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Abstract

In this paper we review evolutionary economic mbdglin relation to environmental policy. We
discuss three areas in which evolutionary econanudels have a particularly high added value for
environmental policy-making: the double externatitpblem, technological transitions and consumer
demand. We explore the possibilities to apply etohary economic models in environmental policy
assessment, including the opportunities for makilgcy-making endogenous to environmental

innovation. We end with a critical discussion of tthallenges that remain.
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1 Introduction

It is commonly argued that technological innovatigh be an important key to decrease the impact
of industrial society on the environment. The usthnding of environmental innovation — that is,
innovation that contributes to the sustainabilityhee natural environment — from an economic
perspective is, however, still limited. Environmareéconomists working in the neoclassical tradition
find it difficult to incorporate technological inmation, since the outcomes of inventive activity
cannot be foreseen — not even in a probabilistiseseTherefore, the treatment of environmental
innovation as a maximization problem is of limif@@ctical relevance [1]. Ecological economists
may be better able to analyse environmental innawvdtecause they work outside the maximization

framework. Yet, hitherto they have been relativa&lgnt on environmental innovation.

With neoclassical and ecological economics havailgd to develop a systematic research
programme on environmental innovation, evolutionsgcgnomics emerged as an alternative and
promising framework [2]. In the last fifteen yeansso, we witness an increasing number of
contributions in environmental economics adoptingegolutionary perspective, including conceptual
frameworks [3-7], empirical studies [8-12] and pghoriented discussions [13-16]. More recently,
scholars have started to develop formal evolutipnaodels in environmental studies, both
explanatory and prospective [17-30]. These effiafiect a further deepening of the evolutionary
programme in the area of environmental studiesgclvbpens up possibilities for application in
policy-making. The goal of this paper is to provalsystematic review of the recent efforts in
evolutionary modelling in environmental studiesg an assess their implications for environmental

policy-making.

We apply the following structure. We first briefiljscuss evolutionary theory and its application to
the study of the economy (section 2). We go ongouss three areas in which an evolutionary
approach in environmental economics has a partiglizggh value-added for environmental policy-
making: the double externality problem, technolagtcansitions and consumer demand (section 3).
We then take up a ‘reflexive’ approach to the mfigovernment in environmental innovation from an
innovation systems approach, exploring opportusiite making policy-making endogenous to
environmental innovation (section 4). We end wittliscussion of the methodological challenges that

remain (section 5).
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2 Defining properties of evolutionary dynamics

Evolution is an extremely strong concept for untierding the dynamics in the world surrounding us.
After the publication of the seminal works by ClearDarwin, evolutionary theory was mainly
elaborated and applied in the sphere of biologychvhtill leads many present-day observers to
consider evolutionary theory as a biological the&glowing this view, applications of evolutionary
theory outside biology are often considered ‘metajaial’. However, various authors have pointed
out that evolution is a general principle basedanation, selection and replication [31-33]. Witte
advent of computer simulation, the general evohdig principle has been formalized in a number of
canonical models, for example genetic algorithna§,[8volutionary games [35], random fithess
landscapes [36] and multi-agent models [37, 38]ckwhare applied both in biology and other
disciplines like economics, sociology, psycholdgynguage studies, science studies, technology

studies and management.

In biological evolution, mutation and crossovecchfomosomes are the principle generators, and
natural selection is the test. Natural selectioerafes by differential offspring as the fitter \aanis
have their chromosomes replicated in more offspiiiragy less fit variants. In technology evolution,
the unit of analysis analogue to genes is hardetaiatify. Most often, scholars identify organisetal
routines as the unit of analysis [39]. Routinesbémarganizations, in particular firms, to produce
particular technological artefacts at a certairelef economic efficiency. Routines are replicated
vertically (through the creation of new firms asnspffs or subsidiaries of existing firms) as wad
horizontally (through imitation among existing fisin Investments in Research & Development
(R&D) generate new routines leading to new artsfdcinovative activity can thus be considered as a
search process in which firms try, through triatarror, to improve the quality of their outputs or
reduce the costs of output of a given quality. fitmess of artefacts is thus best thought of asesal
for-money [40]. The selection process operatesitigrential profits among firms, as fitter artefact
are sold at higher profit margins than less fieatts. Consequently, firms producing the fitter
artefacts have higher changes of survival thandipmducing less fit artefacts. Note, however, that
selection in modern societies does not only depenshles but also on the extent technologies are

socially legitimate as reflected in governmentgiulations and social norms.

A second property of evolutionary theory lies ie fiopulation framework, which basically defines
the level on which evolution works. Fisher [41]mdiied that the frequencies of various genes withi
a population changes over time according to thigie$s. Units or individuals with above average
fitness increase in frequency in a population, @/hihits with below average fitness decrease in
frequency and eventually become extinct. The pdiomgerspective can also be distinguished in

markets where firms compete through innovatiormBiemploying different technologies will be
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characterized by different fitness as expressemoafits. An evolutionary perspective thus rejetts t
assumption that firms all use, under the same tiondj the same technology. Yet, in the absence of
further innovation and under specific conditionsrket selection will lead firms that use the best
performing technology to be the only survivors,rata the process of natural selection [39, 42].

It is sometimes argued that technological innovatsonot an evolutionary process because
technological innovations do not occur at randotihijenbiological mutations do so. Unlike biological
evolution, the direction of innovative search i$ determined at random, but is rooted in
technological paradigms that guide the search bhehaef firms [43]. This also means that
technological development is, to some extent, fafgkilling prophecy: technological paradigms
create widespread expectations about the futuengiat of a particular technology thereby
mobilising resources and supporting institutionkjch in turn accelerate the development of a
technology thus confirming the expectations undegyhe resources and institutions [44, 45]. Still,
the process of technological development can bsidered as an evolutionary process, because
agents will always remain fundamentally uncertdiowt the outcomes of their investments in R&D.
As a result, the success of their search actiwtionly become apparent ex post depending on the

sales figures and profit margins.

A specific phenomenon in evolutionary processet) gpecial relevance to technological
development, is frequency-dependent selection.uemey dependency means that the fitness of a
particular genotype or technology depends on &gudency in the population. Positive frequency
dependence means that the fitness of a genotyigelunology increases with the number of copies in
the population. Though not very common in biolof@ablution, most technologies are positively
frequency dependent, because of increasing retarmdoption: the more a technology is used, the
higher its utility for users becomes [46, 47]. Watlown examples are telephone, fax and email, or
more generally, communication technologies, forahhitility increases as with the number of
adopters. Though most apparent in communicatidmtgogies, increasing returns to adoption are
relevant to virtually all technologies for varioreasons: more users render production costs and
prices to be lower, standardization increases ctibvifity with other technologies, more users
generate more information about the technologyeedpthe risk in adoption, more users generate
related markets for auxiliary products and servieesl more users generate more political power to

change institutions as to support the further dgwelent and use of a technology.

Formally, increasing returns to adoption imply tReher’s differential equation [41], in which the
frequency of particular genotype/technology charsgdsly according to the difference between its

fithess and the fitness of competing entities, saede extended for application in the analysis of
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innovations. The original Fisher's equation is etaerised by anique equilibrium as the fittest
technology will eventually come to fully dominateetpopulation. When increasing returns are
present, fitness is not only dependent on theifisit’ fithess of the technology, but also on its
frequency in the population. As a result, a nevintetogy with higher intrinsic fithess but few
adopters, will have difficulty to invade the poptiga, even though adopting the new technology by
all adopters, would lead to a fithess gain for lallthis case, the economy is said to be ‘lockédhia
sub-optimal Nash equilibrium. A differential equmatiselection model of this kind is characterised by
multiple equilibria with the dominance of either the existing or tleevriechnology being stable Nash
equilibria [48]. Consequently, some form of cooation or collective action among actors is required
to ‘unlock’ an existing technology to give room fam alternative technology to diffuse.

3 An evolutionary economic approach to environmental policy

Evolutionary environmental economics complementlassical and ecological approaches in its
emphasis on environmental innovation. From thenepeogress that is being made in applications of
evolutionary economics to environmental issuesdigénguish three main areas where an
evolutionary economic approach shows particulaedddilue in environmental research: (1) the
‘double externality problem’, (2) technologicalnsitions, and (3) consumer demand.

3.1 Thedoubleexternality problem

Generally, investments in R&D are inhibited whesulés from that investment spill over to

competing firms. Moreover, investments in environagéinnovations are also inhibited by the fact
that the private return on R&D in environmentaltegclogy is less than its social return if prices do
not adequately reflect negative externalities sagknvironmental impact [49]. Thus, there are two
reasons why firms will be reluctant to invest irvieanmental R&D as they cannot fully appropriate

the social returns as private returns, a conditégderred to as ‘the double externality problem’.

An evolutionary economic approach provides a syat@nframework to develop the concept of
double externality into a fully-fledged theory.particular, the notion of technological regime is
relevant here, referring to “combinations of oppaity and appropriability conditions and degrees of
cumulativeness of technological advances” [5053]4The concept of technological regime was first
introduced in a simulation model of innovation andustrial dynamics by Winter [51], who
distinguishes between an entrepreneurial regimeaanodtinised regime. The entrepreneurial regime
is generally associated with emerging industrids]erthe routinised regime is associated with n&tur

industries. In emerging industries the developneéitinovations relies on grasping opportunities
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external to the firm, while in mature industries@vative activities depend rather on the knowledge
residing within the firm, reflecting a higher degref incrementalism in comparison to the
entrepreneurial regime. The cumulative nature nbuation is reflected in the higher probability of
innovation and the higher degree of incrementalisithe routinised regimes compared to the
entrepreneurial regime. The results of the Wintedei show that innovation in the entrepreneurial
regime is driven by the entry of new firms, whitethe routinised regime a subset of leading firnes a
responsible for most of the innovations. The madsllts also show that the lead firms were
significantly older than the average firm indicatipersistent first-mover advantages. A follow-up
model by Klepper [52] replicates both regimes Biregle model where the transition from the
entrepreneurial regime towards the routinised regsrgenerated endogenously in the model. Here,
firms entering in the early stage of industry evian grow bigger and become more experienced in
doing R&D. This leads to an industry shakeout dysrhich few successful firms survive while most
are forced to exit. As a result, a stable oligogiaimarket structure emerges. The hypothesised
technological regimes and their impact on innovatignamics and market structure have been

validated empirically for a long series of indus&{50, 53-58].

Depending on the parameters for opportunity, apjetbity and cumulativeness, some industries

will suffer more from the double externality probighan other [59]. If opportunities are abound and
appropriability conditions are favourable, firmdhiave strong incentives to invest in environménta
innovations. In such environments, price measur@gwell trigger firms to devote more efforts to
environmental technologies. If, by contrast, oppoities are few and inventions are difficult to
appropriate, such measures may have much less. dffetich contexts, price measures are expected
to have a much greater impact if complemented imibstment in public R&D and programmes that

transfer publicly funded research to industry.

A high degree of cumulativeness of innovations imitluce incumbent firms to develop incremental
innovations along a particular technological tregeg [60]. This can be favourable for environmental
innovation if such innovations can be integratethcurrent trajectory. However, if a radical
environmental innovation is required, a high degreeumulativeness may block innovation [61, 62].
Policy based on price measures will in this casstindead to higher costs for firms and consumers
rather than provide innovative incentives, Futueiling exercises on industrial dynamics and
technological regimes can study the static and miymavelfare implications of alternative

environmental policy instruments in the contexspécific technological regimes and industries.

Environmental policy based on the standard econassamptions will often overlook cost-effective

opportunities to reduce the cost of achieving emuinental quality [63]. In the evolutionary approach
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on the other hand, a firm may profit economicaljyitivesting in environmental innovations leading

to a (temporary) monopoly [64]. Such monopolies rakp be created by the introduction of

minimum environmental standards, which are oftemsatered effective in raising general
environmental performance of technologies. The avel&ffects of such instruments are, however,
likely to be more complex [23]. Overall environmainperformance will generally increase as
production below the minimum standard is prohihiteat entry barriers to the market are raised
creating negative welfare effects due to lower lewé competition. Furthermore, standards may cut
off alternative technological trajectories thatrdm meet the standard, but may have been promising
in improving other environmental dimensions. Fatorodelling exercises can assess the joint effects

of environmental policies as to provide a comprehanassessment of welfare effects.

Evolutionary models can also be useful to studyiriterplay between industrial and environmental
policy [65]. Environmental regulations that aresimtled to stimulate environmental innovation
involve extra costs for domestic companies, yeai alay generate export opportunities as a lead
market. A model combining environmental innovatiomustrial dynamics and international trade
could provide interesting insights here. One exp#ut technological regime to affect how lead
markets will emerge, particularly with respecthe {country or sector specific) conditions of
appropriability of technological development, adlae the ability of firms in other countries to
imitate and further develop the technology. Suchiet®can also shed light on current debates about
the need and obstacles for technology transfenagf@mental innovations between developed
countries to less developed countries, for thedatbuntries to be able to fulfil their environmaint

objectives in an efficient manner.

In conclusion, evolutionary economics providesrageaof conceptual models addressing the interplay
between industrial dynamics and technological imtion. Such models are particularly useful to help
understand the specific nature of the double eatidyrproblem in particular industries, and thetista
and dynamic welfare effects different environmepialicies will likely produce. As effects differ
across different technological regimes, this apghaaill highlight the importance of the industry-

specific context in policy design.

3.2 Technological transitionsand niche management

A technological transition is generally underst@scthe substitution of a large complex technoldgica
system by a new system. For example, the tranditoon horse and carriage to the internal
combustion engine car system, and from the interobustion engine car system to a (future) fuel-

cell car system. Such a transition involves a ‘tetbgical paradigm shift’ during which society
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abandons certain patterns of solutions to certablpms and develops a new pattern of solutions [13
66, 67]. Technological transitions have becomecalf@gsue in environmental policy of some western
European countries, aiming for large-scale chatg@sprove the sustainability of major
technological systems. Important issues in tramsitiolicy relate to unlocking the present
technological system, to focus track to an altéveatystem that is environmentally more attractive,

and to allow for making strategic use of window®pportunities in time.

Technological transitions are characterized bysystemic nature of the changes involved, as well as
by the large number of heterogeneous agents atitlititns, the general large scale of change and
long time horizons. The systemic perspective relatehe existence of strong increasing returns to
adoption and scale. Bruckner et al. [48] have dpexd an elementary evolutionary model to
understand the conditions that lead to technolbgigastitution in the presence of strong increasing
returns. They show the difficulty for a new tectomy to take over the market, even if this new
technology is technically far superior to the indaent technology. Only when a critical mass of
adopters simultaneously switches to the new tedgyahrough some form of coordination, all others
will follow and adopt the new technology as welig model only applies in markets with
homogeneous products; in markets with heterogenamgkicts, there are various user groups that
differ in their valuations of a technology’s chaeatstics. In such environments, new technologies
can be introduced in niche markets when a usempgwilling to pay a significant premium for the
superior characteristic. Once introduced, userspaducers start learning and will introduce
subsequent improvements. Such a gradual processsalhe technology to diffuse niche-by-niche
[66, 68].

The fragmentation of markets can thus be understotetms of heterogeneity of demand
preferences, a notion that offers good opportusifibe exploration with evolutionary models [69].

The impact of heterogeneity of preferences on teldgical change has been studied extensively in
evolutionary models of technology adoption usingigety of modelling approaches, including
diffusion models with increasing returns [69-71d;@volutionary models of users and producers [17,
24, 29, 72] and extensions of the Nelson-and-Wimedel [58, 73]. These models generally confirm
the conclusion that niches, provided by consumeugg with deviant preferences, are indeed
important for technological transitions to takegaaas the new technology can be developed within
the niche before being introduced in the mass niaBwech models conceptually support policy
measures and regulations aimed to have environitestanologies mature in niche markets, a notion
that has been recognized in the policy conceptrafegic niche management (SNM) [13, 14, 74]. The
next step is to apply these models empirically &ljbcating parameters and initial conditions from

technical data sources [for an example, see 25].
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Policies following the above argument can be surrmadras aiming at ‘unlocking’ a socio-technical
system to provide opportunities for alternative rensustainable systems to develop and diffuse. A
second line of thought in policy oriented at tedbgaal transitions deals with avoiding a new laok-
into a sub-optimal technological system [47, 75-Artrategy aiming to un-lock the incumbent
technological system may actually favour the dewedent of specific alternative (sub-optimal)
system, even if it is not the policy objective wgb. In order to avoid an early lock-in into a new
technology, the preservation of technological ditgrcan be a useful policy objective, even though
few systematic methodologies have been developadsess empirically or conceptually the value of
diversity [78, 79]. Preservation of a portfoliowdrious technologies helps to foster a wide rarfge o
technological developments for a while, gainingoinfation about the exact properties and costs of

all alternatives. Clearly, such a policy is juxtapd to the regular policy theme of efficiency [16].

Another policy option in the face of uncertain tectogical development lies in preserving the
flexibility to reach a best fithess option in thédure. Building on the concept of fithess landssape
from Kauffman [36, 80], and transferred to manageinseience by Levinthal [81], Schwoon et al.
[19] have developed a methodology to describesaliiology options as a specific combination of
subsystems, and a transition path as a seriesaofjels in subsystems leading to a transition from a
current system to a new system. Such a path ctmohght of a sequence of mutations in subsystems,
each of which incrementally improves the overafiteyn’s fitness in terms of, for example, fuel
efficiency or environmental performance. Such pathd when a local peak in the ‘fithess landscape’
is encountered, which can no longer be improvedrbinnovation in a subsystem. Using empirical
data on the relative performance of all conceivaalesystems, Schwoon et al. [19] analyse the
possible transition paths through the landscapeaaritie flexibility of such paths in that re-rowgtin
exist if unforeseen problems arise. This methodpkigpws how progress can be made in various
directions without cutting off alternative develognt trajectories that may turn out to be promisihg

a later stage but which are presently unforeseen.

The policy problems of un-locking existing techrgital systems and avoiding early lock-in
highlight the strategic value of timing. The effeftspecific policy interventions is highly depentle
upon the timing of its implementation. A policy émtention supporting a new technology will have
little effect if the incumbent technology is stil full development and few niche markets existjlevh
policy intervention may have a decisive effect loa tdevelopment of a specific technology when
development in the existing system slows down acidermarkets are many. More generally, while
socio-technical systems are often stable for some, they provide ‘windows of opportunity’ for
policy intervention at times when the stabilitytbé socio-economic regime temporarily decreases
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[47, 82]. The concept of windows of opportunity ically refers to ‘the right time’ for political aicin
aimed at stimulating environmental technologied.[8@rious policy strategies related to windows of
opportunity can be conceived of, such window prafian, window creation and window utilisation
[84]. It should be noted that windows of opportyrdb not inherently arise from an evolutionary
modelling exercise; what follows from the model arg¢ical values or thresholds and windows of
opportunity are the policy relevant interpretatafrthese points. The added value of evolutionary
modelling lies in the identification of critical keses under different parameter settings, which aoul

serve as systemic tipping points.

3.3 Dynamicsof consumer demand

Economists traditionally understand consumer denaanstemming from private preferences, which
are simply ‘revealed’ through their actual choighaviour. This perspective allows to analyse the
economic system without having to analyse preferdammation and preference change.
Consequently, policies aiming at changing consumnppatterns have relied heavily on price

instruments such as taxes and subsidies, ratheoth@olicies that may affect people’s preferences.

Notwithstanding the effect of price measures orsaomption patterns, it is important to advance
understanding of the individual and social dynartfieg bring about preference changes. Some
significant contributions have been developed plionary economists and psychologists to
address this issue [17, 69, 85-88]. A key conaefiié evolutionary approach of consumption and
demand lies in the dynamics of changing preferenmasicularly through the interaction of
demanding agents with each other or with othergslapn the market. We distinguish between three
topics that we discuss below: bounded rationatitgral behaviour and conformism, and interaction

between user and producer.

Consumer theory in evolutionary economics is basethe concept of bounded rationality:
consumers cannot know about the properties ofoaltlg on the market because of constraints in
information, knowledge or effort. Therefore, consrsdevelop routines, based on previous
consumption experiences: consumers learn to conf88heSince consumers differ in terms of their
knowledge and skills, diffusion will generally dtarith ‘sophisticated users’. The success of these
early innovations is not necessarily replicatechass markets with less sophisticated users.
Environmental policy that aims to accelerate diffasby using on price instruments alone may be not
successful if not accompanied by training or infation provision, for example through the use of

eco-labelling [26].
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Bounded rationality also leads consumers to relinfermation they receive from fellow consumers.
Agent-based modelling provides a good frameworkHerevaluation of interaction among

consumers, who are individually attributed withdreggeneous characteristics, preferences and
abilities [17, 29, 30]. A specification of this appch implies that the social network structure can
bear effects on the probability and speed of diffa®f innovations, which can be modelled as the
percolation of information among agents locatedamid structure [89, 90]. Percolation in adoption
means that an agent becomes aware of a novel grodiyovhen a “neighbour” buys it for the first
time. Whether the agent subsequently adopts tr@upt@r not depends on the agent’s preferences as
indicated by its minimal quality requirement. Thessumptions are sufficient to reveal the tipping
point between failed diffusion and mass diffusionce a product passes a threshold of quality It wil
suddenly diffuse widely. Extending the model witkerieasing returns and imitation among consumers
shows the three-stage dynamics of technologicadigms: during the pre-paradigmatic phase
several paradigms co-exist in different nichesptbee paradigm emerges to dominate the market due
to network externalities, and during the maturesghthie paradigm is elaborated in various sub-

variants [70].

Consumers do not only differ in knowledge and skitlut also in preferences. Environmentally
concerned consumers may be more willing to payeanjum for a particular good with less
environmental impact. Such intrinsically motivatahsumers are often driving the first stages of an
innovation as they provide a niche market for emwinental products. In the following stages other
consumers may imitate this preference, possiblabse of conformism rather than by intrinsic
motivation of environmental concern. Frey [91] @iguishes between intrinsically motivated
consumption behaviour and externally motivated kigha. Environmental policies such as
regulation or taxes can psychologically affectititansic motivations of consumers as the locus of
control has shifted away from the consumer. Ontebieur is being demanded by policy instead of
chosen voluntarily, intrinsic motivations for certdbehaviour tend to decrease. Weak enforcement of
regulations or tax exemptions for particular groomsy further undermine intrinsic motivations. At
the same time, environmental policies may alsmgtieen intrinsic motivation as consumers are
informed about what type of consumer behaviourasatty expected from them, especially in
conformist societies. Such a behavioural perspediearly has important implications for the
assessment of the expected effectiveness of emv@otal policy. More generally, the understanding
of why some environmental technologies (or poligiEsmoting them) fail or succeed, requires an
understanding of the social dynamics underlyindgemce change, including such mechanisms as
peer pressure, imitation, status, conformity, eticef25]. The distribution of heterogeneous consume
preferences can be of key importance in determinihgther environmentally friendly technological

paradigms evolve and substitute more harmful pgradj29]
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Of specific interest is the involvement of usersha innovation process itself. Though research on
this topic goes back at least twenty years [92 gimergence of ‘open innovation’ models where
users actively participate in the innovation pra@dssmore recent [93, 94]. Note here that userd nee
not only be consumers, but can also refer to engasyExplicit evolutionary models of open
innovation are still to be developed, although s@mogress is being made in related topics such as
open source models [95] and social network mod®8§ [The concept of open innovation can be
particularly important for understanding the deyet®nt of environmental innovations, where some
users very actively co-develop new technologiegadricular, ‘niche users’ are often crucial as the
frontrunners to a technology’s emergence and ss8dd&s 92]. Future decentralized infrastructure
systems (e.g., in electricity production) may fertspur such user involvement as innovations can be

readily implemented and exploited by users indigijuor collectively.

4 A co-evolutionary per spective on institutions and policy

The applications of evolutionary models for envirental policy-making are primarily in the area of
ex ante assessment of static and dynamic welféeetefof environmental innovation policies. In this
evolutionary models can be used in the same wapagconomic model in this area: to explore
likely outcomes of different policy interventionsdto evaluate the costs and benefits. However,
evolutionary economics can also be used to undetdtee complex dynamic between institutions,
government policy and technological developmera ireflexive’ manner. That is, government
behaviour need not be considered only as an indigmévariable, but also a dependent variable. This
type of research can also help to understand witginecountries have been more effective in

environmental policies.

Conceptually, the presence of co-evolutionary dyinamequires a more integrated perspective on the
full system of innovation, rather than on the depehent of a sole technology. The concept of
National Innovation Systems has been developedptuce the interdependent nature of producers,
users, institutions and governments and to undedgtee differential innovative success of
countries[97-100]. In an innovation system, agant$ institutions all perform specific functions

such as financing, entrepreneurial activities seegch, which inter-relate to acquire innovative
momentum [4]. An innovation system perspectivevedidor the conceptual incorporation of feedback
mechanisms among agents’ activities and cumulativeesses of collective learning [5]. In the
context of environmental (innovation) policy, nai# systems also differ significantly with resptrt
the institutional arrangements and relationshipsragprimary agent groups, as has been shown in a
series of studies on the development of wind t@biii01-103]. Institutional specificities also impl
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that successful policies cannot be easily transfieitom one country or region to another [104, 105]
The innovation systems approach is not necessijied at the national level, but also at the
sectoral scale [59] or at the level of a technalalginnovation systems [4, 11, 106], in order to
account for sectoral or technological differengethie interaction logic between users, produceds an
governments. In technological innovation systenez#igally, institutions develop ‘along the way' in
a co-evolutionary relationship in which policieg @djusted to emerging technological paradigms and
paradigms are adjusted to policies [107, 108]. Emvnental innovation policy thus requires to take
into account the institutional context of a teclugital development in which technological change,
consumer demand and institutional settings co-@vahd mutually interact [29, 30]. A particularly
interesting model in this line has been developetMindrum et al. [23, 30, 59, 109], where
endogenous paradigm shifts are modelled in thé i§heterogenous consumerd and their tradeoffs
in price, quality and environmental impact. Firmraspond to the incentive structures provided by the
distribution of consumer preferences within a maegged have a strong incentive to improve the
environmental performance of their products if ghhwalue is placed on environmental utility and if
the level of global pollution rises to such as aktbat the average level of utility of all consume

classes becomes negative.

Few evolutionary modelling approaches have beeeldped so far to describe interactions and
relational structures in a system, in order to gtidelvelopment of a system’s structure, the evatutio
of relations and interactions within a system, emdnderstand properties of emergence in relating
micro-scale activities to system properties [20),11111]. Other directions of modelling explore the
co-evolution of economic and ecological systemsefl@mple when studying the common pool
problem of fisheries [27] or the effects of pesteiuse [18]. The behavioural rules that are being

explored and selected, can be thought of institstip-evolving with the ecological system.

Another possible approach uses the concept of eddjthess landscapes [36, 112, 113]. Such models
are especially useful to study the co-evolutiotwa or more technologies, where changes in one
technological can affect, positively or negativehe fitness of other technologies. This model can
explain why sudden avalanches of innovation cae fd#ice as one innovation triggers other
innovations in co-evolving technologies. Similayie can model the co-evolution of technological
and institutional change using coupled fitnessdaages where one landscape represents the fitness
of a technology (given consumer preferences) aaather landscape represents the fithess of

alternative policies (given voter's preferences).
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5 Conclusions and challenges

Uncertainty is an inherent element to social dymapibecause of the bounded rationality of agents,
the unpredictability of innovation and the existerd multiple equilibria. Evolutionary economic
models recognise this uncertainty and make it expthus taking it out of the usual black box and
showing the wide spectrum of possible futures. &@cionomic evolutionary models are particularly
useful to simulate market dynamics for experimeotatvith ‘what if’-questions. An evolutionary
simulation model, indeed most economic models tearefore be seen as a laboratory for social
experiments, which can be very helpful to studyatams in the mechanisms and assumptions in the
model (sensitivity analysis) and to explore exogeneariations in, for example, policy measures or
changes in behaviour (scenario analysis) [114].

It is probably fair to say that the strength of &welutionary approach lies in its strong
microeconomic foundations. It builds on behaviotinglory of the firm and provides a more realistic
description of the technological black box. An impat weakness lies in the lack of empirical tegtin
of existing evolutionary models, due to the faettbvolutionary models generally have (too) many
parameters [115]. A key challenge to tackle thésigsis to improve the hypothesising of the linkages
between the micro and the macro level. These liekdgllow some fundamental rules of system
complexity, the main characteristic being its nowedr properties. Such aggregation requires to
formalise the characteristics of agent behaviatmly rooted in social theory and empirical reality
However, evolutionary models in general and agesed models in particular have a problematic
relationship with empirical data, since this inv@dvan assessment of the extent to which the madel i
a good representation of the process that geneaagetiof observed data. A major challenge
therefore, is to come to simplified canonical etioinary models that encompass the fundamental
non-linear relations only. Complexity theory anslajpplications to technological innovation and

diffusion processes, provide good candidates madétlss direction [116].

A second way to deal with the problem of a multitud parameters is to bound these values to
certain ranges on empirical ground. For many emvirental technologies, technical information is
available that can be used for this purpose. Amdgrtain instances, information about user groups
can be used to specify the selection environmeatdatailed manner. By doing so, the size of the
parameter space can be reduced drastically allothimgesearchers to better understand the possible
behaviours of the model and the likelihood of vasi@utcomes. Similarly, one can sometimes derive
probable initial conditions from empirical data, istinwould further reduce the possible behaviours a

model can display.
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Apart from the empirical validation of parametetuss and initial conditions, the behavioural
assumptions and feedback mechanism require enlpigatidation. Typically, such empirical
evidence is derived from previous studies. Howeiveraction with the relevant stakeholders also
provides a way to validate the model empiricaltys Itherefore useful for evolutionary model

builders to work in close association with expénta particular field [114].

Evolutionary economics provides a range of innmratnodels, allowing the policy-maker to assess
ex ante the static and dynamic effects of diffepaiicy instruments. In particular, industrial
dynamics models distinguishing between technoldgezmes allow policy-makers to assess policy
instruments in different industry contexts. Furthere, a number of methodologies have been
developed to understand the conditions under wigichnological transitions may occur and the
specific role of niche users herein. A future chiadle for evolutionary economists is to develop
models in which the role of government can be ne&dgenous within an innovation system
perspective. Concluding, the use of socio-econ@widutionary simulation tools in environmental
policy assessment and evaluation offers very priogispportunities for policy makers, social
scientists, environmental experts and formal medgllwhose cooperation could give rise to an

exciting new branch of truly interdisciplinary sote.
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