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Abstract

Indoor environmental quality (IEQ) in school buildings has been concerned widely
for many years, whilst research into the IEQ issues in higher education (HE) buildings
has been overlooked to some extent. This chapter presents an experimental study of
the IEQ issues in two typical HE buildings in London using the post-occupancy
evaluation (POE) methods. Various aspects of the IEQ have been considered in terms
of human comfort in buildings, including indoor air quality, noise level, lighting,
occupants’ perception, and so on. IEQ data have been collected using various IEQ
meters and data loggers, as well as questionnaire surveys taken by the respondents.
The results of the study reveal important findings. In terms of thermal comfort,
several spaces were found to exceed the recommended temperature limit of 25°C. The
data on indoor air quality indicated that rooms, particularly those with natural venti-
lation, such as the architectural studio, significantly exceeded the recommended CO,
limit of 1500 ppm. Moreover, the survey feedback collected from the building occu-
pants aligned with the IEQ data, particularly in the area of thermal comfort. The
respondents’ feedback provided valuable insights into their experiences and percep-
tions of the indoor environment, further reinforcing the findings obtained from the
objective IEQ measurements. The work also discusses recommendations and possible
actions to improve the IEQ in HE buildings.

Keywords: indoor environmental quality (IEQ), higher education (HE) buildings,
post occupancy evaluation (POE), indoor air quality (IAQ)

1. Introduction

Indoor environmental quality (IEQ) is a critical aspect of the built environment
that has a significant impact on the health, well-being, and productivity of building
occupants. The quality of indoor air, thermal comfort, lighting, acoustics, and ergo-
nomics are some of the factors that determine the IEQ of an infrastructure in the built
environment [1]. In higher education (HE) buildings, such as classrooms, libraries,
laboratories, and lecture halls, etc., the importance of IEQ cannot be overemphasized.
Previous studies and research on the state of IEQ in educational institutions have
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predominantly centred around primary and secondary schools [2, 3]. The nature of
higher educational buildings with complex spaces and structures consisting of
various rooms such as laboratories, lecture theaters, PC rooms etc., has possibly added
to the limited studies and research on the state of IEQ in HE buildings. As such,

there has been heightened interest in understanding the IEQ state of HE buildings
especially following the COVID-19 pandemic which has greatly increased

awareness towards IEQ especially in public spaces such as educational institutions.
This has led to the development of various strategies and tools for assessing and
improving IEQ.

One of the most effective strategies for assessing IEQ in higher education buildings
is the use of post-occupancy evaluation (POE) methods. POE involves the systematic
evaluation of a building’s performance after it has been occupied by its intended user
[4]. POE methods provide a comprehensive assessment of the IEQ of a building by
combining data from various sources, such as physical measurements, occupant feed-
back, and building performance data. However, despite the potential benefits of using
POE methods to assess IEQ in higher education buildings, there is still a lack of
awareness and understanding of these methods amongst building managers and
stakeholders. As such, this article aims to address this apparent gap, coupled with the
lack of IEQ awareness and understanding in higher education buildings through the
following objectives:

* To gain comprehensive understanding on the current state of knowledge on IEQ
and POE by reviewing relevant literature including peer reviewed journal
articles, books, and reports.

* To identify the existing IEQ situations in HE buildings and the current means for
IEQ monitoring and control through case studies.

* To gain invaluable insights from students regarding their perception of IEQ with
a questionnaire survey.

* To highlight issues with IEQ in HE buildings based on the findings in the
literature review, case study, and student feedback as well as provide
recommendations for how to mitigate such issues.

2. Background
2.1 Indoor environmental quality (IEQ)

The indoor environment constitutes the different kinds of indoor spaces available
within built assets, such as residential buildings, offices, schools, and hospitals. The
state of the indoor environment has been a prominent research area and industry
interest even before the COVID-19 pandemic. Improving the quality of life of building
occupants, increasing work performance or simply in a bid to make a building more
sustainable are few reasons why research into IEQ has gained lots of traction in the
AEC industry [5]. IEQ also refers to “the quality of a building’s environment in
relation to the health and wellbeing of those who occupy space within it” [6]. The IEQ
is linked to indoor human comfort which is usually assessed from four aspects: ther-
mal, respiratory, visual, and acoustic comfort. Respiratory comfort is generally
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IEQ embodiment [7].

expressed as indoor air quality (IAQ). These four factors all combine to affect the
comfort, health, well-being, and productivity of building occupants as depicted in
Figure 1.

Indoor environmental quality (IEQ) has a significant impact on the health, com-
fort, and productivity of building occupants, especially in educational buildings where
students and staff spend a considerable amount of time. According to studies, poor
IEQ can lead to discomfort, respiratory problems, allergies, and other health issues
[8]. In higher education buildings, poor IEQ can also affect students’ academic per-
formance, attendance, and retention [9].

Assessing IEQ in higher education buildings is essential to ensure that the indoor
environment is healthy, comfortable, and conducive to learning. The conventional
method of evaluating IEQ in buildings involves using post-occupancy evaluation
(POE) methods to collect data from building occupants after they have used the space
for a while. POE involves gathering feedback from occupants through surveys, inter-
views, and other data collection methods to evaluate their experience of the indoor
environment.

2.2 IEQ factors
2.2.1 Thermal comfort (TC)

The American Society of Heating, Refrigerating, and Air-Conditioning Engineers
(ASHRAE) and International Organization for Standardization (ISO) defined thermal
comfort as “that condition of mind that expresses satisfaction with thermal environ-
ment” for thermal comfort [10, 11]. This definition is influenced by the significant
contributions of Professor Povl Ole Fanger in the field of thermal comfort. His work,
including his dissertation and book titled “Thermal Comfort,” introduced a novel
relationship between environmental physical parameters, human physiological
parameters, and comfort perception [12]. This led to the development of the predic-
tion mean vote (PMV) and prediction percentage dissatisfied (PPD), often known as
the chamber model [13]. According to the Health and Safety Executive body (HSE),
thermal comfort is affected by a combination of environmental and personal factors
which are represented in Figure 2.
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Factors that affect thermal comfort [14].
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2.2.2 Indoor air quality (IAQ)

The rapid progress in technology in recent times has ushered in the digital era,
causing a significant shift in human behavior towards spending more time indoors.
Whether it is office workers, students in educational institutions, patients in
hospitals, or individuals in their homes, studies have shown that approximately 90%
of people’s time is spent in indoor environments [15]. This reality underscores the
importance of maintaining the quality of the indoor environment, particularly the
indoor air quality (IAQ).

ASHRAE, in their indoor air quality guide [16], defined IAQ as the “air in which
there are no known contaminants at harmful concentrations as determined by cogni-
zant authorities and with which a substantial majority (80% or more) of the people
exposed do not express dissatisfaction” [16]. Ensuring good IAQ is critical, and [17]
outlined three key reasons for this:

* Indoor air serves as the interaction medium amongst weather conditions, people,

and buildings.

* The physical, biological, and chemical characteristics of indoor air directly
influence the health and well-being of building occupants.

* Given the straightforward nature of indoor air, IAQ can be clearly defined and
managed to meet required standards.

Various studies have identified factors that influence IAQ, including temperature
(°C), relative humidity (RH %), and pollutants (chemical, biological, and physical)
[18]. Amongst these factors, pollutants play a significant role, with elements such as
carbon dioxide (CO,), nitrogen dioxide (NO,), volatile organic compounds (VOCs),
and viruses being of particular concern.

2.2.3 Acoustic comfort (AC)

Another important IEQ parameter is acoustic comfort (AC) which centres around
“noise”: an “unwanted sound” which when present in the built environment, affects
concentrations, interferes with activities, prevents speech communication, and if in
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high levels can impair hearing significantly. Thus, the capacity of a building to provide
a suitable acoustic environment and protection against noise in line with the necessary
acoustic requirements is the acoustic comfort of a building [14]. Noise, being a form
of pollution, evidently translates to the crucial impact acoustic comfort has in the
health & well-being, productivity as well as communication of a building’s occupants
[19]. The acoustic environment’s comfort is typically influenced by various factors,
including the acoustic properties (sound absorption, transmission, and reflection) of
the indoor space, the geometry and volume of the indoor area, the transmission of
airborne noise, impact noise as well as noise from internal and external sources, such
as background noise [20].

2.2.4 Visual comfort

Visual comfort is an IEQ factor that involves lighting which could either daylight-
ing or artificial lighting [21]. It is an important element of the overall IEQ in education
buildings with studies ascertaining it to be a major contributor in the creation of an
optimum learning environment [22]. The European Standard (EN 12665, [23])
defined visual comfort as “the subjective visual wellbeing condition induced by the
uminous environment” and this definition clearly indicates a psychological element to
the overall perception of visual comfort by individuals [24]. It is achieved when the
lighting quality and quantity, occupant perception, and environmental quality of view
are in a good balance [25]. Lighting quality is a measure of the light’s brightness and
color, whereas lighting quantity involves the illumination levels and output [26].

2.3 IEQ standards and guidelines for HE buildings

Indoor environmental qualities, like all aspects of sustainability, are mostly
governed by certain standards. As established, IEQ is characterized by four environ-
mental factors which are thermal comfort, indoor air quality, acoustic comfort, and
visual comfort. These four factors are different with different means of measurements
and recording and thus, requirements for each IEQ factor are expected to be different
leading to the emergence of different standards for most IEQ factors. In buildings
generally, the evaluation and design of the indoor environment are governed by
national and international standards. These standards provide guidelines in the spec-
ification of acceptable indoor environmental conditions for occupants [27]. They are
highlighted as follows:

2.3.1 Baseline designs for schools

These were developed by the education funding agency (EFA) in response to a
recommendation in the Review of Education Capital in April 2011. The review called
for a suite of standardized drawings and specifications that could be applied across a
wide range of educational facilities [28]. The designs provide a light, bright, and airy
learning environment for students and teachers. They were drawn up with the advice
of environmental, architectural, and teaching experts to address problems such as
dark corridors, poor ventilation, and inadequate classrooms, and to make the very
best use of space [28]. Table 1 provides an overview of the published guidelines on
various aspects of design and construction:
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Publication Overview
Environmental This outlines criteria for indoor air quality, lighting, temperature control, and
services strategy energy consumption. The document also provides guidance on ventilation

strategies for both primary & secondary schools and sets operational targets for
energy consumption

Structural strategies This document provides guidance on the structural design of school buildings
Circulation models This document provides guidance on the design of circulation spaces within
school buildings

Access and inclusion  This document provides guidance on ensuring accessibility and inclusivity in the

design of school buildings

Daylight strategy This document provides guidance on ensuring adequate daylight in school
buildings
Acoustic performance This document provides guidance on the acoustic design of school buildings
standards
Table 1.

EFA baseline design guidance document.

2.3.2 Chartered Institution of Building Services Engineers (CIBSE)

CIBSE stands for the Chartered Institution of Building Services Engineers. It is a
professional body in the UK for building services engineers, encompassing a wide
range of disciplines such as heating, ventilation, air conditioning, lighting, and
plumbing. CIBSE was founded in 1976, and its main aim is to promote the science, art,
and practice of building services engineering, as well as to promote the efficient use of
energy in buildings. It achieves this through various means such as the publication of
technical guidance and codes of practice, organizing seminars and conferences, and
providing education and training for building services engineers Table 2 presents an
overview of the published CIBSE guides:

CIBSE Guide Title

CIBSE Guide Environmental design: provides a comprehensive overview of environmental design in
A buildings, including principles of thermal comfort, indoor air quality, lighting, and
acoustics

CIBSE Guide Heating, ventilation, air conditioning, and refrigeration: provides detailed information on
B HVAC systems, including design principles, load calculation, system selection, and control
strategies

CIBSE TM40 Health and wellbeing in building services: provides guidance on how to design, operate,
and maintain building services systems to support the health and well-being of occupants
and covers indoor air quality, thermal comfort, lighting, acoustics, and other factors that
affect occupant health and productivity

Table 2.
CIBSE guidance documents.

2.3.3 International Organization for Standardization (1SO)

The ISO is an organization consisting of 163 national standard bodies
headquartered in Geneva (OECD/ISO, 2016—dependent). Established in 1947, the
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ISO Standard Title
ISO 17772-1:2017 Energy performance of buildings: indoor environmental quality
ISO 7730 Ergonomics of the thermal environment: PMV and PPD indices
ISO 16814:2008 Building environment design: indoor air quality
ISO 10551 Ergonomics of thermal environment on subjective assessment methods
ISO 9920 Ergonomics of thermal environment on clothing insulation
Table 3.

ISO relevant IEQ standards.

ISO covers a range of areas in the field of engineering, business, health, technology,
computing, and others [13]. Its main goals are to provide global solutions to world-
wide challenges and support innovation by developing “voluntary, consensus-based,
market relevant international standards” (OECD/ISO, 2016—dependent). Table 3
presents the relevant IEQ standards published by the ISO.

2.3.4 European Standard (EN)—CEN

The European Standard (EN—European Norms) are sets of standards developed and
adopted by the three European Standard Organizations: The European Committee for
Standardization (CEN), the European Committee for Electrotechnical Standardization
(CENELEC), and the European Telecommunications Standards Institute (ETSI)
(European Commission [29]). It comprises more than 800 member organizations
worldwide constituting research entities, private companies, academia, and government
organizations [30]. Table 4 presents the relevant IEQ standards published by CEN.

2.3.5 The American Society of Heating, Refrigerating and Air-conditioning
Engineers (ASHRAE)

The American Society of Heating, Refrigerating and Air-conditioning Engineers
(ASHRAE) is a global society established in 1894 geared towards the advancement of
human well-being through sustainable technologies for the built environment [31]. By
fostering innovation and disseminating knowledge, it plays a crucial role in shaping
the practices and standards related to heating, ventilation, air conditioning, and
refrigeration systems, contributing to the improvement of environmental sustainabil-
ity and human comfort in buildings.

2.4 IEQ indicator setpoints

The IEQ setpoints are a set of standards and guidelines that define the minimum
and maximum acceptable levels of environmental parameters for optimal occupant

European Standard Title
EN 15251:2007 Indoor environmental input parameters for design and assessment
EN 16798:2019 Energy performance of buildings: ventilation for buildings

Table 4.

European Standard (EN) velevant IEQ documents.

7



Standard Temperature Relative humidity Carbon dioxide PM2.5 TVOC HCHO IMluminance Background noise
(°C) (%RH) (ppm) (ng/m?) (ng/m’) (ng/m’) (lux) (dB)

CIBSE A 19-21 40-70% <1500 ° <300 . 300; 500 35

BB 101 20-25 . 1500 25 (1 yr) <300 (8 hr) . . .

BB 93 . . . . . . 40-45

EN 12464-1:2021 . . . . ° ° 500 .

UK Gov. (24-h . . . 10 . . . .

mean)

UK Gov. (Annual) . o o 25 o . o o

UK Gov. (30 min) . . . ° . <100 . .

Table 5.

IEQ setpoints from various published standavds and guidelines.
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comfort and well-being. They cover several key factors including thermal, visual,
acoustic comfort, and indoor air quality (IAQ). For thermal comfort, the setpoints
provide guidelines for temperature and humidity levels that ensure occupant comfort
and productivity. For visual comfort, the setpoints provide guidelines for lighting
levels and glare control to ensure occupant visual well-being and productivity.

Acoustic comfort setpoints provide guidelines for acceptable noise levels, sound
transmission, and reverberation times to ensure occupant acoustic well-being and
productivity. Finally, IAQ setpoints provide guidelines for acceptable levels of air
pollutants, carbon dioxide, and relative humidity to ensure occupant respiratory
health and well-being.

Table 5 presents HE buildings relevant IEQ setpoints published by various orga-
nizations such as the Building Research Establishment (BRE), CIBSE and the UK
government, which are regularly reviewed and updated to reflect new research and
standards. The adherence to IEQ setpoints can result in improved occupant comfort,
productivity, and well-being, as well as reduced energy costs and environmental
impact.

3. Research methods
3.1 Post-occupancy evaluation (POE) methods

Post-occupancy evaluation (POE) is a method for evaluating the performance of a
building after occupancy. POE is an essential tool for assessing the indoor environ-
mental quality (IEQ) in higher education buildings. It involves collecting and analyz-
ing data on the performance of a building’s systems, such as HVAC, lighting,
acoustics, and thermal comfort, to determine their effectiveness and efficiency.

The purpose of a POE is to identify the strengths and weaknesses of a building’s
design and operation, and to identify opportunities for improvement [32].

POE has been used for decades as a way to evaluate the effectiveness of building
design and operation in terms of IEQ. According to a study by Fisk [33], POE has been
used in a variety of settings, including office buildings, schools, and hospitals. In the
context of higher education buildings, POE can be particularly useful in assessing the
quality of the learning environment, which is a critical factor in the success of stu-
dents.

For this study, the primary POE methods used are physical monitoring and ques-
tionnaire surveying. Physical monitoring, often being the more objective approach of
the two POE methods, involves ascertaining the actual conditions of the building [34].
It may include the use of various measurement instruments and sensors to monitor
IEQ indicators such as temperature, humidity, air quality, and lighting levels. Through
physical monitoring, researchers and building management teams can gain insights
into the actual performance of the building and identify areas that require improve-
ment. Questionnaire surveying involves the use of surveys which are conducted to
gather feedback from building occupants regarding their satisfaction levels and expe-
riences with the building environment [35]. The survey questions cover various
aspects of building design, IEQ, and other factors that may influence occupant satis-
faction. The survey results provide valuable insights into occupants’ perspectives and
help identify areas where improvements can be made to enhance user satisfaction and
comfort.
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3.2 Case study

For the actualization of the research aim and objectives, it was necessary to collect
relevant data from higher education institutions, primarily from the respective build-
ings associated with them. To achieve this, various factors such as the ease of
collecting data, permissions required etc. were at the forefront of the selection pro-
cess. After careful appraisal of the factors, two universities were identified and
selected to serve as the study settings for this research with one being the main setting
and the other being the complimentary setting. The study focused on assessing the
state of IEQ in different types of rooms in the two universities (To satisfy ethical
purposes, considerations, and requirements, the Universities will be addressed in this
article as University A and University B). The different types of rooms, their respec-
tive capacity as well as their ventilation type (which is a key factor that studies have
shown to affect IEQ) are represented in Table 6.

3.3 Data collection methods

As part of the POE process to assess the indoor environmental quality (IEQ) in the
selected rooms at aforementioned universities, a comprehensive data collection
approach was employed. These data collection methods involved physical measure-
ments and questionnaire surveying with the collected data subjected to rigorous data
analysis including the use of statistical methods, data visualization techniques, and
qualitative analysis.

3.3.1 Physical measurements

Physical measurements involved undertaking a meticulous collection of data
pertaining to key physical parameters that define the indoor environmental quality
(IEQ) of the space under study. These include temperature (°C), relative humidity
(RH %), CO, levels (ppm), airborne particulate matter (PM2.5—pg/m3), total volatile
organic compounds (TVOC—pg/m?), formaldehyde (HCHO—pg/m?), illuminance
(lux), and background noise (dB).

To achieve the recording process, the researcher employed the use of certain
physical measurement procedures after rigorous review of the literature. This includes
the use of instrumentation which involves the use of appropriate instruments and
sensors specific to each IEQ indicator. Datalogging techniques were also employed to
continuously log the relevant data over a defined period. Field measurements were

University Room Capacity Ventilation Type
A Classroom (A) 56 Natural
PC room (A) 24 Natural
Lecture theater (A) 191 Mechanical
Architectural studio (A) 30 Natural
B Classroom (B) 41 Natural
Lecture hall (B) 167 Mechanical
Table 6.

University data.
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conducted, including spot measurements at different times of the day, to capture
variations in the IEQ indicators. Observation and documentation were integral to the
data collection process, ensuring accurate and comprehensive records of the physical
measurements.

By monitoring these IEQ indicators using suitable instruments and sensors,
employing datalogging techniques, conducting field measurements, and documenting
observations, a thorough assessment of the indoor environmental quality was
achieved. This data serves as valuable information for evaluating the performance of
the spaces and informing any necessary improvements or interventions.

3.3.2 Equipment used

The following highlighted equipment was used for the purpose of collecting phys-
ical IEQ data. The equipment was placed in a suitable location on the classroom walls
at 1.5 m from the ground as that is best practice as seen in Figure 3d.

* Tinytag Datalogger (Figure 3a)—This is a compact, battery-operated instrument
designed to record data over a set duration. It can be set up to take readings at
consistent intervals, which could range from minutes to hours, based on the
monitoring needs. The device saves the gathered data in its internal memory or
storage. In the context of this study, the environmental factors measured
included temperature, relative humidity, and carbon dioxide (CO,).

* Temtop M2000C (Figure 3b)—This is a compact and portable air quality
monitor which is powered by a rechargeable battery allowing for continuous
monitoring. The device allows for real-time monitoring, datalogging and
measures several environmental and air quality parameters including
temperature, relative humidity, PM2.5, PM10, and CO,.

* Temptop LKC 1000S+—This is a compact and portable air quality monitor which
is powered by a rechargeable battery allowing for continuous monitoring. The
device allows for real-time monitoring, datalogging and measures several
environmental and air quality parameters including temperature, relative
humidity, PM2.5, PM10, TVOC, and HCHO.

Figure 3.
Showing the equipment used and typical Temptop equipment placement in the classroom.
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* Precision Gold NO9AQ 4-in-1 environment meter (Figure 3c)—This is a
versatile, handheld device designed to measure and monitor various
environmental parameters. It is equipped with a clear LCD display screen which
provides an easy-to-read measurement. The device typically includes built-in
sensors for measuring temperature, humidity, light intensity, and sound level.

3.3.3 Surveys ¢ questionnaires

Questionnaires are an effective and efficient method for gathering subjective
feedback from occupants (students & staff) about their experiences and perceptions
of indoor environmental quality. For this study, certain considerations and potential
areas of inquiries were identified which included: overall satisfaction, thermal com-
fort, air quality, lighting conditions, and acoustic comfort.

4, Data collection outcomes

This section provides an overview of the data collection process and outcomes in
this study. The data collection included two main types: quantitative data obtained
through measurements and monitoring of various spaces in the two universities, and
qualitative data gathered from questionnaire surveys. The objective of these data
collection efforts was to assess the existing indoor environmental quality (IEQ) con-
ditions in the higher education buildings. The measurements and surveys were
conducted during the winter period, specifically between January and March 2023, in
alignment with the seasonal conditions in the UK. By collecting these data, the study
aimed to gain insights into the IEQ conditions and inform potential areas for
improvement in the studied buildings.

4.1 IEQ results gauged against published standards and guidelines

To highlight major findings from the IEQ data, it is important to gauge it against
the published standards and guidelines such as the CIBSE and BB101. This process is
conducted under the four IEQ factors whereby the respective environment parame-
ters such as temperature, CO,, and so on are gauged against their respective standards.

4.1.1 Thermal and humidity data

Figure 4 illustrates the temperature data collected from various rooms at Univer-
sity A, along with the recommended temperature ranges (20-25°C) provided by the
BB101 guidelines. The graph clearly shows that, except for the lecture theater, all
other rooms exceeded the upper limit of 25°C, indicating a deviation from the
recommended range. Of particular concern is the architectural studio, where temper-
atures consistently reached or exceeded 25°C for an extended period, with a peak of
29°C. The lecture theater and the PC room also experienced prolonged periods with
temperatures around 25°C.

Figure 5 illustrates the relative humidity data obtained from various rooms at
University B. The graph also includes the recommended optimum levels of relative
humidity as specified by the BB101 guidelines. It is evident from the graph that the
two rooms exhibited contrasting data. The classroom largely maintained relative
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Figure 4.
Plotted temperature data for University A.
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Figure 5.
Plotted relative humidity data for University B.

humidity within the recommended range of 40-70%, whilst the lecture hall recorded
levels below the optimum range.

4.1.2 Indoor air quality data

Figure 6 displays a sample CO, data retrieved from all the selected rooms from
University A and B including the published CO; limit of 1500 ppm. It can be observed
from the graph that the architectural studio and the PC rooms especially recorded CO,
levels reaching and exceeding the recommended limit.
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Plotted CO, data for all rooms in University A ¢ B.

The typical PM2.5 data for all the rooms in both universities is presented in
Figure 7. This included the 24-h mean PM2.5 limit of 10 pg/m? as published by the UK
Government. It can be observed that the PC room, architectural studio, and class-
room, all of which are in University A, exceeded the mean limit.

The typical TVOC data for all the rooms in both universities is presented and
plotted in Figure 8. This included the 8-h TVOC limit of 300 pg/m?> as published by
the BB101. It can be observed that all the rooms fell below the published limit.

The typical HCHO data for all the rooms in both universities is presented and
plotted in Figure 9. This included the 30-min HCHO limit of 300 pug/m? as published
by the UK Government. It can be observed that only the PC room recorded HCHO
levels which exceeded the limit which even exceeded 30 min.

PM 2.5 Data (ug/m3)
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Figure 7.
Typical PM2.5 data for all rooms in both universities.
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Figure 8.
Typical TVOC data for all rooms in both universities.

4.1.3 Visual comfort

The illuminance data collected from the classrooms showed a substantial compli-
ance with the established guideline of 500 lux as shown in Figure 10. Most of the
readings fell within this limit, indicating that the lighting conditions in the classrooms
were generally appropriate for educational activities. However, there were instances
where the illuminance levels exceeded the recommended limit, especially in Univer-
sity A. Upon further investigation, it emerged that these instances were primarily due
to the presence of natural light, particularly when the curtains were open. In contrast,
the classroom in University B fell short of the illuminance standard substantially,
likely due to the type of lighting fixtures and the presence of light-limiting blinds
which limited the entry of natural light. Whilst natural light can enhance the learning
environment, it can evidently also lead to higher illuminance levels which can exceed
21000 lux [36]. Therefore, it is important to manage the balance between natural and

artificial light to maintain optimal lighting conditions in the classrooms.

HCHO Data (pug/m3)

140

120

L e e e e e e e
80

60
40 A —

/
20 — — \
0
09:00 10:00 11:00 12:00 13:00 14:00 15:00
Arc. Studio (A) Lecture Theatre (A)
Classroom (A) PC Room (A) = = = HCHO 30-mins Limit

(BB 101)

Classroom (B)

Lecture Hall (B)

Figure 9.
Typical HCHO data for all vooms in both universities.
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Average llluminance (Lux)

700
600
500
400
300
200
100

Arc. Lecture Classroom PC Room Classroom Lecture
Studio  Theatre Hall

University A University B

H Average llluminance Required Task Illuminance Level (BS
(Lux) EN 12464-1:2021)

Figure 10.
Average illuminance for all rooms.

4.1.4 Acoustic comfort

The noise data, as shown in Figure 11, collected for both unoccupied and occupied
rooms showed a general adherence to the expected noise levels. In unoccupied rooms,
the noise levels substantially fell within the 30-35 dB range. However, slight variations
were observed in situations where external factors, such as open windows, allowed
noise from passing traffic to infiltrate the rooms, thus reflecting in the data. In
occupied rooms, the noise levels were typically around 45 dB. This limit was occa-
sionally surpassed during data collection periods when a lecturer was speaking, con-
tributing to an increase in the ambient noise level. It is important to note that these
occasional exceedances of the noise limit could be attributed to specific activities
within the room rather than a consistent issue with noise control.

Background Noise (dB)

Arc. Studio Lecture Classroom PC Room Classroom Lecture Hall
Theatre

University A University B

o Noise Level ~  ———-- Optimum noise range for classroom activities (BB93)

Figure 11.
Background noise levels for all rooms.
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4.2 Survey feedback

The questionnaire survey was designed to gather occupants’satisfaction with the
indoor environmental quality, focusing on four key aspects: temperature and humid-
ity, air quality, lighting, and noise levels. A total of 41 feedback responses were
collected from the spaces where physical monitoring and measurements took place.
The surveys were typically conducted at the conclusion of teaching sessions. The
survey questions and feedback provided valuable insights into occupants’ perceptions
and opinions regarding the indoor environment, offering the following perceptions
and hypotheses:

4.2.1 Temperature perception

Amongst the questions asked are questions regarding the perception of tempera-
ture in classrooms by the students. The analysis, as represented in Figure 12, showed
that majority of respondents described the room temperature as neutral, indicating
overall comfort. However, a notable percentage felt it was either warm or cool,
suggesting some variability in thermal conditions in the classrooms. Furthermore,
emphasis was made for the heating season with most of the respondents having a
moderate temperature perception, indicating effective heating system performance.
However, a smaller percentage felt it was cool/cold, indicating a need for improve-
ment during colder periods (Figure 13).

4.2.2 Air quality perception

Looking at air quality outlook in the classrooms was also important to the overall
objectives of the research. Majority of respondents, as shown in Figure 13, perceived
the air quality as good, indicating that it met their expectations contributing to a
comfortable learning environment. However, a significant number reported bad air
quality, suggesting the presence of issues that should be addressed to ensure optimal
indoor air quality. Additionally, a significant percentage of respondents indicated their
willingness to take action if they were informed of poor air quality, such as opening or
closing windows. This highlights the importance of providing students with

How would you describe the temperature in this room right now?

@ Hot

4.9% @ Warm
Neutral
@ Cool
@ cold
Figure 12.

Temperature perception feedback.
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How do you feel about the air quality in
classrooms?

® Good

® Bad

No Feeling/
Insignificant

Figure 13.
Air quality perception feedback.

information and control over their environment, empowering them to improve their
immediate surroundings.

4.2.3 Light level perception

Amongst the IEQ indicators is light which was also considered for this research. On
this, most respondents perceived the light level in the classrooms as okay as shown in
Figure 14, indicating that it was generally satisfactory for reading and visual tasks.
However, a small percentage of respondents found the light level either too bright or
dim, suggesting the need for adjustments or enhancements in lighting design.

4.2.4 Noise level perception

Another important IEQ indicator is the noise level which was also considered in the
survey process. Noise levels from outside were generally deemed acceptable as shown
in Figure 15, but occasional severe noise was reported, which could disrupt concen-
tration. Notably, a significant percentage acknowledged that noise in the classroom
does affect their concentration, emphasizing the importance of noise control measures
to provide for a conducive learning environment.

How would you describe the light level in this
classroom?

Too
Bright

7.3%
Bright

4.9%

Figure 14.
Light perception feedback.
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What do you think about the noise level in
classrooms from outside when windows are open?

@ Occasionally
Severe

® Usually Okay

Hardly/Not
Noticed

Figure 15.
Noise perception feedback.

4.2.5 Miscellaneous

Finally, students recognized the overall impact of IEQ on concentration, with
temperature ranking as the most influential factor, followed by air quality, noise, and
lighting. These findings provide valuable guidance for improving IEQ in higher edu-
cation buildings, aiming to create comfortable, healthy, and conducive learning envi-
ronments that optimize students’ well-being and academic performance. (as well as
IEQ added knowledge such as weighting of IEQ factors).

5. Analysis and discussion
5.1 Thermal and humidity

The summarized temperature data presented in Table 7 reveals that a significant
number of the rooms subjected to IEQ physical measurements (5 out of 6) exceeded
the published upper limit of 25°C by the BB101. In University A, where the class-
rooms, PC room, and architectural studio are naturally ventilated, the maximum
temperatures recorded during the winter months were relatively high. The classroom
and PC room reached maximum temperatures of 28°C for 4 h and 5 min, and 3 h
respectively, whilst the Architectural Studio recorded the highest maximum

University Room Min-Max temperature = Duration below 20°  Duration Exceeded
recorded °C C (h/min) 25°C (h/min)

A Classroom 19-26°C 0 h 0 min 4 h 5 min
PC room 18-28°C 0 h 20 min 3 h 0 min
Lecture 17-26°C 1h 0 min 1h 45 min

theater
Architectural 20-29°C 0 h 0 min 3 h 10 min

studio
B Classroom 20-23°C 0 h 0 min 0 h 0 min
Lecture hall 21-26°C 0 h 0 min 0 h 15 min

Table 7.

Temperature data.
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temperature of 29°C for 3 h and 10 min. In University B, the classroom recorded
temperatures within the recommended range of 20-25°C, with a minimum and max-
imum temperature of 20-23°C. This suggests that the heating systems or insulation in
the classroom were able to maintain a suitable temperature level during the winter
months. However, the lecture hall, despite being mechanically ventilated, exceeded
the upper limit, reaching a maximum temperature of 26°C. It is worth noting that it is
located in the basement level of the university which combined with the heating
systems in place, might have contributed to the temperature rise.

These findings are particularly noteworthy considering that the data was recorded
during the winter period, when the outdoor temperatures ranged between 0 and 10°C.
These results suggest that there may be challenges in maintaining optimal thermal
comfort in the classrooms during colder months, potentially leading to discomfort for
students and faculty. This observation suggests a potential issue with temperature
control in the classrooms identified by the researcher, particularly during the colder
months. One possible explanation for this discrepancy is the placement of tempera-
ture sensors predominantly in the corridors rather than within the classrooms them-
selves. As a result, the heating system may be working harder to maintain the desired
temperature, leading to higher temperatures inside the classrooms. Additionally, this
highlights the need for further investigation into the heating systems and insulation in
these buildings to ensure a conducive learning environment, especially during
extreme weather conditions.

For relative humidity, overall, the levels were found to be largely within the
recommended standard range of 40-70% as indicated in Table 8. However, upon
closer examination of the daily data, it became evident that the relative humidity
levels tended to be on the lower side of the recommended range specifically in the
40% range. This suggests that the indoor environments in these rooms were relatively
dry, approaching the lower end of the ideal humidity range.

In contrast, the lecture hall in University B displayed a lower relative humidity
range, with a minimum and maximum of 33-36% respectively. This lower range
might be attributed to the fact that the hall is mechanically ventilated which could
impact humidity control of the space. But more importantly is the fact that it is located
in the basement level of the university. Basements tend to have different environ-
mental conditions compared to above-ground spaces, including potentially higher
moisture levels. Considering the basement location and the potential challenges in
humidity control, it is expected that the lecture hall in University B experienced lower
relative humidity levels. If the recorded relative humidity falls outside the

University Room Relative humidity (%)
Minimum Maximum
A Classroom 41 46
PC room 42 49
Lecture theater 42 49
Architectural studio 46 49
B Classroom 39 45
lecture hall 33 36
Table 8.

Relative humidity data showing the minimum and maximum recovded levels.
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recommended range, it may be necessary to investigate further and implement mea-
sures to optimize humidity control, such as adjusting ventilation systems or introduc
ing additional humidity management strategies, to ensure a comfortable and healthy
indoor environment for occupants. Additionally, Figure 5 visually demonstrates that
there were instances where the relative humidity did not meet the lower limit of the
standard in certain classrooms. The researcher observed that the windows for rooms
with natural ventilation were open on many occasions which could influence the
relative humidity levels recoded. However, this issue still suggests a potential chal-
lenge in maintaining optimal humidity levels within the classrooms which highlights
the need for further investigation into the causes of these deviations.

5.2 Indoor air quality
5.2.1 Carbon dioxide (CO,)

Table 9 provides an overview of the maximum CO, levels recorded in various
rooms of two universities, along with the number of times the CO, concentration
exceeded 1500 ppm and the duration of such exceedances. When analyzing the data
from both universities, it was observed that the rooms that exceeded the limit
occurred in university A specifically, the classroom, PC room, and architectural stu-
dio. In University B, both the classroom and lecture hall maintained CO, levels below
the threshold, implying better ventilation and lower occupancy in these rooms from
the observations.

Upon further investigation, it became evident that the occurrence of high CO,
levels primarily affected classrooms that relied on natural ventilation. Specifically, the
Architectural studio, with the plan as shown in Figure 16, recorded the highest CO,
level of 2360 ppm. This room is naturally ventilated and has two small windows, but
only one window can be opened for airflow. Additionally, it is worth noting that the
usable open window has a relatively small area of 0.93 m”, which may not be sufficient
for the room size of 85 m” This finding can be attributed to several factors related to
the studio’s ventilation and occupancy conditions. Firstly, the limited use of one
window hindered the proper airflow and exchange of fresh air, resulting in a build-up
of CO,. Inadequate ventilation promotes stagnant air and the accumulation of pollut-
ants. Secondly, the studio was frequently overcrowded, with a large number of occu-
pants present. As people exhale, they release CO,, and in a crowded space, CO,
concentration can rise rapidly. The combination of limited ventilation and high

University Room Maximum CO, recorded Duration exceeded 1500 ppm
(ppm) (h/min)
A Classroom 1617 1h 45 min
PC room 1738 1h 0 min
Lecture theater 970 0 h 0 min
Architectural 2360 8 h 55 min
studio
B Classroom 1072 0 h 0 min
Lecture hall 1133 0 h 0 min
Table 9.
CO, data.
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Figure 16.
Avrchitectural studio plan.

occupancy levels likely contributed to the observed elevated CO, levels. These find-
ings underscore the importance of optimizing ventilation strategies and ensuring an
adequate supply of fresh air in crowded spaces. By doing so, it is possible to maintain
healthy indoor air quality and minimize CO, build-up in classrooms relying on natural
ventilation (Figure 16).

5.2.2 PM2.5, TVOC, and HCHO

The PM2.5 data showed that in some classrooms, on certain days, the hourly PM
2.5 readings exceeded the daily limit of 10 pg/ m> (average) as represented in Figure 7.
This primarily points to PM2.5 being a slight concern considering the case study
settings are located in an urban area with high traffic which affects the quality of
outdoor air. This in return affects the indoor PM2.5 readings with other possible
factors being classroom conditions or student activities.

With regard to TVOC and HCHO, the analysis of these data sets revealed that the
levels largely adhered to the established limit of 300 pg/ m?> or 100 pg/ m> respectively.
This standard was exceeded only on one or two occasions, suggesting a high level of
compliance with the recommended guidelines. The few instances where especially the
HCHO levels surpassed the limit could potentially be attributed to increased student
activity, which might have led to a temporary spike in emissions, or possibly equipment
error. However, these instances were exceptions rather than the norm, indicating that the
indoor environment was generally within the acceptable range for TVOC/HCHO levels.

5.3 Room IEQ correlations

In the process of data analysis, correlations were carried out with the aim of
examining various variables against each other in the bid to ascertain various findings
align with those from prior research. The relationship between occupant density and
temperature and CO, levels was examined for rooms in University A with Table 10
presenting the results and data. The results indicated a weak correlation between
occupant density and temperature, suggesting that the number of occupants in a room
may not significantly impact the temperature. However, a strong positive linear
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PC room Classroom Lecture theater = Architectural
studio
Occ. Count Occ. Count Occ. Count Occ. Count
density density density density
CO, Pearson 0.7465 0.7632 0.7469 0.7375 0.5032 0.5081 0.7233 0.681
concentration correlation
Sig. (2 0.0001 0.0000 0.0000 0.0000 0.0000 0.0000 0.0001 0.0001
tailed)
Correlation is Correlation is Correlation is Correlation is
significantatp  significantatp  significantatp  significant at p
< .05and atp < .05andatp < .05and atp < .05and at p
< .10 for both < .10 for both < .10 for both < .10 for both
occupant count  occupant count  occupant count  occupant count
and density and density and density and density
Table 10.

CO, and occupant density correlation data.

correlation was observed between occupant density and CO; levels. This implies that
as the number of occupants increases, the CO, levels in the room also rise, which is
consistent with the findings from previous literature (Table 10) [37].

5.4 Room comparison: mechanical and natural ventilation

To further scrutinize the IEQ data, it was pertinent to look at relationships and
make comparisons to distinctive differences between classrooms such as looking at the
data outlook with regard to mechanically and naturally ventilated classes. After
undergoing various comparisons between the classrooms and the respective IEQ indi-
cators, the researcher realized that the CO, data exhibited the most glaring differences
when the two types of classrooms were compared. The analysis showed that CO, levels
in mechanically ventilated rooms consistently remained below the recommended
maximum limit of 1500 ppm, while naturally ventilated rooms occasionally exceeded
this limit as shown in Figure 17. This discrepancy can be attributed to the active
control and circulation of air in mechanically ventilated rooms, as opposed to the
passive air movement in naturally ventilated rooms, which can be less effective,
especially in high occupancy spaces or rooms with limited airflow (Figure 17).

5.5 Combined IEQ and survey findings

The analysis of both the IEQ data and survey feedback presented various results and
findings. Incidentally, analyzing both the objective IEQ data and the subjective survey
responses, meaningful connections, and insights were highlighted as such:

1. Temperature: A notable percentage of respondents felt their classrooms were
balanced, but a fair amount (4.9%) perceived the temperature to be hot. This
aligns with the IEQ data, which indicates that the temperature in classrooms
reached or exceeded the recommended maximum limit of 25°C. The discomfort
expressed by students during these situations, leading to the removal of top
layers such as coats and the opening of windows, further supports this alignment.
Research has shown that the optimal temperature for a learning environment is
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Figure 17.
CO, outlook for a typical mechanically and naturally ventilated classroom.

between 18°C and 25°C, as temperatures outside of this range can impact
students’ focus and learning abilities [38].

2. Air quality: Whilst a sizeable percentage of respondents felt the air quality was
okay, a notable percentage (17.1%) expressed it as bad. This strongly aligns with
the IEQ data, particularly the CO, levels, which recorded high levels exceeding
the maximum limit of 1500 ppm, especially in naturally ventilated classrooms.
The high CO, levels recorded in the IEQ data correspond to the dissatisfaction
expressed by the respondents regarding air quality with elevated CO; levels
being able to impact cognitive function and contribute to feelings of stuffiness
and discomfort [3].

3.Lighting: The survey responses and IEQ data show some alignment in terms of
lighting. Whilst a majority of respondents felt the lighting was okay, a notable
percentage found it to be bright or too bright. This aligns with the IEQ data
indicating that the illuminance in classrooms exceeded the recommended limit of
500 lux. The perception of bright lighting by some respondents is consistent with
the measured illuminance levels.

4.Overall IEQ: The finding that most respondents agreed that the overall indoor
environmental quality affected their concentration in the classroom is a strong
indicator of student awareness regarding IEQ. This alignment also corresponds to
the IEQ data, which identified different indicators, including temperature and
CO, levels, exceeding their recommended limits. The impact of IEQ on students’
well-being, comfort, and concentration underscores the importance of
addressing and improving indoor environmental conditions [39].

5.6 Research limitations and challenges faced

A few limitations or challenges were experienced by the researcher during the POE
data collection process. Firstly, the research encountered technical gaps in equipment,
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which had a direct impact on the accuracy and precision of measurements. The quality
and capabilities of the equipment used ultimately influenced the reliability of the data
collected. Limited resources and funding also posed challenges in accessing specialized
or advanced measurement tools, further compromising the evaluation process. This
limitation particularly affected the assessment of specific building performance indi-
cators, such as indoor air quality, which required expensive and less readily available
equipment. Consequently, the depth and comprehensiveness of the evaluation were
restricted. Moreover, the limited resources also had implications for the scope and
scale of the evaluation, resulting in a narrower focus and reduced sample size. Addi-
tionally, establishing standardized metrics and benchmarks for physical measure-
ments in higher education buildings proved to be a challenging task. The lack of
uniformity in measurement protocols, criteria, published standards, and guidelines
hindered the ability to compare the performance of different buildings or assess their
performance against established benchmarks. For example, after thorough scrutiny of
the available published standards and guidelines, the researcher found that many of
them focused on primary and secondary schools. This limitation made it difficult to
draw meaningful conclusions and accurately evaluate the buildings’ IEQ performance.
The absence of a standardized framework limited the researcher’s ability to make
comprehensive and reliable comparisons, thus slightly hampering the outcomes in the
field of POE in higher education buildings.

6. Conclusions

The post-occupancy evaluation (POE) of higher education buildings provided
invaluable insights into the indoor environmental quality (IEQ) within these educa-
tional spaces. This study identified several critical IEQ issues associated with the
factors that predominantly affect the state of IEQ.

Thermal discomfort emerged as a significant issue, with temperature and relative
humidity often not meeting standard limits. This was particularly pronounced in
rooms without heating/cooling control and spaces with either natural or mechanical
ventilation. To address this, it is recommended that temperature control systems be
installed and ensuring adequate ventilation in all rooms. Air quality represented
another major concern, with elevated levels of CO,, volatile organic compounds
(TVOC), formaldehyde (HCHO), particulate matter (PM 2.5) exceeding established
standard limits. Factors such as inadequate and insufficient ventilation as well as high
traffic within the HE locations contributed to the problems. Recommendations
include enhancing ventilation systems and possibly introducing air purifiers to miti-
gate these concerns. Noise pollution was identified as an issue, particularly in natural
ventilated rooms and classrooms. To alleviate this, implementing soundproofing
measures and reinforcing classroom behavior guidelines may prove effective. Inade-
quate lighting was occasionally observed, negatively affecting visibility and poten-
tially causing eye strain and reduced productivity. This could be addressed by re-
evaluating and improving lighting placement and levels in classrooms. Ergonomic
issues were also identified, with room layouts, furniture, and equipment sometimes
failing to meet their intended purpose. It is recommended to comprehensively review
and adjust these elements to ensure they are suitable for their intended use. Addition-
ally, this study identified maintenance issues and a lack of access to green spaces as
areas of concern. To address this, implementation of regular maintenance schedules to
ensure that all building systems are functioning optimally is recommended.
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Furthermore, incorporating green spaces or elements of nature into building designs
could enhance IEQ and the overall well-being of the students and staff alike.

These findings underscore the critical importance of IEQ in higher education
buildings and the urgent need for effective strategies to enhance it. The feedback from
building occupants reinforced the significance of these IEQ challenges, with a consid-
erable percentage expressing discomfort with temperature and air quality, aligning
with the recorded IEQ data. Most respondents acknowledged that IEQ significantly
influenced their concentration in the classroom, indicating a heightened awareness of
IEQ amongst students. Furthermore, this study and its findings highlight the value of
POE methods in assessing IEQ and providing actionable insights for improving the
indoor environment. Moving forward, it is recommended that future research con-
tinues to use POE methods to assess IEQ in higher education buildings. Doing so will
not only help improve the design and operation of these buildings but also contribute
to the growing body of knowledge on the relationship between IEQ and occupant
satisfaction.
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