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Abstract

Indoor environmental quality (IEQ) of higher education (HE) buildings significantly im-
pacts the built environment sector. This research aimed to optimize learning environ-
ments and enhance student comfort, especially post-COVID-19. The study adopts the
principles of Post-occupancy Evaluation (POE) to collect and analyze various quantitative
and qualitative data through environmental data monitoring, a user perceptions survey,
and semi-structured interviews with professionals. Although the environmental condi-
tions generally met existing standards, the findings indicated opportunities for further
improvements to better support university communities’ comfort and health. A signifi-
cant challenge identified by this research is the inability of the facility management to
physically manage and operate the vast and complex spaces within HE buildings with
contemporary IEQ standards. In response to these findings, this research developed a
BIM-based prototype for the real-time monitoring and automated control of IEQ. The pro-
totype integrates a BIM model with Arduino-linked sensors, motors, and traffic lights,
with the latter visually indicating IEQ status, while motors automatically adjust environ-
mental conditions based on sensor inputs. The outcomes of this study not only contribute
to the ongoing discourse on sustainable building management, especially post-pandemic,
but also demonstrate an advancement in the application of BIM technologies to improve
IEQ and by extension, occupant wellbeing in HE buildings.

Keywords: building information modeling (BIM); facilities management (FM); higher
education (HE) buildings; indoor environmental quality (IEQ); post-occupancy evaluation
(POE)

1. Introduction

In contemporary society, the push for sustainable practices within the built environ-
ment has become increasingly important. Buildings are expected to not only adhere to the
required standards for an indoor environment but also to cater to occupants’ needs, en-
suring their satisfaction and wellbeing, which includes social, environmental, and eco-
nomic aspects [1,2]. Given that individuals spend approximately 90% of their time in-
doors, the role of indoor environmental conditions in buildings is more crucial than ever
[3]. The efficacy of these environments is often gauged by occupant satisfaction, which,
when above 80%, indicates a well-performing built environment [4,5].

Sustainability 2025, 17, 6155

https://doi.org/10.3390/sul7136155



Sustainability 2025, 17, 6155

2 of 27

However, the attainment of desirable indoor environmental conditions within build-
ings remains a significant challenge, with poor IEQ having a negative impact on the occu-
pants [6]. The prevalence of these situations is especially important in public spaces such
as educational buildings, where a significant portion of daily life is spent by students and
staff. Within this context, studies show that students in primary and secondary schools
spend roughly a third of their time in the school environment, representing a level of time
spent that is second only to their homes [7,8]. Higher education (HE) students, by com-
parison, are typically found in classroom settings for shorter durations, averaging around
three hours daily, which is less than the time spent by students in earlier educational
phases [9]. This could explain the prevalent existing research into IEQ centering around
primary and secondary educational settings.

Furthermore, unlike the other educational settings, HE buildings present unique
challenges due to their diverse and complex architecture, which includes large lecture
halls, laboratories, and other spaces such as PC rooms and studios. Yet, the pursuit of
maintaining an optimum IEQ remains equally critical for the health, wellbeing, comfort,
and productivity of student in HE environments. The factors associated with IEQ, i.e.,
thermal, acoustic, and visual comforts alongside indoor air quality, are influenced by in-
dicators including temperature, relative humidity, CO, light, and noise [10-12]. These
factors shape the IEQ outlook, with previous studies showing that poor IEQ in HE insti-
tutions can have negative effects on student’s concentration, performance, and health [13].

For instance, ref. [14] evaluated user perceptions of IEQ in a Malaysian secondary
school using both objective measurements and subjective surveys, concluding that acous-
tics had the most significant impact on perceived environmental quality and learning out-
comes. In the HE context, ref. [15] analyzed studios and classrooms at the University of
Baghdad and reported elevated CO: levels alongside user dissatisfaction and symptoms
of sick building syndrome, calling for improved monitoring and air quality interventions.
Ref. [16], in a study at the University of Minnesota, used path analysis to link IEQ variables
with student satisfaction and perceived learning. Their findings revealed that thermal
comfort, air quality, lighting, and furnishings were all significantly associated with aca-
demic and perceptual outcomes. These studies collectively reinforce the importance of
integrating both objective and subjective data when assessing IEQ in educational settings.
While objective measurements ensure quantifiable compliance with standards, subjective
feedback captures the nuanced experiences of occupants, which are often shaped by per-
ceptual and contextual factors that instruments alone cannot detect [17]. However, the
studies also highlight a recurring challenge: the reliance on static or manually collected
data, which may not capture real-time variations or offer dynamic control mechanisms.

Additionally, the recent COVID-19 pandemic has further underscored the im-
portance of optimal IEQ, where strategies to minimize viral transmission have included
increased ventilation rates being introduced by various governments [18]. Importantly,
facilities management in HE plays a pivotal role in ensuring the sustainability of built
environments. However, numerous barriers hinder the successful implementation of sus-
tainable practices in these settings, despite the considerable benefits they offer. Effective
facilities management can lead to improved energy efficiency, reduced operating and
maintenance costs, greater value for money, and a reduction in greenhouse gas emissions
[19]. Additionally, it enhances health and safety within the built environment, boosts oc-
cupant comfort, and helps minimize issues such as sick building syndrome [20]. Unfortu-
nately, traditional facility management approaches in many HE environments remain
largely manual and outdated, resulting in inefficient IEQ control. These outdated systems
are prone to delays and errors, which in turn negatively impact both occupant comfort
and health [21,22].
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In response to these challenges, the architecture, engineering, construction, and op-
eration (AECO) sector has been exploring innovative methodologies such as BIM. Due to
BIM’s capabilities, it has presented opportunities and has presented a paradigm shift in
the design, construction, and maintenance of buildings. BIM, extending through all
phases of the building lifecycle, has demonstrated its potential for application during the
operational phase thereby offering a digital platform for integrating and analysing build-
ing data more effectively [23-25]. Studies have explored the use of BIM in various con-
texts, from monitoring IEQ in subway stations to managing maintenance systems, as-
sessing occupant comfort probabilistically [26,27].

Building on this foundation, this research aims to study and develop a mechanism
with the latest BIM technologies to monitor, control, and improve the IEQ in HE buildings.
It explores how BIM can be leveraged not just for the visualization of IEQ data but also
for the real-time monitoring and management of these conditions within HE buildings.
The integration of sensor data directly into a BIM framework allows facility managers to
potentially forecast, analyze, and mitigate IEQ issues more efficiently, ultimately enhanc-
ing the comfort, health, and productivity of building occupants.

2. Materials and Methods

This research made use of the principles of Post-Occupancy Evaluation (POE) to me-
ticulously assess the IEQ in HE buildings, with two universities in London serving as the
principal case studies (for the purposes of this research and to adhere to ethical standards,
these institutions will be referred to as University A and University B). The diverse range
of room types across these universities, their respective capacities, and the types of venti-
lation systems present, which are important variables that have been shown to impact
IEQ, are detailed in Table 1.

Table 1. Summary of surveyed rooms and ventilation strategies (Source: Authors” own work).

University Room Capacity Ventilation Type
Classroom A 56 Natural
A PC Room (A) 24 Natural
Lecture Theatre (A) 191 Mechanical
Architectural Studio (A) 30 Natural
B Classroom (B) 41 Natural
Lecture Hall (B) 167 Mechanical

University A occupies a post-war concrete-framed building retrofitted for energy ef-
ficiency. Originally constructed with uninsulated single-block concrete walls and single-
glazed windows, the building underwent substantial thermal upgrades in 2012, including
the installation of double-glazed windows and external wall insulation. A central heating
system, supported by Ground Source Heat Pumps (GSHPs) and a solar thermal photovol-
taic thermal (PVT) system, distributes heat via traditional radiators. While some rooms
are equipped with mechanical ventilation systems, these are manually controlled by facil-
ities management. Most spaces rely on natural ventilation through operable windows as
the primary strategy for air exchange.

University B, established in the 1960s, is an HE institution comprising a mix of refur-
bished and traditional building stock. The case study spaces were in a teaching block char-
acterized by externally insulated walls and a central heating system that supplies heat
through wall-mounted radiators. The selected rooms included Lecture Hall (B), which is
equipped with mechanical ventilation, and Classroom (B), which relies on natural venti-
lation via multiple operable windows. Environmental measurements in these rooms fol-
lowed the same POE protocol applied at University A.
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The POE process comprehensively approached the multifaceted nature of assessing
IEQ by involving both quantitative and qualitative perspectives. It involved the continu-
ous monitoring and measuring of environmental data, the collection of subjective feed-
back through questionnaire surveys and interviews with facilities management (FM) pro-
fessionals. The process of environmental data measuring involved the collection of certain
IEQ parameters that are attributed to the different factors associated with IEQ. This was
conducted in line with the CIBSE: TM68—Monitoring Indoor Environmental Quality
guideline [28] for the monitoring of temperature (°C), relative humidity (%), carbon diox-
ide (CO:—PPM), total volatile organic compounds (TVOCs—pg/m?3), formaldehyde
(HCHO—ug/m?), particulate matter (PM2.5—pug/m?3), indoor ambient noise levels
(IANLs—dBA), and light levels (lux). It was carried out using a set of equipment with
proven accuracy and reliability in capturing key environmental parameters, with all the
elements of the set being factory-calibrated and compliant with typical accuracy thresh-
olds as outlined in TM68 for indoor environmental monitoring. The equipment catalogue
involved is illustrated in Figure la—d as Tinytag dataloggers (a—b), Temtop M2000C &
LKC 1000s+ (c), and an ATP 4-in-1 environment meter (d).

Figure 1. (a—d) Environmental monitoring and measuring equipment (Source: Authors’ own work).
(a) Tinytag indoor & outdoor temperature and humidity data loggers (Manufacturer —Gemini Data
Loggers (UK) Ltd., Hampshire, UK), sourced from RS Components Ltd. (Northamptonshire, UK).
(b) Tinytag indoor CO2 data logger (Manufacturer —Gemini Data Loggers (UK) Ltd.), sourced from
RS Components Ltd. (c¢) Temtop Air Quality Monitors (Manufacture—Temtop Inc., Shenzhen,
China), sourced from Temtop. (d) Multi-Function 4-in-1 Environmental Meter, sourced RS Compo-
nents Ltd.

In evaluating thermal comfort, this study measured air temperature as the primary
thermal parameter. Although operative temperature is the more comprehensive index—
being a function of both air and mean radiant temperatures—the prior literature and pro-
fessional standards suggest that in well-insulated buildings, the difference between air
temperature and mean radiant temperature is often minimal [28-30]. As such, air temper-
ature was deemed a reliable proxy for thermal assessment in this context. Furthermore,
ventilation rates (e.g., ACH), mean radiant temperature, and air velocity were not directly
measured due to equipment limitations. However, CO:z concentrations were monitored to
provide indirect insights into ventilation effectiveness. This approach aligns with practical
POE practices in large-scale HE buildings, where the installation of advanced HVAC mon-
itoring instruments may not always be feasible.

The environmental data monitoring was systematically conducted during the winter
months, spanning from November to March. This period was strategically chosen because
of the potential for significant variations in the indoor environment, which are primarily
driven by the increased challenges associated with heating and maintaining comfortable
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indoor temperatures during colder weather. The monitoring equipment was programmed
to record environmental data at five-minute intervals following the TM68 guidelines as
well as drawing from methodologies adopted in similar studies. Furthermore, consistent
with the TM68 recommendations, and to ensure an accurate representation of the occu-
pants” exposure, the equipment was strategically placed at heights of 0.8 and 1.1 m (illus-
trated in Figure 2a,b, respectively). These heights are considered to approximate the
breathing zones of seated or standing individuals depending on the typical usage of each
monitored space. This placement strategy was crucial for capturing data that truly reflects
the environmental conditions experienced by building occupants, thereby providing a ro-
bust foundation for subsequent analyses of IEQ dynamics. Additionally, while ISO 7726
[31] recommends multi-point vertical averaging for detailed thermal comfort analyses,
this study prioritized capturing occupant-relevant exposure in real-world HE spaces,
where stratification effects were expected to be minimal due to standard room heights and
mixing. Moreover, for parameters such as CO2, VOCs, and RH, vertical variation is negli-
gible in occupied zones and a single-point reading within the breathing zone reliably re-
flects occupant exposure [32]. Therefore, the placement strategy used here reflects both
methodological precedent and practical field constraints typical of POE studies.

Figure 2. (a,b) Instrumentation placement for data collection (Source: Authors” own work).

The questionnaire survey process, which was conducted concurrently with the envi-
ronmental data collection, represents the second part of the POE process. It was conducted
to effectively gauge the perception of the IEQ using students as a target group, following
previous studies and research, as students’ daily engagement with these environments
places them in a unique position to offer valuable insights into how IEQ factors affect their
comfort and learning experience. To effectively capture these perceptions, a web-based
survey was developed using Google Forms and distributed via QR codes to ensure wide-
spread participation. The survey questions incorporated Likert scale, open-ended, and
mixed-type questions designed to gather the participants’ immediate perceptions and re-
sponses regarding various IEQ factors, which allowed for a concrete understanding of the
multiple factors that contribute to the overall IEQ. These questions were designed to re-
flect participants’ real-time experiences and preferences, aligning with the perceptual
scales and semantic anchors outlined in ISO 10551 [33] and other related IEQ studies such
as [34]. A total of 163 valid responses were collected exclusively from students at
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University A, due to access restrictions at the second institution. The participants were
not required to provide identifying information, and their responses reflected real-time
perceptions within the spaces they occupied.

To complement the quantitative and qualitative data gathered from the environmen-
tal monitoring and student surveys, semi-structured interviews were conducted with five
facilities management professionals working in the UK HE sector. Each interview was
conducted in person and lasted approximately 45 min, thereby providing ample time to
explore in depth the management practices, challenges, and priorities of HE facilities.
These discussions covered a broad spectrum of topics essential to managing educational
institutions, including IEQ, energy efficiency initiatives, and the integration of sustaina-
bility practices within the HE built environment. The interviewees were anonymized us-
ing alpha codes (e.g., FM-A to FM-E) to ensure ethical compliance and maintain institu-
tional confidentiality.

Additionally, the research also involved the development of a prototype system
aimed at improving IEQ management, which served as the BIM-based solution. This
phase included the application of software engineering principles to create a system
framework (Figure 3) that incorporates various technologies and programming tools to
enable seamless integration of real-time sensor data with the BIM environment. The pro-
totype system consists of the following technical components:

e  An Arduino Uno R3 microcontroller, which serves as the core control unit that con-
nects the environmental sensors to the system by facilitating the collection of data
from various sensors, including those measuring temperature, humidity, and other
IEQ parameters. It also enabled real-time communication between the sensors and
the central processing unit, which makes the system highly responsive to changing
indoor conditions.

e  Autodesk Revit v2024, which serves as the core BIM software environment within
which the entire system primarily operates. Revit provides a robust platform for cre-
ating detailed 3D models of the built environment, thereby allowing the prototype to
integrate spatial data with real-time environmental metrics.

e  The visual programming tool within Revit v2024, Dynamo v2.17, provides the ave-
nue for the automation of workflows and integration of real-time sensor data into the
BIM model. By using custom-built Dynamo scripts, the collected data is processed
and spatially linked to the relevant building components, which ensures that each
space’s environmental metrics are accurately reflected within the BIM model.

e  Python 3.11 scripts, embedded within Dynamo, handle the complex data analysis
and processing tasks, including the storage of the real-time storage of sensor data in
an Excel database, the interval storage of this data, and the synthesis of the raw data
as it is received from sensors.

e An Excel database, which serves as the central repository where the real-time data is
logged, organized, and made accessible for further analysis. This database allows for
historical trend analysis and provides a foundation for automated control decisions
based on accumulated data.

e A traffic light system to visually indicate the real-time status of the indoor environ-
ment based on the sensor data. Through Arduino, the traffic light provides a clear,
immediate understanding of IEQ conditions by changing colors according to IEQ pa-
rameters.

¢  Motor actuators mimic the physical control of environmental conditions within the
building. These actuators are connected to the system via Arduino and are responsi-
ble for enacting changes such as adjusting window openings, controlling shades, or
modifying HVAC settings by reacting to the real-time environmental data, thus
providing an automated response to maintain optimal IEQ.
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The conceptual framework, as illustrated in Figure 3, structures the prototype into

several functional modules that work together to ensure the effective monitoring, analy-

sis, and control of IEQ in HE buildings. The key function modules include:

Data Acquisition Module: Responsible for gathering real-time environmental data
from sensors connected to the Arduino microcontroller. This data is continuously
collected and stored in the centralized Excel database for further processing.

Data Processing and BIM Implementation Module: This module processes the raw
environmental data to ensure accuracy before it is integrated into the Revit BIM
model using Dynamo and Python scripts. This enables users to visualize environ-
mental conditions in each space and analyze data within the context of the building
model.

Visualization and Monitoring Module: Through the Revit environment, this module
presents real-time environmental data in a user-friendly format. It includes visual
indicators such as color-coded compliance checks against IEQ standards, thus ena-
bling immediate feedback on the building’s performance. Additionally, the traffic
light system visually represents the IEQ status, where the green, yellow, and red
lights indicate whether environmental conditions are within acceptable limits or if
intervention is needed.

Control and Feedback Module: The control module reacts to the data collected and
triggers alerting systems such as ventilation or lighting in the form of actuator motors
to maintain optimal indoor conditions.

User Interaction Module: This module enhances user engagement by providing an
intuitive interface built using the pyRevit plugin, thereby allowing users to navigate
through the IEQ data effortlessly. The system’s interaction functions ensure that us-
ers can easily access, interpret, and respond to the displayed environmental infor-
mation, which enables proactive management of the IEQ within individual spaces.

Door

Window

Revit Platform

Dynamo
< »
Slthon > BIM Model ] Light | <—

Heating

Dynamo
&
Python

Ventilation

Arduino IDE

Excel
Database

Arduino

A

|

Light Sensor Sound Sensor

Temperature / Air Quality
Humdity Sensor Sensor

Figure 3. Prototype framework (Source: Authors’ own work).



Sustainability 2025, 17, 6155 8 of 27

3. POE Results

The POE conducted across the two university campuses provided insightful data that
highlighted the variability in IEQ conditions across different spaces. The mean evaluation
of the environmental data recorded across the various rooms demonstrated compliance
in most of the IEQ parameters as outlined in Table 2. To provide a clearer representation
of the continuous monitoring process, Figure 4 presents the continuous temperature data
recorded in the Architectural Studio, one of the naturally ventilated spaces included in
the study. This chart illustrates typical diurnal fluctuations and responses to both external
and internal conditions, capturing the room’s thermal behaviour over an extended period
(5-10 December 2022). While only one room is shown in detail for practicality and clarity,
this trend was generally consistent across the other naturally ventilated spaces in the
study, with comparable profiles observed. The data presented in Figure 4 demonstrates
clear fluctuations in indoor temperature across the monitored period, reflecting dynamic
interactions between internal heat gains, external weather conditions, and the limited con-
trol afforded by natural ventilation. Peaks above 25 °C were observed particularly on 5
December, exceeding the BB101 upper threshold for teaching spaces, which observations
showed coincided with sustained heating. Conversely, dips below 20 °C occurred during
early morning and evening hours, indicating periods when heating was relatively inac-
tive. The variability reinforces the susceptibility of naturally ventilated rooms like the Ar-
chitectural Studio to environmental swings, particularly in winter.

30
28
25
" \ ﬁ-_\'\
) \f_\/
15
13
10
N OO N OO N N N MO M M MO MM MMM MMM MOMOMNMMO MMM MOMMNOMOMOMNmOMOMO MmO OMOMN MO MO MmMNmMm N
PR
D ANWN O =TT OMNMWANLWNOKWN—TOMUWOVOIOINLWOW—TOMNWOWANLLOO—OMNMWAOAONILONW—EHOMWO N LN O
O A =d =1 NOOOO A A a1 NOOOO—ddcd NOOOO—ddccd NOOOO«w "HdNOOOO«
05/12/22 06/12/22 07/12/22 08/12/22 09/12/22 10/12/22
e Temperature (°C) Normal Maintained Operative Temperature (BB101) _— :\/Iaximl),lm Operative Temperature
BB101
Figure 4. Continuous temperature monitoring data for the Architectural Studio (Source: Authors’
own work).
Table 2. Temperature and occupant density correlation.
PC Room (A) Classroom (A) Lecture Hall (A) Architectural Studio (A)
Occ. Density Count Occ. Density Count Occ. Density Count  Occ. Density Count
Temperature Pearson correlation 0.3892 0.3434 0.4163 0.4088  -0.2651 -0.266 0.1157 0.1088
Relationship Interpretation W.P.C W.P.C W.P.C WPC WN.C W.N.C W.P.C W.P.C

W.P.C—Weak Positive Correlation; W.N.C—Weak Negative Correlation.
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To highlight specific instances of non-compliance and thermal stress, Figure 5 dis-
plays selected data representing the worst-performing temperature periods across each
monitored room. These days were identified based on the frequency and magnitude of
exceedances above the upper operative temperature limit of 25 °C, as defined by BB101.
This standard was selected for its direct applicability to UK educational institutions and
is consistent with local regulatory expectations. While European standards such as EN
16798-2 [35] provide valuable categorizations (e.g., Category I-III), BB101 offers space-
specific guidance tailored to classroom settings in the UK, thereby serving as a more con-
textually relevant reference point for this research. Notably, spaces such as the PC Room
(A) and Classroom (A), both naturally ventilated, recorded prolonged periods above this
threshold. Observations indicated that the heating systems in these rooms were constantly
on and while the windows were open occasionally, with the outdoor air temperature be-
ing between 3 and 8 °C, the natural ventilation system may not suffice for maintaining
thermal comfort, particularly when the internal heat gains are factored. The excessive tem-
peratures in naturally ventilated spaces such as these tend to compromise the learning

environment, thereby causing discomfort to students [36-38].

15

10

O DD O DD DO D OD DD OO DD DD DD DD O O
DR S RN NEN R R RN SN AN SN SN AN N AN N SN SN N AN BN N

Arc. Studio (A)

PC Room (A)

Lecture Theatre (A) Classroom (A) Normal Maintained Maximum Operative
~ 777 Operative Temperature (BB101)
Temperature (BB101)

Classroom (B) Lecture Hall (B)

Figure 5. Temperature (°C) data (Source: Authors’ own work).

A Pearson correlation analysis across four monitored rooms, as displayed in Table 2,
examined the relationship between the temperature and occupant density. The correla-
tions ranged from —0.266 to 0.4163, which indicates generally weak positive correlations
between occupant density and room temperature, and in some instances, weak negative
correlations. This observation suggests that the presence and density of occupants in the
respective rooms have a minimal impact on the temperature fluctuations. This reinforces
the notion that other factors likely play more significant roles in determining indoor tem-
perature levels. These findings align with studies conducted by [39], who explored the
interactions between occupant density, ventilation, and indoor environmental quality.
Their research concluded that while occupant density can influence CO: levels, its effect
on temperature is often mitigated by the building’s HVAC systems’ efficiency and the
external climatic conditions.

Similarly, the CO: concentration levels were also continuously recorded across the
selected spaces, with a particular focus on understanding how different ventilation strat-
egies impacted indoor air quality. As with temperature, a continuous monitoring chart for
CO2 concentration in the Architectural Studio is provided in Figure 6, which offers a
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broader perspective of IAQ variation over time. This room was selected as a representa-
tive example due to its combination of high occupancy, natural ventilation, and observed
exceedances. The data shows that concentration peaks were consistently recorded during
occupied periods, particularly on 5 and 8 December, with values surpassing the 1500 ppm
threshold set by BB101. This underscores insufficient ventilation effectiveness under
higher occupant loads. Nighttime readings dropped significantly, confirming reduced ac-
tivity and natural dilution. The pattern of repeated exceedances during peak hours high-
lights a recurring IAQ issue in naturally ventilated learning spaces, reinforcing the need
for improved ventilation strategies or supplemental mechanical systems to maintain CO:
levels within acceptable limits during teaching hours.

05/12/22

12:23
16:08

08:38

06/12/22

= C02 (PPM)
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07/12/22 08/12/22 09/12/22 10/12/22 11/12/22

CO, Concentration Limit (BB 101)

Figure 6. Continuous CO2 monitoring data for the Architectural Studio (Source: Authors” own

work).

Figure 7 presents a comparative data snapshot of the worst-performing periods
across the monitored rooms, and it shows that the naturally ventilated rooms often rec-
orded CO: levels beyond the 1500 ppm limit, with the highest recordings around 2360
ppm during peak occupancy times in Architectural Studio (A). In such instances, while
the occupant density may be a factor, the natural ventilation present in such rooms also
may not be sufficient to maintain CO: concentration levels within acceptable limits. Im-
portantly, studies have shown that a high level of COz concentration can adversely affect
the cognitive functions and decision-making capabilities of occupants, as elevated CO:
levels have been linked to decreased productivity and increased discomfort [40-42]. As
such, this highlights the importance of optimizing ventilation strategies such as increasing
ventilation rates, ensuring a sufficient supply of fresh air, managing CO: concentrations
and sustaining healthy indoor environments, especially in naturally ventilated spaces like
this studio [43]. Conversely, the rooms characterized with mechanical ventilation such as
the Lecture Theatre (A) consistently recorded optimum COz levels within acceptable lim-
its, as is evident in its average CO: reading, which is the lowest. This points to the efficacy
in mechanically ventilated rooms in maintaining lower and more stable CO: levels
throughout the day, aligning with findings that mechanical systems can more effectively
manage air quality [44].
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Figure 7. CO:z (ppm) data (Source: Authors” own work).

The holistic average data for all the monitored environmental parameters is outlined
in Table 3. Average relative humidity levels were within the 40-70% range, thus indicating
suitable moisture content in the air for occupant comfort and wellbeing. Concentrations
of TVOCs and formaldehyde (HCHO) remained well below the thresholds of 0.3 mg/m?
and 0.1 mg/m3, respectively, which indicates good air quality with regard to chemical con-
taminants. Particulate matter (PM2.5) levels were consistently lower than the 25 ug/m?
limit, and average noise levels in majority of the rooms were within the acceptable bounds
of 40 dBA, indicating a conducive acoustic environment. Furthermore, illuminance levels
generally met or exceeded the 500 lux benchmark, thereby indicating adequate lighting
for educational activities. However, Lecture Hall (B), located on the lower ground level,
registered relative humidity outside the ideal range, which could have been potentially
influenced by its unique underground environmental conditions. Additionally, the illu-
minance in Classroom (B) did not reach the 500 lux standard, likely due to the types of
light fixtures, the use of blinds that restrict natural light, and overcast conditions at the
time of measurement. Despite these exceptions, the overall findings reflect a positive over-
all alignment with IEQ standards and recommendations conducive to teaching and learn-
ing.

Table 3. Average IEQ parameter measurements across various rooms in Universities A and B com-

pared with relevant standards. (Source: Authors” own work).

o (Avg) (Avg) CO (A'vg) Rela-  (Avg) (Avg) HCHO (Avg) (LAeq,'Zmins) (AYg) Ilu-
University Room Tempera- (PPM) tive Hu- TVOC (mg/m?) PM2.5 Noise minance

ture (°C) midity (%) (mg/m?) (png/md) (dBA) (lux)

A PC Room 24 1162 46 0.15 0.06 11 38 422

A Classroom 23 917 43 0.09 0.09 12 42 611

A Lecture Theatre 23 612 40 0.05 0.01 12 37 518

A Architectural Studio 23 1395 40 0.31 0.08 12 39 613

B Classroom 23 1006 42 0.05 0.01 10 46 240

B Lecture Hall 24 1072 35 0.04 0.01 9 36 500

Standards 20-25°C 1500 ppm 40-70% <0.3 mg/m?® <0.1 mg/m® <25pug/m® <40dBA 500 lux

[45] [45] [46] [45] [45] [45] [47] (48]
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The qualitative feedback from the surveys reinforced these findings, with many stu-
dents reporting that variations in thermal comfort significantly affected their concentra-
tion and overall satisfaction. This feedback was particularly profound in spaces with poor
ventilation, where respondents reported feelings of discomfort related to opening win-
dows and doors. Regarding sound levels, the majority of the monitored spaces maintained
acceptable noise levels. However, there were instances where traffic noise occasionally
pushed sound levels beyond the recommended limits, particularly in rooms facing busy
streets. While these occurrences were infrequent, they did contribute to moments of dis-
traction and discomfort among the students. Lighting conditions were generally satisfac-
tory, with most areas achieving adequate illumination [43]. However, the study identified
issues with unbalanced and uneven lighting in certain zones, leading to visual discomfort
for some occupants. Interviews with the facilities management professionals highlighted
the complexities of manually adjusting environmental controls within these large, diverse
spaces. They expressed a need for more automated systems that could dynamically adjust
settings based on real-time data to more effectively manage IEQ holistically.

POE Summary

The comprehensive POE conducted across the institutions has culminated in a nu-
anced understanding of the intricate challenges associated with managing IEQ in HE
buildings. The environmental data monitoring revealed instances where the temperature
and CO: levels exceeded recommended standards, directly affecting student comfort and
concentration. However, most of the other environmental parameters such as TVOC and
HCHO largely complied with the standards. The survey feedback outlined various re-
sponses, for instance, regarding the perception of deteriorating air quality throughout
class sessions, which indicated a slightly worsening of the air quality, as reported by 17%
of the respondents, and with over 25% of respondents describing temperature in the
rooms as “warm” or “hot”, which highlights the need for real-time air quality monitoring
[43]. Furthermore, the interviews with facilities management professionals highlighted
some issues, ranging from the diverse IEQ needs of a large student and staff population
to the physical constraints of the manual management by the FM professionals of the vast
complex spaces associated with HE buildings. The POE outcomes clearly demonstrate the
complexity of delivering a consistent, comfortable, and sustainable environment within
the dynamic and multifaceted spaces of HE buildings. In response to these findings, the
proposed solution is the development of a BIM-based system designed to monitor and
control IEQ in real time. The solution would encapsulate a dynamic and automated ap-
proach to managing IEQ by integrating real-time sensor data with a BIM framework. The
system’s capacity for automation would enable a more responsive and tailored approach
to maintaining optimal conditions in each unique space, thereby addressing the individ-
ualized comfort requirements expressed by the building occupants.

4. BIM-Based Prototype Development

The framework of the BIM-based prototype, as illustrated in Figure 8, involves the
synergy of functions or modules, including the integration of sensor systems, advanced
data processing using Dynamo and Python within Autodesk Revit for the storage of IEQ
data in the BIM model and the subsequent implementation of the IEQ data into the BIM
model, and a responsive control system. Each component plays a vital role in the contin-
uous cycle of data collection, analysis, and environment adjustment, thereby ensuring that
the indoor conditions are consistently aligned with the recommended standards for the
wellbeing and comfort of building occupants.
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Figure 8. BIM-based prototype framework (Source: Authors’ own work).

4.1. Room Sensor System

The room sensor system (the real live set-up and framework shown in Figures 9 and
10, respectively) forms a crucial part of the BIM-prototype framework with its major task
being the continuous monitoring of environmental parameters. This system utilizes a va-
riety of sensors, each designed to detect specific environmental indicators which are cru-
cial for maintaining optimal indoor conditions. The process of environmental data moni-
toring, as explained in previous sections, measured these different environmental indica-
tors and thus, some of these form the core of the sensor system.

Sensors

Arduino Uno

Connections Motors

Figure 9. Live setup of the room sensor system (Source: Authors” own work).

The other core part of the sensor system is the connection of the environmental sen-
sors to an Arduino UNO microcontroller, as depicted in Figures 7 and 8, which is a versa-
tile open-source electronics platform that combines robust hardware with user-friendly
software [49]. The sensors are connected to the Arduino UNO via a breadboard, which
provides a convenient platform for constructing an electronic interface between the Ar-
duino and the sensors as well as easy adjustments and additions of sensors as required.
The system is also capable of incorporating wireless technology, which allows for more
flexible sensor placement and real-time data transmission to the Arduino Uno. This fea-
ture reduces the clutter and limitations associated with wired connections, thereby mak-
ing the installation and scalability of the sensor system more efficient.
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Figure 10. Room sensor system framework (Source: Authors” own work).

A

Air Quality Sensor

Once connected, the sensors are programmed for use via the Arduino Integrated De-
velopment Environment (IDE), which is an application that supports both the writing of
new code and the uploading of it to the Arduino board. This process thereby allows for
the programming of the Arduino device to manage the interaction between the microcon-
troller and the connected sensors. The IDE is hosted on a laptop, which also provides
power to the Arduino, which allows for the creation of a compact and efficient work-
station for sensor management. Once the environmental sensors are connected and the
Arduino is programmed using the IDE, which is shown in Figure 11 with a sample DHT
sensor, the system begins to monitor the IEQ parameters continuously. The data from the
sensors is read by uploading the code into the IDE, which can then be viewed through the
serial monitor or serial plotter options in the menu bar. This comprehensive integration
of hardware and software enables the room sensor system to provide reliable and real-
time data that is crucial for effective IEQ management in HE buildings.
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11 void setup() {

12
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15}

1

17 00p() {

18
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print((int)temperature); Seria
print((int)humidity); Seri

delay(16000);
28 )

Figure 11. Arduino IDE with DHT sensor (Source: Authors” own work).

4.2. Sensor Data Management with BIM Integration

The next process in the framework involves the process of storing the sensor data in
an Excel database, as illustrated in Figure 12. After integrating the environmental sensors
with the Arduino Microcontroller, Autodesk Revit is used to serve as the central location
for data processing, synthesis, and application. Within Revit lies Dynamo, which provides
a visual programming interface that allows users to define custom functions without writ-
ing extensive code. This integration is especially beneficial for handling tasks that involve
data from various sources, such as environmental sensors in a building.

Sensor Data

Input Revit Platform Data Transfer Data Integration

» Dy <t > BIM Model > Decisi

Sensor
System

Processed Sensor
Data

\ 4

Visual

Alert Implementation

Command

Python Signal
§y O
Er::essedSensor < o 7 Actuators

(Motors)

v qop

Traffic Light

Excel

Database

Figure 12. Sensor data management and BIM integration framework (Source: Authors’ own work).

Dynamo is a crucial part of the prototype, as it allows for the automation of repetitive
tasks in Revit, which enhances efficiency, sophisticated data manipulation, and condi-
tional operations within the Revit environment. Furthermore, Dynamo has the capability
to incorporate Python programming language scripts, which allows for data analysis and
database operations, thus making it an ideal choice for processing environmental data.
The process begins with the Firefly package in Dynamo, which is instrumental in interfac-
ing directly with Arduino and other sensors to capture real-time data. Firefly provides a
bridge between physical computing and the virtual modeling environment of Dynamo,
thus enabling the direct import of sensor readings into the BIM software ecosystem.
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Once the data is imported into Dynamo, it undergoes processing and synthesis using
both Dynamo’s built-in nodes and custom Python scripts, which are represented in Figure
13. This step is critical for preparing the data for storage and ensuring it meets the neces-
sary standards for accuracy and compatibility with the database structure. In this process,
the retrieved data from the sensors is processed to ensure data integrity and synthesized
to separate the data extracted from different sensors, as the node responsible for receiving
the sensor data receives all sensor data simultaneously. The data is subsequently for-
warded into the Python scripts for data storage in a specified Excel database. This data-
base serves as a central repository where all the environmental data is stored, which al-
lows for historical data analysis, trend identification, and informed decision making re-
garding building management. Python’s powerful data-handling capabilities further al-
low for the setting up of automated routines within Dynamo, which triggers data storage
actions at predefined intervals, thereby making sure that the database is regularly up-
dated without manual intervention.

Dynamo ¥ File ¥ Edit ¥ View v Packages ¥ Generative Design ¥ Help ¥ % Extensions (1] Data Shapes ¥

® arduino-sensor_scri... @ 21336815 v

Implement Sensor Data to Revit Model (Relative Humidity)

Open Arduino Port

Implementing Sensor Data to Revit Model (Temperature)

Splitting the
read sensor

Reading Sensor Data
i i i s e A S e

Saving sensor data in excel

Figure 13. Dynamo overview for sensor data management and BIM integration (Source: Authors’

own work).

Furthermore, Dynamo provides a robust platform for not only processing data but
also for mapping and integrating this data with the BIM model maintained in Revit. This
integration is essential for associating real-time environmental data with specific physical
spaces within the building. The figure below (Figure 14) shows the Revit model with the
floor plan and the room spaces corresponding to the sensor locations. Revit spaces are
essentially designated areas within a BIM model that can be related to specific physical
environments or zones within a building and are typically named within the model for
easy identification and data association. They are defined by the boundaries of the build-
ing’s physical structure, such as walls and floors, and each space can be assigned specific
IEQ parameters, which help in simulating real-life conditions and evaluating building
performance under various conditions.
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Figure 14. BIM model with embedded floor plan detailing specific spaces (Source: Authors” own
work).

Following the sensor data integration into the BIM model, Revit and Dynamo can
also be utilized to create visualizations, for instance, using color schemes. Utilizing color
schemes to visualize different parameter performance within Revit spaces provides a vis-
ually intuitive method to analyze and communicate data directly in the BIM environment.
This approach uses color coding to distinguish various environmental conditions
whereby each parameter is assigned a specific color range. Specifically, CO: levels, for
instance, as shown in Figure 15, are represented through a color gradient, where green
signifies CO:z concentrations within safe limits (up to 1000 ppm), yellow indicates moder-
ate levels (1000 to 1500 ppm), and red indicates higher concentrations that exceed 1500
ppm, which suggests inadequate ventilation due to factors such as high occupant density
that may compromise air quality. This method not only enhances the interpretability of
the data but also integrates it visually into the BIM environment for immediate analysis.
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Figure 15. Color coding visualization (Source: Authors’ own work).

Consequently, the framework advances to a decision-making process (depicted in
Figure 10) where the conditions are evaluated against predefined thresholds. The deci-
sions resulting from this analysis lead to direct actions through actuators for environment
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adjustments and also trigger visual alerts. A traffic light system is integrated at this stage
to provide visual signals that reflect the current status directly aligned with the BIM
model’s data. This addition provides a straightforward, color-coded visual feedback con-
sisting of similar colors found in the Revit color coding scheme (green, yellow, and red).
The traffic light changes colors in response to the environmental data detected by the sen-
sors, as shown in Figure 16, which demonstrates the real-time operation of the traffic light
system, showing how changes in the sensor data are reflected in both the BIM model and
traffic light simultaneously. This integration highlights the practical application of pro-

cessed sensor data in real-time environmental management.

Sensor

Traffic
light

Motors

Figure 16. Showing the synchronization of color changes in the BIM model and traffic light (Source:
Authors” own work).

4.3. Automated Control System Overview

Beyond data visualization and analysis, the integration of sensor data into the BIM
model via Dynamo also facilitates the automation of environmental adjustments, which
represents the final function or module of the framework referred to as the control system.
As illustrated in Figure 17, this system utilizes the real-time data integrated into the BIM
to optimize the IEQ, thus guaranteeing that building operations are both efficient and re-
sponsive to the immediate needs of occupants. It is centralized around the Arduino mi-
crocontroller that functions as the control unit, managing various environmental control
mechanisms based on the data processed and the commands generated. In this setup, Ar-
duino, through the Arduino IDE, receives these data insights and based on predefined
conditions, sends out control signals to various actuators that are responsible for adjusting
environmental conditions. For instance, when the ventilation control signal is sent, the
HVAC actuators are engaged to adjust the airflow, which allows for the optimization of
the air quality and temperature. Expanding this capability, motor actuators are integrated
to the prototype via Arduino, as shown in Figure 14, to physically enact these changes,
such as opening windows or adjusting shades, thus mimicking real-world operations
based on the automated decisions. These actuators transform electronic commands into
mechanical actions, facilitating the adjustments made by the control system to have a di-
rect and effective impact on the building’s environment.
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Figure 17. Control system framework (Source: Authors” own work).

4.4. Custom Revit IEQ Interface

To further enhance the practical application of the BIM-based IEQ management pro-
totype, a custom IEQ interface was developed within Revit using pyRevit and Python
scripting. This custom interface, which is accessible under a dedicated “IEQ” tab, inte-
grates multiple functionalities for visualizing, analyzing, and managing IEQ metrics such
as temperature, CO2 levels, and relative humidity. The interface tab, as illustrated in Fig-
ure 18, enables users to dynamically monitor real-time data collected through the system
and make informed decisions on environmental adjustments.

B =59 A -9 3 -+ Autodesk Revit 2024.1 - SMR REVIT v2023.03 Final - Floor Plan: L3 «

Precast  Systems Insert Annotate  Analyze  Massing & Site  Collaborate  View  Manage Add-Ins  pyRevit IEQ  Modify

Architecture  Structure

LN

Temperature Analytics Temperature Graph CO2 Analytics CO2 Graph RH Analytics RH Graph Lighting Analytics Lighting Graph Show IEQ Data

Temperature

co2 Relative Humidity llluminance Overall IEQ

Figure 18. IEQ custom interface tab (Source: Authors’ own work).

Integrated within the custom IEQ tab button are different pushbuttons, as outlined
in Figure 18. The “Show IEQ Data” button serves as a critical tool for the real-time visual-
ization of IEQ metrics within specific building spaces. Figure 19 presents the Python script
used to develop the button, which integrates with the Revit API to retrieve sensor data
associated with the building elements. When selected, the button through the Python
script fetches data from the corresponding element in the BIM model. It then extracts the
parameters and displays them in a user-friendly dialog box. The script makes use of
Revit’s “TaskDialog” to present this data to the user in a format that is easy to interpret;
as such this functionality allows users to assess the current conditions of individual spaces
instantly, thereby providing an intuitive way to monitor and view real-time IEQ data.
Furthermore, the script incorporates “Unicode” to include special characters, such as tem-
perature in “°C”, which ensures that the data is clearly and precisely represented. Access-
ing this live data directly within the BIM model enables users to navigate through
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Figure 19. Python script and Revit user interface for real-time IEQ data visualization using the
“Show IEQ Data” pushbutton (Source: Authors” own work).

Furthermore, integrated within the IEQ tab are the respective IEQ parameters asso-
ciated with the “Analytics” and “Graph” pushbuttons, as shown in Figure 18. The respec-
tive “Graph” buttons for each IEQ parameter are designed to provide a detailed graphical
representation of the collected data over time, with a sample illustrated in Figure 20. When
activated, this button displays real-time and historical data trends in an easily interpreta-
ble visual format, which allows users to track fluctuations in environmental conditions.
Also included in the graph is the compliance standards relevant to each IEQ parameter,
which aids in creating a clear visual reference for tracking whether the measured values
fall within the acceptable thresholds. This functionality is particularly useful for identify-
ing trends, anomalies, and potential issues in building performance. For instance, users
can quickly assess how CO: levels, as shown in the Figure 20 below, fluctuate throughout
the day and compare them against recommended maximum limits to determine if venti-
lation systems need adjustments.

The Analytics pushbutton, on the other hand, is a feature that allows users to access
a detailed analysis of the environmental data through multiple tabs, as shown in Figure
21. The “CSV Data” tab presents a comprehensive time-stamped record of respective IEQ
parameter measurements captured at regular intervals. This straightforward visualization
provides users with a clear and organized log of environmental conditions over time. The
“Compliance Check” tab evaluates each recorded metric against established IEQ stand-
ards to ascertain any deviating conditions. This feature empowers facility managers to
proactively address potential environmental concerns by providing immediate feedback
on whether specific parameters, such as CO2 or temperature levels, are within acceptable
thresholds. Finally, the “Colour Scheme” tab adds another layer of intuitive data repre-
sentation by implementing a color-coded system that corresponds to the recorded IEQ
metric’s performance. As mentioned above, for instance, the temperature levels are dis-
played with a gradient or distinct colors to indicate acceptable, borderline, and critical
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thresholds. This visual aid allows for the quick assessment of environmental quality, thus
enabling more efficient decision making in real time.
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Figure 20. Sample IEQ graph from the interface (Source: Authors” own work).
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Figure 21. The IEQ analytics interface (Source: Authors” own work).

5. Discussion

The BIM-based prototype developed in this research represents a step forward in
addressing the complexities of managing IEQ in HE buildings. This prototype not only
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demonstrates the potential for real-time monitoring and control but also lays the founda-
tion for further development of a more comprehensive IEQ management system.

Integrating sensors with the BIM model, the prototype provides an efficient solution
to the manual oversight of vast and complex building spaces, which is a common chal-
lenge in traditional HE facilities. The system’s current capabilities can be expanded to in-
clude extended equipment that further automates building operations. For instance, au-
tomatic window openers and ventilation switches can be incorporated into the system to
regulate airflow, thus responding to real-time environmental data. Similarly, integrating
automatic thermostats and lighting dimmers will enhance the system’s ability to maintain
optimal conditions without the need for human intervention. Solar lighting systems could
also be introduced to improve indoor lighting, especially in areas that receive insufficient
natural light. This would further contribute to energy efficiency while also enhancing vis-
ual comfort [50].

Comparable efforts have recently emerged in the field. Ref. [51] developed an auton-
omous mobile robotic system equipped with IoT sensors to map indoor conditions using
the authors’ laboratory as a case study. Their prototype used a microcontroller to collect
environmental data at different points within BIM-based layouts to improve spatial reso-
lution and awareness. However, unlike the approach presented in this study, their system
relied on external robotic navigation and dashboards rather than embedding sensor feed-
back within the BIM environment itself. Similarly, ref. [52] explored the integration of
Revit, Arduino, and Dynamo for indoor environmental monitoring, using an IoT platform
to visualize the sensor readings. Yet, their data was displayed externally, with fewer built-
in BIM visualization and compliance tools.

By contrast, the system developed in this research provides real-time sensor feed-
back, visualized directly within Revit using color-coded indicators and compliance zones,
facilitating an intuitive and immediate understanding of spatial IEQ conditions. This
streamlined integration marks a distinct advancement in usability and potential for adop-
tion, particularly within HE institutions seeking to align FM operations with digital twin
strategies.

Furthermore, the modular structure of this prototype has the potential for seamless
expansion. Equipment such as motorized actuators for windows, switches for ventilation
and air conditioning (AC) systems, and dimmable lighting controls can be linked to the
control system, which respond to sensor data inputs. For example, when sensors detect
elevated indoor temperatures or poor air quality, the system could automatically open
windows or activate AC units to maintain ideal conditions. The inclusion of solar lighting
systems would also complement natural light sources by adjusting indoor lighting levels
to align with real-time illuminance readings, which guarantees that indoor environments
are energy efficient while also improving occupant comfort.

Practically, the prototype requires minimal initial investment beyond the existing
BIM infrastructure and low-cost sensors, which makes it accessible to HE institutions
looking to improve their building management practices. Furthermore, the use of widely
available and open-source components, such as Arduino and Dynamo, makes the proto-
type adaptable to various building types and sizes, without the need for extensive cus-
tomization or high-end technology investments. Although this is an early-stage proto-
type, its framework can evolve into a more complex, fully autonomous IEQ management
system that will address both current and future challenges in building operation and
occupant health.

Future iterations could also integrate more advanced Internet of Things (IoT) capa-
bilities, which can enhance the system’s ability to communicate between devices and fur-
ther automate the environmental management process. Additionally, machine learning
algorithms can be incorporated to predict future IEQ conditions based on historical data,
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in turn enhancing the system’s proactive capabilities. For instance, ref. [53] developed a
Deep Q-Learning algorithm to optimize thermal comfort and CO: levels in university
classrooms. Their system, trained in a simulated environment, reduced energy use by 43%
and COz levels by 24% compared to conventional systems. Similarly, ref. [54] used a deep
reinforcement learning (DRL) algorithm trained on a decade of data to maintain thermal
comfort and reduce CO:2 while lowering energy consumption by up to 5%. These studies
underscore the practical viability of Al-driven IEQ management, further supporting the
direction of this research’s proposed future enhancements.

On the academic front, the study expands the existing body of knowledge on IEQ by
providing empirical insights into the integration of sensor data with BIM to improve en-
vironmental monitoring and control. The research also contributes to the state of the art
in IEQ management by demonstrating the potential for real-time feedback and automated
control systems. This not only advances theoretical knowledge but also offers practical
implications for facility managers and decision-makers in HE institutions. By leveraging
BIM'’s capabilities for spatial visualization and data integration, this research highlights
the importance of digital twins and smart building technologies in optimizing the health,
comfort, and wellbeing of building occupants.

6. Conclusions

This research investigated the IEQ within HE buildings by utilizing a robust POE to
assess both the physical conditions and occupant perceptions as well as professional in-
sights from facilities managers. The findings reveal that while many spaces remained
within general IEQ compliance thresholds, key challenges persist, particularly with tem-
perature and CO2 control. For example, temperature readings in naturally ventilated
rooms such as the Architectural Studio and PC Room exceeded the 25 °C upper threshold
for more than 3 h, and CO2 concentrations in some spaces peaked at 2500 ppm, surpassing
the recommended 1500 ppm limit for extended periods. These trends directly influenced
occupant discomfort, with over 25% of survey respondents in these rooms describing the
temperature as “warm” or “hot” and 17% reporting worsening air quality. Additionally,
the POE process highlighted operational challenges within the FM domain, particularly
the difficulty of maintaining consistent IEQ across large and complex HE buildings using
traditional manual methods. Facilities managers emphasized the impracticality of track-
ing fluctuating conditions across multiple rooms and floors without automated support.
These findings underscore the need for scalable, responsive IEQ management strategies
in HE environments.

In response to these findings, this study proposes a feasible and technically sound
solution through the development of a BIM-based prototype. The integration of BIM tech-
nology with real-time sensor data, processed using Dynamo and Python scripts within
the Revit environment, allows for a more automated and responsive approach to IEQ
management. The system is designed to actively monitor and respond to changes in envi-
ronmental parameters, thereby facilitating immediate adjustments to maintain optimal
conditions. Through this approach, the BIM-based system not only enhances occupant
comfort, health, and productivity but also alleviates the burden on facility managers by
reducing the reliance on manual interventions.

A practical conclusion arising from this work is that future implementations can fur-
ther improve system scalability and flexibility by incorporating wireless sensor networks
and IoT architectures. This would allow for easier deployment across existing HE cam-
puses without relying on intrusive rewiring or hardware retrofitting. Additionally, there
is strong potential to explore mobile robotic platforms as part of a dynamic sensing net-
work that is capable of mapping real-time IEQ across zones, aligning with recent research
into BIM-integrated robotics and autonomous FM systems.
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Nonetheless, a key limitation of the research lies in the bespoke nature of the pro-
posed solution, whereby any practical implementation would need to be tailored to suit
the unique characteristics and requirements of individual buildings, limiting its direct
transferability across different institutional settings. Despite this, the proposed system
provides a strong foundation for developing smarter, more efficient building manage-
ment solutions that prioritize both human wellbeing and operational effectiveness across
HE environments.

Ultimately, this research contributes to a growing body of knowledge on the inter-
section of IEQ, BIM, and smart building technologies and highlights a promising pathway
for the future of facility management in educational environments.
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Abbreviations

The following abbreviations are used in this manuscript:

ACH Air Changes per Hour

BIM Building Information Modeling
CO: Carbon Dioxide (ppm)

M Facilities Management

HCHO Formaldehyde (ug/m?3)

HE Higher Education

IANL Indoor Ambient Noise Level (dBA)
1EQ Indoor Environmental Quality
PM2.5 Particulate Matter (ug/m?3)

POE Post-occupancy Evaluation

RH Relative Humidity (%)

TVOC Total Volatile Organic Compound (ug/m?3)
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