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Abstract: In the evolving field of civil engineering studies, a significant transition is evident from
fundamental to new-generation research approaches. This paper presents a systematic literature
review aimed at analyzing these shifts, focusing specifically on the performance of students in educa-
tional buildings thought the integration of modern technologies such as the Internet of Things, life
cycle assessments, and building information modeling. Covering the literature from the late twenti-
eth century to the early twenty-first century, the review emphasizes advancements in sustainable
infrastructure, eco-friendly designs, digitalization, and advanced modeling. A comparative analysis
reveals that while the fundamental articles are primarily focused on indoor air quality parameters,
the new-generation articles prioritize technological integration to address broader environmental con-
cerns and for improved building performance. Challenges in the education sector, such as insufficient
energy use, high maintenance costs, and poor working conditions, are also discussed, showcasing
their impact on student learning outcomes. The methodology employed for this review included
a comprehensive search in databases such as Scopus and Web of Science, using keywords such as
“school buildings”, “IoT”, “BIM”, and “LCA”, ensuring a robust and diverse collection of academic
articles. The findings show that new trends supplement existing topics, suggesting an integration
rather than a replacement of traditional practices. Consequently, future research efforts will need to
include a broader range of information to fully account for the evolving landscape in this field.
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1. Introduction

People spend 87% of their lifetime inside buildings [1], with approximately 30% of that
time being spent by primary and secondary school students in a space dedicated to their
learning, which is called the classroom [2]. Extensive research has demonstrated the nega-
tive impact of air pollution on health [3–9] and student academic accomplishments [10–12].
The classroom indoor air quality (IAQ) can influence the time students spend in classrooms
and their academic performance due to illness-related attendance [13–17]. Multiple re-
search studies have conducted assessments of classroom IAQ [18], revealing problems in
poorly ventilated classrooms [19]. Many classrooms discussed in these studies did not have
enough fresh air circulation. The circulation was below the levels recommended by the
American Society of Heating, Refrigerating, and Air Conditioning Engineers (ASHRAE)
for maintaining good indoor air quality [18,20].

A group of studies [21–26] looked into how the environment and features of school
buildings affect student learning and success. In these previous studies, it was found that if
indoor conditions such as ventilation [15,27–33] are inadequate, this could lead to health
issues for students and staff, which can also result in reduced concentration, attendance, and
academic performance. Air pollution has been shown to harm cognitive abilities, affecting
memory, attention, visual processing, and problem-solving. In a recent study, it was
discovered that if students are taught in premises with bad air quality, they are more likely
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to get lower grades, and this exposure to air pollution is linked to decreases in academic
performance [32]. These findings indicated that environmental aspects such as indoor air
quality and air pollution play a crucial role in student learning and success. It is suggested
that making improvements in the quality of the school environment could enhance student
outcomes and test scores [23,24,31]. Studies conducted in Europe and the USA have also
shown a connection between students’ academic performance and the ventilation rates in
classrooms [34,35]. Wargocki et al. (2013) discovered that indoor air conditions, using CO2
levels as an indicator of ventilation rates, affected student performance by causing more
errors and slower task completion [35]. Additionally, the findings of Crosby et al.’s study
emphasized the advantages of prioritizing energy efficiency in school infrastructure. They
highlighted how this approach not only enhances the educational quality but also fosters a
healthier learning environment, yielding numerous benefits [36]. Studies that highlighted
the importance of various factors for student performance are shown in the Table 1.

The research by Economidou et al. (2011) revealed that within the European Union,
educational structures encompass approximately 17% of the non-residential building inven-
tory in terms of square meters. According to this statistic, educational buildings represent
the third most substantial sector, trailing behind wholesale and retail buildings (at 28%)
and offices (at 23%) [37]. However, not as many studies have looked into how the indoor
environment affects well-being and work productivity in educational buildings compared
to other types of structures. Mendell et al. (2005) [15] and Wargocki et al. (2013) [35]
reviewed the existing research, combining the results from practical tests and experimental
studies. They connected negative health effects and lower student performance to inade-
quate indoor temperature or air quality conditions [15,35]. This article extends their work
by integrating modern technological trends such as IoT, BIM, and LCA, which were not the
focus of earlier studies. While both this article and the earlier studies are focused on educa-
tional buildings, the key differences lie in the timelines and technological advancements,
as the previous articles are over 10 years older. In contrast to office buildings, which are
designed for the purpose of profit, educational buildings, created for non-profit purposes,
have not been as thoroughly examined from the perspective of a life cycle cost/life cycle
assessment (LCC/LCA) [38].

The fundamental articles primarily focused on parameters related to indoor air quality,
particularly heating and ventilation. The earliest discussions about school ventilation dated
back to the late 1800s, originating mainly within the medical field. While the authors of
these articles primarily addressed heating and ventilation factors [39–41], they laid the
background knowledge that would later influence discussions on indoor air quality in
educational settings. However, only in the mid-1900s did articles specifically devoted to
school ventilation begin to appear in engineering and environmental science journals. Since
then, there has been a significant growth in the number of articles on this topic, and there
have been two notable increases (Figure 1). The first increase occurred between 2007 and
2011; that is, around the time the era of Industry 4.0 began. Schwab (2017), in his book The
Fourth Industrial Revolution, defined Industry 4.0 as the fourth industrial revolution, which
involves the integration of smart, interconnected machines and systems (such as automated
manufacturing robots and smart grids), the Internet of Things (IoT), and network-based
operations (such as real-time data analytics and cloud computing) in various industries,
including construction and education [42]. Next, there was a decrease, possibly because
many researchers moved on to the Industry 4.0 field and started writing about that instead.
The second increase occurred in 2019, during the time when the COVID-19 pandemic was
affecting the world.

Sustainability aspects are important in all fields, including research. They are impor-
tant because they help us balance the economy, people’s well-being, and taking care of the
environment. This represents an ability to meet today’s needs without compromising the
ability of future generations to meet their needs [43].
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Figure 1. Number of publications by year in the Scopus database (keyword “school ventilation”).

The usage of sustainable methods is crucial for schools. These methods help create
schools that care about the environment and use resources wisely. There are different
building certification systems such as Leadership in Energy and Environmental Design
(LEED) [44], the Collaboration for High Performance Schools (CHPS) [45], the Build-
ing Research Establishment Environmental Assessment Method (BREEAM) [46], Green
Star—Education V1 [47], and WELL [48] that give guidelines to make sure that the school
environment is more sustainable. When certifying buildings using the mentioned systems,
factors such as saving energy, using water wisely, using environmentally friendly materials,
and making sure the IAQ is clean are taken into consideration.

The authors of this article conducted a systematic literature review, discussed in the
Materials and Methods section, and looked into 25 published studies (Table 1), analyzing
the various factors that affect students’ academic performance. These 25 articles were
selected based on the criteria listed in Table 1, which were chosen by the authors of this
article. The table is part of an introduction and review of already existing articles to
highlight the importance of investigating more parameters under one field of study in the
future, as one parameter alone cannot impact students’ performance as significantly as the
combined effect of multiple parameters. The table could have included more articles if
additional investigated parameters had been considered. The chosen articles specifically
addressed parameters that influence students’ performance, while other articles that were
not included discussed topics such as the school surroundings, structures, BIM, and IoT in
schools but did not focus on their impact on students’ performance, addressing schools in
general instead. However, no author has covered all of the factors mentioned in the table
together in one study. The analyzed parameters were the reverberation time (RT), lighting
(LI), indoor air quality (IAQ), temperature (T), CO2 level, student testing (ST), short-term
academic performance (S-TAP), cognitive performance or learning efficiency (CP), acoustics
(A), air velocity (AV), and relative humidity (RH). Of the 25 published studies, two studies
included a total of eight parameters, which was the highest number of parameters included.
Additionally, three studies each covered seven, six, and five parameters, while two studies
only covered four things. Three studies covered three parameters and one study covered
two parameters, while eight studies covered one parameter.

After looking more closely, the authors found that different studies focused on dif-
ferent parameters (Table 1). The reverberation time was discussed in two publications,
while lighting received attention in seven publications. Among the parameters studied,
short-term academic performance and acoustics were addressed in four publications each,
indicating a lower level of focus. The air velocity received slightly more attention and was
discussed in five publications. CO2 levels and student testing were equally covered, which
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were mentioned in 10 publications each. Moreover, the relative humidity was covered
in 10 publications. Indoor air quality ranked third in popularity among the parameters
studied and was discussed in 14 publications. The most popular parameter, however,
was cognitive performance or learning efficiency, receiving extensive coverage across
17 publications; it was of critical importance in the academic research. These findings
underscore the diverse exploration of parameters influencing student performance within
the academic literature.

Table 1. Published studies about parameters that affects students’ performance.

Reference
Investigated Parameter

RT LI IAQ T CO2 ST S-TAP CP A AV RH

Brink et al. (2023) [49] + + + − + + + + − − −
Choi et al. (2014) [50] − + + + − − + + − − −
Brink et al. (2021) [51] − + + + + + + + + − −
Kim et al. (2012) [52] − + + + − − − − + − −
Xiong et al. (2018) [53] − + − + − + − + + − −
Calderón-Garcidueñas et al. (2008) [54] − − − − − − − + − − −
Gardin et al. (2023) [55] − − − − − − − + − − −
Duque et al. (2022) [56] − − − − − − − + − − −
Kabirikopaei et al. (2021) [57] − − + + + − − + − + +

Gaihre et al. (2014) [13] − − − + + − − + − − +

Kielb et al. (2015) [14] − − + − − − − − − − −
Mendell et al. (2005) [15] − − + + + + − + − − +

Shendell et al. (2004) [16] − − + + + − − − − − −
Wargocki et al. (2017) [17] − − + + + + − + − + −
Requia et al. (2022) [58] − − − − − − − + − − −
Guo et al. (2010) [59] − − + + − − − − − − +

Richmond-Bryant et al. (2009) [60] − − - + − − − − − + +

Rivas et al. (2014) [61] − − + − − − − − − − −
Martínez-Lazcano et al. (2013) [62] − − − − − − − + − − −
Forns et al. (2017) [63] − − − − − + − + − − −
Benka-Coker et al. (2021) [64] + + + + + + − + − − +

Choi et al. (2022) [65] − - + - + + − + − − +

Wang et al. (2020) [2] − + − + − + − + + + +

Shan et al. (2018) [38] − − + + + + + − − + +

Ryan et al. (2022) [66] − − − + − − − − − − +

The aim of this study was (i) to analyze patterns and trends in the scientific research
related to school buildings, with a particular focus on thermal comfort and IAQ, as well
as the integration of LCA, IoT, and BIM; (ii) to highlight the differences between the
fundamental generation and new-generation articles; and (iii) to point out new trends in
the research on school buildings in the civil engineering field, emphasizing the roles of
LCA, IoT, and BIM.

2. Materials and Methods

We adopted a systematic literature review (SLR) approach [67,68] to establish a reliable
evidence base for future research in schools. The systematic literature review approach is
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characterized as “a scientific process governed by a set of explicit and demanding rules ori-
ented towards demonstrating comprehensiveness, immunity from bias, and transparency
and accountability of technique and execution” [69]. This method has been criticized
because it oversimplifies the research evidence, which might have reduce the results we
obtained [70]. However, recently, there has been a tendency to include strong qualita-
tive studies along with quantitative ones [71], which helps deal with this criticism to
some extent.

The research question was formulated using the PICO method as outlined in Table 2.
The complete research query was delineated as follows: “What differentiates the funda-
mental and new-generation approaches in the research of school buildings?” Additionally,
in conducting the search, consideration was given to various filters pertinent to the investi-
gation. These filters encompassed the research field, including engineering, construction,
and technology, with a focus on publications in the English language, without restriction
on the year of publication. In our methodology, we selected key themes such as LCA, IoT,
and BIM to guide our systematic literature review. These themes were chosen due to their
significance in the current research on school buildings and their potential to influence
factors such as thermal comfort and indoor air quality (IAQ). The inclusion criteria were
based on the relevance of these themes to the civil engineering field and their impact
on educational environments. These themes were chosen to capture a broad spectrum
of research studies related to technological advancements and methodologies in the con-
struction and operation of educational facilities, ensuring comprehensive coverage of the
relevant literature. The types of studies and publications included in the search were review
papers, field studies, research papers, and technical reports to encompass both theoretical
and practical insights.

Table 2. PICO table.

P Population; problem;
source of information

What population? What is the database?
What is the source of the information?

Population: School buildings
Database: Scopus and WOS
Sources: Review papers, field studies,
research papers, and technical reports

I Intervention;
factors

What interventions or factors are you
interested in?

Differences between fundamental and
new-generation topics in school buildings

C Comparison;
circumstances; situation

What circumstances are you interested in?
What will you compare it to?

Comparison of fundamental and
new-generation topics in school buildings.

O Outcome;
main point of interest

What do you expect to learn about?
Dependent variable? Main focus?

To find out the differences and similarities
between fundamental research topics and
new-generation research topics. The main
focus is parameters tested in schools and
performance of students.

The search for relevant texts was conducted across databases including Scopus and
Web of Science (WOS). Scopus was chosen for its extensive coverage of peer-reviewed
literature in the fields of science, technology, and engineering, while Web of Science was
selected for its multidisciplinary indexing and high-quality sources, providing a robust
and diverse collection of academic articles [72]. These databases are widely recognized and
respected in the academic community, ensuring that the search results are comprehensive
and reliable.

The filters and key words were carefully selected to include relevant research studies
from diverse but related fields, focusing on studies that explore the integration of advanced
technologies in educational settings and their potential impact on various parameters
affecting students’ performance. By not restricting the year of publication, we ensured that
both historical and contemporary perspectives were considered, allowing for a thorough
understanding of the evolution and current state of research in this area.
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The eligibility and inclusion and exclusion criteria were based on the relevance and
quality of the selected studies. For the research area, only studies related to civil engineering
(engineering, environmental sciences, and energy) were included. This focus ensured that
the selected studies were related to the technical and environmental aspects of educational
buildings, encompassing critical factors such as building design, construction materials,
sustainability practices, and energy efficiency, which directly impact students’ performance
and well-being. Studies not related to civil engineering were excluded to maintain this
article’s connection to the field of civil engineering. Regarding the topic, the inclusion
criteria encompassed studies on LCA, BIM, IoT, and educational buildings, as these areas
are central to understanding how advanced technologies and methodologies can improve
the design, operation, and impact of educational buildings and the performance of students.
Studies focused on non-educational buildings, such as those related to industry, commercial,
and residential buildings, were excluded to ensure this article was targeted and pertinent
to its primary objective—educational buildings. The years of publication ranged from
1800 to 2023, allowing for a comprehensive historical perspective on the development and
evolution of the research in this field, thereby identifying trends, advancements, and shifts
in focus over time. The language criterion included only English-language publications,
as English is the predominant language of the scientific literature in engineering and
technology, ensuring accessibility and consistency in comprehension and interpretation.
Non-English studies were excluded to avoid potential challenges related to translation and
interpretation that could have affected the accuracy and consistency of this article. The
inclusion criterion for the publication source specified peer-reviewed academic journals and
technical reports to ensure the inclusion of high-quality, strictly checked research. While
other sources such as conference papers can provide valuable insights, they often lack the
same level of peer-reviewed scrutiny essential for maintaining the integrity and reliability
of a literature review. Peer-reviewed journals and technical reports are recognized for
their methodological rigor and scientific validity, which is crucial for a comprehensive and
accurate analysis of the factors affecting students’ academic performance. The inclusion
and exclusion criteria are shown in Table 3.

Table 3. Eligibility and inclusion and exclusion criteria.

Criterion Type Inclusion Criteria Exclusion Criteria

Research area Related to the civil engineering
Not Related to the civil

engineering (e.g., the arts
or humanities).

Topic LCA, BIM, IoT, educational
buildings

Not educational buildings
(e.g., industrial, commercial,

and residential buildings)

Year of publication 1800–2023 Outside the set range

Publication source Peer-reviewed academic journals,
technical reports Other type of sources

Language English Other languages

Type of publication Review papers, field studies, and
research papers Other types of publication

The following search string was used in the Scopus database to search for the articles:
(TITLE-ABS-KEY (educational AND building AND bim) OR TITLE-ABS-KEY (school AND
building AND bim) OR TITLE-ABS-KEY (school AND building AND iot) OR TITLE-ABS-
KEY (educational AND building AND iot) OR TITLE-ABS-KEY (educational AND building
AND lca) OR TITLE-ABS-KEY (school AND building AND lca). In the Scopus database,
895 documents were found before using the filters. In order to decrease the number of
documents, several filters were applied. These included the subject areas of engineering,
environmental science, and energy. Only articles and reviews written in English were
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considered. After the filters were applied, 304 documents were found. The search of the
Scopus data base was performed on 17 March 2024.

When searching for documents in the WoS database, a slightly different query string
was required compared to the one used in the Scopus database due to variations in their
field tags. In WoS, the following string was used: “educational building bim” (All Fields)
OR “school building bim” (All Fields) OR “school building iot” (All Fields) OR “educational
building iot” (All Fields) OR “educational building lca” (All Fields) OR “school building
lca” (All Fields). The search was carried out on 20 March 2024. In the WoS database,
8993 results were found. After the initial search, additional filters were applied. Specifically,
document types such as articles, review articles, and data papers were included. Moreover,
for the WoS categories, fields including civil engineering, construction building technology,
environmental sciences, green sustainable science technology, engineering environmental,
engineering multidisciplinary, and environmental studies were selected. After applying the
filters, 3524 documents were found. Following the second search, additional filters were
applied to further refine the results. Specifically, filters were applied to publication titles
such as Sustainability, Buildings, Journal of Cleaner Production, Journal of Building Engineering,
Energy and Buildings, Journal of Construction Engineering and Management, Engineering Con-
struction and Architectural Management, and Building and Environment to reduce the number
of documents to 1311.

Both the Scopus and WoS databases contained a total of 2206 publications, with only
59 duplicates identified. These duplicates were detected and excluded from the future SLR
processes with the assistance of the Mendeley reference manager tool.

The second step of the database search was the title and abstract screening. Only
the first 300 of the most relevant articles from the Scopus and WoS databases, with 150
from each database, related to IAQ and academic performance, which were included for
further review. In Scopus and WoS, relevance is determined by the databases’ built-in
algorithms, which prioritize articles based on factors such as keyword matching, citation
counts, publication recency, and overall impact in the field [42]. By selecting the most
relevant articles, we ensured that the included studies were highly related to the research
topic and likely to contribute valuable insights. This relevance sorting helped in identifying
the most significant and influential studies, thereby enhancing the quality and focus of the
review. The title and abstract selection process in the Scopus and WoS databases resulted in
150 publications from each database. Selecting 150 articles from each database, for a total of
300, was a strategic choice that balanced the need for comprehensiveness with practical
limitations, ensuring a manageable yet representative and high-quality review process.

Further, the complete texts were read to evaluate whether the studies mentioned
factors influencing students’ performance. Following a thorough review, 58 publications
were excluded. Ninety-two publications were chosen for the SLR.

Later, the data collection process involved using the bread-crumbing method, which
is a technique where the references of a publication are checked to find additional relevant
publications. Twenty-eight more publications were included.

After completing all data collection steps, a total of 120 publications were included in
the SLR and analyzed (Figure 2).

The CiteSpace program was used to create visualizations. These visualizations were
developed using data from the Web of Science database, focusing on exploring the dynamic
landscape of life cycle assessments (LCAs), the Internet of Things (IoT), and building infor-
mation modeling (BIM). A broader perspective was gained through a general visualization
that encapsulated key aspects such as authorship, references, and cited authors. The study
covered the period from January 2020 to December 2023, allowing for a comprehensive
understanding of trends and contributions over time. Importantly, the scholarly impact
assessment used a g-index with a scale factor of k = 25, adding a nuanced layer to the
evaluation of significance in the fields of LCAs, IoT, and BIM. This method, combined with
the visualization capabilities of CiteSpace, contributed to a deeper comprehension of the
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interconnected aspects in these fields, providing valuable insights for future research and
strategic advancements.
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Figure 2. PRISMA 2009 flow diagram.

In the CiteSpace program, there are a few important concepts that help us understand
scholarly networks and how they change. Clusters are groups of closely connected nodes,
showing themes or research communities [73–75]. A burst, according to CiteSpace, is a
sudden increase in the frequency of a particular type of events. It helps us see when there is
a lot of activity or significance in a dataset. Centrality points out nodes that are important
in the overall network, indicating their central position among many connected nodes.
Lastly, CiteSpace uses the Sigma metric to measure the importance of a node in a network
of cited references [76,77]. Sigma helps highlight structurally important nodes, showing
rapid growth in citations, which is known as citation abundance [47]. This temporal aspect
helps researchers identify nodes with growing influence, giving a detailed understanding
of how specific scholarly works become more impactful and prominent over time.

Mongeon et al. (2016) screened the WoS and Scopus databases to see whether there
were any unfair preferences. They found that both of these databases favored topics related
to natural sciences, engineering, and biomedical research rather than social sciences and
the arts and humanities [49]. Despite both of these databases having other advantages,
such as WoS having good coverage going back to 1990, with most of its journals being
in English and granting broader access to readers, Scopus covered more journals in total,
which mostly included recent articles.

The literature review was carried out using both the WoS and Scopus databases.
However, the visualizations were created only using the WoS database because it has more
English publications. We chose to focus on visualizing IoT, BIM, and LCAs because these
are significant trends influenced by Industry 4.0, reflecting current developments. The
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visualizations aimed to provide insights into these key areas, recognizing their importance
in today’s world.

3. Results

In the literature review, we distinguished two types of scientific papers for the analyzed
topic—fundamental and new-generation articles (Figure 3). The term “new-generation
articles” has come about as technology has advanced, particularly with the influence of the
era of Industry 4.0. In contrast to the fundamental research focusing on basics such as CO2,
ventilation, heating, and IAQ, the new-generation articles highlight current trends such as
IoT, digital twins (DTs), LCAs, BIM, and more. This categorization highlights the shift in
research focus and emerging trends in the study of school buildings.
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3.1. Life Cycle Assessment (LCA)

Evaluating schools’ sustainability and its impact on human well-being often involves
an LCA, which is a method that helps achieving certifications such as the BREEAM and
LEED. Vigovskaya et al. (2018) underlined the significance of LCAs in evaluating environ-
mental impacts, emphasizing the crucial role of assessment results in adjusting the design
and construction methods for improved energy efficiency and reduced environmental
footprints [78]. Alshamrani et al. (2014) integrated LCAs with LEED to assess sustainability
in 109 LEED-certified schools, revealing insights into energy, materials, and design choices.
Their study recommended revisions in LEED integration for better functionality and pro-
posed enhancements such as indoor air quality analyses and broader applicability across
diverse climates and building types [79]. Meanwhile, Changyoon Ji et al. (2016) studied
23 buildings across South Korea, utilizing an LCA to evaluate impacts such as the global
warming potential (GWP) and acidification potential (AP), finding that factors such as the
gross floor area (GFA) and geographical location significantly influence these impacts [80].

Brás et al. (2015) researched mortars used in a 1980s school in Portugal, targeting ther-
mal bridge issues. Their study compared various mortar types (cement–cork, cement–EPS,
and hydraulic lime–cork), assessing the building’s energy performance using original
and new mortars, examining factors beyond the operational energy. According to their
study, traditional mortars such as cement-based and hydraulic lime mortars significantly
contributed to global warming, while cork-infused mortars, especially those with a 70%
cork content, notably reduced CO2 emissions by 30%. Cork-based mortars possessed lower
embodied energy values, contrasting with EPS, which caused escalated energy consump-
tion. Their research indicated that using mortars with less embodied energy, such as cement
cork, helped reduce the operational energy requirements. Additionally, it emphasized a
rapid decrease in heating needs and CO2 emissions over time with cork-based options.
In the initial eight years, embodied energy accounted for 30% of the school’s operational
energy [81].
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The comparison by Pachta et al. (2015) of modern and historic school buildings
revealed that the environmental performances vary, despite the similar location and opera-
tional demands. A modern school exhibited a significantly higher environmental impact,
while a historic school consumed more operational energy due to its extended lifespan
and absence of insulating materials [82]. Additionally, Gamarra et al. (2018), in their
LCA research, examined a high school student’s environmental impact over a school year,
highlighting transport and mobility as the most significant contributors to climate change
impacts (69%). Their study linked different impacts to material and energy consumption,
emphasizing the role of educational activities in influencing various environmental aspects.
Another study by Gamarra et al. (2018) focused on two pilot schools in Madrid, Spain,
assessing the cumulated energy demand (CED), water resource depletion (WRD), and
carbon footprint (CF) per student and per built gross area. The mentioned study stressed
the importance of enhancing the conditioning and lighting efficiency to mitigate global
warming effects and lower the overall energy consumption [83]. Furthermore, the analysis
by Munoz et al. (2017) of an educational building’s construction and operational aspects
identified challenges in meeting the nZEB standards due to contributions from embodied
materials and limitations in power generation. Their recommendations were intended to
improve sustainability through a life cycle energy analysis (LCEA), advocating for materials
with lower embodied energy levels and establishing clear classifications for non-residential
buildings (NRBs) encompassing various types and energy services [84].

Figure 4 illustrates the principal clusters identified in the LCA visualization. The
network discerns a total of six clusters, each encapsulating distinct facets of LCA research.
This visualization provides a valuable overview, allowing for an in-depth exploration of
the multidimensional landscape of LCA research, covering areas such as environmental
sciences, materials science, construction and building technologies, and energy and fuels.
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research [85–88].

The examination of the provided data revealed significant patterns in categories such
as citation counts, bursts, degrees, centralities, and sigma values across various clusters.
In clusters #0 and #2, as shown in Figure 4, the most cited author was Su et al. (2019) [85],
Li et al. (2017) [86], Su et al. (2020) [87], and Su et al. (2021) [88], accumulating a total count
of 16 citations. The citation for Su emphasized their considerable influence in environmental,
construction, and building technology sciences. Notably, Su was consistently mentioned
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in each visualization category, indicating that Su held the utmost relevance in the field of
LCA research.

3.2. Building Information Modeling (BIM)

In the architecture, engineering, and construction (AEC) sector, BIM serves various
purposes, such as for 3D visualization; clash identification; feasibility assessments; cost esti-
mations; scheduling; environmental, BREEAM, LEED, and other analyses; shop drawing
generation; and facilities management [89–92]. BIM plays a role in simulating emergency
scenarios such as fire evacuations, helping optimize school layouts for occupant safety and
swift evacuations [93,94]. Additionally, BIM facilitates early-stage activities such as code
compliance assessments, cost estimations, and sustainability analyses. It fosters collabo-
rative efforts and empowers designers to evaluate building element performance and the
environmental implications of sustainable design methods [92,95–97].

The study conducted by Zhuang et al. (2021) [98] introduced a framework called
performance-integrated building information modeling (P-BIM), which focuses on de-
signing for energy efficiency and environmental optimization. This framework organizes
environmental data into various dimensions throughout the life cycle of a green building,
ensuring standardized storage and interactions of this information. P-BIM is notable for
freeing BIM platforms from data type constraints, allowing the integration of diverse per-
formance data. It enhances the capacity of BIM for handling localized, customized, and
big data, ensuring adaptability to evolving project requirements. The prototype demon-
strated significant improvements in indoor environmental quality and cost reductions,
highlighting the importance of detailed digital performance evaluations. By bridging the
gap between the initial and late design stages, P-BIM empowers architects to better control
the project life cycle. However, the study identified limitations, calling for further refine-
ments, including refining the IEQ indicators, expanding the occupant satisfaction research,
integrating more variables into the optimization model, broadening the application of
P-BIM in the early design stages, and exploring energy efficiency during the construction
and operation phases.

The challenge in this study was in managing fluctuating engagement levels and input
across various stages of user participation in school design. While AEC professionals
maintained a consistent and vested interest throughout (for instance, structural engineers
overseeing the school building’s structure at all phases), the involvement of school manage-
ment professionals, teachers, and students proved significant in offering insights during
development. For example, in an article written by Liu et al. (2018), during the design phase,
students actively engaged in shaping the building’s design through 3D walkthroughs, con-
tributing ideas that influenced the final structure [92,99]. However, their participation
tended to decrease during the realization phase, leading them to primarily receive what
AEC professionals had crafted during the operational stage [100,101]. Ensuring the con-
tinual presence of management professionals, teachers, and students remained crucial in
enhancing the efficacy and dependability of user engagement in the design process.

Figure 5 illustrates the main clusters identified through the BIM visualization. The
complex network consists of a total of 11 clusters, each representing a different aspect
of BIM application and research. In order to focus on the most significant contributors,
the subsequent analysis zeroes in on the seven largest clusters, identified as #0 (FEMA
p-58), #1 (building technology), #2 (industry foundation classes), #3 (risk assessments),
#4 (educational training), #5 (team-based learning), and #6 (geometric quality inspections).
These clusters cover various dimensions of BIM, ranging from its applications in risk
assessments and building technology to educational training and team-based learning.

When looking into the details of each cluster, cluster #0, centered around FEMA
p-58, addresses the complexities of disaster response and management within the BIM
framework. Cluster #1 explores the realm of building technology, delving into innovative
applications and advancements within the construction domain. The industry foundation



Buildings 2024, 14, 2007 12 of 21

classes in the cluster #2 highlight standardization and interoperability, playing a crucial
role in enhancing collaborative efforts across BIM platforms.
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Risk assessments, featured in the cluster #3, address the evaluation and mitigation
of potential risks in BIM applications. When moving to cluster #4, the focus shifts to
educational training, shedding light on the pedagogical aspects of BIM adoption and
knowledge dissemination. The team-based learning in cluster #5 emphasizes collaborative
practices within BIM, promoting effective teamwork in the industry. Lastly, cluster #6 delves
into geometric quality inspections, unraveling the intricacies of BIM’s role in ensuring
precision and quality in geometric representations.

Based on the visualization in Figure 5, three of the most significant authors in the
BIM category were identified. Succar (2009) [102] was notable in cluster #4 for educational
training, Volk (2014) [103] in cluster #1 for FEMA p-58, and Azhar (2011) [104] in cluster #1
for building technology. These three authors were consistently the most mentioned in each
visualization category.

3.3. Internet of Things (IoT)

The incorporation of IoT technology, including wireless sensors and computer net-
works, significantly advanced the concept of the smart environment during the recent
technological revolution [105]. IoT technology has undergone extensive development and
increased usage across various sectors such as social networks, infrastructure, security,
business, and healthcare [106]. Integrating IoT-based intelligent monitoring systems, such
as environmental and energy monitoring systems, with human involvement has emerged
as a promising approach within the smart city framework, aiming to improve human health
and overall well-being [107].

Amaxilatis et al. (2017) [108] conducted research focusing on measurements by IoT de-
vices in two primary areas—power consumption and environmental comfort within school
buildings. Power consumption meters, strategically placed on the general electricity distri-
bution board of each building, assessed both the apparent and average power usage levels
across the three-phase power supply. During another study, Amaxilatis et al. (2017) [108],
using environmental comfort meters, evaluated factors crucial to occupants’ well-being,
including thermal satisfaction, visual comfort in terms of available light perception, and
overall noise exposure. Room occupancy was tracked using passive infrared sensors (PIR).
Beyond the building, weather and atmosphere stations provided comprehensive data on
outdoor atmospheric conditions, including precipitation levels, wind dynamics, atmo-
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spheric pressure levels, and concentrations of specific pollutants. The insights from these
atmospheric meters offered a clear view of pollution levels around the school buildings.

Hossain et al. (2020) [109] and Martínez et al. (2021) [110] both explored the monitoring
of environmental parameters in educational and office settings using IoT technologies
and sensor networks. They measured key factors such as CO2, relative humidity, and
temperature levels. Hossain et al. (2020) specifically targeted parameters such as the dry
bulb temperature, illuminance, and sound pressure levels, while Martínez et al. (2021)
focused on a broader set of measurements, including the light intensity, presence detection,
and energy consumption. Both studies emphasized the importance of sensor placement
for accurate data collection and recognized the value of historical and real-time data
visualizations for managing building performance. Differences arose in the parameters
measured, with Hossain et al. (2020) including sound pressure levels, which were not
addressed by Martínez et al. (2021), who delved deeper into user-centric services and
security protocols at the user level. Kamel et al. (2022) [111] adapted IoT technology
for smart fire systems. Paganelli et al. (2019) [112] described IoT monitoring endpoints
within classrooms, utilizing a mix of commercial hardware, sensor vendors, and open-
source solutions, regularly collecting measurements such as power consumption values,
environmental data, weather conditions, and air pollution levels.

In their comprehensive research, Mylonas et al. (2018) [113] implemented a network
of 880 sensing points across various categories. These were strategically organized into
four distinct groups, including sensors for monitoring classroom environments, assessing
outdoor atmospheric conditions, gathering data from the weather stations on rooftops, and
tracking power consumption through meters connected to the main building’s electricity
panels. This extensive deployment aimed to capture diverse data crucial for their study’s
comprehensive analysis and insights.

This section provides detailed insight into the major clusters within the network,
incorporating both citing articles and references (Figure 6). The significance of network
nodes is thoroughly examined using diverse metrics to measure their impact. Citation-
based metrics, such as counts and bursts, highlight the scholarly influence of nodes, while
network-based metrics such as the degree centrality and betweenness centrality offer
insights into their structural importance. Additionally, the sigma metric combines the burst
and betweenness centrality to provide a holistic measure of node importance.
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Figure 6 shows the main clusters of the IoT visualization, revealing the complex
connections within the network. There were a total of 10 clusters in the network, each
making a unique contribution to the extensive field of IoT-related research. These clusters
covered various research areas, including artificial intelligence (#0), digital twins (#1),
education (#2), big data analyses (#3), cloud computing (#4), tangible user interfaces (#5),
digital libraries (#6), and educational materials (#7).

In the IoT field, several prominent authors appeared in the various visualization
categories. For example, Jia (2019) [114] was a notable author in cluster #0, leading in
citation counts (100in total). Additionally, Jia appeared in the degree and centrality cate-
gories. Such authors as Atzori (2010) [115] and Gubbi (2013) [116] from cluster #1 were also
mentioned multiple times in various categories, including the citation count, degree, and
centrality categories.

3.4. Digital Twins (DTs)

Digital twins represent a cutting-edge topic that is currently trending in various in-
dustries. However, within the scope of this SLR, it was observed that there is a lack of
publications on school-related digital twins. Instead, the majority of publications on dig-
ital twins predominantly focus on aspects such as architecture, development, modeling,
software platforms, and frameworks. This gap suggests a need for deeper and more compre-
hensive research and field studies to investigate how digital twins in school buildings affect
student academic performance. Further exploration in this area could provide valuable
insights into the application of digital twins in the educational field and the implications
for enhancing the learning environment.

4. Discussion
4.1. Indoor Environment Factors

In this study, various authors examining factors related to students’ academic perfor-
mance considered different parameters. While many articles focused on external factors
such as chemicals from streets and power plants, this study specifically looked at the indoor
environment of schools and the factors influencing students within the school premises.

4.2. New-Generation vs. Fundamental Articles

When talking about the new-generation and fundamental articles, the first type focuses
on modern technologies such as IoT, LCA, and BIM, while the second one concentrates on
traditional aspects such as heating, ventilation, and IAQ. However, both types of articles
remain relevant today. The research review indicated a significant growth in the number
of articles on school ventilation, with notable surges over 2007–2011. The first increase
occurred between 2007 and 2011; that is, around the time the era of Industry 4.0 began. Next,
there was a decrease, possibly because many researchers moved on to the Industry 4.0 field
and started writing about that instead. The second rise occurred in 2019, during the global
impact of the COVID-19 pandemic, and no subsequent decrease was observed thereafter.

The comparison between fundamental and new-generation articles reveals a clear
evolution in the research focus and methodology. Fundamental articles, dating from the
late 19th century to the mid-20th century, primarily address basic and traditional aspects
of IAQ, ventilation, heating, and microclimate. These studies provide essential environ-
mental parameters such as CO2 levels, ventilation rates, and temperature values, offering
foundational knowledge for maintaining healthy and comfortable indoor environments
in school buildings. However, they are limited by the technology of their time, leading
to challenges in implementation and a narrow focus that does not consider the broader
impacts of technological integration and sustainability practices. Additionally, the earlier
methods for collecting and analyzing data were less complex, potentially affecting the
accuracy and comprehensiveness of the findings.

In contrast, new-generation articles, emerging from the late 20th century to the early
21st century, reflect the influence of Industry 4.0 and focus on modern trends such as
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IoT, BIM, DTs, and LCAs. These studies emphasize sustainable infrastructure practices,
eco-friendly designs, digitalization, and advanced modeling techniques. Despite their
advantages, these articles face barriers in their technological adoption and resource al-
location, with the complexity and cost associated with implementing advanced systems
presenting significant difficulties. Nevertheless, integrating the foundational knowledge
from fundamental articles with the innovative solutions from new-generation articles
presents a comprehensive approach to improving school building environments. Future
research should explore optimizing the integration of these technologies to overcome ex-
isting barriers, thereby enhancing the IAQ, energy efficiency, and overall sustainability in
educational buildings.

4.3. Interdisciplinary Research Findings

This paper extensively combined diverse findings from clusters such as FEMA P-58,
LCAs, environmental impacts, construction management, risk assessments, BIM education,
and smart building. When analyzing citation metrics, bursts, centrality measures, and
sigma metrics across these clusters, significant patterns and contributions by authors such
as Su, Succar, Azhar, and Jia were identified, revealing their impact across various domains.
This combination highlights the interdisciplinary nature of the research fields, showcasing
interrelationships among environmental sciences, materials science, construction technol-
ogy, and energy domains.

4.4. Focus on IAQ and Overlooked Aspects

Even though IAQ is a basic and vital subject, the contemporary new-generation articles
are focused on digitalization and sustainability, often overlooking the impacts on students
and teachers. It is interesting to note that there is a lack of scientific research on digital
twins in schools in databases such as WoS and Scopus. The rise of new-generation articles
began in the late 20th century and has continued into the early 21st century, while the
fundamental articles can be traced back from the late 19th century to the mid-20th century.

Most of the articles that are related to LCA discuss important topics such as IAQ;
heating, ventilation, and air conditioning (HVAC); and the global warming potential (GWP),
and although the articles are different, all of them cover these listed topics [79,83,117–119].
However, it is interesting that not all of these papers thoroughly cover related subjects such
as energy usage, sustainability, or the use of advanced modeling approaches such as 3D
modeling and BIM, even though these are important in LCAs. This observation shows that
the authors do not always grant equal importance to all aspects of am LCA. Some focus
more on IAQ, HVAC, and GWP aspects, while not giving as much weight to things such as
energy use, sustainability concerns, or the use of advanced modeling techniques such as
3D modeling or BIM.

4.5. Database Comparison and Article Selection

The research revealed that the WoS database contained a greater number of publi-
cations compared to the Scopus database when using the same search string. In particu-
lar, Scopus displayed 895 publications, whereas WoS exhibited 8993 publications, which
amounted to a total of 9888. After applying various filters on the databases’ search engines
and identifying 59 duplicates using the Mendeley reference manager, a total of 1556 publi-
cations were included for the screening phase. Subsequently, during the screening phase,
1256 publications were excluded, leaving only 300 publications for detailed screening. From
this detailed screening, half of the articles were selected for the full-text reading phase,
also known as the eligibility phase. Within the full-text reading phase, 32 publications
were excluded for various reasons, such as their focus on school surroundings rather than
the schools themselves. Ultimately, only 118 publications were chosen for the systematic
literature review (SLR).

When looking at scientific articles on databases such as Scopus and WoS, clear criteria
must be established to distinguish next-generation articles from fundamental articles. This
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paper defines new-generation articles as those published from the late 20th century to the
early 21st century. This distinction is based on a change in focus. Fundamental articles,
from the late 19th century to the mid-20th century, mainly emphasized aspects such as CO2,
sustainability, IAQ, ventilation, and microclimates. On the other hand, new-generation
articles focus on exploring modern trends and practical uses of technologies such as IoT,
DTs, LCAs, and BIM. In order to identify these next-generation articles, publications that
delve into the real-world impacts, progress, and integrative aspects of new technologies in
various scientific fields are often sought. All of these factors differentiate these articles from
the seminal discoveries and theoretical foundations found in the fundamental articles.

5. Conclusions

In terms of sustainability in schools, adopting eco-friendly methods is crucial. Pro-
grams such as LEED [44], CHPS [45], BREEAM [46], Green Star—Education V1 [47], and
WELL [48] provide guidelines to ensure schools are more sustainable by emphasizing
energy savings, efficient water usage, and maintaining clean IAQ.

The digitalization of schools has the potential to enhance students’ cognitive perfor-
mance. However, more research is needed to establish a connection between digitalization,
IAQ, and the impact on academic performance.

The incorporation of new-generation approaches addresses various challenges in
the education sector, such as insufficient energy use, high maintenance costs, and poor
working conditions. These improvements are crucial, as they directly impact classroom
air quality and consequently student learning outcomes. This study underscores the im-
portance of creating healthier and more efficient learning environments through advanced
technological integration.

The comparison between fundamental and new-generation articles shows a clear
shift in research focus. The fundamental articles were focused on IAQ parameters, while
the new-generation articles emphasize using broader technologies, such as LCAs, BIM,
and IoT, to address environmental issues and improve building performance. This indi-
cates a more comprehensive approach to solving the diverse challenges in educational
building environments.

This study offers important insights into how the civil engineering research has
evolved, highlighting the use of modern technologies to tackle both old and new challenges
in school buildings. The findings suggest that a balanced approach, which mixes traditional
methods with new technologies, can boost sustainability and improve student performance.

For future research, it is recommended to explore the influence of new-generation
topics, including BIM, IoT, and LCAs, and their implementation in schools on students’
academic performance. Additionally, there are no articles in the WoS and Scopus databases
about digital twins in schools and how they affect students’ academic performance, so
looking deeper into the use of digital twins in schools is recommended.

Overall, it is implied that the current topics will not be forgotten. Instead, they will be
integrated and further developed. As a result, future research efforts will need to cover a
wider range of information to tackle the evolving dynamics within the field effectively.
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