a small team before the
functional prototype took its historic first drivaf the showroom floor within the six day time

frame of the event. The Strati, a small rear-wlileiele, two-seater convertible with a retractable
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roof, features a single, continuous 3D printed ctme incorporating the exterior body, seat
molds, door panels, and chassis. The componeritsvéra not 3D printed include a lightweight
aluminum sub-frame in the rear to support the gkedtivetrain (i.e., battery and electric motor)
and suspension, which were borrowed from the Rénawizy urban EV (Pyper, 2014; U.S.

DOE AMO, 2014).

Figure 6 Strati's dematerialized design is amenable to
manufacturing (Lecklide, 2017).

Portions of the vehicle were milled using subirecmanufacturing to smooth out their
appearance while others were left untouched tdalidpow the layers of CF reinforced polymer
appear right out of the printer as shown in Figu(®yer, 2015). Rogers says that the exterior of
the vehicle could be made to look exactly like waatustomer envisioned, and could even be
covered in a vinyl wrap without affecting its retalility. An advantage of having a fully 3D
printed structure is that in the case of catasimmlamage, the drivetrain and mechanical
components can be removed, the structure can bedmddwn into pellets and fully reprinted,
prolonging the life cycle of the vehicle’s most ergive components like its battery and
drivetrain. The use of AM could also enable newrapphes to automotive safety including
embedding energy absorbing crash structures orainghseat belt mounts deep inside the car’s

structure (Dyer, 2015). Local Motors is also expemting with new bumper materials to
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cushion pedestrian impacts, including an elastlgysethane. It should be noted that the current
prototype is a proof of concept that has not yenbequipped with seat belts or been crash tested

by federal regulators.

Figure7 a) Strati being 3D printed side a BAAM machine (Bhatia, 2016) and b) A clogeofi the
extrusion nozzle displaying the untouched layemnaferial (Warren, 2015).

8.4 The Blade by Divergent 3D

8.4.1 Addressing Life Cycle Emissions with 3D Primhg

The final case study features Divergenf3@ manufacturing technology company that
“is dedicated to revolutionizing car manufacturengd reducing its environmental impact on the
planet” by addressing life cycle vehicle emissiossig an innovative 3D metal printed vehicle
platform (PSA & Divergent3D, 2016). The founder &a®HO of Divergent 3D, Kevin Czinger,
previously attempted to disrupt the automotive stdu and reduce transport related GHG
emissions by co-founding the small electric-car pany Coda Automotive. Czinger, however,
came to the realization that if Coda were to ewercessfully scale-up its business and mass
produce a BEV, the technology would still resultsignificant environmental destruction as a
result of the carbon emissions from the vehicleéafacturing process, including the extraction
of virgin resources and all input materials (Czm@915c; Rosenblum, 2015). Although BEVs
do not emit GHG emissions while in use, they aspoasible for emissions associated with their
manufacture and electricity generation. Czingetized that if the way BEVs are produced
remains the same as conventional ICEVs, then th@ogrmental damage and GHG emissions

resulting from their manufacture would not just emthe same but in fact worsen due to the

2 The company was originally named Divergent Micctdgies.
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material intensity of battery production. With anfeund understanding of life cycle emissions,
Czinger stepped down from his role at Coda Autowmeoth 2018* and refocused his efforts at
Divergent 3D, where he would attempt to curtail theonomic and environmental costs

associated with contemporary vehicle manufactufi®msenblum, 2015).

One of the founding inspirations for Divergent @@s a report published by the National
Academy of Science (NAS) in 2009 titlétidden Costs of Energy: Unpriced Consequences of
Energy Production and Us&he report was one of the first of its kind tandact an in-depth
analysis of the life cycle emissions of light-dutghicles powered by various fuel types and
monetize their impact on the environment and on dwurealth (Czinger, 2015c). The report
reinforced Czinger’s belief that cars could—andact should—be better and be built in a more

environmentally sustainable manner (Czinger, 200ergent 3D, 2016).

Figure8 Divergent 3D’s Blade 3D printed supercar (Divergebt n.d.)

Divergent’s idea was to disrupt automotive manufiacg by replacing the dominate
production technology that has led to cars gettarger and heavier, and subsequently less
efficient over time. Divergent adapted the methodgl used by the NAS to highlight the
reduction in life cycle emissions that are possikih their innovative vehicle concept, named
the Blade and touted as the world’s first 3D puangeipercar, compared to ICEVs, HEVs, and
BEVs. The company used the results to promote thlgilosophy for sustainable automotive

manufacturing and its superiority over the status gnd other possible alternatives (e.g., mass

24 Coda Automotive filed for bankruptcy in 2013 arabtsince rebranded to focus on energy storage
applications in commercial and industrial settinggler the name Coda Energy (Weiss, 2015).
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produced EVs). The Blade (Figure 8) is a sleek ilmplksupercar boasting 700 HP and can
supposedly accelerate from a full stop to 60 MPHust 2.5 seconds. Therefore, the company
suggested that future vehicles based on their g technology could produce even less
damage to environmental systems and to human h@#dtlemeister, 2015). The importance of
Divergent's life cycle assessment is to justifystgtegy of pursuing manufacturing innovation
to reduce vehicle related carbon emissions ratfaer tocusing merely on powertrain innovations
such as electrification, which primarily addressese-phase emissions while ignoring the
environmental damage that stems from the rest ef wbhicle’s life cycle including its

production, which has been shown to be higher EW$

8.4.2 “Dematerialization through Democratization”

Divergent’'s strategy differs somewhat from the vppes two case studies, which
incorporated small electric powertrains with a tigeight 3D printed body and structure,
respectively. The core innovation at Divergent 3iflexible, modular vehicle chassis enabled
by 3D metal printing. Divergent’s disruptive phigghy is to dematerialize vehicle production
(i.e., reducing its material and energy requiremserily democratizing it (i.e., making it
affordable and accessible) to reap the maximum flierfeom local ingenuity and innovation
(Czinger, 2015a). Divergent hopes to democratize manufacturing to foster local innovation
by lowering entrance barriers with tools and tedbgies that are accessible and affordable to
small teams of entrepreneurs around the world vamobaiild cars tailored to the needs and tastes
of local populations (Czinger, 2015a). One of Ceirg inspirations for democratizing
manufacturing was his experience “hot-rodding” &8 ®lymouth Barracuda alongside his
brothers using what he described as “shared ingeand hard work” to overcome their lack of
money and building something that was functionabdlgh continuous improvements and
modifications—essentially executing “the rapid vening of hardware” (Czinger, 2015a). With
Divergent 3D, Czinger hoped to bring a similar spo the one he experienced growing up back

to the automotive industry—in a controlled manneard making it more easily accessible.
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Czinger’'s vision was to develop a flexible and miad “technology platform” upon
which small teams of people without the typical entise required for car manufacturing could
use to build a vehicle and realize true mass cugaimon (Czinger, 2015a). Czinger envisioned
adopting the strategy used by Arduino, “an opere®electronics platform based on easy-to-
use hardware and software”, to lower the barriersntry and empower local producers through
an industrial strength Arduino for cars or “cardin(referring to Divergent’'s technology
platform) by similarly hiding its underlying compi¢y behind a simple, easy-to-use interface
(Arduino, 2017; Czinger, 2015a).

Figure 9 Divergent's first proprietary platform with 3D pted metal nodes and
tubing (Business Wire, 2016).

The tool that Divergent engineered to achieve gtsal of dematerializing and
democratizing manufacturing is an innovative, DIYatfprm made of 3D metal printed
components (Figure 9) that could be easily andityijmut together in a small-scale, capital-light
micro-factory equipped with 3D metal printers rattien expensive tooling (Rosenblum, 2015).
Czinger (2015a) says its globally dispersed miexdries could be built for between USD $20
million to USD $50 million including printing andsaembly equipment, as much as 50 times less
expensive than a traditional high volume automogéissembly plant that costs in the vicinity of
USD $1 billion to build. By removing the substahtapital barrier associated with the current
automotive paradigm, Divergent 3D hopes its despimlosophy and patented platform
technology will empower local small-batch carmakansund the world to “design solutions that
are relevant to their local communities” (Czing2®15b).
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Divergent 3D’s ambitions to dematerialize and deratze the automotive industry with
local and small-scale micro-factories are congrueith the main principles of MFR. A
fundamental requirement of the MFR model and ital gif lowering the cost of entry into
automotive manufacturing was that the productia@hnelogy of the existing paradigm could not
persist. If Divergent 3D’s vision comes to fruitiothey just might be on the path towards
developing a feasible alternative technology thatild enable a transition towards MFR.
Another one of Czinger’s “ten principles for sanamafacturing” is to “treat ‘making’ as an art”
by innovating and engineering the process of ma&ipgoduct as much as the product itself and
to use manufacturing innovation to elevate creigtishd human capital rather than focusing on

manufacturing efficiency for the purpose of comntiadhig (Czinger, 2015a).

Figure 10 Divergent’s proprietary 3D metal printed struct
node (Divergent 3D, n.d.).

8.4.3 The Divergent Manufacturing Platform™

The key technology enabling Divergent’s modulahigke platform that the company
hopes will revolutionize automotive manufacturiggain innovative aluminum alloy connector
called a “node” (Figure 10), and made using a 3@Dahy@inter that uses lasers to fuse together
metal powders. These nodes are essentially uskdgasblocks to join together CF tubing. The
platform that underpins the Blade can be assembitidepoxy by only two people in as little as
30 minutes and weighs only 61 pounds, which is@00% lighter than a traditional vehicle
chassis (Rosenblum, 2015). In a similar manner raduio’s electronics platform, Divergent’s
3D node technology masks its inherent complexitydalizing the efficiencies inherent with 3D
printing (Czinger, 2015a). Divergent has exercigsdengineering expertise to develop the
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complex structure of its nodes to enable a flexitégform that offers end users a simple, easy to
use interface upon which they can place a vaoétifferent, highly personalized body designs
without any additional cost (Czinger, 2015b). Farthore, the size of the 3D printed nodes
means they do not require industrial-sized 3D pritand can instead rely on innovative 3D

metal printing technologies.

Unlike the two previous vehicles, Urbee and Stthe Blade does not use a 3D printed
exterior body to replace the industry’s expensivé time consuming stamped metal body panels
but rather, makes use of aerospace-grade CF spe@rmger claims these body panels could be
produced for less than USD $1,000 and the CF cbaldubmitted for alternative materials to
further reduce the vehicle’s weight, such as Kewarspandex (Rosenblum, 2015). The
disruptive power of the Divergent Manufacturing tRIem™ is in its flexibility and ease of
assembly. The platform can easily be adjusted todsiflerent body styles from a two-seater
tandem sports car (i.e., the Blade) to a pick-ugktror any other vehicle segment by simply
adjusting the length of the CF tubes (Czinger, 2)15uch flexibility will allow Divergent's

platform technology to underpin a range of vehtgf@s depending on local needs and tastes.

Figurell The latest iteration of Divergent’s manufacturinatform (Divergent 3D, n.d.

The Blade first debuted as a concept in 2015,enthié car remains a “proof-of-concept”
in its latest iteration (unveiled at the 2017 Caneu Electronics Show) it was endowed with
significantly more 3D printed components, includiagnew aluminum and titanium frame
(Figure 11), and crash structures and suspenssmmmadies—Ilooking substantially more “high-
tech” (Orlove, 2017). The design flexibility enatblby 3D printing allows components, like the
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Blade’s suspension assembly, to be optimized faghteand strength, resulting in unusual and

organic looking shapes as seen in Figure 12.

Figure 12 The Blade’s 3D metal printed suspension asse
(Divergent 3D, n.d.).

The Blade uses a custom, mid-mounted bi-fuel iZxd furbocharged 4-cylinder engine
outsourced from an external supplier to give tightiveight Blade (1,400 pounds or 635 kQ)
supercar performance while maximizing fuel effiagn(Rosenblum, 2015; Silvestro, 2017).
However, a variety of different powertrains could fitted to the platform, meaning it could
underpin a zero-emission battery electric powertraa regions with renewable energy
generation. Alternatively, in regions where coalvpo plants exist, vehicles with efficient ICEs

could be used to reduce the overall environmeraalate of the vehicle.

8.4.4 Divergent’'s Business Model & Strategic Partniships

The Blade was built to demonstrate the feasibiityd functionality of Divergent’s
proprietary manufacturing platform. However, Diveng 3D does not intend to be in the car
making business, instead describing itself as lan@ogy company focused on partnerships with
other companies—whether they be global OEMs or Ismairo-factories—to allow them to
build lightweight, efficient, and sustainable vdagbased on their innovative software-hardware
platform (Divergent 3D, 2016b). French automakeAP&s publicly released a letter of intent to
engage in a strategic partnership with DivergentiBEhe hopes of “charting a new future of
dramatically more efficient automobile manufactgfifPSA & Divergent3D, 2016). The PSA

Group plans to explore the implementation of Diesrgs proprietary production technology
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(the Divergent Manufacturing Platform™), which really transforms the economics and
environmental impact of vehicle design and manufastso that PSA can become a global
leader in efficient automotive manufacturing (PSA vergent3D, 2016). By altering the
overall structure of its vehicles to accommodateitimovative design and manufacturing process
of Divergent’'s 3D printed platform, PSA hopes talthwehicles that are lighter and structurally
safer than conventional automobiles, and that aree refficient and sustainable. The technology
could also be used to dramatically scale down P®#daufacturing footprint by reducing build
complexity while simultaneously allowing for a ndamitless level of design flexibility. Such
radical changes, if achieved, could position thé B8up and Divergent 3D as leaders in the
future of sustainable automotive manufacturing.

Furthermore, Divergent announced in January of726at it has raised USD$23 million
in venture capitdf to commercialize its innovative manufacturing fiemn (Divergent, 2017).
As part of this goal, Divergent 3D has entered iatstrategic development partnership with
SLM Solutions Grouff. By deepening their existing cooperation into agikterm partnership,
the companies hope to create a vehicle construthiainis more sustainable, flexible, and cost
efficient by developing specialized and exclusieedware and software to for use in industrial-
scale mass production to further reduce time-toketa(SLM Solutions, 2017). Divergent 3D
has also entered into a partnership with engingenéisearch and development firm Altran to
accelerate the commercialization and licensing dfef@ent's Manufacturing Platform
(Divergent3D, 2016a). Partnerships such as theflealdw Divergent to further develop its
patented platform, which fundamentally transformbe t basic design, engineering,
manufacturing, and assembly of modern vehicle &iras, and empower automakers—Iike

PSA—to cost effectively build vehicles that are mefficient and sustainable.

8.5 The Benefits of 3D Printing for Production Vehtles

8.5.1 Enabling Sustainable Design with 3D Printing

Urbee’s unique and highly efficient design was engdssible by 3D printing and its
ability to create complex structures that optimiketh strength and weight, important
considerations for safety and fuel efficiency. @uatr production technologies, including

injection molding and sheet metal stamping, oféss|design flexibility and require dedicated

%> The Series A funding round was led by technologmture capital fund Horizon Ventures
%6 The German-based company is a leader in manuitagtomretal-based 3D printing equipment.
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tooling that is both costly and time consuming toilb and install. Prior to the recent
advancements in AM, these methods were considerée the only means of mass producing
low cost vehicles thanks to the significant ecoresmnf scale that can be achieved with these

technologies (Kor, 2012a).

Despite short-term economic gains over periodsinigsup to several decades, when
analyzed over longer timescales, such a millerthia,economics of traditional manufacturing
methods are less favourable when accounting foir@mwental externalities including an
“enduring legacy of waste” and the resulting degtih to nature (Kor, 2012b). This is no truer
than in the automotive industry. Additive manufaictg removes the need for dedicated tooling
and is able to print whichever parts are neededneder they are needed in a process that is
fully automated and on-demand. The precise coraral design freedom available with 3D
printing means that complex structures can be apdithin ways that are not possible when
using sheet metal to reduce vehicle weight. Fdamee, with AM certain sections of the bumper
could be made thicker than others adding additistr@ngth and rigidity to areas where it is
needed most and reducing the weight of parts dvé&sdorge, 2013). Another strategy Kor
Ecologic plans to use on the second iteration ©fdésign (dubbed Urbee 2) is to reduce the
vehicle’s overall complexity by replacing structsitnat would traditionally incorporate dozens
of plastic and metal components into a single largemponent made out of 3D printed
thermoplastic (George, 2013). A dashboard, foraimse, could be printed with the ducts already
attached, removing the need for any joins and/amneoting parts. This reduces overall

complexity and reduces material usage and resdonbeesity.

Jim Kor believes that when paired with relatechtetogical fields, digital AM has the
power to provide an unparalleled level of flexityjiliberating designers to consider all possible
solutions to a problem: solutions that would othiseanot have been possible. Along with AM,
simulation software, high-performance computing @iPand biomimicry (a concept first
introduced in Chapter Two) could enable far morstanable designs (Kor, 2012c). By
leveraging the capabilities of HPC and simulatioadeling software, essentially all possible
design alternatives could be tested in advanceeterchine optimal material compositions,
shapes and structures, and production processes gd2a). By quickly and accurately

modeling a large number of alternative scenariesadlof time, the first physical prototype of a
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product would likely be quite close to the finalsig specifications. Creating physical
prototypes using traditional methods is not oniyeticonsuming but would be prohibitively
expensive, limiting the number of possible altexes designs that can be tested. Kor Ecologic
was able to use both HPC and simulation softwar@ptonize the aerodynamics of its vehicle
prototype and to improve the vehicle’s overall dasto meet or exceed all required safety

standards.

Jim Kor has said that Urbee’s design was inspibgd biomimicry citing natural
inspirations such as the way cheetahs and falcotis hanipulate their shape to become more
aerodynamic when they want to increase their spgatgmann, 2012). Another nature-inspired
design possibility for Urbee 2 is honeycomb shap&dctural infill for its 3D printed ABS
plastic body panels. The closed geometry of hormajcmeans that it is a highly efficient by
nature; its structure optimizes weight reductiothwnaterial use and it cannot be recreated using
traditional techniques like stamping and injectioolding (Richardson et al., 2015). Beukers &
Hinte (as cited by Kor, 2012, p. 6) argued thatdymomb’s complex structure has been
perfected by nature to be light yet strong andeadialy efficient: “any lesser structure would
require greater effort and more resources” to etestiggesting honeybees have achieved the
delicate harmony between material, shape, and ptiotuprocess involved in constructing for
lightness. Design flexibility and biomimicry alsafluenced the structure and shape the 3D
printed components found on the Blade, including #xtraordinary shapes found in its
suspension assembly. Czinger insisted that thigtmxity, enabled by 3D printing, is the result
of optimizing the weight and strength of each conmgrd, suggesting there is simply no other
shape that is both lighter and stronger (Orlovel,720The ability of 3D printing to produce
highly complex and elaborate structures without auyition cost is one of its greatest
advantages. Essentially, any additional complasifyee allowing parts to be optimized for their
intended use and purpose. Additive manufacturingldceenable more sustainable designs
inspired by complex nature structures that werevipusly not possible to recreate using

traditional manufacturing methods.

8.5.2 Reduced Complexity and Dematerialization
One of the fundamental goals of LM is to drasticabduce the overall complexity

associated with contemporary automobiles and theanufacturing process. Conventional

162



Master’'s Thesis — S. Q. Hachey; McMaster Universichool of Geography & Earth Sciences

automobiles manufactured using traditional methcals contain up to 20,000 individual parts
that have been assembled together at some poiitgdtine fabrication process creating
significant complexity and many opportunities faroes and malfunctions to occur (Babu,
2015). By vastly reducing the number of parts regglito build a vehicle (as few as 50) through
AM and an electric motor with fewer moving part$/ lhopes to drastically reduce the cost and
complexity of the next generation of automobilemstihg between USD $5,000-$7,000 to
produce, a vehicle like the Strati could be usedriag low cost, locally manufactured, and
sustainable transportation to developing countfi®ger, 2015). Alternatively, the same model
could be used to offer high-end buyers who valusgrelization to build a fully customizable

vehicle printed in an individual production run.thdugh Rogers admits that there will likely

still be room for mass market VMs in the automota@system, DDM allows low volume

manufacturing to be profitable, unlike current proon technologies that depend on economies

of scale to drive down unit costs (Figure 13).

t Conventional

manufacturing

manufact

z Breakeven point

3 Additive

e manufacturing
Units manufactured (volume)

Figure 13 A unit cost compason of conventional a
additive manufacturing based on production vol
(Cotteleer & Joyce, 2014).

Dematerialization is associated with many othernrenmental and societal benefits as
well. The thousands of parts and components thanhtgoa typical automobile create material
waste and generate GHG emissions during their maatwring process, while generating

additional emissions because of long logistics rchaised to ship finished parts from a global
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network of suppliers to a centralized facility fiilmal assembly. From there, finished vehicles
must be transported—sometimes over long distanceshetlocation where they will eventually
be sold and where their ICE will release emissitmsughout its lifespan. Collectively, life
cycle GHG emissions, resource depletion from martufang, and air pollution from driving

ICE vehicles contribute to the automotive industrgkternalized costs to the environment.

Divergent hopes that its dematerialized, ultr&athigeight vehicle platform that uses
significantly less material and energy inputs vellow it to build vehicles that are greener,
lighter, and safer than the vehicles on the roathyo Dematerialization addresses the high
material and energy use associated with existingnaotive manufacturing methods while also
allowing cars to use smaller, more efficient engit@ reduce tailpipe emissions. Furthermore,
light vehicles made using fewer components and mesterial could have additional positive
effects such as reducing the wear on roadwaysreaheting the severity of traffic accidents and
potentially resulting in fewer fatalities (Czing@015a).

8.6 Limitations and Barriers to 3D Printed Production Vehicles

It is worth noting that AM technologies are noteinded to replace all automotive
assembly processes. Even MMAM could not be usedapletely print a finished vehicle. Said
differently, a 3D printer and multi-material 3D piers could not create a fully functional
production vehicle on their own without any additéb assembly. The advantage of these
technologies is to combine smaller parts into largedular components to drastically reduce the
overall number of parts and components that reqassembly. In turn, the time and money
required to build a vehicle is reduced.

Due to the unproven nature of 3D printing techggldor use in building production
vehicles or even building final parts for produatieehicles, established OEMs may be hesitant
to invest too heavily in the technology until thésesvidence that the technology can in fact be
profitably scaled-up to an industrial magnitude d@chieve desired production volumes. As
Rogers (CEO of LM) acknowledges, mass productiotoraakers will likely maintain their

influence within the wider automotive ecosystemgome time.

Another major roadblock that could delay the awpof this technology is the question
around safety and whether cars produced in thisnerawill be able to meet current regulated

safety and crash standards. Specifically for eadgpters of this technology, a potential risk
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could be an accident between a first generation Bted vehicle and a traditionally
manufactured all-steel bodied vehicle. Even if ¢heshicles are shown to be as safe as or safer
than conventional vehicles, if consumers are nowitwed then the technology is unlikely to
diffuse quickly. This leads to the fundamental dioesof demand and whether or not consumers
will be open minded enough to purchase such aabd®ew vehicle design. The barriers facing
EV were detailed in an earlier chapter and it isrely reasonable to expect vehicles produced
with 3D printed and using an electric powertrainfase a similar plethora of barriers from

mainstream consumers.

As discussed in the chapter on AM, some techncéddvarriers remain that must be
resolved before this technology is ready to trglace existing manufacturing technologies in
the automotive industry. However, the history of Binting is one of constant evolution and
development. Therefore, it is possible that theht®logy will feasible for full-scale automotive

production sooner than what some OEMs might beigating.
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Chapter 9 Discussion

9.1 The Probability and Timeline for Transition in the Automotive Industry

There is growing awareness that deep-structurah@gds are necessary if meaningful
reductions in GHG emissions, required by tightenemyironmental regulations, are to be
achieved in the transport sector (Arranz, 2017;,\Reuen, & Lezana, 2017; Geels, 2012). The
transport system is one of the few industrial sscto record net increases in £é&missions
despite experiencing incremental improvements ificiehcy and adopting new cleaner
technologies. Efforts to reduce GHG emissions hheen counterbalanced by increased
consumption (i.e., higher vehicle sales) and intgrfse., longer and more frequent trips; Vaz et
al., 2017). This “rebound effect” indicates thabdeterm sustainability goals are unlikely to be
achieved through product or process level innowatguggesting instead the need for larger
scale, systemic change. Although this thesis facoseboth product and process innovations in
the form of AM and EM respectively, they are natdad as being “silver bullets” capable of
solving the industry’s sustainability crisis; rathéhey are being put forth as a means to faatitat
system level change through business model inrmvati the form of PSS and a shift to a more
environmentally and economically sustainable congion and production paradigm in the form
of MFR.

As such, there has been a growing interest in rgteteding the processes of socio-
technical transition and system innovation for theotential to achieve much greater eco-
efficiency gains through radical, rather than imeeatal, innovation and change (Geels, 2005).
The significance of socio-technical systems witpeet to lock-in and path-dependence (both of
which have acted as barriers to technological iations such as AM and EM, and to an extent,
business model innovation) has been explored withethesis. Similarly, a socio-technical
approach can be applied to system-wide changesawsitions, providing a multi-disciplinary
framework that is appropriate for analyzing “comyppgoblems of unsustainability” and that has
previously been applied to issues in the transgdt mobility sectors among others (Whitmarsh,
2012, p. 483). Conceptualizing the transport seasoa socio-technical system yields a series of
interrelated elements that together contributedcsiructure and function: The transport sector
can be divided into technology; policy and regwiati markets; consumer practices;
infrastructure; maintenance and supply network$tural meaning; and scientific knowledge

(Geels, 2012; Geels, 2005). Various individual essteor groups of actors—have the ability to
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either maintain, reproduce, or change the elem#ras make up a socio-technical system,
including firms and industrial actors; policy makeand politicians; consumers; social groups;
and researchers (Geels, 2012). Systemic changefdherrelies on the complex network of

interactions between the elements that make ugia-sechnical system and its stakeholders.

System innovation occurs when a socio-technicstiesy transitions from one system to a
new—and preferably more sustainable—system. Sddietations (e.g., transport and mobility)
are fulfilled by socio-technical systems which aften “locked-in” along multiple dimensions
due to the complexity of interactions that existween the elements of the regime and the
incumbent stakeholders that often have a vestemteistt in upholding it (Geels, 2005). Such

systems can therefore often be characterized kyrsamic stability”.

Transition or system innovation are consideredet@o-evolutionary processes due to the
complex and multi-dimensional interactions that amgolved requiring the simultaneous
participation of multiple actors and social groupsovercome the existing regime’s dynamic
stability and often unfolding over decades (Ge2(4,2). Researchers are keen to understand the
dynamics of system innovation to determine, fortanse, how a transition to low-carbon
innovations can be stimulated or accelerated taongthe sustainability of societal functions
(Whitmarsh, 2012).

9.1.1 A Framework for Studying System Innovation

The multi-level perspective (MLP) is a heuristiarhework used to analyze the structure
and dynamics of socio-technical systems and theitiqgiimensional interactions according to
Geels (2012), as well as a useful “analytical ttwl identifying and engaging with diverse
stakeholders groups” according to Whitmarsh ( 2qi2484). Within the transport literature,
Whitmarch (2012, emphasis in original) found the MLP has been used as an analytical tool
for understanding transitiomnd potential innovation pathways (Nykvist & Whérah, 2008);
as a tool in modeling studies to identify futurditozal, social, or economic levers that might
stimulate sustainable transitior(8Vhitmarsh & Wietschel, 2008; Kéhler et al., 2008hd as a
tool for stakeholder analysis¢o identify actors within the various levels ofetlnierarchical
framework (Whitmarsh, Swartling, & Jager, 2009)eTWLP, originally developed by Rip and
Kemp (1998) in the field of innovation studies, laso relied on insights from other disciplines
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including evolutionary economics, sociology of teclogy, and neo-institutional theory (Geels,

2012).

The MLP identifies three analytical and heuriskevels used to conceptualize the
dynamic and nonlinear process of transition: nicfragro-level), regimes (meso-level), and
landscapes (macro-level). Together they form aededtierarchy (Figure 14): niches are
embedded within larger regimes, which are influenbg an overarching landscape (Geels,
2002). Niches are described as “the locus for eddmmovation”, while socio-technical regimes
are described as “the locus of established practcel associated rules” that are embedded
within dominant institutions and technologies (Ge&012; p. 472). Niches represent protected
spaces where novelties emerge and where the séaystemic change are planted by niche-
actors who have cultivated innovation, hoping thatill—at some point—be used alongside or
replace technologies within the existing regimettBAM and EM exists within the current
regime at the niche level as they have yet to breikthe mainstream. Similarly, innovative
business models in the form of integrated PSS lyaveo fully break into the existing regime
despite the initial success of disruptive mobitibgmpanies like Uber and Lyft, which have faced

significant resistance from established incumbantsinstitutional structures.
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Figure1l4 The MLP’s Nested hierarchy (Geels, 2002, p. 1:
At the top of the MLP is a socio-technical langssawhich encompasses the wider

contextual factors that either promote or hindeange, and influence the dynamics of both

regimes and niches (Geels, 2012). This wider céntedudes exogenous elements such as

infrastructure; governments and regulatory systemsietal values, beliefs, concerns and norms;
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cultural meanings; etc. (Kemp, Avelino, & Bress&®11). (For a more detailed description of
each level of the MLP refer to Geels, 2012, p. 473). System innovation depends on the
complex interactions between the dynamics at eaubl.l Several phases can be identified
throughout socio-technical transitions (Geels, 2&tmans & Kemp & Asselt, 2001). In the
first phase, new technologies or business modeésgarin niches, embedded within the existing
regime and subject to developments at the broaaelstape level. During the second phase of
transition, the dominant design and/or functiogatif innovations are gradually improved and
validated through processes of learning and usedbfgck in niche markets, to create a
technological trajectory (Geels, 2005).

In the third phase, niche-level innovations breekigh the existing regime to compete
directly against mainstream technologies becaussewéral processes acting at the niche and
regime level. At the niche level, internal facttike improved functionality or price signals can
drive the adoption of an innovation and increasecompetitiveness. At the regime level,
“windows of opportunity” are created when exterdahdscape pressures (e.g., stricter
regulations and changing user preferences) omakg@roblems affecting the existing technology

(e.g., negative externalities) reduce its competitess and the overall stability of the regime.

In the fourth phase, the innovation successfuflglaces the dominant technology to
create a new socio-technical regime that over tare influence the socio-technical landscape.
Transitions often progress slowly due to resistaatcmultiple levels. Previous investments and
vested interests in the existing regime often doute to lock-in and path-dependence (Geels,
2005). The MLP provides a mechanism for assesbimgamplex processes involved throughout
the transition process (Geels, 2012).

9.1.2 Routes for System Innovation

Geels (2012) describes two potential routes fetesy innovation. The first is called the
“technological substitution route” and is charaizted by the sudden breakthrough of a novel
technology that has slowly matured at the nichesllegaining momentum through gradual
improvements. Along this route, innovations canrglatively unnoticed by dominant regime-
actors as they “smoulder below the surface” ofrdgime. In the presence of enough internal
momentum or technological push at the niche lewdl tap-down pressures from the landscape

onto the regime, a technology can suddenly breautiir the regime and into mainstream
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markets, taking some regime-actors by surprise. Breakthrough can give rise to the
reorganization or restructuring of the existingimagy potentially leading to creative destruction
and the failure of incumbent firms. Once a new @aechnical regime has been established, the

regime dynamics return to processes of incremehtahge and dynamic stability.

It could be argued that if AM continues its ragldvelopment, it could gain enough
internal momentum to overcome the lock-in of tradidl manufacturing technologies and
potentially replace Budd-style all-steel car bodiestechnological substitution. Although AM is
present within the current regime, it is used esigkly for rapid prototyping rather than for final
production parts. If, for instance, global OEMd tai recognize the potential utility of AM for
final production parts, niche-level actors (likestbntrepreneurial firms studied in this thesis)
could spearhead developments in AM, generatingriatemomentum to break through the
dominant regime and potentially taking unsuspecitimymbents by surprise. In this scenario,
barriers to AM would be overcome at the niche lelgl smaller firms while regulatory,
economic, market, and environmental factors at l#melscape level would continue to put
pressure on the dominance of existing manufactugaolgnologies, potentially creating a window
of opportunity for AM to enter mainstream marke®sovided that it was competitive against
existing technologies, AM could foreseeably replabe existing regime through system

innovation. Such a scenario could be the basiatafé research using the MLP.

The second route described by Geels (2005) iedcdle “wider transformation route”
which arguably could be said to describe the ermegef EM within the current regime. In this
route, the existing regime becomes unstable atdyg stage as a result of persistent landscape
pressures and/or internal regime problems (e.glicypouser preferences, technology,
infrastructure, culture, etc.). Simultaneous changecurring at multiple dimensions promotes
exploration and experimentation among regime-acteegching for an alternative technology.
Such a period of strategic maneuvering can beyfarbtracted, eventually concluding in a
period of selection to narrow the list of potentidternatives. Regime actors are often fearful of
“picking a winner” in case they choose an alten@tihat does not diffuse in the market as
quickly as anticipated. Once a particular alterratis considered universal, having been
collectively selected, it may begin to push-asidmpeting technologies and come to dominate

within a new socio-technical regime.
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The resurgence of PEVs within the current regiesembles the wider transformation
route. Apart from competing with new, more effidielCE technologies, PEVs are also
competing with other novel low-carbon technologreduding hybridization, hydrogen fuel, and
bio-fuels. Although some OEMSs offer hydrogen fueltcvehicles (HFCVs), collectively the
industry has arguably—uwillingly or unwillingly—sedted PEVs due to pressure from within the
regime and at the landscape level including consymmederence, regulations, and infrastructure.
Hydrogen fueling stations lag even further behintlig charging infrastructure and unlike
PEVs, HFCVs cannot be refueled at home.

Although there has yet to be a full-scale traositowards EM, there are signs that such a
transition is in its early stages. Unlike the tedogical substitution route, a transition towards
EM is likely to occur gradually as consumer prefers adjust and public charging is expended.
However, recent commitments by global OEMs to miaike increasing number of PEVs,
tightening emissions and fuel economy regulatipfes in some jurisdictions to ban the sale of
ICEVs, and increasing levels of adoption all sugdeat a transition towards mainstream EM
has begun, a remaining question is: How long it el before PEVs actually outcompete ICEV

to form a new stable regime?

9.1.3 Patterns of Technological Breakthrough

Geels (2005) also distinguishes several pattiwaiscan emerge during the breakthrough
of a novel technology. Some of the identified patdewere particularly relevant to the
technologies proposed in this thesis. Several yatte the co-evolution of technologies were
distinguished, including the concept of complemetytdetween technologies. Complementary
relationships between technologies become importarten the functionality of a new
technology is hampered by particular constraintd @noblems, the linkage with another
technology may solve them and boost performancedsfusion” (Geels, 2012, p. 692). This
sort of interaction was alluded to when discusgiotential synergies that could be leveraged
between AM and EM and business model innovatian, (PSS and MFR). For instance, the
potential for AM to reduce the weight and complgxaf automotive bodies could benefit the
diffusion of PEVs by extending their range, an wftied barrier to adoption. Furthermore,
innovative business models based on integratedcB®I8 benefit the adoption and use of PEVs

by changing patterns of ownership and use to oweecadoption barriers.
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A core concept in this thesis is the potentiaAM to replace traditional manufacturing
techniques and the all-steel car body. Such aitramsvould create a window of opportunity for
new business models in the form of PSS but als@rtéirely new patterns of manufacturing as
proposed by MFR (i.e., small-scale, localized maoufring). The MLP could provide a means
for more accurately assessing potential synergnes amplementarities between innovative

product and process technologies, such as thepsopssed by this thesis.

Technical add-ons and hybridization can also bpomant interactions within system
innovation, suggesting that niche technologies matynecessarily have to begin by competing
directly with the dominant regime technology buather, form a sort of symbiotic relationship.
An obvious example of this sort of interactionhie gasoline-electric powertrain, which found its
initial success in the early 1990s. It is also fmedhat the ICE will play an important role ineth
transition towards EM in the form of PHEVs and BEWhese options can provide some of the

sustainability benefits of a full-BEV while redugimange anxiety.

Another example is the use of both electric argblijae powertrains in high performance
vehicles. The instant torque and swift acceleratdrelectric motors is being leveraged to
improve the driving dynamics of high-performancéickes. Porsche’s new Panamera Turbo S
E-Hybrid sports sedan is a prime example of eligcation being used to enhance performance
rather than efficiency (Ayapana, 2017). The potdrienefit of such a relationship is consumer
education, promoting the unique benefits of eléettivehicles (including their performance)

and providing consumers with an alternative peioepif PEVS.

9.2 Has a Transition Already Begun?

The above discussion on socio-technical transtiand the MLP framework suggests
that hypothesizing specific timelines or outcomes d potential regime transition is far from
straightforward and requires careful consideratainthe various elements and actors—at
multiple dimensions—that are involved with a par#& socio-technical system and the
complex, dynamic interactions that occur betweemithit is therefore not the author’s intention
to outline a specific timeframe of events for d-&dale transition to MFR-style production and
distribution in Canada or when either AM of EM wdliccessfully breakthrough the existing
regime to compete directly with the dominant tedbgres, potentially facilitating system
innovation. There is a need however for future aegeon this topic using the MLP as well as a
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full cost benefit analysis (CBA) of the economicpacts of a potential transition to MFR-style
production in Canada.

9.2.1 3D Printing Production Parts

Despite substantial uncertainty regarding the rgaktimeframe for system innovation,
there are signs that change is underway. For iostaat least two global OEMs have publicly
acknowledged the potential opportunities and b&nefi AM beyond rapid prototyping. Ford
announced in March of 2017 that it had begun tgsttratasys’ new 3D printer for the
production of large-scale, single-piece automotreets. The company also said it would be
exploring potential applications of 3D printing fose in future production vehicles, including
Ford Performance parts and personalized auto gdrésincreased affordability and efficiency of
newer 3D printing technologies were cited as reagonthe endeavour as well as the ability to

produce lightweight parts for improved fuel efficey (Ford, 2017).

Similarly, in August 2017 Mercedes-Benz Trucksebehted the first 3D printed spare
metal part used on a production vehicle. The comgaid the thermostat cover passed all levels
of their “stringent quality assurance process” awn boasted that the company was a
“technological leader in the challenging segmentuifing-edge 3D printing processes for metal
components” (Daimler, 2017). Daimler AG’s heavyydutruck division recognized the
considerable flexibility and cost savings offereg BD printing metal components for
infrequently ordered spare and specialty partsbiath small and classic model series. This
allows the company to provide its customers with dlssurance of receiving spare parts quickly
at an affordable price, regardless of the age efrthiehicle. The company first used the
technology to produce replacement aluminum partschvhad a greater density and purity than
their traditional die-cast aluminum components. BBeprinted parts were stronger, harder, and
required no additional development costs or speeiltooling. Future areas of use for the
technology include complex metal components foliresyand peripheral parts, as well as parts
in cooling systems, transmissions, axels, or chasAidditive manufacturing of metal
components allows high-strength and thermal registamponents with complex geometries to

be produced cost effectively, at the touch of adwuin almost any quantity (Daimler, 2017).

It should be noted that by adopting AM technolsdier the purpose of manufacturing

one-off and small batch replacement parts for agetgcles, the company is adopting one of the

173



Master’'s Thesis — S. Q. Hachey; McMaster Universichool of Geography & Earth Sciences

sustainability principles of the MFR concept whiehcourages extending vehicle life cycles
through repairing, updating, retrofitting, and remtacturing to reduce technological
obsolescence and premature vehicle scrapping. ikedimanufacturing therefore provides
companies with the flexibility they require to puessustainability initiatives that would have

previously been too costly and unprofitable.

9.2.2 Electric Mobility Favoured Over Other Green Aternatives

With respect to the emergence of an EM regimegers¢vexamples have already
demonstrated an increasing momentum, includingldugsion by some luxury brands to pursue
a dedicated EV strategy as well as the recentidady lawmakers in some jurisdictions to ban
the sale of ICEVs within the next few decades. Beéection of electrification over rival
propulsion technologies is evident in the receirit bly certain VMs that previously championed
HFCVs as the primary solution for the future of tausable mobility to increase their
investments in battery technologies. For instarffdath Korea's Hyundai Motor Company
announced in August of 2017 that it was shifting fibcus of its future product strategy towards
greater electrification (Jin, 2017). The parent pany of Hyundai and Kia updated its eco-
friendly car strategy, which now includes plans &ght battery-powered vehicles and two
HFCVs. The previous strategy, announced in 2014, ihaluded only two PEVs among a

planned 22 eco-friendly models (Jin, 2017).

Similarly, the Toyota Motor Company had felt tHdFCVs were the superior ZEV
technology, citing the restricted use of BEVs du¢heir limited range and long recharging time
(Voelcker, 2017). Pressured by increasingly stmmgemissions requirements in China, the
world’s largest automotive market, Toyota announicedould begin building BEVs as early as
2020. News reports from a Japanese newspaper hsweswggested that Toyota is investing
heavily in battery technologies to overcome theribes that, in its view, limit the utility of
BEVs. Toyota is said to be in the process of dgyualp a next generation solid-state battery
(Voelcker, 2017). If the report is true and Toydtees launch a solid-sate BEV by 2022, it would
be the first global OEM to use the technology preduction vehicle. Solid-state batteries have a
reduced risk of fire from overheating and a greateergy density than lithium-ion batteries,
meaning a longer driving range from smaller battpacks as well as faster re-charging

(Voelcker, 2017). However, unlike lithium ion batés, which have increasingly become less
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expensive, solid-state battery cells remain cosilyproduce, especially in high volumes. If

successful, Toyota could gain a significant firstvar advantage over its competitors.

Despite being extremely difficult to predict widltcuracy when AM and EM will break
through the mainstream regime and compete diregiih the existing production and
consumption paradigm in the automotive industrygaib be argued that these technologies are
being improved within their respective niche (bytbmcumbents and new entrants) suggesting

the first phase of a socio-technical transitiowédl underway.

9.3 Circumstances in Canada that Favour System Innvation

The discussion section has so far focused on wawshich to analyze the dynamics of
systemic change at the level of societal functasiag a socio-technical approach and the MLP
to examine the complex, multi-dimensional interacsi that are involved in system innovation.
Based on this understanding, circumstances in Gawdddbe examined to consider whether they
favour a transition to MFR-style production andidosition, enabled by AM and EM.

9.3.1 The Changing Role of Automotive Governance i@anada

Beginning in the 1960s Canada’s auto industrydseancreased its share of North
American vehicle production, bringing immense bésé¢b the Canadian economy, until its peak
in 1999. The industry accounted for significantdisvof employment, trade, and contributions to
national GDP (Mordue & Sweeney, 2017). Sector-sjpepplicies and trade tools designed to
grow and sustain the country’s automotive manufaggufootprint helped bolster the industry's
success through the second half of the 20th cenotable growth between 1965 and 1974 was
fuelled by the Auto Pact’s rapid integration of @mgomotive industries in Canada and the US
(Mordue & Sweeney, 2017). Licensed manufacturenewermitted to import finished vehicles
and automotive parts into Canada tariff free, pitedi they satisfied production and value-added
requirements designed to safeguard the Canadiastiyd This encouraged Canadian assembly
plants to produce a narrower range of models fte 8a both countries to achieve greater

production efficiency and economies of scale.

On several occasions between 1965 and 1980, thedizen government strategically
invoked these safeguards to secure additional imergs from OEMs who had failed to meet
the requirements (Mordue & Sweeney, 2017). In enghdor waiving retroactive tariffs linked

to production and value-added shortfalls, Ford,ySller, and GM made commitments to increase
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Canadian production. The passing of the Medicak@ant in 1966 also contributed to growth in
the auto industry in the late 1960s and early 1940significantly reducing labour costs in

Canada compared to the US by reducing employethtoaaé costs (Mordue & Sweeney, 2017).

Beginning in the late 1970s however, the effectess of Canada’s existing policy
measures to expand the industry began to dimiiiisé.aforementioned safeguards had even lost
their influence as existing investments sufficigrehsured that OEMs would be in compliance
well into the future (Mordue & Sweeney, 2017). Thato Pact had also contributed to intense
competition between subnational jurisdictions asrd$orth America for new investments
(Anastakis, 2013). For instance, in 1976 the StdtBennsylvania offered nearly $70 million
worth of incentives to VW to attract its first NorAmerican transplant. The precursory bidding
war to that decision highlighted the extreme leagtioth local and state governments were
willing to go to entice OEMs for their investmentdathe political tools they were prepared to
use (Anastakis, 2013).

As such, Canadian policy-makers felt compellecestablish an incentive strategy to
remain competitive. In 1978, the Canadian and @mntgovernments jointly provided Ford
Canada with CAD $68 million to build a new enginlarp in Windsor, Ontario (Mordue &
Sweeney, 2017). The 1.3 million square-foot fagcildesigned to build more than 600,000
engines annually (80% of which would be exportedthe US) was Ford’s single largest
investment in Canada at CAD $535 million (Anasta813). The plant’s estimated 2,600
employees each accounted for CAD $26,000 of theegorent's financial support. Opponents
were upset that the government had entered intadingy war with US states and saw the
incentives as a failure by the government to conguebmakers to follow through with their
investment obligations (Anastasia, 2013). Despiesé criticisms, the practice of subsidizing
new automotive investments became increasingly comphace and therefore necessary. From
1980 onward, nearly all greenfield assembly plamd an ever-growing number of automotive
parts plants received some type of direct or irtlinecentive package from the Government of

Canada and Ontario (Mordue & Sweeney, 2017).

Furthermore, once Japanese owned OEMs becameetitive threat, voluntary export
restraints (VERS) were used to protect the intaye&tS-owned OEMs in Canada. However, the

tariff mechanism quickly became a tool for encourgglapanese investments in Canada. By the
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end of the 1980s, both Toyota and Honda had thaiir first Canadian assembly plants, while
Suzuki entered into a joint venture with GM for anadian plant (Mordue & Sweeney, 2017).
Leading up to 1999, both Honda and Toyota more thaubled their production capacity in
Canada by adding additional assembly lines to iegigacilities. One reason for this continued
growth was the joint impacts of a lower currency anbsequently lower labour costs vis-a-vis
the US. Furthermore, Canadian assembly plants hated a reputation for quality, earning a
disproportionate number of J.D. Power Plant andidlehQuality Awards (CAPC, 2013).
Unfortunately, the momentum would soon fade.

9.3.2 The Incentives Debate

Despite prolonged and uninterrupted growth throwghthe second half of the 20th
century, various decisions and events after 199@in¢o erode Canada’s competitive advantage
(Mordue & Sweeney, 2017). The most impactful ewsas most likely the termination of the
Auto Pact; within three years of its dismantlinigree “domestic” OEM plants were shuttered.
Somewhat mitigating the negative impacts of thdesuces was the decision by Toyota Motor
Manufacturing Canada (TMMC) in 2005 to build a nplant in Woodstock, Ontario—the first
greenfield plant that had been built in Canada iwitthe previous two decades (Yates &
Lewchuk, 2017). Helping secure this CAD $1.2 billimvestment was a joint incentive package

funded by the federal and provincial governmentigdlat more than CAD $200 million.

The use of incentives to attract automotive inwestts in Canada was a divisive issue.
There was public debate over their efficacy in ®whjob creation and economic spin-offs as
well as over the role of the government and ther@pyateness of using public funds to
subsidize investments by large, profitable multioraal corporations (Yates & Lewchuk, 2017).
Opponents argued that companies should and wouldstnso long as it made sense
economically and that the government’s role way tmensure that the cost of doing business in
Canada was competitive (Yates & Lewchuk, 2017). v@esely, supporters of the incentives
argued that the practice had become a necessanyiVaa the fierce competition with other sub-

national jurisdictions eager to capitalize on teedfits of automotive investments.

Yates and Lewchuk (2017, p. s16) conducted arysisabf TMMC's decision to locate
its new greenfield assembly plant in Woodstock txglore the relative importance of

government incentives in influencing automotive wations’ decisions to invest in Canada...”
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The researchers concluded that locational factach sas the cost of labour and utilities,
proximity to parts suppliers, logistical infrasttue, and tax structures, are important and must
be sufficiently competitive to attract investmemdthough it is now rare for a VM to invest
anywhere in North America without government supptre authors noted that other, non-
economic “soft factors” were often the final deteramts of locational decisions. These included
the relationship between a corporation’s headqrusaded its branch plants, and the leadership
demonstrated by a particular branch plant andpé&sations. Actor relationships were also found
to affect investment decisions; particularly, thedationship between corporate actors at a
company’s home office and the local office where itvestment is being considered, between
levels of government, and between political actarel automotive managers (Yates &
Lewchuck, 2017). The research suggested that imezdgtdecisions were both an economic and
social process.

The Woodstock plant benefitted immensely from fgaeticipation of TMMC'’s then
president and CEO Ray Tanguay, who held a promimpasition within Toyota’s global
management hierarchy. Moreover, as a Canadian ubgrggenthusiasm and passion for Canada
was transferred directly to Toyota’s Japanese hemtleys (Yates & Luwchuk, 2017). The
uniquely Canadian proposal that was presentedpandse decision makers involved choosing a
location that was accessible to Toyota's existingmBridge, Ont. plant to leverage the
experience and skills of that facility along with robust supplier network. Tanguay had created
a reputation for the Cambridge plant, which hadobee a benchmark for quality and
productivity among Toyota’s other plants. The reskashowed that Tanguay’s personal
reputation and his relationship with the corporh&gadquarters was critical in securing the
Woodstock investment. Several other interviews ceotetl for the research confirmed the
importance of a strong local champion within an O&Morporate structure to secure

investments.

Investing in an automotive assembly plant is aglerm, often multi-million dollar
proposition that involves considerable risk assalteof incomplete information regarding future
costs and long-term profitability. While governmententives are an important (and even
necessary) part in offsetting these costs and mnedymtential risks, it is often the lack of prexis

information regarding future costs that makes nommemic soft factors so pivotal for

178



Master’'s Thesis — S. Q. Hachey; McMaster Universichool of Geography & Earth Sciences

investment decisions (Yates & Lewchuk, 2017). k& #éfosence of complete information, popular
perceptions of a location’s attractiveness canuerite investment decisions. The research
therefore suggested that governments help shase therceptions to improve a location’s

relative attractiveness in addition to incentiveattare clear and uniform across all levels of
government and designed with the interests of nlrestor in mind. Within the context of the

TMMC plant in Woodstock, the research revealed thajeneral, Canada was perceived as “a
high-cost location with a difficult labour envirommt and a government that can be indifferent to
the needs of investors” (Yates & Lewchuk, 2017s26). Characteristics such as the quality of
Canadian labour, the stability of Canadian sociatyl Canada’s favourable tax regime were also

mentioned but were understated in comparison.

The researchers concluded that governments indaamast be tasked with creating a
strong value proposition for investing in the coyrdnd ensuring that this value proposition is
emphasized and articulated within the popular geioes that exist about Canada. A potential
disadvantage is the lack of domestically owned OFEMsch means investment decisions often
rely on foreign senior managers. Yates & Lewchukl{®) advocated that a stronger emphasis be
placed on promoting a strong value proposition thHectively communicates locational
advantages; cultivating trustworthy and respect@liationships between government officials
and senior managers; and using a single unifyingh@work between levels of government to

coordinate and support potential investments.

9.3.3 The Reality of Incentives and Automotive Inv&@ments in Canada

Despite the public debate over the TMMC plant, pihactice of offering incentives to
attract investments has occurred since the 197@ar fore controversial decision according to
Mordue & Sweeney (2017) was to incentivize OEMSs rioerely maintaining or modernizing
their existing operations. For instance, Canada@ntério jointly provided Ford Canada with
incentives valued at CAD $200 million for an invasnt at its Oakville assembly plant, despite
a decision by Ford to discontinue production atlagoplant on the same site. Both governments
once again provided incentives to GM (valued at C®DO0 million) for investments made to
four of its Canadian assembly plants and to DaiGhHeysler (valued at CAD $122.8 million) for
an assembly plant and an R&D facility (Van Bieseoiq 2010). Throughout 2005 and 2006 a
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number of suppliers (both foreign and domesticy abxeived incentives valued between CAD

$6 million and $62 million.

This shift in public policy however, was not enbutp reverse the industry's steady
decline between 2000 and 2007, before the finanmigis sent the industry into freefall.
Canadian vehicle production fell 42% between 200d 2009 from 2.58 million units to 1.48
million units (Mordue & Sweeney, 2017). The indystecovered modestly after 2010 and
production stabilized around 2.3 million units i012. The recovery in the US and Mexico
however was much more pronounced than in Canadar&earge greenfield investments in the
Southern US and in Mexico were announced over #Hrmaesperiod that Canadian vehicle
production had declined. In Canada, not a singdemfield assembly plant has been built since
the TMMC plant ended construction in 2008.

Particularly concerning in the Canadian contextoading to Mordue and Sweeney
(2017) is the lack of investment into additionabguction capacity. Most VM operating in
Canada have made at least one investment since t20Lpdate an existing facility (e.g.,
retooling a production line) but at a significanstto taxpayers. Toyota, Honda, Ford, and FCA
have collectively received incentives valued at C88590 million between 2011 and 2016 to
renew production mandates at existing facilitien. @erage, the incentives represented 16% of
the total costs of retooling a production line. &= Motors did not receive incentives during
this period due to the financial support it recdive 2009 in exchange for maintaining a portion
of its North American production in Canada untill80 The financial bailouts of GM and
Chrysler mandated that concessions be made irolidictive bargaining agreements in Canada
and the US to ensure labour costs were competitith non-unionized workforces. The
bargaining power of unionized workers was dradijaaduced in the aftermath of the financial
crisis, as a work stoppage at the time was incoabé&. Unionized autoworkers were forced to
focus their bargaining efforts on renewing productimandates rather than on gaining new

greenfield investments or increasing workers’ waayes benefits (Mordue & Sweeney, 2017).

Mordue and Sweeney (2017) contended that the ditimpeadvantage that high quality
work forces in regions like Canada once had har besded in a process the authors refer to as
the commoditization of automotive labour. The reskears cited several conditions that have

contributed to this phenomenon (p. 183):
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1) “The relative ubiquity of quality;

2) Standardization and replicable manufacturirgglpction systems and

capitalization;

3) OEMSs’ ability to recruit and retain workers finothe top tiers of the labour market

regardless of location; and
4) The growth of luxury vehicle production in tb& South and Mexico”.

The fact that Mexico’s share of North American wéhiproduction has rapidly increased during
the same period that Canada’s share has diminsinggests that quality alone is no longer an

effective means of attracting new investments (Mer& Sweeney, 2017).

The diffusion of standardized production systenith wdentical methods and equipment
has been used to minimize discrepancies in prodtycand quality across facilities, essentially
eliminating locational differences (Mordue & Swegn2017). The spread of the TPS and later
the adoption of lean production methods by mosemthanufacturers reduced intra- and inter-
firm productivity differences. As such, automotidabour has become an increasingly
homogenous commodity. The proliferation of techggl@and automation has also accelerated
the commoditization of labour. Canadian and Mexieartomotive workers not only use an
equivalent manufacturing process but are also n@mgd so with comparable levels of
automation. The technological gap between CanadaMsexico is quickly diminishing as the
latter has rapidly increased its levels of autoamativhile the former has remained steady for

nearly a decade (Mordue & Sweeney, 2017).

Differences in average education have even bedese relevant. The industry has
historically relied on competitive wages and benplckages to attract and retain a skilled
workforce. As such, OEMs have been able to reavoitkers from the top tiers of the labour
market, rendering differences in education indgtishable between Canada and Mexico for
instance. Canada has previously reasoned thaivél-educated workforce, established supply
base, and reputation for quality” could be levethge attract automotive investments from
premium brands, which often benefit from higher gias (Mordue & Sweeney, 2017, p. 184).
However, this strategic narrative proved unsuccéssf 2015 when Canada failed to woo
investments from Jaguar-Land Rover, and Volvo. Canapvely, premium German brands
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BMW, Audi, and Mercedes-Benz, and Nissan’s premiumfiniti brand have all begun
constructing assembly plants in Mexico with a cambli annual production capacity of over half

a million units (Mordue & Sweeney, 2017).

The joint impacts of increased competition, inseghdependence on incentives, and the
commoditization of automotive labour in North Aneai have eroded much of Canada’s
competitive profile and increasingly challengedipplmakers and labour unions in Canada,
which have been unable to grow the industry overl#ist two decades and instead have been
forced to adopt policies and negotiating stratedlest focus merely on maintaining what
capacity still exists. The most recent round ofemive bargaining by the Canadian automotive
labour union Unifor confirmed that the consolidalieé (one of two GM plants in Oshawa, Ont.,
which currently builds the Chevy Equinox) will bautered in 2017 as production shifts to
GM’'s CAMI plant in Ingersoll, Ont. (Owram, 2016)h& flex line (the second Oshawa plant
which currently produces the Buick Regal, Chevy dap and Cadillac XTS) has also faced
significant uncertainty over its future since protion of the Chevy Camaro was shifted to
Michigan and given that a production mandate ferglant has not been confirmed beyond 2019
(Lu, 2016). Given that GM’'s commitments to the G#iaa Government (following its 2009
bailout) to maintain minimum production levels iarada expired in 2016, there was significant

uncertainty over GM's future footprint in Canadagd & Oshawa specifically.

Unifor had also been concerned about the futufeood’s Essex engine plant in Windsor,
which lost out in a bid to produce certain nextegtion engines to a facility in Mexico, and
FCA’s Brampton assembly plant that will require tgues to its paint shop in order to continue
production (Owram, 2016). In March of 2017, Fordh@mced alongside the Premiere of
Ontario and the Prime Minister of Canada that tired parties would be jointly investing in a
new engine program for the Essex plant and fomanesearch and engineering centre in Ottawa
that will focus on infotainment systems, driverigssfeatures, and autonomous vehicle
technology (CBC, 2017b). Additionally, Unifor susséully bargained with FCA for a new paint
shop in Brampton. This does not necessarily seth@elant’'s future, but is a step in the right

direction towards achieving a future production oete.

Despite such favourable announcements, Canadaapplears unable to expand its

manufacturing footprint or effectively compete witither jurisdictions for new investments.
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Such circumstances leave much uncertainty over dzésduture competitiveness and its future
share of North American vehicle production givee favourable circumstances that exist in
both Mexico and the Southern US. The most recesgrdield investment announced for North
America is a new $1.6 million joint venture betwelapanese automakers Mazda and Toyota set
to open in 2021 somewhere in the US (CBC, 201 7ag.facility will have an annual production
capacity of 300,000 units and employ an estimat@@0tworkers. Toyota announced it would
build the next generation Corolla compact sedatihénnew plant whereas Mazda plans to build
crossover vehicles. The Corolla, which is curreaigembled in Cambridge, Ont. and a plant in
Mississippi, was set to be relocated to a newifgaiinder construction in Mexico prior to this
announcement. The Ontario government has givent@idytl million, along with $59 million in
repayable loans from the federal government, tooteissembly lines in Toyota’s Cambridge
and Woodstock plants to produce of the RAV4 croesdZBC, 2017a). Once again, Canada is
being overlooked for new investments while taxpayare subsidizing the continuation of

production mandates in Ontario’s existing assemlants.

9.4 Potential Short-Term Opportunities for Canada’sAuto Industry

Based on the discussion of socio-technical syst@mistransitions, it should be evident
that change occurs gradually, often over severehdies, and relies on the complex interplay
between various elements and stakeholders. As shishthesis attempted to propose a set of
innovative technologies that could facilitate systénnovation in the automotive industry,
resulting in greater long-term sustainability ire ttorm of MFR. However, before a full-scale
transition towards MFR can occur in Canada, or &y, there must be a series of intermediate
changes to either prop-up emerging niche technedogr put pressure on the existing regime.
Therefore, it is useful to discuss possible shemtat opportunities that a transition towards

greater sustainability could create for Canadatsraotive industry.

One such opportunity could be to transition theufoof growing Canada’s auto industry
through its traditional role in vehicle manufactyyitowards one that is based in innovation and
invention, allowing future investments in manufattg activities to occur in other, lower cost
jurisdictions. A 2016 report by the Canadian Auttin® Partnership Council (CAPC) stated
that: “rapid advancements in technology, change®nsumer preferences and new entrants into

the global auto sector are inspiring new automopireducts, services and business models that

183



Master’'s Thesis — S. Q. Hachey; McMaster Universichool of Geography & Earth Sciences

will be increasingly electric, digitally connectealjtonomous and part of the sharing economy”
(p. 1).

Despite the fervent pace and scope of technolbgieaelopment in the automotive
industry, the CAPC argues that such transformatiand changes represent a potential
opportunity for Canada to shift its position withiorth America’s automotive sector. The
intention of the CAPC report was to offer recomnaimhs and guidance to the Canadian
Government for its strategy on innovation, whichhdpes will foster economic growth. The
position taken in the report is that in light ofrieais global manufacturing headwinds, including
increased global competition, shifting patternglaibal trade and free-trade agreements, and a
range of policy and macroeconomic factors, the palyway towards future growth in Canada’s

automotive industry is one of innovation.

The industry's legacy of focusing exclusively oarmuafacturing competitiveness rather
than on selling Canada as an attractive locationnfgention, R&D, and engineering activities
has been reflected in differing OEM mandates ardvidrying proximity of OEM facilities in
Canada to their engineering headquarters. Thers@are signs, however, that perceptions of
Canada’s role in the automotive industry are chaggin 2016, GM located 1,000 engineering
and R&D positions in Canada in the areas of autamusmvehicle software & controls
development, active safety and vehicle dynamichnelogy, and infotainment and connected
vehicle technology, which could suggest that OEMaynbe reconsidering their views on
Canada’s automotive ecosystem and its potentiaktee as a location for overflow innovation
activities in conjunction with academic and reskanstitutions and emerging technology start-
ups (CAPC, 2016). For this trend to continue arrdfanada to generate new pathways for high
value economic growth, higher paid employment, apportunities for Canadian companies to
scale up their activities and global competitivenése Government of Canada must develop an

“integrated auto innovation strategy” (CAPC, 2016).

To be effective in this regard, the CAPC sugg#sas Canada’s auto industry must have
access to talent, customers, capital, and mustupposted by a welcoming regulatory and
intellectual property environment. Talent is theurfdation of Canada’s future innovation
economy. Given the concentration of Canada’s automandustry in Ontario, the province is

well positioned to supply the necessary talentdt ncumbent and entrepreneurial firms given
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its base of students educated in science, techmodmgiineering, and mathematics and its world-
class institutions specializing in such emerginglds as software development and atrtificial
intelligence (CAPC, 2016). Despite these qualittes, province has struggled with maintaining
this talent and with aligning its research insidns with the dynamic needs of specific
industries. There is a need for greater strategardination between academic institutions and

the needs of specific growth industries like theoeotive sector.

The economic value of innovation is derived froustomer interest and willingness to
pay. The innovation process must therefore be dinamd consumer focused. The Canadian
automobile sector must harness its connectednésglebal automotive supply chains to ensure
that a strong value proposition for Canada’s antlustry is effectively communicated to the
decision makers of global VMs. It is essential tisach supply-consumer relationships be
cultivated if Canada is to commercialize its knadge assets through innovation and invention
(CAPC, 2016).

The importance of capital and financial incentiuesleveloping (and then maintaining)
Canada’s automotive manufacturing footprint waswuhksed. Such financial tools can also play a
vital role in developing “innovation ecosystems”ARC, 2016). Government incentives for
innovation must effectively support the variouggstaof commercialization and accounts for the
dynamic and nonlinear process that innovation oftélows. There are also distinct differences
between the process of innovation of new entrantssdart-ups vs. larger incumbents, and the

type of support they require, which should be anted for when allocating incentives.

The final ingredient of a successful auto innawatstrategy is an inviting regulatory
environment for innovation activities that are assted with high value economic growth. It
should be noted that just as government policyragdlation could be used to spur innovation
and economic growth, it can equally stifle innowatias it plays an important role in the
locational decisions of OEMs, including for R&D wmities. Governments in Canada must
develop strategies that target the sector spendads of the auto industry vis-a-vis innovation
(CAPC, 2016). Governments should also create aufalbe market for patents and intellectual
property rights as to facilitate the protection aade of ideas. This will become increasingly
important as more technology companies enter ih& dgutomotive ecosystem, creating an

opportunity for high value growth and employment.
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The recommendations contained in the CAPC repmguear to be relevant in terms of
creating valuable intermediate opportunities fon&a’s automotive industry as it grapples with
a transition towards greater sustainability ancha@ps, MFR over the longer term. Specifically,
the existing network of OEM facilities and autormetisuppliers that already exist in Ontario
should be leveraged as much as possible, suggeé3titagio is likely to lead in the transition of
Canada’s automotive sector. An analysis of patatd dcross a period of 35 years demonstrated
that despite a decline in manufacturing activitid®e Detroit auto cluster has increased its
innovation activities as a result of sustained lldcawledge (Hannigan, Cano-Kollmann, &
Mudambi, 2015). The authors contended, “The venmgds that bring about the decline in
manufacturing activities in a cluster sustain theasition as a global centre of innovation
excellence” (Hannigan et al., 2015, p. 613). Théselings suggest that a decline in
manufacturing activities does not necessarily stiedlend of an industrial cluster but rather a

shift to a new stage, focused on more knowledgedastivities such as R&D and design.

Regionalization in the global automotive industapnd increased North American
competition for new investments suggest that Canmadg be unable to sustain its current
manufacturing footprint. However, perhaps some irgmt parallels can be made between the
connected automotive clusters in Detroit and Souatl@ntario in order for the industry in
Canada to shift towards more knowledge based #e8yiat least in the near-term, as the
industry undergoes a sustainability transition.the case of plant closures, R&D activities,
which often require a smaller, but more specialiaed skilled workforce, would be unlikely to
fully replace all of the resulting job losses. Hweg such activities could be critical in offsegin
some of the economic losses associated with plavguies with high value and skilled
employment. In the context of this thesis, ituggested that R&D activities related to EM and
AM be prioritized as well as exploratory initiatsvgelated to innovative business models in
order to ensure the longer-term goal of facilitgtantransition towards MFR. Because Canada is
at a disadvantage as it often relies on foreigrist®t makers to allocate investments, policy
suggestions such as those made by Yates and Lew20WLK) should be heeded by all levels of
government to increase Canada’s overall attractiserand to develop a clear value proposition

for R&D and innovation activities in Canada.
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Canada’s highly skilled labour market could beelaged to transition towards more
R&D activities to coincide with major industry trés like electrification, autonomous or self-
driving vehicle technologies, and vehicle connegtivCanada is becoming a cradle for artificial
intelligence (Al) research with major tech-companiige Google and Microsoft investing in Al
research in partnership with Canadian Universitiad increasing their Canadian workforces
(Darrow, 2017). In order to support such a traositand ensure that Canadians are equipped
with the skills necessary to support innovatiorthi@ automotive sector, governments in Canada
must invest in skills development, research, anthpeships between academic institutions and
industry. The federal government included CAD $12#lion in its most recent budget for a
Pan-Canadian Artificial Intelligence Strategy ast jpd its effort to support digital innovation in
Canada (Shecter, 2017). Further evidence of Casaslalled labour force and its ability to
support R&D activities is the inclusion of the Uargity of Toronto and Waterloo among six
North American institutions in a three-year longngetition to develop a self-driving Chevy

Bolt EV hosted by GM and engineering associatiolic $Aternational (Casey, 2017).

Another potential short-term opportunity for Caiaad part suppliers, specifically for
larger, integrated Tier 1 suppliers is to incretds®r capabilities in electrification and battery
technology and become contract manufacturers favi©©Boking for expertise in the area and
struggling to develop their own PEV strategy ineliwith changing consumer demands and
regulatory requirements. For instance, by 2018 Gianaowned Magna will be manufacturing
five different models around the world for globaERas including two PEVs: the Jaguar I-PACE
and the BMW 530e plug-in hybrid (Magna, 2017). Desmone of these vehicles being
manufactured in Canada, it alludes to potentialoopmities and suggests that governments and
unions in Canada should be supportive of large Tisuppliers who could, in the future, play a
greater role in vehicle manufacturing and/or R&Dan@dian suppliers with expertise in
electrification and manufacturing, for instanceuldoexpand their operations to include the
manufacturing of EVs on a contract basis for OEMthess expertise in electrification and

battery technology.

9.5 Potential Long-Term Implications of Micro-Factay Retailing in Canada
Short-term opportunities for Canada’s automotivelustry towards higher value

activities including, innovation, R&D, design, aedgineering were proposed as an intermediary
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step within a much larger sustainability transitiamvolving changes to how cars are
manufactured, distributed, and operated. The MHAfRtept represents a potential alternative for
the future. Assuming such a transition is succéssfGanada, what potential outcomes are to be
expected? Once again, system innovation is a grpdoeess, which makes predicting potential
outcomes of a particular transition rather chaliegg However, assuming there was a more
rapid transition to MFR in Canada, what fundamenta@nges could be expected? The current
regime relies primarily on the sale of new vehigbesduced in large-scale, capital-intensive and
centralized facilities designed to achieve largenemies of scale. Alternatively, MFR
production is much less capital-intensive, whichates fewer barriers to entry and thanks to
lower volumes and an emphasis on economies of scajper than scale it is also more
adaptable. Distributed micro-factories combininghbonanufacturing and retailing activities
facilitate the use of new and sustainable businessels like PSS, which involve VMs in more

downstream activities in the value chain.

First and foremost, transitioning from a centrdizo a distributed manufacturing model
would likely have significant impacts on the geqdma of automotive production in Canada,
which is currently concentrated in Ontario. Seco@dnada’s auto industry is not only highly
integrated with that of the US, but is also depahdg@on vehicle exports to the much larger US
vehicle market. This high degree of connectedness aevident in the aftermath of the financial
crisis, which resulted in dramatically reduced Ghaa automobile production. As such, it can
be assumed that a shift towards more localized mnatoufacturing in North America, along the
lines of MFR, would likely result in a net loss employment and production capacity in
Canada. Employment losses would not only be résttito vehicle and parts manufacturing, but
would include retailing and repair/maintenance jalsswell. Car dealerships and repair shops
would likely become obsolete in a transition to MARcould be argued however that the role of
car dealerships in the current system is alreaddewthreat because of industry trends like
electrification (PEVs require far less maintenanee-significant source of revenue for car
dealerships), reduced car ownership (as a restiteahcreased popularity of mobility-services),

and direct or online vehicle sales (a model useddsla Motors).
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9.5.1 The End of Franchised Car Dealerships

A controversial report published by the independbimk tank RethinkX forecasted the
speed and scale of technology-driven disruptiorthi} transportation sector (Arbib & Seba,
2017). The authors, perhaps optimistically, predticthe rapid diffusion of new mobility
business models, which they called “transportaisfa-service” (TaaS), and suggested that up
to 95% of US passenger miles would be replacedrsgiemand autonomous EVs (owned by
fleets rather than individuals) as early as 203t difference between their findings and that of
other similar studies is the pace of technologidaruption. As opposed to assuming
technological disruption will occur linearly andchrementally, the authors incorporated system
dynamics (e.g., feedback loops, network effects| ararket forces) within their models that
allow technological adoption to occur exponentialgng an S-shaped curve (similar to the one
proposed by Rogers diffusion of innovation theahgt will create a cycle of decreasing costs
and increasing quality of service and conveniefte® researchers predict that the widespread
adoption of TaaS would dramatically reduce new eehdemand in the US, resulting in 70%

drop in annual vehicle production by 2030.

Among their predictions is that new vehicle sdtgsindividual ownership would end as
early as 2024, which would spell the end of frageticar dealerships. As for VMs, they will be
forced to either become low-margin, high-volumeeasslers of autonomous EVs or providers
of TaaS. Future value in the industry, they suggest mainly be created by vehicle operating
systems, computing platforms, and TaaS platforrhss fleport suggested that if the adoption of
EVs occurs exponentially, a large-scale transitudih many significant economic impacts could
occur much sooner than many industry analystscyaliakers, and consumers are anticipating.
Even if the actual timeline presented in this répooves to be overly optimistic, it does provide
some evidence of potential future outcomes forah@motive industry. Furthermore, there are
many similarities between full-scale PSS providefr&£M, as presented in this thesis, and the
TaaS concept presents in the RethinkX report. Ta@mdifference between the two concepts is
that RethinkX anticipates the continuation of highume auto manufacturing as opposed to
small-scale MFR-style production proposed by thists. This difference could be the result of
Arbib and Seba’s (2017) assumption that individoxhership will cease to exist before 2030
suggesting that flexible and customizable vehialedpction is less relevant to fleet operators
providing TaaS.
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9.5.2 Pronounced Changes in the Province of Ontario

As far as Canada is concerned, due to the higletdration of automotive assembly
plants and parts suppliers in Ontario, it is likéhat the most noticeable and significant changes
would be felt in Ontario assuming a transition t&R1 However, as previously discussed, this
concentration of knowledge would also provide Ontawvith many distinct opportunities
throughout the transition process, assuming it icowre gradually than what Arbib and Seba
(2017) have predicted. Alternatively, the other vyimoes across the country that have
traditionally been excluded from the automotiveusidly in Canada would likely experience a
net economic benefit due to the spatial distributad manufacturing activities in the MFR
concept. Urban centres with high populations wdikdly be the first to attract a small-scale
manufacturing facility to satisfy local and regibd@mand. A unique consideration for MFR in
Canada is the country's large land mass and digtdbpopulation. Unique solutions and
business models would likely have to be developedhe Canadian context for areas with
insufficient demand to support a local micro-fagtor

One possible solution or adaptation to the MFR ehttat could be the used to overcome
this problem is the use of small design studiostorefronts (similar to Tesla’s retail strategy)
that customers could visit to customize a madertiezio3D printed PEV. The personalized 3D
digital model of their vehicle could then be semtat regionally located micro-factory to be
manufactured. Finished vehicles would then havebéotransported short distances to be
delivered to customers. Online design studios andigurators could also feasibly replace the
need for brick-and-mortar stores or retail locatiofurthermore, Tesla’s current model for
vehicle repair and maintenance could be appropina@anada in the context of MFR. Tesla uses
a combination of physical locations and mobile Eenappointments to look after its fleet of
vehicles (Lambert, 2017). Thanks to fewer movinggand lubricants to keep them moving,
PEVs require less maintenance than ICEVs. Furthexmas vehicles become increasingly
connected, issues can be diagnosed remotely ahdr eisolved via over-the-air software

updates or a mobile service appointment at a custerhome or workplace.

Given the current structure of the Canadian autm@mondustry and its reliance on US
automotive demand, it is likely that a shift to MR®uld create a net loss in automotive

manufacturing jobs as Ontario’s large assemblygarts plants are shuttered in favour of small-
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scale 3D printing enabled micro-factories distrdzlitacross the country to satisfy domestic
demand. Despite the economic losses from fewer faatwiing, dealership, and maintenance/
repair jobs, the MFR concept has the potentialréate entirely new revenue opportunities for
Canadian companies that are successful in innaydheir business model and the consumer
interface to participate in more downstream valddea activities. Even with the distributed
nature of the MFR concept, it is suggested thatesmmmmon elements like batteries, for
instance, will continue to be mass-produced in redimed facilities to reduce costs through
economies of scale. Canada could use its vast leumsl base to pioneer developments in
advanced battery technologies and become a mappltisuof EV batteries. Similarly, Canadian
companies could develop new AM technologies andesys specifically for the automotive
industry and become a global supplier of 3D prster enable micro-factory production. The
above suggestions are educated hypotheses thdt dmwexplored in more detail as part of
future research regarding a sustainable transitiorCanada’'s automotive industry and the

potential economic outcomes of such changes.
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Chapter 10 Conclusion

Using IE and the MFR concept as a basis, the pyimian of this thesis was to propose a
set of innovative technologies that could potehtidhcilitate a transition towards a more
sustainable system of automobility in Canada. Sipady, alternative process and product
technologies that could feasibly replace the exisset of technologies that have dominated
automobile manufacturing over the past century.sTthiesis attempted to explore the joint
impacts of additive manufacturing (AM) and elecmobility (EM) in enabling a transition to a
more sustainable form of automotive production dmdribution (as suggested by MFR) and

whether the circumstances in Canada are favoutaliéeilitate such as transition.

10.1 Overview of Thesis Contents

This thesis began by describing the dominant aopsion and production paradigm that
characterizes contemporary automobile manufactuanydescribed a more complete historical
narrative for the selection of the mass producti@jectory, with particular emphasis being
placed on the co-evolution of product and procesbkriologies as described by Nieuwenhuis and
Wells (2007): Edward Budd’s all-steel unibody andnid/ Ford’s continuous-flow assembly
line. The previous paradigmatic shift from Crafoéuction to Fordism (which according to
Nieuwenhuis and Wells (2007) should more accurdbelyeferred to as “Budd-ism” to reflect
the contributions of Budd’s all-steel body in makihigh production volumes possible and
facilitating automation in the automotive industpfovided context for the potentially large-
scale socio-technical transition that appears toldmming over the contemporary global
automotive industry. The industry’s prevailing ecomnc structure and its dominant product and
process technologies are increasingly being thmedtéy strengthening political, regulatory, and
market pressures that have emerged out of conaarrthe industry’s lack of long-term
environmental and economic sustainability. Econompiocesses (i.e., lock-in and path-
dependence) have helped maintain the existing g4eclmical regime and favoured incremental
improvements in vehicle efficiency rather than catlichanges through system innovation to

create a new, ecologically modern, and sustairsdd®s-technical regime.

The second chapter reviewed contemporary attemuptegulating the environmental
impacts of the car and large-scale market trends tdgether are providing the impetus for a

potential transition towards more sustainable, t@sbon automobility. The incremental
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strategies pursued by incumbent VMs to adjust &se¢htrends and challenges has proven
insufficient at providing the sustainability impewents necessary to meet tightening
environmental regulations aimed at mitigating tlfieats of transport on climate change and

addressing the human health concerns associatedramsport related air pollution.

Chapter Three reviewed the emerging scientifitdfigf industrial ecology (IE) which
relies on ecological metaphor and biological anglttgimprove the sustainability of industrial
systems. The principles of IE were applied in Caapiour to provide a theoretical foundation
for a potential alternative model for the autometimdustry with regards to the manufacturing,
distribution, and use of cars. The potential altéie was originally articulated by Dr. Peter
Wells and Dr. Paul Nieuwenhuis (1999/2000) as eoréttecal business concept based in
distributed and decentralized economic theory knawrimicro-factory retailing” (or MFR). At
the time, there was no direct empirical evidencsupport the innovative business model as it
did not appear anywhere in the world. The concegs developed by envisioning what a more
sustainable automotive industry could look likenthovations in product, process, and structure
were used to break away from the conventional ‘dinel forget” business model of most global
VMs, reliant on high demand and manufacturing ecoies of scale (Wells & Nieuwenhuis,
2017). Micro-factory retailing reimagined the manirewhich cars are built, sold, and used in
an idealized future of sustainable automobility taking inspiration from existing niche car
manufacturers and the sustainability benefits chli@ation. The concept evolved over time,
gradually incorporating new elements into its vises they developed (Wells & Nieuwenhuis,
2017).

As a means of achieving the goal of this thesisapfer Five explored the potential
sustainability advantages of AM and its potentialesgies with PEVs and MFR. Building on
this, Chapter Six reviewed the growing body of aesk on EM, which considered the barriers to
increasing PEV adoption and favourable policy devito encourage adoption. Chapter Seven
then explored the potential role of EM, alongsidstainable business models in the form of
product-service systems (PSS), in a future sudilnautomotive ecosystem. Micro-factory
retailing is described as an ideal consumer interfar the provision of PSS based EM. To the
extent that both AM and EM currently exist withiretdominant paradigm, this thesis argues that

the co-evolution of these technologies alongsidgin@ss model innovation through the use of

193



Master’'s Thesis — S. Q. Hachey; McMaster Universichool of Geography & Earth Sciences

PSS could facilitate a transition towards greatstainability in the automotive industry and, in

time, decentralized small-scale manufacturing enfdrm of MFR.

It is the contention of this thesis that if thegodial synergies between AM, EM, and PSS
are adequately understood and leveraged alongsideanother as they develop, the industry
could feasibly have the necessary tools to tramsitbwards a more sustainable consumption and
production paradigm as described by MFR. Howevernated in the chapter on IE, humans,
unlike natural systems, possess the foresight tcipate and plan for changes that occurs in
response to external pressures. This foresightidh@uused to ensure the co-development of the
proposed innovations and business models and tgedappropriate policies to support system

innovation in the form of MFR.

Three innovative technology companies (KOR Ecapgiocal Motors, and Divergent
3D) attempting to disrupt the current automotiveagaggm with either AM, EM, or both were
studied in Chapter Eight and used to demonstrageptitential feasibility of the proposed
technologies and their compatibility with the MFBncept. Although all three companies exist
at the niche level and have yet to commercializesipecific vehicle’s that were described, they
are strong indicators of the future direction thdoaotive industry could take on its way
towards sustainability. A significant result thamerged from the case studies was the similarity
between the business models put forth by thesevative mobility companies and the MFR
concept. The ideas that were being championed ésetimew entrants were highly compatible
with the principles of MFR, suggesting a futurecgmotive ecosystem based on MFR is indeed a

very real possibility.

The discussion in Chapter Nine focused primarityanswering the broader question of
how soon large-scale system innovation might oécuthe automotive industry and whether
circumstances in Canada favour the current paradigantheoretical transition to MFR. A socio-
technical approach to this transition was preseatd possible means of addressing possible
timelines for implementation. It was suggested thétll-scale transition to MFR would likely
occur gradually, potentially transitioning throughrious intermediate stages throughout the
process of system innovation. The Canadian comvtest then discussed with emphasis being
placed on the lack of political and regulatory sothtat remain for policy makers in Canada to

grow the industry because of increased competitind the commoditization of automotive
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labour, which have eroded Canada’s traditional agtitipe advantages in the automotive sector.
As such, intermediary opportunities for the Canadaato industry were discussed as well as

some hypothetical implications of system innova@mel MFR in Canada.

10.2 Policy Implications of the Research

The principle policy recommendation that can bevee from this research relates to the
importance of developing a comprehensive governnsérattegy that supports eco-efficient
innovations in the automotive industry. Investmestsould therefore be focused on the
development, demonstration, and commercializatiosneerging technologies (such as AM and
EM) and entrepreneurial firms with novel ideas @aechnologies looking to participate in the
automotive value chain. Competitive advantage & dbtomotive industry will most certainly
stem from innovation in the future, and as sucmada must ensure that it creates an appropriate
policy environment to support innovation at theelewf both products and business models.
Canada’s automotive investments should not be &xtexclusively on manufacturing capacity
but also on supporting Canadian-owned supplierk veilevant skills and expertise in emerging
technologies to support industry wide trends swgblactrification, autonomy, and connectivity.
The circumstances surrounding Canada’s automoge#oss that were reviewed in this thesis
revealed that policy measures used to grow the iadigstry in the past are no longer available
to decision makers, while the Government’s curnevestment strategy appears unable to attract
new investments to grow the industry. Instead, stwents have been focused on merely
maintaining Canada’s existing manufacturing foatpriCanada must therefore improve its
policy environment or risk being continuously outgmeted by rival jurisdiction, namely the
southern US and Mexico. This thesis has providgmbtantial alternative future for Canada’s
automotive industry and has detailed two emergaatpriological innovations that could be used
to facilitate such a transition. However, governtnare a crucial stakeholder in this potential
large-scale socio-technical transition and mustuenghat their policies apply appropriate

pressures at the landscape level of the MLP to fagiptate a sustainable transition.

A contributing factor to Canada’s poor competitiges in the North American auto
sector is the fact that it lags behind both the W&d-increasingly Mexico—with respect to the
coordinating multi-government initiatives in itsdimstrial policy (Yates, 2015). Research by the

Automotive Policy Research Centre (APRC) suggetftati“Canadian governments have tended
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to rely on discrete policies and actions in suppbrhdividual automotive company plans” (p. 9)
rather than developing an active and coordinatdetypdramework for the auto industry to
facilitate a “one-stop-shopping” environment for tgutial investors. Despite the federal
government’'sAutomotive Innovation Fundnd theOntario Jobs and Prosperity Funtdoth of
which have resulted in important automotive invesits in Canada’s auto sector, Yates (2015)
noted that individually articulated policies anegrams “often flounder on lack of coordination
across governments or departmental ministries9)pFor instance, Canadian municipalities are
often brought to the negotiating table far too latéhe decision making process as compared to
their US counterparts, which are often directlyadlved in coordinating actions to attract new
automotive investments in addition to offering dirdinancial incentives (Yates, 2015). The
report noted that Canada is aware of the impaetarsing from its lack of inter-governmental
coordination with respect to potential investmefitse report also emphasized that Canada must
work to overcome the apparent lead that rival dlicisons have in this respect to ensure its
competitiveness and the effectiveness of its indlgiolicy. The report suggested that if Canada
is to secure a competitive advantage in manufa@usith respect to emerging technologies it
must adopt a coherent and responsive innovatiategly that facilitates coordination between

private firms, research institutions, and governtséyates, 2015).

The Canadian government should also be involvedumding pilot projects and
initiatives aimed at demonstrating Canadian exgertin emerging technologies and
demonstrating innovative ideas in practice. In essgeach of the innovative vehicle concepts
profiled in this thesis were based on functionahdestrations of innovative technologies (i.e.,
AM and EM) and novel ideas and aspirations (i.emadterialization, local manufacturing, co-
creation, etc.). A successful demonstration pradjeat could be used as a model for the future
for other emerging technologies is tl@nnected Technology Vehicle Showcése the
Connected Car Project) that was developed by tHemative Parts Manufacturers Association
with support from TMMC. The goal of the project waspromote Canadian-made technologies
to global VMs to encourage their commercializatiand boost employment in Canada’s

automotive supply sector (Munim and Yates, 2014).

Despite the fact that many of the technologies lamginess model innovations presented

in this thesis could be classified as being eitmadical” or “disruptive” in nature, the most
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relevant policy initiatives to accelerate their dpment and commercialization are not overtly
complex and could feasibly be implemented by a aespe government. However, it is
important to note that the automotive industry igl@bally competitive industry and Canada
could fail to secure a competitive advantage daes not act quickly enough. A new report by
Clear Energy Canada (2017), for instance, suggélstedCanada is trailing behind it competitors
with respect to EV policy and adoption and said thanada must “speed-up and get serious”
when it comes to developing a national strateglicpoesponse for EV adoption. The report did
acknowledge that the federal government’s forthognziero-Emission Vehicle Strategyuld
help to fill this policy gap. However, the repodtad that Canada is one of only two G7 nations
without a national EV incentive program and thaeQec is currently the only province with a
strategy to improve the availability and accessibibf EVs. Such policies are becoming
increasingly important given that the waitlist torghase a Chevy Bolt in Canada is 8 months
with many dealerships having no EV in their invepttor test drives by interested consumers
(Sommerfeld, 2017). A 2015 study by Canadian Etflsoftware companyleetcarma
demonstrated the relative difficulty of purchaseng EV in Canada as compared with the US,
which was found to be as much as five times moifecdit in some instances (Schaal, 2016).
Examples such as these suggest Canada can indpexvénits strategic response towards eco-
efficient innovations and emerging automotive teatbgies if it is serious about competing for

future automotive investments.

10.3 The Likelihood of Micro-Factory Retailing in Canada

Canada’s automotive manufacturing sector is dtadtén the province of Ontario and
participates in highly integrated supply networlattitonnects the region with the automotive
manufacturing cluster in the US Northeast. Ontarldgh degree of connectedness with the US
industry is a competitive advantage along withoitsn network of suppliers, but is also likely to
act as a barrier to large scale system innovatiah would infringe on these complex supply
chains. The integration between the US and Canaalidn industries does not stop there, a
significant majority of the vehicles assembled ian@da are exported to the much larger US
consumer market. Likewise, Canada imports a siggmifi number of vehicles from the US and
abroad. A transition to MFR would essentially regua reversal of Canada’s highly integrated
supply network and would also jeopardize Canadaisative automotive export business with
the US. The immediate economic and social ramiboatof these changes would simply be too
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great and would likely not receive the significdewel of government support that would be
required to facilitate a full scale transition toFRl in Canada. Any potential for significant
employment losses in Ontario’s auto industry wolikeély receive strong resistance from all
levels of government as well as automotive uniavtgch hold a relatively powerful position in

Canadian politics.

It is a useful exercise to contrast the circumstarin Canada with those of the Australian
automotive sector, which has completely withdraws activities from the country. Micro-
factory retailing would therefore be a far more pefling alternative in the Australian context
given that it has already experienced the losstfautomotive industry, and the significant
economic and social benefits it provided. Microtbmg retailing therefore represents the
prospect of returning some of these benefits tocthentry even if it is to a lesser degree than
before. There is a much greater window of oppotyjum Australia and foreseeably greater
political support for radical innovations such aBR1 Although Canada has been unsuccessful in
growing its automotive industry over the last twecddes, the automotive industry in Ontario
still supports significant economic benefits fortlbdhe province and the country. Canada is
much less isolated than Australia and benefits eéretously from its close proximity to the
second largest automotive market in the world. Siadtors make a full transition to MFR
comparatively less attractive in Canada from amenoc and social point of view, than for a
jurisdiction such as Australia, which could feagilblenefit economically from an automotive

industry based on the principles of MFR.

This thesis has attempted to outline a feasibl&éin®logical pathway and highlight
particular policy suggestions that could jointly bsed to facilitate a transition to MFR in
Canada’s automotive industry to improve its longrie economic and environmental
sustainability. However, the likelihood of suchrarisition receiving the necessary support it
requires does not appear to be very high, at bdhin the foreseeable future. It is far more
likely that both industry and government will aiwr fmore incremental adjustments that do not
diverge too far from the current structure of thedustry. It could be argued that the
environmental benefits of MFR should be given mareight from the point of view of
increasing sustainability in the automotive theustdy; however, the political reality it that

economic imperatives will always be placed ahea@rofironmental benefits. For a dramatic
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socio-technical transition to occur in the autow®iindustry, there would most likely have to be
major economic, social, and environmental shockswulsaneously at both the regime and
landscape level to create the necessary pressgaesead to create a window of opportunity for

MFR to compete directly against the dominant payadn mainstream markets.

10.4 Micro-Factory Retailing Lite

Despite the relatively low probability that a fsltale transition to MFR and innovative
business models enabled by PSS will occur in theseable future, it does not mean that each
of the components presented in this thesis worividually have a disruptive impact on the
automotive industry. For instance, many industralgsts anticipate that as battery prices
approach parity with ICEs, there is likely to bsignificant market shift towards EM, which will
have significant impacts on its own. Although ieses rather unlikely that automakers will soon
be manufacturing 3D printed automotive bodies oucstires out of thermoplastics, the rapid
prototyping of parts has become a key tool for mmprg manufacturing flexibility, reducing
time-to-market, and avoiding the high capital aoistpre-production tooling. The industry may
not embrace AM to the extent described in thisighdRather, it is much more likely that 3D
printed production parts become ever more commonde in specialised or replacements parts.
The impacts of this may be less disruptive ovelalt, are sure to affect how VMs conduct their
business. The same will likely be true for businessdel innovation as new entrants and

technology firms force incumbent VMs to changertiaiue proposition to remain competitive.

In essence, it is quite possible that global VMl adopt aspects of what was proposed
in this thesis to create their owlite version of MFR to enhance their economic and
environmental sustainability without necessarihiacing the full benefits of MFR to their
greatest extent. For instance, the global autormotindustry’s current propensity for
regionalization of production capacity in emergmgrkets due to shifting market demand could
represent the full extent to which the industrylapproach a localized production strategy. It
does not appear as though the industry has theitpfoe further localization at a finer scale. A
future lite version of MFR may conceivably be pbtsiwithin the industry’s current distribution
of assembly plants given the extent to which VMwehalready been regionalizing their
operations in areas with the highest anticipatadréudemand as they experiment with new

production technologies on the assembly floor taimae operational flexibility.
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Alternatively, it is possible that micro-factoriesould develop in Canada without
necessarily challenging or replacing the centrdlim@ass production paradigm. Local Motors
founder Jay Rogers acknowledged that digitally &sthbmicro-factories could act as both
flexible manufacturing facilities for highly custared products but also act as an incubation site
for testing new ideas before investing in full ecalass manufacturing (Buchanan, 2014). In his
explanation, Rogers used a rental car company a&xample (however, other MaaS business
models or fleet operators could be substituted)h&resuggest that mass production may in fact
be more suitable to particular business models tlatnot require the same degree of
customization or product variation to generate dein@uchanan, 2014). Perhaps MFR will not
replace mass manufacturing but instead competegsilbm it at a different scale within the
automotive ecosystem and fulfill a very differergted. If, for instance, MaaS and autonomous
vehicles did affect the demand for individual védiownership, MFR could be used to satisfy
the remaining demand for this market segment, whicluld likely place personalization,
performance, and design much higher on their pyidist while also potentially exhibiting less
price sensitivity. Theoretically, MFR could havede in a future, more sustainable mobility
ecosystem to satisfy a particular sub-set of thecle market, that is willing to pay a premium
for a unique product and ownership experience, mitieeding to replace mass automobile
manufacturing, which may be required to satisfyeotmarket demand including fleet operators

and mobility services such as PSS.

10.5 Future Research

Two of the most prominent challenges for the MERazpt are likely its novelty and its
radical departure from the status quo. For instatitte MFR model fundamentally changes the
economics of the automotive industry by situatiegaiting activities at manufacturing sites
(under the direct control of VMs), and emphasizitogvnstream revenue opportunities through
the use of innovative, service-oriented businessdaiso Moreover, it proposes dramatic
improvements to the industry’s environmental pemfance through dematerialization and
circular material cycles, and lower life cycle evimental costs. Many aspects of the MFR
model, including the technologies proposed in thésis to facilitate the industry’s transition in
this direction, already exist in some form withiretcurrent automotive paradigm. Nonetheless,
the MFR concept has yet to be fully executed and tlemains theoretical in nature. As such,
future empirical research should focus first on hthe vision presented by MFR can be
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operationalized and, based on those findings, gain insight into its benefits—but also its

potential challenges.

Second, should any of the innovative compmasigdied in this thesis manage to become
mainstream, they could be profiled once again twouar what strategies and/or solutions were
most and least effective in terms of acceleratimgadoption of novel innovations and improving

sustainability.

Third, given the automotive industry’s wedcumented history of prioritizing
incremental change and resisting more radical atesyic changes, research should be
conducted to uncover effective policy interventidmgacilitate more noteworthy innovation and
aid in the industry’s transition towards greatestainability. Governments should develop
appropriate innovation strategies that specificédisget the automotive industry and focus on
sustainability improvements. Just as policy redeens have studied the effectiveness of pro-
plug-in electric vehicle (PEV) policies, researchehould begin to study the efficacy of policies

aimed at encouraging sustainable innovation iratltemotive industry.

Fourth, a future sustainable mobility paradighat includes EM will inevitably engage
governments at all levels as stakeholders; as g@mlernments must prepare for a future role
within sustainable mobility ecosystems and learw km best foster such a transition. The multi-
level perspective (MLP) could be used to uncovesregriate policy measures to guide the
industry's transition towards improved economic amyironmental sustainability regarding
MFR. Furthermore, MLP could be utilized to hypotlzesvhat major changes in the automotive

ecosystem could be expected, and potentially haekkyuthey might occur.

A fifth opportunity for future research d¢dube conducting a detailed analysis of the
economic and environmental impact of MFR in Canadduding a profile of the individualized
impacts for each province. The impacts of MFR im&a will most likely be asymmetric across
the country, given the industry’s current concerdgrain Ontario, as well as differences in the
distribution of population—both of which are likety affect the operationalization of MFR in
less densely populated areas. A suitable mechafioisanswering these types of questions and
exploring the geographic suitability of localizedcn-factories in Canada in more detail would
be a simulation analysis to generate hypotheticaharios with differing parameters (e.g.,

population, production volume, demand, etc.) fa distribution of micro-factories to examine
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changes in their economic, social, and environnhémigacts. The results would shed light onto
the potential opportunities and challenges thata@arcould face if it was indeed successful in

transitioning to a MFR-style system of automotiveduction and distribution.

Research in this area should be ongoingagithcess of system innovation is dynamic and
complex, suggesting that the economic impact oérgd scale transition in the automotive
industry is likely to evolve as the industry mowbsough a series of potentially intermediate

steps before arriving at a new, more sustainaiiglierium state.
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