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Abstract

The research presented in this document is in the scope of the Bachelor Integration Project
for the Industrial Engineering and Management programme at the University of Groningen.
This research project has to be completed in a timeline of 8 weeks. This being said, the topic
of this project focuses on studying energy consuming behavioural patterns of individuals with
the scope of being able to forecast them for energy optimisation of distribution systems. With
the recent publication of the Intergovernmental Panel on Climate Change (IPCC) report, it
comes as no surprise that the environmental crisis is becoming a more prominent issue with
the advance of time. After the establishment of international agreements to regulate climate
change and stop global warming according to the Paris Climate Accords in 2015, countries
worldwide have been investigating alternative methods to reduce their greenhouse gas emissions.
As more than two thirds of the greenhouse gas emissions are originating from energy production
and consumption, improvements in that sector are sought. This research project focuses on
the behavioural aspect of environmental science for the optimisation of energy consumption of
energy grids. The final goal is the design of an agent-based dynamic model incorporating human
behaviour and norms from an environmental psychology point of view for the optimization of
energy systems. Therefore, this research project revolves around the study and extension of
existing behaviour models to understand the social requirements for the adoption of a certain
behaviour with the goal of optimising energy systems.

3



Bachelor Integration Project 2023 Allegra Melli S4324951

Contents

1 Introduction 8
1.1 Problem Context . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2 Problem Analysis 12
2.1 Background Information . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.2 Problem Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.3 Stakeholder Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.4 System Description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.5 Research Framework . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.6 Research Objective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.7 Research Questions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

3 Theoretical Model 18
3.1 Assumptions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3.1.1 Knowledge . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.1.2 Habits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.1.3 Sociodemographics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.1.4 Price ratio . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.1.5 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.1.6 Cost consequences . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.1.7 Affect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.1.8 Values . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
3.1.9 Moral Obligations and Normative Conduct . . . . . . . . . . . . . . . . . 22
3.1.10 Goals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.2 Conceptual Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.3 Opinion Dynamics and Social Network Analysis Theory . . . . . . . . . . . . . . 24

4 Simulation Model 25
4.1 Defining Income as dependant on Age . . . . . . . . . . . . . . . . . . . . . . . . 25
4.2 Defining Energy Use and Room Temperature . . . . . . . . . . . . . . . . . . . . 28

5 Discussion and Results 29
5.1 Assessing the Dependency of Income on Age . . . . . . . . . . . . . . . . . . . . . 29
5.2 Assessing the Representation of Gender Difference on Energy Consumption . . . 31
5.3 Assessing the Energy Consumption Variation based on Household Size . . . . . . 32
5.4 Deliberation on the Simulation Results . . . . . . . . . . . . . . . . . . . . . . . . 33

6 Conclusion 33

7 Future Work 35

A Appendix 43

4



Acknowledgements

I would like to express my deepest gratitude to several individuals and institutions who have
played a significant role in the completion of my bachelor thesis.

First and foremost, I am immensely grateful to my supervisors, Asst. Prof. Saeed Ahmed and
Dr. Elizaveta Novoradovskaya, for their unwavering support, guidance, and expertise throughout
the entire process. Their valuable insights, constructive feedback, and encouragement have been
instrumental in shaping the direction and quality of this thesis.

I would also like to extend my appreciation to the members of the Complex Systems depart-
ment and Industrial Engineering and Management programme for their dedication to education
and their commitment to nurturing intellectual growth. Their courses, lectures, and discus-
sions have provided me with a strong foundation and have inspired me to pursue this research
endeavor.

My heartfelt thanks go to the TeSoPs research group, J. Kort, E.J.Sharpe, T. Bouman, J.E.
Machado Martinez, O. Mussmann, D. Geelen, Y.S. Kloosterhof, V.K. Singh and many others
who generously welcomed me and gave their time and shared their experiences and insights.
Their contributions have been indispensable in gathering the necessary data and enriching the
findings of this thesis.

I would like to acknowledge the support and understanding of my family and friends through-
out this journey. Their unwavering encouragement, patience, and belief in my abilities have
provided me with the motivation and emotional support needed to overcome challenges and
complete this thesis.

Lastly, I would like to express my gratitude to all the individuals who have contributed to my
academic and personal growth, directly or indirectly, during my years of study. Your influence,
encouragement, and friendship have shaped me into the person I am today.

While it is impossible to mention everyone individually, please know that your impact on my
educational journey is deeply appreciated.

Thank you all for your invaluable contributions and support in the completion of my bachelor
thesis.

5



Bachelor Integration Project 2023 Allegra Melli S4324951

List of Acronyms

GDP Gross Domestic Product

DG distributed generation

ICT Information and Communication Technology

DSM Demand Side Management

IPCC Intergovernmental Panel on Climate Change

SD Sustainable Development

HCPS Human-Cyber-Physical System

SDG Sustainable Deveopment Goals

TeSoPs Technologically and Socially feasible transition Pathways for local energy system
integration

SNA Social Network Analysis

EU European Union

TPB Theory of Planned Behaviour

VBN Value-belief norm

NAM Norm Activation Model

PEB Pro-Environmental Behaviour

IoT Internet of Things

6



Bachelor Integration Project 2023 Allegra Melli S4324951

List of Figures

1 Illustration of the main infrastructures present in an electricity grid, according to
[7], based on the values determined by [10] . . . . . . . . . . . . . . . . . . . . . . 9

2 Main infrastructures present in a smart electricity grid, according to [9] . . . . . 10
3 Illustration of the effect of peak load clipping according to [13] . . . . . . . . . . . 11
4 Mendelow’s Power-Interest Matrix for the research. Stakeholders are sorted de-

pending on interest and power from low to high.[31] . . . . . . . . . . . . . . . . . 14
5 System dynamics diagram of the factors influencing human energy consumption

behavior. Arrows are directed and labelled ”+” or ”-” depending on the relation-
ship with the parameters in the shapes.[31] . . . . . . . . . . . . . . . . . . . . . . 16

6 The research framework, categorizing the five initial research stages needed to
continue to assessment followed by recommendation . . . . . . . . . . . . . . . . 16

7 Environmental impact of household energy uses according to an individual’s per-
ception (upper section) and computations (lower section) according to [41] . . . . 19

8 Impact of price ratio on on-peak energy consumption based on [58] . . . . . . . . 21
9 Theoretical framework of Theory of Planned Behaviour (TPB) according to [59] 22
10 Expanded theoretical framework supporting TPB according to [59] . . . . . . . . 23
11 Conceptual model displaying variables playing a major role in influencing energy

use in households and their specific weights . . . . . . . . . . . . . . . . . . . . . 24
12 Descriptive diagram of how income is distributed over households in the Nether-

lands according to the age of the main income-holder according to [71] . . . . . . 26
13 Graph of the relation between age of the main income-holder and annual house-

hold income . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
14 Graph of the evolution of the gender gap since the last century according to [72] 28
15 Vensim Model of sociodemographic influence on energy consumption . . . . . . . 29
16 Simulation of Vensim Model of sociodemographics and energy consumption . . . 30
17 Graph of the relation between age of the main income-holder and annual house-

hold income for individuals aged 15 to 45 . . . . . . . . . . . . . . . . . . . . . . 31
18 Graph of the relation between age of the main income-holder and annual house-

hold income for individuals aged more than 45 . . . . . . . . . . . . . . . . . . . 32
19 Age evolution based on timesteps in the Vensim Model . . . . . . . . . . . . . . . 43
20 Household annual income evolution based on an individual’s age in Vensim for men 43
21 Household annual income evolution based on an individual’s age in Vensim for

men new simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
22 Household income evolution based on an individual’s age in Vensim for women . 44
23 Temperature evolution for a household composed of one man based on age . . . . 45
24 Temperature evolution for a household composed of one woman based on age . . 45
25 Household Energy expenditure for a one-person household . . . . . . . . . . . . . 46
26 Household Energy consumption for a one-person household . . . . . . . . . . . . 46
27 Household expenditure dedicated to energy for a five-person household of which

the main income-earner is a man . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
28 Household energy consumption for a five-people household of which the main

income-earner is a man . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
29 Room temperature for a five-person household of which the main income-earner

is a man . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
30 Comparative table of the evolution of . . . . . . . . . . . . . . . . . . . . . . . . 50

7



Bachelor Integration Project 2023 Allegra Melli S4324951

1 Introduction

1.1 Problem Context

With the increasing global population and the increase in income, the energy demand keeps
growing [1]. Energy provision at an affordable price is a fundamental need for a population’s
well-being. The current 2021-2023 energy crisis is testing this statement. European and Asian
gasoline prices have been reaching record high values which is in turn increasing poverty at a
global level. The increase in gas prices is leading to fuel shortages and an inevitable economic
crisis linked to stagnating economies [2]. Energy production and consumption poses evident so-
cietal and geopolitical problems, pushing threats on worldwide safety and well-being of nations.
All the more given that the Ukraine-Russia conflict has instigated a deep socioeconomic crisis
reflected by the spike in energy prices [3].
It is also a strong factor to account for in the threat for the environment. With the recent IPCC
report on climate, it has become evident that the environmental crisis linked to climate change is
an imminent modern-world issue that has to be urgently addressed [4]. Energy-related activities
such as heat, transport and electricity account for more than two-thirds of the global greenhouse
gas emissions [5]. Additionally, CO2 emissions are tightly coupled with the spiked growth of the
Gross Domestic Product (GDP) after the Coronavirus pandemic. From the IEA’s March 2022
report, an increase of 5.9% in the global economic output has been followed by a growth of 6%
of CO2 emissions [6]. The constant increase in gas prices has led consumers to switch from gas
to coal sources for energy production, which were the reason for a further increase in emissions
[6]. Historical and present data have at multiple occasions pointed out the tight relationship
between energy, the economy and the environment. It is hardly surprising that reducing harm-
ful consumption in that sector could be a fundamental step towards the improvement of the
environment. Therefore the energy industry should aim to serve the population’s demand in
energy as accurately as possible in an affordable and sustainable way. This goal is nonetheless
met with a number of constraints and barriers often making this an overlooked task.
The infrastructure used for the distribution of electricity is a complicated meshed system com-
posed of transmission lines, distribution centers and power plants, of which a simplified version
is showed in Fig.1. It is to this date thought to be one of the most considerable engineering
inventions and has received the praise of “most beneficial engineering innovation of the twentieth
century” by the National Academy of Science in the USA. Despite its high complexity, it has
to undergo a certain amount of additional changes in order to ensure the satisfaction of the
energy demand. In modern times, individuals are highly connected and require electricity for a
considerable number of daily tasks, making the response to daily demand challenging. As such,
power grids need to be able to maintain high power quality and safety which is necessary to
ensure the stability of the digital society [7].
This being said, it is known that such requirement remains a challenge for power grids as the
latter experience problems with generation and distribution of electricity. The energy market
has been experiencing important uncertainty in terms of costs and demand lately. An important
cause of the fluctuating pricing is due to the seasonal nature of the demand in electricity and
the challenge of storing it. This often leads to high price fluctuations in markets where energy
regulation is absent. For instance, on the 15th of January 2021, the price of electricity in Japan
reached 251 yen/kWh, which is 25 times more than the normal cost due to a surge in energy
demand. [8]. The electricity price fluctuations need to be considered with the complexity of the
electricity market. Prices are determined according to the supply-demand equilibrium, which
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takes into account all participants’ requests in the market. As a result, individual ordering
actions have an impact on the market, particularly when there is an enormous bidding volume
from voluminous entities like factories. This phenomenon has an important consequence on the
market, referred to as “market impacts”.
Furthermore, the infrastructure mentioned previously is more than a century old and would have
to be retired, which is nonetheless difficult given the lack of financial support for such measure
and the low investments [1]. Finally, the power delivery from high-voltage transmission com-
ponents to end-user customers are the main factor contributing to consumer’s stability issues,
making distribution networks account for the highest quantity of energy losses in the electricity
grid [1]. Therefore the quality of the power supplied is not up to standard and has major flaws,
such as constant voltage fluctuation, intermittency, electrical failures, unstable loads and cur-
tailments [9]. This is nonetheless in contrast with the increasing energy demand that requires
important reinforcement and enlargement of the current power grids, therefore large investment.
In order to cope with the energy distribution flaws, optimising the control and monitoring of
the grid becomes a requirement. In the last couple of years there have been propositions to put
into place power management programs contributing to increased distributed generation (DG).
Research and Development in the area has proven that power management programs need to
be coupled with communication-based systems to optimise DG. Coupling both factors would
enable to improve the energy load, the sourcing, the system control as well as the consumption,
distribution and generation of electricity [9]. This result led to the concept of “smart grid”.
The term was first employed in the early twenty-first century and focuses on the concept of
control and data communication. The IEEE has defined a smart grid such that it “encompasses

Figure 1: Illustration of the main infrastructures present in an electricity grid, according to [7],
based on the values determined by [10]

the integration of power, communications, and information technologies for an improved elec-
tric power infrastructure that serves loads while providing for an ongoing evolution of end-use
applications” [11].
Smart grids are know to employ real-time computations, double-directed communications and
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data-analysis intelligence to fortify their qualities, such as sustainability, efficiency, resilience,
reliability, security and safety. Nonetheless, there are numerous hurdles to overcome, including
the vital need to establish secure two-way communication within the smart grid [7]. Compared
to conventional power grids, smart grids have decentralised generation and DG in its production
profile. It is this decentralisation and self-monitoring capacity that enables the grid to achieve
two-way power and communication [9]. Smart grids can prove to be an efficient and effective
way of using the available resources. The technologies with which they can be equipped have a
high potential to manage the system reliably, safely, sustainably and in an economic way [1], [9],
[12], [13], [7], [8]. Enhanced Information and Communication Technology (ICT) should enable
the grid to provide accurate and secure data for its integration to the utility grid and efficient
power delivery. ICT have important implications for the optimisation of the diagnosis and trou-
bleshooting of the power grid system. The power grid’s infrastructure and components would
then be represented by Fig. 2.
Not only does communication allow or self-monitoring but it allows for Demand Side Man-

Figure 2: Main infrastructures present in a smart electricity grid, according to [9]

agement (DSM) to adopt demand-response. DSM programs are a recent initiative to offer a
management system that takes into account the usage quantities and time of user’s loads. They
are an essential part of smart grid systems for which the objective is to reduce the demand spike
rates and efficiently redistribute the power necessary of loads. Demand-response is defined as
all conscientious modification of energy consumption linked to the signaling of the power grid
operator. As such, operators benefit of the possibility to alter the usual power consumption
when energy distribution is less economically-advantageous or when the reliability of power dis-
tribution is compromised [1]. One of the significant benefits of this strategy is that it helps to
eliminate gaps between peak demand and the available energy during peak periods. In fact,
during times of massive supply deficits, prices can surge to several thousand times higher than
usual. To address this issue, DSM can significantly reduce price peaks and energy consumption
by providing adaptability and management from the demand side [12]. DSM is capable of bal-
ancing supply and demand across various planning and operational timescales through a range
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of load supervision activities and programs that involve end-user consumers. These programs
encourage customers to change their electricity usage behaviour depending on the financial sig-
nals received, thereby reducing the demand for electricity during peak periods. Given that the
domiciliary sector represent 27% of the total energy consumption in the European Union (EU),
a reduction in the consumption pattern of households could bring a valuable change in the fight
for climate change [14], [15], [16]. A DSM strategy could aim for a method called peak load
clippling. As shown by Fig. 3 this works in such way that the timing of electricity usage is
displaced from peak periods to off-peak periods rather than increasing the energy generated
[13].
Therefore, obtaining a more balanced load rate for the distribution infrastructure of power

Figure 3: Illustration of the effect of peak load clipping according to [13]

grids, a computational operation should be developed. This mathematical expression shifts the
adaptable energy loads in time to achieve a smoother distribution of the total load. The result-
ing load profile can be utilized in various analyses to evaluate the demand response capabilities.
This model enables distribution entities to estimate the potential benefits of the DSM strategy
before implementing it. The creation of a demand-response possibility for consumers implies
that end-users are shifting from a passive role where consumers just payed the bill based on
their consumption, to an active role, where their consumption can be directly managed thanks
to smart grid systems.
In order to thoroughly examine the electric power market and formulate the mathematical
expression, it is essential to take into account the intricate interdependencies among its par-
ticipants, which dictate the prices based on the supply-demand equilibrium. One promising
method to do so is through the use of multi-agent simulations. Multi-agent simulations employ
the common cause-effect graph benefiting the understanding of a system’s behaviour based on
the inputted parameters. However, while this causality graph is commonly used in generic sim-
ulations not making use of multi-agent relationships, the paradigm of causal relations is more
complex in multi-agent systems and requires an extension of conventional cause-effect graphs to
capture the hierarchical structure of causal relations on many layers. This extension enables the
description of both global aspects of the agent-based simulation and particular intrinsic mech-
anisms of behavioural systems [17]. Formalizing causal relations and quantifying determining
factors are essential in the process of abstracting a practical, real problem into a simulated model,
including defining input parameters and configuration variables. In multi-agent simulations, the
goal is to reproduce the overall specificities of a system by modeling each entity individually.
Multi-agent simulations have already been applied in a variety of energy-related fields such as
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for the investigation of factories’ electricity procurement strategy towards achieving carbon neu-
trality, electricity power markets and best bidding strategies towards demand-response in energy
systems [8], [18], [19], [20], [21].

The way individuals use energy can have a significant impact on the performance of energy
systems. In order to accurately model and improve energy systems, it is important to have a
good understanding of what motivates individual behaviour. Knowledge from the field of psy-
chology can be applied to gain insights into how individuals use energy and how their behaviour
can be modified to enhance the efficiency of the energy system. To investigate the dynamic be-
haviour of individuals and its effects on the power grid infrastructure it is necessary to follow an
interdisciplinary approach integrating systems and control theory with psychology. Mathemat-
ical models are developed to describe energy-related human activities. The goal of this model
is to further assist the development of a Human-Cyber-Physical System (HCPS) framework to
model the impact of human behaviour on the power grid and to evaluate the effectiveness of
interventions such as financial incentives. The HCPS framework enables the identification of
optimal control inputs to the power grid and effective behavioural interventions to optimize
energy use.

On this note, this paper will focus on the understanding and modelling of human energy-
consumption habits, to offer insight into new behavioural patterns that could support Sustainable
Deveopment Goals (SDG) and the creation of an accurate HCPS framework. As such, this re-
search project will firstly aim to build the causality graph necessary for a multi-agent simulation
model from the theories of environmental psychology to model pro-environmental behaviour
with an energy consumption focus. This graph, as well as pre-existent theory on psychologi-
cal factors influencing sustainable behaviour will serve the second purpose of this research, the
creation of a continuous opinion-dynamics mathematical expression.

2 Problem Analysis

2.1 Background Information

Energy consumption is intrinsically linked to human behaviour, which is also an overwhelming
factor in the cause of most of the current environmental problems [22]. Therefore, knowledge on
what influences and causes that type of behaviour is a requirement for encouraging the pursuit
of sustainable behaviour in populations. Intervention strategies could only be deemed effective if
they have a long-term positive impact on people’s behaviour when it comes to the environment.
Current literary trends show a number of factors having to be accounted for when analysing
human behaviour. Such factors are:

• psychological tendencies: an individual’s own orientation towards the perception of specific
situations

these include pro-environmental attitudes, norms, skills, beliefs, motifs

• sustainable behaviour: the inclination of concrete actions taken by individuals towards the
environment

which include pro-ecological, altruistic, frugal, egoistic

• social contexts: an individual’s environment influences the behaviour through cues, which
are environmental elements conveying information about the social context and lead to an
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affective response [23]

These variables have to be taken into account when considering human behaviours and influ-
ences. If the current behaviour is detrimental, it is important to question how should humans
act in the face of climate change. There are a number of solutions expressed, of which the
approaches vary drastically. Preservationist approaches argue that meeting human needs only
comes second to the protection of natural resources. Conservationists accept the use of natural
resources as a necessity for human beings whilst still caring for their preservation and conserva-
tion. While both approaches are used and their efficacy depends on the context, the latter calls
for a new mode of consumption, a sustainable consumption which gave rise to the concept of
Sustainable Development (SD) [4].

2.2 Problem Definition

Human energy-consumption behaviours and energy supply from grids are the first factors to look
at when considering the implementation of systems working towards the reduction of energy
consumption. Technology offers a large amount of possibilities when it comes to sustainable
development and user behaviour. In fact, it is seen as an influential and adaptive solution.
Persuasion in technology can be noticed when it comes to the social influence capacities of
smart systems [24]. Humans are said to adopt three main types of strategies to influence each
other [15]:

• social norms: behaviour usually adopted or disapproved of by the social context [25]

• conformity: adjusting beliefs and behaviour passively to fit a group norm [26], [27], which
is linked with yielding individuals with a distortion of perception and judgment [28]

• compliance: tendency for individuals to adopt a group norm as part of one’s social identity
and promote group behaviour in one’s own behaviour in an active way [29]. This is linked
to yielding individuals showing mainly a distortion of action [28]

These social influence strategies can be employed by intelligent systems, even more so given
that the interaction between intelligent systems and humans strongly resembles interactions be-
tween humans [30]. Therefore, the creation of a smart grid able to optimise energy use and
production becomes a promising question in addressing the problem of energy consumption.
Nonetheless, it is important to maintain a holistic approach to the problem as to avoid rebound
effects. In fact, a more efficient energy distribution system could result in an adaptive reaction
from the consumer’s side who intensifies his use [24].
The way individuals use energy can have a significant impact on the performance of energy sys-
tems. In order to accurately model and improve energy systems, it is important to have a good
understanding of what motivates individual behavior. Knowledge from the field of psychology
can be applied to gain insights into how individuals use energy and how their behavior can be
modified to enhance the efficiency of the energy system. To investigate the dynamic behavior
of individuals and its effects on the power grid infrastructure it is necessary to follow an inter-
disciplinary approach integrating systems and control theory with psychology. Mathematical
models are developed to describe energy-related human activities. The goal of this model is to
further assist the development of a HCPS framework to model the impact of human behavior
on the power grid and to evaluate the effectiveness of interventions such as financial incentives.
The HCPS framework enables the identification of optimal control inputs to the power grid and
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effective behavioral interventions to optimize energy use. On this note, this paper will focus on
the understanding and modelling of human energy-consumption habits, to offer insight into new
behavioural patterns that could support SDGs and the creation of an accurate HCPS framework.

2.3 Stakeholder Analysis

To be certain of the impact of the technology and develop efficient intervention strategies, a
mathematical model predicting the behaviour of the population has to be designed. These re-
quirements can also be evaluated on an individual level in order to translate the needs and
desires of each stakeholder into a technical requirement the project has to satisfy 4. As a re-
sult, a stakeholder analysis has been realized to better grasp the actors involved in the problem.
Other than the stakeholders directly mentioned in the case presentation, some entities have been
included due to the problem context, each with their specific needs. Government regulators are

Figure 4: Mendelow’s Power-Interest Matrix for the research. Stakeholders are sorted depending
on interest and power from low to high.[31]

presented as high interest but lower power, as ultimately this project will provide support in the
procedure of policy-making. Nonetheless, they do not hold any influence on the project itself.
The Bachelor IP student, on the other hand, holds power on the project, which is lower than
the main stakeholders’ power, as the project will advance despite her absence. Obviously, her
interest is high.
The Psychology Department, Discrete Technology Systems Department and the University of
Groningen have a relatively lower interest in the project itself but higher power in the advance-
ment of the project.
Finally, the main stakeholders interested in this project are the Technologically and Socially
feasible transition Pathways for local energy system integration (TeSoPs) research groups and
the affiliated department. Their stakes in the realisation of this project are high as well as their
power since they have a direct influence in the advancement of this project [32].

2.4 System Description

The system in figure 5 has been built based on a pre-existent set of psychology and human-
behaviour literature. As mentioned previously, it is essential to understand the factors influ-
encing human behaviour in order to build an optimised energy distribution system. The main
parameter studied is the household energy consumption. That parameter changes according to
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three main factors of which two are independent from the system itself. In fact, the rectangular
boxes contain all the external factors that can’t be directly affected by the system itself. They
can still be the object of interventions but other system variables won’t have a direct impact on
those factors.

One of those factors is named contextual factors, which is the socio-environmental context in
which an individual is placed and the possibilities that are given to him or her in order to act in
a sustainable way. As it is possible to notice that factor can’t be directly impacted by the other
variables, but can be the object or further external interventions.

The second essential factor is sociodemographics. Many sources link that to be one of the
most fundamental factors influencing human behaviour related to energy consumption. Sociode-
mographics include factors such as age, gender. household size and household income. As it is
possible to notice the labels on the arrows indicates the influence that one variable has on the
other and the consequential impact of that influence is shown by the direction of the arrow.

If the first variable is taken, for instance, it is possible to notice that age has a positive
impact on energy behaviour which means that the older the individual, the higher the weight of
sociodemographics on the energy consumption of a household.

Moving on to the last factor, that is motivation towards Pro-Environmental Behaviour (PEB),
it is possible to notice that it is firstly influenced by three main goals which are normative goal,
hedonic goal and gain goal. These goals are themselves influenced by each other, which means
that a focal goal will influence the information processing of that individual, but the strength of a
full focal goal changes depending on the other goals. Each one of those goals is influenced by other
parameters, which might be external or internal to the system. The parameter influencing gain
goals is costs. The perception of these gain goals follows the TPB. Hedonic goals are influenced
by affect and normative goals are influenced by normative conduct and values. Habits play an
important role in the motivation towards PEB as in many cases, behaviour is automated, but
it is also influencable through modifiable perception.

Therefore it is essential to keep in mind that motivation is mainly a consequence of three
interlinked goals but that it is not the only factor affecting household energy consumption.
Furthermore, external factors such as the context in which an individual is in and the sociode-
mographics of that household, hold a very important weight in the energy consumption. This
behavioral model has an impact on the energy consumption and can therefore serve the purpose
of optimising energy distribution systems such as energy grids in order to predict a household’s
energy consumption and anticipate the energy needs. It is also essential to mention that the
previously-presented model has been built by the author of this research as a prototype to give
an impression of the direction in which the research will head towards, and that it is in no case
a finite reviewed behavioral model. As such, it is one of this research’s goals is to polish and
refine the previous rough model into a dynamical system which can be used to derive an opinion
dynamics mathematical system.
Hence, the problem statement is:
The study and extension of existing behaviour models to understand the social requirements for
the adoption of a certain behaviour with the goal of optimising energy systems.

2.5 Research Framework

Additionally, the research framework of this project is illustrated in Fig. 6. It details the steps to
be taken to realise the objective of this project. The Research Framework shows the visible links
between the research and arriving at a solution. All first stages involve the technical understand-

15



Bachelor Integration Project 2023 Allegra Melli S4324951

Figure 5: System dynamics diagram of the factors influencing human energy consumption be-
havior. Arrows are directed and labelled ”+” or ”-” depending on the relationship with the
parameters in the shapes.[31]

ing of the problem, researching the theory and studying the current situation before moving on to
the assessment of the current process and the analyzing of the technical findings. Five key study

Figure 6: The research framework, categorizing the five initial research stages needed to continue
to assessment followed by recommendation

points for the first stage were selected. The research should begin with preliminary studies of
opinion dynamics theory, Social Network Analysis (SNA) theory, existent validated agent-based
dynamic model types. Such knowledge should be complemented with theory on the behavioural
aspect of this project, which encompasses the study of environmental psychology and on factors
influencing environmental behaviour. With the completion of this steps comes the selection of a
set of influential parameters for the model, as well as a model frame in which those parameters
can be plugged. The collection of data on the weight of each parameter will then serve as definer
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for a predictive model. These steps should lead to the realisation of a dynamical opinion model.
The final delivery would then be a dynamical model able to predict human energy consumption
behaviour according to the parameters defined in the previous steps with a certain degree of
accuracy. This model possesses a high potential to identify and understand the main drivers in
energy consumption behaviour and the most efficient interventions governments and institutes
can think of. Furthermore, it can help set the framework for the creation of a smart energy grid
model.

2.6 Research Objective

This section details the idea behind the project. The conceptual points that lead to the realisa-
tion of the research will be detailed. In this context, the research objective can be derived from
the previous sections as being the following.
Design an opinion dynamic model incorporating human behaviour and norms from an environ-
mental psychology point of view for the optimization of energy systems.
This research proposal uses Verschuren’s criteria to assess the validity of this objective [31].
Useful: Yes, there are added benefits of to optimising energy systems, whether it is economies
of scale or environmental benefits leaning towards the realisation of certain SDGs. This project
is realised with an open scope to be potentially implemented on a larger scale and help achieve
carbon neutrality and reduce energy consumption. Realistic: Yes, the project is realistic given
the existing technology and knowledge on dynamical opinion systems along with theories on
environmental psychology, pre-existent research on human energy-consumption behavior by the
Department of Environmental Science and Psychology and available data sets derived by the lat-
ter. Feasibility: Yes, The knowledge already exists, is applied in other domains and only has to
be further explored. Hence, the project is feasible. Clear: Yes, It elucidates the relation between
underlying pre-existent parameters and the human energy-consumption behavior depending on
that certain set of parameters in order to improve sustainability. Informative: Yes, the further
development of these systems will provide more information for the potential creation of smart
energy grids

2.7 Research Questions

The following research questions have been decided to solve the research objective:
In what way is human behaviour influenced by norms, values and socio-demographic
factors for it to build a predictive model of energy-consumption behaviour ?
This research question was determined by using the factors deemed important within the re-
search framework, subsequently dividing these into larger overview categories of what needs
to be researched and answered to solve the problem statement at hand, giving the following
subquestions:

1. Which factors influence energy consumption ?

2. What is the relative weight of societal values and socio-demographic factors in the influence
of energy consumption behaviour ? How difficult are these weights to obtain?

3. What are the different types of opinion dynamics models used ?

4. What error margin is required for the validation of the model ?
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5. How can the model be validated ?

The main research question frames the goal of this project. A causal relation should be estab-
lished between the aforementioned social parameters for the prediction of human behaviour in
relation to energy consumption. This research question encapsulates the framework requirements
established previously. Then, the sub questions ask more specifically what other considerations
need to be taken into account. Specifically, which models to account for, which parameter can
be excluded, what is the extent of simplification that can be brought for the research to remain
relevant.

3 Theoretical Model

3.1 Assumptions

Opinion dynamics and socio-physics models make use of mathematics to derive computations
to model the change of ideas in a social network. They have been the object of multiple critical
comments on their accuracy as they often do not represent the real actual situation with enough
precision [33]. Similar problems have been explored with a focus differing by application, such as
the adoption of photovoltaic, the bidding in electric power markets or the usage of energy sources
in factories [34], [20], [8]. Nonetheless, such papers rarely make use of an integrative approach.
In fact, the approach to such complex problems is often one-sided and is hurt by disciplinary
narrowness [34]. Experts typically observe problems from their specific field of expertise and
uniquely form relations between parameters familiar to them. Such behaviour affects the prac-
tical impact that interventions and measures were estimated to hold [35]. As T. Jackson rightly
emphasised: simplistic attempts to exhort consumers to change their behaviours and lifestyles,
without taking account of the complexity reviewed here, are almost certainly doomed to failure
[36].
To surpass this bias, a literature research has been performed to identify the factors influencing
human behaviour toward sustainable choices. Therefore, theories from the behavioural science
and psychology field can be relevantly applied to form a more accurate model [34]. An important
number of these concepts have been supported by decades of research, such as the TPB, diffu-
sion theory, Value-belief norm (VBN) theory and Norm Activation Model (NAM) [37], [38], [39].
As a premise, it is important to realise that measuring behaviour is different from measuring
the impact of behaviour [40]. Behavioural impact can be considered to be the environmental
impact of a certain taken action. However, more often than not, the impact doesn’t align with
the behaviour itself, as shown in Fig. 7. This is due to a number of reasons, such as the way in
which studies are performed and the goal of the research [41].
In the case of this research, it is primordial to comprehend the motivation behind environmen-
tal behaviour more than the real impact on the environment. As such, the literature review
encompasses uniquely research centered around measure of environmental behaviour. PEB is
known as: behaviour that consciously seeks to minimize the negative impact of one’s actions
on the natural and built world [42]. Hence PEB has a drive. Its conscious goal is to realise a
positive action for the environment [42], [43], [44], [45], [40]. This definition will be expanded to
factors that do not directly intent to benefit the environment but lead to the same behaviour.
The definition of PEB that this paper intends to follow is a behaviour that harms the environ-
ment as little as possible, or even benefits the environment [46]. For instance, reduced usage
of the automobile could not only be linked to environmental concern for CO2 combustion from
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Figure 7: Environmental impact of household energy uses according to an individual’s perception
(upper section) and computations (lower section) according to [41]

the engine but more holistically also to an increase in fuel prices. Broadening the definition of
PEB allows the research to account for relevant factors which would make the opinion dynamics
model more accurate [40]. This considers a whole series of additional factors such as habits,
financial incentives, pleasure and others [41].

Given the impact of households energy consumption on the environment discussed in section
1.1, PEB study will be centered around households energy consumption and the factors influ-
encing the latter. This specification is necessary as different problem contexts have different
influential parameters. For instance, similar studies led in workspaces showed that PEB was not
impacted by awareness or personal norms but had a direct correlation with TPB, social norms
and leadership, nonexistent in households [47], [48]. Personal norm is linked to an individual’s
private feeling of moral obligation. The scope has to be further broken down as household energy
use comprises of 2 different categories : sojourning space, also known as home (light, cooking,
appliances, water heating and space temperature), and bridging space, known as transport (gro-
ceries, hobbies, vacation and community transport) [49]. Data describing the energy use for both
has been collected and studied for multiple decades. Both categories are impacted by different
variables [40]. The scope of this research being integrated with the optimisation of smart grids
and energy distribution from the grid, it is more relevant to focus on the consumption factors
in households. These include :

1. Knowledge

2. Habits

3. Sociodemographics

4. Price ratio

5. Motivation

6. Cost consequences

7. Affect
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8. Values

9. Moral obligations and normative conduct

10. Goals

3.1.1 Knowledge

Currently literature has not been able to distinguish clearly the influence of knowledge on PEB
[50]. Some studies forward the idea that knowledge itself doesn’t impact motivation or PEB
unless the individual already has strong biospheric values. Biospheric values represent the
intrinsic idea that the protection of the environment is a valuable pursuit in one’s llife goals
[51]. A study led in 2015 following the energy use of 653 participants sustained this idea. The
participants were split into 3 groups; one would receive electricity saving tips in a monetary
framing, the second one would receive those same tips in an environmental framing and the
last would serve as control group by not receiving anything. The results of this study showed
that both influenced groups showcased better energy saving behaviour than the control group,
with a slight difference. The second group, with the environmental framing, was the only group
that showed signs of a positive spillover on the PEB motivation [52]. Therefore, requiring the
activation of personal norms and biospheric values is necessary for the tips to hold a long-term
influence [15], [52].

3.1.2 Habits

The influence of habits is not as studied as the following factors. Habits represent an automated
behaviour which could be modifiable through a change in perception [50]. Even though habits
may hold a significant role in explaining environmental behaviour, they have not been deemed
a considerable factor in the explanation of PEB in homes.

3.1.3 Sociodemographics

Sociodemographical factors hold the heaviest weight in the household energy consumption equa-
tion [50]. These include household size and income, year of construction, age of the inhabitants,
the number of children, the number of males and the number of females in the household [53]. It
has been found that the number of people living in the house, the year of construction as well as
the age of the inhabitants have a significant positive correlation with the day-time temperature
setting in the room. Nonetheless, they result in an overall lower energy consumption per person
as the energy consumed is shared amongst all people in a household [50], [53], [54].

3.1.4 Price ratio

Economic theories and well as psychological theories support the idea that an individual will
always aim to reduce the losses associated with decision-making processes [55], [56]. Despite
this well-defined thinking approach, human behaviour remains difficult to predict. This is due
to a number of cognitive biases which come into play, causing individuals to deviate from their
beneficial material interests [57]. A 1983 study focused on the influence of price ratio on on-peak
electricity consumption showed that it held indeed a direct valuable impact on energy usage.
Nonetheless, when placed in an integrated framework with other interdependent variables, its
significance was highly reduced [58]. As can be seen from Figure 8, knowledge and commitment
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where the most influential factors. However, it is relevant to note that few studies have been
performed with a direct focus on price and the results mentioned hereby are 40 years-old. As
such, this variable will not be included in this model but it might be relevant to lead further
research on the matter.

Figure 8: Impact of price ratio on on-peak energy consumption based on [58]

3.1.5 Motivation

Motivation has proven to be essential in the modification of PEB intentions. The intention to
reduce energy use and environmental consideration is intrinsically linked to motivational factors
[50]. The following factors all influence motivation.

3.1.6 Cost consequences

Hedonic and egoistic values negatively impact PEB. This is concluded by analysing the be-
haviour based on TPB. The latter is one of the most prominent psychological theories in the
explanation of PEB [59]. It estimates individual’s choices based on reasoning, beneficial outcome
and least detrimental losses [37]. As such, TPB implies that behaviour results from an indi-
vidual’s intentions, which, in turn, result from that individual’s attitude, perception of other’s
social norms and perceived behavioral control. External social norms have been found to have
an important influence on energy consumption in situations where social contact and external
dynamism is highly present, such as workplaces or shared residential buildings, while in studies
with independent energy consumers, the regression results for such variable become insignifi-
cant [59], [48], [60], [47].Hence, the mentioned factor will be ignored in this study, but should
be considered for future research. Additionally, attitude represents the degree to which the
examined behaviour is positively or negatively valuated and perceived behavioural control is
defined as one’s certainty in their ability to follow a behaviour. The latter two variables have
been established as significantly correlated parameters with environmental intention, thus pro-
environmental motivation [50], [61], [62], [63], [64], [59], [54]. The variables linked to TPB are
therefore considered based on the regression studies performed in [59] and [54] following Figure
9.

3.1.7 Affect

Affect is an insignificant variable when looking at room temperature setting [53]. Affect is mainly
related to car usage through emotional and symbolic reasons [50]. For instance,the car usage
is mainly linked to psychological, economic and instrumental reasons. It has the prominent
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Figure 9: Theoretical framework of TPB according to [59]

capacity to follow the extension of affluence and the realisation of an ideal lifestyle [65]. This
variable will also be excluded from the model for the prediction of energy consumption in homes.

3.1.8 Values

Values are essential standards in dictating the principles according to which each individual
behaves. They are the key to initiate personal norms and they affect the way in which a person
perceives themselves [15]. These values correspond with personal attitude and mindsets, which
is why they have a high impact on intent-oriented attitude [40]. They influence the motivation
to take part in PEB [50], [15]. Four main value type are considered relevant in the context of
PEB:

• hedonic

• egoistic

• biospheric

• altruistic

While hedonic and altruistic values are insignificant in day-time temperature setting, egoistic
values are positively related to high temperatures. Biospheric values are mainly differentiated
between These usually have a negative correlation with temperature room settings. In fact, the
stronger the biospheric values, the lower the set room temperature. In the opposite way, the
stronger the egoistic values the higher the set room temperature [53]. Interventions can focus
on values in order to modify the way in which individuals perceive goals. However, only aiming
to change uniquely gain goals and hedonic goals will encourage PEB only when it is beneficial
for the individual, which has a negative spillover on the influence of normative goals. This is
judged an uncertain influential factor for PEB by multiple papers [66], [52].

3.1.9 Moral Obligations and Normative Conduct

Normative conduct is highly influenced by one’s personal values as well as the behavior shown by
others. The NAM and VBN are theories explaining the value of moral obligation. These theories
have a lower influence than the costs and constraints, mostly when these are high. This signifies
that TPB is stronger than VBN and NAM when the contextual costs are high [50]. However,
behaviour cannot uniquely be explained by TPB. VBN and NAM come as an extension to
TPB to enhance the explanatory function of the latter [59], [54], [67], [68], [69]. NAM and
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VBN explain that moral obligations may also incite individuals to reduce energy consumption
and act in a sustainable way. This depends on the extent to which an individual is aware of
the consequences of their actions and feels a part of responsibility for them [50]. These factors
have been introduced in the conceptual model as ”awareness of consequences” and ”ascription
of responsibility”. Their weight factors have been taken from [54] and [59]. Norms are highly
connected to the biospheric values but are impacted by contextual cues [15], [23]. Two types of
norms are presented, which change in relevance depending on the outer perception. These are
descriptive norms and injunctive norms [50], [15], [23]. The variance between both is that the
prior is the perception of external behaviour in a specific situation while the latter is a behaviour
generally approved by external perception. Contextual cues showcasing norm infringement will
make descriptive norms more relevant and devalue injunctive norms. On the other hand, norm
respect shown in cues increases the relevance and adoption of injunctive norms [23]. The TPB
model has been expanded according to 10

Figure 10: Expanded theoretical framework supporting TPB according to [59]

3.1.10 Goals

Goals are being analysed following the goal framing theory. In fact, the latter dictates that
behaviour results from various factors, in such way :

• Hedonic goals are influenced by human affect, which can be explained by theory on affect

• Gain goals are dependent on TPB

• Normative goals are influenced by NAM and VBN

As mentioned previously, PEB is influenced by three main goals [15]. Hedonic goals are centered
on increasing each person’s direct satisfaction and pleasure. Gain goals are aimed at increasing
an individual’s own resources such as finance or social status. Finally, normative goals act in the
direction of appropriate action. Goals are thought to influence each other, which is important
to consider when normative goals are in direct conflict with hedonic and egoistic goals [50], [15].
Nonetheless, two steps can be taken to tackle that situation, which are either decrease or nullify
the perceived costs and increase the perceived benefit or strengthen the normative goals.

3.2 Conceptual Model

Finally, the conceptual model has been creating using the data collected and analysed by [54]
and [59] on energy saving behaviour in households and dormitories. This leads to the model
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shown in Figure 11

Figure 11: Conceptual model displaying variables playing a major role in influencing energy use
in households and their specific weights

Finally, the model in Figure 11 aims to clarify the factors influencing energy consumption
behaviour. The simplicity of this model allows to draw conclusions between the created con-
ceptual model and the possible analytical results obtained. Nonetheless, it possesses all the key
variable to comprehend real world complexities and capture interesting phenomena. As such,
the motivation for the construction of such a model has been satisfied. Once these key factor
have been determined, it is necessary to validate the model experimentally.

3.3 Opinion Dynamics and Social Network Analysis Theory

Agent-based models are a useful tool to understand how opinions evolve in a social network. In
fact, the behaviour of single agents as well as the overall model can be simulated with agent-based
models when each agent’s actions follows a set of rules [70]. They are fruitful in understanding
the emergence of opinions in each agent and the direction of the system, whether it reaches
consensus or whether it remains polarised around diverse ideas [28]. A number of decisions have
to be made when deciding to build an agent-based model simulation [70]. Amongst these are:

• Domain of the model: Discrete model are models in which agents select finite opinions.
On the contrary, continuous model work on intervals, typically [0,1] [70]. The model for
this paper is more suited for a continuous domain.

• Direction of interaction between agents: Bilateral agents influence each other mutually
while a unilateral model represents agents who influence others without being influenced
by others reciprocally.

• Symmetry of interaction between agents: Pairwise interaction refers to agents interacting
one pair at a time. Any-to-any interaction is were each agent is simultaneously influenced
by every other agent. Finally, closest neighbors interactions are present when there is
a factor of distance between agents meaning that agents influence each other only in a
certain proximity.
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• Function of update: Linear models represent opinions which are a linear merging of other
agents’ opinion and non-linear model broadly represent the rest.

• Frequency of update of the model: Periodic models showcase agents that change opinion
at every subsequent step of the model. Aperiodic updating models do not allow agents to
change their opinion at every simulation step.

• Determining the utility function. This is done depending on the agent’s goal, and results
in a function to be maximised or to be changed to reach the expected payoff.

When necessary, social values and conformism can be captured by a network’s general opinion
yavg. There is also the possibility to differ local public and global public opinion, which is
possible by placing equations in a matrix form [28].

4 Simulation Model

This section aims to describe the digital creation and run of the model. Unfortunately the en-
tirety of the model could not be developed due to insufficient data. Therefore, this section will
be focused on developing and analysing the sociodemographic area of the model. Sociodemo-
graphics interact in such a way that an important correlation has been found between gender
and income, age and gender, gender and household size, household size and income, and finally
household size and energy use and income and energy use. All of these are positive correlations.
Given this analysis, a few requirements need to be summarised for the building of an accurate
model:

1. Age has a mixed relationship with income

2. Women earn less than men and consume less energy than men

3. Bigger households consume more energy

4. Households with a higher income consume more energy but have lower energy consumption
per person

5. Energy use has to be converted to temperature

4.1 Defining Income as dependant on Age

To respect requirement 1, the relation between age and income will be concretely quantified.
Using national data on the Netherlands collected by the Centraal Bureau voor de Statistiek, a
clear relationship has been established between age and income [71]. As shown in Figure 12,
income generally increases with age, until income holders reach retirement age. That is when it
is possible to notice that income starts decreasing again. There are 7 income classes:

- Under 25 years of age

- Between 25 and 34 years old

- Between 35 and 44 years old

- Between 45 and 54 years old
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- Between 55 and 64 years old

- Between 65 and 74 years old

- Over 75 years old

Figure 12: Descriptive diagram of how income is distributed over households in the Netherlands
according to the age of the main income-holder according to [71]

The income repartition is following a bell-shaped trend for which only the highest value has
been considered in every income income class. As such, under 15 have been assigned an annual
income of 3000 € per year; 25 years old have been assigned an annual income of 29000 € per
year; 35 years old have been given an income of 31000 € per year; 45 years old have been given
an income of 34000 €; 55 years old have a mean income of 35000 €, 65 years old decrease to
an income of 26000 €, 75 years and older have an income of 20000 € per year. When plotted,
this relation gives the graph in Figure 13. A trendline can be built from this relation, with the
following equation :

y = 0.002 ∗ x5 − 0.4768 ∗ x4 + 42.543 ∗ x3 − 1820 ∗ x2 + 37660 ∗ x− 273398

with x representing age and y representing income. This allows to satisfy requirement 1 in our
model.
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Figure 13: Graph of the relation between age of the main income-holder and annual household
income

Nonetheless, a second requirement appears. Women are shown to earn less than men for equal
jobs. The Centraal Bureau voor de Statistiek showed that this has been described as a valid
case in the Netherlands as well [72]. Nonetheless, as can be seen from Figure 14, the gender gap
is progressively closing with time, which is also trying to be grasped by this model. Given the
current trends, women’s salary today is 62.5% of a man’s wage. The trend can be modeled with
the equation

y = (0.5681 ∗ x+ 51.234)/100

with x representing the year, starting from 2019, as that is the last value of the gender gap
that has been derived in the Netherlands. y represents the proportion a man’s wage that would
correspond to a woman’s. As such, by starting in 2019, women’s wages are generally 0.625 of a
man’s wage. Finally, it is important to remember that this proportion will only be taken into
account in the model if the main income holder simulated is a female. This is represented as:

INCOME = (0.0023∗Age5−0.5338∗Age4+47.283∗Age3−2000.4∗Age2+40791∗Age−293103)

∗Gender−(0.0023∗Age5−0.5338∗Age4+47.283∗Age3−2000.4∗Age2+40791∗Age−293103)∗ (1)

(0.5681 ∗ Time+ 4 + 51.234) ∗ 0.01 ∗ (Gender − 1)

With Age = Time, Time varying between 15 and 75, like our age groups, and gender varying
from 0 to 1 whether it is a woman or a man respectively. As such, when the model is run for a
female income holder, only

INCOME = −(0.0023∗Age5−0.5338∗Age4+47.283∗Age3−2000.4∗Age2+40791∗Age−293103)∗

(0.5681 ∗ Time+ 4 + 51.234)/100 ∗ (Gender − 1)

will be taken into account, as the other member of the equation is multiplied by 0, therefore
cancelled.
On the other hand, if the income holder is a male, income will be represented by:

INCOME = (0.0023∗Age5−0.5338∗Age4+47.283∗Age3−2000.4∗Age2+40791∗Age−293103)∗Gender
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Figure 14: Graph of the evolution of the gender gap since the last century according to [72]

as this time, the second member of the equation cancels out. The mentioned equation allows to
account for the gender pay gap which will also allow to account for the lower energy consumption.

4.2 Defining Energy Use and Room Temperature

Now that income has been defined, its causality links have to be in turn determined. Based on
Figure 11, Household income influences Household energy use. Nonetheless, the relation is not
exactly straight. Income increases, which means that households have a higher margin to spend
on energy. To model the accurate spending, it is important to know what is the average price of
energy and what percentage of a household’s income is spent on energy use. The first variable
will be named Energy price while the latter will be named Expenditure on energy.
Energy expenditure is defined in function of household size. Bigger households allow for more of
their budget to be dedicated to energy consumption. However, this remains under the condition
that energy consumed per person is lower than for smaller houses, as determined by [54], [50]
and [53]. As such, energy expenditure is given an average of 8.6% of a household’s income, with
an increasing variation with an increased number of household occupants. As such, Household
expenditure on energy is modelled as :

(Household size/100 + 1) ∗ 0.086

with a household size varying from 1 to 5.
The price of energy has been determined from [73] as being 0.45 €/kWh. In one of the final
steps of the modelling process, the household energy use has been defined. The equation in
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order to respect requirements 3 and 4 is:

HOUSEHOLD ENERGY USE = (Annual Income∗Household Expenditure on energy)/Energy price

This outputs a result in kWh. Finally, the yearly energy consumption has to be converted
into yearly energy setting. This has been done by averaging the energy needed for a certain
temperature. Knowing that keeping a room at 22°C requires an average of 7000 kWh per year,
it is possible to use proportionality rule to define temperature as :

Room temperature = Household energy use ∗ Energy consumption per degree

Ultimately, the model for the sociodemographic factors is illustrated in Figure 15

Figure 15: Vensim Model of sociodemographic influence on energy consumption

5 Discussion and Results

The model has been built following the findings presented in section 3.2. As such, it is impor-
tant to test whether those findings are accurately respected. When run, the model looks like
the representation in Figure 16. The graphical use interface allows to modify external variable,
such as gender and energy price while running the simulation. The benefit of this function is
that one can see the shift in the other variables directly. Hence the user can see how influential
the other variables are and what sort of influence they have.
This being said, for the reader’s comfort and for the document’s improved readability, the

results of the simulation runs will be placed in this document’s appendix A.

5.1 Assessing the Dependency of Income on Age

Starting with age, it is possible to notice the shift in income based on age and the accuracy of
it in the defined boundaries [15; 75]. As shown in Figure 19, the time settings of the model
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Figure 16: Simulation of Vensim Model of sociodemographics and energy consumption

and the age are parallel variables, where the model’s time-step is equivalent to one year for an
individual. The age is then linked to the income in such way that it varies as shown in Figure
21.
Figure 21 shows that as age changes, the income also change in such way that people in the
15-55 age gap have an increasing income, and people in retirement age see their annual income
decrease. Nonetheless, it is possible to notice an increase in the annual income after 65 years
of age, which is not accurate given that pension is applied to an increasing fraction of the
population, meaning that it should evolve towards 20 000€ per year. The representation of the
income evolution in terms of age is therefore not as accurate as reality goes. To fix this, a new
function representing the evolution of income based on age has been built. According to the
previous polynomial used, the results started becoming inaccurate for people aged 45 and more.
This lead to the division of a trendline into two separate timeframes. Firstly, one trendline
would depict the change in come for people in the age gap [15; 45]. A second trendline would
do the same for people in the age gap ]45; 75], making sure that the curve stabilises around
75 years old. That would allow to properly depict the stability of an individual in pension age
earning a stable income. As such, the curve depicting the evolution in income for individuals
aged 15-45 is a third-degree polynomial expressed as :

y = 4, 1667 ∗ x3 − 432, 5 ∗ x2 + 14796 ∗ x− 135688

with y the income and x the age. This can be seen from Figure 18.
For individuals aged more than 45, the change in income can be represented by a fourth-degree
polynomial expressed as:

y = −0, 0417 ∗ x4 + 12, 167 ∗ x3 − 1297, 1 ∗ x2 + 59296 ∗ x− 945547

with y the income and x the age. This can be seen from Figure 18.
In order to implement this in the Vensim model showed in Figure 15, an IF THEN ELSE
statement had to be created. Using the same structure as the equation 1. It gives the following
conditional function :

Annual Income = IF THEN ELSE(Age <= 45, (4.1667∗Age3−432.5∗Age2+14796∗Age−135688)

∗Gender−(4.1667∗Age3−432.5∗Age2+14796∗Age−135688)∗(0.5681∗Time+4+51.234)/100
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Figure 17: Graph of the relation between age of the main income-holder and annual household
income for individuals aged 15 to 45

∗(Gender − 1), (−0.0417 ∗Age4 + 12.167 ∗Age3 − 1297.1 ∗Age2 + 59296 ∗Age− 945547)

∗Gender − (−0.0417 ∗Age4 + 12.167 ∗Age3 − 1297.1 ∗Age2 + 59296 ∗Age− 945547)

∗(0.5681 ∗ Time+ 4 + 51.234)/100 ∗ (Gender − 1))

When replaced, the results obtained show indeed a stabilisation around retirement age. It can
be seen in Figure 21. This model has been run for male gender. Therefore, the model shows
stability in terms of requirement 1.

5.2 Assessing the Representation of Gender Difference on Energy Consump-
tion

However, it is necessary to evaluate whether the mixed relation between age and income also
holds in the case of women and whether the income difference found in section 3.2 is showcased
by the model. When running the result for a female occupant, the income in terms of the
individual’s age is shown in Figure 22. As can be seen from Figure 22, the mixed relation is
still present. Moreover, the gender pay gap is depicted. For an individual aged 30, a man earns
around 31 000 € while a woman’s yearly income is around 23 000 € as women seem to have a
salary 30% lower than man. Therefore, requirements 1 and 2 are satisfied in this case as well.
Once this has been made certain, it is interesting to observe how the room temperature set in
a certain household varies depending on gender. A simulation has been run for a household of
one person, firstly for a man, then for a woman. The results for a man occupied one-person
household are represented in Figure 23. What can immediately be noticed in that case is that a
man’s room temperature can reach 22°C around the age of 50. On a lifetime basis, it fluctuates
around 19°C and it is highly variant on income. At the age of 40, the temperature reaches 19°C
and increase slowly until the age of 50, when it starts dropping after retirement. On the other
hand, results for one woman occupied household show a lower temperature. What can be seen
from a graph for women is that the highest temperature at the age of 52 is around 19°C before
it starts dropping towards a stable temperature after retirement age. The temperature for a
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Figure 18: Graph of the relation between age of the main income-holder and annual household
income for individuals aged more than 45

woman fluctuates around 16°C, which is 3°C lower than men. It then stabilises after retirement
age around the same value as for men. At the age of 30°C, it is around 14°C and increases slowly
until 52 years old to reach 19°, after which it starts decreasing again. Finally, requirement 2 has
been checked as being satisfied, and so has requirement 4.

5.3 Assessing the Energy Consumption Variation based on Household Size

In order to check requirement 3, two simulation runs have been effectuated. The first represents
the characteristics of a five-person household, represented in terms of energy expenditure in Fig-
ure 27, household energy consumption in Figure 28 and room temperature in Figure 29. These
results are compared to the results obtained in a one-person household. They include energy
expenditure for a one person household of the same gender shown in Figure 25, household energy
consumption in Figure 26 and room temperature in Figure 23. The simulations have been run
for a man given that requirement 2 has already been showed to be satisfied.
What can immediately be noticed is that expenditure has a small increase, from 0.868 to 0.903.
This means that the percentage of a household’s energy annual income that is dedicated to
energy goes from 8.68% to 9.03%. It might seem insignificant but it results in a considerable
difference in energy use. The specific results are shown in Figure 30. For instance, for one person
household; the highest energy consumption is of 7094 kWh per year while for a 5 people house-
hold it increases to 7375 kWh. This supports requirement 3 as household energy consumption
increases with the increase in the number of household members, while being lower per head
count. As seen in Figures 29 and 23, the temperature also increases accordingly. The room
temperature for a five-people household reaches 23°C at its maximum, which is at 50 years of
age, which is around 1 degree higher than for a one person household.
Given that the model then converts energy use into temperature, it can be said that all the
requirements established in section 4 have been satisfied for the influence of sociodemographic
variables.
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5.4 Deliberation on the Simulation Results

This being said, a few steps can be improved in terms of simulation results. From Figures 23
and 24, a few remarks can be made. The energy-saving behaviour of women can seem counter-
intuitive at first given that women were determine to feel colder than men [53].However, energy
saving behaviour has been defined to be more prominent in women by multiple papers [74], [75],
[76], [77], [78], [79], [54]. These papers support the finding that men tend to have a lower pro-
environmental behaviour than women. Assuming that this holds in the case of temperature, the
assumption can be justified from the fact that women might feel colder, but don’t instinctively
put the temperature up. They might perhaps wear additional layers to compensate for it. A
difference has been drawn between feeling and behaviour in a way in which feeling colder doesn’t
automatically lead to setting higher room temperature. This statement can be compensated for
in the final model by modelling values. If an individual prioritises his own comfort, he/she will
increase the temperature instead of wearing additional clothes. As such, the status quo of gender
behavior can be inverted by implementing the personal values and norms of individuals with
higher hedonic values.
A similar situation can be noticed for individuals in the age of retirement. Figures 23 and
24 show that temperature decreases to around 12°C during retirement age. This is meant to
happen based on the income-energy consumption established in this model. However, this result
doesn’t seem very representative of reality. It is possible that temperature stagnates at 18°C
in retirement age, or even increases due to the fact that older people feel colder. Nonetheless,
it is difficult to say whether this comes from sociodemographic factors themselves or whether
it comes from values which push elders to prioritise their comfort over energy saving. Hence,
further data is needed to better understand how population in the age of retirement behaves
when it comes to room temperature setting. In case the data shows that even when elders do
not prioritise their comfort they have a higher room temperature, it is possible to represent
this change in the model by bringing additional conditions to certain variables. It is possible to
explain this by defining household energy expenditure to be higher for elders. The percentage by
which is higher is estimated based on their annual income and their annual energy bills to define
what portion of their pension is dedicated to energy consumption. Based on rough estimations,
if their annual income is 20000 and their monthly energy bill is 210€, it is possible to generally
state that 12% of their income is dedicated to energy consumption. Nonetheless, given that this
relation still in not clear, it will mentioned in this document as a point of discussion.

6 Conclusion

In conclusion, the influence of age, gender, income, and household size on room temperature
settings, household energy consumption and psychological factors is multifaceted and requires
a nuanced understanding. These factors play significant roles in shaping individual prefer-
ences, energy consumption patterns, and overall sustainability efforts within households. The
understanding of these factors is crucial for developing effective strategies to promote energy
conservation and sustainability.
One of the key psychological factors influencing energy use is individual attitudes and beliefs.
People’s beliefs about the importance of energy conservation, environmental responsibility, and
the potential impact of their actions on the planet can greatly influence their energy consump-
tion behaviors. As such, attitude has an important role in shaping the motivation influencing
energy behaviour.
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Perceptions of control also impacts energy use. When individuals believe they have control over
their energy consumption and can make a difference, they are more likely to adopt energy-saving
behaviors. Empowering individuals through information, feedback, and energy-saving tools can
enhance their sense of control and encourage responsible energy practices.
Social norms and peer influence are powerful psychological factors that shape energy use in
households. People tend to conform to the energy behaviors and practices of those around
them, particularly within their social networks. Even though social norms have not explicitly
been determined as significant in room temperature setting behaviour, they can hold an influ-
ence on an individual’s personal norm.
The concept of psychological comfort is another important factor in energy use. People strive
for comfort and satisfaction in their living environments, including maintaining optimal room
temperatures and lighting levels. Understanding and promoting the concept of adaptive com-
fort, where individuals adjust their expectations and accept slight variations in temperature and
lighting, can lead to energy savings without compromising comfort.
Sociodemographic variables are the ones having the highest influence on room-setting behaviour.
Age is an important determinant of room temperature preferences. Older individuals often pre-
fer warmer temperatures due to factors such as reduced metabolic rates and a higher likelihood
of experiencing cold-related health issues. Younger individuals, on the other hand, may opt for
cooler room temperatures due to higher activity levels and a greater tolerance for lower temper-
atures.
Gender also emerges as a factor influencing room temperature preferences and energy consump-
tion. While studies suggest that women generally prefer slightly warmer temperatures compared
to men, they are shown as having a higher PEB than men. Biological factors, clothing choices,
and different metabolic rates contribute to this divergence. Acknowledging these gender-based
variations in temperature preferences is important when designing energy-saving initiatives and
promoting sustainable behaviors that encompass diverse household dynamics.
Income levels significantly impact room temperature settings and household energy consump-
tion. Higher-income households often have the financial means to maintain desired temperatures,
resulting in increased energy usage. These households may utilize heating and cooling systems
more frequently and are more likely to invest in energy-intensive appliances. In contrast, lower-
income households may face limitations in energy consumption due to financial constraints.
Balancing energy affordability and comfort becomes a critical challenge for these households.
Household size plays a pivotal role in room temperature settings and energy consumption. Larger
households tend to have higher energy demands due to the presence of multiple individuals oc-
cupying different rooms. Maintaining comfortable temperatures for all occupants can lead to
increased energy usage. In contrast, smaller households may have more flexibility in temperature
control, resulting in relatively lower energy consumption. Considering the household size factor
allows for tailored energy management strategies that account for varying occupancy patterns
and the specific needs of different households.
Understanding the influence of age, gender, income, household size and psychological factors on
room temperature settings and household energy consumption is essential for developing effec-
tive energy-saving strategies.
In summary, psychological factors such as attitudes, beliefs, perceptions of control, social norms,
psychological comfort, and habits all influence households’ energy use. Understanding the com-
plex interplay between psychological factors and energy use is vital for designing effective inter-
ventions that inspire lasting behavioral changes in households. By recognizing the diverse prefer-

34



Bachelor Integration Project 2023 Allegra Melli S4324951

ences and circumstances within households, policymakers, energy providers, and researchers can
design targeted interventions to promote sustainable energy practices. These interventions may
include educational campaigns, incentives for energy-efficient technologies, and customized en-
ergy management plans. By addressing the specific requirements and constraints related to age,
gender, income, and household size, it is possible to work towards achieving a more sustainable
and energy-conscious future.

7 Future Work

Exploring potential future work paths for understanding the influence of sociodemographics and
psychological factors on room temperature setting and household energy consumption can lead
to valuable insights and inform policy and research in the field of energy sustainability.
Given the results of this paper, a poignant step for future work is going beyond sociodemograph-
ics, exploring additional psychological factors that influence energy consumption, and focus on
their modeling and their relation to the previously established sociodemographic factors as it can
provide a more comprehensive understanding of the complex relationship between sociodemo-
graphic variables, psychological values and energy use. Investigating how these factors interact
with age, gender, and household size can shed light on the underlying mechanisms driving energy
consumption behaviors.
Furthermore, examining the influence of age, gender, income, and household size on room tem-
perature settings and energy consumption across different cultural contexts can provide valu-
able insights into the cultural dimensions of energy use. Comparative studies can help identify
cultural norms, values, and social dynamics that shape energy behaviors and inform the devel-
opment of culturally sensitive energy policies.
Given the broader scope of this research as a means of optimising energy systems, investi-
gating the potential impact of emerging technologies, such as smart home systems, Internet
of Things (IoT) devices, and energy management platforms, on energy consumption patterns
across different demographic groups can be a fertile area of research. Understanding how these
technologies interact with households, individuals and the social context can inform the design
and implementation of innovative solutions to promote energy efficiency.
On this note, investigating the integration of advanced technologies, such as artificial intelli-
gence, machine learning, and big data analytics, can enhance our understanding of the complex
relationships between psychological factors and energy use. Utilizing these technologies to an-
alyze large-scale datasets and identify patterns and correlations can inform the development of
personalized energy feedback, behavior change interventions, and predictive models for energy
consumption.
By pursuing these future work paths, researchers can deepen our understanding of the com-
plex interplay between age, gender, income, and household size in relation to room temperature
settings and household energy consumption. Such insights can contribute to the development
of evidence-based policies, interventions, and technological advancements that promote energy
sustainability and address the diverse needs of households across different demographic groups.
No matter the future research led, it is necessary to ensure a cross-disciplinary approach. Aiming
for collaboration between psychology, behavioral economics, sociology, and engineering disci-
plines can lead to innovative research approaches. Combining expertise from different fields can
provide a holistic understanding of the psychological factors influencing energy use, facilitating
the development of integrated solutions that consider social, psychological, and technological
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aspects.
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A Appendix

Figure 19: Age evolution based on timesteps in the Vensim Model

Figure 20: Household annual income evolution based on an individual’s age in Vensim for men

43



Bachelor Integration Project 2023 Allegra Melli S4324951

Figure 21: Household annual income evolution based on an individual’s age in Vensim for men
new simulation

Figure 22: Household income evolution based on an individual’s age in Vensim for women
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Figure 23: Temperature evolution for a household composed of one man based on age

Figure 24: Temperature evolution for a household composed of one woman based on age

45



Bachelor Integration Project 2023 Allegra Melli S4324951

Figure 25: Household Energy expenditure for a one-person household

Figure 26: Household Energy consumption for a one-person household
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Figure 27: Household expenditure dedicated to energy for a five-person household of which the
main income-earner is a man

Figure 28: Household energy consumption for a five-people household of which the main income-
earner is a man
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Figure 29: Room temperature for a five-person household of which the main income-earner is a
man
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Figure 30: Comparative table of the evolution of
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