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TSoftware Engineering, To effectively address the challenges posed by the increasing share of the energy sec-
LENS, LUT University, tor in global greenhouse effects, the domains of energy informatics and energy citizen-
53850 Lappeenranta, Finland ship play a critical role. Energy informatics aims at using information systems and chan-

nels to reduce energy consumption. However, there is a realization that the challenges
posed by global greenhouse effects cannot be catered to alone by the energy infor-
mation systems. Therefore, there is a need for engaging human inhabitants to actively
engage toward more sustainable means (i.e., energy citizenship) thus reducing

the energy sector’s share in the global greenhouse effect. This paper presents a system-
atic literature review (SLR) after analysis of (n=115) articles on the topic to identify (i)
the themes considered in energy informatics and energy citizenship domains, and (i)
the interconnection between energy informatics and energy citizenship domains,

(iii) energy information needs among stakeholders which establish a clear intercon-
nect with energy citizenship. These identified themes and their interconnections are
critical for energy researchers, policymakers, and energy businesses to identify relevant
research topics, identify energy consumers’'needs, and create just energy transition
policies. The paper additionally summarizes the gaps in the state of the art by men-
tioning the open research questions that arise due to the identified interconnection
between energy informatics and energy citizenship.
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Introduction

Global warming poses a serious challenge to the planet Earth and its inhabitants. To
address this challenge, 196 world leaders reached a binding agreement [The Paris Cli-
mate Agreement 2015 (Teske 2019)] that aims to limit the rise of average global tem-
peratures by 1.5 °C above the pre-industrial level. Other common goals include climate
resilience and sustainable energy transition (Teske 2019; Dinerstein et al. 2019). Notably,
the combustion of carbon gases and fuels for energy production has a significant share
of global greenhouse gas production. The global greenhouse directly impacts rising earth
temperatures (Akaev and Davydova 2021).
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The share of the energy sector in global greenhouse gas is estimated differently. For
example, global energy-related CO, emissions measured in Gigatons (Gt) have increased
drastically from 20.5 Gt to 33.0 Gt in a span of 30 years (1991-2021) (IEA https://www.
iea.org/data-and-statistics/charts/global-energy-related-co2-emissions-1990-2021).
Alternatively, energy is estimated to contribute more than 73% of global carbon emis-

¢

sions. These emissions include ‘energy used in buildings (17.5%); ‘energy used in trans-
port (16.2%); ‘energy used in industry (24.2%); and other smaller sources, which makes it
important to focus on these sectors and try reducing this contribution to global green-
house gases (Ritchie et al. 2022).

While this scenario calls for multi-faceted efforts such as gaining the focus of policy-
makers and transitioning to green means of energy production for businesses and trans-
port, it is also important to take steps towards empowering the citizens and facilitating
the transition to sustainable societies. This requires more research funding (European
Commission 2022), a stable energy business model that allows for a profitable enter-
prise (Ferndndez-Gonzélez et al. 2020; Solaun and Cerdd 2020; Hinsel et al. 2020), and
educating young children as well as the adult population about the importance of green
energy (Oliver and Adkins 2020; Bordin et al. 2021). Researchers have seen that citizens
and communities can transition from lower engagement levels such as being ‘unaware’
concerning energy sustainability towards transitioning to being ‘aware’ and gradually
transitioning to higher engagement levels such as being involved, active, and advocating
(Devine-Wright 2012; Hamann et al. 2022; Koning et al. 2020). There is a cross-cutting
mix of influencing factors such as legal, economic psychological (Devine-Wright 2012;
Hamann et al. 2022), technological, geographical, and sociological aspects (Veelen and
Horst 2018; Koning et al. 2020) that govern civic engagement for a sustainable society,
one of these influencing factors is energy information (Lizana et al. 2021; Huh et al.
2019).

Energy informatics (EI) focuses on increasing the energy efficiency of energy systems
by designing and implementing systems that can extract and analyze data from differ-
ent energy systems using the skillset and know-how of information systems (Kumar and
Bhattacharjee 2018; Watson et al. 2010). In energy informatics, the collection and analy-
sis of energy data are carried out to increase energy efficiency in energy distribution and
consumption networks (Watson et al. 2010). It has been seen that providing the end user
with energy consumption-related data does influence energy consumption behavior, but
such behavior also depends on other societal factors and social dynamics (Yim 2011a).
Researchers have long advocated that community-based initiatives could more signifi-
cantly influence energy behavior by introducing a pro-environmental social norm in the
community and such programs are successful if they are part of a wider program with
clear objectives, such as reducing carbon footprint or reducing energy consumption
needs (Barbu et al. 2013). This makes EI critical in the context of Community Transition
Pathways (CTP), which are routes that support communities to transition between dif-
ferent engagement levels (Lizana et al. 2021; Huh et al. 2019; Koning et al. 2020).

There is a need to transition to more sustainable energy solutions while at the same
time being more efficient in the use of carbon-based energy sources. This requires
action from high-level officials, policymakers, and the public. Active engage-
ment toward sustainable societies, especially by the public, is referred to as Energy
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Citizenship (EC) (Devine-Wright 2012; Hamann et al. 2022; Li et al. 2021). Energy
informatics refers to collecting and using data and information from energy systems
to improve energy efficiency. Providing end users with information produced from
energy systems, such as consumption data on their bill or by a smart meter, may influ-
ence energy consumption, but this may depend on other societal factors and social
dynamics (Boamah and Rothfuf} 2020). Researchers have also shown that community-
based, participatory initiatives have an important role in influencing energy behavior
through motivation or nudging as well as through providing new perspectives about
energy usage through energy information (Zyl-Bulitta et al. 2019; Ringholm 2022;
Wahlund and Palm 2022; Veelen and Horst 2018; Koning et al. 2020). This leads to
the question of whether energy informatics reaches its full potential in supporting
all different types of stakeholders who might benefit from it, especially in supporting
individuals and communities for active energy citizenship.

However, critics argue that the energy citizenship concept puts undue pressure on
the individual to be an ideal citizen and suggest that probably communal aspects of
energy citizenship should be explored more, including energy literacy, energy democ-
racy, and energy communities (Devine-Wright 2012; Hamann et al. 2022; Ryghaug
et al. 2018; Geerts et al. 2022). In this context, catering energy information is required
to suit different energy information needs. This necessitated the need to understand
the state-of-the-art in both the domains discussed above and identify the existing
research themes to understand the scope of the research area, identify the current
research focus, and find common links between EI and EC for further exploration. In
view of the discussion above, this article attempts to identify essential attributes and
themes associated with energy informatics and energy citizenship domains and the
interconnect between them. To do so, a Systematic Literature Review (SLR) was con-

ducted while considering the following research questions:

RQ1—What are the main themes explored in the domain of Energy Informatics?
RQ2-What are the main themes explored in the domain of Energy Citizenship?
RQ3—How do energy informatics and energy citizenship interconnect?

This paper brings to its readers the outcomes of the SLR process. Briefly, the SLR
enabled identifying (1) current research themes in the domain of Energy Informatics,
(2) current research themes in the domain of energy citizenship, and (3) the relation-
ship between energy informatics and energy citizenship. The finding of the SLR can
aid policymakers in designing better energy policies and may help energy companies
to realize that they need to make additional efforts to understand the information
needs of the consumer in order to reach them more effectively and take additional
steps towards achieving standardization, or at least providing new knowledge to
inform standardization of energy services and energy information to achieve energy
goals.

Structure of the paper: The rest of the paper is organized as follows. The back-
ground section presents the background of the study field. The methodology section
presents the methodology adopted for undertaking the SLR process. The Result sec-
tion presents the results of the study. The Discussion section presents the discussion
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and open research issues that emerge after the analysis of the state of the art, and
finally, the Conclusion section concludes the paper.

Background

Energy systems, which include energy extraction or generation, energy transmission,
energy business, energy usage, energy storage, and energy analytics provide a way to
deliver energy services to end users (Huang et al. 2017). These systems have over the
years been increasingly dependent on Information Systems across the energy chain,
starting from energy exploration and as we move down the chain towards energy infra-
structure, energy generation, energy transmission, energy distribution, energy storage,
and commercial and residential usage.

Energy informatics is considered a separate subfield of information systems (Watson
et al. 2010; Goebel et al. 2014). It is based on the founding theory that energy when com-
bined with informatics could lead to less energy consumption and more energy savings
or a transition to green energy (Watson et al. 2010). Similarly, EC is a socio-political
approach toward energy transition that involves public participation in energy genera-
tion or the adoption of renewable energy consumption (Devine-Wright 2012; Hamann
et al. 2022).

During the last decade, there has been considerable research and researchers have
identified various goals and themes associated with these domains [EI: (Goebel et al.
2014; Sultan and Hilton 2019); EC: (Devine-Wright 2012; Hamann et al. 2022; Wahlund
and Palm 2022)]. To better understand the topic, we have identified two possible per-
spectives to classify the existing research presented in the subsequent sub-sections.

Energy informatics

The primary focus in the field of Energy Informatics has traditionally been to capture
high-level granular data about the distribution and consumption of energy with an aim
to reduce energy consumption. Energy informatics has two major focus points, namely,
(1) knowing how information systems can be used to reduce energy consumption, and
(2) what practical solutions can be employed to increase environmental sustainability
and align it with ecological goals (Watson et al. 2010).

Furthermore, Watson et al. advocates the need to design practical solutions that
advance environmental sustainability, adopting a solution science approach by incorpo-
rating fields such as management science, design science, and policy formation. More-
over, it is vital to produce an integrated solution that considers both the supply and
demand sides of the energy. To serve this cause, the Energy Informatics framework was
proposed, which envisages that information systems should be the common interface
between the electricity supply side and the electricity demand side to ensure a cohe-
sive solution to ecological goals that are common for all stakeholders such as consum-
ers, suppliers, and government. An Energy Information system integrates these elements
into a single system (Watson et al. 2010).

When considering the scope of the domain, it is relevant to mention the work by
Goebel et al. (2014). The authors suggested that Energy Informatics has two goals. (1)
to increase energy efficiency, and (2) to increase renewable energy supply. These two
goals have led to two main themes in EI research. The first one deals with the smart
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energy-saving system and the second deals with the smart grid. The research in this
field is applicable to the transportation system, help reduces energy consumption in
commercial, residential, and industrial units, in power systems, and in increasing cov-
erage of renewable energy, electricity market, and energy storage technologies (Goe-
bel et al. 2014).

It is relevant to state an essential component of Energy Informatics is based on ele-
ments of Information and Communication Technologies (ICT). ICT helps in better
measurement and understanding of user energy consumption and therefore energy
systems can react accordingly. In this context, three challenges are important to be
considered (Goebel et al. 2014). (1) the first challenge is to collect and store energy-
related data, (2) the second is to attribute energy usage to single devices, people, pro-
cesses, and organizational units, and (3) the third one is to present and contextualize
energy data in a way that enables energy savings. These challenges need to be solved
using a multi-disciplinary approach (Goebel et al. 2014). For example, event process-
ing systems are needed to process sensor data, a new evaluation of human—computer
interfaces is required, new benchmarking schemes need to be developed, efficiency
in data retrieval and storage is required along with advanced knowledge about how
people and organizations react to various types of information regarding their energy
consumption. Also, the long-term success of Energy Information systems depends on
individual incentives and behavioral dynamics such as learning and feedback among
peers (Goebel et al. 2014).

Furthermore, experts agree that ICT plays a leading role in making the integration
of renewable energy into the electric grid possible, which has resulted in a call for
smart grids to realize the full potential of flexible loads and enable effective demand-
side management in large numbers (Appelrath et al. 2012). EI research on smart grids
focuses on how ICT can be used to achieve the manageability of electric loads and
to develop control systems that leverage the controllability of decentralized energy
suppliers, variable loads, and energy storage systems for the integration of renewable
resources into power systems. The goal is to make energy consumption more meas-
urable and controllable by reacting to the fluctuating supply of renewable energy
sources by shifting the electric load from times of low supply to times of high supply
(Goebel et al. 2014).

Another sub-topic being actively considered in the domain of EI is grid reliabil-
ity. The nature of energy generation is changing rapidly. There are many new devel-
opments in the electric power network along with the incorporation of distributed
energy resources such as user-generated power through solar panels, circuits, equip-
ment overloads, etc. are making electric grid reliability research an important topic.
The research also advocates including service reliability as the third goal of Energy
Informatics research and smart grid reliability and resiliency as another research
theme of the Energy research framework (Goebel et al. 2014; Sultan and Hilton 2019).

Furthermore, with the advancement of Al and machine learning algorithms, there
have been new opportunities in EI specifically relevant to energy data analytics, which
can be used for tasks such as predictive load modeling, load balancing, demand fore-
casting, and energy optimization (Kumar and Bhattacharjee 2018; Huang et al. 2017).
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These algorithms are particularly useful in building informatics and are employed to
increase the energy efficiency of a building (Lim et al. 2018).

In the domain of EI, while it is important to consider technical perspectives such as
optimization, and reduction of transmission losses, it is vital to consider individual and
behavioral dynamics associated with the end-user to influence their electricity usage
behaviors (Barbu et al. 2013; Sultan and Hilton 2019). In this regard, many research-
ers have shown that adding energy usage-related data to energy bills brings changes in
consumers’ energy behavior (Wilhite and Ling 1995). If such feedback is given regularly,
it could lead to the thought of investment in efficiency measures, which could act as a
motivation to change. However, such behavioral changes are only effective when energy
usage information is also used along with incentives. In absence of incentives, behavioral
changes fade away (Darby 2006).

Energy citizenship

More recently, the research that focuses on renewable energy research has shifted from
individual-based renewable energy interventions to community-based renewable energy
interventions. There has been a considerable increase in research related to community
energy in the domain of energy informatics (Bauwens et al. 2022). EI researchers are now
expanding the domain with the inclusion of concepts like EC, which simply put, is peo-
ple’s right and responsibility for a just and sustainable energy transition (Devine-Wright
2012; Hamann et al. 2022). There is a focus on studying how community dynamics influ-
ence energy behavior. It has been reported that energy behaviors are more easily adapt-
able in a more cohesive and close-knit community (Yim 2011b).

In addition to utilizing the community as a tool for transitioning to a society with
distributed energy generation, the big picture of EC focuses on understanding differ-
ent aspects that could improve the energy citizenship experience for everyone. There-
fore, concepts like energy democracy, energy justice, energy equity, energy literacy, and
energy poverty are prominently featured in EC literature. The focus here is to make
transitioning feasible and accessible to everyone in an equitable manner. For example,
some views of energy citizenship focus on materialistic possession this is not necessarily
inclusive to everyone because such views do not consider individuals who may not have
economic or legal means to participate in renewable energy generation yet may still be
successful advocates of sustainable solutions. Another criticism of EC is that it puts the
burden of transition on citizens absolving the government and energy companies, who
are themselves responsible for the need to transition, from the outcome of transition
efforts. Researchers have also observed that some projects at the time of planning talk
about concepts of energy justice and resolve to incorporate public needs, however, those
commitments are rarely met at the time of project implementation (Devine-Wright
2012; Boamah and Rothfuf§ 2020; Wahlund and Palm 2022).

EC researchers are also interested in knowing how energy technology and energy
citizens interact and how much role energy literacy plays in the successful energy
transition (Lizana et al. 2021). Researchers also want to make sure that energy tech-
nologies adapt to different energy citizens’ needs. This requires transparency in
energy data, access to energy systems, and empowerment through policies (Anfin-
son 2022). Moreover, researchers have focused on understanding the motivation for
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participation in energy transition and enabling factors and researchers have broadly
viewed EC from three different perspectives, namely psychological, economical, and
legal. While the psychological aspects focus on what makes people adopt energy citi-
zenship, the economic aspects focus on how to involve the economically poor in the
energy transition journey and the legal aspect focuses on the commercial right of citi-
zens to produce and trade energy (Devine-Wright 2012; Hamann et al. 2022).

All these factors point to the critical role of EC in the energy transition journey
and different factors that influence the wider adoption of renewable energy and play
a crucial role in advancing the concept of energy citizenship by inculcating values
from concepts of democracy, learning, community, economics, and technology. The
confluence of all these factors along with energy informatics can provide quantifiable
energy data, that can then be used to continuously measure energy systems parame-
ters, manage energy communities, optimize energy systems, track the energy demand
cycle, manage consumers’ expectations, measure the social impact of energy projects
and systems objectively and identify best practices for energy transition goals.

Methodology

A Systematic Literature Review (SLR) is a method of scientific investigation or study that
is focused on a certain question(s), whose answer is being searched for, using explic-
itly detailed and pre-defined scientific methods (Kitchenham et al. 2009). In SLR, the
goal is to avoid random sampling of scientific literature and avoid introducing biases. To
achieve this, many protocols are available (Mohamed Shaffril et al. 2021). This paper has
adopted Kitchenham’s method that stresses evidence-based research devoid of biases,
inspired by medical science as well as sociology. The process adopted for SLR may help
advance multiple aspects of research interest such as establishing an efficient way to
select the best available research or help facilitate research approaches by identifying
existing as well as the latest research gaps and study limitations (Kitchenham et al. 2010).
Researchers may have varied reasons to undertake SLR, ranging from summarizing the
existing research on a topic to identifying gaps in current research and even proposing a
new framework or testing a hypothesis (Keele 2007).

SLR is undertaken in three phases: (1) planning the review, (2) conducting the
review, and (3) reporting the review. Initially, the review protocol is decided accord-
ing to the research questions addressed, and the review is carried out. The next step
is to define a search strategy to detect as much relevant literature as possible. In SLR,
it is important to document the search strategy so that readers can assess its rigor,
completeness, and repeatability. Moreover, inclusion and exclusion criteria need to be
explicitly stated including quality criteria (Keele 2007).

A systematic literature review can be defined as a process of secondary study that
aims to comprehensively locate and synthesize related research using an organized,
transparent, replicable, and well-defined methodology to identify, analyze and inter-
pret all available evidence related to a specific research question in a way that is unbi-
ased and repeatable (Keele 2007; Kitchenham 2012).
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Need for the review

EI has been around for more than a decade, and there has been no recent state-of-the-
art SLR on themes in EI, even though initial literature has defined the scope of EI and
just two research themes. A thorough search via online scientific databases with the key-
words ‘energy” and “informatics” was conducted. Though there is research to define the
scope of EI, no comprehensive SLR would detail the current state of research on this
topic. However, there are SLRs on topics such as electric load management (Benetti et al.
2016), household energy efficiency (McAndrew et al. 2021), smart grid (Vakulenko et al.
2021), smart grid authentication approaches (Qasaimeh et al. 2019), Sustainability con-
cerns, and policy implications of urban household consumption (Shittu 2020), which are
closely linked to sub-topics in EL. Therefore, SLR was needed to summarize the broader
themes in EI research, the involvement of community aspects in EI research themes, and
its potential relationship with newer concepts such as energy citizenship.

As a next step, Research Questions (RQ) were formulated. Researchers have sug-
gested that the PICO method is well-suited for framing an SLR question (Khakurel
et al. 2018). PICO is inspired by the field of medicine and helps in retrieving the most
relevant literature, even though researchers suggest Comparison (C) steps could be
removed (Khakurel et al. 2018; Schardt et al. 2007; Davies 2011). In the present con-
text, the Population (P) are end users, Intervention (I) is Energy Information and Out-
come (O) is the summary of current themes in EI research, the aspect of community
in EI, and its relationship with newer concepts like energy citizenship. With the above
structure in mind, three RQs were created, each having a specific rationale to obtain a
comprehensive overview of the topic.

RQ1—What are the main themes explored in the domain of Energy Informatics?
RQ2—What are the main themes explored in the domain of Energy Citizenship?
RQ3—How do energy informatics and energy citizenship interconnect?

Selection of literature

The selection of literature is a two-phase process, (1) identification of literature and
(2) screening of literature. In the first phase, a list of papers was retrieved from the
database using specific keywords or Search Terms (ST). The list of databases consid-
ered during this SLR includes:

ACM

«IEEE

«Scopus (Elsevier)
+Web of Science

These databases were selected because of their relevance to the field of study. The
STs were identified using the method described in Khakurel et al. (2018). Since there
were two broader sets of themes that needed to be identified from two different topics
and the relationship between them, it was necessary that two different Search Queries
(SQ) be created. The SQs were:
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Table 1 Inclusion and Exclusion Criteria

InC1 The publication discusses topics related to energy informatics or energy citizenship

InC2 The publication text is available in English

InC3 The publication discusses information related to informatics, transition, community,
sustainability, policy, technology, optimization, management, digitalization, and busi-
ness

InC4 The publication has been published in a reputed peer-reviewed journal or conference

ExC1 Publications that have missing abstracts/meta-data

ExC?2 Publications whose full-text version is not available or are not accessible

ExC3 Publications that are not published within the range of 2018-2022

(1) “Energy” AND “Informatics” OR” Energy Informatics”
(2) “Energy” AND “Citizenship” OR “Energy Citizenship”

The search output was subjected to screening in two phases, (1) based on inclusion
criteria (InC) and exclusion criteria (ExC) as mentioned in Table 1, and (2) after read-
ing the titles and abstract. The InC and ExC were chosen to adhere to a standard set
of practices carried out to filter outdated, irrelevant, incomprehensible, unreadable,
and irrelevant documents. For example, the term energy is quite common in other
fields of scientific study and thus may be part of the heading, but the text may not be
relevant to the research. The screening phases were sequential i.e., the papers satis-
fying the inclusion and exclusion criteria were considered during the second round
where titles and abstracts were read, and no relevant papers were screened out.

To effectively execute and report this process, we used the elements of preferred
reporting elements for systematic review and meta-analysis (PRISMA) methodology
(see Fig. 1).

The search was restricted to the literature categories of conference and journal
papers published between 2018 and 2022 to include the latest research trends and
exclude outdated papers, with search terms appearing in the title or abstract. Moreo-
ver, the word “energy” is common in different domains such as molecular chemis-
try, thermodynamics, wireless communication, physics, astrophysics, and many other
domains including learning and other sociological aspects, thus such field of study
was excluded from search results. Some databases do not allow such filtering at the
time of searching, in such cases further filtering is required manually. Such manual
filtering was performed based on the above-defined criteria and methodology.

The execution of SQ on different databases yielded the following number of search
results that were filtered as shown in Table 2:

Out of 956 search items for both search strings SQ1 and SQ2, 537 items were
removed as they did not meet the required criteria of content type, such as old
records, table of contents for a conference proceeding, welcome notes, etc. Moreo-
ver, a set of 226 items were removed as they were not found to be relevant based on
a thorough reading of the title and abstract from the search result. The remaining
193 items were then sorted according to the title to search for duplicate results listed
across different databases. A total of 37 duplicate results were found. A total of 156
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Fig. 1 Selection of literature using PRISMA methodology

Table 2 Filtering of search result through the screening process

Databases Total number of Total number of Total number of Total number
papers after search  papers after the papers after the of papers after
(SQ1+5Q2) first screening second screening removing duplicates

ACM (18+0) 18 18 14 37

IEEE (15942) 161 85 20

Scopus (Elsevier) (572+9) 581 122 55

Web of Science (1024 94) 196 194 104

Total (8514105) 956 419 193 156

unique results were found after this exercise. These results were then further analyzed

based on full-text reading according to exclusion and inclusion criteria.

Data analysis and extraction
For the papers included in this study, full-text reading was performed to find answers to

the research questions mentioned earlier.
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Fig. 2 Table showing the thematic classification for the SLR

Furthermore, a thematic classification of the reported paper was performed based on
the guidelines that focused on the following aspects (a) identifying the target area of the
literature found, (b) the theme it discusses, (c) why the literature is important, (d) what
it talks about, (e) who are the stakeholders the literature is addressed to, (f) the recom-
mendations made, and (g) the geographical area it focuses on. Microsoft Excel software
was used to create two worksheets where each worksheet corresponded to the topic of
EI and EC. In both the worksheet a table was created to note down the respective focus
points of the paper based on above discussed thematic classification guidelines. The lit-
erature was then color coded to correspond to a theme as shown in Fig. 2. This process
helped identify answers for the RQs as different themes could be identified based on
the focus of the literature along with other factors such as identifying the stakeholders,
their information needs, and future challenges. Each paper was classified into different
themes and the target area that the research paper was advancing. For example, a paper
discussing the use of the Internet of Things (IoT) in the domain of building informat-
ics will be classified under the building informatics theme with a target area of IoT in
EI (Zhao et al. 2018). Similarly, a paper describing the application of AI/ML in EI will
be one target area, however, the domain of such application may vary between energy
business (Krome and Sander 2018) or energy optimization (Akhtar et al. 2022) or energy
forecasting (Williams and Short 2020), or energy management (Heghedus et al. 2019b).
At times, the same article may have multiple themes because of the different domains
the article may have influenced (Eissa and Awadalla 2019). This process is repeated for
literature obtained after filtering search results using exclusion criteria for both SQ1 and
SQ2, which also helps us answer RQ1 and RQ2. Moreover, as a result, we obtain com-
mon themes and target areas across both SQ1 and SQ2, which helps us answer RQ3 as
shown in the Result section.

Results

This section answers the RQs in detail based on the SLR process described in the Meth-
odology section. In addition, a word cloud, or tag cloud was generated from the list of
keywords, as it has been found to be a very effective tool for text summarization or visu-
alization method for text as well as to provide a visually appealing and intuitive overview
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Fig. 3 Word cloud of keywords from the literature reviewed

of text by showing the word that occurs most commonly as most prominently (Heimerl
et al. 2014). The word cloud generator took the list of all keywords from the selected
article and generated a word cloud based on the frequency of words that were repeated
most. The most repeated words are highlighted in terms of size, deeper color, and bolder
text. This method helped in ascertaining whether the literature obtained is relevant or
not, as it is a crude way of identifying the contours of potential themes and the general
focus of the literature selected. This process can be considered an inexpensive filter to
apply before more detailed analysis is carried out. It also familiarized us with upcom-
ing themes expected to be obtained after the classification exercise. The word cloud
obtained using the online tool is shown in Fig. 3, which outlines, based on the high-
lighted text, that the literature selected is relevant to the topic of research.

RQ1—what are the main themes explored in the domain of Energy Informatics?

The main themes explored in the domain of Energy Informatics based on thematic
classifications are listed below in Table 3. Table 3 is arranged based on the frequency
of themes identified in the article. In the EI domain, energy management is the most
researched theme closely followed by energy technology, energy forecasting, and energy
safety. Given below is the list of each theme, arranged in descending order of frequency,
identified along with a detailed explanation of the theme and what these themes con-
sist of and other relevant details about the literature concerning the theme and research
focus of this literature. All these themes are discussed in detail in the following sub-sec-
tions. Figure 4 depicts the recent themes that expand from previously discovered themes
that were identified based on the goals of the EI domain (Goebel et al. 2014). The new
research themes are listed below the previously identified themes as they can be classi-
fied either under smart energy saving systems, as literature in energy management theme
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or energy technology theme, as well as energy forecasting theme, has energy saving as a
primary goal. Similarly, literature in energy economics, energy safety, and security, and
energy digitization has smart grids has a critical role in the study discussed in the paper.

Energy management

Energy Management is an umbrella theme in the domain of EI encompassing the energy
supply side as well as consumption side aspects of energy distribution and consumption,
where energy informatics can play a critical role in meeting the goals such as reducing
energy cost, energy consumption, energy loss, and increasing profit (Watson et al. 2010).
Literature classified under this theme discusses the application of EI to meet some of
the above-defined goals. For example, in Mentler et al. (2018) application of usability
principles in energy control systems used in day-to-day energy management activity,
is discussed which is critical for the safe and efficient functioning of energy systems. A
significant focus is given to the human-centered design process to obtain cohesiveness
between EI software and the usability engineering process for usability, safety, and secu-
rity. Another critical aspect of energy management is to maintain the balance of energy
demand and energy supply. An excessive demand if not met successfully, could strain
the energy distribution infrastructure, resulting in load-shedding. This makes it impor-
tant that energy systems are equipped to meet the demand and respond to it. Demand
Response (DR) is a keenly researched topic in EL It requires the construction of such
programs that could bring balance in demand and supply based on the analysis of data,
extracted from energy infrastructure. Such systems also can be used by the consumer
to shift load based on dynamic pricing and reduce energy bills (Sangeeth and Mathew
2018). Such products are now increasingly being considered by energy firms, especially
software integrated with ML and analytics that can help managers model scenarios
to achieve a reduction of uncertain actions such as an unexpected peak demand day
(Hodges and Salam 2018). Additionally, newer development like automated transpor-
tation systems running on renewable energy and other IoT-enabled cyber-physical sys-
tems has increased the requirement for accurate modeling based on reasonably accurate
data (Bordin et al. 2020). Researchers are also realizing that the integration of renewable
energy sources such as consumer-owned solar panels or wind turbines causes an addi-
tional layer of challenge, then there is battery-based secondary storage, that at times is
used to balance fluctuation in demand and supply as well as serve as a secondary source.
As such sources do not produce energy at a constant rate, and non-uniform energy gen-
eration strains the energy distribution network which needs to meet energy demand in
fluctuating supply. To solve this problem researchers are exploring different algorithms
and approaches and setups that can make managing this task easy (Danner et al. 2022;
Yuan et al. 2021; Ahammed et al. 2022; Alahmed and Tong 2022; Richter and Staudt
2019; Forderer et al. 2021; Switzer and Raghavan 2021).

Energy technology

El is also aiding advancement on multiple technology fronts related to energy, especially
driven by growth in the adoption of autonomous electric vehicles, opening possibili-
ties in bi-directional energy trading. For example, EI tech makes it possible that rooftop
solar panel-generated electricity sold to the grid can be bought back or reimbursed at
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Table 3 Themes identified in the energy informatics arranged based on the frequency

Themes Frequency References

Energy Management "

Energy Technology 10
Energy Forecasting 8
Energy Safety and Security 8
Building Informatics 7
Energy Digitization 5
Energy Economics 5

Household Energy Consumption 4

Mentler et al. (2018); Sangeeth Mathew (2018); Hodges and
Salam (2018); Bordin et al. (2020); Danner et al. (2022); Yuan et al.
(2021); Ahammed et al. (2022); Alahmed and Tong (2022); Richter
and Staudt (2019); Forderer et al. (2021); Switzer and Raghavan
(2021)

Tang et al.
etal. (2021

2021); Schumilin et al. (2018); Cao et al. (2022); Babak
; Song et al. (2021); Cheng et al. (2022); Heghedus
etal. (2018); Stamelos et al. (2018); Lazgheb et al. (2019); Meier
and Dunn (2021)

Oprea et al. (2018a); Hoog et al. (2021); Krome and Sander (2018);
Heghedus et al. (2019a); Akhtar et al. (2022); Williams and Short
(2020); Heghedus et al. (2019b); Halkos and Tsilika (2021)

Sultan and Hilton (2019); Wang et al. (2021); Eissa and Awadalla
(2019); Llaria et al. (2021); Sedlmeir et al. (2021); Jahromi et al.
(2021); Wu (2019); Bugaev et al. (2021)

Lim et al. (2018); Kalmis et al. (2019); Garlik (2022); Zhao et al.
(2018); Watson et al. (2018); Al-Ghaili et al. (2020); Li et al. (2021)
Idries et al. (2022); Stewart et al. (2018); Al-Ghaili et al. (2021);
Luna et al. (2019); Williams et al. (2020)

Lietal (2019); Grosse et al. (2019); Li et al. (2017; Wederhake et al.
(2022); Kirpes and Becker (2018)

Kumar and Bhattacharjee (2018); Oprea et al. (2018b; Virtsionis
Gkalinikis et al. (2022); Ai et al. (2019)

Energy Decisions 1 Kavuma et al. (2021)
@ R ™
Domain [ Energy Informatics ]
Goals Increase Energy Increase Renewable
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Fig.4 Current themes identified in the domain of energy informatics expanded taking (Goebel et al. 2014) as

a reference

EV charging stations (Tang et al. 2021). Another interest in this domain is in making

a more accurate prediction of how far the vehicle will go on battery power (Cao et al.

2022). Another technological front that EI is aiding is in advancement related to grid

management and balancing, especially with integrated renewable energy sources, which

produce variable energy when measured continuously. Researchers are using tools such

as machine learning, federated learning, etc. to better predict these fluctuations both

Page 14 of 41
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on the generation side as well as the demand side. There is significant new techno-
logical research in the domain of demand response and to manage energy fluctuations
(Schumilin et al. 2018; Babak et al. 2021; Song et al. 2021; Cheng et al. 2022; Heghe-
dus et al. 2018). Some researchers have integrated IoT, or Raspberry Pi-based solutions
or discussed new information ecosystems for better grid analytics (Stamelos et al. 2018;
Lazgheb et al. 2019; Meier and Dunn 2021).

Energy forecasting

Energy forecasting is another theme that has received significant attention from
researchers. Energy forecasting is particularly important for decision-makers at renew-
able energy generation and distribution companies to estimate the cost of balanc-
ing power (to meet additional demand) they would need to purchase from an external
source. To this effect, researchers have compared many algorithms and methods to
predict which algorithm would be better suited and what is the advantage of one over
another (Oprea et al. 2018a; Heghedus et al. 2019a). Researchers have also advocated
and demonstrated using seasonal conditions as a parameter in these calculations
to achieve better accuracy (Hoog et al. 2021). Others have demonstrated how energy
informatics can help in cheaper power purchase costs from the energy stock exchange
(Krome and Sander 2018). In exhaustive research conducted at IIT Bombay, energy
consumption data of the university was taken and analyzed for energy demand predic-
tion. In the analysis, multiple machine learning algorithms were used on the dataset and
their performance was analyzed (Akhtar et al. 2022). Similarly, other researchers have
considered other scenarios like distributed energy generation sources to predict energy
demand scenarios (Williams and Short 2020), use neural network methodology (Heghe-
dus et al. 2019b), or use energy informatics data to represent different regions’ energy
consumption and renewable usage adoption pattern for visual understanding of the poli-
cymakers (Halkos and Tsilika 2021).

Energy safety and security

In geopolitics, energy is a strategic resource; thus, energy security is a critical aspect on
which continued energy availability depends (Aronson and Stern 1984). In EI terms,
energy safety and security occupy a different dimension which is different from physical
safety and security as in the context of El, it is virtual safety and security of energy data,
energy systems, and private energy consumption information. Privacy, safety, and secu-
rity issues become more prominent in settings where the energy community is sharing
energy sources such as power generation or energy storage units, and intelligent build-
ings connected with smart grids (Wang et al. 2021; Llaria et al. 2021). Another aspect of
energy safety is grid reliability, especially with decentralized renewable energy acting as
a secondary source (Sultan and Hilton 2019). Decentralized renewable energy can result
in fault current flow in different directions resulting in failure of protection logic and
may result in energy outage which can be overcome by using EI to its full potential. For
example, critical measurements such as transmission and sub-transmission level infor-
mation along with accurate system-level demand data can help achieve unit protection
and coordination of the demand and supply process (Eissa and Awadalla 2019). Block-
chain as a technology is also aiding the safety and security aspects of energy informatics,
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such as trading green energy certificates (Sedlmeir et al. 2021). Similarly, Machine learn-
ing-based anomaly detection techniques may be used to detect cyber-attack on energy
infrastructure (Jahromi et al. 2021). Dashboard-based applications as an information
source for all cyber-physical energy systems or virtual applications used to model safety
and security protocols on safety—critical energy generation units such as nuclear power
plants are some examples of the safety-related applications of EI (Wu 2019; Bugaev et al.
2021).

Building informatics (BI)
Building Informatics is a major research theme in the domain of EI. BI involves col-
lecting different types of data from multiple sources such as Heating, Ventilating, and
Air-Conditioning (HVAC) systems, sensors, grids, and power storage for the purpose
of analysis that helps in building energy management and decision-making (Lim et al.
2018). It may include information such as occupant data, smart home data, wind data,
and seasonal parameters (Lim et al. 2018; Al-Ghaili et al. 2020). In this SLR there were
around seven research items that were classified as having BI as their main theme, how-
ever, there are a few more articles that have more than one theme and Bl is one of them.
In the area of BI, researchers have focused on many issues. For example, in one such
research, software was developed that simulated the use of three different power sources
such as central grid, personal solar power, and battery-based power storage as well as
simulated dynamic energy pricing and other external factors for a small residential
apartment to demonstrate how energy informatics can play a significant role in building
energy management (Kalmis et al. 2019). A further, more detailed, and technical dis-
cussion is carried out in another paper that discusses creating Building Energy Model
(BEM) that has multiple energy components such as renewable and on-demand energy
storage systems (Garlik 2022). Similarly, other researchers have focused on design-
ing more decentralized control systems for buildings (Zhao et al. 2018), demonstrated
the effective use of EI in saving energy consumption of a greenhouse (Watson et al.
2018), reviewed different energy-saving lighting systems for buildings, and discussed
approaches to clustering massive building data across cities for further processing (Al-
Ghaili et al. 2020).

Energy digitization

Energy digitization is an emerging field for IT companies providing digital solutions
across the energy lifecycle, especially, digital consumer accusations (Idries et al. 2022). In
many countries, such as Finland and Norway, changing energy service provider is seam-
less and generally a few clicks away. More countries are offering similar flexibility to their
customers; thus, energy companies need to provide such applications from which cus-
tomers can be acquired digitally (Idries et al. 2022). Similar scope exists in the digitaliza-
tion of heated water supply to households or using encryption for the transmission of
data in connected energy devices (Stewart et al. 2018; Luna et al. 2019). Digitalization of
energy services also deals with providing energy safety using algorithmic management
and control of energy demand and infrastructural response (Williams et al. 2020) and
privacy related to energy data (Al-Ghaili et al. 2021).
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Energy economics

Energy economics is another significant theme that has been driving research and invest-
ment in EI In addition, the nature of the energy business is also changing, forcing energy
companies to innovate new business models to maintain a steady revenue stream in a
fluctuating energy market (Grosse et al. 2019). The energy economics theme spans both
the demand and supply sides, and similarly, the application of EI spans both the demand
and supply sides (Li et al. 2019, 2017). For example, in Li et al. (2019) a personalized tarift
recommender is discussed that can be used to schedule more resource-intensive appli-
ances when the energy tarift is low resulting in less consumption of expensive electricity
power, a win—win for both the end consumer and energy-providing company. Another
research on a similar line advocates the application of EI in making electricity by reduc-
ing energy consumption demand instead of buying expensive electricity at peak hours
(Wederhake et al. 2022). On the other hand, on the supply side, energy players may offer
new choices to users to form a community of renewable energy-generating and consum-
ing households (Grosse et al. 2019). Another possibility is that different players such as
individual aggregators, supplier coalitions, and macro-grid operators indulge in small-
scale renewable energy trading using a novel approach (Li et al. 2017). With the advance-
ment of Electric Vehicle (EV) technology as well as blockchain technology, the two can
be fused together to allow sharing of peer-to-peer charging stations based on blockchain
technology, helping to overcome the shortage of charging stations of the same vendor
(Kirpes and Becker 2018).

Household energy consumption

Using EI for reducing household energy consumption has also received considerable
focus from researchers, where the focus has been on tracking end-user consumption pat-
terns and device usage records to predict demand timelines, based on which energy can
be purchased for less energy cost (Kumar and Bhattacharjee 2018; Oprea et al. 2018b;
Virtsionis Gkalinikis et al. 2022). Predicting household consumption largely depends
upon Non-intrusive Load Monitoring (NILM) based devices that use predictive mod-
eling, and device electric usage signature to predict which device is used when (Kumar
and Bhattacharjee 2018; Virtsionis Gkalinikis et al. 2022). Researchers are exploring sce-
narios where an automated system will be able to schedule such appliances based on
low power tariffs, saving electricity bills for both consumer and distribution companies
(Oprea et al. 2018b). However, such monitoring raises privacy concerns, which can be
addressed by new technological solutions such as blockchain (Wang et al. 2021; Ai et al.
2019).

Energy decisions

Energy informatics can also be used to quantitatively evaluate policy decisions in terms
of policy objectives and policy output. For example, Uganda-based researchers ana-
lyzed data to realize that the government can do a better job if they invest in upgrading
energy transmission infrastructure, for surplus power to reach the demand center (cit-
ies) instead of creating new expensive power plants (Kavuma et al. 2021).
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RQ2—what are the main themes explored in the domain of Energy Citizenship?

Energy citizenship is a term that has many manifestations for its meaning. It encom-
passes the public’s awareness about climate change and their responsibility towards it;
equity, and justice when it comes to using renewable energy, considering the energy
poor who may not be able to afford more costly renewable energy sources; and collective
energy actions such as setting up a community-based renewable energy infrastructure
or cooperatives (Devine-Wright 2012). Energy citizenship has psychological, legal, and
economic aspects. The psychological aspects deal with citizens’ attitudes toward energy
transition. Legal aspects deal with laws allowing citizens to participate in the energy
transition by generating and commercializing the energy generated. The economic
aspect deals with the public’s ability and right to participate in energy transition without
making an economic contribution (Hamann et al. 2022). The main themes explored in
the domain of Energy Citizenship based on thematic classifications are listed below in
Table 4. Table 4 is arranged based on the frequency of themes identified in the article.
It can be seen that in the EC domain, energy democracy is the most researched theme
closely followed by energy behavior, energy literacy, energy policy, and energy business.
Given below is the list of each theme, arranged in descending order of frequency, iden-
tified along with a detailed explanation of the theme and what these themes consist of
and other relevant details about the literature concerning the theme and research focus.
Figure 5 depicts the result of recent themes identified that are encapsulated under pre-
viously discovered perspectives. Figure 5 depicts the recent themes that expand from
previously discovered perspectives that were identified in the EC domain (Hamann et al.
2022). The new research themes are listed below the previously identified perspectives
as they can be classified either under legal perspective, as literature in energy democracy
theme deals with the legal framework and political focus towards energy. Similarly, the
literature on the energy behavior theme focuses on psychological aspects to bring in a
measurable change in energy behavior discussed in the paper.

Energy democracy (empowerment, justice, and prosumerism)

Energy Democracy is the most significant theme discussed in the domain of Energy
Citizenship. In one paper it has been described as “epitomizes hopes in the energy
transformation, but remains under-defined, acting as a political buzzword rather than
a real concept” (Szulecki 2018). Energy democracy is a socio-political movement that
in practice focuses on increasing the role of individual prosumers, energy communi-
ties, and municipal bodies in certain functions of energy generation and consumption
that was earlier carried out by energy companies (White 2019; Szulecki 2018). The
focus in energy democracy is on the redistribution of energy processes such as produc-
tion and consumption along with socio-political concepts of “empowerment, participa-
tion and some notion of fairness and legitimacy, as well as environmental sustainability”
(Szulecki 2018). Another aspect is that the energy transition is driven by changes in
technology which require wider participation of prosumers (installing solar panels on
homes and buildings), which brings in a new economic and socio-political context that
was earlier restricted to institutions, leading to the demand for the increased account-
ability and democratization of a sector that was previously not seen as requiring public
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Table 4 Themes identified in the domain of energy citizenship

Themes Frequency References

Energy Democracy 22 Zyl-Bulitta et al. (2019); Foulds et al. (2022); Anfinson (2022); Lennon et al.
(Access, Equity, and (2020); Wuebben et al. (2020); White (2019); Xexakis et al. (2022); Cantoni
Justice) etal. (2018); Ryghaug et al. (2018); DellaValle and Czako (2022); Ringholm

(2022); Santos et al. (2019); Cantoni (2022); Sanz-Hernandez (2019); Allan
et al. (2022); Boamah and Rothful3 (2020); Coy et al. (2021); Tsagkari (2022);
Wahlund and Palm (2022); Bonnet et al. (2019); Veelen and Horst (2018);
Lee (2019)

Energy Behavior 16 Button (2018); Lofhagen et al. (2018); Geerts et al. (2022); Szostek (2021);
Llanos et al. (2019); Wees et al. (2022); Beauchampet and Walsh (2021);
Contu et al. (2020); Phillips and Waitt (2018); Schall (2020); Mullally et al.
(2018); Urquiza et al. (2018); Carvalho et al. (2022); Diego et al. (2018); Liu
et al. (2020); Ambrose (2020)

Energy Literacy 8 Lizana et al. (2021); Yoho and Rittmann (2018); Ruiz-Mallén et al. (2022);

Tryfonas et al. (2018); Harskamp et al. (2021); Mach (2019); Slaoui et al.
(2017); Robina-Ramirez and Medina-Merodio (2019)

Energy Policy 6 Huh et al. (2019); Celata and Coletti (2019); Bezerr et al. (2021); Drozdz et al.
(2022); Zuo et al. (2019); Moles-Grueso and Stojilovska (2021)
Energy Business 3 Hartmann et al. (2021); Simeoni et al. (2019); Toft and Rudiger (2020)
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Fig. 5 Current themes identified in the domain of energy citizenship expanded taking (Hamann et al. 2022)
as a reference

involvement. As energy transition affects society, energy democracy becomes important
(Foulds et al. 2022; White 2019; Szulecki 2018).

Energy democracy as a concept exists because researchers understood that technol-
ogy perceived as sustainable in one dimension may cause environmental or social prob-
lems in another. For example, establishing wind energy farms at sea has been resisted
by marine ecologists. Similarly, direct participation or uniform representation does not
necessarily result in social and environmental benefits, but researchers have found that
the prosumer-based organization in comparison exhibits fewer negative effects on soci-
ety mainly due to the design and planning involving greater consideration of the local
contexts and needs of communities. Thus, prosumer-based energy cooperatives produce
more positive local effects (Zyl-Bulitta et al. 2019). Researchers have evaluated different
tools (Wuebben et al. 2020) and have used frameworks (Bonnet et al. 2019) to analyze
different energy projects with a view of political ecology and environmental conflicts
(Santos et al. 2019), some to understand the reason for failure or resistance from local
communities (Cantoni et al. 2018; Cantoni 2022), and some for their success (Lee 2019),
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others have used data-driven platforms for stakeholder engagement (Xexakis et al.
2022). Researchers have also investigated authoritative regimes indulging in colonial
energy conflict, leading to hostile citizens (Allan et al. 2022), and government schemes
of distributing renewable energy units in remote locations, to realize that such initiatives
may not be perceived just by the recipients (Boamah and Rothfuf8 2020). Energy justice,
a major aspect of energy democracy is linked with self-determination (Allan et al. 2022)
and it must meet the needs and vision of the society (Boamah and Rothfuf3 2020).

Researchers have compared the energy transition journey of communities in Europe
with their counterparts in the US and have found that the European renewable energy
transition does provide some empowerment to citizens (right to produce and sell
energy) (Anfinson 2022), however, in criticism, it can be said that energy transition in
Europe tries to place the ownership or burden of executing creation and operation of
energy production infrastructure on European citizens (Anfinson 2022; White 2019).
This, researchers warn, can result in fatigue, a false sense of positive action, dilution of
citizenship, and result in citizens mediating in environmental politics (Anfinson 2022;
Lennon et al. 2020). Researchers have argued that this individualization of energy citizen
who is also a consumer does not consider social complexities such as energy poor (Len-
non et al. 2020; DellaValle and Czako 2022) and energy transition should not be viewed
as a mere substitution of one fuel for another as it presents challenges and opportunities
to rethink how our society and politics around energy is executed (White 2019).

When discussing energy citizenship, it has been argued that materialistic possession of
objects (rooftop solar panels, electric heaters, smart meters, electric vehicles, etc.) allows
prosumers to interact with new objects and technology which facilitates their participa-
tion and may act as the initiation of energy citizenship or energy democracy (Veelen
and Horst 2018), yet technology on its own, does not create energy citizenship. Energy
democracy is nourished by the interaction and participation of citizens in a social con-
text which may be facilitated by technology (Ryghaug et al. 2018). Therefore, participa-
tion research has gained significance in energy citizenship research. There are different
levels of engagement and individual preferences of participants, yet they need to func-
tion within socially acceptable norms (Ringholm 2022). In energy democracy, the par-
ticipation of citizens is considered a key requirement. The participation of citizens may
manifest in conflicts that will need to be addressed. These conflicts may manifest in the
form of access, where certain people based on their economic might may be allowed
to participate and others may be excluded, which would be a case of energy injustice
(Veelen and Horst 2018). Attention has also been given by researchers to the cause of
the energy poor (people who do not have an economic or geographic or social means
to participate in transition) and how policymakers and energy projects define their role,
including gender-based fare distribution (Tsagkari 2022). Researchers have found that
some projects and policies do create conditions that help empower mechanisms to start
converting passive consumers into energy citizens (DellaValle and Czako 2022; Coy et al.
2021; Lee 2019). A study of media coverage in Spain showed media too has advocated
energy justice and collective empowerment as tools to achieve energy citizenship (Sanz-
Hernéndez 2019) and a comprehensive review of the literature point to three major pil-
lars of energy democracy: Empowerment, Justice, and Prosumerism (Wahlund and Palm
2022).
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Energy behavior

Influencing people’s attitudes and behavior towards using Energy is considered a sig-
nificant research area to influence reduced energy consumption, a value expected of an
ideal energy citizen in the political context. With policymakers, adopting nudging as a
tool to steer and manipulate the public in meeting a policy objective, it has been viewed
negatively as it does not empower nor allow the public to engage in the rights and
responsibilities of a democracy (Button 2018). However, environmental, and economic
aspects are the most significant drivers of environmental citizenship in comparison to
social motivation (Lofhagen et al. 2018). Individual or household energy consumption
behavior is seen by some policy maker as a very significant strategy to address environ-
mental issues, while others warn that the right approach is collective behavior and not
individual (Geerts et al. 2022) even though individual personality traits have a significant
impact on energy citizenship behaviors (Szostek 2021).

Other factors that have a positive impact on energy transition behavior are rewards
and the acquisition of new knowledge that can be applied in real life and adopting a new
sustainable habit that can be practiced (Llanos et al. 2019; Wees et al. 2022). For exam-
ple, rewarding users for their recycling activity has encouraged recycling (Diego et al.
2018). Similarly, wind farms have raised consumer intrigue and have given rise to ‘green
tourists’ who visit such places with the intent to engage in wind farm activities and
experience environmental citizenship (Liu et al. 2020). Another aspect that has come
to the surface is that energy generation which earlier used to be a major employer and
needed people to participate actively (like mining coal by hand) has now drifted away
from public conversation and everyday life and appears only at times of controversy.
Thus, activities like “Walking with energy’ where people visit local energy production
units to understand and see how energy is generated, have benefited citizens by inducing
healthy curiosity and imparting basic knowledge. Activities, which offer opportunities
for social learning, are carried out in an area embedded with the community and society
and engage body and mind have been found to be most effective in bringing in lasting
changes in attitudes and behavior (Phillips and Waitt 2018; Ambrose 2020).

Researchers have also identified that policymakers perceive citizens as central actors
in the transition story who must be meaningfully engaged to achieve transition goals and
thus it is important to remove barriers that are mostly (a) economical, and (b) practical
hassles (lack of knowledge, resource, etc.) associated with transitioning (Beauchampet
and Walsh 2021). Other research has been carried out on how people perceive different
energy sources, their attitudes toward them, and how people’s personal lifestyle influ-
ences their views (Contu et al. 2020).

Researchers have investigated the demographic of the people who are investing in the
renewable energy business in Germany and have found them to be mostly male with
a higher income, and higher education, who live in a more rural area compared with
the overall population, exhibit strong pro-environmental beliefs and behaviors, and posi-
tive attitude for active citizenship. They also suggested that such individuals also look
for a form of non-financial or “psychic return” from the investment, as it seems to be an
important factor for investment (Schall 2020).

It has been found that the problem of sustainable energy and the challenge of transi-

tioning to a low-carbon, climate-resilient, environmentally sustainable energy solution
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requires that (a) the energy system change from being exclusively Government and
utility led, to one where citizens and communities will increasingly be participants in
renewable energy generation, distribution, and energy efficiency, (b) individualized
citizen-consumer framing of energy citizenship to change to collective action rooted
in the community, and (c) the need to develop mechanisms and instruments to make
(a) and (b) possible (Mullally et al. 2018). It is required that the policymakers, energy
companies, and energy consumers have a shared vision of desired energy future, to gov-
ern the energy transition by way of managing the expectations of the actors and systems
involved in it. Participatory approaches have been found to promote the co-construction
of a shared energy future, that is able to resonate with consumers and provide a common
reference to the actors participating in its creation. Participatory approaches can also
make transitions more democratic by subjecting them to a broader influence and con-
trol from the citizen. Thus, policymakers would require that they produce such energy
systems which are plural and dynamic in nature and is responsive and accountable to the
public (Urquiza et al. 2018; Carvalho et al. 2022).

Energy literacy

Energy Literacy is a method to impart values of Energy Citizenship primarily to school
students and university-level students. Researchers have employed a novel method to
support environmental knowledge, to empower students to adopt sustainable practices
(Yoho and Rittmann 2018; Harskamp et al. 2021). Schools are considered a quite pow-
erful and effective tool to encourage and engage communities in sustainable practices
(Lizana et al. 2021). Thus, many researchers have evaluated school textbooks or edu-
cational practices to determine how well environmental topics have been covered and
have advocated the need to modify the curriculum to address the skill gap (Tryfonas
et al. 2018; Mach 2019; Slaoui et al. 2017; Robina-Ramirez and Medina-Merodio 2019).
Researchers have also used activity-based methods, such as community-based initiatives
to have a more transformative learning experience resulting in better reflection capabili-
ties and critical awareness in students (Ruiz-Mallén et al. 2022).

Energy policy

Energy policy has been identified as a major theme that influences Energy Citizenship.
Many governments have designed policies to promote transitioning to renewable energy
sources (Huh et al. 2019). The effect of the policy on energy transition is long-term but
gradual, and successful implementation requires that the energy consumer must feel
that their needs are being addressed while they transition to new energy technology
and energy business should have a more predictable policy outlook (Celata and Coletti
2019; Bezerr et al. 2021). Researchers have analyzed different countries based on three
parameters: (1) energy systems, (2) energy citizenship, and (3) digital technology and
have found that countries that rank more on these parameters have been better placed in
transition pathways (Huh et al. 2019). Researchers have also studied the policies of gov-
ernment and institutions to analyze how well they are helping achieve stated objectives
and have mostly found them lacking in many aspects such as socioeconomic considera-
tions of energy consumers when designing energy policy. However, if any intervention
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has economic benefits and is technically advanced (solves some problems for the end-
user), its adaptability increases (Drozdz et al. 2022; Moles-Grueso and Stojilovska 2021).
One research analyzed the effectiveness of the policy of giving subsidies for electric vehi-
cle technology (Zuo et al. 2019).

Energy business

Energy business as a theme has been rarely discussed when discussing energy citi-
zenship. Energy companies are not viewed or perceived to have any business interest
in promoting renewable energy sources, however, researchers have identified that it is
not always true (Hartmann et al. 2021). Some traditional energy companies are heav-
ily invested in the renewable energy sector due to rapid growth in the market as well as
the expertise of running an energy company surely, helps in managing the new business
as well (Hartmann et al. 2021). Also, researchers found regulatory pressure and societal
pressure tend to make energy businesses invest in renewable energy, in the absence of
which organizations may employ greenwashing (a term used to describe the fraudulent
practice of not adhering to true green practices yet making the claim) (Hartmann et al.
2021; Toft and Riidiger 2020). Researchers have also demonstrated that industrial units
can also contribute to energy saving by modifying their processes and adopting sustain-
able practices, which can in turn help generate revenue. For example, excess heat from
the industrial unit can be used for district heating if stakeholders’ needs are addressed
(Simeoni et al. 2019).

RQ3—how do energy informatics and energy citizenship interconnect?

EI aids energy citizenship. Energy informatics has the potential to make energy transi-
tioning a citizen-centered as well as a citizen-driven initiative. EI makes it possible to
visualize energy that is seemingly invisible and helps in increasing awareness and pro-
motes environmental actions as it allows diverse modes of participation and engagement
with objects of transition (Ryghaug et al. 2018). EI also allows a high volume of data gath-
ering about technical and social aspects of energy transition and acts as a link between
energy communities and energy technologies (Wuebben et al. 2020). For example, smart
meters allow people to get more aware of their energy consumption patterns and can
allow them to know dynamic energy pricing, which can help change consumption pat-
terns, such as avoiding running resource-intensive appliances during non-peak hours, to
save on higher electricity tariffs, or when retail electricity prices are low (Bourgeois et al.
2014). Additionally, policymakers and energy companies employ EI for decision-making,
policy creation, and regulatory decisions (Santos et al. 2019).

Energy transition in practice will require a fundamentally different form of “thinking,
actions, systems, and structures” (Coy et al. 2021), and EI allows policymakers and other
stakeholders to understand different aspects of energy projects through data (Xexakis
et al. 2022). For example, energy businesses using EI can use historical demand data to
schedule energy purchases at low tariffs (Bourgeois et al. 2014).

The decentralization of energy production would require wider adoption of new
energy generation practices, integration of microgrids to integrate small clusters of
renewable energy production sites, managing local energy storage infrastructure, use
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of smart devices, and employment automation, and all these processes critically rely
on EI Energy citizenship requires participants to have energy literacy, access to energy
technology, and knowledge about energy technology and regularly monitor their energy
behavior and all these activities need EI to effectively capture data and broadcast knowl-
edge (Wahlund and Palm 2022).

EI helps establish transparency through the exchange and processing of data and shar-
ing Information between policymakers, energy businesses, and energy citizens as shown
in Fig. 6, which helps in establishing trust between stakeholders and promotes mean-
ingful interactions (Simeoni et al. 2019). It helps remove barriers to participation, such
as access to energy, energy literacy, and knowledge of energy policy (Beauchampet and
Walsh 2021). EI also significantly impacts energy transition behavior as it facilitates the
acquisition of new knowledge that can be applied to practice a new energy habit that
over time turns into energy behavior (Llanos et al. 2019; Wees et al. 2022; Diego et al.
2018). Moreover, EI also has the potential to aid in improving energy literacy by making
sure information related to energy technology and tools is understandable by the end
users, who would then consume this information to supplement their learning as well
as the perspective of what it means to be an energy citizen (Yoho and Rittmann 2018;
Harskamp et al. 2021). It is critical to note that the focus of energy literacy literature has
mostly been on energy companies and less on communal aspects of energy generation
and consumption.

This paper has identified nine prominent research themes in the domain of EI and five
prominent research themes in the EC domain that have expanded the previously sug-
gested research themes and perspectives. These themes are expanding continuously as
more applications and methods are turning successful in achieving goals like reducing
energy consumption, energy cost, and energy loss through the application of energy
informatics-based tools and technologies.

Energy informatics plays a critical role in realizing the concepts of energy citizenship
by associating meaning and values to energy data. However, energy informatics needs
to broaden its perspective from considering individual consumers and behavior to more
community-driven perspectives and socially acceptable viewpoints. The energy transi-
tion is going to shift the socio-political interaction with energy as more communities
adopt and build on sustainable practices. Given below in Table 5 are the different energy
information themes which are relevant for different stakeholders as they interact in the

energy ecosystem.

Discussion

In this review of EI from the perspective of energy citizenship, we find that even though
the energy sector has moved away from the traditional way of central energy produc-
tion and distribution into a distributed energy generation method involving clusters
of microgrids, it has not moved away from the traditional view of individualization of
energy consumption, which individualizes the problem of reducing energy consump-
tion i.e., places the burden on consumers to participate in energy transition and absolves
government and politicians from the failure of energy transition projects (Lennon et al.
2020). Energy citizenship needs energy projects to pay importance to data that capture
parameters of energy citizenship, empowerment, equity, and justice from a socially
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Fig. 6 Energy Informatics makes energy systems understandable to energy citizens

acceptable community perspective (Xexakis et al. 2022). In energy citizenship, find-
ing what constitutes meaningful engagement and how engagement activities must be
viewed from the perspective of collective behavior change and not as a passive mar-
ket consumer is important (Foulds et al. 2022). Energy informatics along with energy
technology creates new experiences, social learning, and interactions among the stake-
holders and can employ tools such as co-design or citizen science-based approaches to
enhance the collective understanding of energy transition goals, objectives, actions, and
collective responsibility of participants as well as policymakers and energy businesses
while implementing the project (Foulds et al. 2022; Wuebben et al. 2020; Xexakis et al.
2022; Koning et al. 2020).

Based on analysis of the state of the art during this SLR, it has been identified that
energy informatics research has diversified into many sub-topics such as energy man-
agement, energy business, energy forecasting, etc. Similarly, energy citizenship has
evolved as concepts of energy justice, energy poverty, and energy literacy are broadening
the scope of the energy citizenship domain. Moreover, energy citizenship gets influenced
by energy informatics as energy informatics can help in translating technical data into
more understandable and usable knowledge for the general public.

In a nutshell, we discovered that energy informatics has been more focused on the
individual as an energy citizen, for example, existing energy information research
focuses on extracting and presenting information that can be used by one individual to
take energy decisions, like, installing solar panel (generally taken by someone in a house-
hold (mostly male, earning member, technically aware, feudalistic setup, or a person
of power in residential units) (Tsagkari 2022), or changing their schedule according to
energy demand (Bourgeois et al. 2014). The information presented like potential energy
saving or lesser energy cost is designed for one household where many individuals
may live but yet is considered as one single entity. Additionally, energy citizenship has
been criticized for putting the burden of transition on an individual who has to adopt
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sustainable energy technology to ‘qualify’ as a modern ideal energy citizen. This paper
argues that this outlook should change towards more communal aspects. We identified
that the following open research questions exist, that need to be addressed for the wider
transition towards renewable energy, where communities drive energy transition, feeling

empowered and driven by the common greater good and individual benefit.

Open RQ-1: how do energy information needs differ in an energy community

from an energy prosumer’s perspective?

The energy transition is perceived differently as one moves forward on the transition
pathway. Researchers have identified a nine-step process of transition where information
needs differ (Koning et al. 2020). However, such research is generally focused on collect-
ing information from one individual or a representative of one household. Additionally,
in the EI research, data collected and processed are predominantly from the stake-
holder’s perspective of a policy maker, energy business, energy distribution companies,
stand-alone households, or residential buildings. In energy transition projects involving
communities, energy citizenship researchers have focused on increasing participation
and inducing affirmative behavior, thus projecting energy transition as a moral obliga-
tion of an ideal citizen. Alternatively, for a more comprehensive understanding of drivers
and motivations for the energy transition in energy communities, more research needs
to be carried out in understanding how energy information is perceived as a commu-
nity. Understanding how common vision, goals, and objectives can manifest into action
can help communities transition swiftly, democratically, and easily to a more sustainable
community. Furthermore, understanding which parameters are perceived as important
by communities to feel empowered, identify progress, gain trust, or profit or reduce cost
or remove barriers can help policymakers to design policy interventions to aid the tran-
sition. Some new research has focused on eco-feedback-based implementation that can
guide the energy community to be collectively more informed about their energy con-
sumption (Pefia and Jensen 2023). These implementations are critical for better inter-
face design related to energy data visualization which arises when designing many smart
energy devices, especially the ones with a digitally interactive screen such as household
smart meters, centralized heat pumps, elevators, mobile interfaces for EVs, interfaces
for energy storage solutions and energy charging stations, etc. For policymakers, it is
recommended that the design of energy policy must include the aspect of energy justice,
energy equity, energy access as well as transparency including energy economics. This
brings us to question, if community-level indicators may help us understand how energy
information is perceived from a community perspective (Kumar et al. 2023, 2022),
which can then guide policymakers to identify areas that require more focus and aid for

transitioning.

Open RQ-2: how can energy interfaces aid in transitioning energy communities?

Interfaces play an important role in decimating information. However, new-age energy
systems require that traditional sources of disseminating energy information such as
pamphlets, and advertisements (Klein et al. 2023), etc. are augmented with digital tech-
nologies such as mobile-based applications that allow, switching energy service pro-
viders digitally or controlling energy systems and providing energy information (Idries
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et al. 2022; Pefa and Jensen 2023). New age tools such as AR/VR-based devices, 10T,
and blockchain-enabled applications have widened the scope of interaction possibili-
ties between energy technology and energy citizens. This opens a rarely explored area
in energy informatics. For businesses involved in the domain of energy, this provides a
new unexplored market of catering to the more sustainably informed customers using
digital tools and visualization that provides more community-centric information and
helps transition to more sustainable energy usage such as converting outdated heating
equipment running on natural gas to one which runs on green electricity (Koning et al.
2020). For policymakers, this allows them to mandate certain information must be pro-
vided on such community interfaces that could be part of public infrastructure such as
EV charging stations or energy storage units. This could lead to the standardization of
energy information and energy interfaces, bringing in wider adaptability due to being
ubiquitous.

Conclusion

In conclusion, it can be said that Energy Informatics, over a decade, has seen tremen-
dous growth in research interest and has proven to be quite effective in accelerating the
transition to renewable energy resources.

This brings us to the main finding of the paper, which contributes to identifying energy
information themes relevant to stakeholders in the energy transition journey as well as
energy information needs among stakeholders which establishes a clear interconnect with
energy citizenship.

From Table 5 it is clear that energy informatics and energy citizenship are greatly
interlinked together, and certain themes are more prominent when stakeholders inter-
act, however, this interaction is not limited to the themes identified in this paper as these
are identified based on literature considered and there could be other potential inter-
connect between stakeholders that may not have been discovered during this research.
Additionally, there may be other themes that may have an impact on how stakeholders
interact which may not have been considered in this paper. Thus, the themes outlined in
Table 5 cannot be considered the most exhaustive list of themes that are relevant. Still,
this research helps to identify the different EI and EC themes that can be used by energy
companies, researchers, and policymakers while interacting with different stakehold-
ers to identify the most common energy information needs that can then be provided
through research, product, or policy. For example, policymakers can use this research
to mandate what energy information should be provided in new EV vehicles and mobile
applications that may be used to control them. Similarly, EV companies can use this
research to identify interface requirements that can make EV vehicles more energy effi-
cient as well as help users be informed about the economical, technical, or legal aspects
of using an EV vehicle.

Abbreviations

ACM Association for computing machinery
BI Building informatics

O, Carbon dioxide

CcTP Community transition pathways

DR Demand response

El Energy informatics
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EC Energy citizenship

ExC Exclusion criteria

EV Electric vehicle

Gt Gigatons

ICT Information and Communication Technologies
IEEE Institute of Electrical and Electronics Engineers
I Indian Institute of Technology

InC Inclusion criteria

loT Internet of things

ML Machine learning

RQ Research question

SLR Systematic literature review

SQ Search query
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