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Abstract
Despite the very positive – as measured by market surveys – attitude towards eco-innovations and
sustainability in general, the actual market penetration of green products and practices generally
falls behind the expectations. In this paper we argue that considering difficulty of engagement,
as used in the Campbell Paradigm, is of critical importance when modeling diffusion of ecoinnovations. Such a notion of difficulty possesses three desired properties: (i) parsimony – it
is represented by a single value, (ii) interpretability – it can be regarded as an estimator of the
otherwise complex notion of behavioral cost, and (iii) applicability – it can be easily measured
through market surveys. In an extensive simulation and analytical study involving empirically
measured difficulty and an agent-based model spanned on different social network structures, we
show that innovation adoption may exhibit abrupt changes in market penetration as a result of even
small changes in difficulty. The latter may be of particular interest to policy makers who have to
make strategic decisions when introducing socially – but not necessarily individually – desired
products and practices, like dynamic or green electricity tariffs.
Keywords: Green products and practices, Energy policy, Innovation diffusion, Difficulty, Social
network, Agent-based model.

1. Introduction
In response to climate change, low-carbon policies have been recently enforced worldwide.
Effective transition to green energy, however, depends not only on efforts of policy makers, but
also on customers’ acceptance of novel products or ideas [1–4]. Survey research shows that most
customers hold positive attitudes towards eco-innovations. At the same time, adoption rates of
solutions such as dynamic electricity tariffs remain unsatisfactorily low [5–7]. The observed discrepancy, also known as the intention-behavior gap, yields the need to identify factors that affect
adoption rates. And as Gyamfi et al. [8] argue, social psychology and economic behavior models
should be used to overcome these challenges.
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katarzyna.weron@pwr.edu.pl (Katarzyna Sznajd-Weron), rafal.weron@pwr.edu.pl (Rafał Weron)
Preprint submitted to Renewable and Sustainable Energy Reviews

September 12, 2017

A well explored factor that fosters diffusion of green products and practices is conformity to
others [9]. Innovations such as dynamic electricity tariffs naturally involve uncertainty triggered
by insufficient knowledge. In such situations of uncertainty, opinions and behaviors of friends
and neighbors often serve people as a guideline for their own behaviors [10, 11]. Accordingly, in
empirical research peer effects were found to increase adoption of photovoltaic solar panels [12]
or reduce residential energy usage at households [13–15]. Conformity has been also considered in
agent-based models (ABM), in particular in the context of adoption of dynamic electricity tariffs
[7], green consumption patterns [16], electric vehicles and sustainable transport [17–19] or energy
technologies in households [20–22].
A somewhat less studied factor but potentially equally relevant is the cost related to adoption
that may effectively hinder this process [23–25]. If external barriers are modeled in the literature
at all, they refer to price regulations and financial burden set on customers [7, 16]. However,
turning on one’s washing machine after midnight to benefit from lower prices of electricity requires
rescheduling of daily chores and vigilance at nighttime. We argue here that adoption of sustainable
products and practices bears costs that go well beyond financial expenses and that ignoring this
fact may result in unreliable analyzes and forecasts.
The contribution of this paper is threefold. Firstly, we develop a novel approach to agent-based
modeling of the adoption of eco-innovations, in which – besides the effect of social influence (i.e.
conformity to neighbors or peers) – we introduce external costs defined as difficulty of adoption
of a given behavior. Secondly, we demonstrate that difficulty is not an abstract construct but can
be measured empirically in a relatively straightforward way. Finally, using survey data from the
Netherlands and Poland, we show that the differences in difficulty can be interpreted as costs of
different energy-related, sustainable behaviors in cross-country comparisons.
The remainder of the paper is structured as follows. In Section 2 we provide a comprehensive
review the most important features of a good ABM for modeling diffusion of green products
and practices. Next, in Section 3 we introduce the notion of difficulty of engagement, as used in
the Campbell Paradigm, and argue that it possesses three desired properties: (i) parsimony – it
is represented by a single value, (ii) interpretability – it can be regarded as an estimator of the
otherwise complex notion of behavioral cost, and (iii) applicability – it can be easily measured
through market surveys. In Section 4 we show how difficulty can be efficiently implemented in an
agent-based model of eco-innovation diffusion. First, in Section 4.1 we briefly describe the Monte
Carlo modeling framework, then in Section 4.2 we provide analytical calculations for a complete
graph (i.e. a fully connected network of agents). In Section 5 we present and discuss the obtained
results. Finally, in Section 6 we wrap up the results and discuss policy implications.
2. What makes a good eco-innovation diffusion model?
It is not easy to define what makes a good model for the diffusion of green products and
practices. There are many approaches, even within agent-based modeling (ABM) itself [26]. Like
for any model design, simplicity and reality (or usefulness) are the key factors. However, as Jager
and Mosler [27] nicely put it, the challenge resides in simplifying the often complex theories of
social science and the complex reality into simple sets of rules.
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In this Section we discuss the most important – in our opinion – features of a good ABM for
modeling diffusion of eco-innovations and comment on how they can be implemented. Before we
move on, we would like to emphasize that (i) although focused on diffusion of sustainable products
and practices, in some aspects the following discussion reaches far beyond this modeling context
and that (ii) all models – no matter how good – are only simplistic representations of reality and
should not be used in a mechanical way for the conduct of policy, definitely not without allowing
for judgmental adjustment.
2.1. Binary opinions are realistic (enough)
One of the pivotal elements to be decided when building an innovation diffusion model is how
to describe the agents (also referred to as actors, consumers, customers, individuals or spinsons).
The simplest, most natural and probably also the most popular choice is to define an agent by
a single dichotomous variable that represents an adopted (+1) or an unadopted (0) state. The
term spinson (= ‘spin’ + ‘person’; coined by Nyczka and Sznajd-Weron [28]) reflects exactly this
characteristic – the dichotomous nature of the consumers – and has its origins in spin models of
statistical physics and humanly features of the agents.
The idea of binary states – which we will also utilize in this paper – is natural from the social
point of view, since dichotomous response format with 1 (yes, true, agree) and 0 (no, false, disagree) as response options is one of the most common in social experiments [29]. Interestingly,
it can be traced back to Schelling’s model of racial segregation or even to the famous Lenz-Ising
model of ferromagnetism proposed already in the 1920s [30]. However, agents with more than
two states have been also considered in the literature. For instance, Moldovan and Goldenberg
[31] defined three states: uninformed, adopters and resisters, while Deffuant et al. [32] introduced
a preadoption state in which an interested individual was ready to adopt, but took reflection time
to be sure of the decision. Interest in the innovation was defined as a three state variable (‘no’,
‘maybe’ or ‘yes’) and its value was dependent on the global opinion and uncertainty in the society. Janssen and Jager [33] considered so-called consumats, which were characterized by two
continuous variables that described their specific individual taste in two dimensions.
2.2. Social response is not only conformity
The second pivotal element to be considered is the precise definition of rules that change the
state of the agent, i.e. the representation of consumers’ decision making processes. In innovation
diffusion models we usually assume that the state of an agent is affected by external influence (e.g.
advertising, mass media) and internal influence, i.e. interactions between the agents (e.g. word-ofmouth). To model the latter various rules are used [26]. Many of these rules, including epidemic
processes and threshold models, rely on imitating the behavior of others [17, 18, 34]. Therefore
they describe only one type of social response – conformity. However, conformity is not the only
type of social response [30, 35].
In this study we consider an agent-based model with two types of social response – conformity
and independence. We are fully aware that independence is not the only type of non-conformity
and, for instance, anti-conformity could be also taken into account as in [28]. However, including
both types of non-conformity makes the model more complicated and, hence, more difficult to
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analyze and interpret. Besides, it is always good practice to start with a simpler approach in order
to control the role of all parameters, then expand it if needed.
2.3. The size of the group matters
In the so-called q-voter model [36] that we consider here, each individual interacts with a set
of q neighbors (i.e. a q-lobby) instead of all of its neighbors, like usually in the threshold models
[28, 34, 37]. This assumption follows the idea introduced by Galam [38, 39] to model opinion
dynamics and is based on the observation that people usually discuss in small groups. The optimal
group size for discussions, collaboration, etc., has been the issue of interest for years, mainly from
the management of view. For example, it has been shown recently that groups containing 3 to
6 members were significantly more productive and more developmentally advanced than larger
groups [40]. In fact, already over four decades ago, Hackman and Vidmar [41] concluded from a
cross-sectional study that the optimal team size was 4.6 members.
The size of the group is also very important in the context of social influence. On one hand,
the size of the group cannot be too small, i.e. it has to be of a sufficient size to invoke the social
pressure. On the other, the size of the group cannot be too large, because people tend to discuss
in small groups. It has been observed in a number of social experiments and described by several
social theories that for social influence it is not only essential for the majority to be unanimous
but also of sufficient size. Increasing the size of the majority will have no additional impact. The
threshold value of the group size varies between 3 and 5, depending on the experiment [42].
Moreover, Weiss et al. [43] have recently observed that the infection-spreading models, such
as percolation and generalized contagion or epidemic processes, are not consistent with the experimental data. On the contrary, they conclude that approaches utilizing opinion dynamics are able
to reproduce the empirical data and are suitable for innovation diffusion modeling.
For the above mentioned reasons, we have decided not to use threshold models, which assume
that at the same time all neighbors – no matter how many there are – influence the agent. Looking
for a compromise, we have decided to consider here groups of influence that consist of q = 4
members. We are aware, that one would expect the ‘group sizes’, represented by parameter q, to
be sampled from some probability distribution instead of always having the exact same size, but
in such a case we would have to assume ad hoc what is the distribution of q. Our approach may
be interpreted as selecting an optimal or an average group size, which is particularly reasonable if
we expect that the variance of the group size distribution is small.
2.4. Unanimity vs. majority
As already mentioned, conformity can be modeled in different ways. In the most general
approach utilizing threshold models [18, 28, 37], a predefined ratio r of adopted neighbors is
needed to influence an agent. Therefore the majority rule corresponds to r = 12 , whereas unanimity
to r = 1. Although the majority or supermajority (e.g. 23 or 43 of votes) rules are typically used
in voting systems, it has been observed in number of social experiments that a small unanimous
group may be more efficient in convincing others than a much larger group with a non-unanimous
majority. In the now-classical series of experiments on conformity, Asch [44] found that the
presence of a social supporter reduced conformity dramatically – participants of the experiment
were far more independent when they were opposed by a seven person majority and had a partner
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sharing the same opinion than when they were opposed by a three-person majority and did not have
a partner. Influence of a consistent minority on the responses of a majority has been also reported
in [45]. Also recent neurological experiments suggest that unanimous opinions may be critical
for normative influence [46]. Moreover, the need for unanimity and the ambiguity of the decision
in the absence of a unanimous majority has been considered in a number of social experiments,
see [42] for a review. Therefore, it seems that for modeling the diffusion of green products and
practices, which involves a high level of uncertainty, the unanimity rule is the most appropriate.
2.5. Person vs. situation-driven independent behavior
In real societies agent independence is probably described by a bell-shaped curve, as many
other quantitative traits in nature. However, given the complexity and our limited understanding
of the human nature and lack of good quality empirical data this is not certain. Independence might
instead be better described by a skewed distribution, as wealth, or a multi-modal distribution. In
a recent study, Sznajd-Weron et al. [47] have concentrated on two extreme approaches: personspecific and situation-specific. In the person approach there is a fraction p of individuals that are
permanently immune and a fraction (1 − p) of agents who are susceptible to the social influence.
Within such an approach the distribution of independence consists of two peaks – one of height
p at p = 1 and the second of height (1 − p) at p = 0, and can be treated as an approximation of
a bi-modal distribution. In the situation approach all agents have the same level of independence
p, which means that every individual behaves independently with probability p and conforms to
group pressure with probability (1 − p). Within such an approach the distribution of independence
consists of only one peak of height 1 at p = p and can be treated as an approximation of a unimodal bell-shaped curve. Sznajd-Weron et al. [47] have shown that such two extreme scenarios
introduced on the micro (i.e. agent) level yield very different results on the macroscopic (i.e.
system) level. As there is no consensus on the prevailing type of influence, see [48] for a historical
account and a review of the longstanding and vigorous person-situation debate, in this study we
confront the results for both approaches – person- and situation-based.
3. Difficulty of engagement
Difficulty is considered a key predictor of behavior in social sciences and not surprisingly it
is included in the most recognized models of behavior change such as the Theory of Planned Behavior [49] or the Socio-Cognitive Theory [50]. In most of these models estimates of behavioral
difficulty rely on people’s perceptions. That is, difficulty is considered to be subjective and persondependent [51]. Obviously, difficulty of behaviors – such as using renewable energy sources or
dynamic electricity tariffs – may be perceived differently by different individuals. Nevertheless,
for a number of reasons a more objective, person-independent difficulty seems more relevant for
energy policy. Research shows that for some behaviors the objective difficulty is not perfectly
related to its subjective perceptions made by people [52]. In other words, sometimes people fail to
recognize how challenging the barriers that they have to overcome really are. Moreover, perceived
difficulty is not stable over time and as many human perceptions it may depend on respondents’
mood or specific circumstances [53]. Because policy makers require reliable indicators of behavioral change, a person-independent difficulty appears to be a more useful concept.
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3.1. Campbell Paradigm and the Rasch model
Kaiser et al. [54] have recently proposed a model of behavior change with person-independent
difficulty and called it the Campbell Paradigm. Their model, grounded on Campbell’s [55] original idea from the 1960s, treats the likelihood of individual behavior as a function of a person’s
attitude and of the difficulty of engaging in this behavior. This difficulty stems from all sorts of
external barriers, both physical and figurative. The more demanding these barriers are, the more
favorable attitude towards a general goal, such as environment protection, a person needs to have to
overcome them. Kaiser et al. [54] have proposed that the relation between difficulty of behaviors,
attitude and behaviors can be measured using a one-parameter logistic Rasch model [56]. Technically, in this model, behavioral difficulty is not estimated on the basis of people’s evaluations
and opinions (i.e. their subjective perception of ‘difficulty’) but using the proportion of persons
that engage in a given behavior. The probability of engagement in a certain behavior, πis ∈ [0, 1],
is modeled as a logistic function of the difference between person θ s and item (or behavior) δi
parameters:
exp(θ s − δi )
,
(1)
πis =
exp(θ s − δi ) + 1
where i = 1, ..., Ni , s = 1, ..., N s , Ni is the number of items (or behaviors) and N s is the number of
subjects (or individuals) under study. Recall that an item can be a self-reported or an overt behavior
or any other question on a scale [56]. Note, that in the Campbell Paradigm the ‘person’ parameters
pertain to the level of attitude (e.g. pro-environmental attitude) and the ‘item’ parameters to the
realization costs of a particular behavior or – simply put – to the difficulty of engagement. The
higher a person’s attitude relative to the difficulty of a behavior, the higher the probability that a
person will engage in a given behavior.
Difficulty of specific behaviors can be measured on the basis of self-reported behaviors in relatively large samples. Polytomous-format questions can be further converted to a dichotomous
format to simplify the analysis and increase precision of estimates [57]. Then, given a certain pattern of responses to all items by all individuals, i.e. an Ni × N s matrix of πis ’s with 1’s representing
endorsement of a behavior and 0’s representing non-endorsement, each person’s θ̂ s and each item’s
δ̂i can be estimated using maximum likelihood [58].
3.2. An empirical study: Cross-country comparison
Questionnaire data with self-reported behaviors can be used to compare external constrains
and barriers that amount to difficulty of specific sustainable behaviors. Barriers such as climate,
infrastructure or wealthiness of citizens and legislation all affect difficulty and are relatively similar
at the country level, especially in the European context [59]. Therefore, for illustrative purposes
these administrative units can be used to demonstrate the effects of external conditions affecting
people’s performance of particular behaviors. For example, one may expect that refraining from
using air-conditioning will be far more difficult in Sicily than in Ireland.
Using a similar approach as in [60], we present a comparison of a set of self-reported proecological behaviors of Dutch and Polish citizens from general adult populations. The two countries not only differ in terms of affluence of their citizens, but also with respect to weather conditions, legislative solutions and the infrastructure. We expect, therefore, differences in the difficulty
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of some behaviors. Samples from Eindhoven (the Netherlands) and from Wrocław (Poland) were
taken for the cross-country comparison. Dutch data was collected in 2004 by sending questionnaires via regular mail to the citizens of Eindhoven, randomly selected from the municipality
register. Out of 4445 approached persons 1746 sent back completed questionnaires (response rate
of 39.7%), either spontaneously or after one reminder. After exclusion of persons below the age
of 18, 1703 individuals were included in the analysis. The mean age of participants was 47.5
years and there were 847 female (49.7%) and 856 male (50.3%) respondents. Polish data was
collected in 2012 by personal approaching of 1272 persons at their households. The addresses
of the participants were randomly selected from the municipality register as well. Of these 1272
individuals, 463 persons returned completed questionnaires (response rate of 36.4%). The mean
age of participants was 41.6 years, 277 (59.8%) were females and 186 (40.2%) were males.
The 50 self-reported ecological behaviors (or items) came from the well-established General
Ecological Behavior (GEB) scale [57] and could be a priori assigned to one of the domains, such
as energy use, transportation, consumerism, recycling, and vicarious behaviors. Of the 50 behaviors, 18 had a dichotomous yes (1) or no (0) response format. Responses meant either endorsement
or non-endorsement of a certain ecological behavior. An exemplary item would be: I am a member of a carpool. However, behaviors that are performed recurrently could not be responded to in
such a way. Therefore, 32 items had a polytomous format and were responded to on a five-level
response scale from never (1) to always (5), for instance, the item I ride a bicycle or take public
transportation to work or school. The answers to polytomous-format questions were converted
before the analysis to a dichotomous format by treating the responses never, seldom and occasionally as non-endorsement (0) and often and always as endorsement (1). Such a recoding procedure
is a confirmed standard for this scale and was shown to increase precision of estimates [57].
Typically, in a Rasch-type analysis, one expects that difficulties of items generalize across
persons. In the assessment of the accuracy of this generalization (or the ‘item fit’) we relied on the
mean square (MS) statistics weighted by the item variance [61]. For example, the averaged MS of
1.20 corresponds to 20% excess of variation in empirical data compared to the model’s prediction.
The analysis revealed that all 50 items in both samples showed reasonable fit and fell within the
accepted limit of MS < 1.20 [58].
Formula (1) translates a person’s attitude θ s minus an item’s difficulty δi to probability πis of
engagement of this person in this behavior. As discussed in Section 3.1, in practical applications
formula (1) is fed with a pattern of responses to all items by all individuals, πis ∈ {0, 1}, to yield
estimates of δi and θ s for all i = 1, ..., Ni and s = 1, ..., N s . Now, if we introduce an attitude of an
P s
average citizen in a given country and compute it as the sample average, i.e. θ̄ = N1s Ns=1
θ s , the
resulting probabilities:
exp(θ̄ − δi )
πi =
,
(2)
exp(θ̄ − δi ) + 1
are probabilities that an average citizen will engage in item i. They can serve as information about
external barriers that can hinder an average citizen in a given country to perform this behavior (of
difficulty δi ). From formula (2) it follows that probability of engagement πi decreases with difficulty δi , i.e. the higher the difficulty the lower the probability of performance, which agrees with
the intuitive concept of difficulty. Using the above formula we estimated engagement likelihoods
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Figure 1: Left panel: Empirical probability density function (PDF; i.e. a normalized histogram) of the mean response
in the Dutch sample to six items indicated by a star in Table 1, on a 1 to 5 scale. Right panel: Social norms as a
function of engagement likelihoods, πi , and a linear regression fit. See Section 3.3 for a discussion.

for each behavior for a citizen with an average level of pro-environmental attitude.
The results, summarized in Table 1, show that certain behaviors appear to be more demanding
in Poland than in the Netherlands. Other behaviors, vice versa, are more likely, and appear easier,
to be performed in Poland. The observed differences in difficulty of behaviors in the two countries
can be attributed to external conditions that are specific for Poland and the Netherlands [59]. For
example, the Poles generally refrain from using clothes driers (probability of refraining π49 is as
high as 0.96), while the Dutch are more likely to use such appliances (π49 is only 0.39). One
of the explanations can be the humid, Atlantic climate that makes drying clothes without a tumble drier impossible in the Netherlands. Additionally, the salary of the Poles is on average lower
than of the Dutch (despite the decade separating both samples) and many cannot afford buying
the expensive device. At the same time, using renewable energy sources seems far easier for the
Dutch (π7 = 0.41) than for the Poles (π7 = 0.15). This difference can be explained by a better
accessibility of alternative sources of energy and more frequent awareness raising campaigns in
the Netherlands compared to Poland. Of course, finding specific reasons for observed differences
in difficulties requires additional research. Nonetheless, it seems plausible to accept that external,
person-independent conditions translate into objective and person-independent difficulty of behaviors. Moreover, this difficulty should not be ignored in the process of fostering novel behaviors,
in which adoption of innovative solutions (such as renewable energy sources) still remains rather
low.
3.3. Social norms, difficulty of engagement and agent-based modeling
In the previously mentioned questionnaire distributed to the Dutch sample we additionally
measured social norms using a standard set of questions within the Theory of Planned Behavior.
The participants responded to six questions composed of the phrase Most of the people that are
important to me think that I should ... and of one of the six behaviors related to environment
conservation, i.e. the six behaviors marked by an asterisk (∗) in Table 1. The participants indicated
the likelihood of each situation on a five-option format scale, i.e. choosing from unlikely (1) to
8

Table 1: Engagement (or performance) likelihoods πi for 50 pro-ecological behaviors in Poland (PL) and in the
Netherlands (NL) estimated with the one-parameter Rasch-model, see formula (2), for a person with an average proecological attitude. Behaviors (also called items) in bold are energy-related. Asterisks (∗ ) indicate the six behaviors
used in the social-norms measure in the Dutch sample, see Fig. 1 and Section 3.3.

No.

Pro-ecological behaviors (items)

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.

I am a member of an environmental organization
I contribute financially to environmental organizations
I bought solar panels to produce energy
At red traffic lights, I switch off the engine
In winter, I do not leave the windows open for long periods of time
I requested an estimate on having solar power installed
I use renewable energy sources
I buy unbleached and uncolored toilet paper
I have pointed out unecological behavior to someone
I refrain from using fabric softener with my laundry
I talk with friends about problems related to the environment
I buy meat and produce with eco-labels.
I refrain from owning a car
I boycott companies with an unecological background
I buy milk in returnable bottles
I read about environmental issues
I buy furniture made from domestic woods
I drive on freeways at speeds under 100 kph (= 62.5 mph)
I take public transportation to where I want to start my hikes
In winter, I keep the heat low so that I have to wear a sweater
I use a chemical air freshener in my bathroom
I refrain from using an oven cleaning spray to clean my oven
∗ I collect and recycle used paper
I have already looked into the pros and cons of having a private source of power
∗ I switch off the engine while waiting in front of a railroad crossing or in a traffic jam
I refrain form driving my car in or into the city
If I am offered a plastic bag in a store, I never take it
In nearby areas (ca. 30 km or 20 miles), I use public transportation or ride a bike
∗ I buy products in refillable packages
In winter, I turn down the heat when I leave my apartment for more than 4 hours
∗ I ride a bicycle or take public transportation to work or school
I refrain from killing insects with a chemical insecticide
I am a member of a carpool
I refrain from buying beverages in cans
I bring empty bottles to a recycling bin
I own a fuel-efficient automobile (less than 7 litters per 100 km)
∗ I wash dirty clothes without pre-washing
I put dead batteries in the recycle bit
I refrain from buying convenience foods
For longer journeys (more than 6 hours), I never take an airplane
After meals, I never dispose of leftovers in the toilet
In hotels, I reuse the towels
I drive in such a way as to keep my fuel consumption as low as possible
I rather take a shower than a bath
I buy seasonal produce
∗ I wait until I have a full load before doing my laundry
I own energy efficient household devices
I reuse my shopping bags
I refrain from using a clothes dryer
After a picnic, I leave the place as clean as it was originally
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Engagement
likelihoods (πi )
PL
NL
0.02
0.16
0.05
0.11
0.06
0.02
0.07
0.02
0.09
0.33
0.12
0.02
0.15
0.41
0.18
0.34
0.18
0.12
0.20
0.46
0.20
0.08
0.20
0.07
0.21
0.06
0.27
0.10
0.29
0.05
0.30
0.13
0.36
0.90
0.38
0.27
0.43
0.48
0.42
0.87
0.47
0.53
0.49
0.87
0.50
0.97
0.51
0.10
0.51
0.34
0.53
0.43
0.54
0.12
0.54
0.43
0.49
0.36
0.59
0.86
0.62
0.56
0.64
0.73
0.65
0.12
0.67
0.72
0.70
0.96
0.71
0.53
0.72
0.78
0.75
0.90
0.77
0.74
0.78
0.53
0.78
0.85
0.80
0.64
0.80
0.76
0.82
0.90
0.85
0.84
0.88
0.95
0.89
0.78
0.96
0.99
0.96
0.39
0.98
1.00

likely (5). Since social norms are perceived as social pressure from important others to engage
or not to engage in a given behavior, higher agreement with such norms can be interpreted as
conformity to peer pressure [49]. On the other hand, lower agreement with such norms can be
interpreted as independence, a concept that will be used in Section 4.
Having information about person-independent difficulty and responses to social norm questions in reference to the six behaviors we can compare whether perceived pressure from others is
dependent or not on the objectively measured difficulty. As can be seen in Figure 1, the higher
the estimated likelihood of performance πi (i.e. the less difficult the behavior), the higher is the
perceived pressure from the others to engage in a given behavior. The results suggest that people
are probably aware of the constraints set on very difficult behaviors and subjective conviction of
the social pressure with respect to these behaviors is relatively low. It seems that perceived social
norms, and probably conformity to opinions from others as well, will be different for different levels of behavioral difficulty. As social pressure and conformity lie at the heart of many agent-based
models of innovation diffusion, our results speak for the necessity of introducing difficulty to such
models.
To date, difficulty understood as external constraints has been treated in agent-based models
exclusively in reference to financial costs. For instance, Bravo et al. [16] developed an ABM
in which the rise of prices of organic food or of green energy resulted in a lower consumption
of these goods. Here we argue that adoption of some behaviors goes beyond financial costs. For
example, using dynamic electricity tariffs requires reorganization of daily routines, rescheduling of
activities of all household inhabitants. A more comprehensive approach to difficulty, as presented
in the Campbell Paradigm, takes into account all inconveniences set on behaviors. To the best of
our knowledge, so far no agent-based model has treated difficulty in such a way.
4. An agent-based model of eco-innovation diffusion
We consider a network of N nodes, each occupied by exactly one spinson, i.e. an agent characterized by a binary opinion about the innovation. Opinion S i = ±1 of spinson i is a dynamic
variable and can change in time. Furthermore, each spinson is described by a trait – level of independence pi ∈ [0, 1], which is a static variable and does not change in time. In the situation setup,
see Section 2.5, all agents are homogenous and behave independently with probability pi = p and
conform with probability (1 − p). In the person setup there are two groups of agents: N1 = pN
independent spinsons with pi = 1 and N2 = (1 − p)N conformists with pi = 0. We consider two
types of social response:
• Independence – with probability pi spinson i acts independently, i.e. takes an opinion regardless of the social pressure. The only factor that influences spinson’s opinion is the difficulty
of engagement, understood as in the Campbell Paradigm. The more difficult the adoption of
the innovation is, i.e. the higher the probability of non-engagement f = (1 − π) ≡ (1 − πi ),
the more likely the spinson is to flip against it. With probability f the spinson takes a state
against adoption and with probability (1 − f ) the spinson adopts.
• Conformity – with probability (1 − pi ) the spinson is susceptible to the social influence. If
all agents in a randomly selected q-panel of neighbors share the same opinion the spinson
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Figure 2: Visualization of the model defined by steps 1–4 in Section 4. First, we randomly choose a spinson (step 1) –
indicated by a solid square. If it is independent (step 2; p is spinson’s independence), then in step 3 with probability of
non-engagement f the spinson takes a state against adoption (a; both panels) and with probability (1 − f ) the spinson
adopts (b; both panels). Otherwise the spinson is susceptible to the social influence (step 4). We randomly choose
q = 4 neighbors – indicated by solid circles. If they all share the same opinion then the spinson conforms to the group
(c; left panel); if there is no unanimous majority the spinson stays in the previous state (c; right panel).

takes the same state.
Recall that higher agreement with social norms can be interpreted as conformity to peer pressure,
while lower agreement with such norms – as independence [10]. Hence, the approach described
in Section 3.3 can potentially be used to estimate the level of independence in the society. The
calibration of the probability of non-engagement is easier – it can be simply computed as one
minus the probability of engagement, see Section 3.2 and Table 1.
In general we can investigate the model on an arbitrary graph but in this paper we will limit
considerations to only two types of structures:
• Complete graph – in which every node is connected with every other node. This type of
structure is suitable for describing small social groups or cliques in arbitrary social structures. It also allows for analytical treatment.
• Small world network – described by the Watts-Strogatz [62] algorithm. Within such an
algorithm we start with a one-dimensional regular lattice of size N with periodic boundary
conditions in which each node is connected to its K neighbors. Then with probability β we
replace each edge by a randomly chosen one. This kind of structure is interesting for several
reasons. For β ∈ [0.01, 0.1] it exhibits properties observed in real-life social networks, such
as short path length and high clustering. Note that in this study we present results only for
small world networks with β = 0.05, however, we have checked other β’s in this range and
the results were qualitatively the same. Moreover, small world networks allow to tune the
structure from the regular one (β = 0) to a completely random (β = 1). Finally, for β = 0
and K = N − 1 the network reduces to a complete graph, which is also of interest to us.
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4.1. Monte Carlo simulations
To study the model we conduct Monte Carlo simulations for systems of size N = 104 spinsons. The obtained results are averaged over 104 samples (i.e. system evolution trajectories) after
reaching the stationary state. In the simulations the time is measured in Monte Carlo steps (MCS).
A single MCS consists of N elementary sequential updates (see Fig. 2):
1. Randomly choose a single spinson (→ i).
2. With probability pi the spinson acts independently (go to 3), otherwise the spinson is susceptible to the social influence (go to 4).
3. With probability of engagement (1 − f ) = π the spinson adopts or stays adopted, i.e. set
S i = 1, and with probability f the spinson unadopts or stays unadopted due to the high
difficulty of engagement, i.e. set S i = −1. Go to 1.
4. Randomly choose q neighbors of the spinson. If they all share the same opinion then the
spinson takes the same state, i.e. it conforms to the group. If there is no unanimous majority
the spinson does not change its state. Go to 1.
In the initial state all agents are unadopted, i.e. all spinsons are down: S i = −1 for i = 1, . . . , N.
This corresponds to the situation prior to introducing the innovation (e.g. a new type of solar
panels, a new electricity tariff) when none of the agents is adopted. What triggers adoption is
independence, as some spinsons start to flip. Then social influence from a unanimous group of
q = 4 neighbors may influence a spinson. Note that on a complete graph all spinsons are neighbors,
hence, the group of influence is chosen randomly from all N − 1 spinsons. However, on a small
world network the q neighbors can be chosen randomly only from the ni ≥ 4 spinsons directly
connected (i.e. sharing a link) with spinson i. In our simulations we set K = 8. In the rare cases
that after rewiring the network not all nodes have at least 4 neighbors, we build a new network
to ensure that all nodes have the required number of neighbors. Note that Janssen and Jager [33]
used an alternative approach to assure that all agents had at least 4 neighbors – they started with
a regular network with K = 4 and randomly connected each other possible pair of agents with
probability 1%. However, by doing so they increased the average degree of their small-world
network.
4.2. Analytical calculations for a complete graph
In this Section we perform analytical calculations to validate our MC simulations. For an
arbitrary network it is usually impossible to compute how the number of adopted spinsons changes
in time and what is the stationary state. However, in the case of a complete graph this task turns
out to be very simple [30, 47]. On such a network structure all spinsons are connected with each
other (they are all neighbors) and the system is completely homogeneous in the sense that the local
ratio of adopted spinsons is statistically equal to the global ratio. Therefore we can write down the
equation that describes the evolution of the system.
In the person approach there are two groups of agents: N1 = pN independent spinsons and
N2 = (1 − p)N conformists. For each of these two groups we can write the equation describing the
time evolution of the number of adopted spinsons. Using the notation introduced in [47], let N1↑ (t)
and N1↓ (t) denote respectively the number of adopted and unadopted independent spinsons at time
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t. Therefore, the ratio of adopted independent spinsons at time t is equal to c1 (t) = N1↑ (t)/N. Similarly, let N2↑ (t) and N2↓ (t) denote respectively the number of adopted and unadopted conformists at
time t and the ratio of adopted conformists at time t is equal to c2 (t) = N1↑ (t)/N. Carefully analyzing steps 1–4 of the simulation algorithm described in Section 4, we can derive the probabilities
of all events that increase or decrease the ratio of adopted in an elementary time step. Finally we
obtain:
i
1h
(1 − c1 )(1 − f ) − c1 f ,
N
i
1h
= c2 +
(1 − c2 )c4 (t) − c2 (1 − c4 ) ,
N
= c1 + c2 ,

c01 = c1 +
c02
c0

(3)

where, for brevity of notation, c1,2 ≡ c1,2 (t) and c01,2 ≡ c1,2 (t + 1).
In the situation approach all agents are homogenous and behave independently with probability
p and conform with probability (1 − p). Therefore:
c0 = c +

n
o
n
oi
1h
(1 − c) p(1 − f ) + (1 − p)c4 − c p f + (1 − p)(1 − c4 ) .
N

(4)

From formulas (3) and (4) we can obtain the stationary value of the ratio of adopted spinsons, i.e.
c = c(∞), and it agrees very well with Monte Carlo results, as can be seen in Figs. 3-4 where
analytical results for a complete graph are plotted as solid lines.
5. Results
We investigate our model using Monte Carlo simulations described in Section 4.1 and the
analytical approach discussed in Section 4.2. In the former case we simulate a system of size
N = 104 spinsons and average the results over 104 samples (i.e. system evolution trajectories).
Starting from the initial, completely unadopted state the system evolves according to the algorithm
described in Section 4. Eventually the system reaches a stationary state in which the ratio of
adopted fluctuates around some average value c = c(∞). These values are plotted as symbols in
Figs. 3-4 and as solid lines in Fig. 5.
Let us first focus on the dependence between the ratio of adopted c and independence p for
a fixed value of non-engagement f , see Fig. 3. Note the reverse scale on the horizontal axes
(for consistency with the 3D plots in Fig. 5). The results are presented for two social network
structures – a complete graph (left panels) and a small world network (right panels) – and two
opinion dynamics – ‘person’ (top panels) and ‘situation’ (bottom panels). For difficult behaviors
( f > 0.5), the ratio of adopted increases with independence p but it never reaches high values.
This means that for a high level of non-engagement the adoption fails, although a small fraction
of spinsons can adopt. Very much alike a pro-environmental behavior that is difficult yet adopted
by a small part of the society. Moreover, for difficult behaviors ( f > 0.5) the results are almost the
same for both network structures and there are only minor differences between the results for the
person and situation approaches. In other words, changes in the network structure cannot help the
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Figure 3: The stationary value of the ratio of adopted c as a function of independence p for several values of nonengagement f . Results are presented for two social network structures – a complete graph (left panels) and a small
world network (right panels) – and two opinion dynamics – ‘person’ (top panels) and ‘situation’ (bottom panels).
Symbols indicate Monte Carlo simulation results, whereas solid lines analytical results (only for a complete graph).
Note the reverse scale on the horizontal axes.

diffusion and the only possibility to increase the ratio of adopted is to decrease non-engagement
below the threshold value of f = 0.5.
Below this value, i.e. for less difficult innovations ( f ≤ 0.5), a very interesting behavior is
observed and differences between network structures and two types of opinion dynamics (person
vs. situation) are revealed. Generally, as a result of competition between conformity, which is
an ordering force, and independence, which introduces noise and disorders the system, a strongly
non-linear behavior can be observed. Below a certain critical value of independence, pc , ratio of
adopted c increases systematically with independence p, then at p = pc the ratio of adopted jumps
to a high value, close to c = 1. For larger values of independence, p > pc , the ratio of adopted
slowly decreases but still remains high. This slight decrease for p > pc is caused by too large
independence, which destroys the consensus (order). Interestingly, the person-oriented model on
a small-world network shows a somewhat different behavior – no jump is observed. Nevertheless,
the general behavior is similar in all cases.
Even more interesting results are obtained if we analyze the dependence between the stationary
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Figure 4: The stationary value of the ratio of adopted c as a function of non-engagement f for several values of
independence p. Results are presented for two social network structures – a complete graph (left panels) and a small
world network (right panels) – and two opinion dynamics – ‘person’ (top panels) and ‘situation’ (bottom panels).
Symbols indicate Monte Carlo simulation results, whereas solid lines analytical results (only for a complete graph).
Note the reverse scale on the horizontal axes.

ratio of adopted c and non-engagement f for a fixed value of independence p, see Fig. 4. Note
the reverse scale on the horizontal axes (for consistency with the 3D plots in Fig. 5). Generally,
for very high values of independence, which is unlikely from the social point of view, dependence
between the ratio of adopted and non-engagement is almost or even completely linear. For smaller
values of independence it becomes strongly non-linear and in the case of a complete graph, even
discontinuous. Interestingly, discontinuity is not present on the small-world network, which means
that all processes run more smoothly in this case. However, strong non-linearity is still present.
Up till now we have considered the ratio of adopted as a function of only one parameter –
independence p (with a fixed value of non-engagement) or non-engagement f (with a fixed value
of independence). The three dimensional (3D) plots in Fig. 5 display the ratio of adopted, c, as a
function of both p and f . Although analyzing 3D graphs may be tricky, it is instructive if we want
to compare different models. In general, the results in all four cases are quite similar – except that
the person approach on a small-world network does not display a discontinuity (top left panel).
However, there are quantitative differences between the approaches. For example, in the situation
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Figure 5: The stationary value of the ratio of adopted c as a function of independence p and non-engagement f . Like
in Figures 3-4, results are presented for two social network structures – a complete graph (left panels) and a small
world network (right panels) – and two opinion dynamics – ‘person’ (top panels) and ‘situation’ (bottom panels).
These are Monte Carlo simulation results; analytical results (only for a complete graph) are indistinguishable from
the MC results at this scale.

approach, the adoption is possible for lower values of independence (for a small-world network).
This means that heterogeneous social networks support the adoption. Nevertheless, the general
results are similar in all cases: there is a strong non-linearity associated with f . This means that
a significant change in the system (e.g. a switch from an unadopted to an adopted society) is
possible even as a result of a small change of the difficulty of engagement. From this point of view
difficulty is indeed critical.
6. Conclusions
In this paper we have proposed and investigated a simple agent-based model, that takes into
account two types of social response (conformity and independence), as well as behavioral difficulty that may significantly hamper diffusion of innovation. Interestingly, we have shown that
dependence between the ratio of adopted c and non-engagement f is quite complex – varying from
linear, through strongly non-linear (s-shaped) to rapid discontinuous dependence. This means that
the concept of difficulty is indeed critical for diffusion of innovation. Even a slight change of
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Figure 6: The stationary values of the ratio of adopted c on a complete graph as a function of non-engagement f
for two opinion dynamics – ‘person’ and ‘situation’ – and four hypothetical scenarios of the functional relationship
between p and f . These are analytical results for a complete graph. Note the extreme differences in c (as a function
of f ) for relatively similar functional forms of p.

difficulty may lead to dramatic changes in the success rate of the diffusion of innovation.
Up till now we have treated two parameters of the model – independence p and non-engagement f – as independent variables and we have been investigating systematically the whole
parameter space. However, empirical results presented in Section 3.3 suggest that in reality independence may depend on the difficulty of engagement. Preliminary empirical studies (see the right
panel in Fig. 1) indicate that this relationship may be linear, i.e. p( f ) = a f + b. Perhaps this is
not a universal form and in general it may be different for different societies. However, even if the
relationship is linear, the exact values of coefficients a and b may depend on the studied group. As
shown in Fig. 6, there may be extreme differences in the ratio of adopted c (as a function of f ) even
for relatively similar functional forms of p! Therefore, in our opinion it is crucial to accurately
estimate the level of independence in the society as a function of non-engagement: p = p( f ).
Empirical studies such as ours can help in optimizing the strategy of introducing an innovation.
It can provide insight whether a small change in difficulty will result in a success or, on the contrary, even a significant change will not help in the diffusion and it makes no sense to invest more
money and time on this particular innovation. We are aware that all results in this study have been
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obtained within a particular agent-based model and therefore may be not completely universal.
However, in accordance with good practice, we have compared four versions of the model and all
obtained results indicate that difficulty is indeed critical for innovation diffusion.
Considering both conformity and difficulty when modeling diffusion of eco-innovations may
provide a plausible explanation as to why adoption rates of generally accepted solutions are lower
than expected. It seems that external, not necessarily financial, barriers may prevent customers
from adopting green products and practices, even if they are willing and convinced by others to
use the sustainable option. We may conclude that in the case of green products and practices, like
dynamic electricity tariffs, diffusion of innovation will not proceed spontaneously. Rather, it will
have to be additionally fostered by elimination or reduction of costs and barriers that go beyond
financial benefits of the customers.
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