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Thesis outline

This thesis explores the aspect of digital energy interventions that are designed to re-
duce energy consumption. It will focus on energy consumption within households. A
systematic literature review will document and analyze the current state of the litera-
ture, understanding the gaps and the areas where more research will be beneficial. The
research will focus on the effectiveness of the interventions used in experiments, and also
discuss some resources needed for the implementation and operation of the interventions
technologies.
The scientific paper that is written will first start by outlining the importance of energy
consumption reduction. This section will also include the research gaps, questions, and
objectives. The related works section will follow with some reviewing of existing litera-
ture, focusing on intervention research that has already be done and explaining the need
for further research. After that, the research method will be introduced, including the
process of the systematic literature review. The results section will then categorize and
assess the effectiveness of different interventions and some of the resources needed for the
implementation and operation of these interventions. It will also identify some common
limitations that resulted from the literature review. The discussion will interpret the
results and highlight some significant findings and directions for future research. Finally,
the conclusion will summarize the key insights and contributions of this research. Af-
ter the scientific paper, an annotated appendix is added to gain some insights into the
process of this thesis and outline some changes that were made along the way. This will
include a section regarding the research context, research questions, methodology, and
some further explanation of pivot points in the overall process.
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The impact of digital energy conservation

interventions for households

Marijn Smit

Utrecht University
Information and Computing Sciences

Utrecht, Netherlands

Abstract: This paper investigates the effectiveness of digital energy interventions and
their impact on energy consumption in households. The study examines different types of
energy reductions, including overall energy, electricity, and gas, and provides a detailed
analysis based on the gathered data. It aims to classify and evaluate various digital
energy interventions and contribute to a comprehensive analysis of the literature. This
research is executed in the form of a systematic literature, with the final inclusion of
66 articles. There are some promising results already in terms of the environmental
benefits of intervention technologies in households. However, to ensure technological
feasibility, and the reliability and validity of digital energy intervention research, more
robust empirical experiments are needed, which will also focus on studying the impact
of the intervention in the long term.

Keywords: Digital energy interventions, energy consumption, electricity reduction, gas
reduction, behavior change

1 Introduction

Climate change remains one of the most important issues of the 21st century [119]. The
conversation around sustainable energy has, therefore, also expanded dramatically in
recent decades [84]. Especially the academic field is creating more awareness around
this sustainability topic [33, 127]. This academic expansion also enhances awareness
in society, regarding the effects that sustainable energy practices have in addressing
global environmental challenges [60]. A central aspect of this extended awareness is
also understanding how energy is being used in the context of households [55, 100, 113].
Ever since smart technology was developed, an effort has been made to utilize it to its
full potential as an encouragement for energy reduction in the context of households
[38]. The aim of reducing energy consumption is to use less energy and reduce wasteful
energy use [114]. This also means showing how digital tools can assist households in
creating awareness of their energy usage, specifically by using interventions [23, 95, 123].
Through interventions and metrics tools, it will be possible to assist in bridging the gap
between individual household behavior and sustainability goals, by giving feedback to
the households concerning their energy consumption.

Despite the increased awareness and the progress that has already been made, an
overview of sustainability potentials and the technological resources used to implement
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and operate digital energy interventions is still missing and has not been fully investi-
gated according to [74, 109, 120]. Such an overview can be beneficial to decide whether
an intervention is worth the sustainability benefit it claims to provide. The increasing
debate on climate change solutions has been emphasizing technologies and their options
based on cost and effectiveness to reach the climate goals [37]. Different meta-analyses
of interventions have been conducted. However, these tended to focus on different sub-
sets of the interventions. For example, analysis that solely focuses on pricing [45], or
that only looks at social comparison [11]. Some research into energy consumption tech-
nologies has also indicated that there is often a lack of theoretical understanding and
the underlying technology often remains unclear [81]. While there is research done on
analyzing the behavior of a household that could lead to reducing energy consumption,
these studies often do not specifically examine the possibilities of different strategies to
change this behavior in practice, such as interventions, that could encourage households
to change their behavior pattern [94]. Besides that, research is also mostly focused on
providing a general overview of the digital energy intervention research area and ex-
pressing the need for energy reduction, rather than looking at specific ways to reduce a
household’s energy consumption [126]. Research that is specifically focused on the ef-
fectiveness of digital interventions in households aimed at reducing energy consumption
yields mixed results [19, 20, 86, 109]. For example, research done by [50] concludes that
the majority of implemented interventions so far in households have faced challenges as
well as successes. Additional studies also show that research into the effectiveness of
household interventions to reduce energy consumption can be employed with an overall
success [46, 71, 121], however, most of the time there is little attention given to the
actual environmental impact of those interventions, making it often unclear whether the
intervention will maintain successful over a longer period of time.

Overall, there remains a significant gap in providing a comprehensive analysis of
digital household interventions, resources, and their potential to reduce energy. This
gap makes it more difficult to fully grasp the effectiveness and underlying resources of
various digital energy interventions. Consequently, it is challenging to understand the
current state of the interventions in the area of energy consumption reduction research
and summarize where more research could be needed [56].

This research aims to bridge the gap by categorizing and analyzing various applica-
tions and technologies that offer interventions aimed at energy reduction, contributing
to a comprehensive analysis of the literature. This will be done through the execution
of a systematic literature review, which will focus on finding literature that contributes
to identifying the environmental benefits and resources that are required for the de-
velopment and operation of the interventions in households. An overview (e.g., in the
form of a table) will be presented to create a clearer idea about the real effectiveness of
such digital energy interventions and the state of the literature regarding experiments
and research in this area. This overview will not only assess their effectiveness but also
examine the technological resources regarding the architecture of digital energy interven-
tions. Highlighting the currently missing overview between the perceived environmental
impact and the resources needed for the operation of these interventions.

6



To address the research gap and to achieve the research objective, the following main
research question (MRQ) is formulated:

What are the environmental benefits of sustainable energy interventions, the resources
required to build and operate them within households, and the current state of reliability

and validity of the corresponding research?

The main research question can be divided into different research questions (RQ) to
support in answering the MRQ:

RQ1: How do different types of digital energy interventions vary in terms of their energy
efficiency?

RQ2: What are the main resources required for the development and operation of digital
energy interventions?

RQ3: What is the current status and what are the necessary next steps in intervention
research?

2 Related work

To create an idea of the current state of the research surrounding digital energy inter-
ventions in households, it is important to first understand why such research is needed
and what the underlying drivers for this research are. This section will dive deeper into
the reason behind digital energy interventions and will explain why this technology is
important.

2.1 Household energy consumption

In the 1970s, society began to first worry about fossil fuel depletion and the threatening
energy crisis [56]. Since the 1980s, there have been studies done on energy use or energy
transition, for example, studies by [139] in 1983 and [17] in 1986. In 2021, nearly one-
third (27%) of the global primary energy demand, which includes electricity and gas
consumption, was met by household energy usage in the EU [41], significantly affecting
the environment [56]. This was an increase of 5.5% compared to 2020 [41]. Data gathered
from [42] shows that household energy consumption has not been reduced since 2013,
which is also evidence that reduction is necessary to reach global climate goals. However,
in 2022, a small reduction was seen and the total energy consumption in the residential
sector in the EU decreased to 25.8% [43]. This decrease was a consequence of the fact that
2022 had a mild winter in Europe, which caused less energy needed for space heating
in households [41, 43]. Space heating is the largest contributor to household energy
consumption [41, 43], so a reduction in this showed a significant reduction in overall
consumption. It is not expected that this decrease will be sustained in the upcoming
years. It is even expected that the demand for the consumption of electricity, which
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also contributes to the total energy consumption, will rise by 65% by the end of 2050 if
it sustains the current trend [116]. All of these numbers show that a further decrease
is necessary if the EU wants to meet the 2030 targets on energy consumption, which
is why further research into technologies that can aid in reducing this consumption is
critical[125].

2.2 Energy source depletion

Traditional energy sources such as fossil fuels are getting more and more attention as they
propose a future challenge, due to their economic and physical limitations [59]. In 2016,
it was estimated that the world’s dominant fuel sources would last only another 50.6
years (oil), 52.5 years (natural gas), and 153 years (coal) for global energy production.
This does mean that these sources will most likely not last for the next generation
[63]. This emphasizes the crucial need to take drastic steps toward optimizing their
application across all sectors. This also shows that there is a need for energy-reducing
strategies, such as energy interventions, with a focus on households, since they consume
a significant portion of the world’s energy. Households are also a major contributor to
the emission of greenhouse gasses and, consequently, to global warming [31].

2.3 Intervention research

Research into the effectiveness of digital interventions in households aimed at reducing
energy consumption yields mixed results, as stated in the introduction. The biggest
limitation that results in these mixed results is caused because of the often relatively
short duration of the experiments (e.g. a couple of weeks), there are rarely any studies
that show strong and confident results regarding the success of household interventions
aimed at reducing energy consumption [3, 35, 63, 86]. A meta-analysis done by [74]
concluded that the duration of the intervention experiment does influence the results.
The mean duration of their sample (122 studies) was only 21.5 weeks, which underlines
the importance of more long-term experiments. The experiments that are considered
long-term are those that have a duration of more than a year [15, 25, 65]. The results of
these long-term studies are a bit more promising and provide stronger conclusions, how-
ever, they often have other limitations. What also contributes to the mixed conclusions
is the limited availability of empirical studies [3, 11]. There are often inconsistencies in
the methodologies [73] and data is incomplete or biased [3, 80]. This does not allow for
any advanced analysis or strong conclusions [3]. The lack of data can also be caused by
the relatively small sample size in intervention experiments, often only a few households
participate or make it to the final stage of the experiment period [63].

These mixed conclusions lead to other research questioning the effectiveness of these
interventions, such as [22]. Besides the mixed results of the digital energy interventions,
there has been an ongoing debate about the environmental implications of manufactur-
ing and deploying these digital technologies themselves, because the production might
often require energy-intensive processes. These processes can contradict the intended
purpose of environmental sustainability, as the resources and energy consumed in cre-
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ating and maintaining these technologies could potentially outweigh the environmental
benefit derived from their use in reducing household energy consumption [128]. If looked
at in the broader sense, it is already mentioned that there is a negative environmental
burden that is a result of digitalization [32] and generating and processing large amounts
of data [106].

All of the mixed conclusions and limitations might raise the question if intervention
research is still necessary and worth exploring further. First of all, there is still a cru-
cial need for long-term studies to understand the sustained impact of the interventions.
Without those long-term studies, it will be difficult to generalize results and actually
provide some information and knowledge about the effectiveness of digital energy inter-
ventions. Long-term studies are especially important since short-term studies do show
some significantly promising results [77]. Besides that, there is also a need for further
refinement of intervention strategies, as [133] mentions. This includes addressing the
methodological inconsistencies [73] and needing more studies that make use of unbiased
and complete datasets. Energy consumption keeps increasing, still with no direct indi-
cation of slowing down [36], emphasizing the crucial need for strategies and technologies
that aim to change energy use behavior [63].

2.4 Intervention technologies

The need for digital energy interventions is clear, what remains is how these interventions
can be implemented and operate in households. Digital energy intervention technologies
can be of different types, such as in-home displays or through websites. The most
common types, and proven to have potential for energy reduction in households are web
portals [111], web-based applications [29], smartphone applications [29], in-home display
(IHD) [112], and game-based applications [66]. A commonly used resource technology in
digital energy interventions in households is a smart meter, it is even seen as a key factor
in the success of energy reduction in households [24]. It is often used as the underlying
technological resource needed for the operation of the above-mentioned intervention
types. Each of these types can be explained as follows:

• Web portal
Through web portals, users can log in to view information about their energy con-
sumption, cost, and potential savings. Web portals usually have limited interaction
possibilities and primarily function as a display of information and recommenda-
tions [61].

• Web-based application
This refers to an application that is accessed over a network such as the internet
or an intranet. A web-based application is highly interactive, as users can interact
with the application to fill in questionnaires, view their energy usage, and receive
advice on how to reduce energy consumption [102].

• Smartphone application
Has the same functions and features as a web-based application, but offers this in
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the form of an application that can be accessed through a handheld device, such
as a smartphone or tablet [26].

• In-home display (IHD)
They can be seen as physical displays that can be placed anywhere in the house and
provide real-time information regarding energy consumption. IHDs can empower
users to adjust their consumption patterns, by making it easier to understand the
impact of their behavior [46].

• Game-based application
Games-based applications can be incorporated into intervention technologies in two
ways, gamification and serious games. Gamification is defined as “. . . the use of
game elements in non-game contexts to improve user experience and user engage-
ment”[40], and serious games are defined as “any form of interactive computer-
based game software for one or multiple players to be used on any platform and
that has been developed with the intention to be more than entertainment”[103].
Although games themselves are not technologies, they make use of technological
platforms, such as computers and smartphones, to enhance interventions.

• Smart meter
A smart meter gathers data directly from household appliances, tracks their real-
time energy usage, and allows one to readily access this data [47].

3 Research method

The methodology consists of two main parts, the first part consists of collecting the liter-
ature (corpus collection) and the second part consists of analyzing this found literature
(corpus analysis). The goal of this methodology is to provide an accurate overview of
the already existing literature on digital energy interventions in households and, thereby,
also identify knowledge that can bridge the gaps that this research addresses.

3.1 Corpus collection

The systematic literature review, which will be done on digital interventions for house-
hold energy consumption, is conducted based on the following four steps: identification,
screening, eligibility, and inclusion. These steps are based on PRISMA (Preferred Re-
porting Items for Systematic Review and Meta-Analysis) method, which is designed to
help literature reviews to be transparently reported. This transparency will ensure that
it is completely clear how the literature review is conducted and how the, ultimately
used, literature was found [89]. A description of each step is given in the sections below
and an overview of the whole methodology can be seen in Figure 1.
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Figure 1: Overview of literature review methodology steps.

3.1.1 Step 1: Identification

The first step of Identification includes searching for literature by using specific pre-
defined keywords or a combination of those. For this step, three inclusion criteria were
identified. These were that the article needed to be published between 2013-2024, the
article must be written in the English language, and the article must come from a
peer-reviewed source. For this step, a number of search engines have also been chosen,
these are ACM Digital Library, IEEEXplore, Web of Science, and Scopus. Due to the
extensive database of ACM Digital Library, only the journal Proceedings of the ACM
on Human-Computer Interaction (PACM) are opted in the search query. The keywords
used in this step were:

• Digital intervention
• Household
• Residential
• Smart grid intervention
• Energy
• Monitoring intervention
• Sustainable

• Residential efficiency
• Energy consumption
• Trade-off
• In-home display
• Smart meter
• Technology resources
• Operation

• Cost(s)
• Wireless sensor network
• Technology architecture
• Smartphone applications
• Web-based applications
• Feedback
• Intervention methods

By combining these keywords, a list of search queries is created in this first step to
identify the literature. The complete list of queries can be seen in Appendix section
4.2. These queries were all entered into the search engines in April/May of 2024, and
it is important to note that these might yield different results when repeating them in
the future. Furthermore, all of the search queries were used in the advanced search
option of the search engine. Additionally, for IEEEXplore the filter Year range was set
to 2013-2024, this is not displayed directly in the search queries in 4.2, as there was no
option found to export this data. Therefore, this is added as an additional filter. For
some IEEEXplore queries, an additional filter of Open access was added to ensure the
ability to have access to read the literature.
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3.1.2 Step 2: Screening

The second step Screening is about removing duplicates and screening the remaining
records based on the expected quality, making sure that they adhere to the inclusion
criteria. This quality check should be based on checking if an article is published in a
peer-reviewed source.

3.1.3 Step 3: Eligibility

In the Eligibility step, the screened articles will be assessed for their focus and their
relevance. This is done through a review process, starting with reading the title, then
the abstract, methods, and outcomes. If the research is still deemed relevant, the full
text will be read to ensure complete alignment.

When reading the titles and abstracts, the following criteria should be taken into
account to decide to keep an article on the list.

Remove when an article:
• Mentions economically developing countries
• Has a none-relevant topic
• Is not household-specific
• Is not energy-related

If an article does not meet any of these criteria, it should remain in the literature list of
the eligibility phase. If in doubt when reading the title, the article should remain on the
list to gain further clarification when reading the abstract.

3.1.4 Step 4: Inclusion

The final step Inclusion will result in including the articles that fully meet the selection
criteria. After this list has been established, the corpus analysis can commence.

3.2 Corpus analysis

The articles that have made it through the final inclusion step will be further analyzed by
categorizing them based on the type of literature they provide and the technology they
describe if that applies to the article. This ensures an enhanced overview and creates
a better understanding of the current situation regarding the state of the literature in
intervention research focused on households. Besides that, this section will also introduce
the measurements used to aid in answering the three different research questions. This
ensures that the corpus analysis is precise and is focused on answering each of the
research questions of this research with the right approach and measures. For each
research question, the following measures are used and analyzed:

• RQ1: How do different types of digital energy interventions vary in terms of their
energy efficiency?
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This is measured and answered by looking at the overall energy reductions found
in the literature. Thereby, the technology found in the literature combined with
their frequently used resources can also help in understanding the energy efficiency
of a digital energy intervention technology. For the technology, a categorization
will be used, to ensure clarity.

– RQ measurements: Overall energy reduction numbers in intervention ex-
periments, categorization of technologies, and resource effectiveness measured
in literature.

• RQ2: What are the main resources required for the development and operation of
digital energy interventions?
This will be answered by also using the categorization of the technologies and,
thereby, also looking for commonly used resources in literature within these tech-
nologies. By doing so, it will become clear which technology is mainly used in
digital energy intervention research, combined with their effectiveness.

– RQ measurements: Categorization of techniques and their corresponding
used resources, and measured effectiveness.

• RQ3: What is the current status and what are the necessary next steps in inter-
vention research?
The measurement used for this research question will be the categorization of the
literature. This will give more insights into the existing literature based on the
availability of empirical data, preliminary results, and literature reviews.

– RQ measurements: Categorization of literature.

The categorization of the technologies and the literature will be explained further in
the following sections, describing how the different categories are defined.

3.2.1 Categorization of technologies

Categorization has also been applied to gain insights into the different technologies and
resources that are used in research regarding energy intervention methods and systems.
This information can be combined with the resources that are often used in these inter-
ventions to identify promising technologies based on their resource effectiveness, which
correlates to their energy efficiency. This categorization was based on the same categories
that were described in section 2.4. The following categories are used:

• Web portal

• Web-based application

• Smartphone-based application

• In-home display
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• Game-based application

• Smart meter

3.2.2 Categorization of literature

The literature will be categorized based on the type of research and if they include em-
pirical data, to create an enhanced understanding of the state of the current literature in
regards to the availability of large-scale, and long-term experiments. The categorizations
are based on the types of research that were presented in the different papers. It has to
be noted that this categorization is a first attempt, as such categorization has not been
found in current literature in the context of digital energy interventions in households.
The numbers mentioned in the different categories are arbitrarily chosen and could not
be found in any current literature. This means that any future attempts might differ in
categorization.

• Empirical research with strong conclusions:

1. Samplesize≥100households

2. Duration≥12months

3. The author(s) mentions that their conclusions can be perceived as strong

If at least two out of the three criteria are met, place the article in this category.

• Empirical research with tentative conclusions:

1. Samplesize 40-100 households

2. Duration 4-12 months

3. The author(s) mentions that their conclusions can be perceived as tentative

If at least two out of the three criteria are met, place the article in this category.

• Empirical research with mixed conclusions:

1. Samplesize≤40households

2. Duration≤4months

3. The author(s) mentions that their conclusions can be perceived as mixed

If at least two out of the three criteria are met, place the article in this category.

• Preliminary empirical findings:

1. No empirical data, or less than 10 households. Can include pilot results.

2. The author(s) mentions that their conclusions can be seen as preliminary
results
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If at least one out of the two criteria are met, place the article in this category.
Duration does not need to be taken into account for this category.

• Literature review with calls for further research:

1. Reviews existing literature and provides high-level results.

2. And/or the author(s) mention writing a literature review.

If at least one out of the two criteria are met, place the article in this category.

If an article is missing a criterion, such as the duration of the experiment not being
mentioned, the sample size being unclear, or if the article meets criteria in multiple
categorizations, the researcher should use their own judgment and expertise to determine
the most appropriate category for the article. As said before, this categorization is a
first attempt, and further refinement is still needed.

4 Results

4.1 Selection of papers

During the execution of the methodology, articles were identified, screened, and finally
included in the research. The identification phase was ended with a total of 774 identified
articles. These were all identified based on keyword combinations across the different
search engines. Finally, the inclusion step included 66 relevant articles for this research.
The total number of articles that concluded each phase can be seen in Table 1.

Table 1: Methodology phases with the corresponding articles that concluded each phase.
Phase Number of articles

Identification 774
Screening - duplicates removed 598
Screening - quality assessment 567
Eligibility - title 376
Eligibility - abstracts 71
Eligibility - full text 66

4.2 Energy efficiency of interventions

Among the different articles that studied the effectiveness of digital energy interven-
tions, some results can be derived. This is that of the effectiveness of interventions.
Some articles did mention some actually measured reductions, while others concluded
with changes in behavior that led to reductions in energy consumption. From the actual
measured reduction in consumption, there are three different types measured in the liter-
ature. These are numbers regarding the total energy consumption reduction, electricity
reduction, and gas reduction. The exact ranges found in the articles can be seen in Table
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2. It has to be noted that these reductions are overall positive, however, studies often
made a small footnote regarding their results as there were also some limitations that
influenced the results. Taking this into account, Table 2 does create an initial idea of
the ranges found in current intervention research.

Table 2: Energy efficiency of interventions based on the actual reduction numbers found
in the literature.
Consumption type Range found in literature Article sources

Total energy 4%-21% [5, 14, 27, 44, 48, 53, 76, 98,
124, 132, 134, 135, 138]

Electricity 2.5%-9.5% [25, 58, 78, 86, 87, 99]
Gas 3.5%-21% [25, 82, 110]

4.3 Resources

Among the 66 included articles, some also reported the elements that are present in the
architecture of different intervention technologies. A summary of these findings can be
seen in Table 3. They are presented in combinations of resources that were present in the
literature. Some studies even showed some preliminary results about the effectiveness of
these interventions, including the resources needed for the technology.
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Table 3: Summary of commonly used resources in digital energy interventions and their
effectiveness, if measured. This table is in no specific order.
Resources mentioned Category Effectiveness
Wireless sensor network,
power meter, database [51]

Smartphone-based
application

Not measured

RFID tags, RFID reader,
PLC [122]

Smartphone-based
application

Not measured

WiFi network architecture,
LoRaWAN network,
Arduino IDE
(microcontroller) [90]

Web-portal Not measured

IoT network, sensors,
microcontroller units [135]

Web-portal 21%-30% energy reduction

Arduino, sensor network,
communication (WiFi) and
power system [2]

Web-based application +
smart meter

Reduction in electricity, not
quantitatively measured

Smart meter, HEM (Home
energy manager), network
[79]

Smartphone-based
application

27%-40% energy reduction

Measurement node, NFC,
LoRaWAN protocol, central
unit, web services [12]

Smartphone-based
application

Reduction in electricity, not
quantitatively measured

Sensors, power unit, GSM
module [92]

Web- and smartphone-based
application

Not measured

Sensors, control unit,
network and server, signal
conditioning circuit [68]

Smart meter Not measured

Microcontroller, transformer
sensors, motion sensors, light
sensors [9]

Smartphone-based
application

Not measured

NFC, NET [101] Smartphone-based
application

Not measured

Power source, sensors,
ATmega328P
(microcontroller), bluetooth
module [67]

Smartphone-based
application

Not measured

Sensors, wireless sensor
network, Raspberry Pi
(microcontroller), database
[10]

Smartphone-based
application

Not measured

Server, Arduino
(microcontroller), network,
bluetooth module [27]

Smartphone-based
application

10%-30% energy reduction

Sensor, actuators, database,
triggering module, controller
[107]

Smartphone-based
application

Reduction in energy, not
quantitatively measured
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When it comes to the actual effectiveness of these resource combinations, this is
often not measured quantitatively, making it difficult to gather any results from this.
Most studies mention that they are in need for real-world studies to test the actual
effectiveness of their designed intervention system. The resource combinations that are,
however, quantitatively measured show significant promising results.

4.4 Categorization of technologies

Table 4 shows how the literature was divided into these categories. It is important to
mention that some research included multiple techniques and resources, which caused
some articles to be included in multiple categories. It is also noted that not every article
mentioned the use of a technology or resource, so that is why there is also a none category
included.

Table 4: Categorization of literature, showing how many papers were included in each
category and their percentage as part of the 66 articles.

Category Number of articles Percentage

Web portal 4 6%
Web-based application 9 13%
Smartphone-based application 25 38%
In-home display 5 7%
Game-based application 7 11%
Smart meter 9 14%
None 7 11%

What can be seen from this table is that the majority of the techniques that are
mentioned in the literature are using smartphone-based applications (38%), smart meters
(14%), and web-based applications (13%).

4.5 Categorization of literature

The 66 articles, that made it to the final inclusion phase, were all categorized into one
of these categories, which resulted in some interesting insights. Table 5 shows each of
these categorizations and the corresponding number of papers that were assigned to each
of these categories. It also mentioned what percentage of the total number of papers
belonged to a specific category.

4.6 Limitations found in literature

There are some limitations mentioned in digital energy intervention research, that were
identified during the analysis of the literature. The most common ones will be discussed.
First of all, the main limitation of the articles was the missing of long-term data regarding
behavior change and energy reduction. This was seen as a limitation in 23% of the
included articles. A study that observed the effectiveness of an intervention shorter

18



Table 5: Categorization of literature, showing how many papers were included in each
category and their percentage as part of the 66 articles.
Category Number

of articles
Percentage Article

sources

Empirical research with strong conclusions 3 5% [70, 97, 98]
Empirical research with tentative conclusions 17 26% [4, 6, 14, 25,

27, 28, 49,
52, 53, 58,
75, 78, 83,
105, 130,
137, 138]

Empirical research with mixed conclusions 13 19% [7, 15, 21,
44, 48, 54,
65, 82, 87,
99, 117,
124, 132]

Preliminary empirical findings 26 39% [2, 9, 10,
12, 30, 51,
67, 69, 72,
76, 79, 88,
90, 91, 92,
93, 96, 101,
107, 108,
110, 115,
122, 134,
135, 136]

Literature review with calls for further research 7 11% [5, 8, 18,
35, 86, 109,
131]

than a 1-year period was often deemed a short-term study. Some authors mention it
themselves regarding their own results, but this was also derived from the analysis of
the data and the conclusions during this research. Experiments that lasted a shorter
period of time often had some unreliable results and data. The studies that could give
some confident results regarding the long-term effects of the intervention had a duration
between 12 to 18 months, an example of such a study is that of [65]. This implies that the
reliability of the results in the long term will be enhanced if the intervention observation
has a duration of more than a year.

Another limitation that was seen frequently in research is that of a small sample size
of participants. This was seen as a limitation in 17% of the articles. It can be noted
that articles that had a participating group of less than 100 households are seen as a
small sample size, which influenced the reliability of the conclusions. If the experiment
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group included more than 100 households, the small sample size limitation was not
mentioned or seemed to influence the measured effectiveness. Due to the small sample
size limitation, experiments were often also not able to fully generalize the results to
overall society. This limitation was derived from the authors mentioning it in their own
conclusions, but also from analyzing the data from the different articles.

The third most common limitation was that of engagement. Keeping the participant
engaged throughout the whole experimental process often seemed more difficult than
anticipated beforehand, as stated by a few of the author(s) of the papers. This limitation
was evident as some experiments reported some participants dropping out before the
experiment phase ended. This was a limitation in 6% of the articles, where it was
influencing the results. This was most often the case in experiments where a game was
being implemented into the household’s energy consumption. This can be explained by
the fact that not everyone is interested in gaming, games can also take quite some time
out of your day to interact with it, which is not always something that participants will
prioritize. Some games can also be quite difficult to understand at first, which can also
decrease participant engagement.

The fourth limitation that was identified from the included articles is that of self-
selecting participants. In 5% of the articles, it was observed that the participants could
self-select into the experiment. This limitation was noted by the author(s) themselves.
Finding other articles that dealt with this limitation during the analysis was difficult
because authors did not always disclose all of the details regarding their participant’s
selection process. This can affect the results, as participating households are often
already interested in energy-saving behavior before the trial period begins. This means
that the results of the experiments are more difficult to generalize, resulting in unreliable
conclusions.

5 Discussion

When looking at the results, some interesting insights can be derived, which can be
linked to the different research questions mentioned in the introduction. Overall, the
field of digital energy interventions holds a significant promise for addressing a critical
challenge in the world of climate change in the 21st century. There is already some evi-
dence demonstrating the potential for energy savings through the application of various
digital energy intervention technologies. For example, interventions utilizing smart me-
ters, energy management systems, and integrated IoT networks have shown reductions in
energy consumption ranging from 10% to 40%. Experiments, that have been analyzed in
this research, also show highly effective strategies with evidence of energy consumption
reductions up to 21%. However, the field of digital energy interventions is not without
its limitations. There is an overall need for collaboration in this field of research, as
there is still a significant amount of inconsistent methodologies or incomplete data sets,
which results in unreliable conclusions. There is often a focus on behavioral changes,
without really quantifying the potential energy reductions that are a result of the inter-
vention. Behavioral changes can be the first indication that a digital energy intervention
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can provide a reduction in energy consumption, but researching the actual numbers can
support these claims. On the other side, the research that does provide actual reduction
numbers, often overlooks how people will interact with the digital energy interventions,
thus, overlooking the possible long-term effects. This lack of interdisciplinary collab-
oration between the behavioral sciences and the technical/engineering sciences means
that important insights might still be missing. To balance the perspective, it is essential
to acknowledge the already existing achievements, as well as the existing gaps. The
current evidence, available in the literature, does support the potential of digital energy
interventions in reducing energy consumption in households. However, integrating be-
havioral and technical aspects could be crucial in learning more about sustainability in
the long run. Collaboration between the different involved sciences, such as technical
effectiveness and behavior analysis, can move toward more impactful strategies in these
interventions. To dive deeper into the field of research regarding digital energy interven-
tions and discuss the results from this research, each of the research questions will be
addressed in the following sections.

5.1 Energy efficiency (RQ1)

First of all, digital energy interventions can lead to significant overall energy reductions,
some interventions are highly effective (up to 21%), while others achieve more modest
savings (as low as 4%). Secondly, interventions that specifically target electricity re-
duction have a more narrow range (2.5%-9.5%), this suggests a more consistent effect
across different studies, although it is generally lower than the overall energy reduction.
Thirdly, interventions aimed at gas reductions have a wide range (3.5%-21%), which
indicates variability in effectiveness, although similar to overall energy reduction, but
generally higher than electricity reductions. Even though there are actual reduction
numbers in research, this was only present in 21 out of the 66 included articles, as seen
in Table 2. So, these numbers should be interpreted with caution, which is a result of
the fact that there are still a significant amount of studies that solely focus on behav-
ioral changes. Energy conservation research is often focused on changing behavior and
the result of such research is the change in a behavior pattern. Behavioral changes can
be difficult to measure, which makes it a challenge to decide whether an intervention
was successful or not. This is because some research can conclude that there was a
change in behavior, but often does not provide any strong evidence that there was also
a reduction in energy consumption. This could also affect the results of this research,
as some interventions were deemed successful based purely on behavioral change and
not on actual quantitative data, making it difficult to generalize if an intervention will
actually be successful in terms of energy consumption.

Besides the overall energy reduction that was found in the literature for digital energy
interventions, it is also possible to create an initial idea of the corresponding resource
effectiveness. Although this is even less significantly researched, there are already some
percentage measures, as shown in Table 3. These reductions vary from 10% to 40% of the
total energy consumption. However, there is still a limited availability of literature about
the architecture behind digital energy interventions. The resources mentioned are still
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in an early preliminary state, and currently still missing any large-scale implementation
experiments. This makes it so that it was only possible to describe some of the resources,
without being able to confidently analyze their effectiveness. The field of intervention
research often focuses on the user side of the intervention, ignoring the underlying ar-
chitecture. Some articles even explicitly mention that the architecture of the researched
intervention is unknown to the author(s), making it even more difficult to draw any
conclusions regarding the effectiveness of the technology itself. Many studies prioritize
understanding how individuals interact with these technologies, without any in-depth
research into the resource requirements needed for the operation and implementation of
these digital energy interventions.

To answer RQ1, overall energy interventions vary in their energy efficiency in differ-
ent aspects. From a more global point of view, interventions aimed at energy reduction
do show some reduction in energy consumption, the interventions aimed at electricity re-
duction show a more narrow reduction range, meaning that research into that area might
already be a bit more consistent. Interventions specifically aimed at gas reduction show
more promising numbers than interventions for electricity reduction, but the reliability
of these experiments seems a bit more inconsistent. Although not explicitly mentioned
in the literature, there can be a few explanations for these ranges and differences in gas
and electricity reductions. First of all, gas consumption is often influenced by a wide
range of variables, such as weather conditions, the quality of the household’s insulation,
or heating systems. This was also the case for the reduction in energy consumption in
2022 as stated in section 2.1, where the weather significantly affected the total energy
consumption in the residential sector in the EU, due to a decrease in space heating [43].
This makes measuring gas consumption more complex to measure and monitor. Besides
that, smart meters for electricity are widely available in the literature, while similar
technologies for measuring gas consumption are less commonly found. Another explana-
tion for the inconsistencies in interventions specifically aimed at gas reductions can be
that electricity consumption is easier to monitor because most electric appliances can be
simply switched on and off with ease. Gas appliances, on the other hand, are primarily
related to cooking and heating, which are both influenced by external factors, such as
the weather and might require more complex adjustments in measuring technologies. As
seen in Table 2, interventions aimed at gas reduction are least present in the literature
(only three articles mention gas interventions). This is most likely because feedback
mechanisms for gas consumption are not that well present in experiments and are not as
developed as real-time energy or electricity feedback technologies. This can be, again,
explained due to the fact that gas-measuring technologies have to take more complex
variables into account. A report by [62] states that at the end of 2021, there were nearly
163 million smart electricity meters, while there were only 46 million smart gas meters
in the EU. This shows that the market share for electricity meters is way more present
than the market for smart gas meters, thus, further explaining literature on intervention
research with gas meters is not that commonly found.

It is also possible to answer this research question more narrowly, as a categorization
of the technologies (Table 4) and their corresponding effectiveness (Table 3) was made.
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From Table 3, it can be derived that although the effectiveness is not always measured
quantitatively, it appears that smartphone-based applications are a promising technology
to be used in digital energy interventions. This can be derived from the fact that
they are the most commonly found technologies during this research (in 38% of the
included literature) and the measured reductions are mostly from experiments that used
smartphone-based applications. This could be explained due to the fact that most people
have a smartphone always within reach and know how to use it, making it more feasible
to implement interventions in a household. Smartphone-based applications also allow for
flexibility in the design of intervention technologies, for example, through the possibility
of incorporating game-based elements.

Future research regarding this research question is most needed in the form of more
research that combines behavioral studies with the technical architecture of digital energy
intervention research. Therefore focusing on the effectiveness of interventions when
combined in both aspects (behavioral and technical). Besides that, more research is also
needed that solely focuses on reducing gas consumption in households through the use
of intervention technologies. To make this possible, there should also be some further
research in gas monitoring technologies, as that can aid in reducing the variability in gas
reduction results. Another possibility for future research in measuring the effectiveness
of different types of digital energy interventions is in the field of smartphone-based
applications. More research can lead to the development of more effective interventions,
ensuring that both user behavior and technical feasibility are implemented into the
design.

5.2 Resources (RQ2)

To answer the second research question, some resources were found in the literature.
These are summarized in Table 3 together with their corresponding category and effec-
tiveness if this was measured. When it comes to the resources used in digital energy
interventions, it can be summarized that most intervention technologies make use of sen-
sors in some way. One type of sensor measures the energy consumption of appliances.
They can monitor electricity, gas, or overall energy consumption and provide real-time
data. These types of sensors can also aid in identifying patterns and areas that have the
potential to save energy. The second type of sensor is used to establish communication
between different parts of the system. Examples are RFID tags or NFC (Near Field
Communication). For these sensors, there is most often also some connection needed
to ensure seamless collecting and sharing of data. As seen in Table 3, this connection
is often established through WiFi or Bluetooth. WiFi has widespread availability and
familiarity, which makes it a practical choice for the connection between household de-
vices. Bluetooth is particularly useful in scenarios where devices need to communicate
directly, with no need for a centralized WiFi network.

The intervention technologies most often also have a microcontroller installed to
regulate all of the different parts. Some examples of technology, used as microcontrollers,
in intervention technologies are an Arduino, ATmega328P, or a Raspberry Pi. These
microcontrollers can function as kind of the brains of the digital energy intervention
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system. Their use is collecting the data from the sensors, and thereby controlling various
components.

What is also mentioned in these architectures is the implementation of some sort
of database or somewhere to store the retrieved data. These combined are the main
resources that are often required in some form for the development and operation of a
digital energy intervention in households. By storing the data in a database, it will allow
for more efficient data management. It will provide a way to gain insights into the data
and recognize any energy consumption patterns.

So, to answer this second research question, the main resources required for the
development and operation of digital energy interventions can be broadly defined as
sensors, microcontrollers, and databases. It is advised that each intervention system in
a household has at least one technology of each of these groups to ensure the possibility
of developing and operating digital energy interventions. It has to be mentioned that
these groups are not based on any literature, but mainly through analyzing Table 3,
focusing on finding commonly mentioned resources in architectures of digital energy
interventions.

The main focus for future research regarding the resources is to dive deeper into
the architectures of these digital energy interventions. Thereby also experimenting with
different types of technologies and different combinations of resources. Currently, the
different resources are often only described, without measuring their effectiveness in
some way. There should also be a focus on the resources specifically required for the
operation of smartphone-based applications for digital energy interventions, as those
seem to have some preliminary promising measurements. It also remains unclear if some
specific types of resources have a greater impact on the measured energy reduction than
other resources. This could also be something to research further because that will create
more insights into specific resources and how they affect the overall effectiveness of the
intervention. Another aspect that could be interesting in future research regarding the
resources are comparison studies. Where types of resources are compared to each other
in terms of their effect on the overall system. An example of such research could be to
compare the Arduino and Raspberry Pi and see which microcontroller could be more
suited for specific interventions.

5.3 Status of the literature (RQ3)

To answer the third research question, a look at the categorization of the literature is
needed. As seen in Table 5, the majority of the literature consisted of tentative (26%)
and mixed conclusions (19%), and the findings were mostly preliminary empirical (39%).
Meaning that the findings offered initial empirical insights but lacked comprehensive
data, with the acknowledgment of the exploratory nature of the study with possibilities
for further research. This distribution can be explained in a few different ways. First,
there is a significant amount of inconsistencies in the methodologies and in the data sets,
as also mentioned in section 2.3. This was also analyzed when reading the literature.
For example, some experiments only focused on one type of appliance, such as a wash-
ing machine [21]. Other times, the participants could self-select into the experiments,
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resulting in participants who already had some motivation and interest to reduce their
energy consumption, for example as in [87]. In both experiments, the conclusions were
not very valid and reliable. Some experiments also had the participants self-report their
behavioral changes, such as [28], which resulted in the conclusion that participants of-
ten only reported positive behavioral changes. This was also noted by the authors as a
limitation of their research.

Overall, with the percentages seen in Table 5 it can be mentioned that this field of
research is still in an exploratory stage. The majority of the literature found included
preliminary empirical findings (39%). Many current studies provide initial insights and
are laying the foundation for further research. There is also a need for stronger ev-
idence, as currently only 5% of the literature offered strong conclusions. This should
include experiments with larger sample sizes, long-term observation, and more consistent
methodologies and data sets. This is supported by the observation that there is still a lot
of variability in research regarding digital energy interventions, as 19% of the literature
presents mixed conclusions. This variability can be due to, for example, differences in
methodologies, as mentioned before, or participants that were not very reliable due to
self-selecting or self-reporting. Future research should be aimed at understanding these
variabilities and try to develop more consistent approaches in intervention research. The
26% of the studies with tentative conclusions do highlight some optimism, as these ex-
periments suggest potential benefits, but still lack the strong evidence for those. Future
research needs to be focused on expanding the validation of these results.

To answer this third research question, the current state of the literature in interven-
tion research has significant potential. There is a crucial need for more comprehensive
studies, and to create an understanding of the current inconsistencies and how to deal
with those. The necessary next steps include studies with larger sample sizes, long-term
observations, addressing inconsistencies, and making sure that the participants are not
biased. It is also important to further validate the experiments that already show some
promising conclusions.

5.4 Related field

Since the three research questions have been discussed, it is also possible to place the
discussed results into a different, perhaps broader, context besides households. Such
a field can be that of digital energy interventions in the context of businesses or large
organizational buildings. [64] mentions a reduction of up to 30% of the annual energy
costs, thus, reducing energy consumption in a large building. This higher reduction
can be explained because large businesses or organizations often have a more structured
and resource-intensive energy management system when comparing them to household
buildings. Most large organizations have more financial capabilities to implement such
digital energy interventions, and technical feasibility is often not a limitation for the
operation and deployment of energy-reducing technologies [85].
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5.5 Limitations

There were also some limitations to the execution of this research. One limitation is the
exclusion of economically developing countries, although they are often not technologi-
cally ready for the implementation and operation of certain technologies, it is possible
that some interesting literature is not included in this research as a consequence of the
exclusion of these countries. Another limitation of this research that has to be mentioned
has to do with the search engines used. ACM Digital Library has a significantly large
database, so it was needed to limit this to specific journals and conferences. Although
this did make the results more clear and easier to process, it could also have resulted
in some articles that were not included. Articles that were present in other journals
and conferences, besides the selected ones for this research were not included, which
could lead to missing out on some literature. Another limitation in regards to the search
engine was the added filter of Open Access on IEEEXplore. This filter was needed to
ensure that it was possible to access and read the identified literature. However, this
could have resulted in some literature not being included in this research, because it was
not accessible. A fourth limitation of this research is that the focus is on energy-saving
behavior in households. There may be other ways in which energy consumption can be
reduced without the need for intervening in behavioral changes. However, these have
not been incorporated into this research. Examples could be to look into improving the
insulation or the building materials of a building, which could also lead to a reduction
in energy consumption.

6 Conclusion

During this research, the focus was on identifying literature in the field of digital energy
interventions through a systematic literature review, which included 66 articles. Specifi-
cally, looking at the effectiveness measured in the literature, as well as the resources and
technologies that are commonly used in these interventions. Thereby also looking at the
current state of the literature and identifying where future research could be beneficial.
After the literature has been identified, a few aspects can be mentioned. First, it can be
said that there is already some progress made by implementing interventions in house-
holds, as energy reductions are indeed happening as a result of this implementation.
During the literature review, ranges from 3.5% to 21% of reduction in the total energy
consumption, electricity consumption, and gas consumption were found, highlighting the
potential of different interventions in terms of their energy efficiency. When it comes
to the effectiveness of digital energy interventions in terms of their energy efficiency,
smartphone-based applications are the most promising. To create stronger conclusions
regarding the effectiveness of digital energy interventions, there is also a need for inter-
disciplinary collaboration between the behavioral sciences and the technical/engineering
sciences, to identify important insights, that currently might still be missing.

On the other side, it is also possible to draw some conclusions about the underlying
architecture of these intervention technologies. Most digital energy interventions rely
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on sensors to measure energy consumption in a household. These could be sensors for
light, motion, heat, etc. The communication within the intervention system is often via
WiFi or Bluetooth, incorporating microcontrollers to manage these systems. By storing
the data in a database, it will allow for more efficient data management. To effectively
design an architecture for digital energy intervention technologies, it can be advised
to use at least these three types of resources, which are sensors (including sensors for
communication), microcontrollers, and databases.

Then for the current state of the literature regarding the empirical data concerning
digital energy intervention experiments. It can be confirmed that there is a lack of
empirical research that can provide strong conclusions, as only 5% of the articles in this
research belonged to that category. Most research includes only the beginning phase of
empirical research, by providing preliminary findings, indicating that much research is
still in its early stages and further validation is needed. Some evidence is available, but
often not supported enough to form definite conclusions. The most important next step
in digital energy intervention research needs to be in the form of long-term (more than
1 year) experiments that include sample sizes of at least 100 households.

In conclusion, the environmental benefits of digital energy interventions are promising
but vary widely, mostly depending on the type of intervention that is being implemented.
The current state of the research in this field is mixed and the reliability and validity
are still not quite sufficient. There is a need for more empirical research to establish
and provide more confident conclusions. Although digital energy interventions do offer
significant opportunities for environmental benefits by reducing energy consumption
within households, they do require advanced technological resources and further research
is crucial.
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and Ernst Sandmeier. Reducing hot water consumption through real-time feedback and
social comparison using persuasive technologies: evidence from a swiss energy-efficient
district. Energy Efficiency, 17(3):15, 2024. https://doi.org/10.1007/s12053-024-10199-9.

[125] Sofia Tsemekidi Tzeiranaki, Paolo Bertoldi, Francesca Diluiso, Luca Castellazzi, Marina
Economidou, Nicola Labanca, Tiago Ribeiro Serrenho, and Paolo Zangheri. Analysis of
the eu residential energy consumption: Trends and determinants. Energies, 12(6):1065,
2019. https://doi.org/10.3390/en12061065.

[126] Tian Wang, Qinfeng Zhao, Weijun Gao, and Xiujuan He. Research on energy con-
sumption in household sector: a comprehensive review based on bibliometric analysis.
Frontiers in Energy Research, 11, 2024. https://doi.org/10.3389/fenrg.2023.1209290.

39



[127] Richard T Watson, Marie-Claude Boudreau, and Adela J Chen. Information systems
and environmentally sustainable development: energy informatics and new directions for
the is community. MIS quarterly, pages 23–38, 2010. https://doi.org/10.2307/20721413.

[128] Eric Williams. Environmental effects of information and communications technologies.
nature, 479(7373):354–358, 2011. https://doi.org/10.1038/nature10682.

[129] Kimberly Wolske, Kenneth Gillingham, P. Wesley Schultz, et al. Social dynamics of
energy behaviour. Nature Energy, 5:179, 2020. https://doi.org/10.1038/s41560-020-
0595-8.

[130] Georgina Wood, Rosie Day, Emily Creamer, Dan Van Der Horst, Atif Hussain, Shuli
Liu, Ashish Shukla, Obiajulu Iweka, Mark Gaterell, Panagiotis Petridis, et al. Sensors,
sense-making and sensitivities: Uk household experiences with a feedback display on
energy consumption and indoor environmental conditions. Energy Research & Social
Science, 55:93–105, 2019. https://doi.org/10.1016/j.erss.2019.04.013.

[131] Seth Wynes, Kimberly A Nicholas, Jiaying Zhao, and Simon D Donner. Measuring what
works: quantifying greenhouse gas emission reductions of behavioural interventions to
reduce driving, meat consumption, and household energy use. Environmental Research
Letters, 13(11):113002, 2018. https://doi.org/10.1088/1748-9326/aae5d7.

[132] Qian Xu, Shengping Li, Liyin Shen, Ruidong Chang, Qian-Cheng Wang, Xuan Liu, and
Yang Chen. Pricing strategy for household energy-saving option (heso): A novel option-
based intervention for promoting household energy efficiency. Environmental Impact
Assessment Review, 98:106969, 2023. https://doi.org/10.2139/ssrn.4170050.

[133] Qian Xu, Yujie Lu, and Bon-Gang Hwang. Effectiveness of innovative interven-
tion—household energy saving option (heso) on promoting energy conservation in resi-
dential buildings. In International Symposium on Advancement of Construction Man-
agement and Real Estate, pages 1801–1817. Springer, 2019. https://doi.org/10.1007/978-
981-15-8892-1126.

[134] Qian Xu, Yujie Lu, Bon-Gang Hwang, and Harn Wei Kua. Reducing residential
energy consumption through a marketized behavioral intervention: The approach
of household energy saving option (heso). Energy and buildings, 232:110621, 2021.
https://doi.org/10.1016/j.enbuild.2020.110621.
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1 Introduction

During the process of writing the research paper and this thesis, multiple decisions have
been made. Each of these decisions scoped the research further into the final result.
Some aspects of the research process will be highlighted in this annotated appendix
because they were crucial for the development of the findings and the overall project. It
will, hopefully, give some ideas of why certain aspects were incorporated or left out of
the research.

2 Research context

Besides the decisions made about the design of the research, such as the questions and
the methodology, there were also some decisions made in regard to the contents of the
research. These decisions were made beforehand to define the context of the research
and making sure that there would be an clear understanding of the research goal. These
decisions will be discussed in the following sections.

2.1 Households

This research is solely focused on households, because when looking at interventions in
larger organizations, energy consumption will have to be monitored on a much larger
scale, which can make the research unnecessarily difficult and extensive. The definition
of a household can be a bit ambiguous and can be adapted to the local context, but
for this research, a household has been broadly defined as a group of people who live
together and eat their meals together [16]. With interventions, the focus will mostly
be on intervening in an individual’s behavior and, thereby, affecting a larger group in
the households. Because energy consumption within a household is most likely based
on the social dynamic. For example, decisions made about heating the home are most
likely based on the different comfort needs of the people who live there. However,
the foundation of an intervention lies in making an individual aware of their behavior,
striving to modify and adjust the behavioral pattern, while keeping in mind that the
behavior can be based on multiple people’s needs [57][129]. It is, thereby, advised that
when implementing interventions in households, tailor it to the specific needs and goals
of the people that are part of that household [49].

2.2 Economically developing countries

This research also has incorporated data that is gathered in countries with a strong
developed economy. As these countries usually have more financial resources and in-
frastructures, that can support the adaptation of sustainable energy technologies. This
makes the implementation and integration of digital energy interventions more feasible.
Economically developed countries often have a higher level of technological readiness,
which makes households more likely to access sustainable technologies. Households in
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developed countries are also more likely to afford and use digital energy interventions
[104].

3 Research questions

3.1 Main Research question

Formulating research questions is always an important process during research. For this
thesis, the initial main research question was formulated as follows:

What are the trade-offs between the environmental benefits provided by sustainable
energy technologies and the resources that are required to build them, and how can this

balance be improved?

This question was initially promising but seemed a bit too challenging along the way. It
reflects on multiple aspects in the context of digital energy interventions. And especially
the second part regarding the balance was a bit too much for this thesis. There was
limited research that could provide any insights into this balance and it would, thus,
require far more work than required for the process of this research. The question was
then refined to:

What are the trade-offs between the environmental benefits provided by sustainable
energy interventions and the resources that are required to build and operate them

within households?

Due to the nature of this question, the initial idea was to focus on two different aspects
of digital energy interventions aimed at energy reduction. However, after extensive
literature research, it turns out that the resources are rarely discussed in the literature
and their effectiveness is most often not measured quantitatively. This would make a
trade-off significantly difficult to describe. That is why the main research question was,
again, updated to the following:

How can the trade-offs between the environmental benefits of sustainable energy
interventions and the resources required to build and operate them within households be

identified and evaluated to develop effective research guidelines?

However, this research question made it seem like the research would go into how to
do research. It shifts the focus towards the methodology of developing guidelines for
doing research, rather than focusing on the environmental benefits and resources of the
interventions. Developing guidelines was not the main purpose of the results and overall
process. A fourth attempt at the main research question was made:

What are the environmental benefits of sustainable energy interventions, the resources
required to build and operate them within households, and the current state of research

on their reliability and validity?
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This question was still a bit unclear in regards to what it would refer to. After five
attempts, the final main research question is formulated as:

What are the environmental benefits of sustainable energy interventions, the resources
required to build and operate them within households, and the current state of reliability

and validity of the corresponding research?

3.2 Other research questions

Besides the main research question, there was also a process of defining the other research
questions. These together will add up to aid in answering the main research question.
This refinement did not take quite as long as the main research question, but there were
still some adjustments made along the way. The first attempt at these research questions
was:

RQ1: How do different types of technological features vary in terms of their energy
efficiency?

RQ2: What are the main resources required for the development and operation of digital
energy interventions?

The first question was refined a bit to shift from technological features to a broader
term of digital energy interventions, this still includes technological features but makes
the question a bit more understandable if read. Thereby also including the overall
energy efficiency of the interventions, not solely focused on the energy efficiency of the
technological features. A third research question was added after the fourth attempt of
the main research question, to support the main research question regarding the current
state of the literature in intervention research. The final three research questions were
as follows:

RQ1: How do different types of digital energy interventions vary in terms of their energy
efficiency?

RQ2: What are the main resources required for the development and operation of digital
energy interventions?

RQ3: What is the current status and what are the necessary next steps in intervention
research?

4 Methodology

4.1 Keyword refinement

Before the initialization of the methodology, before the identification phase, it was needed
to identify some keywords that would be used as input in the search queries. Defining
keywords beforehand will help with the search strategy and can make the project more
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manageable because the pre-defined keywords can ensure that the key conclusions will
be extracted faster [118]. The following keywords have been defined through initial
literature research. Using these keywords, individually or in combination, for search
queries has resulted in finding literature that provides valuable information for this
research. These keywords will, thereby, provide a foundation for the literature review,
and also a first step in the process of defining more precise keywords. The following
keyword list was the first attempt at this. These were purely derived from initially read
literature in phase 1 of the thesis:

• Digital intervention
• Household

• Energy
• Sustainable

• Efficiency

However, after a first attempt at finding literature from different search engines, it
turned out that the keywords were relatively broad and that queries with these keywords
resulted in very general results, often not even aimed at interventions for energy reduction
but rather at household sustainability in general. Further investigation into the keywords
was necessary. Some keywords were added to the list, which resulted in the following:

• Digital intervention
• Household
• Residential
• Smart grid intervention

• Energy
• Monitoring intervention
• Sustainable
• Residential efficiency

• Energy consumption
• Trade-off

After the second attempt, the results looked more promising, as some interesting
articles were found. The aspect that was still missing, was that of the resources. In
some preliminary literature study, some keywords were identified that could aid in finding
more literature about the resources side of digital energy intervention research. These
keywords were added to the list:

• Digital intervention
• Household
• Residential
• Smart grid intervention
• Energy
• Monitoring intervention

• Sustainable
• Residential efficiency
• Energy consumption
• Trade-off
• In-home display
• Smart meter

• Technology resources
• Operation
• Cost(s)
• Wireless sensor network

After working with this keyword list, some categories were identified. It became
clear that feedback through smartphones and web-based applications was commonly
used in household interventions to reduce energy consumption. So, these should be
incorporated into the keywords list attempt to find the majority of the literature in this
research area. The word architecture was also found during this process, which was
deemed as an keyword that could even find more literature regarding the resources, as
that was already difficult to find. The following, and also final, list of keywords was
established:
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• Digital intervention
• Household
• Residential
• Smart grid intervention
• Energy
• Monitoring intervention
• Sustainable

• Residential efficiency
• Energy consumption
• Trade-off
• In-home display
• Smart meter
• Technology resources
• Operation

• Cost(s)
• Wireless sensor network
• Technology architecture
• Smartphone applications
• Web-based applications
• Feedback
• Intervention methods

This final list of identified keywords was used to identify literature that included such
keywords in titles and abstracts.

4.2 Search queries

During the process of finding the appropriate keywords to encapsulate this research, there
was also already an insight into what could be expected in regard to the search queries.
During this, it also became clear that some search queries were not sufficient enough
to find the right literature. It turned out that some keyword combinations resulted in
significantly large results (between 80-240 articles). In that case, further refinement of
the keywords was necessary to decrease the articles that resulted from the query. These
queries can be seen on the left of Figure 2. It was also decided to refine by using the
filter option through the search engine. For example, looking for keywords to appear
not only in the abstract of an article but also in the keywords, to attempt to limit the
search results. The updated search queries can be seen in Figure 2 on the right.

The final used set of queries to gather all of the literature in the identification phase
is as follows:

ACM Digital Library
• ”””query””: Title:(Household energy interventions) AND Abstract:(Household energy inter-

ventions) AND Keyword:(Household energy interventions) ””filter””: Published in: Pro-
ceedings of the ACM on Human-Computer Interaction, E-Publication Date: (01/01/2013 TO
12/31/2024), ACM Content: DL ”

• ”””query””: Title:(Residential smart grid intervention) AND Abstract:(Residential smart
grid intervention) AND Keyword:(Residential smart grid intervention) ””filter””: Pub-
lished in: Proceedings of the ACM on Human-Computer Interaction, E-Publication Date:
(01/01/2013 TO 12/31/2024), ACM Content: DL ”

IEEEXplore
• (”All Metadata”:Residential smart grid intervention)

– Additional filter: Year range=2013-2024

• (”All Metadata”:Household intervention technology costs)

– Additional filter: Year range=2013-2024

• (”All Metadata”:Household smart meter costs)

– Additional filter: Year range=2013-2024, Open Access Only

• (”All Metadata”:Smart meter technology household energy reduction)
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– Additional filter: Year range=2013-2024, Open Access Only

• (”All Metadata”:Wireless sensor network household energy reduction)

– Additional filter: Year range=2013-2024

• (”All Metadata”:Wireless sensor network household implementation intervention)

– Additional filter: Year range=2013-2024

• (”All Metadata”:Smart meter energy usage costs)

– Additional filter: Year range=2013-2024, Open Access Only

• (”All Metadata”:Smart meter architecture implementation costs)

– Additional filter: Year range=2013-2024, Open Access Only

• (”All Metadata”:Household intervention experiment)

– Additional filter: Year range=2013-2024

• (”All Metadata”:Energy cost of in-home display)

– Additional filter: Year range=2013-2024

• (”All Metadata”:Operation costs smart meter household)

– Additional filter: Year range=2013-2024, Open Access Only

• (”All Metadata”:Web-based application household energy)

– Additional filter: Year range=2013-2024

• (”All Metadata”:Residential smart meter implementation)

– Additional filter: Year range=2013-2024, Open Access Only

• (”All Metadata”:Smartphone application household energy consumption)

– Additional filter: Year range=2013-2024

Web of Science
• (AB=(household energy intervention) AND TI=(household energy intervention)) AND (PY==(”2013”

OR ”2014” OR ”2015” OR ”2017” OR ”2016” OR ”2018” OR ”2019” OR ”2020” OR ”2021”
OR ”2022” OR ”2023” OR ”2024”))

• (AB=(household sustainability energy intervention) AND TI=(household sustainability en-
ergy intervention)) AND (PY==(”2013” OR ”2014” OR ”2015” OR ”2017” OR ”2016” OR
”2018” OR ”2019” OR ”2020” OR ”2021” OR ”2022” OR ”2023” OR ”2024”))

• (AB=(residential energy consumption reduction) AND TI=( residential energy consumption
reduction)) AND (PY==(”2013” OR ”2014” OR ”2015” OR ”2017” OR ”2016” OR ”2018”
OR ”2019” OR ”2020” OR ”2021” OR ”2022” OR ”2023” OR ”2024”))

• (ALL=(Residential efficiency energy intervention trade-off)) AND (PY==(”2024” OR ”2023”
OR ”2021” OR ”2019” OR ”2019” OR ”2017”))

• (AB=(Household intervention feedback ) AND TI=(Household intervention feedback )) AND
(PY==(”2024” OR ”2023” OR ”2022” OR ”2021” OR ”2020” OR ”2019” OR ”2018” OR
”2017” OR ”2016” OR ”2015” OR ”2014” OR ”2013”) AND DT==(”ARTICLE”)) (ALL=(residential
smart grid intervention)) AND (PY==(”2024” OR ”2023” OR ”2022” OR ”2021” OR ”2020”
OR ”2019” OR ”2018” OR ”2017” OR ”2016” OR ”2015” OR ”2014” OR ”2013”))

• (AB=(household sustainability technology energy consumption)) AND (PY==(”2023” OR
”2024” OR ”2022” OR ”2021” OR ”2020” OR ”2019” OR ”2018” OR ”2017” OR ”2016” OR
”2015” OR ”2014” OR ”2013”))

48



• (AB=(household sustainability technology energy consumption)) AND (PY==(”2023” OR
”2024” OR ”2022” OR ”2021” OR ”2020” OR ”2019” OR ”2018” OR ”2017” OR ”2016” OR
”2015” OR ”2014” OR ”2013”))

• (ALL=(Web-based application household energy)) AND (PY==(”2023” OR ”2022” OR ”2021”
OR ”2020” OR ”2019” OR ”2018” OR ”2014”))

• (ALL=(Intervention technology methods for energy reduction household)) AND (PY==(”2023”
OR ”2022” OR ”2021” OR ”2020” OR ”2019” OR ”2018” OR ”2016” OR ”2014”))

• (ALL=(household intervention technology architecture)) AND (PY==(”2024” OR ”2023” OR
”2022” OR ”2021” OR ”2020” OR ”2019” OR ”2018” OR ”2016” OR ”2015” OR ”2014” OR
”2013”))

Scopus
• TITLE-ABS-KEY ( digital AND energy AND interventions AND household ) AND PUB-

YEAR ¿ 2012 AND PUBYEAR ¡ 2025 AND ( LIMIT-TO ( DOCTYPE , ””cp”” ) OR
LIMIT-TO ( DOCTYPE , ””ar”” ) ) AND ( LIMIT-TO ( LANGUAGE , ””English”” )
)

• TITLE-ABS-KEY ( residential AND smart AND grid AND intervention ) AND PUBYEAR
¿ 2012 AND PUBYEAR ¡ 2025 AND ( LIMIT-TO ( DOCTYPE , ”cp” ) OR LIMIT-TO (
DOCTYPE , ”ar” ) ) AND ( LIMIT-TO ( LANGUAGE , ”English” ) )

• TITLE-ABS-KEY ( household AND intervention AND energy AND reduction AND sustain-
ability ) AND PUBYEAR ¿ 2012 AND PUBYEAR ¡ 2025 AND ( LIMIT-TO ( DOCTYPE ,
”cp” ) OR LIMIT-TO ( DOCTYPE , ”ar” ) ) AND ( LIMIT-TO ( LANGUAGE , ”English”
) )

• TITLE-ABS-KEY ( residential AND intervention AND technology AND implementation AND
costs ) AND PUBYEAR ¿ 2012 AND PUBYEAR ¡ 2025 AND ( LIMIT-TO ( DOCTYPE ,
”cp” ) OR LIMIT-TO ( DOCTYPE , ”ar” ) ) AND ( LIMIT-TO ( LANGUAGE , ”English”
) )

• TITLE-ABS-KEY ( residential AND efficiency AND energy AND intervention AND trade-off
) AND PUBYEAR ¿ 2012 AND PUBYEAR ¡ 2025 AND ( LIMIT-TO ( DOCTYPE , ”cp” )
OR LIMIT-TO ( DOCTYPE , ”ar” ) ) AND ( LIMIT-TO ( LANGUAGE , ”English” ) )

• TITLE-ABS-KEY ( household AND sustainability AND technology AND energy AND con-
sumption AND intervention ) AND PUBYEAR ¿ 2012 AND PUBYEAR ¡ 2025 AND ( LIMIT-
TO ( LANGUAGE , ”English” ) )

• TITLE-ABS-KEY ( household AND energy AND reduction AND smartphone ) AND PUB-
YEAR ¿ 2012 AND PUBYEAR ¡ 2024

• TITLE-ABS-KEY ( household AND intervention AND experiment AND energy AND reduc-
tion ) AND PUBYEAR ¿ 2012 AND PUBYEAR ¡ 2025 AND ( LIMIT-TO ( LANGUAGE ,
”English” ) )

• TITLE-ABS-KEY ( household AND intervention AND energy AND feedback AND technology
) AND PUBYEAR ¿ 2012 AND PUBYEAR ¡ 2025 AND PUBYEAR ¿ 2012 AND PUBYEAR
¡ 2025 AND PUBYEAR ¿ 2012 AND PUBYEAR ¡ 2025 AND ( LIMIT-TO ( LANGUAGE ,
”English” ) )

• TITLE-ABS-KEY ( intervention AND technology AND methods AND for AND energy AND
reduction AND household ) AND PUBYEAR ¿ 2012 AND PUBYEAR ¡ 2025 AND PUBYEAR
¿ 2012 AND PUBYEAR ¡ 2024

• TITLE-ABS-KEY ( in-home AND display AND intervention AND method AND energy AND
feedback ) AND PUBYEAR ¿ 2012 AND PUBYEAR ¡ 2024

• TITLE-ABS-KEY ( web-based AND application AND household AND energy AND reduction
) AND PUBYEAR ¿ 2012 AND PUBYEAR ¡ 2019

49



• TITLE-ABS-KEY ( household AND energy AND intervention AND wireless AND sensor AND
network ) AND PUBYEAR ¿ 2013 AND PUBYEAR ¡ 2022

4.3 Search engines

When the search engines that are going to be used were determined, an initial attempt
at the identification step was made. This was executed in order to gain some insight into
the available literature from each search engine. An example of such a search has been
provided in Figure 3. What was immediately noticed is that the number of hits from
the ACM Digital Library is significantly different compared to the other search engines
when using the exact same keywords.

Due to the extensive number of hits for the ACM Digital Library, further refinement
of the search strategy was necessary. The refinement process involved the evaluation
of various journals and conferences accessible through the ACM Digital Library. This
was executed to identify the articles most aligned with the topic of sustainable energy
technologies. By focusing on specific journals and conferences, the search within the
ACM Digital Library was tailored to yield more relevant results. The following list has
been established:

• Journals:

– Proceedings of the ACM on Human-Computer Interaction (PACM HCI)

– Personal and Ubiquitous Computing

– ACM Transactions on Information Systems (TOIS)

• Conferences:

– CHI Conference on Human Factors in Computing Systems

– DIS (Designing Interactive Systems) Conference Proceedings

Each of the journals and conferences was selected for their specific relevance to the
topic of digital energy interventions. They are all likely to publish literature that can
be valuable for the focus of this research. Because the areas of each of these journals
and conferences are often in the fields of sustainability, energy efficiency, and innovative
technologies. Their focus will allow for a more targeted and relevant selection of academic
literature. In the literature review, for any further identification search within the ACM
Digital Library, these journals and conferences will be selected.

Eventually, after the identification phase, it turned out that only PACM was able to
find relevant results. The other journals and conferences were searched, however, they
mostly did not find significant literature that was relevant enough to be included. It
might be possible that other conferences and other journals had some relevant results that
may have been missed with the current selection of journals and conferences. However
a choice had to be made in the process after the large search queries on ACM Digital
Library, and these conferences and journals were seen as having the highest chances to
find relevant literature. This choice was made based on the description of the journals
and conferences and having a look at the topics that they usually publish.
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Figure 2: Refined search queries based on the initial search queries that yield too much
results.
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Figure 3: A first attempt of the identification step.
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5 Identification phase

For the identification phase, some aspects are encountered during the process that are
worth further explanation. It was quite a search to find queries that resulted in somewhat
useful literature. Some queries were large, while others had very limited results. It
turned out that ACM Digital Library did not provide that much literature, which was
not expected in advance due to the size of the database. The majority of useful queries
were from the search engines IEEEXplore, Web of Science, and Scopus. In addition to
the search queries themselves, the overall identification phase had to be appropriately
scoped. It was possible to find a large volume of literature, however, that would make
the whole research and process too large to handle. The identification phase had to
conclude with a sufficient corpus of literature to be able to confidently say that the most
important literature had been found when it comes to digital energy interventions. There
is always the possibility that some relevant literature is not included in this research,
due to not being captured in the identification phase, but that was a necessary trade-off
to ensure the feasibility of the process.

6 Screening phase

When it comes to the screening phase, the first step was to remove duplicates from
the list of literature that concluded the identification phase. This was initially done
automatically through an Excel file but also checked manually. Because a DOI is unique
for each article, this was used as the main resource to identify duplicates, as the same
articles might have been found twice with slightly different titles.

After the duplicates were removed, the next step was to check the quality of the
articles and ensure that they were peer-reviewed and of scientific quality. The search
engines were already chosen based on providing mostly peer-reviewed articles, so this
step only resulted in the exclusions of a relatively small amount of literature. For each
of the search engines, their peer-reviewing process was analyzed:

• ACM Digital Library: Peer-reviewed [13].
• IEEEXplore: Peer-reviewed [1].
• Scopus: Mostly peer-reviewed, however, no function to remove the small number of

non-peer-reviewed articles [39].
• Web of Science: Mostly peer-reviewed, however, some journals are not, but these

are generally long-established journals that have been indexed for many years [34].

Scopus and Web of Science had the highest possibility of including an article that was not
peer-reviewed. In order to still be able to ensure the peer-reviewed quality of the included
articles, the retrieved literature from these search engines was double-checked. This was
done by searching if they were published anywhere else, in journals or conferences, and
seeing if those required a peer-reviewed process. If this was the case, the articles were
included in the list that concluded the quality check. In the end, the majority of the
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articles from Scopus and Web of Science were indeed also published in journals and
conferences that required a peer-review process.

7 Eligibility phase

The third step in the process is that of the eligibility phase. This was the largest and
most time-consuming phase of the research. It started by excluding articles based on
their title. The following criteria were used to determine if a title was eligible. Where if
at least one of the criteria was met, the article would be removed from the list.

Removed when an article:
• Mentions economically developing countries
• Has a none-relevant topic
• Is not household-specific
• Is not energy-related

These four criteria were not derived from any existing literature, but were determined
based on the goal and scope of the research. If it was not clear if an article met one
of these criteria based on the title, or if the title remained a bit vague, the article was
not removed from the list. This was so that the abstract of the article could be read
in order to, hopefully, gain some more insights to see if the article was deemed eligible
or not. After all the titles were read and checked, the remaining articles were checked
for eligibility based on the abstract. Exclusion was based on the same set of criteria as
used for the title eligibility.

8 Categorization

The process of categorizing based on the literature and the techniques described was
also a process involved in this research. Establishing each of the categories took some
time, as a predefined categorization, in the context of this research, was not found in
the existing literature. This meant that the categorization had to be established from
knowledge gained from reviewing the literature. Given the inconsistencies in digital
energy intervention research, as stated in the research paper, making a categorization to
generalize the overall literature took some effort. The categorization for the literature,
as well as for the techniques is still not completely comprehensive. There are still some
outliers that do not fit neatly into a certain category based on their quantitative data
but were categorized based on the conclusions drawn from the research. These could be
conclusions derived by the author(s) of the article themselves or based on the knowledge
that was already established through researching other articles.
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