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Abstract

Established industries develop and mature along contstrajectories defined by the under-
lying technological paradigm relevant to serve the valueragk of the industry. Technological
discontinuities and/or preference shifts at the higheglkwof the value network may trigger a
technological transformation in the industry. The factdissussed in the literature characteriz-
ing a technological change and its impact on the industrinipaire: 1. organizational inertia
(path dependence) 2. pressures on the current socio-tathegime 3. maturity of the new
technology and 4. knowledge trading and spillovers. Depgndn these factors, the techno-
logical transformation process may have different conseges for the industry, ranging from
having a minor impact to reverting the whole maturation pes; creating new structures and
changing the way business is done in the future.

In today’s automobile industry, the current socio-techhregime, based on the internal com-
bustion engine and liquid fossil fuels, is under pressuretdiclimate change regulations and
high oil price fluctuations. A technological transformatio the automobile industry can there-
fore be anticipated, yet high technological uncertaintymsevails and the consequences for the
automakers are unknown. Here we describe three differdosinial technological transforma-
tion processes, namely the Radical, Disruptive and Endmgefransformations. The Radical
and Disruptive Transformation processes have been pr&yidescribed in the literature and
we postulate a third transformation process, which we aadldgenous Transformation. In an
Endogenous Transformation, a new technology is develapedeint effort by most organi-
zations in the industry to substitute the old technologyicihs no longer suitable to serve
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the value network of the future. Using the theory outlinedehend data from qualitative in-
terviews, we have developed a system dynamics model tcefuatialyze the conditions under
which a technological change in an industry follows one efttiree mentioned transformation
processes. We find that industry structures (e.g. marké&tnereces and sizes), industry busi-
ness practices (e.g. knowledge sharing) as well as ovgrorial and regulatory forces (e.g.
technology pressures) significantly influence how the fansation will unfold. Our model
serves to investigate the anticipated technological chamghe automobile industry and will
help to clarify some of the prevailing uncertainties as vaslcontribute to the development of
policies supporting an efficient transition towards a Sastale propulsion technology.

Keywords
Automobile Industry, Innovation, Technological Transf@tion, Knowledge Diffusion,
Knowledge Sharing, System Dynamics
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1 Introduction

Climate change regulations and high oil prices are predggrioday’s socio-technical regime
in the automobile industry, which is based on the internahloastion engine (ICE) technol-
ogy and liquid fossil fuels. These pressures are expectedtitease in the future, anticipating
important changes of the current technological paradigrihénindustry. In order to better
understand how different policies may influence a possdatariological change in the auto-
mobile industry and how a technological change may unfottitae final industry structure it
may lead to, we have developed a micro-level system dynamexel! of the industry. Sys-
tem dynamics models have proven to be of great value for thelalement of policies for the
management of complex systems (e.g. Forrester, 1969, MFddowset al !, 11972). With our
research we intend to contribute to the development of &fepolicies that facilitate a tran-
sition towards a more sustainable propulsion technologi wiinimal social and economic
sacrifices. In the following sections, the theoretical lgrokind and concepts that have been
developed for the system dynamics modeling are describmbhwing that, the model is intro-
duced and selected simulation results are presented. Thkscentinues the work of Mathias
Bosshardt|(Bossharet al ., [2008;| Bosshardt, 2009) done in our group and will complegmen
the fleet dynamics model with innovation and competitionadyiics present in the automobile
industry.

2 Theoretical Background

An industry is formed by companies organized in a value ngtywooducing and commercial-
izing goods or services with the quality preferences deradrixy their customers. A value
network is defined as a “nested commercial system” compotssdpplying, manufacturing
and commercializing companies, the scope and boundariesioh “is defined by the dom-
inant technological paradigm and the corresponding tdolgical trajectory employed at the
higher levels of the network? (Christensen, 1995), i.e.xpral to the final system-of-use. In
analogy to the Khunian definition of “scientific paradigm’teghnological paradigm is defined
as “a model and a pattern of solution sdected technological problems, based esaected
principles derived from natural sciences andselected material technologies? (Dosi, 1982).
Technological paradigms always imply a technologicakttgry, which is “the direction of ad-
vance within a technological paradigm” (Dasi, 1982) anchglavhich technological progress
can be measured as the improvement of the relevant probleimgeariables defined by the
underlying paradigm.
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2.1 Incremental Maturation

In a competitive environment and under normal operatiompmanies in an industry with a

stable paradigm will focus on the continuous improvemertheir products along the techno-
logical trajectory relevant in the value network they anesgy. In order to increase efficiency
and competitiveness, successful routines providing a etitfe advantage will be selected
and stabilized by organizations (Nelson and Winter, 198R)s leads to a maturing process in
the industry, where the initial explicitly available knaudge of organizations is continuously
embedded into routines and communication channels, sarbegaver more tacit and harder
to change (Henderson and Clark, 1990), consequently isiciggarganizational inertia (Sastry,
1997). This is a reason why the further technological dgualent in maturing industries is path
dependent and follows the technological trajectory retewrathe industries’ value network.

2.2 Disruptive Transfor mation

Technological discontinuitiQSn an industry may cause the displacement of the existirg tec
nological paradigm by a new paradigm. With the new paradigewy knowledge and com-
petences become relevant for obtaining a distinctive coithgeadvantage, causing environ-
mental turbulence (Tushman and Anderson, 1986) and thesiemeof the continuous maturity
process!(Abernathy and Clark, 1984). On an industry-ldéted,does not happen in the form
of a one-step change, but is often a complex transformatiocess in which the structure of
the industry (number of firms, firm sizes and leading compgnaes well as the valid business
models may undergo significant change. During the transtbam process, organizations need
to make the tacit knowledge embedded into routines and conwaion channels explicit, be-
fore they can be updated and new, more appropriate routimés@mmunication channels
established. This organizational transformation is sglgcchallenging and costly for estab-
lished organizations, often having important competitivglications with the consequence,
that they may succumb to new market entrants (Henderson lankl @990). Usually, at the
beginning new technologies are inferior to the prevalertinielogies in existing industries, but
often have or promise to have important advantageous deastics which are demanded in
market niches for specialized value networks. Therefoegy technologies tend to be devel-
oped by new companies in protected market niches withoujpeting with the established
technology and where the users are willing to pay a higheedor the exceptional features
the new technology offers (Geels, 2005). As the new teclgyateatures, it may improve along
the variables which are relevant in the value network of ttaldished industry as well, and
when costs are reduced, it starts competing with the estaalitechnology. This development
is further enhanced through the fast technological devetoy of the established technology

Technological discontinuities are innovations based am teehnologies that solve a problem in a radically
new way.
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considerably beyond what the value network actually reguamd what customers can exploit
and are willing to pay for (Christensen, 1995). Although tiesv technology may still under-
perform the established technology, it still complies wiite actual needs of the value network
but at lower (uniti(Adner, 2002)) costs. This results in aideqwitchH of the customers in the
established value network to the new technology, causingramtion in the industry where
incumbent organizations, which did not foresee the teagioal potential of the new technol-
ogy and therefore continued to focus on the further impramnof the established technol-
ogy (often also as a strategic response to the threat of thaawhnology), are displaced by
the newcomers, which were formerly confined to the spe@dlimarket niche (Christensen,
1995). It is apparent that such a disruption leads to an iapbtransformation of the industry
structure and a switch of the valid technological paradignthe new one. But, because the
new paradigm is able to comply with the relevant values deledrn the established industry
(otherwise disruption would not have occurred), it doesnmemtessarily change or redefine the
technological trajectory of the industry in the followingataration process. We call the indus-
try transformation process described abBvsruptive Transformation, following the notation
established by Clayton M. Christensen (Christensen, 1995)

2.3 Radical Transformation

Radical technological discontinuities and new paradigrag be either introduced by new mar-
ket entrants or incumbent organizations in a mature ingussrdid newcomers with electronic
calculators in the calculators industry or incumbents kkelson with the closed steel body
in the automobile industry (Abernathy and Clark, 1984) daill lwith the Winchester design
in the hard disk industry (Christensen, 1995). While th&ahintention for the development
and marketing of a radical technology by the innovating pizgtion usually is to better serve
the existing value network in a new and innovative way, agaldiechnology tends to estab-
lish a new paradigm in the value network, defining a new teldgical trajectory with new
relevant variables for the future development. Theref@dical and architectural innovations
change the way business is done and “influence the estabkgistems of production and mar-
keting” (Abernathy and Clark, 1984), requiring organiaas to reorient, reversing the process
of industry maturity and causing industry transformatiemilar to the disruptive innovations
described above. A good example of this is the closed staBl mothe automobile industry,
which created completely new relevant values like passerggafort, room heating and venti-
lation, which until then were irrelevant because of the openden bodies then on the market
(Abernathy and Clark, 1934). The radical innovation is ligdaoadly adopted by the indus-
try because it fulfills the requirements of the value netwdrnicumbent organizations quickly
perceive the threat and react to it by reorganizing and imgldip the required knowledge

2Assuming low switching costs.
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and competences to absorb and further develop the new tegyrna order to improve their
competitiveness, as did Chevrolet and GM with the closeel $iedy (Abernathy and Clark,
1984). Organizational and technological challenges arerthin reason for the resulting inter-
organizational performance differences, which ultimateill lead to the new industry struc-
tures. Due to lower market barriers (Dosi, 1982) new orgaions may enter the industry
as well, posing a significant threat to incumbent orgarazetithat need to reorganize, fur-
ther accentuating inter-organizational differences. \Aletbe industry transformation process
described above, which is initiated by a radical innovatemmched either by an incumbent
firm or a newcomer, destined to better serve an existing vadtswork but which will change
its valid paradigm and its future technological trajectagRadical Transformation. What
makes it different from th®isruptive Transformation is the fact that the relevant improvement
variables and the technological trajectory are maintaingtie Disruptive TransformationB,
while it is changed in th&Radical Transformation process. What is common to both is that
the transformation process is triggered by a technologiisglontinuity which is available and
marketable from the beginning (Figure 1).

2.4 Endogenous Transfor mation

Besides the two industry transformation processes destfibm the literature above, we pos-
tulate a third transformation process, which we Ealogenous Transformation (Figure[1) and
which may be evident in today’s automobile industry. Newnelte change regulations and
fluctuating fossil fuel prices are pressurizing the curgaradigm of the automobile industry.
These pressures are calling for new drive train technoddggsed on alternative fuels to primar-
ily reduceC'O, emissions, but also decrease the dependence on oil. As lemtparadigm
reaches its technological limits (e.g. thermodynamic iefficy), the industry is forced to look
for new solutions based on alternative paradigms to solgeptbblems and serve the value
network of the future. What differentiates tB®dogenous Transformation process from the
former two transformation processes is that an altern&tisfenology to solve the pressure and
problems of the current regime is not available, but needi® tdeveloped first.

3 Methods

In order to identify important feedback loops for technatad) change we developed a
first dynamical hypothesis (Sterman, 2006) (working pa@auga, 2009) available on re-
guest). Our dynamical hypothesis builds mainly on conckpta the research literature cited

3Actually, the new technology is adopted by the value netvbaause it complies with its’ requirements but
at lower costs compared to the current technology
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Figure 1. Technological Transformation Processes in linghss
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in the introduction|(Dosi, 1982; Abernathy and Clark, 198d4shman and Anderson, 1986;
Henderson and Clark, 1990; Christensen, 1995; Geels, 20@bran be summarized as fol-

lows:

e During normal phases of the industry maturation procegmrozations focus on contin-
uous innovations and on improving the current technolodipiong the technological

trajectory given by the relevant paradigm in the value netwo

New technological discontinuities which could better getive value network or pres-
sures on the current socio-technical regime of the valugar&tmay cause organizations
to change the focus from continuous innovations to deveddgcal innovations.

A focus shift from continuous to radical innovations regsgimcumbent organizations to
reorient, which is a difficult and costly organizational pess.

The industry enters a ferment exploration phase charaetéhy technological and mar-
ket uncertainty and in which different designs are develaged marketed by different
organizations; usually, this is accompanied by newcometsrieg the market due to
lowered market barriers.

When a new dominant design emerges, i.e. is successfudlgtedl by and penetrates the
market, the ferment exploration phase comes to an end.
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e The whole industry focuses again on the continuous impreveiof the dominant design
following the trajectory defined by the underlying new teclogical paradigm.

e Pioneering companies successfully developing and marketie dominant design be-
come the new leaders in the new industry era.

In order to verify the dynamical hypothesis, we have coneldicfualitative interviews with
automobile industry members and experts (Bogiza., 2009). From these concepts we have
developed a causal-loop-diagram (Sterman, 2006) refdregehe most relevant factors and
their interdependence. Finally, a (yet generic) systemadyos model has been created on
the basis of the causal-loop-diagram to simulate techmcdbghange in industries on a micro-
level. In the following we describe the results and presest fimulation results obtained
with the model, which are congruent with the theory of tedbgmal change outlined in the
introduction.

4 Results

4.1 Interview Results

Both automobile industry members and experts confirmeddimtierviews that the automobile
industry’s regime based on the ICE technology and liquidifdsels is under pressure. Mainly
regulatory requirements for the reduction of green houseegassions, which are expected to
tighten in the near future, and possible fuel price fluctuegj exert the pressure on the current
ICE regime. These pressures are causing a focus changerfrpraviing the ICE technology
alone to also develop alternative drive train technolofpesheir future commercialization. It
is estimated that the ICE technology will not be able to fulifiture market requirements after
the next two decades and that an automobile manufactur@rsifig on the improvement of the
ICE technology alone will not be able to sustain a competiilvantage after the same period.

Organizational change costs (e.g. build up of new compéatemt R&D and marketing teams,
write-off of obsolete infrastructure and investments iméav infrastructure) are not regarded as
a reason to defer the development of alternative drive temihnologies.

Investments into the development of alternative driventtachnologies have mostly started in
the last five years and are expected to increase. By the ehé okixt decade (2020) the share
of R&D expenses for alternative drive train technologiel nave reached 50% of total R&D
expenses, as estimated by automobile industry membersDB)y; Rttle, if not nothing, will be
expended for the further development of the ICE technology.

Patents are effective means to protect new technologic@lalements from the competition.
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It is very usual between automobile manufactures to tratienpéicenses, as is the case with
Toyota’s hybrid technology and Ford’s diesel technologyotledge diffusion is high in the
automobile industry, meaning that new technological dgwelents are quickly absorbed and
applied by competitors as well. But knowledge diffusion iditectional, meaning that an
automobile manufacturer can only benefit from this know&eddfusion if it has something
to offer on its own. Other means of protecting new developgsare secrecy, i.e. keeping
the knowledge in-house without patenting it and not makingublic. Speed to market and
the image of technological leadership are key factors taink# competitive advantage in the
highly competitive automobile industry.

The following alternative drive train technologies areaeted as having the greatest potential
to have a market share of over 20% by the year 2050 (rankedgesi potential):

[ —

. hydrogen fuel cell

2. battery electric

3. electric-gasoline hybrid

4. electric-natural gas hybrid

5. alternative liquid fuels (e.g. bio-ethanol, bio-digseith ICE.

6. natural gas ICE.
Here it must be noted that the technologies have been raiggl djfferently. This is symp-
tomatic for the uncertainty prevalent during the explanatphase. Today it is still unknown

which technology will be best suited for future marketdijli.e. fulfilling individual mobility
requirements at affordable costs.

4.2 Dynamics of Technological Change

The theoretical analysis and the interview results allowedo define the system boundaries
and identify the most important variables characterizitgcanological transformation process
in an industry. The interdependence of the variables is showhe causal-loop-diagram in
Figure[2. Different loops characterizing the structureha system have been identified (six
reinforcing and three balancing loops).

Companies in a mature industry mainly focus on the contisumprovement of the currently
dominant technology. A better technology offers a highenpetitive advantage and increases
current and expected future market success, as well as thimaoce of the current technology
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(Loop 1). With the focus on continuous innovations, orgatianal routines and communica-
tion networks are consolidated, leading to an increasegarozational effectiveness, but also
to organizational inertia (Loop 8).

As the limits of the current technology are reached and naptis innovation becomes more
and more unprofitable because of diminishing marginal imgmeents, the current technology
begins to loose it's dominance (Loop 2). The danger or thegiezd risk that competitors or
new entrants may develop a new technology decreases theteagature profits that can be
obtained with the current technology, making the curreciit@logy less attractive and dimin-
ishing its dominance as well (Loop 3). Both negative fee&bbaops (Loops 2 and 3) decrease
the dominance of the current technology and favor a focdstsinards the development of new
technologies (Loop 7). Investments into the research anelolement of new technologies in-
crease with their technological dominance. As new tectgie®omature with these investments,
their potential for future marketability increases, whimnbhkes them increasingly dominant, at-
tracting further R&D investments (Loop 4). In industriesex new knowledge cannot easily
be copied or where it can be protected effectively (e.g.uthopatents), this process is further
enhanced by the prospect to partake in knowledge trading atiter competitors developing
new technologies (Loops 5 and 6). For knowledge trading,paomes need sufficient absorp-
tive capacity |[(Cohen and Levinthal, 1990), otherwise thélyvet be able to understand and
absorb the new knowledge developed by competitors. Thisttamaecessity to posses own
developments in order to be able to partake in knowledgéngeat all, increases the pressure
to invest into the same new technologies as the competitor©therwise, a company would
quickly lose its competitive position should the new tedbgg become dominant in the future
and it would be very difficult for it to catch up, because, iagkabsorptive capacity and new
knowledge to offer, it would not have access to the knowlestgeing process of the industry.

External pressures on the current socio-technical regiméngh future expected revenues
from the current technology and increases the perceived foeechange, reducing organiza-
tional inertia and organizational change costs (Loop 9ufgh reduced intra-organizational
resistance to change. Both the radicalness of the new tethynand the extend to which the
new technology is expected to serve the company’s valueankfvmave an influence on the
costs of organizational change.

4.3 TheModd

An overview of the model is given in the sector representatioFigure [3, which includes

the main variables. In the model, any number of companiebntogies, fuels and markets
can be defined using subscripts and without the need to cliaageodel structure. The most
relevant model sectors will be described in the following.
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Figure 3. Sector Representation of the System Dynamics Mode
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4.3.1 The Company Sector

Congruent with the purpose of modeling industrial techgmal change on a micro-level, the
Company sector of the model is the most complex sector. Twoenpany sector consists by
itself of further complex subsections, as shown if Figuré'Be R& D and Company General
sub-sectors will be described in more detail.

The R&D Sub-Sector The R&D sub-sector models the research and development of tech-
nologies by each company. Technologies in the model areacteized by primary and sec-
ondary performances, which could be for example power (@mynand average consumption
(secondary) for drive train technologies. Research andldpment is based on an algorithm of
local and evolutionary search described in Nelson and W{a882). Basically, the algorithm
performs a stochastic search of new combinations of priraadysecondary performances in
the vicinity of the current primary and secondary perforoem(local) and evaluates them. If
the evaluation of the new combination is higher than theuatan of the current combina-
tion, then it is taken over (evolutionary). For the evalaatof the search results, primary and
secondary performances are exponentially weighted witmgpany specific preference factor,
as described in Adner (Zo&ﬂetermining the inherent attractiveness of the technpoldpe
company specific preference factor allows us to model thepemnes’ different preferences for
power or efficiency. The search area in which local searchkm¢ place is determined by
R&D investments. The higher R&D investments are, the grdatelocal search area will be.
A greater search area increases the technological progitess

The Company General Sub-sector The cost of the new development, which is calculated
in the Finance sub-sector as a function of the new technological level &edvariable costs,

is also considered in the evaluation of the new developmiewnentually, marginal costs may
become too high for further technological developmentsstonore attractive than the current
solution. In theFinance sub-sector, financial data such as the cash available tathpany,
total R&D investments, variable and fixed costs and tectgylarofitability are calculated.
In the Company General sub-sector, the company specific technology dominancebangrt-
mary over secondary performance preference factor (ustiR&D process previously de-
scribed) are modeled. The company specific technology damemis used to calculate the
R&D investments for each technology and company. The tdoggalominance is a function

4If p; andp, are the primary and secondary performances, respectinely 40 < f < 1) is the preference
factor, then the inherent attractivenesss given by

A= (pl _pl,min)f * (p2 _pQ,min)lif +1 if b1 > P1,min andp2 > P2,min
0 otherwise

wherep; min andps ni, are the minimal primary and secondary performance reqbiyede market, respectively.

13
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of technology markup (or expected markup if not on the maylet}, technology revenues,
industry technology dominance and — to model a kind of “nelkneffect”, which leads to a
preferred single technology for a company — the technolagyidance itself, (the strength of
the “network effect” can be modified through a parameter).

4.3.2 TheMarket Sector

The characteristics of the different markets, such as maike, growth rate, and market prefer-
ences, are defined in tivarket sector. The adopter potential, i.e. the probability withahra
specific company’s offer is adopted, is calculated inNfagket sector as well (Ulli-Beeet al,
in_press). The adopter potential is a function of the behaliworm (i.e. the social awareness
of a given technology), the inherent attractiveness of tfex,dhe selling price, the company’s
image and the fuel coverage (the density of fuel statione$Bardt, 2009).

4.3.3 Thelndustry Sector

The industry technology dominance, is a function of the bilal norm and technology pres-
sures. Technology pressures increase with the discrefteygen the actual and the required
(exogenously given) secondary performance. Apart fromingalt technology less attractive
for the industry, technology pressures also increase ftloe pf the technology through a tax,
which is proportional to the discrepancy of the actual aggired secondary performance (sim-
ilar to the future taxation of automobile manufacturershi@ EU, which will be proportional to
their excess (over a defined limit) of averagé®, emissions).

The Knowledge Sharing Sub-Sector As described in section 4.1, knowledge sharing has
been found to be significant in the automobile industry. Beeaof the high knowledge shar-
ing intensity, the formation of a focal point of research,andmost automobile manufacturers
focus on the development of the same alternative drive teihnology (e.g. battery-electric
cars as it is evident today), can be observed (Batizh, 2009). In the model, knowledge
sharing has two effects. First, it increases the local eanea (additional knowledge increases
development possibility’s) leading to a higher technatagjprogress rate. Second, it increases
the weight industry technology dominance has on selectisggompany’s technology domi-
nance (creation of a focal point). Knowledge sharing idfertoased on the trust level between
companies. The higher the trust level, the more intense leune trading is. With knowl-
edge trading, the trust level is increased. Stochasticte\miween companies may cause the
decrease of the trust level by a random fraction.

14
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4.4 Simulation Results

Because of the stochastic elements in the model, the follpwtenarios are averaged results
of 25 runs each, with different seed values used inR&® and theKnowledge Sharing sub-
sectors. The following assumptions apply to all scenarios:

e There are five companies in the model. Companies 1 to 4 areninents and Company
5 is a newcomer.

e There are 5 technologies in the model. Technology 1 is themmmhtechnology for all
incumbents and the only technology on the market at the bagjrof the simulation.

¢ Incumbents may develop all five technologies, while the remar focuses on the devel-
opment and marketing of Technology 4 only.

e There are four fuels in the model. Technologies 1 and 2 bathFuel 1, Technology 3
uses Fuel 2, Technology 4 uses Fuel 3 and Technology 5 sued.Fue

e Technology 1 and 3 are the cheapest technology, while Téobies 2, 4 and 5 are more
expensive (Technology 5 is more expensive than Technolpghith is more expensive
than Technology 2).

¢ With technological improvement, material inputs for ea@thinology get cheaper.
¢ With increased primary and secondary performances, téofies get more expensive.

e Experience gain through production increases produgt{vi¢. production output per
production capital) and reduces production costs (e.gewagts).

e Fuel prices for Fuels 1 to 3 increase, while fuel prices foelF decrease (assumed
technological improvement for production of Fuel 4) durthg simulation.

e Allincumbents start with similar performance charactesssof Technologies 1to 5. The
newcomer has a slight advantage on Technology 4.

o Two markets exist in the simulation, Market 1 and 2.

e Market 1is a big market (max. market site 10°), while Market 2 is small (max. market
size3 - 105, respectivel\2.5 - 10° in Scenario 3 where the market size is restricted).

e Market 2 has a higher secondary over primary performancenarce than Market 1.
In addition, it has a high minimum secondary performanceaireqent, which at the
beginning of the simulation can be satisfied by Technologiasd 5 only.

The scenarios presented here differ in whether
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e knowledge sharing

e technology pressures

are considered during the simulation and

e in the market size of Market 2.

The scenarios are described in the following and the regdispters, i.e. the evolution of the
fleet composition) are shown for each scenario in Figurekadhdtt.

441 Scenariol

In Scenario 1, both knowledge sharing and technology pressue active. The size of Market
2 is not restricted. The simulation results in similar ssaveadopters for all companies and
technologies throughout the simulation. This is typical & Endogenous Transformation,
where most companies within an industry collectively depehew technologies. The new-
comer (Company 5) starts serving Market 2 first, but is sospldced by the incumbents. The
newcomer does not manage to enter Market 1 at all. Techndlaggelected by the market as
the dominant technology. Technologies 2 and 3 in this so@sarve as bridging technologies
to the point where Technology 4 reaches a critical markaimel (around the year 2050, see
Figurel4).

442 Scenario?2

In Scenario 2, knowledge sharing is deactivated, whilerteldgy pressures are active. Without
knowledge sharing, the newcomer (Company 5) is able to caussruption and completely
displace the incumbents (Companies 1, 2, 3 and 4) from Markgt2100. Compared to Sce-
nario 1, in Scenario 2 the newcomer is able to develop ithrietogy in a protected market
(Market 2) until it is able to compete with the establishechteology in Market 1. The in-
cumbents are not able to develop an alternative technolagfyeihough to compete with the
newcomer. This is characteristic foDasruptive Transformation (see Figuréls).

443 Scenario3

Both knowledge sharing and technology pressures are datattiin Scenario 3. The size of
Market 2 has been restricted, to deprive the newcomer ofteqted large market where it can
develop its technology. As a consequence, the incumbentdde to develop Technology 4 fast
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Figure 4: Simulation Results or Scenario 1 — Endogenoussioamation
Companies are color coded (blue: Company 1 (C1), red: Coymd4€2), green: Company
3(C3), purple: Company 4 (C4)). Different technologies evded by line styles and color
intensities (from Technology 1 (T1) darkest to Technolody's) brightest)
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Figure 5: Simulation Results or Scenario 2 — Disruptive Sfarmation
Companies are color coded (blue: Company 1 (C1), red: Coymd4€2), green: Company
3(C3), purple: Company 4 (C4)). Different technologies evded by line styles and color
intensities (from Technology 1 (T1) darkest to Technolody's) brightest)

(a) Scenario 2: Adopters in Market 1
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enough and are no longer disrupted by the newcomer (comp&eenario 2). Because of no
knowledge sharing, inter-company difference of techniglmigadvancements are significant. In
Scenario 3, Company 3 gains a significant advantage over @uoeg2 and 4, while Company
1 does not manage to develop Technology 4 at all. This seengpresents an example of a
Radical Transformation (see Figurél6).

5 Conclusions

We have developed a system dynamics model for technolagheaige with which we are able
to simulate the three transformation processes descrittbe itheory (see sectioh 2). The The-
ory says that ®isruptive Transformation is not probable when the values of the value network
change and rather suggestRadical or Endogenous Transformation process. Despite of the
active technology pressures in Scenario 2, which simuleeging values of the value network
which are perceived by the companies and which diminish @meigance of the current tech-
nology, we can clearly identify Bisruptive Transformation under these circumstances in the
model. There are two main explanations for that. First, girepvalues in the values network
per se are not sufficient to prevenDasruptive Transformation. In Scenario 2, incumbents
invest into the development and commercialization of Tetbgies 2 and 3 as a consequence
of the pressures. But Technology 4 of the newcomer proves tbhdsuperior technology. Be-
cause of significant market losses, incumbents run out ¢f @ad are unable to invest into the
development of Technology 4 at a later stage. Second, témiypressures increases the price
of Technology 1 (and to a lesser extent also of Technologi@sd23, which mainly use fos-
sil fuels but have lesser'O, emissions). Thus, together with technological improvenaeial
economies of scales, the newcomer is able to develop Temiwydl to become the cheapest
technology and cause the disruption. Without technologgsuires, the transformation process
is much slower and disruption does not occur (see Figure 7).

With the simulations, knowledge sharing has been demdasdtrt@ contribute significantly
to increasing the market entry barriers. When knowledgeirsthas active (Scenario 1), the
newcomer is not able to enter Market 1 or maintain a sustaioegpetitive advantage in Market
2, while without knowledge sharing disruption occurs (Soen2).

With a restricted market size of Market 2, the revenues gaedrby the newcomer are not
sufficient to develop Technology 4 to compete with the incantb quick enough. When both
knowledge sharing and technological pressures are datatdivthe model clearly suggest a
Radical Transformation. With technology pressures activated, incumbents mooagly align
to develop an alternative technology. The result is no loagistinctRadical Transformation,
but rather a transformation process betwe&adical and anEndogenous Transformation (see
Figure[8). This accords with the understanding that peecewalue changes in the value net-
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Figure 6: Simulation Results or Scenario 3 — Radical Tramsé&ion
Companies are color coded (blue: Company 1 (C1), red: Coymd4€2), green: Company
3(C3), purple: Company 4 (C4)). Different technologies evded by line styles and color
intensities (from Technology 1 (T1) darkest to Technolody's) brightest)

(a) Scenario 3: Adopters in Market 1
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Figure 7: Simulation Results or Scenario 4 — Slow transfdimnacompared to Scenario 3
without technology pressures
Companies are color coded (blue: Company 1 (C1), red: Coynp#€62), green: Company
3(C3), purple: Company 4 (C4)). Different technologies ewded by line styles and color
intensities (from Technology 1 (T1) darkest to Technolody's) brightest)
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work through technology pressures make organizationseawfahe required changes, reduce
organizational inertia and cause a focus shift toward tlveldement of new technologies. If
knowledge symmetries between organizations persist ¢giwaut the transformation process,
which is favored by knowledge sharing, Bndogenous Transformation is supported (compare
Scenario 5 (Figurél8) and Scenario 1 (Figure 4). Without Kaedge sharing, the transfor-
mation process loses the distinct characteristics dEmaogenous Transformation and gains
typical features of d&adical Transformation (see[8). Furthermore, the exploration phase is
longer without knowledge sharing and bridging technolsggnificantly penetrate the main
market, which must coincide with an increased uncertaintthe market. Thus uncertainty
during transformation phases can be expected to be lowedusiry where knowledge sharing
is dominant.

Our modeling results further suggest that not only the ahiarsstics of new technologies (e.qg.

requiring new knowledge and competencies, addressing reakets), but also industry struc-

tures (e.g. market preferences and sizes), industry sspractices (e.g. knowledge sharing)
as well as overlying social and regulatory forces (e.g.netgy pressures) importantly deter-
mine how a transformation process may unfold.

The theory outlined above helps to understand the transfiltomdynamics that may be found
in the future automobile industry. The intensive knowletlgeing between automobile mak-
ers increases the need to undertake significant R&D effdiris.company does not research
and develop new technologies, it is excluded from the kndgéetrading process, increasing
it's technical gap significantly with time. This may also &ip why most leading automo-
bile manufactures are investing significantly in the R&D kémative drive train technologies
today. An additional motivation for these investments meythe build up of absorptive ca-
pacity (Cohen and Levinthal, 1990) and the resulting cdpi@isito perceive and quickly react
to technological developments and breakthroughs of catopein alternative drive train tech-
nologies. The high risk of a car manufacturer to solely pette development of an alternative
drive train technology, as well as the consequences of mtdalpag in the development of al-
ternative drive train technologies other car manufactuaee pursuing (both excluding the car
manufacturer from the knowledge trading process and isargahe technological gap) may
lead to the creation of a common focal point in the industriyere the development of a se-
lected alternative drive train technology is emphasizedlbynanufacturers at the same time.
This may explain the congruent efforts undertaken by theitepcar manufacturers to develop
and commercialize battery electric cars today. Dependmigaw successful this commercial-
ization will be, these efforts will be either continued antensified or abandoned. In the latter
case, this would lead to the formation of a new focal pointiipg emphasis on another alter-
native drive train technology in the future, starting theolehprocess again, further prolonging
the exploration phase of the transformation process.
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Figure 8: Simulation Results or Scenario 5 — Transformapi@tess with features of an En-
dogenous and Radical Transformation
Companies are color coded (blue: Company 1 (C1), red: Coynp#€62), green: Company
3(C3), purple: Company 4 (C4)). Different technologies ewded by line styles and color
intensities (from Technology 1 (T1) darkest to Technolody's) brightest)
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Finally, the following requisites can be drawn as a condifa anEndogenous Transfor mation
process to take place in an industry:

1. A mature, knowledge intensive and highly competitiveustdy with a stable socio-
technical regime exists.

2. Overlying economic, sociological and/or ecologicalteyss put pressure on the current
industry’s socio-technical regime, causing a shift in tladues of the industry’s value
network.

3. Further improvements of the current technology is notlatsm to solve the pressure,
either because it is the cause of the problem itself (e.gemdgnce on oil) or because it
is reaching it's technological limits and further improvemnts are prohibitively expensive
(e.g. thermodynamic efficiency).

4. Incumbent companies in the industry realize that, in otdesolve the pressure and to
fulfill future market requirements, a paradigm change iessary (making ®isruptive
Transformation process very unlikely).

5. No alternative technology is available to substitutedldeechnology and solve the pres-
sure; possible alternative technologies exist, but arenyetature to be commercialized
and need to be developed first.

6. No sudden, unexpected and radical technological breakgh occurs, i.e. alternative
technologies evolve gradually and without creating sigaiit knowledge asymmetries
between companies in the industry (otherwise the transftom process would become
aRadical Transformation.

7. New knowledge can be effectively protected from beinglfreopied by the competition
and is traded in the industry; this prevents significant Kedge asymmetries in the
industry.

6 Outlook

The model presented here is still to be considered a generitehfior technological change.
Our future work will therefore focus on the parametrizatidnhe model to represent the auto-
mobile industry. With this, we will be able to further inviggite the conditions of technological
change expected in the automobile industry and the coneegsehat may result thereof for
the organizations in the industry. In addition, our worklwailso focus on the development
of policies which sustain a rapid transformation of the isity towards a more sustainable
propulsion technology with minimal social and economicsks
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