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Abstract. This paper presents a model-based analysis of the introduction of green
products, which are products with low environmental impacts. Both consumers and
firms are simulated as populations of agents who differ in their behavioural charac-
teristics. Model experiments illustrate the influence of behavioural characteristics
on the success of switching to green consumption. Themodel reproduces empirical
observed stylised facts and shows the importance of social processing and status
seeking in diffusion processes. The flexibility of firms to adapt to new technology
is found to have an important influence on the type of consumers who change their
consumption to green products in the early phase of the diffusion process.
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1 Introduction

One path in striving towards a more sustainable economy is trying to decrease the
amount of materials that is being used. Current economies are focused on con-
sumption of material goods instead of maximising the utilisation of these goods
(Stahel, 1994). A transition from this consumptive economy towards a service econ-
omy would emphasise the function or service that products may provide instead
of emphasising the product itself. Examples are laundry services, car-pooling or
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car sharing services, teleshopping, maintenance services, etc. These service alter-
natives require important changes in consumer behaviour. When for example you
want to wash your cloths, you can buy your own washing machine, or wash your
cloths in a nearby laundry service centre. Stimulation of services will require a
behaviour change of both the consumers and the service companies. For example,
by sharing products, service companies will make it more logical to consider repair
or refurbishing of the products as a possible course of action. In order to elicit such
a transition, product designs and product services need to change. Products need to
be developed in such away that components can be taken back for re-manufacturing
products. Re-manufacturing is different from recycling in that it is a formof product
prolongation, not a simple material loop closing (Stahel, 1994).

Closing the product loop requires structural changes in the economy, involving
behaviour change of both producers and consumers. Innovative producers may
perceive a possible new market share for what we shall callgreen products, and
hence may adopt their production process towards making products that fit within
this economy, for example, machines that aremore robust, reparable and adjustable
qua function. Innovative consumers that perceive these products as more attractive
may be the first to start using these green products. This may provide a behavioural
example for other consumers, whose decision to use the green products may partly
originate from social motives.

It is expected that a service economy would be much less material intensive
relative to the satisfaction of human needs than the present consumptive economy
(Ehrenfeld, 1997). Technically, there are many options to reduce material and en-
ergy use by changing product design. The question is why the market entrances of
theseproducts sooften fail, or requirea lot of effort.One likely reason is that produc-
tion and consumption patterns are often ‘locked-in’, indicating that the behaviour
of the various agents is interdependent or that switching costs hinder behavioural
change.Firmsare interrelatedbycompetitionandprofit rates,whichmakes the large
investments in adapting the production process very risky. Consumers frequently
feel satisfiedwhen consuming the same as their neighbours (social needs) and often
engage in social comparison and imitation when deciding what to consume. Due to
these dependencies and processes it can be hard tomotivate an individual to change
to production/consumption of alternative “green” products.

Due to slow changes of consumption patterns, it is the question how to replace
incumbent products with new, more environmentally friendly ones. Taxing of the
non-green product is one strategy the government can employ in accelerating the
diffusion of green products. In this paper, we assume that various characteristics of
productsevolvedue to interactionwith consumersandproducers. In fact, consumers
andproducers co-evolve in order tomeet their objectives. Firms invent newproducts
and want to increase their profits, consumers change consumption of a certain
product if theyexpect that it increase their level of needsatisfaction.Wewill observe
what effects the imposing of a tax on non-green products has on this co-evolution.

In this paper a simulation model is presented that studies the issue of intro-
duction of alternative products. The multi-agent model describes the behaviour of
consumers as well as firms. The behaviour of consumers is modelled in line with
simulation models from social psychology (Jager, 2000), while the behavioural
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rules of the firms are based on evolutionary economics (e.g. Nelson and Winter,
1982).

Thepaper is build up as follows. InSection 2 abrief overview is presented on the
literature of lock-in dynamics and diffusion processes. In Section 3 the simulation
model is described and in Section 4 results of model experiments are presented.
Section 5 concludes.

2 Lock-in and diffusion dynamics

Although there are products on the market available that seem to be technically
superior to existing products, these products often do not obtain a significantmarket
share. To understand this phenomenon, the dynamics of lock-in will be discussed.

Lock-in denotes the situation where a certain technology dominates the mar-
ket, and it seems to be impossible to introduce an alternative technology. The most
popular example to explain this situation is the QWERTY keyboard (David, 1985;
Liebowitz and Margolis, 1999). Most people are trained to use a QWERTY key-
board and although it might be more ergonomically efficient to switch to another
type of keyboard, which is very simple nowadays with computer keyboards, this is
not likely to happen. This is because of the high costs involved in getting used to a
new keyboard. Other popular examples are the market dominating software prod-
ucts Microsoft Windows and Word text processing, which make it very difficult
for competitors to maintain or expand their market-share due to reasons of limited
compatibility.

One economic explanation for a lock-in can be found in price dynamics and
increasing returns to scale (Arthur, 1989). The more a product is used, the lower
will be the costs per unit of production, which makes the product affordable for
more people. This in turn accelerates the market penetration of the product. Such
processes can be found in markets with high fixed costs and low variable costs, and
in markets where the success of using the technology is dependent on how many
other people are consuming or using the technology. Examples of high fixed costs
are learning to type on a QWERTY keyboard, developing software, or making a
CD. The first copy of a product may costsmanymillions of dollars, but more copies
can be produced at almost no additional costs (Shapiro and Varian, 1998).

When the practical value of a product (returns) increases as a function of the
number of people (scale) that use this product, the returns to scale or network effect
becomes apparent. Such network effects relate to the use of telephones, faxes, e-
mail and software packages, where the practical value increases the more people
use these products.

What can be learned from the literature on lock-in is the fact that it can be very
hard to replace existing technologies because it will entail a lot of high switching
costs (learning a new technology, developing a new technology, adjusting related
infrastructure, adjusting existing institutions). As this appears to be an important
barrier for the introduction of green products, we will employ a simulation model
to investigate how certain aspects in the decision making process of consumers
and firms affect the diffusion dynamics of green products. Moreover, using this
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simulation model we will investigate how financial strategies may interfere with
these dynamics.

The diffusion of innovations is a widely studied phenomenon. The innovation
diffusion theory as introduced by Rogers (1962) is the most frequently cited publi-
cation in this field. Rogers states that the cumulative number of adopters typically
follows an S-shaped curve. The S-curve starts to rise slowly when the firstinnova-
torsadopt to the innovation. Following that, the cumulative number of adopters rises
somewhat faster due to theearly adopters. The curve is at its steepestwhen theearly
majorityandlatemajoritysuccessively adopt to the innovation. The curve increases
at a slower rate when thelaggardsadopt slowly to the innovation. Generally, early
adopters appear to weigh their personal needs more, have a higher aspiration level
(venturesome fore the innovator and respect for the early adopter; Rogers, 1995,
pp. 263–264) and are more actively searching for information (Rogers, 1995, pp.
274), whereas late adopters appear to attachmore weight to their social needs, have
a lower aspiration level and search less for information. Moreover, early adopters
are better in coping with uncertainty than late adopters (Rogers, 1995, pp. 273).
This may have consequences for the type of decision process they employ, because
people that have a lower tolerance level for uncertainty may engage more in so-
cial processing (social comparison, imitation, see also Jager, 2000). Rogers (1995)
emphasises the importance of reaching a certain ‘critical mass’ of adopters beyond
which the innovation will diffuse without much stimulation. This is assumed to
reflect the importance of having sufficient role models that increase the chance that
the innovation is being spotted by less innovative people that engagemore in social
comparison and imitation. This critical point in the success or failure of a product
diffusion is often called a ‘chasm’ (e.g., Moore, 1991). Especially in high techmar-
kets this ‘chasm’ separates early markets frommainstreammarkets (Moore, 1991).
We assume that this ‘chasm’ is primarily being caused by a different weighting of
social information by innovators and early adopters (early market) versus the other
categories (mainstream market).

The speed and degree to which an innovation diffuses (the slope and top-level
of the S-curve) is related to several factors. Rogers (1995, p. 206) states that most
of the variance (49 to 87%) in the rate of adoption is explained by five attributes
of the innovation: (1) relative advantage, (2) compatibility, (3) complexity, (4),
trialability, and (5) observability. In addition to the attributes of the innovation, also
factors such as type of innovation-decision, communication channels involved,
nature of the social system in which the innovation is placed, and the extent of the
change agents’ promotional efforts affect the rate of adoption. The general idea is
that when an opinion leader has adopted, and a critical mass of adopters is reached
(3 to 16%), the innovation will diffuse without much promotion of change agents.
Sometimes people may overadopt an innovation, for example, when they innovate
because of status reasons whereas the practical applicability of the innovation is
relative low. Rogers (1995, p 216) explicitly mentions that this phenomenon should
be studied further. We consider this effect of overadoption typically as an outcome
of underlying behavioural dynamics. The more people look at the (innovative)
behaviour of others as a reference for their own behaviour, the more likely it is
that they will adopt the behaviour of these people. Especially when social needs
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play an important role (e.g., status, belongingness), or when people are uncertain
about what to do, they will focus their decision making process on the behaviour of
others. However, this may cause them to adopt behaviour that does not satisfy their
personal needs all too much. As a consequence, when the social situation changes
(e.g., due to fashions), the adopted behaviour may loose much of its satisfactory
capability, stimulating people to reconsider their behaviour. This makes clear that
the decision process that people use is a critical factor in the innovation diffusion
process. When they deliberate a lot they will perceive the innovation in an early
stage. When they engage in imitation or social comparison they may learn about
the innovation from others. But when they habitually repeat their behaviour they
may remain unaware of the innovation. It is evident that the decision processes that
characterise a typical market will affect the rate and speed of innovation diffusion
to a large extend.

For example, in buyingacarpeoplegenerally dealwith important decisionswith
respect to the amount of money involved and the meaning of a car for one’s social
identity and status (e.g., Steg and Tertoolen, 1999; Stradling, Meadows and Beatty,
1999). Moreover, people may be uncertain because there is an enormous number
of models to choose from, and it is at first unclear how one’s social environment
perceives the ‘personality’ of variouscars, aswell ashow thismatcheswith yourself.
This explains why people in general talk a lot about cars, and that many magazines
and television programmes are devoted to automobiles. The market can thus be
seen as dominated by social comparison processes, which may elicit a competitive
market with fashion dynamics (see e.g., Janssen and Jager, 2001). Thismay explain
the various trends that can be seen in car design, such as the ‘wings’ on cars in the
1960s, the popularity of 4-wheel-drives in the 1990s and the current popularity of
Multi Purpose Vehicles (MPV’s).

The relative advantage(economic profitability, social prestige and other out-
comes) of an innovationwill only be perceived if people take the outcomesof adopt-
ing to the innovation into consideration. People are generally motivated to think
about alternatives when their current behaviour is not fully satisfactory. Hence,
when they are satisfied with their current behaviour they might remain unaware
of the innovation and its (changing) characteristics (e.g., decrease of price). More-
over, it appears that relative fast positive outcomes speedup the process of diffusion,
whereas preventive and/or distant outcomes lower this rate of diffusion (Rogers,
1995, pp. 216–217). This also makes clear that when people decide, they do not
engage in economic optimising (rational actor type behaviour), but rather use more
simple heuristics or engage in biased information processing in their evaluation of
the relative advantage.

Thecompatibilityof an innovation refers to the degree it fits with sociocultural
values and beliefs, previously introduced ideas and needs for the innovation. The
higher the compatibility of the innovation, the faster its diffusion will proceed.

Thecomplexityof an innovation has a negative effect on the rate of the diffusion,
although the research is not conclusive on this effect (Rogers, 1995, pp. 242).
People that are very motivated to adopt a new innovation (e.g., a computer in
the late 1970s) are more likely to spend cognitive effort in understanding this
complexity, and hence will be better capable of dealing with it, thus benefiting
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from the innovation. However, less motivated people that experience uncertainty
because of the complexitymay decide to buy a computer by observing the outcomes
of the early adopters and estimating how they could benefit from using a computer
themselves (social comparison). However, these peoplemay experiencemuchmore
difficulty and frustration in dealing with the innovation than the early adopters,
which is in line with the observations of Rogers, Daly and Wu (1980).

The trialability of an innovation is affecting its diffusion positively, especially
amongst the innovators and early adopters, as these have no behavioural examples
of other people that use the innovation (Gross 1942; Ryan, 1948). The more people
already adopted the innovation, the less important this trialability becomes, because
the experience of other people (social capital) can be employed in deciding to
innovate.

Theobservabilityof the innovation is considered to be positively related with
its adoption (Rogers, 1995, pp. 244). Here we want to add that this observability
relates to the innovation use, which may be public or private, and to the proportion
of people that already adopted the innovation. As regards the latter, especially the
people that base their decisions on social informationmayperceive a lowproportion
of people using the innovation as a strong clue not to adopt.

The Bass model entails an important contribution to the study of innovation
diffusion by modelling the process in a mathematical way. Bass (1969) proposed
that potential adopters of a new innovation are influenced by twomeans of commu-
nication, namely mass media and word of mouth. The Bass model further assumes
that there is a group of ‘innovators’, that exclusively use mass media as source
of information, and ‘imitators’, that exclusively use word of mouth. Whereas the
Bass model approached the market the market as an aggregate, several researchers
developed micro-level models to study the individual foundations of innovation
diffusion (see e.g., Mahajan et al., 1990). For example Chatterjee and Eliashberg
(1990) contributed to themodelling of innovation diffusion by introducing amicro-
level model that allows studying the effects of heterogeneity in populations on the
diffusion of innovations. Such a micro-level model is the basis of our model of
co-evolving firms and consumers.

3 The simulation model of co-evolving firms and consumers

3.1 Overview

The model is designed to analyse under which conditions green products can suc-
cessfully be introduced. Green products are defined as products with an alternative
design such that less physical resources are required during its life cycle. Products
are implemented as a chain of actions. The non-green type of product is sold to the
consumers, and will not return back to the producer. The green product is leased
to the consumats, the artificial consumers in our model. In Section 3.3 we will
explicate the rules that constitute this artificial consumer. Old products are taken
back by the producer, which refurbish products for the production of new products
(Fig. 1).
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Fig. 1. Chain of actions for products, which are sold and leased. The bold line indicates the re-
manufacturing cycle for green products

Firmswho are innovators are assumed to change their product designwhen they
do not meet their business target, defined as aminimum average profit rate. At such
events, firms may decide to introduce a green product. Adoption of green products
by the consumats depends of the price, the specific characteristics of the available
brands of the products, and products, consumed by the consumats’ neighbours
in their social network. Whereas we acknowledge the fact that some consumers
stronglyweight environmental outcomes in their buyingbehaviour,most consumers
do not, and hence we do not formalise an environmental need of consciousness in
the model of the consumat explicitly. Environmental motivations are, like many
other motivations, included in an abstract way in the style characteristic of the
product (see below).

The model consists of two submodels for the simulation ofnC consumers and
nF firms. These multi-agent models are linked with each other via a number of
global equations translating product prices to product demand.

The global product demandQ(t) is equal to an amount of moneyM(t) divided
by the average pricep(t).

Q(t) =
M(t)
p(t)

(1)

The amount of moneyM(t) which the market is inclined to spend on buying
products is assumed to be equal to (Kwasnicki, 1998):

M(t) = M0 · et·g · [p(t)]ε (2)

WhereM0 is a parameter characterising the initial market size,g is the growth rate
of the market andε is the average price elasticity. The average price of all products
offered for sale on the market is equal to:

p(t) =
nF∑
i=1

pi(t) · Q
D
i (t)
Q(t)

(3)

whereQD
i (t) the demand for producti is equal to

QD
i (t) = Q(t) · fi(t) (4)

Wherefi(t) is the market share of producti. Note that we have assumed that the
production offered by the firms exactly fits the demand of the consumats.
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3.2 Firms

The simulation of firmbehaviour is basedon concepts fromevolutionary economics
(e.g. Nelson and Winter, 1982). Firms are assumed to have incomplete knowledge
of the future behaviour of competitors. Instead of deliberating on optimal decisions,
firms’ behaviour is often based on routines. These routines can be seen as geno-
types of the firms. Like biological evolution the compositions of these genotypes
can change in time. A new routine can be discovered (mutation), or routines of
competitors are imitated (recombination). The changes of routines depend on in-
vestments inR&Dandwhether the firms focuson imitationor innovation. Technical
characteristics of the firm are functions of genotypes. The biological equivalent of
these characteristics is the phenotype.

How resources are allocated to different types of research affects the technical
characteristics of the firm. Whether firms will be successful on the market depends
on the behaviour of the consumats. Although some products may be technically
superior, consumats may decide to consume other products, as we will explain
in the consumer model section. In modelling firms we crudely assume that firms
measure their success in terms of the moving average of profit rates.

The models of the firms are kept very simple, since our main interest is the
adoption of products by consumers. Each firm is assumed to produce one product.
The production functions of the firms are all equal. Firms decide on the capital
stock (investments) in order to produce the expected level of production. Firms
observe the market shares and costs of the competitors. All firms take the decisions
simultaneously and independently. After the investment decisions are made, the
firmsundertakeproductionandputproductson themarket.Theconsumats’ decision
process to buy theproduct is described inSection 3.3. Firms canadapt their products
in terms of style, the design (non-green or green) and the degree of refurbishing of a
green product. Style refers to non-technical characteristics that influence the choice
of the consumer, such as colour and shape. The degree of refurbishment increases
in time. Such an increase occurs with a certain probability. The higher a firms’
investments in R&D, the higher is the probability of improving refurbishment.

The three phenotypes are implemented as follows. The style of the productd1
is a value between 0 and 1, the design of the productd2 is non-green (1) or green
(0), and the degree of refurbishmentd3 is a value between 0 and 1, which can only
increase in time.

The design of the products can change in time. Firms are assumed to be ei-
ther imitatorsor innovators. Innovatorsinvestments in R&D result in changes in
the product composition, that is the style, design and refurbishment. Whether the
changes in the phenotypes improve the performance of the firm depends on the
decisions of the consumers.Imitatorsalso invest in R&D, but at a lower level than
the innovators. They copy the design of the firms who had the best performance
during the last few years. This performance is measured by the obtained market
share.

The firms are assumed to innovate or imitate only when they do not have met
their long-term target of a certain profit rate. This simplistic assumption is based
on satisfying behaviour of the firms. As long as they are satisfied, they do not take
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risks in trying out new products. The long-term profit rate is the result of previous
investments and output of the firm.

Given the demand for producti, QD
i , is equal to production of goodsQi, the

capital inputs can be calculated:

Qi = αi · (Kj
i )γ

i (5)

WhereKj
i is the capital stock for producing producti, which can be a non-green

product (j = c) or a green product (j = g), αi a technology parameter, andγ
represents the elasticity with respect to capital. Rewriting the production function
leads to the required size of the capital stock:

Kj
i =

(
Qi

αi

) 1
γ

(6)

Taking into account that the capital stock will decrease not faster than depreciation
at rate1/LK , the actual size of the capital stock is then defined as:

Kj
i = MAX

(
Kj

i ,K
j
i (t− 1) ·

(
1 − 1

LK

))
(7)

The price which have to be paid by the consumat is defined as a minimum price
pmin,i multiplied by a factor that takes into account themarket share, a profitmargin
Φ(> 1) and an elasticityη. The higher the market share, the higher the price that
will be asked from the consumat, which represents the impact of market power of
economic agents.

pi = pmin,i · (Qdi/Qd+ Φ)η (8)

The minimum price is defined as a cost price per unit of production. For every
unit of production a unit of capital is invested in line with equation (6). The an-
nuity rate translates capital investments into years depreciation and is defined as
a = r

1−(1+r)−EL , wherer is the interest rate andEL the economic lifetime of the
capital investment. The cost of material inputs depends on the price of materialpm

and the amount of material inputs. When the product is a non-green one,d2,i = 1.
In case the product is a green design, the inputs depend on the refurability rate.
Since a fraction of the output is invested in research and development (IR&D,i) the
minimum price is increased by dividing the costs by (1 − IR&D,i)

pmin,i =
a ·

(
QD

i

αi

)1/γ

+ pm ·QD
i

· (d2,i + (1 − d2,i) · d3,i)

(1 − IR&D,i) ·QD
ii

(9)

The returns of a firm are equal to the pricepi times the productionQi. For the
calculation of the profit of the firm, costs of R&D, capital investment and material
inputs are subtracted. The costs of R&D are a fractionIR&D,i of the returns. This
fraction can have two values, depending on whether the firm is an innovator or an
imitator. The capital investments are equal to the capital stock for both non-green
and green products times the annuity factora. The costs of material inputs are equal
to a fixed material pricepm and the material inputs.
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For each firmi the profitΠi is equal to

Πi = Qi ·pi ·(1−IR&D,i)−a ·(Kc
i +Kg

i )−pm ·Qi ·(d2,i+(1−d2,i) ·d3,i) (10)

3.3 Consumers

For the simulation of consumption we build on the model of Janssen and Jager
(2001). Thismodel simulates howpsychological factors of consumers affectmarket
dynamics. The model is based on the consumat approach (Jager, 2000). Based on a
comprehensive conceptual model of consumer behaviour that offers a kind ofmeta-
theory of human behaviour, artificial consumers, the consumats, are implemented.
AnumbernC of consumats consumeoneproduct on each time-step. The consumats
have two needs, namely a social need and a personal need.

The personal need expresses the personal preferences or taste of a consumat
for certain products. The level of need satisfaction for the personal need depends
on the difference between the dimensiond1,j of the consumed productj and the
preferred characteristics by the consumati, pi: s

Np
ij = 1 − |pi − d1,j | (11)

The satisfaction of the social need is related to the sense of belongingness and the
use of common symbols. As regards the consumption of products, this may be for-
malised as having a preference for consuming the same products as the neighbours.
The more neighbours consume the same product, the higher the satisfaction of the
social need. We assume that consumats prefer to consume the same as their neigh-
bours as to stress their social identity, although other implementations of identity
can be used (Janssen and Jager, 2001).

A social network, which indicates who ones neighbours are, is implemented in
linewith theWatts-Strogatzmodel (Watts andStrogatz, 1998). Thismodel includes
the empirical found characteristics of social networks, namely the small-world
effect and the clustering effect (Newman, 1999). The small-world effect refers to
the experience that despite a large population, themap of who knows whom is such
that we are all very closely connected to one another. The cluster effect denotes
the observation that people’s circles of social contacts tend to overlap to a great
extent. Your friend’s friends are likely also to be your friends. The Watts-Strogatz
model simulate these effects by building a model that is a regular lattice having
some degree of randomness in it (Fig. 2).

A market sharems can be calculated indicating how many neighbours in the
social network consume the same product. The level of need-satisfaction for the
social needNs is higher the more neighbours consume the same product, and
hence the level of the social need reflect the notion how many neighbors of agents
i consume the same productj.

Ns
ij = ms

ij (12)

The total level of need satisfaction of consuming productj is equal to

Nij = βi ·Ns
ij + (1 − βi) ·Np

ij (13)
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Fig. 2.A Watts-Strogatz model of social networks

Whereβi weighs the influence of the social need and the personal need. A low
βi holds that the personal need is weighted more, as is usually the case with more
innovative people (Rogers, 1995), whereas a highβi holds that the social needs are
weighted more, as is usually the case with less innovative people.

Prices influence the relative satisfaction rate of an opportunity. Since higher
prices reduce the expenditures in other opportunities to increase the level of need
satisfaction, satisfaction levels are compared per unit of price. The need satisfaction
equation (13) is rescaled by the relative price level

Nij =
βi ·Ns

ij + (1 − βi) ·Np
ij

pκ
j

(14)

whereκ is a scaling parameter andpi is the price of productj. Notice that the
choice for green versus non-green products is a function of individual preferences,
social needs and price levels.

Heterogeneity in our model is thus introduced at two levels. First, it pertains to
individual variations considering personal preferences regarding the product char-
acteristics. Second, it resides in different weights of the personal need against the
social need. The introduction of a social need is a major extension in comparison to
the modelling approach of Chatterjee and Eliashberg (1990), who only use product
performance and price as determinants of heterogeneity of consumers.

In deciding what product to consume, the consumat may employ different cog-
nitive processes. The type of social processing the consumat engages in depends on
the level of need satisfaction and on the experienced uncertainty. UncertaintyUi is
defined as the squared difference between expected level ofN , which is assumed
to be equal toN at timet− 1, and the actualN :

Ui =
√
ABS(Ni −Ni(t− 1)) (15)

Cognitive processing

The consumats may engage in different cognitive processes in deciding how to
behave, depending on their level of need satisfaction and degree of uncertainty.
Consumats having a low level of need satisfaction and a low degree of uncertainty
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are assumed to deliberate, that is: to determine the consequences of all possible
decisions given a fixed time-horizon in order to maximise the level of need satis-
faction. Consumats having a low level of need satisfaction and a high degree of
uncertainty are assumed to socially compare. This implies the comparison of the
own previous behaviour with the previous behaviour of consumats having about
similar abilities, and selecting that behaviour which yields a maximal level of need
satisfaction. When consumats have a high level of need satisfaction, but also a high
level of uncertainty, they will imitate the behaviour of other about similar con-
sumats. Finally, consumats having a high level of need satisfaction and a low level
of uncertainty habitually repeat their previous behaviour.

The threshold parametersNmin, the minimum level for satisfaction, andUT ,
the uncertainty tolerance level, are given. Given the values ofNi andUi the type
of cognitive processing of the consumat can be defined.

– Repetition (Satisfied and certain:Ni � Nmin;Ui � UT ) The consumat contin-
ues to (habitually) consume the product that has been consumed in the previous
time step.

– Deliberation (Dissatisfied and certain:Ni < Nmin;Ui � UT ) The consumat
will evaluate the expectedNi of each product, and will consume the product
with the highest level ofNi, that is satisfaction per unit costs. When more
than one product have the highest score, the choice is at random between the
candidate products.

– Imitation (Satisfied and uncertain:Ni � Nmin;Ui > UT ) The consumat eval-
uates the products that are being consumed by its neighbours. The product with
the largest share among the neighbours will be chosen for current consumption.
In case of more than one candidate product, the choice is at random between
the candidate products.

– Social comparison (Dissatisfied and uncertain:Ni < Nmin;Ui > UT ) The
consumat evaluates the product that is consumed the most by its neighbours.
The expected satisfaction resulting from consuming the candidate product is
compared by the expected satisfaction of the product consumed in the previous
time-step. The candidate product with the highest satisfaction per unit price
will be chosen for consumption.

The eventual survival of products on the market depends on which products
will be consumed following these cognitive processes.

In comparison to the Bass model (Bass, 1969), our model does not beforehand
distinguish between a group of ‘innovators’, that exclusively use mass media as
source of information, and ‘imitators’, that exclusively use word of mouth. Rather,
we assume that the word of mouth is an expression of two underlying social dy-
namics. First of all, the cognitive processes of imitation and social comparison
express the tendency of people to take their neighbours behaviour as a benchmark.
Secondly, the social need expresses the tendency of people to find their neighbours
consumptive behaviour attractive. Both processes operate through word of mouth,
but also by observing the behaviour of others. Moreover, in our model the agents
only consider new opportunities when deliberating, which can be interpreted as
that the massmedial information about the availability of new opportunities is only
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perceived during deliberation. The difference with the Bass model is thus that we
do not formalise differences between two groups regarding their innovativeness,
but that we formulate innovativeness as a variable that depends on the decision
making process of individual agents. In the next section we will demonstrate how
this model elucidates the behavioural dynamics behind innovation diffusion.

4 Model experiments

4.1 Experimental set-up

A number of experiments have been performed to analyse how the characteristics
of the agents, consumats and firms, on the rate of diffusion of the green prod-
ucts. In the simulation experiments we formalise 100 consumats, and 10 firms.
The experimental conditions will differ regarding the product development rules,
the consumat rules, and the tax policy on non-green products. Each experimental
condition involves 100 model runs, with random values for the consumat prefer-
ences and initial product characteristics. The time horizon is 100 time steps, which
resembles a period of a few months up to a few years, depending on the type of
market.

Product development rules

Two experimental conditions are being based on the product development function
of the firms. In the first condition, a fixed set of 10 products remains for the whole
time horizon: 5 non-green and 5 green products. In this ‘fixed set of products’
condition, each firm produces its own product for the full simulation period, and
only theirmarket sharesmaychange. In secondconditionweassume that 50%of the
firms areinnovators. Initially, all firms produce non-green products. It is essential to
realise thatinnovatorsmay develop new non-green products. Moreover, in relative
stable markets they may innovate at a lower rate because firms only change the
design of their product when they do not meet the moving average profit target
of 10%. As a consequence, a large market share obtained byinnovatorsdoes not
automatically imply a large market share for green products.

Consumat rules

One experimental condition will set the consumats so as they exclusively engage
in deliberation, thereby representing the rational actor, which we henceforth will
address asHomo economicus (HE). In the other experimental condition the con-
sumats are set as to engage in all four types of cognitive processing, which we will
address asHomo psychologicus (HP).
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Tax policy

The green products are more expensive than the non-green products which are
implemented by assuming differentα values (see equation (6)):α = 1 for the
green products andα = 2 for the non-green products. This causes that an external
policy is needed to generate diffusion of the green products. This ismainly since the
simplistic formulation of the firms. They do not make advertisement (generating
dissatisfaction), price shortcuts, or other campaigns. Furthermore, the prices do no
decline due to learning, technical development and cost reductions. Therefore, a tax
policy is only an option to stimulate consumats and firms to change behaviour. Two
experimental conditions are based on the introduction speed of tax policy. Slow
tax refers to a linear increasing tax rate (slow tax) from time step 25 up to a fixed
level at time step 75.Fast tax refers to the introduction of a tax rate at once at time
step 50. In both conditions the final tax-rate is 0.5, indicating about a doubling of
the prices for non-green products. When most consumats are satisfied, they will
not change behaviour (lock-in), and hence a tax may ‘shake up the system’ and
stimulate consumats to consider alternative products.

Design of the study

The simulation experiments thus follow a 2 (product development rules)∗ 2 (con-
sumat rules)∗ 2 (tax policy) design. In the following sections we will present the
results. In the first section we will discuss all the results for the fixed set of prod-
ucts conditions. After that we will present the results for the product development
condition. We will conclude this section with a series of sensitivity analysis.

4.2 The ‘fixed products’ conditions

In Figure 3 we observe the diffusion of green products for the four consumat∗ tax
conditions. In all conditions the tax rate of 0.5 appears to be sufficient to obtain a
full diffusion of the green products. During the first 25 time steps, when the tax rate
is zero, there is a small percentage of green consumption. This is caused by the fact
that for a few consumats that heavily weigh their personal needs (equation (11)) the
green product is more satisfying, despite its higher price. The level of initial green
consumption is higher for the HE, because of the full deliberation of all options,
compared with the satisfying behaviour of the HP. An introduction of a tax leads
to a faster response by the HE, but in all cases elicits a total switch of consumption
patterns after time step 60.

Fast tax

Figure 3 shows that in case of a fast tax, the HE responds immediately by switching
to green products. The HP responds a bit later, and it requires about 7 time-steps
for the green products to diffuse completely. Introduction of the fast tax shows



Stimulating diffusion of green products 297

first a peak in social comparison because the outcomes of their behaviour change
(eliciting uncertainty) in an unwanted direction. However, because hardly any con-
sumats consume green products, this social comparison process does not elicit a
large behavioural change. This only starts when in the next time step the consumats
are used to the change (reducing uncertainty), and many of them start to deliberate
about more attractive alternatives. The resulting shift in consumption again stimu-
lates consumats to engage in social comparison, but now many consumats already
consume the green product, and thus the diffusion completes. Because the green
products are more expensive than the (untaxed) non-green products, the consumats
will not be that satisfied, andhence theyengage in reasonedprocessing (deliberation
or social comparison) after the transition has been completed.

Slow tax

Figure3 shows that the slow taxalso leads toa slower diffusionof thegreenproducts
in comparison to the fast tax condition. Moreover, we observe that also in the slow
tax condition the HP adopts the green products at a slower rate than the HE. This is
caused by the fact that the HE deliberates on every time-step and thus reacts to the
new tax regime, whereas the HPmay engage in repetition, or imitate the behaviour
of an imitating other.

This causes that the HP may be not aware of the changing tax, or socially com-
pares whilst the social network in majority consumes non-green products. Hence
the HP does not immediately react to the changing tax. In the slow tax condition,
the HP shows a smooth transition of cognitive processes.

Whereas the tax increases linearly, the population of HP that uses a green prod-
uct shows a typical S-shaped diffusion graph. This effect is due to the effect of
the social need and heterogeneity of the weight of needs. When some deliberating
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Fig. 4.The relation between the value of beta and the moment of changing to green consumption. For
both the HP as well as the HE the consumats who weight social need more than the personal need

consumat start consuming green products because it better satisfies their strong
personal need, this affects the social network of the consumats. Hence, other con-
sumats may subsequently expect a higher social need satisfaction following green
consumption. This shows that the transition process accelerates when a critical
number of consumats have adopted green products. Especially the consumats with
a strong social need will change their consumption during this rapid transition. At
the end of the transition we observe that the speed is decelerating, which is caused
by the consumats with strong personal needs that do not appreciate the green prod-
ucts very much, but which are forced by the increasing tax. This observation of
the importance of heterogeneity in the weighting of the social versus the personal
need is confirmed when we look at the average value ofβ of those agents who shift
from non-green to green products projected against the fraction of consumats that
already shifted to green products (Fig. 4).

This figure shows that the early adopters have a lowβ value, thus weighing
their personal needs more. During the middle part of the transition, theβ values of
the switching agents are higher, illustrating the higher weighing of the social need.
These results are in line with the empirical observation of Rogers (1995). However,
for the late adopters and laggardswe observe a slightly lowerβ value for theHPand
a much lowerβ value for the HE. This suggests that the late adopters and laggards
pay less attention to the social need as is suggested by Rogers. However, these
agents may be forced to switch towards green consumption because (1) the price of
the non-green product has risen that far that it outweighs the consumats preference
for a non-green product, and (2) their social need has been depleted that much that
it pays to switch towards the green product all their neighbours are consuming.

If we look at the consequences for the material input, we observe that these
follow a similar behaviour as the diffusion process (Fig. 5). The default trend of
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Fig. 5.Material inputs when there is a fixed set of products

material inputs is a gradual increase due to an external growth rate of the economy
(Eq. (2)). The absolute size of material inputs is determined by the total consump-
tion, the type of consumption and the posibility to refurbish green products. The
absolute amount of consumption decreases when the prices increase (see Eq. (1)).
The type of production is determined by the diffusion of green production. The
ability to refurbish green products increase in time due to investments in R&D.
The combination of the factors lead to a reducing level of material inputs after the
tax intervention. The dominant factor is therefore the improvement of the ability to
refurbish after the switch to green products.

4.3 The ‘development of products’ conditions

In the ‘development of products’ condition we start initially with no green products
on the market. Innovative firms thus need to switch to developing green products
to make a transition possible. This leads to a delay of the diffusion processes
as illustrated in Figure 6. Whereas in the previous condition the strongest effect
was found for the rate of the tax introduction, here the main effect discriminates
between the cognitive rules the consumats employ. We observe that for the HP the
diffusion reaches a level of 80 to 90% att = 100, whereas the HE reaches a level
of about 30 to 40%. Furthermore, the gradual increase of tax introduction results
in a lower diffusion rate compared with a fast tax introduction. Before we explain
the differences due to the speed of tax introduction, we will have a closer look why
the HE leads to a lower diffusion rate.

The main explanation of a faster diffusion when consumats are HP resides in
the fact that the variability in market shares is much larger under the HP condition.
This is being caused by the fact that social comparison and imitation may cause
consumats to consume the same product as other consumats, despite the often
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Fig. 6.Diffusion of green consumption when firms change the design of their products

lower outcomes associated which that behaviour. These dynamics may cause one
product to obtain a large market share, at the cost of others. Firms with very small
market shares may not meet their profit targets and start to innovate or imitate.
The dynamics of product renewal are thus faster and more frequent in the HP
conditions. These dynamics stimulate an earlier introduction of green products, and
consequently, consumats in the HP conditions start earlier with green consumption.
Under condition of renewal of products it appears that cognitive processes such as
imitation and social comparison accelerate the diffusion process.

The innovative firms derive a larger market share in case of the HP experiments
(Fig. 7). Being the first onamarketwith an interestinggreenalternativeprovides the
chance of being adopted by a large share of the population due to social comparison
and imitation processes.

Both for the HE as for the HP we observe that a slow tax leads to a slower
diffusion than a fast tax (Fig. 6). In the slow tax conditions we observe that green
products enter themarket just beforet = 50, at what point the tax is almost halfway
its linear increasing path (tax level is about 0.25). In the fast tax the green products
enter the market aftert = 50, at what time the tax of 0.5 is imposed on the non-
green products. The question is why a fast tax stimulates diffusion, even after time
step 75, where in both conditions the tax remains at a stable level of 0.5? The
answer resides in the co-evolutionary dynamics. In case of a fast tax the profits
for firms drop rapidly due to a decrease in demand. As a consequence, many firms
do not meet their profit targets and start redesigning their products, including the
introduction of green products. In case of a gradual tax introduction, firms have
more time to adjust to changed conditions (e.g. production capacity). Therefore, a
fast tax is more capable of shocking the system, thereby stimulating a transition
towards the production and consumption of green products. For theHPexperiments
there is an additional factor. A tax shock leads to dissatisfaction ofmany consumats,
resulting in exploring new products in case of deliberation. Also social comparison
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Fig. 7.Share of consumed products which are produced by innovative firms

is more frequently being employed, which in this case accelerates the diffusion
of green products. A gradual introduction of a tax shows a slower increase in the
proportion of deliberation, starting at aboutt = 30 when the tax rise makes more
and more consumats dissatisfied. Many consumats remain repeating their previous
behaviour, which of course slows down the diffusion process.

These results suggest that a fast tax stimulates a faster transition, which causes
the consumats to experience a higher level of need satisfaction in the long run.
Because at the point of introduction of the fast tax the consumats are less satisfied
than at any point in the slow tax condition, here the saying ‘no pain, no gain’
appropriately summarises the rationale of the fast tax policy.

In the experiments where firms can develop new products we do not observe
that the early adopters relatively weigh more their individual needs (lowβ), and
later adopters their social needs (highβ) (Fig. 8), as observed by Rogers (1995)
and as observed in the experimental conditions with fixed products (Fig. 4). On the
contrary, we observe that the consumats with the lowestβ usually adopt later to the
green products. This has to do with the co-evolutionary processes that cause firms
developing products in the pre-tax period that very well fit to the individual needs
of the consumats.When firms are able to adapt their product, consumats use amuch
higher proportion of repetition, indicating a higher satisfaction level. Especially the
consumats with a lowβ will experience a higher satisfaction than the consumats
with a highβ, because the products fit their individual needs. The consumats with
a highβ on the contrary are often less satisfied because the continuous product
development causes that the other consumats in their social network more often
switch from product, and hence their social need is often less satisfied. Because of
their lower satisfaction, they aremore likely to deliberate about alternative products,
and hence they may be the first to perceive the relative attractiveness of the green
products due to the changing tax regime. The satisfied consumats with a lowβ are
more likely to persist in their habitual behaviour, and consequently they are often
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Fig. 8.The relation between the value of beta and the moment of changing to green consumption when
firms can change the design of their products

the latest to change their behaviour. Sometimes they are forced to change when
their favourite product is not produced anymore. These results suggest that the
characteristics of the people that innovate depend on the type ofmarket they operate
in. Many markets that have been studied in the context of innovation diffusion can
be described as slowly renewing, such as agricultural practices, contraceptives
and health related behaviours. Here the innovators are more likely people that
attach greater value to their individual needs. On the basis of the simulation results
we expect that the same people are more frequently late adopters in less stable
markets with repetitive consumption. Examples of such markets are fashion, home
decoration and cellular phones.

When we observe the consequences for the material inputs, we observe that
the growth of material inputs decreases when the slow tax is imposed (Fig. 9).
This is due to the higher prices that decrease consumption. However, the largest
difference can be seen after the introduction of the fast tax. Here we see a decrease
in the material inputs. However, after a few time steps we observe that the material
inputs for both HE conditions rise, and for both HP conditions decrease to a lower
stable level. This clearly reflects the successful innovation diffusion for both HP
conditions.

4.4 Sensitivity analysis

Sensitivity to the tax level

Using the model version of fast responding firms, we explored the diffusion rate
after 100 time steps of simulation for various tax levels Figs. 10).When the tax level
is lower than 0.3, there is no diffusion of green products. The only implication of the
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Fig. 10.Fraction of green products after 100 time steps for different tax rates

tax, is the reduction of the demand. Those tax levels seem to be too low to provide
firms enough prospects to shift to green products. At higher tax levels the order of
impact between the tax policies and implementations of cognitive processes of the
consumats remain the same as observed with a tax level of 0.5 in the default case.
We only observe a convergence of the impact of fast and slow introductions of tax
policies at high tax levels when the consumats are HP.
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Fig. 11.Diffusion of green products after 100 times steps for different fractions of imitators among the
firms

Imitators versus innovators

Not only the characteristics of the consumats determine the success of diffusion,
also the characteristics of firms are important. In the next analysis we use themodel
versionwith fast responding firms, andwe vary the proportions of innovating versus
imitating firms. The distribution of imitators versus innovators clearly determines
the degree of diffusion Fig. 11). For different settings of consumat characteristics,
an increase of 0% imitators to 60% imitators has moderate impact on the decrease
of the level of diffusion. Beyond this point the decrease of diffusion is large, and
drops to zero when all firms are imitators.

5 Conclusions

The two formulations of firms we used in these model-based experiments are ex-
tremes. Either the firms offer 1 product that is never being changed, or the firms are
extremely adaptive, willing and able to change their product immediate if necce-
sary. Clearly, firms in the real world will display more complex strategies that are
more positioned between the extremes as formalised in this paper. However, despite
this simplicity in themodelling of the firms, the experiments yield some interesting
conclusions from the perspective of consumer behaviour. First, the results suggest
that more deliberation, as is usually the case with important consumptive decisions,
yields a faster diffusion in a market where firms do not adapt there products, but
a slower and not complete diffusion in a market where firms continuously adapt
their product designs. Moreover, it appears that in both markets different types of
consumats function as innovators and early adopters. The results also suggest that
the introduction speed of tax policy is more important when firms do not adapt
versus the case where firms adapt their product design. Whereas the results for the



Stimulating diffusion of green products 305

fixed portfolio of products correspond to the results as reported by Rogers (1995),
the results for the case where firms adapt their products designs show a differ-
ent perspective. For example, we observed that the consumats that attached more
weight to their social needs were amongst the innovators and early adapters, which
contrasts with the results of Rogers (1995). Empirical research that is focussing
on the innovation diffusion process in markets with rapid adjustment of product
designs should be performed to confirm this hypothesis.

Green technology is being applied in various types of markets, which differ
regarding speed of renewal and the dominating decision processes. For example,
we may distinguish between markets with high importance of social compatibility,
but low decision importance (e.g., clothing), low importance of social compatibility
and low decision importance (e.g, foods), high importance of social compatibility
and high decision importance (e.g., cars, solar power) and low importance of so-
cial compatibility and high decision importance (e.g., heating devices, expensive
household appliances). These markets will differ regarding their market dynamics,
and thus we assume that the producers in thesemarkets differ regarding their adapt-
ability. Hence, we expect that stimulating the diffusion of green products in these
different markets should focus on different types of consumers. Moreover, it may
be expected that different policy options appear to be most effective in addressing
different groups of consumers.

The simulation experiments of co-evolving consumer and firm behaviour led
to interesting insights and predictions of empirical phenomena. We hope that they
will stimulate additional empirical and conceptual work on this important topic.
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