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1
Introduction

The global consensus today states that climate change is due to human ac-

tivities. The main driver of anthropogenic climate change is rising levels of

carbon dioxide in the atmosphere. Continued emission of greenhouse gases

such as carbon dioxide may increase the occurrence of extreme events such

as heat waves, droughts, floods, cyclones, wildfires and loss of fisheries caus-

ing irreparable damage to fragile ecosystems. It is therefore imperative to

mitigate climate change by curtailing emissions of carbon dioxide into the

atmosphere.

According to the IPCC (2014), about half of the cumulative anthro-

pogenic carbon dioxide emissions have occurred in the last 40 years. A signif-
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icant proportion of these emissions can be attributed to households (IPCC,

2014). Household energy behaviours such as consumption of gas and fossil-

fuel powered electricity for applications such as lighting, cooking, space and

water heating increase emissions of carbon dioxide in the atmosphere and

thereby, exacerbate the effects of climate change. Encouraging households to

engage in sustainable energy behaviours such as curtailing their use of gas and

fossil-fuel powered energy, increasing their use of renewable energy sources,

or purchasing energy efficient appliances would help mitigate climate change.

Therefore, it is important to understand which factors are related to sus-

tainable energy behaviours (Clayton et al., 2015; Sovacool, 2014; Steg, Perlavi-

ciute, & van der Werff, 2015). This provides important insights into which

interventions may be effective to promote such behaviours. Researchers have

employed different methodologies to understand which factors are related to

sustainable energy behaviours. Typically, these methodologies can be classi-

fied into correlational research which involves exploring relationships, (field)

experiments which are better suited to establish causality, and longitudinal

designs which examine how relationships between factors change over time

(Sovacool, 2014). In this dissertation, we introduce novel methodological

approaches -correlational, causal and dynamical, which may by used to gain

more insight into which factors are related to sustainable energy behaviours.

Specifically, this dissertation introduces graphical models (Koller & Fried-

man, 2009) and generalised additive models (Hastie & Tibshirani, 1986;

Wood, 2017) as methodological approaches and statistical tools that can be

employed to explore and understand which factors are related to sustainable
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energy behaviours. In the following sections, we briefly introduce the ques-

tions addressed in the different chapters and illustrate how graphical models

and general additive models can be used to explore and understand which

factors are related to sustainable energy behaviours.

Exploring relationships between items and variables related to

sustainable energy behaviours

Exploratory analyses are an important first step in understanding sustain-

able energy behaviours. Such analyses provide a first understanding of the

relationships between items and variables related to sustainable energy be-

haviours included in a study, which enable researchers to better understand

the data before opting for more complicated and sophisticated analyses. Par-

ticularly in settings where researchers include a large number of variables

from multiple theoretical frameworks, they would profit from exploratory

methods and analyses that help them get a “feel” for patterns in their dataset

in an easy to understand manner. Typically, exploratory analyses involve

computing bivariate correlations between items and variables and presenting

them in a table. While this is suitable for relatively small data sets, such tables

can easily become overwhelming when researchers work with large multi-

variate datasets containing items and variables related to sustainable energy

behaviours.

In Chapter 2, we illustrate how the Gaussian graphical model may be used

as a novel exploratory analysis tool that provides an easy to grasp overview

of relationships between items and variables included in a study. A Gaussian
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graphical model comprises of a set of items or variables, depicted by circles,

and a set of lines that visualize relationships between the items or variables

(Epskamp, Borsboom, & Fried, 2018; S. L. Lauritzen, 1996).

Gaussian graphical models have two advantages compared to common

exploratory analysis that typically study bivariate correlations between items

and variables. First, while bivariate correlations are useful in small datasets,

correlational tables can become overwhelming in large datasets. In compar-

ison, the Gaussian graphical model uses a graph to visualize relationships,

which is more easy to comprehend than tables. Second, bivariate correlations

between two variables can be spurious, i.e., caused by a third variable present

in the dataset (a so-called common cause). In contrast, relationships esti-

mated by Gaussian graphical models can be interpreted as partial correlation

coefficients that reduce the risk of finding spurious relationships by taking

into account relationships with other variables included in the model. Taking

these advantages into account, we aim to show that the Gaussian graphical

model is a useful exploratory analysis tool which provides an easy to under-

stand visualization of key relationships between items and variables variables

related to sustainable energy behaviors.

Comparing the performance of causal search algorithms to ex-

plore potential causal relationships between variables related

to sustainable energy behaviours

To better understand which variables may be key determinants of sustain-

able energy behaviours, causal search algorithms can be used to explore causal
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relationships between a multivariate set of variables related to sustainable en-

ergy behaviours (Eberhardt, 2016; Spirtes, Glymour, & Scheines, 2000). The

key advantage of causal search methods is that they can generate substantive

hypotheses which indicate the strength and direction of an effect. Such sub-

stantive hypotheses can next be validated on a new dataset.

To the best of our knowledge, the performance and applicability of causal

search methods to sustainable energy behaviours research is yet to be investi-

gated. Specifically, little is known about the accuracy, i.e., how good are these

methods at retrieving potential causal relationships; and their precision, i.e.,

how robust are the estimated relationships to sampling variability. To this

end, before researchers can apply causal search methods to explore causal rela-

tionships between a multivariate set of variables related to sustainable energy

behaviours, it is important to investigate their performance using a statistical

simulation study.

To this end, we conduct a statistical simulation study to compare the per-

formance of PC (Spirtes et al., 2000) and the LiNGAM algorithm (Shimizu,

Hoyer, Hyvarinen, & Kerminen, 2006). We choose these methods based on

their applicability to sustainable energy behaviors research. In particular, we

choose the PC algorithm as it assumes a linear-Gaussian causal structure and

researchers examining sustainable household energy behaviours often use

linear models assuming a normally distributed error distribution while test-

ing their theories (e.g., Abrahamse & Steg, 2011; Steg, Dreijerink, & Abra-

hamse, 2005; Van der Werff, Steg, & Keizer, 2013). However, it is possible

that measurements are highly skewed towards one end of the scale due to
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self-selection or floor/ceiling effects. To this end, we include a causal search

algorithm which allows for non-normal error terms, termed the LiNGAM

algorithm.

In Chapter 3, we compare two causal search methods, the PC algorithm

and the LiNGAM algorithm, using a statistical simulation with the aim to

investigate (i) how accurately can these methods retrieve potential causal

relationships between a multivariate set of variables related to sustainable

energy behaviours and (ii) how robust are these methods to errors due to

sampling variability.

Studying the effects of intervention programmes on sustainable

energy behaviours when randomised controlled trials are not

feasible

Randomized controlled trials (RCTs) have been strongly advocated to evalu-

ate the effects of intervention programmes on sustainable energy behaviours

(Allcott & Mullainathan, 2010; Frederiks, Stenner, Hobman, & Fischle,

2016; Vine, Sullivan, Lutzenhiser, Blumstein, & Miller, 2014). While ran-

domized controlled trials are the ideal, in many cases, they are not feasible.

Notably, many intervention studies rely on voluntary participation of house-

holds in the intervention programme, in which case random selection and

random assignment are seriously challenged.

Random assignment ensures that the intervention and control groups do

not systematically differ from the outset, and ensure that changes in energy

use are not caused by specific characteristics of the intervention group. Fur-
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thermore, random sampling ensures that results can be generalized to the

target population. When key elements of RCTs – random selection and ran-

dom assignment – are not feasible, one can no longer rule out the possibility

that participants in the study are not a representative sample of the target

population, or that intervention and control groups do not systematically

differ from the outset. This may result in inaccurate estimates of the effects

of the intervention programme on sustainable energy behaviours, as it is not

clear whether results can be generalized to the target population, or whether

any differences in energy behaviour after the interventions are caused by the

intervention programme, and not by other systematic differences between

intervention and control groups.

In addition, most studies employing randomized controlled trials (when

feasible) estimate the effects of intervention programmes without trying to

understand the processes that underlie the effects of such interventions. As

such, one of the key drawback of RCTs is that they do not improve our un-

derstanding of “why” these programmes work (Carey & Stiles, 2016; Deaton

& Cartwright, 2016; Vandenbroucke, 2008). Understanding the processes

through which intervention programmes affect energy saving behaviours is

important to improve the design of such programmes and to advance scien-

tific theory. For example, tailored information campaigns to promote energy

saving behaviours may be effective because they enhance knowledge about

energy saving options, or maybe because information that aligns with what

people find important strengthens one’s motivation to save energy. To study

processes underlying intervention effects, one would need to collect infor-
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mation on relevant process variables (e.g., knowledge, motivation), which

in many cases have to be collected via questionnaires. Here, one again has to

rely on voluntary participation of participants, challenging random sampling

and random assignment.

Hence, an important question is: which would be an appropriate solution

to carefully evaluate effects of intervention programmes on sustainable en-

ergy behaviours when RCTs are not feasible? And how can such a solution

increase our understanding of processes underlying intervention effects? In

Chapter 4, we propose a potential solution to this question using a class of

graphical causal models, directed acyclic graphs. Specifically, we propose a

systematic approach using directed acyclic graphs to carefully conduct and

evaluate the effect of an intervention programme on sustainable energy be-

haviours when RCTs are not feasible.

Do households with PV consume energy in a sustainable manner?

Examining dynamic patterns in net electricity usage.

To mitigate anthropogenic climate change, many households engage in sus-

tainable energy behaviours such as purchasing photo-voltaic panels (PV)

that do not emit carbon dioxide while generating electricity. Notably, many

households no longer only consume electricity, but also produce electricity

themselves, thus becoming prosumers (Oberst, Schmitz, & Madlener, 2019).

Investing in PV can be a highly effective mitigation strategy in the residen-

tial sector, particularly when households utilize their PV in a sustainable way

(Luthander, Widén, Nilsson, & Palm, 2015). Notably, they can adjust their
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electricity use to the available production of electricity by their PV as much

as possible, so they do not need to use electricity from the grid that is often-

times still produced by carbon dioxide emitting sources (Schill, Zerrahn, &

Kunz, 2017).

Literature provides competing explanations on the likelihood that PV

owners use their PV in a sustainable way (Luthander et al., 2015; Sommer-

feld, Buys, & Vine, 2017). On the one hand, researchers have argued that

installing PV makes households more aware of the impact of their energy use

on the environment and encourages them to use their PV in a sustainable

way, including using less electricity from the power grid, and using electricity

particularly when the sun is shining (Kobus, Mugge, & Schoormans, 2013;

Schill et al., 2017). Indeed, a few studies suggest that households with PV

tend to engage in sustainable PV usage and shift their energy consumption

to periods of high PV production (Gautier, Hoet, Jacqmin, & Van Driess-

che, 2019; Keirstead, 2007). On the other hand, others have argued that in-

stalling PV may not necessarily increase the likelihood of sustainable PV use

because doing so may prove more difficult than people anticipated (Nicholls

& Strengers, 2015; Oberst et al., 2019; A. M. Peters, van der Werff, & Steg,

2019; Schick & Gad, 2015; Wittenberg & Matthies, 2016). Further, some

researchers have even argued that engaging in one sustainable energy saving

behaviour such as installing PV is likely to discourage other sustainable en-

ergy saving behaviours (Tiefenbeck, Staake, Roth, & Sachs, 2013). Owning

PV panels may give households the license to engage in unsustainable energy

behaviours, thereby increasing overall net energy consumption (Schill et al.,
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2017).

These contradictory explanations indicate that the literature is inconclu-

sive regarding the likelihood that PV owners use their PV in a sustainable

way. To address this question, in Chapter 5, we conduct a large scale study

to examine whether PV owners use their PV in a sustainable way. Extending

earlier studies that typically relied on self-reports to measure sustainable use

of PV, we analyze actual energy usage data obtained from smart meters.

Specifically, we compare dynamic patterns in net electricity use, i.e., the

difference between electricity consumed from the grid and supplied back

to the grid, of households who installed PV to the electricity use patterns

of households who did not install PV. For this purpose, we use generalized

additive models (Hastie & Tibshirani, 1986; Wood, 2017) that allow us to

not only examines overall differences in electricity use, but also differences in

electricity usage patterns across the days and months of a year.
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