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SUMMARY: The traditional linear economy model of water resource management, which follows a take-make-
use-dispose pattern, is increasingly inadequate in meeting the rising demand driven by population growth and
climate change. In contrast, the circular economy, which emphasizes the repeated use of water, has been proposed
and advocated as a promising alternative over the past few decades. Nevertheless, research endeavours have yet
to reach the public in an efficient way, resulting in a gap of public engagement in circular economy adoption. With
advancements in computing power, this study investigates the potential of mixed reality (MR) technology to
enhance learning about circular economy in water systems, focusing on engineering students. The authors
compared the MR-based learning approach with conventional learning methods leveraging a proposed
quantitative workflow. Fifty engineering students participated in a controlled experiment to assess learning
outcomes. The findings significantly highlight the effectiveness of MR with 27.1% improvement of assessment
scores, surpassing the 11.5% improvement gain from the traditional learning approaches. This research
underscores MR’s potential in translating complex ideas into more accessible format. Future research will expand
participant diversity and apply MR to other sectors, enhancing public understanding and adoption of circular
economy concepts.
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1. INTRODUCTION

Water is one of the most essential elements for human survival. However, approximately 771 million people around
the world lack access to safe drinking water (World Health Organization and United Nations Children’s Fund,
2021). Additionally, industrial and agricultural activities, extreme weather events, and population growth have
further exacerbated global water crisis (The World Bank, 2021). The World Economic Forum in 2021 identified
global water crisis as the fifth most critical risk, given its wide-ranging potential effects on social, economic, and
environmental aspects (World Economic Forum, 2021). Thus, it is crucial to tackle the worldwide water challenges
for individuals and communities, strengthening the immediate need for collaborative action from public and
private sectors, and citizens.

One major cause of the water shortage is the traditional linear economy model, which follows a take-make-use-
dispose pattern (The World Bank, 2021). This model consumes vast quantities of fresh water for resource
extraction and industrial processing, and often releases polluted wastewater after use, further contaminating
available resources. That is, raw materials are extracted for manufacturing products, which are eventually disposed
after consuming, generating waste and pollution. This traditional linear approach is environmentally and
economically unsustainable, as it depletes extensive natural resources without replenishing them. With a rapidly
growing population, the linear economy is increasingly insufficient to meet the demands, as natural resources are
limited. In response to this, the concept of circular economy has been proposed in recent years. A circular economy
model is promising to mitigate water crises through closing the loop of water resources, thus promoting repeated
use of water. This approach can lead to lower water usage and waste by reducing, recovering, restoring, recycling,
and reusing water resources (Blomsma and Brennan, 2017; Morseletto, 2020; The World Bank, 2021).
Incorporating circular economy concepts in urban water systems is beneficial, as it can create more resilient and
inclusive cities, providing equitable services for vulnerable groups, and preparing cities for unexpected shocks
(The World Bank, 2021). The benefits of a circular economy extend beyond conserving water and reducing waste,
encompassing social, economic, and environmental advantages, thus underscoring the necessity for a transition
from a linear to a circular economy model.

While numerous researchers placed emphasis on the implementation of circular economy in water systems
(Bouziotas et al., 2019; Eshetu Moges et al., 2018; Gleason Espindola et al., 2018; Lee et al., 2023a; Makropoulos
et al., 2018; Roest et al., 2016; Smol et al., 2020; The World Bank, 2021), an efficient way to reach the general
public is still far from being settled. In fact, low public engagement is often identified as one of the major barriers
to adopting circular economy concepts (Guerra and Leite, 2021; Lee et al., 2023a).To be more specific, the general
public may have difficulty accessing research articles, and publications require professional knowledge to digest
thus are challenging for an average citizen to comprehend. To create a bottom-up culture that widely embraces
circular economy principles, it is important to enhance public awareness. In this regard, strategic and effective
communication methods are necessary to raise public consciousness of the importance of the circular economy
and its potential to address global water shortages. This can encourage behavioural changes among individuals
and advocate for policy changes among stakeholders, thereby supporting the paradigm shift to a circular economy.
Changes in both individual behaviours and policies can pave the way for the broad implementation of circular
economy concepts within the water sector, contributing to the development of more resilient, sustainable, and
inclusive water systems.

Building upon this understanding, visualization technologies emerge as potential tools to bridge the gap between
complex concepts and the public’s comprehension. Visualization has been recognized as having increasing impact
on environmental planning and policy, given its capacity of simplifying complicated information or knowledge
and making it more memorable and accessible (Metze, 2020). Visualization techniques, ranging from infographics
to 3D modelling, can effectively translate intricate ideas or data into engaging and understandable formats.
Through the use of visualization, the potential advantages and impacts of adopting circular economy concepts can
be vividly conveyed, strengthening understanding and appreciation among the general public. As a result, policy
makers can establish informed discussions with the public and encourage their support for necessary policy
changes, thereby leading to wider adoption of circular economy in the water sector.

Advancements in Extended Reality (XR), including Augmented Reality (AR), Virtual Reality (VR), and Mixed
Reality (MR), are rapidly revolutionizing numerous industries, including education. These visualization
technologies share the benefit of offering more interactive, immersive, and engaging experiences that enhance the
learning process and foster an inclusive environment catering to a variety of needs (Adami et al., 2022; Billinghurst
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and Duenser, 2012; Cheng et al., 2023, p. 360; Ogunseiju et al., 2023; Quintero et al., 2019; Sakib et al., 2021).
Incorporating the strength of AR and VR, MR technology offers a hybrid and seamless experience where users
can interact with both digital and physical objects. While VR delivers full immersion, it disconnects users from
their surroundings, which may induce discomfort or anxiety (Dodevska et al., 2025; Papaefthymiou et al., 2024)
and limits its suitability for topics grounded in real-world contexts. Conversely, AR often lacks the depth of
interactivity needed to explore complex, multilayered systems (Negrdo and Maciel, 2024; Radu, 2014). MR was
therefore selected for this study as it enables interaction with complex 3D data while maintaining awareness of the
physical environment (Begout et al., 2022), effectively situating the abstract and often “invisible” urban water
system within physical space. The authors explored the use of MR as an efficient teaching method, aimed at
effectively communicating circular economy knowledge, starting with engineering students. As future designers,
policymakers, and technical experts, their understanding is critical for the implementation of these complex
systems. The authors proposed a framework that leverages the Microsoft® HoloLens 2 MR technology to educate
users about circular economy principles in urban water systems. Its feasibility was validated through comparative
evaluation with traditional teaching methods. This methodology supports the development of MR educational
applications to promote the circular economy and can be applied to various urban systems beyond water.

2. BACKGROUND RESEARCH

In recent decades, advancement in digital visualizations has led to a revolution that information is store and
communicated in different ways (Cheng et al., 2024; Skaaland and Pitera, 2021). For example, Building
Information Modeling (BIM) and Geographic Information Systems (GIS) have been largely used in infrastructure
projects, enabling more efficient and seamless flow of data collection and exchange. The use of digital visualization
was found to be helpful in improving communication with the public and stakeholders, eliminating barriers
associated with public participation (Hanzl, 2007; Lee et al., 2023b; Ma et al., 2022). When transforming complex
ideas into understandable formats, visualizations are found to be particularly helpful and have been seen as the
only common language to all participants (King et al., 1989; Metze, 2020). For instance, 3D models, simulations,
and XR are common digital visualization techniques.

Soman et al. (2024) identified XR as a motivational tool for engaging citizens, communities, and professionals in
circular economy design and decision-making, as these technologies facilitate visualization and comprehension of
complex concepts. Numerous researchers have investigated the potential of using VR and AR to overcome
challenges in public engagement, showing encouraging results (Goudarznia et al., 2017; Hassan et al., 2025; Katika
etal.,2022; Lee et al., 2024; Sabitha et al., 2024; Sermet and Demir, 2020). Katika et al. (2022) developed a mobile
AR-based application that incorporates digital content relevant to circular economy concepts to engage the public,
demonstrating a positive impact on citizens’ interest and confidence in the circular economy, particularly among
those with limited prior knowledge. Similarly, Goudarznia et al. (2017) examined AR's effectiveness in public
participation for urban planning, highlighting its capability of to foster interactive decision-making processes that
empower citizens. Extending AR’s application beyond planning, Nadeem et al. (2025) proposed a framework of
measuring using AR in marketing to improve climate-positive consumer engagement in sustainability. Lee et al.,
(2024) further explored how AR can enhance public participation in sustainable building systems, while Hunter et
al. (2022) emphasized AR’s value in enabling users to participate in sustainable urban planning, thereby increasing
community engagement.

Sermet and Demir (2020) presented various AR and VR applications in environmental education, including several
case studies that highlight the capacity of these technologies to raise awareness. Other studies have focused
specifically on VR. For example, O’Grady et al. (2021) employed a gamified VR environment based on digital
twin to provide immersive learning experiences of circular economy principles within the construction industry.
Similarly, Spadoni et al. (2024) developed a VR experience that visualizes the environmental impacts of the fashion
industry to promote awareness, while Etto et al. (2025) introduced a VR escape room game designed to enhance
waste-sorting knowledge and practical skills, demonstrating greater effectiveness than traditional teaching
methods. Similarly, Esmaeili and Thwaites (2021) created a VR game that immerses users in the environmental
consequences of human activities aligned with the linear economy model, fostering a deeper sense of
environmental urgency and awareness. Furthermore, Chen et al. (2021) illustrated how VR can be utilized to
minimize the environmental impact of manufacturing processes. Scurati et al. (2021) proposed a design framework
for developing VR experiences that promote sustainable behaviour by addressing emotional, rational, and practical
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dimensions. Nouri and Bouzaabia (2025) examined the impact of VR on users’ perceptions of climate change,
demonstrating its effectiveness in capturing attention and raising awareness.

Although research interest has surged in the field of MR technology (Carbonari et al., 2022; Holly et al., 2022;
Stothard et al., 2019; Thiede et al., 2022), using MR as a tool for fostering awareness of circular economy principles
remains underexplored. Several researchers have begun to bridge this gap. For instance, Zaharie et al. (2020)
proposed VR and MR as an advanced educational methodology for the complex, multidisciplinary domain of the
circular bioeconomy. More recently, studies in the related field of sustainability education has shown MR's
effectiveness in enhancing STEM learning and user engagement (Criollo-C et al., 2025; Liu and Liu, 2025). Cao
et al., (2024) The use of MR in education incorporates the benefits of AR and VR, which potentially amplifies user
engagement and clarifies the often-complex ideas inherent in the circular economy. MR offers an opportunity for
a personalized and interactive learning path, allowing users to engage with content in ways traditional educational
methods cannot match. Recognizing the potential of MR, the authors aim to evaluate its effectiveness in improving
the learning experience and elevating public awareness of circular economy principles in water systems.

3. RESEARCH METHODOLOGY

3.1 Experimental design

In this study, the authors presented a workflow to evaluate the effectiveness of MR as a learning tool. The primary
objective was to determine if MR enhances knowledge acquisition and provides a more engaging experience
compared to traditional teaching methods. The authors recruited 50 engineering students from a university in the
United States Southern region. This group was specifically chosen not as a representation of the general public,
but as a group of potential future engineering professionals whose perspectives and learning outcomes are relevant
to the implementation of circular economy principles. These students were randomly assigned to two groups: a
treatment group (n=25) and a control group (n=25). The treatment group used Microsoft® HoloLens 2 to interact
with the learning content. The control group learned by watching traditional lecture videos. This design allowed
for a direct comparison of the effectiveness of MR technology versus conventional lectures in circular economy
education. The primary workflow was structured into four key steps: (1) Learning Materials Development, (2) Pre-
activity Assessment, (3) Learning Activity, and (4) Post-activity Assessment. Each of these steps is described as
follows:

(1) Learning Materials Development

The learning materials designated for the treatment group was an MR application on Microsoft® HoloLens
2, while the control group utilized a pre-recorded lecture video. The authors have detailed the development
workflow for the MR application in previous publication (Lee and Leite, 2024). In this study, Autodesk®
Navisworks, Autodesk® Infraworks, and Autodesk® 3DS Max were utilized for 3D model creation and
optimization (Figure 1). Then, Unity® was used for developing and testing the MR application, which guides
users through interactive elements and can be completed in approximately ten minutes. Specifically, the
educational content focused on "hard-to-imagine" concepts, using a 3D model of the Seaholm Power Plant
redevelopment project in Austin, TX, which served as a representative case study. The MR application
enabled users to examine the intricate and otherwise “invisible” underground circular water system. For
example, users could spatially position the 3D city model within their physical environment, manipulate its
orientation to “see through” the ground plane and reveal the concealed infrastructure (e.g., piping and tanks)
by moving the digital object, and interactively trace abstract resource flows, such as rainwater harvesting.

3D BIM Creation | == BIM Optimization = Dﬁf’{‘;'lfs:::;t ‘=) Product Testing

AUTODESK | | o
REVIT | & AUTODESK' | Qunity | W Microsoft
: | e unit ; |
AUTODESK’ ! 3DS MAX y | BN HoloLens

INFRAWORKS !

@ ITcon Vol. 30 (2025), Lee & Leite, pg. 1899



For the control group, the lecture video was created using slides and artificial intelligence (AI) narration,
culminating in a 10-minute video. To ensure content equivalency, the video extended beyond static visuals
by incorporating pre-recorded animations and fly-throughs of the identical 3D models (e.g., the Seaholm
project) utilized in the MR application. This method ensured both groups were exposed to the same "hard-to-
imagine" concepts, such as the underground infrastructure. It is noteworthy that the MR application and the
lecture video deliver the same educational content; the distinction lies solely in their respective methods of
delivery.

(2) Pre-activity Assessment

The researchers used an online Qualtrics survey to collect participant demographic information and assess
their initial knowledge. The survey also included questions about participants' prior experience with VR, MR,
gaming, and their general computer skills to gauge their technological proficiency. In the knowledge test,
students were prompted to answer ten fundamental multiple-choice questions concerning the circular
economy in water systems, serving as a baseline measure of their understanding. Each correct answer earned
one point, with a maximum of ten points. The knowledge test allowed a total of five minutes for completion,
ensuring a swift yet effective assessment. The results from this pre-activity assessment would later provide
valuable insights into the educational impact of the MR application and lecture video.

(3) Learning Activity

During the learning activity, students in the treatment group acquired knowledge of circular economy
concepts through experiencing the MR application on Microsoft® HoloLens 2. This MR module was
designed to be completed within ten minutes, incorporating interactions and educational content (Figure 2).
In contrast, the control group participants spent ten minutes watching a lecture video on a laptop. This video,
which featured slides and Al narration, delivered the exact same educational content as the MR application,
ensuring the delivery method was the only variable.

Figure 2 : MR Application Demonstration.
(4) Post-activity Assessment

The post-activity evaluation included the same set of knowledge-based questions as in the pre-activity
assessment to quantify the knowledge acquisition and understanding. The scoring range remained from zero
to ten points. Additionally, participants in the treatment group completed a series of questions regarding their
experience with Microsoft® HoloLens 2. This feedback was intended to capture their perspectives, the
usability of the technology, and its potential as a educational tool. The information gathered from these
answers is crucial for assessing how engaging MR technology is and how it affects education in comparison
to traditional learning methods.
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3.2 Learning outcomes

The learning activity was designed to introduce foundational circular economy concepts in water systems using
the Seaholm Power Plant case study. Given the short duration of the module, the intended learning outcomes
focused on basic conceptual understanding rather than advanced engineering competencies. After completing the
activity, students were expected to:

(1) Recognize the main components of the circular water system, including collection, treatment, storage, and
reuse.

(2) Describe the basic flow of water through the circular system, such as how rainwater is collected, treated, and
reused.

(3) Identify the key differences between linear and circular economy systems, including the primary advantages
and limitations.

(4) Understand how MR visualization represents otherwise invisible system elements, such as underground
infrastructure and resource flows.

These outcomes align with the introductory scope of the activity and reflect the level of understanding expected
within a brief, 10-minute learning experience.

4. RESULTS AND DISCUSSION

4.1 Composition of participants

Figure 3 illustrates the educational levels of participants in each group. PhD students made up the largest portion
of both groups, representing 52% of the control group and 40% of the treatment group. Undergraduate students,
on the other hand, represent the smallest portion in each group, accounting for 20% in the control group and 24%
in the treatment group.

Control Group Treatment Group
20% 24%
40% Undergraduate student
Master’s students
2% PhD student
28%
36%

Figure 3: Educational levels of participants in each group.

4.2 Assessment scores for each group

Figure 4 shows the average pre- and post-activity evaluation scores for both groups, calculated as arithmetic mean
values. The scores range from zero to ten, reflecting the group’s overall performance and understanding of circular
economy concepts before and after the learning activity. For the control group, the mean pre-score was 6.43, with
a standard deviation of 0.95. The mean post-score was approximately 7.17 with a standard deviation of 1.15,
resulting in an improvement of 11.5%. On the other hand, the mean pre and post-activity assessment scores of the
treatment group was 6.64 (standard deviation = 1.05) and 8.44 (standard deviation = 1.26), respectively. The results
indicate a more substantial improvement of 27.1%.
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Control Group Treatment Group
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Figure 4 : Pre- and Post-activity Assessment Scores.

Figure 5 and Figure 6 demonstrate the individual score differences for each participant within the control and
treatment groups, respectively. The score difference is calculated by subtracting the pre-activity score from the
post-activity score for each participant. As shown in Figure 5, score differences of participants in the control group
range from a decrease of 1 point to an increase of 3 points, indicating varied levels of improvement or decline. The
majority of participants in this group show a positive difference, suggesting an overall improvement in the
assessment scores after the activity (i.e., watching a lecture video). The score differences in the treatment group
range from -1 to 6 (Figure 6). Furthermore, the treatment group displays a larger number of participants with higher
positive score differences, indicating a more significant improvement after the activity (i.e., MR experience) for
most participants compared to the control group.

Control Group

Score Difference
MR O R N W B o~

1 3 4 6 7 89 10111213141516171819‘2122232425

Participants

Figure 5 : Individual Score Differences in the Control Group.

Treatment Group

Score Difference

1234567 8810111213141581718192021222324125

N O RN WA ;o ~

Participants

Figure 6: Individual Score Differences in the Treatment Group.
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4.3 Within-group comparisons

In this study, the authors conducted experiments under the assumption that participant data follows a normal
distribution. A paired t-test for within-group comparisons is conducted using pre- and post-activity scores in each
group. The null hypothesis (Hy) was that there was no significant difference in terms of learning effectiveness
before and after the intervention, namely watching lecture videos or using HoloLens 2. The alternative hypothesis
(H;) suggested a significant difference in learning effectiveness, with the post-activity scores being lower or higher
than the pre-intervention scores, demonstrating an effect resulting from the intervention. In this study, a 5%
significance level (a=0.05) was selected as the threshold for statistical significance.

The paired t-test on the control group yielded a statistic of 3.23 with a p-value of 0.0038. The p-value of the control
group is less than 0.05, which indicates that the increase in scores from pre-test to post-test is statistically
significant. Similarly, the paired t-test within the treatment group demonstrated a statistic of 5.9 with a p-value of
0.0052, indicating a statistically significant improvement in scores after the learning activity. Both groups showed
improvement in their average assessment scores following the activity. Initially, the pre-activity scores were
similar, with the control group at 6.43 and the treatment group slightly higher at 6.63. After the activity, the
treatment group’s score increased significantly to 8.46, indicating a substantial improvement (1.83) in knowledge
due to the specific learning method employed. The control group’s post-activity score also rose to 7.17, suggesting
an improvement (0.74) but not as significant as the treatment group.

4.4 Independent samples t-test

In this research, the authors aim to compare the effectiveness of two distinct learning approaches: using HoloLens
2 and watching lecture videos. To validate the efficacy of the two learning experiences, an independent samples t-
test was employed, which is particularly appropriate for comparing two independent groups. The independent
samples t-test help determine the observed difference in post-activity and pre-activity assessment scores between
the two groups are statistically significant, or if they could have occurred by chance. For independent samples t-
test, the null Hypothesis (H)) posited that there is no significant difference in the learning effectiveness between
using HoloLens 2 and watching videos. Alternative Hypothesis (H;): Learning with HoloLens 2 is more effective
than learning through video lectures. A 5% significance level (¢=0.05) was selected to determine the threshold for
statistical significance in this research.

The independent t-test comparing the two learning approaches yielded a t-statistic of 2.71, and the p-value was
found to be less than 0.05 (p-value = 0.0094) from the result of this study, suggesting there is a statistically
significant difference between the treatment and control groups in terms of scores. That is, the learning
effectiveness of using HoloLens 2 differs from that of watching lecture video. Since the p-value is lower than the
predetermined threshold of 0=0.05, we reject the null hypothesis that assumed there are no difference in
effectiveness. As a result, the findings from this study support the alternative hypothesis that learning with
HoloLens 2 is indeed more effective than watching lecture videos in the context of circular economy in water
systems.

4.5 Effect size calculation

Effect size calculation is a statistical measure that quantifies the magnitude of the difference between two groups,
indicating how large the effect is. In education research, Cohen’s d (Cohen, 1988) is one commonly used measure
of effect size, which is especially helpful in comparing the difference between two means. Cohen’s d is calculated
as follows:
M, — M,
d=——7— 1
SDpooled ( )

where M, = the mean value of the first group

M, = the mean value of the second group

SDpoo1ea = the pooled standard deviation of the two groups

The pooled standard deviation (SDp01¢q) is @ weighted average of the standard deviation of the two groups, which
is calculated using the following formula:
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(n, — 1)SD;? + (n, — 1)SD,*
SDpooled :j : - 2 2 (2)

n1+n2_2

where n, and n, represent the sample sizes, and SD; and SD, are the standard deviations for each group.

In educational research, Cohen’s d values can be interpreted as follows: small effect: 0.2, medium effect: 0.5, and
large effect: 0.8 (Cohen, 1988). The Cohen’s d value for the experiment of this study is approximately 0.78, which
is close to the threshold for a “large” effect. Therefore, it can be concluded that using HoloLens 2 had a substantial
impact on learning experiences in comparison to traditional learning approach in this study.

4.6 Regression Analysis

In the pre-activity assessment, participants’ demographic information such as ages, current academic status, and
majors was collected. Furthermore, several self-rated relevant skills and experiences are recorded. Combining
these data with test scores, the regression analysis was conducted based on Pearson correlation coefficients (),
which measure the linear relationship between two variables X and Y. The Pearson correlation coefficient ranges
from -1 to 1, with -1 and 1 indicates perfect negative and positive linear relationships respectively. The 7 is
calculated as follows:

L EK =R -T)
VI —X)2X(Y, - 7)?

where  X; and Y; are individual scores

)

X and Y are the means of Xand ¥

The regression analysis uncovers the following key findings, where a correlation heatmap is provided in Figure 7:

1. R-squared: The R-squared is 0.366, suggesting that approximately 36.6% of the variability in
the post-activity assessment scores can be explained by the model. The remaining 63.4% of the
variability is attributed to factors not measured in this study. These could include individual
differences in motivation, learning styles, or specific prior knowledge not captured by the pre-
test. While a portion of the score variability is accounted for, this suggests that the model has a
moderate, but not perfect, predictive ability..

2. Experience with VR/MR headsets: The p-value of this variable is 0.034, indicating that
participants’ prior experience with VR or MR headsets is a predictor of post-activity assessment
scores. This finding suggests that participants with previous exposure to this technology
performed better. This advantage may stem from their comfort with the hardware and interface,
allowing them to focus more on the educational content rather than the technology itself.
Conversely, this added cognitive load from navigating an unfamiliar interface likely explains the
few instances of score decreases observed in the treatment group (Figure 6), as these participants
may have been more focused on the hardware than the lesson.

3. Age: The p-value of age variable is not statistically significant (p = 0.166), illustrating that age
may not have a strong impact on the post-test scores.

4. Academic Background: Current academic status and major variables do not show statistical
significance. Thus, within this sample, these variables may not have strong influence on the post-
activity evaluation scores.
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4.7 Perceived Quality

In the post-activity evaluation of this study, the authors employed a comprehensive multidimensional model, as
suggested by Pribeanu et al. (2017), to assess the perceived quality of the MR application as a learning tool for
circular economy concepts. The model focuses on three core aspects, including ergonomic quality (Q-ERG),
learning quality(Q-EDU), and hedonic quality (Q-HED). Also, the model contains various constructs, such as
Perceived Usefulness (PU), Perceived Efficiency (PEF), and Perceived Ease of Use (PEU). The post-activity
survey was constructed based on the variables of this model, as shown in Table 1, using a 5-point Likert scale
ranging from 1 (strongly disagree) to 5 (strongly agree) to collect participants’ opinions.

Correlation Heatmap stronger positive
correlation

1.0

0.8

=0.6

-0.4

-0.2

-0.0

stronger negative
correlation

Figure 7: Correlation Heatmap.
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Table 1 : Aspects, constructs, items, and variables in this study.

Aspect Construct Item Variable
Ergonomic quality(Q-ERG) Perceived learnability (PEL) PEL1 Understanding how to use Hololens2 is easy.
PEL2 It would be easy to learn how to use HoloLens2.
PEL3 It would be easy to remember how to use HoloLens2.
Perceived ease of use (PEU) PEU1 It would be easy to use HoloLens2 for learning Circular Economy/Sustainability.
PEU2 Interacting with HoloLens2 was easy for me.
PEU3 HoloLens2 is easy to use.
Learning quality(Q-EDU) Perceived efficiency (PEF) PEF1 HoloLens2 would help me to understand the lesson faster.
PEF2 HoloLens2 would help me to learn more quickly.
PEF3 HoloLens2 would help me to understand the lesson better.
Perceived usefulness (PU) PU1 After using HoloLens2 my Circular Economy/Sustainability knowledge will improve.
PU2 HoloLens2 exercises are useful to test my knowledge.
PU3 HoloLens?2 helps learning Circular Economy/Sustainability.
Hedonic quality(Q-HED) Perceived cognitive absorption (PCA) PCAlL Time appeared to go by very quickly when I was using HoloLens2.
PCA2 While using HoloLens2 I was absorbed in what I was doing.
PCA3 While using HoloLens2 I was able to concentrate on the lesson.
Perceived enjoyment (PE) PE1 Using HoloLens2 is an enjoyable learning experience.
PE2 I like learning Circular Economy/Sustainability with HoloLens2.
PE3 I enjoyed using HoloLens2.
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The authors performed data analysis through IBM SPSS Amos 26 Graphics, to evaluate reliability and validity. As
shown in Table 2, all standardized factor loadings are larger than 0.7 (ranging from 0.701 to 0.975), indicating a
strong correlation between items and their respective constructs. For each item, the composite reliability (CR) is
above the threshold of 0.7, strengthening the internal consistency of the constructs. Furthermore, the average
variance extracted (AVE) values, ranging from 0.529 to 0.782, also surpassed the minimum recommended level
of 0.50. This confirms a robust relationship between the constructs and their items.

Table 2: Convergent validity, descriptive statistics, and construct reliability of this study.

Construct Item Mean SD R? Loading t-Value CR AVE
PUL 3.960 0.790 0.860 0.927 6.465

PU PU2 3.800 0.957 0.492 0.701 4.231 0.897 0.748
PU3 3.960 0.841 0.893 0.945 -
PEF1 3.600 1.190 0.752 0.802 4.788

PEF PEF2 3.600 1.118 0.951 0.867 5.016 0.914 0.782
PEF3 3.880 0.927 0.600 0.975 -
PEU1 3.840 0.943 0.151 0.789 1.422

PEU PEU2 3.680 0.945 0.472 0.887 1.806 0.866 0.684
PEU3 3.680 0.988 0.904 0.802 -
PEL1 3.840 0.850 0.155 0.794 2218

PEL PEL2 4.040 1.060 0.824 0.793 1.766 0.818 0.599
PEL3 4.400 0.707 0.402 0.734 -
PEI 4.480 0.823 0.660 0.813 3.770

PE PE2 4.240 0.926 0.781 0.883 3.822 0.856 0.665
PE3 4.360 0.810 0.554 0.745 -
PCALl 4.040 0.935 0.074 0.721 1.819

PCA PCA2 3.920 1.187 2.350 0.733 1.674 0.771 0.529
PCA3 3.840 1.214 0.183 0.728 -

In summary, the above analysis indicates that HoloLens 2 has been evaluated as a high-quality learning tool, as
perceived by the participants. The MR experience scored well across various facets of quality, demonstrating its
potential as an effective educational resource in the field of circular economy.

S. CONCLUSIONS

In response to the global water crisis, the concept of a circular economy has been advocated as a promising solution
in recent decades, given its potential in establishing more sustainable water resource management. Although
extensive research efforts have been made in this field, the challenge of conveying those works to the public is far
from being settled. For the widespread adoption of circular economy principles in the water sector, it is essential
to increase public awareness as it is often identified as one of the biggest barriers. Consequently, in this paper, the
authors aimed to bridge the knowledge gap between the general public and circular economy principles in water
systems through the latest visualization technology. Visualization technologies have the ability to simplify complex
or abstract ideas into tangible formats, enabling users to easily digest without extensive prior knowledge or
experience.

Among state-of-the-art visualization tools, mixed reality was selected as a learning tool in the study. The
researchers proposed a methodology to validate the effectiveness of using MR to improve engineering students’
learning experience in circular economy concepts in urban water systems. A series of experiments was conducted
by recruiting engineering students from a certain university, focusing on investigating their learning outcomes.
The 50 participants recruited were randomly assigned to the treatment and control groups. Results show that both
groups have statistically significant improvement in their scores. Moreover, the results also suggested using
HoloLens 2 had substantial impact on students’ performance compared to watching a lecture video. This
demonstrated the potential of MR in improving learning experience in circular economy concepts, simplifying
hard-to-imagine concepts into engaging MR experience to connect the public and communicate with the broader
audience.
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A key limitation is that our findings, while significant for engineering education, cannot be generalized to the
broader public. Our study focused on a group of potential future engineering professionals responsible for
implementing circular economy, not the general population responsible for adopting it. To further advance and
contribute to the field of study, future efforts will focus on expanding our participant pool to include a more diverse
demographic, encompassing various majors and educational backgrounds. In this way, a more comprehensive
understanding of the effectiveness of MR as a learning tool can be provided. The same methdology could also be
replicated in other domains, such as the circular economy in energy systems, to further validate the impact of MR
on engagement and education. Additionally, future research should integrate the detailed perceived quality metrics,
such as Perceived Ease of Use (PEU) and ergonomic factors, directly into the regression models to better quantify
the impact of cognitive load and interface friction on learning outcomes. Ultimately, by increasing understanding
of these vital concepts, a greater adoption of circular economy concepts can be achieved, which is crucial for
confronting environmental challenges.
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