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ABSTRACT

In recent years, extended reality (XR) technology has seen a rise
in use in environmental subjects, i.e., climate change or biodiver-
sity loss, as a potential tool to inform and engage the public with
current and future environmental issues. However, research on
the potential of XR technology for environmental sustainability
is still in the early stages, and there is no clear synthesis of the
methods studied in this field. To provide a clearer view of existing
approaches and research objectives, we systematically reviewed
current literature dealing with XR use in environmental topics. Al-
though the results indicate that the volume of literature exploring
XR in environmental applications is increasing, empirical evidence
of its impact is limited, hindering the possibility of presently draw-
ing significant conclusions on its potential benefits. Based on our
analyses, we identified thematic, theoretical, and methodological
knowledge gaps and provide a guideline to aid future research in
the field.
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1 INTRODUCTION

We are living in the decade of extended reality (XR), with the last ten
years seeing advances in virtual reality (VR) and augmented reality
(AR) technology that brings it closer to the dreams portrayed in
films such as Tron [1982] and Minority Report [2002]. Although XR
technology has been around a long time, until recently its function-
ality, performance, and ease of use were limited, relegating it to a
few labs and organizations [10, 119]. From a design perspective, VR
headsets especially posed several barriers to creating pleasant user
experiences, as the hardware provided poor framerates and resolu-
tion and was also bulky and uncomfortable to wear [119]. However,
advances in mobile technology, and the introduction of consumer-
friendly VR headsets such as the Oculus Rift, have made it easier
to develop applications for engaging, comfortable user experiences
[10]. VR and AR have thus become popular in entertainment and
gaming, but some have seen XR’s potential beyond entertainment.
Big corporations such as Meta and Microsoft have been investing
in bringing existing work and collaboration tools to XR [161] as
well as financing new ventures. These investments aim to make
XR a dominant media distribution platform [58, 161], potentially
revolutionizing computational environments with by seamlessly
integrating embodied interaction modalities [30, 149, 175]. Paral-
lel with this rise in interest in XR in different fields such as retail
[137, 175], and occupational training [72, 102], researchers investi-
gating environmental issues have also created a body of work at
the intersection of XR and Environmental Sustainability (ES).

The global impacts of environmental change are increasingly
apparent [71, 125]. But researchers and activists have struggled
to communicate the expected consequences of climate change to
motivate action from political leaders and individuals alike [103].
Climate and environmental changes are complex and abstract sub-
jects to communicate [80], however, there are also other factors, i.e.,
human and physical factors, that impede public action. Ongoing
research aimed at identifying barriers to public action [56, 94] high-
lights that the issue is as multifaceted as environmental change itself.
This quality presents challenges in finding methods to mitigate or
circumvent these obstacles and underlines the need to diversify
communication about environmental change. Given how ingrained
technology is in our lives, addressing how we interact with it would
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be a logical place to start. Academics in human-computer interac-
tion (HCI) have held similar views, with sustainable HCI (SHCI)
emerging as a subfield in recent years [59]. However, even the SHCI
community had debated the best approach to tackle environmental
change and promote the goals of ES [16]. In this regard, XR has
immense potential; with it, we can build immersive, accurate repli-
cas of our environment, enabling more effective communication
and problem resolution [64, 65, 149]. XR’s ability to generate first-
person interactive experiences [120] has been shown to improve
learning [6, 98] and other psychological processes [50, 131], in-
cluding behavior and emotion [34, 36, 93]. Within academia, these
elements have sparked interest in the technology’s potential appli-
cations in education [134, 178], medicine [72, 130], and other fields
[117, 138].

Although XR technology’s benefits are being widely investi-
gated, findings from one field often are not implemented in another
[32, 37]. Two prior reviews of XR research in environmental sub-
jects have highlighted its potential in ES but acknowledged a lack
of empirical evidence substantiating benefits [17, 128]. Research
remains unfocused, with no clear structure for using the technol-
ogy in terms of context, content, and interaction, and there is no
comprehensive analysis and overview guiding how to study the
effects of XR in promoting ES. Without a thorough grasp of why XR
and its features could benefit ES, we risk introducing XR "solutions"
that fail to address ES and are potentially detrimental. To date, AR
and VR research in ES has focused on the impact of immersive
and non-immersive presentation forms, leaving other aspects such
as emotionality or quality of the immersive environment under-
explored [17]. Understanding what specific aspects of AR and VR,
beyond mere immersion, might aid in the challenge of engaging
and motivating people to act is critical.

To fill this gap, we conducted a systematic literature review on 80
papers to synthesize existing methods and areas of study, highlight-
ing current focuses and future research directions in ES using XR
technology. We investigate the use of AR and VR in environmental
sciences and nature, expanding on previous studies by examining
the range of contexts, such as education or behavior modification.
Even though the scope may be expanded further, we limit our re-
view to ES to develop a better understanding of the current state
of the field on its own. This review focuses on providing analyses
of domains, interaction techniques, and elements in the existing
literature. Additionally, we describe how they were used in studies
and any findings reported. We compile the findings to create a
draft for a future research agenda to address gaps and explore new
avenues of research. Specifically, we answer the following research
questions in this article:

RQ1 In which contexts has XR been used to engage
with environmental topics?

RQ2 What XR technology was used in the field of ES
and who was the intended demographic for these XR
interventions in ES?

RQ3 What engagement and interaction methods have
been explored between XR technology and environ-
mental topics?

RQ4 What has been studied on the effects of XR use
for environmental topics?
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Our contribution in this paper is twofold:

1. We give a comprehensive overview of the use of XR for
environmental sustainability (ES) by analyzing the design of
the applications, methodologies, and their effects on users.

2. We provide a theoretical, thematic, and methodological
agenda that paves the way for future research.

Our results, by detailing the design and methods in XR applica-
tions for ES, give researchers and designers an improved perspec-
tive on the field, generate interest in pending research topics, and
thereby encourage future development.

2 BACKGROUND

2.1 Barriers to engaging and promoting
pro-environmental behavior in individuals

Recent decades have seen rising concern about negative environ-
mental changes such as biodiversity loss and global warming and
action to combat them or slow their impact. International treaties
such as the Paris Agreement promote economic and social transfor-
mation to address these harms [179]. Some policies and outreach
methods have successfully educated individuals and promoted be-
havioral change. For example, providing accessible recycling facili-
ties, has improved people’s willingness to recycle [101]. However,
we need a wider scale of action than a few individuals and policy-
makers to affect climate change [56].

Although information about climate change continuously rises
[103] there remains a lack of engagement and action from most
of the world’s population. Some face structural barriers, such as
low income or lack of resources, that hinder their ability to make
changes [52]. Regarding people who are not affected by structural
barriers, finding out why there is a lack of engagement and action
on their part and how to address it has sparked interest from many
researchers [23, 52, 94]. One issue is that many in this group per-
ceive environmental threats as distant, rather than as immediate
issues that affect them [80, 154]. Past research has highlighted that
people perceive events as more threatening based on their immedi-
acy, certainty, and personal implications [8, 92]. They feel no need
to alter their behavior to combat climate change, as they perceive
it to have little impact on them and their social circle. Researchers
in the field have collectively described this perceived temporal, spa-
tial, and social distance from environmental issues as psychological
distance [23, 80, 154].

Another element potentially limiting action is an individual’s
perceived locus of control and self-efficacy [78] toward helping
the environment and combating climate change. Researchers have
been investigating the role of imagery and messaging in influencing
individuals’ emotions and perceptions of climate change [44, 61].
When study subjects were presented with images that induced
negative emotions such as fear or anxiety, researchers were less
successful in promoting behavioral change, as viewers were left
with a sense of helplessness and lack of control [110, 111, 145].
Other people may understand the need for change but are unaware
of what they can do to help. Social factors such as religion, political
ideology, and individual perceptions of the norm can also interfere
with behavior change [52].
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These diverse barriers complicate the development of methods to
encourage behavioral changes and individual participation around
environmental concerns. Traditional communication channels such
as graphs, films, or brochures share information but may not miti-
gate the psychological or social barriers, as there remains an emo-
tional distance between information and audience [70]. Instead of
simply presenting information to users, finding methods that teach
through interaction could bridge the distance between individual
and subject, help individuals understand the impact of their actions,
and improve their perceived control over the outcomes.

An advantage of extended reality (XR) technology is that it allows
for such interaction while also letting users visualize information
and future scenarios. XR research outside ES has highlighted how
it allows for the creation of first-person participatory experiences
through interaction and immersion, providing a feedback loop be-
tween users’ actions and information [107, 120]. Users gain a sense
of ownership over their experiences and, in VR, their bodies, which
can lead to a higher perception of plausibility and place illusion
[148]. These aspects have made XR a promising training tool in
many fields [178], but VR has specifically shown promise for psy-
chological processes. VR research in journalism and psychology
has highlighted its potential as an ‘empathy machine’ [20, 139],
improving users’ sense of self-efficacy [46, 146], and aiding in other
cognitive functions [49, 50]. With these aspects in mind, Rambach
et al. [128] surveyed existing AR and VR applications addressing
environmental topics, focusing on the contribution of select ap-
plications in nature, preservation, and resource efficiency. Their
results concluded that at the time of their survey, there was only
a limited amount of work within AR and VR with an ecological
relationship [128]. In their chapter Virtual and Augmented Real-
ity in Environmental Communication, Breves et al. [17] provide a
brief overview of XR use within the field and the psychological
mechanisms that were explored. They concluded that although
VR research on environmental attitudes and behaviors rests on
well-established theoretical and methodical frameworks, empirical
evidence of VR and AR’s effectiveness on environmental attitudes
and behaviors is scarce.

Despite XR’s promise and versatility, ambiguity remains on how
these aspects and XR, in general, could benefit ES and elicit the
necessary public engagement to combat environmental issues. Its
potential adverse effects are also unknown; we must therefore
understand existing areas and outcomes of research to create a
future research agenda and identify promising avenues for further
analysis.

2.2 Sustainable HCI

Human-computer interaction (HCI) is an essential consideration
in using XR to achieve environmental sustainability objectives.
The advancement and success of XR technology depend on the
technology’s design and user experience, regardless of context.
While early bulky and less immersive displays contributed to a poor
user experience and were therefore met with lackluster demand,
advancements in display technology and an increased focus on HCI
design for XR has improved XR technology [10, 119]. Similarly, HCI
is crucial not only for enhancing the viability of XR use to meet ES
objectives, but also for all technological development. Sustainable
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HCI (SHCI) has emerged as a subfield focused on how technology
can address sustainability challenges [16, 59]. Two prevalent themes
among SHCI’s research have been the environmental and societal
aspects of sustainability, such as reducing environmental impact
and decreasing the depletion of natural resources [59], and the
societal dimension of sustainability (including but not limited to
social, political, and economic concerns) [140]. Looking at SHCI’s
contributions in the context of the United Nations’ Sustainability
Development Goals (SDG) [163] highlights these two foci. In a
review of SHCI research published between 2010 and 2019, Hansson
et al. [59] discovered that much of the published literature could be
mapped to the SDG 12, "Responsible Consumption and Production."
Some literature could be mapped to SDG2, “Zero hunger”; SDG 7,
“Affordable and Clean Energy”; SDG 9, “Industry, Innovation and
Infrastructure; SDG 11 “Sustainable Cities and Communities”; and
SDG 13 “Climate Action”; but a few papers did not fit properly
into any existing SDG [59]. As the SHCI community engages with
speculative and critical design [89, 150], it generates research that
may not easily align with a specific SDG because it reflects and
critiques the field’s current research practices [16, 59].

Although ES has focused on how to influence individual behav-
ior [52, 53, 56], SHCTI has criticized the efficacy of such approaches
and called for a shift away from them [16, 75]. A major concern
is a limited reduction in unsustainable behavior with previous ap-
proaches, as well as the absence of empirical evidence of long-term
change [62]. Although individual change should not be the sole
focus of SHCI, moving away from it ignores those in environmen-
tal psychology and environmental communication who argue its
necessity. Focusing on the individual is important for the larger
goal of achieving sustainable change, as individual behavior can
be directly influential in creating a sustainable culture and envi-
ronment [23, 80, 154]. However, individuals with the ability to
influence change are frequently removed from issues affecting our
environment [17, 80] and society. XR could be a viable option for
SHCI to reach these individuals by bridging that distance as seen
in studies such as those investigating VR’s effect on human rights
attitudes [20] or helpful behavior toward others [3]. Through af-
fecting individuals’ attitudes and behavior, research such as the
aforementioned highlight XR’s potential to have the wider societal
impact that SHCI is seeking while still focusing on the influence an
individual can have. This paper aims to provide SHCI researchers
with a reexamination of how their research could engage with
sustainable consumption and behavior change, particularly as it
relates to XR technologies. We thereby hope to direct researchers in
this field toward fruitful research avenues involving environmental
sustainability.

3 METHODS

This systematic literature review synthesizes existing information
and reveals trends in applying state-of-the-art XR technology to
environmental subjects. Its methodology includes searches of exist-
ing literature, study screening, and data extraction of components
and approaches. Following the guidelines outlined in the PRISMA
2020 statement [115], a review was conducted to map the existing
methods and strategies for developing applications related to cli-
mate and nature. A similar approach was applied to map out each
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study’s methodology, measurements, and reported outcomes to
better understand areas where certain aspects, such as interaction
or role-taking within XR applications, show promise or require
more research. To provide a broad yet focused analysis of current
AR and VR uses within the environmental field, this study focused
on literature engaging environmental topics. The research impact
of the applications will not be covered within this review but has
been analyzed in a previous survey by Rambach et al. [128] within
the areas of nature, preservation, and resource efficiency.

3.1 Planning and Search Strategy

The literature search was conducted through the Scopus database,
which offers a wider range of journals than other databases. We
performed multiple searches using different keywords to ensure
that the results fit thematically with our research questions and to
reduce false positives. Our final search string covered the variety
of XR technology and associated names in addition to keywords
related to climate and nature. Furthermore, we limited results to
articles, conference papers, and book chapters. The final database
search was conducted on 17 February 2022 with the following
search string:

“VR” OR “virtual real”” OR “XR” OR “AR” OR “augment* real*”
OR “extend* real”” OR “MR” OR “mix" real*” OR “IVE” OR “immers*
virtual environment*”)

AND (“climate change®” OR “global warming” OR pro-
environmental OR ecology” OR greenhouse OR recycle* OR “ex-
treme weather” OR “environmental”))

AND (LIMIT-TO (DOCTYPE, “ar”) OR LIMIT-TO (DOCTYPE,
“cp”) OR LIMIT-TO (DOCTYPE, “ch”)

3.2 Selection

The Scopus database search delivered 1,736 hits, which were down-
loaded and compiled into a single Excel sheet for analysis. From
the Excel sheet, the articles were selected in three phases against
the following inclusion criteria:

o The paper involves the use of XR (VR, AR) techniques.

o The paper focuses on nature or environmental science (cli-
matology, conservation, oceanography, ecology, etc.).

o The paper is written in English.

After the papers were screened for the above in the initial two
phases, a fourth criterion was implemented to better align the
results with the research questions.

o The paper discusses either a study or the development of an
XR application.

The first author of this paper conducted all three phases of the
selection process, beginning with reviewing the title and abstract of
the articles against the above criteria. Given that the search results
included papers published before there was a structured view of
what qualifies as XR and there is still some debate on its definitions,
for this screening, the following criteria were used in defining VR
and AR:

e VR - Encompasses any project using a Head Mounted Dis-
play (HMD) or Cave Automatic Virtual Environment (CAVE)
system that replaces the physical environment.
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e AR - Applications that add or extend the reality of a user
by superimposing computer-generated graphics on the real
world through a device (smartphones, Hololens, etc.).

Articles whose title and abstract did not fulfill the inclusion
criteria were marked and excluded, resulting in 1,343 exclusions.
The retained papers were read in full and reviewed once again
against the inclusion criteria. Where the papers were unavailable
for download, the authors were contacted by email or academic
social networks such as ResearchGate to request a full version; 26
articles remained unavailable and were excluded. A total of 274
articles were excluded, of which 5 were not written in English; the
final 243 exclusions were not within the scope of the review.

Initially, this phase was intended to conclude the screening pro-
cess, and the remaining 108 samples would have been classified and
coded for analysis. However, reviewers found some papers met the
inclusion criteria but were irrelevant to the review’s scope and re-
search questions. These papers focused on technical aspects such as
foliage modeling techniques; consequently, a new fourth criterion
required papers to concern an application aimed at user interaction
or to contain empirical research. Through the literature references,
however, four additional relevant articles were identified, bringing
the total to 112. After applying the new criteria, 32 more papers
were eliminated, leaving 80 papers for analysis. Figure 1 depicts
the selection/exclusion procedure.

3.3 Analysis

The data extraction process aims to identify features of interest in
the articles to answer the research questions. While the units of
analysis were predetermined, some specific values were discovered
during data extraction. The remaining 80 papers were downloaded
and imported into ATLAS.ti. where data such as XR technology
used, domain, and methodology (see Table 1) were extracted and
coded following PRISMA’s protocols for data collection and manage-
ment [142]. The coding process was performed by the first author,
with the second author overseeing the process through discussion
meetings and reviewing the ATLAS ti file at different stages of the
process.

In March 2022, the first author generated initial code sets based
on the research questions (e.g., Type of XR: VR/AR, Type of Knowl-
edge: Empirical, Theoretical), that were used to code all papers.
Coding began with ATLAS.ti automatically creating groups based
on the publication venue and year using Scopus’s bibliographic
metadata, which the first author then double-checked. For the re-
mainder of the initial code sets, codes were inputted into ATLAS.ti’s
machine learning Search & Code function, which searched all ar-
ticles for initial keywords such as VR or AR and highlighted the
relevant paragraphs for easy identification. The first author then
reviewed the results to ensure the highlighted section was per-
tinent and applied the relevant codes. This process was used to
identify references to domain areas, XR technology used, applica-
tion features, and study participants. This was followed up by an
inductive coding process where the first author read through all
the articles and coded any concepts related to the initial code sets.
During the initial phase of coding, new codes were generated when
they contributed to a more detailed and informative categoriza-
tion and knowledge extraction (VR: Active, VR: 360-degree video,
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Figure 1: PRISMA flowchart [115] of the systematic review process from identification to the final sample of included papers

Decision Making, Crowdsourcing). Following the initial round of
coding, a discussion session with the second author was held to
analyze the existing code book and determine its contribution to
the research objectives, as well as to determine whether any addi-
tional codes should be incorporated. As a result, additional codes
for the research methodologies (type of qualitative research and
distinction in non-empirical publications) and reported outcomes
of studies (associated effects between measured outcome variables)
were generated. The first author then recoded the papers with the
final codes. Coding was completed in May 2022, with a final discus-
sion between the first and second authors after coding all papers.
At completion, all authors joined a data session, during which the
extracted data was reviewed, and the first author merged similar
codes into categories to create a concise summary of the extracted
data. A full list and descriptions of this data are shown in Table 1.

4 RESULTS

We present the results of our analyses in this section, beginning
with identification and bibliographic data. There follow three sec-
tions that address our research questions: Domains (RQ1) and XR
technology used (RQ2); Application Features (RQ3); and Outcomes
of studies (RQ4).

4.1 Identification and Bibliographic Data

We reviewed and analyzed 80 scientific outputs: 40 conference arti-
cles, 39 journal articles, and 1 book chapter (see Table 2) published
between 1996 and 2021. Figure 2 shows that the use of VR technol-
ogy in climate and nature topics is a relatively new topic of interest,
with over half of the papers published after 2018 and increasing
rapidly each subsequent year. This could in part result from the
increased availability of VR headsets in 2016, followed by techno-
logical improvements and a growing variety and price range in
commercially available headsets. Conversely, the annual number
of articles referencing AR technology has only fluctuated slightly
since 2010. Many of the pre-2018 analyzed papers focused on AR
technology, with VR becoming the focus thereafter.

Almost half of the published papers (n = 36) were nonempirical,
with the majority solely discussing design and development of an
AR or VR application (Table 3). Articles categorized as nonempirical
lacked mention of user studies. Two articles suggested that they
might have conducted user studies, but the outcomes could not
be ascertained [15] or measured only teachers’ willingness to use
the application [144]. Other nonempirical papers discussed theo-
retical approaches for XR in an environmental context, and one
discussed an AR art exhibition. Twenty-nine articles were catego-
rized as empirical, reporting measured outcomes from qualitative
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Table 1: Data extracted from papers

Data

Description

Publication Venue

Publication Year
Knowledge Type
Paper Type
Research Method
Domain Area

XR technology
Application features

Effect of XR
Study Participants

Type of venue (journal article, conference paper, etc.) and name of the publication (title
of journal, conference, etc.)

The year the paper was first published

Empirical, Theoretical, or Design

Whether the paper discusses the development of an application or study
Qualitative or Quantitative

The domain area of the application or study

XR type (VR, AR) and technology used (HMD, mobile phone, etc.)

Elements found within the developed applications or ones used for studies (game
elements, immersive elements, interaction types.)

Reported outcomes of studies

Age and occupation

Table 2: Publication venues

Publication Venue Frequency %
Conference 40 50
Journal 39 49
Book chapter 1 1
Total 80

Table 3: Types of full papers

Knowledge Type  Frequency  Frequency % %
Empirical 29 36
Non-Empirical 32 40
Theoretical 3 4
Design (app 29 34
development)

Mixed 19 24

Total 80

or quantitative research using AR and VR applications. The remain-
ing 19 papers discussed the entire design process of an application,
from development to study outcomes. These have been labeled as
mixed within the table, but will be considered empirical for the
subsequent sections. Though there are more articles containing
empirical research than not, the difference is not large (n=16).

4.2 Domains (RQ1) and XR technology used
(RQ2)

To better understand XR technology’s use in environmental top-

ics, we analyzed each paper’s domains to establish why XR was

being used and its environmental subject. We also analyzed the XR

technology type (AR or VR) and the study participants’ age and

occupation or the application’s intended audience.

4.2.1 Domains (RQ1). Table 4 outlines the domains of empirical
and non-empirical papers concerning the purpose of the AR or
VR application. Some articles had overlapping domains, but we

assigned papers to one domain that matched the prominent context
for which XR technology was being used.

Analysis revealed a heavy focus on education and learning
within empirical research, with 51% of the articles using AR or
VR this way. Some applications were developed for classroom use
[113, 123, 157]; others were intended as an educational tool for the
public [11, 43]. The second largest domain (30%) was environmen-
tal/ecological behavior and the effects that XR could have on it. The
articles studied participants’ sustainable behavior, such as plastic
consumption [29, 155], charity donations [40], and behavioral inten-
tions [1, 109]. This focus is followed by the domains of connection
with nature (9%) and environmental awareness (5%). Connection
with nature emphasized participants’ emotional or physical sense
of connection with nature. Environmental awareness differs from
the education/learning domain in that these articles focused on
specific issues such as the impact of climate change on a forest [70]
whereas the education/learning domain concerned broader topics,
such as climate change generally [11].

Paralleling the empirical papers, 62% of the nonempirical pa-
pers fall under the domain of education and learning. However,
nonempirical papers showed less focus on behavior, with the second
largest domain being environmental awareness. Furthermore, the
gap between the largest and second-largest domain is significant,
with only 9% of the papers in the environmental awareness do-
main. The remaining domains of crowdsourcing, decision-making,
and environmental/ecological behavior each made up 6% of the
empirical papers, with training being 3%.

As discussed above, information is not the sole obstacle prevent-
ing the public from altering their behavior around environmental
issues. The heavy focus on education might indicate that even re-
search using novel technologies such as extended reality does not
engage with forward-thinking practices to mitigate environmental
issues on the individual level.

To provide a more insightful look into the environmental subject
areas, environmental domains were coded according to branches
of biology and other specific categories. Similar to Table 4, some
articles overlapped with multiple domains but were labeled accord-
ing to their main environmental focus. Among empirical papers,
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Figure 2: Publication year of papers
Table 4: Domains in empirical and non-empirical papers

Domain Empirical papers Total % Non-Empirical papers Total %
Education/Learning [4, 11, 24, 25, 31, 43, 45, 48, 73, 24 (51%) [15, 26, 33, 54, 60, 68, 69, 77, 20 (62%)

76, 84, 91, 95, 98, 113, 114, 121, 79, 104, 113, 135, 144, 151,

123, 133, 157, 159, 160, 167, 171] 164, 168, 170, 172, 174, 176]
Crowdsourcing [35, 81] 2 (5%) [5, 169] 2 (6%)
(Includes information gathering and
citizen science)
Environmental/ecological behavior [1, 18, 29, 38, 40, 67, 105, 109, 13 (30%) [126, 165] 2 (6%)

124, 127, 155, 162, 166]
Decision Making [22] 1(2%) [90, 177] 2 (6%)
Environmental awareness [70, 87, 108] 3 (5%) [51, 122, 143] 3(9%)
Connection with nature [2, 19, 47, 136] 4 (9%) [39, 156] 2 (6%)
Training [42] 1(2%) [63] 1 (3%)
Total 48 32

ecology (21%) and climatology (23%) have had a higher focus com-
pared to the other domains (see Table 5). Among the climatology
papers, climate change and potential future consequences were
the focus of most of the papers. Papers within the ecology do-
main mainly discussed ecosystems, the importance of preserving
them, and species composition and diversity in certain ecosystems.
Entomology (12%) was the third leading environmental domain;
interestingly, butterflies were the focus of 4 of the 6 entomology
papers [25, 91, 157, 158], however, two of these [157, 158] were
about the same project, but at different stages of development. Con-
servation and zoology individually made up 10% of the articles,
closely followed by oceanography (8%).

Ecology was the leading domain among non-empirical papers,
with 44% of them covering ecological topics, mostly focusing on
specific ecosystems or the role an organism plays within its ecosys-
tem. Compared to the empirical papers, climatology did not have as

high a focus in non-empirical papers though it still was the second
leading domain with 16%. Other environmental domains had signif-
icantly less focus with only one or two papers falling within their
focus. Entomology, which was the third leading domain among
empirical papers, contained no papers among the non-empirical
articles. Among both categories of papers, ecology and climate
change were the leading domains, however, this could be due to
the keywords included within the search string used in Scopus.
Including the words ecology, climate change, and global warming
could have possibly skewed the results in this direction; then again,
it is also possible that these two domains had a heavier focus given
the increased interest in these topics in the media and politics over
the last four to seven years [100, 179].

4.2.2  XR technology used and user demographic (RQ2). Of the 80
articles, 68% referenced a VR application, all but three using either
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Table 5: Environmental domains in empirical and non-empirical papers

Environmental Domain Empirical papers Total % Non-Empirical papers Total %
Botany [47] 1(2%)
Climatology [11, 70, 73, 87, 108, 109, 11 (23%) [69, 77, 122, 144, 165] 5 (16%)
121, 123, 136, 155, 162]
Conservation [1, 40, 67, 105, 124] 5 (10%) [33, 143] 2 (6%)
Ecology [24, 31, 38, 81, 84, 86,95, 10 (21%) [5, 26, 60, 63, 79, 90, 104, 14 (44%)
113, 159, 167] 151, 156, 164, 170, 173,
174, 176]
Entomology [19, 25, 35, 91, 157, 158] 6 (12%)
Forest science [18] 1 (2%) [42, 169] 2 (6%)
Geography [68] 1 (3%)
Geology [54] 1 (3%)
Herpetology [114] 1 (2%)
Hydrology [76] 1(2%) [177] 1 (3%)
Natural History [24] 1 (3%)
Nuclear Power [133] 1 (2%)
Oceanography [22, 43, 98, 127] 4 (8%) [51] 1 (3%)
Sustainability [29, 166] 2 (4%) [126, 135] 2 (6%)
Zoology [2, 4, 45, 48, 171] 5 (10%) [15, 39] 2 (6%)
Total 48 32

a head-mounted display or CAVE system (Table 6). 33% of papers
referred to using AR through mobile phones/tablets, Hololens, or
computer cameras. Given the variability in VR user experience, we
divided VR applications based on whether the application contained
interactive elements (Active) or instead offered a 360° video or
photographic environment with minimal interactivity (360° video).
Of the 54 articles referencing VR, 42% fell into the Active category
and 23% into the 360° video category. (We could not determine
interaction level in the remaining three papers.) Although both
empirical and nonempirical papers featured VR applications, the
noninteractive type (360° video) was more common in empirical
literature, though the difference was minimal (n=2). In contrast,
most of the non-empirical papers mentioned other VR methods of
interaction; only 2 provided an exclusively visual experience.
Table 7 shows that 60% of documented participants in empirical
studies were adults. Of these, 34% identified themselves as univer-
sity students which could be due to them being more accessible to
university researchers (see Table 8). Studies involving non-student
adults focused on either the local citizens of an area (14%) or aca-
demics/educators performing research or teaching courses (12%).
36% of participants were under the age of 18; studies including
youth were testing XR applications aimed at K-12 students (29%).
Interestingly, AR studies mainly focused on primary-school stu-
dents, whereas VR studies involved adults. This may be due to the
cost and availability of VR headsets compared to a smartphone or
tablet, or in some cases a computer and webcam. Given the empha-
sis on educational applications and the age of the participants, it
is preferable, from a coordination standpoint, to conduct studies
during school hours. VR headsets present several challenges in a
school setting: only one student can use them at once, they require
a safe area for use, and buying multiple headsets is expensive. In
contrast, AR equipment is more affordable, and many students can

use a single device simultaneously since the screen is easily view-
able by multiple individuals. These factors could also explain the
higher proportion of university students among adult participants,
as universities offer the space and funding for VR research. 73%
of the non-empirical articles did not specify a target audience for
their application, possibly a result of developers focusing more on
experimental concepts and design, resulting in a lack of emphasis
on the area at the time of this review.

4.3 Features present in the XR applications
(RQ3)

To answer our second research question regarding immersive and
interaction approaches in the field, we analyzed references to game
elements, immersive elements, and types of user interaction. Since
AR and VR can offer distinct experiences, we studied them sepa-
rately, with VR applications retaining the division between Active
and 360° video (see Section 4.2.2). At the time of the analysis, only a
handful of applications were available in a digital format, and a few
of those had capability restrictions based on geographic location.
It should also be mentioned that the virtual reality (VR) applica-
tion Stanford OA Experience appeared in two empirical studies
[43, 127] and one non-empirical publication [122], however, each
paper was counted independently when comparing the features of
the applications.

We identified 31 unique features (see Table 9) that were subse-
quently divided into three categories: game elements, immersive
elements, and interaction types. Game elements were the largest
category, with 15 different attributes identified within the litera-
ture. In total, 11 interactive elements were identified, although head
movement was counted as its own category given its automatic
presence when using VR technology. We did not include walking,
as its inclusion was difficult to determine from the literature, and
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XR Type Empirical ~ Empirical Total % Total % Non- Non- Total % Total % Total
papers papers empirical empirical
papers papers
AR [25, 40, 76, 14 (29%) [5, 26, 60, 12 (37%) 26 (33%)
81, 87, 91, 63,77,79,
95, 136, 135, 144,
157, 158, 151, 169,
162, 166, 174, 176]
167, 171]
VR 34 (71%) 20 (63%) 54 (68%)
360 ° video [11, 18, 19, 16 (33 %) [51, 54] 2(9%) 18 (23)
22, 35, 38,
45, 47, 48,
67, 105,
108, 109,
113,121,
133]
Active (1,2, 4, 24, 15(31 %) [15, 33, 39, 18 (53%) 33 (42%)
29, 43,70, 42, 60, 68,
73,98, 114, 69, 90, 104,
123, 124, 122, 126,
127, 155, 143, 156,
159] 164, 165,
170, 173,
177]
Unknown ¢ [31, 84, 86] 3(8%) 3(4%)
Total 48 32 80

@ Some papers did not contain enough detail to infer whether the VR application used contained interaction or was just a 360 video.

Table 7: Study participants and target audience’s age

Age Empirical papers Frequency % Non-Empirical papers Frequency %
Minor 36 % 6 18 %
Adult 60 % 3 9%

Unknown 4% 24 73 %
Total 33

Table 8: Study participants and occupation of the target audience
Occupation Empirical papers % Non-Empirical papers Total %
Academic/Educator 7 12 % 6 19 %
City Planners/elected officials 2 3%
Local Citizens 8 14 % 3 9%
K-12 Students 17 29% 6 19 %
University Students 20 34 % 1 3%
Unreported 4 7% 16 50 %
Total 58 32
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with VR it is restricted by the limits of the play or testing area. For
immersive elements, we identified 5 separate features.

As shown in Table 9, head movement was present in 60% of
the applications; however, as highlighted in Section 4.2.1, VR tech-
nology was the most used. 39% of the XR applications referenced
the use of at least one interactive element. The user’s ability to
freely explore the AR or VR environment was the most prominent
interactive affordance, found in 19% of applications. Selection was
the second most widely used interaction type, with 14% of users
selecting elements within the environment with a controller, mouse,
finger, or gaze.

Beyond the automatic immersive nature of VR and AR, 29%
of applications contained at least one other immersive element.
Immersive elements were more common among VR applications,
making up 69% of the total. 14% of applications contained a narrative
for users to follow, 12% contained role-playing elements, while 11%
provided an avatar for users to embody or interact with. The VR
application Virtual Climate scientist [123] and PEAR [166] were
the only applications with all three elements.

20% of the XR applications contained at least one game ele-
ment, with collection (10%) and missions (7%) implemented the
most. Game elements were more varied among AR applications,
with PEAR [166] (n=4), eVision [136] (n=4), and Sustain [135] (n=3)
providing the widest diversity. Of the VR applications, the Rhine
Riverbed exploration [15] had not only the largest variety of game
elements (n=5) but also the broadest exploration of available fea-
tures among all the applications (n=11). PEAR [166] had the second
highest amount with 9; while a VR ecological environment for
learning about the Taipei Tree Frog [114] was third with 8.

Although we examined these application features individually
some applications use the features in conjunction with one another
for a specific purpose, usually for learning and understanding a
subject (i.e., sustainability, ecology, etc.). For example, in PEAR [166]
users collected digital trash that appeared on the application map
during real-world exploration of Singapore and were rewarded with
biofuel tokens. Later, these tokens allowed access to minigames in
which they helped a robot avatar resolve environmental problems.
The features work together to boost awareness of sustainability
and climate change and demonstrate interactively how players can
address these challenges in the real world.

Some papers described features to achieve goals other than learn-
ing. The three papers that used haptic feedback did so to increase
participants’ embodiment within the VR environment [1, 2, 98].
Sustain [135] uses its features to increase user awareness of imme-
diate and long-term consequences of policymakers’ decisions. The
main goal of its multiplayer aspects and varying roles is to aid in
raising awareness, but its authors also mention implementing them
to add replayability. The VR application JEL [39] uses its features to
establish connection between users and nature. It should be noted,
the inclusion/implementation of many of the described features is
not discussed in the literature. Considering this, despite the variety
of features present in XR applications described in the literature,
the rationale for their use cannot be determined with certainty.

Laura Cosio et al.

4.4 Researched effects of XR use and associated
effects between measured outcomes (RQ4)

Our third question relates to the use of XR technology in environ-
mental subjects. To address the research question, we analyzed the
literature to identify the type of empirical research, what was being
measured and outcomes, and any noted associated effects between
them.

4.4.1 Methods and data. Table 10 shows that empirical papers fre-
quently used quantitative methods (48%) with qualitative papers
(24%) in the minority. 28% of the empirical papers used mixed meth-
ods, combining quantitative and qualitative approaches. We further
categorized quantitative analysis methods as either descriptive or
inferential. A slight majority was inferential, though the difference
was minimal (n=2). Questionnaires were the preferred method of
data measurement, with only 11 studies specifying other methods
such as interviews [25, 29, 127], observation [25, 38, 47, 81, 91, 95],
or recorded audio/oral presentation from participants [1, 73, 121].

4.4.2 Measured outcome variables in literature and associated ef-
fects. Similar themes emerged among the measured outcome vari-
ables in the empirical studies, but there was a lack of consistency
in the context of how they were analyzed. Analyzing the effective-
ness of XR technology on learning and knowledge retention was a
recurring theme; however, other topics, such as self-efficacy, were
analyzed in a variety of contexts. One study examined how a user’s
self-efficacy influenced their engagement in learning and exploring
a VR environment [109], while others examined how AR or VR
affected the user’s self-efficacy [76, 121, 155].

Moreover, despite employing similar technologies, the studies’
applications had distinct approaches and features. Consequently, it
is difficult to identify and document patterns among the outcome
variables with certainty, as there is considerable variation between
the contexts of the measurements. Nonetheless, the variables mea-
sured by each study were coded and are depicted in Figure 3.

Figure 3 and Table 11 reveal a significant focus on measuring
learning and knowledge acquisition among all three XR types,
which coincides with the high instances of papers within the educa-
tion/learning domain. Aside from measuring whether participants
could recall facts about the subject, three 360° videos [11, 84, 113]
and one Active VR application [159] also measured whether VR
could improve participants’ cognitive elaboration or critical think-
ing skills. One study noted that a participant’s mindfulness could af-
fectlearning using VR: 360° video [133] (see Figure 4). Another study
that used an Active VR application focused on how immersion could
influence learning about ocean acidification, noting that partici-
pants who explored and interacted with the environment showed
greater change in learning between pre- and post-test scores, with
knowledge gains lasting several weeks [98].

Participants’ environmental inclination and behavior was of in-
terest to many of the studies, with a higher focus on VR conditions.
Some studies measured environmental inclination as a pre-test con-
dition to gauge its influence on outcomes [18, 67, 166], whereas
others measured it as a post-test condition to identify changes re-
sulting from the XR intervention [1, 2, 18, 38, 105]. Researchers were
interested in participants’ attitudes toward the environment, feel-
ings of nature within self or connectedness to nature, awareness of
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Table 9: Features explored within AR and VR

Features AR VR-360° video VR- Active VR Total %
Game elements [95, 135, 136, 160, 166, [113] [15, 39, 98, 114, 123, 124, 173] 16 (20%)
167, 169, 171]
Al (Artificial [15] 1(1%)
Intelligence)
Collection [160, 166] [15, 98, 114, 123, 124, 173] 8 (10%)
Customization [136] 1(1%)
Death/Survival [160] [114] 2 (2%)
Levels [15] 1(1%)
Matching [95] 1(1%)
Minigames [166] 1(1%)
Missions [136, 166, 171] [113] [114, 123] 6 (7%)
Multiplayer [135] [15, 39, 173] 4 (5%)
Need Meter [15, 114] 2 (2%)
Resource Management [135, 167] 2 (2%)
Rewards [136, 166, 167] 3 (4%)
Social media sharing [136, 169] 2(2.5%)
Turns [135, 167] 2 (2%)
Immersive [4, 95, 135, 136, 160, [105, 121, 133] [2, 15, 29, 43, 73, 98, 114, 23 (29%)
162, 166, 171] 123, 124, 126, 165, 173]
Avatar [136, 166] [2, 15, 39, 73, 114, 123, 173] 9 (11%)
Narrative [4, 95, 166, 171] [105, 121] [43, 98, 123, 124, 126, 165] 2 (15%)
Roleplay [25, 135, 160, 166] [98, 114, 122124, 165] 10 (12%)
Soundscape [162] 1(1%)
Voice narration [133] [29, 122, 124, 126] 5 (6%)
Interactive [5, 26, 60, 81, 135, 162, [1, 2, 15, 28, 29, 33, 39, 42, 32 (40%)
166, 171, 176] 43, 60, 69, 73, 98, 114, 122, 123,
126, 127, 155, 156, 165, 173]
Data-gathering [81] [15, 43, 73, 127] 5 (6%)
Free exploration [60, 162, 166, 176] [15, 60, 69, 73, 98, 114, 15 (19%)
122, 126, 155, 156, 165]
Grabbing (98, 123, 124, 173] 4 (5%)
Guided Exploration [5, 26] [4, 123, 126, 156] 6 (7%)
Haptic feedback [1, 2, 98] 3 (4%)
Multiuser interaction [135] [39, 73] 3 (4%)
Perspective change [69, 114] 2 (2%)
Sawing [1] 1(1%)
Searching [171] 1(1%)
Selection (60, 176] [15, 33, 42, 60, 69, 73, 11 (14%)
122, 126, 165]
Tapping [162, 166] 2 (2%)
Head movement [11, 18, 19, 22, 35, 38, [1, 2, 4, 15, 24, 29, 33, 39, 42, 48 (60%)

45, 48, 51, 54, 67, 90,
105, 108, 109, 113,
121, 133]

43, 60, 69, 70, 73, 90, 98, 104,
114, 122-124, 126, 127

,155, 156, 164, 165, 170,

173]

environmental issues, and environmental behaviors. Though most
studies focused on how XR applications influenced these factors,
one [18] explored how a participant’s existing need for affect (NfA)
and sense of immersion affected their ability to be influenced by the
VR intervention to elicit commitment to the environment (CTE).
Although immersion appeared to have a positive influence on CTE,

researchers noted that the VR intervention only affected partici-
pants who initially reported low or average NfA. A possible reason
for this is proposed by Ahn et al., who suggest that sensory-rich
experiences such as those in VR provide greater assistance to indi-
viduals presenting lower trait abilities (e.g., the ability to consider
and experience another’s perspective) [3].
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Table 10: Type of empirical research

Empirical Type Frequency Frequency % %
Quantitative 20 42

descriptive 19
inferential 11 23
Qualitative 11 23

Mixed 12 25

Unknown 5 10

Total 48

As observed in Figures 3 and 4, immersiveness and embodiment
attracted significant attention in VR studies, with spatial presence
and immersiveness having the highest number of identified influ-
ences. In addition to investigating the influence immersion has on
learning, cognitive elaboration, and CTE, two studies [18, 45] were
interested in its effect on participants’ perceived spatial presence
within the VR environment. Other elements that were investigated
to potentially influence spatial presence were embodiment [2], in-
teraction [108], and vividness of the environment [29]. A 2021 study
utilizing 360° video in VR [19] investigated how spatial presence
affected participants’ perceived temporal distance from environ-
mental issues, its perceived severity, and their behavioral intentions
after viewing the video.

A few studies (n=7) focused on barriers to action and explored
the self-efficacy of users, locus of control, or psychological distance.
Self-efficacy was the most studied (n=4), with one study measuring
its effect on the success of a 360° video VR intervention [109] and
three measuring how XR influenced users’ feelings of self-efficacy
[76, 121, 155]. Two studies measured users’ perceived locus of con-
trol over the environment; both reported users feeling a higher
sense of control after engaging with the VR application [1, 155]
with Ahn et. al. noting that the increase in the locus of control
leads to greater environmental behavior compared to traditional
media [1]. Finally, two studies investigated VR’s effect on users’
perceived psychological distance, one using a 360° video [19] and
the other an Active VR experience (Stanford University VR Ocean
acidification experience) [127]. Both noted an increase in either the
psychological closeness [19] or personal relevance [127] users felt
after using the VR application. Though these results suggest that
VR could be beneficial in addressing self-efficacy, locus of control,
or psychological distance, currently there is not enough evidence
to conclude its effects on them with certainty.

In the empirical research for all XR categories, learn-
ing/knowledge acquisition and environmental inclinations were
measured the most. Yet only 13 of the 48 empirical papers analyzed
potential factors impacting specific measurements. 8 of these papers
tested 360° video in VR, while the remaining 5 had VR applications
with interaction beyond head movement. 14 papers contain compar-
ative studies between XR and other media, nine of which used 360°
video in VR [11, 18, 19, 38, 45, 67, 105, 108, 109] and with five includ-
ing interactive elements in AR or VR [1, 2, 25, 113, 114, 157, 159].
Overall, these results suggest that although XR technology shows

promise in education, it is unclear how this technology or spe-
cific elements can help engage and motivate behavior to address
environmental issues.

5 DISCUSSION AND FUTURE RESEARCH
AGENDA

5.1 Limitations of the paper

Before offering our recommendations for a future research agenda
regarding the use of XR in ES, we would first like to explain some
of the limitations of our systematic literature review. SCOPUS was
used to conduct the initial literature search as it indexes over 7000
publishers, including all major technology-related libraries (ACM,
IEEE, Springer, etc.) [180]. Despite this breadth, using one data-
base may have omitted some relevant literature. Furthermore, our
keywords may have skewed our search results, leading to the high
prevalence of ecology-focused articles. Although we aimed for clear
criteria for including articles, there is still debate regarding defi-
nitions of AR and VR; we defined both and tried to adhere to our
guideline through the selection process. In some VR articles, how-
ever, it was difficult to determine whether they were using an HMD
or CAVE system. We retained these articles, as they still seemed to
represent a trending path in the field. XR research is heterogeneous,
with much work outside the scope of this review; although such
work could provide valuable insights into XR in general and how
it could benefit the field of environmental sustainability. However,
as interdisciplinary research is not always conducted, we wished
to gain a better understanding of where the field of environmental
sustainability stood concerning XR research. We strove to diminish
another limitation—involuntary errors, especially in coding—by
using software features such as the ATLAS.ti search and code; how-
ever, some errors are still possible.

5.2 Identifying research gaps from literature
review results

Environmental sustainability faces many challenges in engaging
the public with environmental issues, which XR could possibly
aid in. XR technology has the potential to bridge the gap between
individuals and environmental issues, provide an immersive expe-
rience for learning about those issues [107, 120], increase users’
self-efficacy [46, 146], and ultimately modify behavior [3] in order
to promote sustainable living. Through a systematic review of 80
articles discussing XR technology in environmental sustainability,
we aimed to provide an analysis of how the technology has been
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Figure 3: Frequency of measured outcome variables among 48 empirical papers
Table 11: XR technology frequency among measured outcome variables
Measured outcome Variables VR:360 Video VR:Active VR AR Total
Emotion 44% 44% 11% 9
Immersion / Embodiment 58% 42% 12
Self-Efficacy 25% 25% 50% 4
Environmental Inclination / Behavior 53% 32% 16% 19
Learning / Knowledge 32% 26% 42% 19
Social Dimension 33% 67% 3
Spatial Dimension 100% 1
Temporal Distance 50% 50% 2
User Experience 50% 50% 4
used in the field thus far and to identify potential knowledge gaps RQ4 What has been studied on the effects of XR use

that future research could address. We addressed the following

research questions:

RQ1 In which contexts has XR been used to engage
with environmental topics?
RQ2 What XR technology was used in the field of ES

and who was the intended demographic for these XR
interventions in ES?

RQ3 What engagement and interaction methods have

been explored between XR technology and environ-
mental topics?

for environmental topics?

Despite growing interest in using XR in ES, our analysis indi-
cates that there is still no clear understanding of how to best utilize
the technology, specifically how it may be useful in addressing the
barriers in engaging and influencing pro-environmental behavior
(see section 2.1). Although some studies investigated behavior and
connection with nature, most focused on learning and retention.
Foundational theoretical work in ES has established probable uses
of AR and VR, but we lack sufficient empirical evidence on the
benefits of XR technologies for ES beyond learning, especially for
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Figure 4: Associated effects explored in 13 empirical papers (colors related to Figure 3)

AR [17]. Even research on the efficacy of XR technology in learning
reflects knowledge gaps, as few studies have compared its perfor-
mance to that of other educational media in ES. It is also unclear
how AR and VR features could be utilized to achieve the various
ES goals and overcome the obstacles that prevent the public from
participating in environmental issues. Replicating a world using
immersive technology is a difficult undertaking, but the literature
reveals that many applications incorporated features without a clear
objective. Even after quantitative examination, their utility for ES
was unclear, beyond using XR as a potential learning aid. To address
the limitations and knowledge gaps our analysis revealed, we pro-
pose the following thematic, theoretical, and methodological
agendas to guide future research in ES.

5.3 Thematic Agenda

5.3.1 Widening the thematic research focus of future work in XR
use for ES.. To date, research on XR in ES has concentrated on
harnessing XR technology as a teaching and learning aid (see 4.2).
Yet research reveals that many barriers beyond a lack of informa-
tion prevent people from engaging in environmental issues and
adopting pro-environmental behavior [52, 56, 78, 94]. Such barriers
include lack of self-efficacy, locus of control, and psychological dis-
tance to environmental issues. As discussed in section 4.4.2, some
articles reviewed here address self-efficacy [76, 109, 121, 155], locus
of control [1, 155], psychological distance [19, 127], and other fac-
tors; however, we can draw no clear conclusions yet on how using
XR might influence these aspects for addressing ES on an individ-
ual level. Empirical research on AR’s benefits beyond learning is
minimal even outside environmental subjects [17]; meanwhile, VR
research in other fields has highlighted its potential to generate
empathy [9, 139], influence cognition [14, 66, 132], and improve
self-efficacy [46, 146]. ES research using XR could harness these
qualities to address the individual barriers discussed, although other
technologies toward similar outcomes should also be considered.
Focusing research on addressing individual barriers might appear
to follow a pattern for which SHCI research has been criticized:

trying to influence individual change despite minimal evidence of
long-term success [62]. Yet, regardless of whether we focus on per-
sonal behavior change or broader policies, individuals will always
be at the center of the issues, as will obstacles such as self-efficacy,
locus of control [53], and psychological distance [23]. By expanding
XR research in ES into these and other barriers to environmental
engagement, ES and SHCI could develop better understanding of
and methods for influencing change from households to individuals
responsible for policy development. Therefore, future research on
XR in ES should seek to expand the thematic focus further to pro-
environmental behavior and connection with nature by exploring how
XR can be used to increase individuals’ sense of self-efficacy and their
perceived locus of control over environmental problems.

5.3.2  Researching the benefits and diversifying the intended purpose
of VR and AR features within the context of ES.. The features that
can be implemented within an XR application are extensive and
continue to grow with the rapid development of both VR and AR
technology. Given the extensive number of those available, it is
vital to develop an understanding of how and why these features
can help achieve different goals, such as behavioral change. As seen
in section 4.3, XR offers a wide variety of immersive and interac-
tive elements (e.g., haptic feedback, roleplay, avatars, etc.); in the
literature, however, the rationale for using some features was un-
clear. 19% of the publications let users explore the XR environment,
while 7% had guided exploration (see Table 9). However, the lack of
explanation for selecting either of these alternatives suggests that
they were implemented without an understanding of their benefit.
The recent growth in ES literature on XR indicates the enthusiasm
surrounding its possible applications (see Figure 2). Yet researchers
must use such technologies and their features cautiously, given
the impact of current XR hardware on energy consumption [85].
By deploying XR solutions without a true knowledge of why it
and its features are used, "solutions" are created that fail to meet
sustainability concerns and may even exacerbate the situation. This
has been a worry for the field of SHCI in general, the notion that
any technology may be used to solve the world’s problems [16, 150]
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rather than being skeptical of how and which solution we employ
[13, 118]. The current state of XR in ES seems to feed this negative
trend in SHCI, but the situation can be improved with a better
understanding of the technology. Therefore, future research in ES
should strive for a better understanding of why certain features are
being implemented. Some application features in the literature did
have a clear intention, or the authors noted a possible outcome from
using a specific affordance. Several of these features were employed
in learning to stimulate interest [114, 166], aid knowledge retention
[73, 98, 173], or elicit diverse learning types [69]. However, the
features used could affect measured outcomes (see 4.4.2) beyond
their intended purpose and contribute to additional research, such
as environmental engagement barriers. For example, some stud-
ies used VR to allow users to embody other living organisms and
adopt other perspectives to facilitate users’ connectedness with
nature [2] or aid learning [69, 70, 98, 114]. These features, when
combined with other interactive elements, may help users develop
an emotional connection to nature or reduce their psychological
distance from environmental issues. XR features may thus benefit
ES beyond learning, but to fully understand how, we must expand
their context and investigate their impact on measured outcomes.
This, in turn, can benefit ES and other sectors by revealing when
and how to deploy XR to create sustainable long-term solutions
rather than more temporary ones. Therefore, future research should
strive to diversify the intended purpose of implemented XR features
and study the impact they have on measured outcome variables in
the field of ES.

5.4 Theoretical Agenda

5.4.1 Understanding how users interact with XR technology within
ES and applying it in areas it excels at. Figure 2 shows that using
VR in ES is a newer research area; many are excited to explore and
harness its potential. But as with any new technology, its rapid adop-
tion leaves theoretical gaps related to XR technology’s application
and creates shortcomings, such as biases or misuse of technology.
For example, past studies analyzing storytelling in VR highlighted
how using 360° video in VR hinders users’ ability to focus and recall
information because VR environments promote exploratory behav-
ior [12, 106]; users thus tend to explore the environment rather
than focusing on narration or looking in the direction researchers
want. Despite this, our results showed that 33% of VR empirical
research in ES used 360° video (see 4.2.2). Furthermore, as shown
in Table 11, 53% of studies that investigated users’ environmental
inclination/behavior used 360° video, compared to 32% of studies
with interactive elements allowing free exploration (see 4.4.2), even
though VR is more successful in this context and with shorter ver-
bal dialogue requiring less attention [12]. 31% of the empirical VR
research analyzed did include interaction (see Table 6), with some
harnessing its embodiment capabilities through haptic feedback
[1, 2, 98], or explorative nature by testing movement within the
environment [155]. Future research using XR in ES should continue
to focus on interactive aspects, as these also play a role in another
area XR where excels, creating a feedback loop between users’ ac-
tions and information received through participatory experiences
[107, 120]. Research in other fields has highlighted VR’s potential
as an “empathy machine,” in part because it allows users to embody
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other perspectives [20, 139]. Just as future research in ES should fo-
cus on XR’s known strengths, it should also consider its limitations
and avoid using XR in a way that exacerbates them. As noted, users
tend to want to explore VR environments and thus struggle to con-
centrate on long narration or specific areas for an extended period.
The hardware’s limitations, which cause visual fatigue for some, are
another factor that hinders concentration [153]. Therefore, research
using XR in ES should continue focusing on XR’s known strengths (e.g.,
exploratory and participatory experiences) while avoiding its known
limitations (e.g., difficulties concentrating) and striving to further
understand how users interact with the technology.

5.4.2  Understanding the role of user personalities and attributes in
the effectiveness of XR interventions for ES.. Future research should
investigate how users interact with XR technology; however, user
personalities or personal traits may also influence how users inter-
act with XR and its impact in such domains as learning or behavior
change. Though no studies in our analysis thoroughly addressed
this area (see 4.4.2), a few suggested that AR and particularly VR
interventions could be more beneficial among people with low
trait abilities such as empathy, imagination, or compassion [2, 18].
The immersive capabilities of VR can counterbalance these traits
by having users embody other perspectives [3], it can also be an
ideal intervention for people who avoid emotional situations [18]
or considering environmental problems [17]. Given that personal-
ity and self-construal (independent or interdependent) potentially
influence individuals’ pro-environmental behavior and attitudes
[53], further research on VR and AR’s effectiveness with specific
traits or psychological dispositions would be valuable. Another
aspect to consider is users’ proneness towards social desirability;
although Chirico et al. noted that it only appeared to affect some
attitudes [29], additional research exploring its influence on XR
interventions would be beneficial. Finally, the effect of age on XR-
related psychological outcomes is pertinent, since so many studies
take place in classrooms. Previous research demonstrates that VR
results with adult participants cannot necessarily be generalized
to younger groups [21], prompting further investigation into the
effects of age differences on the results in Section 4.4.2. Outside
of ES, XR research has already noted that personality traits, such
as introversion, can influence a user’s sense of presence in a VR
environment [7, 152] or how they perceive it [141]. Gamification
research has identified how traits can influence individuals’ reac-
tions to different motivational affordances [74, 116] which could
also apply within an XR environment. If XR research were to elab-
orate on these findings and apply them inside ES, we might gain
a better understanding of who can benefit from XR or how to tai-
lor XR experiences to certain audiences (i.e., individuals with low
trait abilities) or objectives (i.e., reducing psychological distance
to climate change). Although these examples may not apply to all
aspects of sustainability, research should still consider user per-
sonality and attributes when addressing sustainability, given their
potential influence on pro-environmental behavior and concern
[53]. This would aid in developing solutions that are effective in not
only addressing specific themes such as climate action, but would
also give insight into tailoring them to a given audience. Therefore,
future research should strive to explore the impact users’ personalities,
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personal attributes, and age have on the efficacy of XR interventions
in ES.

5.4.3 Understanding the negative aspects and consequences of XR
use for ES.. Though many are eager to explore XR’s capabilities,
we must also consider negative impacts. As we note, the field
lacks a clear understanding of how AR and VR can benefit en-
vironmental issues, in part because of minimal empirical evidence
(see 4.3 and 4.4), but also because of a lack of understanding of
its negative aspects and possible consequences. Previous research
on immersion in VR has highlighted some side effects of using
VR, such as motion sickness, headaches, and other physical symp-
toms [27, 129]. Many of the VR studies we analyzed discussed
cybersickness, with some mentioning measures to counteract it
[15, 18, 19, 22, 24, 60, 113, 114, 126, 155]. Knowing these side effects
aids researchers in designing their experiments and allows them to
take steps to limit them. However, AR and VR are still novel tech-
nologies and long-term ramifications of their use remain unknown.
As with any other technology, there are possible ethical misuses of
XR’s features that we may not yet be aware of. By gaining a deeper
understanding of these areas, future researchers can design experi-
ments that prevent these undesirable elements. Others outside ES
are already considering the ethical difficulties that may develop
and the necessity for a VR ethical framework [83, 97, 99], which
should be considered within ES if the field is to continue work-
ing towards influencing individuals’ pro-environmental behaviors
and attitudes. Within the sustainable HCI community, speculative
and critical design [41, 88, 89] have been used as tools to engage
responsibly with far futures brought by novel technologies, such
as XR [57], to better position the opportunities and pitfalls that
can be created by those technologies. Understanding the long-term
effects of XR use will take time and requires proper investigation,
but ES research could similarly use speculative and critical design
to initiate dialogue around potential consequences of long-term
XR use and AR/VR’s viability as a solution for ES. Furthermore,
this could facilitate a better understanding of the potential ethical
implications of its application, not only in ES, but also in other
facets of sustainability such as economic and societal considera-
tions. Researchers should be careful not to develop solutions that,
in the long term, end up harming individuals they seek to engage
in efforts to promote sustainability, as this could defeat the purpose
of their work [13, 118]. Therefore, future research should further
investigate the potential long-term consequences and ethical aspects
of XR use in ES.

5.5 Methodological Agenda

5.5.1 Consistency in measurement instruments in XR research for
ES and exploring associated effects between variables. As the body of
empirical research on XR technology in ES expands, recurrent ob-
stacles continue to impede the field’s growth. Our analyses showed
that research on XR in ES is scattered, with a lack of uniformity in as-
sessment instruments and a limited grasp of relationships between
measured outcome variables. Although recurrent themes were iden-
tified among the measured outcomes, measurement instruments
and the context in which outcome variables were analyzed varied
greatly. Out of 48 empirical studies, there were only 7 instances
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of the same measurement scale being used; 3 used the Connect-
edness to Nature Scale (CNS) [2, 38, 98] and 4 used the Spatial
Presence Experience Scale (SPES) [18, 19, 45, 70]. Otherwise, there
were no similarities between the scales utilized, making it difficult
to compare study results. This inconsistency makes it challenging
to comprehend the impacts of XR on variables such as behavior
and immersion in the context of ES, a difficulty compounded by
the possibility of related effects between variables. Of the analyzed
literature, 13 papers mentioned associated effects between the vari-
ables they measured such as how participants’ spatial presence
related to perceived temporal distance or severity of environmental
issues [19] (Figure 4). Only two associated effects were referenced
by more than one study: self-efficacy and engagement [108, 109],
as well as immersion and spatial presence [18, 45]. These findings
are a crucial first step towards a better understanding of how to
utilize XR to support ES; however, additional research is required
to validate their observations. Through a deeper understanding
of how measured variables such as self-efficacy and engagement
influence each other, we can develop experiences not only within
XR but also using other platforms that are more suited to solve the
diverse difficulties of ES. This can then be expanded to other aspects
of sustainability such as societal and economical ones. However,
research must be replicable, which necessitates consistency in data
gathering. As many of the studies in this literature review relied
on Likert scales, one method to achieve this consistency would be
through relying on validated measurement scales (e.g., CNS or SPES)
instead of custom ones, but also including objective measurements
such as physiological ones, allowing other researchers to replicate
research and test other approaches and compare how they perform
against existing studies. Therefore, future research in ES should aim
for consistency among validated measurement instruments (e.g., CNS
and SPES) in XR studies and further investigate associated effects
between the measured outcome variables (e.g., spatial presence and
behavioral intentions, or interaction and learning).

5.5.2  Use of multiple measurement methods and data types in XR re-
search for ES.. Along with consistency in measurement instruments,
future research should include multiple measurement methods and
data types. Our analyses found that most studies relied on data col-
lected through questionnaires (see 4.4.1), which provides versatility
for almost all necessary scenarios and needed data. However, as
questionnaires rely on participants to self-report their experience,
they can be susceptible to manipulation. When participants are
asked about their feelings within a certain scenario, the question-
naire itself may bring about the very feelings that are meant to
be measured, even if the participants had not previously felt them
[148]. Researcher’s attempts to engage individuals in ES are com-
plicated by psychological and behavioral factors (see 2.1), which
may not be readily captured by the participants’ self-reflection. As
filling out questionnaires also demands taking a break from an
activity, participants may not recall the entirety of their experience
or may forget details pertinent to researchers [148]. Other aspects
to consider are social desirability bias [147] and demand character-
istics [112] which can come through questionnaires but also other
measurement methods. However, this high incidence of question-
naire usage is not exclusive to ES, as a separate study examining
the methodology used in realism research in XR concluded the
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same and recommended that the area embrace other methodologies
such as physiological measurements [55]. Adding physiological
measurements such as skin conductance, eye tracking, or palmar
sweat could provide additional data for understanding the complex
psychological and behavioral factors underlying environmental en-
gagement. If the XR application facilitates interaction, researchers
may combine physiological measurements with their observations
of how participants interacted with the XR environment and the
visualized information. The XR applications could be configured to
gather usage statistics and analytics to give an objective layer to re-
searchers’ observations of user behavior [55, 96]. In turn, this could
help researchers comprehend how users interact with XR to better
design and implement XR in areas where it thrives, as described in
Section 5.4.1. Research employing XR to induce pro-environmental
behavior or attitudes could use diaries to better record change out-
side of the controlled laboratory setting and to provide participants
with the opportunity to reflect on their experiences [82]. As we
currently lack understanding of the long-term repercussions of XR
usage in ES, diaries and comparable measures could bridge these
knowledge gaps by providing data covering a longer time period.
No measurement method is without limitations; yet each, when
paired with other measurement instruments, can help us gain a
deeper knowledge of the variables being measured [82, 148]. There-
fore, we suggest that future research involving XR for ES should aim
to incorporate other measurement methods to provide objective and
subjective data to create a better understanding of XR’s influence.

5.5.3 Conducting comparative studies of interactive XR applications
for ES to other media. As seen in section 4.4.2, most of this review’s
empirical research measured an XR intervention’s effect on aspects
such as learning, connectedness with nature, behavioral intentions,
etc. Among these studies, some conducted comparative studies
of how XR performed against other media such as watching the
same video on a monitor screen [45, 105] or exposure to traditional
teaching methods [157, 159]. However, as mentioned, 33% of VR
empirical research within our analyses used 360° video or a docu-
mentary approach (see Table 6) and out of the twelve comparative
studies using VR all but three [1, 2, 114] used 360° video conditions
(see section 4.4.2). Non-interactive interventions, such as the docu-
mentary approach in VR, may be informative, but they forgo the
opportunity to give users a sense of control over their actions and
outcomes by interactively engaging them in the topic. Considering
the first-person efficacy-related components that play a role in ad-
dressing ES on an individual level, comparative studies analyzing
the interactive aspects of XR versus other methods could provide
greater insight into the development of more effective strategies
for overcoming the obstacles discussed in section 2.1 such as locus
of control, self-efficacy, and psychological distance. Notably, 9 of
the 14 comparative studies using VR and AR focused on learning,
leaving little empirical evidence of how AR and VR perform com-
pared to other methods in the additional areas of research present
in this literature review such as behavior change, awareness, and
connectedness with nature. In the absence of comparative studies,
it is possible that XR in ES is being utilized more for its novelty than
for the advantages it offers over other media. Nevertheless, as the
novelty wears off, we must have solutions that justify using XR over
more accessible mediums. Even though XR technology has become
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significantly more accessible over the past decade, technologies
such as VR HMDs are still not as accessible due to economic and
ergonomic limitations. Without comparing the performance of XR
to other relevant media in areas such as learning, behavioral inten-
tions, or self-efficacy, ES lacks the necessary critical engagement to
comprehend the benefits of XR technology and apply them appro-
priately. This is not only a problem when examining XR research
within ES; it should be common practice when evaluating any new
technical method/approach. By evaluating the effectiveness of var-
ious interventions and methodologies, we may acquire a better
understanding of their strengths and shortcomings. This in turn
allows us to apply specific approaches and methods to areas where
they will achieve the highest benefit for addressing the environ-
mental, societal, and economical aspects of sustainability. Therefore,
to aid in research and the development of ES, researchers should strive
in the future to perform more comparative studies between interactive
XR applications and other mediums.

6 CONCLUSIONS

In this article, we systematically reviewed 80 papers related to the
use of XR technology in environmental sustainability (ES). Specifi-
cally, we investigated the context of how the technology had been
applied within the field, the engagement and interaction methods
used within the AR and VR applications, and the effects studied so
far of XR use for environmental topics. Our analysis indicated that
the area of research has been growing, with VR research showing
significant growth since 2018. Research in the field has been mostly
targeted toward education and ecology, though among empirical
research there was some interest in AR and VR use for behavior
change and connectedness with nature.

Although our results highlighted the diversity in the engagement
and interaction methods found in the discussed XR application, this
diversity, along with the wide context for their implementation,
made it difficult to pinpoint a pattern among the measured outcome
variables in the literature. To address this and other knowledge gaps
identified through our analysis, we propose a thematic, theoretical,
and methodological agenda for future research to guide subsequent
work and highlight new avenues of interest. Thematically, we pro-
pose further expanding the research focus of future work in how XR
and its features are used in ES, to understand its effect on individu-
als’ behavior and connection with nature. Theoretically, advancing
our understanding of AR and VR technology itself and user influ-
ence on the effectiveness of the technology would help understand
areas XR excels in, ethical concerns, and who might benefit the
most from its use. Methodologically, to increase research quality, we
propose diversifying the types of data gathered in studies concern-
ing XR use in environmental subjects and striving for consistency
in measurement instruments utilized, as well as conducting further
comparative studies between XR and other media to better under-
stand the influence that AR and VR can have in furthering the goals
of ES.
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