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Abstract: Poor Indoor Environmental Quality (IEQ) adversely affects the performance and health
of building users. Building users are an important source of information regarding IEQ and its
influence on users’ wellbeing and productivity. This paper discusses the analysis and evaluation
of IEQ in lecture halls of two public Architectural Campus Buildings (ACB) in Karachi, Pakistan.
The method of this research is divided into three parts: (i) An analysis of local climate conditions,
(ii) An on-site survey of two existing ACBs to analyze indoor environmental conditions. and (iii) The
analysis of users’ satisfaction using a questionnaire survey. The research results showed that users are
dissatisfied with existing hot and humid indoor environment conditions caused by interactions of local
outdoor climate conditions, the building’s architecture, and inadequate ventilation within the building.
The findings revealed that Karachi has 41.3% comfort hours with the warm sub-humid season to be
the most comfortable season having 80.56% comfort hours. IEQ analysis unveiled that airflow in
ACB1 is low, whereas, high airflow is observed in ACB2. The findings of this research unveiled that
cross-ventilation by the adapted placement of openings, improved external shading devices, and
provision of increased vegetation are required in both ACBs to achieve a more comfortable IEQ.

Keywords: bioclimatic chart; thermal comfort; hot-humid climate; end-user satisfaction; educational
buildings

1. Introduction

This research discusses the analysis of indoor environmental quality (IEQ) and the user’s perception
of IEQ in lecture halls of two architectural campus buildings (ACB) in Karachi. People spend 90% of
their time inside buildings, and students spend 30% of their time in schools [1]. Good IEQ of a building
leads to the high productivity of the occupants. Studies have revealed that good IEQ improves the
performance and health of a user [1]. Several studies were conducted in the past [1–10], which aimed
to evaluate the IEQ and thermal comfort in different educational and office buildings. The results
revealed that IEQ with set parameters including thermal comfort, acoustics, and visual comfort in the
acceptable range are the critical factors for occupants’ satisfaction.

Building users are an essential source of information regarding the perception of IEQ and its
influence on users’ performance, comfort, and productivity [11]. IEQ parameters can be measured
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with the help of instruments and perceived by users [1]. Post occupancy evaluation (POE) is a method
used to evaluate users’ satisfaction in a particular building. This evaluation is done through a user
comfort survey [12]. POE is a general method that involves the assessment of user experiences in
buildings using different techniques mainly based on POE assessment during the building operation
and utilization phases. The results showed that indoor air quality affected the users’ performance and
productivity during working hours in the buildings. The results obtained from POE can be used to
improve the environmental conditions [13], operations, and design of the building [14]. Zagreus [11]
conducted a web-based survey of 70 buildings, including offices, banks, laboratories, and courthouses
in the USA, Canada, and Europe. Here, the indoor environmental performance was evaluated to
obtain the users’ qualitative feedback on their experience with the designed indoor environment.
Another study was carried out in the student housing building of the university campus at King Fahad
University of Petroleum and Minerals (KFUPM), Saudi Arabia. The results verified that users were
satisfied with the overall indoor environmental performance of the student housing building [15].

Students spend 30% of their time at school [1]. This shows the importance of indoor thermal
comfort as it relates to the students’ wellbeing and productivity. Poor ventilation in rooms with
high temperature declines the productivity rate of students [1]. Dascalaki and Sermpetzoglou [16]
conducted a study in Greek schools. The method involved objective evaluation through monitoring
and a subjective assessment through a questionnaire survey on physical parameters, which was done
among students and teachers. The results showed that 57% of the students and 29% of the teachers
were not satisfied with the thermal comfort in the buildings during the summer season. Twenty-nine
percent of the students complained about discomfort during the winter season [16]. Thermal comfort
was assessed in a student’s housing building in France. An online building user survey was conducted
through paperless google forms and housing e-forum in the students’ housing. The building user
survey was statistically analyzed, and the results illustrated thermal comfort dissatisfaction, especially
during the winter season, when only 25% of the respondents were satisfied [9]. In Brazil, the thermal
performance of a higher educational building was evaluated. The method involved the analysis of
building design, field measurements, and users’ survey. Over 200 user responses were recorded,
and 69.52% of users showed dissatisfaction with the natural ventilation system in the building [10].
In Finland, a study was conducted in 194 schools for the assessment of observed indoor air problems
(IAP), and the association of IAP with the social climate. Questionnaire data were statistically analyzed
using multilevel structural equation modeling. The study revealed that the student and teacher
relationship was unsatisfactory in schools having IAP compared to schools without IAP. Furthermore,
the study concluded that the class spirit was negatively affected by the low indoor air quality and
IAP [7].

The consideration of local climate conditions is vital for the design of buildings and the provision
of indoor thermal comfort to building users. By adapting building design, the indoor climate conditions
can be improved, and higher comfort levels can be achieved indoors compared to outdoors. Several
tools are available for the analysis of climate conditions and thermal comfort criteria, such as Fanger’s
Predicted Mean Vote-Percentage of Dissatisfied People (PMV-PPD) [17–19], Olgyay’s Bioclimatic
Chart [20,21], Givoni–Milne’s Bioclimatic Chart [20], Szokolay’s Bioclimatic Chart [20,22], Adaptive
Comfort Chart [1,11,15], Universal Thermal Comfort Index (UTCI) [23] and Mahoney’s Table [20].
Some previous studies in Pakistan examined the relationship between the climate and occupants’
perception of comfort in offices and residential buildings [24–37]. However, no research on indoor
comfort perception and IEQ in educational buildings of Pakistan was conducted before.

IEQ evaluation of ACB lecture halls is essential as high discomfort levels may negatively affect the
wellbeing, learning ability, and overall performance of students. The lecture halls’ indoor environment
conditions are different from the office or residential building environments. Accordingly, the findings
from the office and residential buildings cannot be transferred. Therefore, the IEQ evaluation for
ACB lecture halls has been addressed in this research. The aim is to investigate the indoor comfort
perception concerning the simulated indoor comfort conditions with respect to the outdoor comfort
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conditions in existing public sector ACB lecture halls in Karachi, Pakistan. This research was carried out
in three steps; the first step analyzed the local climate conditions, the second step analyzed the indoor
comfort of lecture halls, and the third step analyzed users’ satisfaction survey through questionnaires
in non-heated, ventilated and air-conditioned building lecture halls on the 17th January 2019. Since the
target group was students studying in the architecture department, the participants chosen for the
survey have been using the selected lecture halls in ACBs. The target population is 50, as the maximum
number of enrolled students in each batch of public sector ACBs is 50 [38–41]. In ACB1 and ACB2,
similar to many other campuses in Pakistan, the students of a specific batch use the same lecture hall
for the whole academic year. The user experiences were evaluated considering various factors, such as
temperature, air quality, and humidity.

2. Case Study Architecture Campus Buildings (ACBs)

In 2015–2016, Pakistan had 1.4 million enrolled students in 174 higher education institutes [42].
The number of universities increased from 132 in 2008–2009 to 186 in 2017–2018 [43,44]. In 2019,
34500 candidates appeared in four public sector university entrance exams competing for only 4500
seats [38–41], [45–48]. According to Pakistan’s Vision 2025 plan, the Higher Education Commission
(HEC) of Pakistan set up a plan to establish university campuses in every district of Pakistan [49]. It also
envisioned improvement in student enrolment from 7% in 2015–16 to 12% in 2025 [49]. By this plan,
Pakistan has been compounded with an increasing number of universities. Considering these factors,
it can be concluded that Pakistan is going to face dramatic growth in university campus buildings
(UCBs). This means that a significant increase in UCBs lecture halls will be required. It can also be
expected that the lecture halls will have high occupancy densities due to the increase in the number
of students’ enrollment. According to the HEC, the student enrollment of public sector universities
was 119,615, and private sector universities were 86,905 in 2015–16 [49]. The major fields adopted
for higher education in Pakistan are engineering and medicine. Engineering universities offer more
fields for enrollment, hence higher student enrollment is also in the engineering sector. Therefore,
engineering public sector universities were chosen for this study. The authors visited a few public
sector universities in the province of Sindh and found that architecture campuses were separate from
other departments since the working atmosphere of the architecture department is different from other
engineering fields in Pakistan. Moreover, the authors found that the architecture campuses consist of
only lecture halls: the lecture halls functioned as rooms for lectures and studio work. Hence, ACBs
were considered for further analysis.

The selection of the case studies is based on several factors, such as Heating, Ventilation and
Air-Conditioning (HVAC) systems, thermal insulation of building envelopes, number of occupants,
and availability of architectural plans, being a representative in terms of location and educational level,
the use of the building and the willingness of the school administration to cooperate. The factors are
discussed in detail as follows:

a. HVAC systems: Mainly, the buildings in Pakistan have no HVAC systems; therefore, an
educational building without HVAC is preferred for study.

b. Thermal insulation of building envelope: The majority of the buildings in Pakistan have no
thermal insulation; therefore, an educational building without thermal insulation is preferred
for study.

c. Number of occupants: The target population is 50 as the maximum number of enrolled students
in each batch of public sector ACBs is 50 in Pakistan. Hence, the research required a representative
building having 50 students per batch (academic year).

d. Availability of architectural plans: Since the majority of public sector educational buildings are
old buildings and the updated or original architectural plans are unavailable; therefore, the
representative buildings are considered based on the availability of architectural drawings.
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e. Being a representative in terms of location: The university buildings are located in central city
districts of major metropolitan cities like Karachi, Lahore, and Islamabad. Hence the research
selected the buildings being representative in terms of location.

f. Educational level: Maximum number of universities offer undergraduate programs in Pakistan;
therefore, representative universities must at least offer undergraduate programs.

g. The willingness of the campus administration to cooperate: This was also considered as an
important selection criterion. Since, without the cooperation of the university administration, it
would be difficult to collect data for this study.

h. Use: In Karachi, building geometries are not the same. All three public sector ACBs have different
geometry due to adaptive reuse. Also, private-sector ACBs have different geometries; therefore,
we did not consider the building geometry while selecting the case study, and only building’s
use was considered. There is no exemplary geometry to be considered for direct comparison.

There are three public sector ACBs (ACB1, ACB2, and ACB3) in Karachi. During the field visit
conducted by the authors, ACB3 was found to be a shared building with the fine arts department.
ACB3 has only one hall for the department of architecture. ACB3 mostly serves the Departments of
Fine Art and Design. Therefore, the authors have not included ACB3 in this research since the scope of
this research is the study of the architectural campus building. This research discusses the analysis of
IEQ and user perception of IEQ in lecture halls of two ACBs in Karachi. The two selected ACBs are
located in different zones of Karachi. The city of Karachi is located in Sindh, a province of Pakistan, at
24.90◦ N, 67.13◦ E (Figure 1) at an elevation of 22 m above sea level [37]. According to the Population
and Housing Census 2017, the total population of Karachi equals 11.5 million [50–53], expanding over
3530 square kilometers land [54]. According to the World Koppen–Geiger climate classification, the
climate of Karachi is classified as ‘BWh’ (hot arid climate) [55] with hot summers and warm winters.
Karachi is classified as ‘BWh’ because there is low annual precipitation. However, it is a coastal city
with a high humidity level in the summer season due to the evaporation of seawater [37] (Figure 2).
Due to climate change, Karachi faced high relative humidity levels in the summer of 2015 [56]. Karachi
is a major metropolitan city of Pakistan, but the authors could not find any evidence for scientific
research regarding user satisfaction and IEQ in educational buildings of Karachi.

Figure 1. Karachi Map, showing its location in Pakistan and the location of the selected ACBs in
Karachi. Source: Google Maps.



Sustainability 2020, 12, 2995 5 of 29

Figure 2. Humidity comfort levels in Karachi, Pakistan. Source: Adapted from www.weatherspark.
com [57].

The case study ACBs are situated in Karachi. ACB1 is located in East of Karachi, and ACB2
is located in South of Karachi (Figure 1). ACB1 is located in a residential-cum-commercial area.
ACB2 is located in a busy commercial area. Both buildings have different space arrangements and
architectural features. Therefore, it was expected that building users would have different indoor
comfort perceptions. ACB1 is located in a relatively quiet district. In contrast, ACB2 is located in the
historic center of Karachi that is characterized by British colonial architecture. The main feature of the
ACB1 is the courtyard, which is surrounded by the lecture halls. ACB1 lecture halls have no active
heating, ventilation, and air conditioning (HVAC) systems. ACB2 has several building units that are
located on a trapezoid plot. ACB2 units are two and three storeys high (Table 1) and do not have an
HVAC system.

Table 1. Summarized buildings description of ACB1 and ACB2. Source: Data collected by the author
during visits.

Description ACB1 ACB2

No. of floors 4 storeys 3 storeys
2 storeys

Year of Architecture Program initiation 1972 2000
Adaptive reuse Yes Yes
Heritage value No Yes

Location East Karachi South Karachi

3. Methodology

The method of this research is divided into three main sections. In order to identify the building
user’s IEQ perception of the two lecture halls in ACB1 and ACB2, the following three studies were
executed (Figure 3). The detailed methodology is discussed in the subsequent sections.

1. Analysis of local climate conditions in Karachi using Olgyay’s Bioclimatic Chart [58] and Universal
Thermal Comfort Index [23]

2. Analysis of IEQ and thermal comfort of lecture halls using CoolVent simulation tool [59] and
Predicted Mean Vote [60]

3. Analysis of user’s perception of IEQ using IBM Statistical Package for Social Sciences (SPSS) 20
tool [61]

www.weatherspark.com
www.weatherspark.com
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Figure 3. Simplified methodological framework structure of this research.

3.1. Climate Analysis

Understanding local climate conditions and outdoor thermal comfort is essential for designing the
buildings. The climate influences the outdoor thermal comfort and thermal performance of a building.
This research used two methods to analyze the outdoor conditions: (i) Analysis of local climate using
Olgyay’s Bioclimatic Chart (OBC), and (ii) Assessment of outdoor thermal stress using the Universal
Thermal Comfort Index (UTCI) (Figure 4).

Figure 4. Flow chart illustrating the analysis method of Karachi climate analysis.

3.1.1. Olgyay’s Bioclimatic Chart

Architects can take advantage of local climate conditions. Comfortable indoor climate conditions
can be created through bioclimatic building design [62]. This research used Olgyay’s Bioclimatic Chart
(OBC) to discuss the climate conditions of Karachi. OBC specifies thermal comfort with the relation of
dry bulb temperatures and relative humidity [63]. The climate of Karachi is hot and humid; thus, this
research required a Bioclimatic chart having the highest allowable range for humidity. OBC gives a
90% permissible humidity range. This research considered three parameters for bioclimatic analysis,
which are air temperature, relative humidity, and air velocity (Figure 4). OBC was developed using a
tool for Bioclimatic Chart by Gabriel Gomez-Azpeitia [58], using a weather file from Meteonorm 7.3
weather data [64].

OBC is a graphical bioclimatic chart showing the comfort condition and limits in which an
average person feels comfortable. The vertical and horizontal axes illustrate the dry bulb temperature
and relative humidity, respectively (Figure 5). At the mid of the graph lies a comfort zone for an
average person. The chart is divided through shading lines into three main zones. The area above
the shading line specifies cooling strategies, and the chart below the shading line defines heating
strategies. Olgyay suggested strategies to achieve comfortable conditions in case of uncomfortable
parameters. These strategies include the control of evaporation, shading, solar radiation, air movement,
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air conditioning, and heating. The lines above the comfort zone indicate cooling strategies represented
by natural ventilation, which can be acquired by airflow with various velocities; radiative cooling with
high thermal mass; the evaporative cooling; the thermal mass with night ventilation. Besides this, the
chart also specifies the levels of relative humidity: humidification, dehumidification, and conventional
dehumidification. The chart below the comfort zone indicates heating strategies represented by the
prevention of thermal losses that may be attained by proper insulation, provision of passive solar
heating that can be achieved from solar radiation, and the zone that requires mechanical heating.
The OBC demonstrates that if the dry-bulb temperature increases above the comfort zone, then what
would be the air velocity and humidity level needed to maintain comfort. When the conditions are
hot and dry, it is recommended to use evaporative cooling. Further, the lines below the comfort zone
depict radiation, which will subsequently neutralize the temperature that is lower than the given
comfort zone temperature [20,21].

Figure 5. Bioclimatic chart depicting adaptable strategies to achieve comfort. Source: OBC adapted
from Katafygiotou and Serghides, 2014 [21].

3.1.2. Universal Thermal Comfort Index

The UTCI is a one-dimensional quantity that reflects the human physiological reaction to the
actual thermal condition as defined multi-dimensionally. The UTCI measures the outdoor thermal
comfort of humans by considering the effects of factors such as air temperature, radiant temperature,
relative humidity, and wind velocity [23]. UTCI uses these variables in a human heat balance model to
give a temperature value that is indicative of the heat stress or cold stress felt by a human body in the
outdoors. UTCI includes ten levels, where the level of 9–26 ◦C is the standard range of comfortable
temperatures (Table 2).
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Table 2. UTCI assessment scale; categorized in terms of outdoor thermal stress.

UTCI Range Thermal Stress Classification

Above +46 Extreme heat stress
+38 to +46 Very strong heat stress
+32 to +38 Strong heat stress
+26 to +32 Moderate heat stress
+9 to +26 No thermal stress

0 to +9 Slight cold stress
0 to −13 Moderate cold stress
−13 to −27 Strong cold stress
−27 to −40 Very strong cold stress
Below −40 Extreme cold stress

The input data for UTCI was defined using the hourly weather data of Karachi. The vertical and
horizontal axes of the UTCI visualization graph represents hours and months, respectively (Figures 10
and 11).

3.2. Indoor Comfort Analysis

This research uses two methods to analyze the indoor conditions: (i) Analysis of building indoor
environmental quality (ii) Calculation of Predicted Mean Vote (PMV) (Figure 6).

Figure 6. Flow chart illustrating the analysis method of indoor comfort analysis.

3.2.1. Building Indoor Environmental Analysis

IEQ within a lecture hall affects the performance and comfort of students. Therefore, it is
appropriate to investigate the building of indoor environmental conditions (IEC). In this study, the
building performance for airflow and thermal comfort was simulated by using the CoolVent Simulation
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Tool (CST). The actual temperature and airflow were not measured in the selected lecture halls, but
the results achieved by CST have been utilized. For the lecture hall’s airflow and thermal comfort
simulation, the Meteonorm climate data of Karachi was used along with the lecture hall geometry
and construction specifications (Figure 6). Two input parameters were used for analysis: general
information and detailed building information [59]. The general information input parameters
comprise four steps.

1. Building type and orientation: This research used single-sided ventilation for both ACBs from
the four pre-defined building types. This building type suites both ACB plans (Figures 12 and 13).
The ACBs orientation was also defined in this step. ACB1 is oriented to the north-east. ACB2 is
oriented ato the east (Table 6).

2. Occupancy heat loads: Occupancy heat loads refer to heat generation inside the building.
These heat loads describe electric lighting, electric equipment and occupancy loads. This study
used an educational building type with a heat load of 40 W/m2 for an occupancy schedule from
08:00 a.m. to 4:00 p.m. for both ACBs.

3. Terrain properties: The center of a large city terrain type was considered for further analysis in
this research from four pre-defined terrain types (Figure 1).

4. Weather conditions: The transient case is 24 hours using monthly average data. The steady case is
an instant time simulation using free stream wind velocity, its direction, and ambient temperature.
To analyze the IEC of the lecture halls, transient state simulation was executed.

For the detailed building information, two and three steps are involved in the case of steady and
transient cases, respectively. The steps are listed below:

1. Building dimensions: Definition of the number of floors, floor length, floor width, floor-to-floor
height, and floor-to-ceiling height (Table 3). The floor plan layout was drawn by the authors after
the execution of field surveys of ACBs. Additionally, the authors also executed a field survey
to gather data for construction and materials specifications of ACB1 and ACB2. The generated
ACBs model is a detailed reconstruction of the existing ACBs.

2. Windows and openings: The window openings and glazing were provided, and then the vertical
location of the openings was specified. The ACB1 façade is oriented to the northeast, while ACB2
is oriented towards the east. The occupied area per floor is 147.2 m2 and 160.1 m2 of ACB1 and
ACB2, respectively (Table 6). The window to wall ratio (WWR) per floor is 40.2%, with 5.9%
opening to wall ratio per floor of ACB1. The WWR per floor is 59.4%, with 6.1% opening to wall
ratio per floor of ACB2.

3. Ventilation strategies: Definition of thermal mass and window conditions. The input data includes
the thickness of roof slab, building materials, floor type, and ceiling type. This stage was used in
transient case simulation only.

Table 3. Summarized building description of ACB1 and ACB2. All dimensions are measured
from center-to-center.

Content Description ACB1 ACB2

Number of floors 04 03−02
Form Courtyard Trapezoid

Clusters 03 03
HVAC No No

Floor-length 16 m 16.5 m
Floor width 9.2 m 9.7 m

Floor-to-floor height 3.2 m 5.4 m
Floor-to-ceiling height 3 m 4.8 m
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3.2.2. Predicted Mean Vote

Predicted Mean Vote (PMV) is a seven-point scale of comfort from cold (−3) to hot (+3) that
was used in comfort surveys. The values of the PMV scale indicate −3 for cold, −2 for cool, −1 for
slightly cool, 0 for neutral, +1 for slightly warm, +2 for warm, and +3 for hot. According to the
ASHRAE Standard 55, the general comfort range of PMV is between −0.85 to +0.85 [65]. The PMV
exceeding +1 will cause discomfort due to warm, and dropping below −1 will cause discomfort due to
the cold environment.

The inputs for PMV included building geometry, air temperature, relative humidity, wind velocity,
metabolic rate, and clothing. The metabolic rate and clothing were calculated based on the questionnaire
(Tables 10 and 11).

3.3. Users’ Perception of IEQ

A survey questionnaire was designed on a nine-point satisfaction scale (from 0 for extreme
dissatisfaction to 8 for extreme satisfaction), categorized as (0) extremely dissatisfied, (1) very dissatisfied,
(2) dissatisfied, (3) slightly dissatisfied, (4) neutral, (5) slightly satisfied, (6) satisfied, (7) very satisfied,
and (8) extremely satisfied. The questionnaire survey was conducted on the 17th of January 2019
at 2:00 p.m. in the two lecture halls of ACB1 and ACB2. The aim of the survey was to understand
users’ perceptions in the lecture halls of two ACBs. The authors received approval from the concerned
department of ACB1 and ACB2 before the survey. The authors also got the consent of the respondents
to participate in the survey. Each question and the intent of the questionnaire survey was explained in
detail to the respondents. A total number of 45 paper-based questionnaires were distributed in the
ACB1 lecture hall, whereas 32 were completed and returned. A total number of 50 paper-based survey
questionnaires were distributed, whereas 36 were completed and returned from the ACB2 lecture
hall. The survey questionnaire (multiple choice answers) was prepared by the authors considering the
factors of thermal comfort suggested in ASHRAE Standard 55 [66], including personal information and
lecture hall characteristics (eight questions), metabolic rate (one question), clothing (two questions),
air temperature (two questions), air velocity (two questions) and humidity (two questions) [60].
Accordingly, survey questions were structured in the following manner:

1. Personal information and lecture hall characteristics (age, gender, building usage in years, sitting
position in the lecture hall, temperature, and temperature feel). The respondents were allowed to
select only one point out of a nine-point satisfaction scale multiple-choice questions.

2. The activity level and clothing (activity level, clothing combination, and the number of layers of
clothing). The respondents were allowed to select only one point out of nine-point satisfaction
scale multiple-choice questions.

3. The comfort conditions (indoor satisfaction levels regarding temperature, air quality, and humidity
during the survey and generally outside during the same period). The responses were also
measured on a nine-point scale (from 0 for extreme dissatisfaction to 8 for extreme satisfaction).
The respondents were allowed to check only one point out of nine-point satisfaction scale
multiple-choice questions.

4. Reasons for dissatisfaction. This section comprised of open-ended questions. Respondents were
asked the reasons for their discomfort if they had selected extremely dissatisfied, very dissatisfied,
dissatisfied, and slightly dissatisfied in the comfort conditions regarding temperature, air quality,
and humidity section (Table 12). This means if any respondent selected dissatisfied then the
respondent was asked to specify the reasons for their dissatisfaction, which were listed in the
questionnaire. If the reason was not listed in the questionnaire, the space for other reasons was
also specified. The respondents were allowed to select multiple answers if needed.

To minimize other potential external influences, the questionnaires were distributed in both ACBs
on the 17th of January, 2019 at 2:00 p.m. This method enabled the collection of data, while survey
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participants experienced similar weather conditions. The main survey content description is listed in
Table 4.

Table 4. Survey Description.

Content Description ACB1 ACB2

Questionnaire Survey Date 17 January 2019 17 January 2019
Questionnaire Survey Time 2:00 p.m 2:00 p.m

Total number of students in the lecture hall 45 50
Number of students who responded 32 36

Percentage of students who responded 71% 72%
Meteorological data

Temperature in the city 26 ◦C 26 ◦C
Relative Humidity 22% 22%

Wind Velocity 5.8 m/s 5.8 m/s

The evaluation results were statistically analyzed using IBM SPSS 20 [61]. The questionnaire
survey included multiple-choice answers for each season (summer, winter, spring, and autumn) to
analyze the state of indoor comfort in each season and also generally outside during the same seasons.
Since students of the investigated ACBs spend six hours per day in lecture halls, whereas only one
hour in laboratories, this room type was chosen for the execution of this study. The survey was carried
out in one lecture hall of each ACB. The case study lecture halls were selected based on the interviews
of students and the author’s observation during the field visits. The case study lecture halls of ACB1
and ACB2 were thermally uncomfortable for the users. The responses were analyzed using descriptive
analysis and independent t-test in IBM SPSS 20. The sample sizes were 32 and 36 in ACB1 and ACB2,
respectively. An independent t-test is applied when two independent groups’ means are compared to
validate whether the groups are significantly different or not. In the t-test, if the sample size is equal to
or greater than 30, the t-test for the independent group can be used without noticeable error despite
moderate violations of the normality or the homogeneity of variance assumptions [67]. Sample sizes
can be considered equal if the group having a larger number is greater than one and half times of the
smaller group [61]. The null hypothesis of Levene’s test in this research is to investigate whether the
variability of ACB1 and ACB2 is equal, implying that variance is unequal. It was observed that ACB1
students provided more details for the questionnaire than ACB2 students. The analysis method of
IEQ’s users’ perception is illustrated in Figure 7.

Figure 7. Flow chart illustrating the analysis method of IEQ’s Users’ Perception.

4. Results and Discussion

4.1. Climate Analysis

The climate analysis illustrates that Karachi has a hot and sub-humid climate, having two main
seasons of winter and summer with short spring and autumn [36]. The summer season continues for a
long time in Karachi. According to the climatic data, the mean daily minimum temperature is 6.1 ◦C in
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January, and the mean daily maximum temperature is 44 ◦C in May. The lowest relative humidity
levels of 5% were observed in January at 2 p.m., February at 3 p.m., and November at 2 p.m. The daily
mean maximum temperature is 29 ◦C in January. The highest relative humidity levels of 100% were
observed at 4 a.m. in May, June, and July. The daily mean minimum temperature is 22.5 ◦C in May.
The minimum and maximum daily average temperatures observed are 18.4 ◦C and 31.4 ◦C in January
and June, respectively. An average low relative humidity of 45% is observed in January, whereas an
average high relative humidity of 76% was observed in August (Table 5).

Table 5. Mean daily temperatures and corresponding relative humidity and wind velocity for each
month in Karachi. [64].

Parameters Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Mean daily maximum temperature ◦C 29 34.5 39.5 37 44 42 35 34 34 39 35 30
Hour (p.m.) 5:00 2:00 2:00 2:00 1:00 1:00 3:00 4:00 2:00 5:00 2:00 2:00

Mean daily minimum temperature ◦C 6.1 11.2 15.0 19.0 22.5 27.0 27.0 25.0 21.0 18.0 10.0 7.0
Hour (a.m.) 8:00 6:00 5:00 8:00 5:00 5:00 10:00 11:00 6:00 6:00 3:00 8:00

Daily average temperature ◦C 18.4 21.2 25.4 28.0 30.7 31.4 30.0 29.2 28.6 28.2 23.7 19.6
Relative humidity %

4:00 a.m.
2.00 p.m.

57
24

64
26

69
31

79
44

85
43

81
55

80
60

83
65

83
57

66
27

71
26

76
37

Mean daily maximum relative humidity % 100 100 100 92 100 89 93 95 100 100 100 96
Mean daily minimum relative humidity % 5 5 7 13 14 19 47 53 29 7 5 13

Average Relative humidity % 45 48 50 61 65 70 71 76 72 49 52 55
Wind velocity m/s 2.8 2.7 1.5 2.8 3.7 4.9 5.3 5.0 4.1 3.2 2.4 1.0

4.1.1. Olgyay’s Bioclimatic Chart

Based on the Meteonorm climate data [64], a bioclimatic chart for Karachi was generated (Figure 8a).
The values of the mean daily maximum and minimum temperatures were combined with maximum
and minimum relative humidity, respectively. The lines created represent various months reflecting
outdoor conditions. In this research, two bioclimatic charts were generated. The first chart illustrates
climatic conditions throughout the year in Karachi, while the second one represents the outdoor
conditions on an exemplary day in Karachi (Figure 8b).

Figure 8. Cont.
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Figure 8. (a) Whole year evaluation plotted on Bioclimatic Chart of Karachi. (b) Exemplary day plotted
on Bioclimatic Chart of Karachi. Source: Analyzed from Gomez–Azpeitia [58].

From the analysis of OBC, it was observed that the temperature and relative humidity ranges stay
outside the comfort zone in Karachi. It was noted that the monthly lines are longer in length, which is
due to the increased diurnal temperature fluctuations. The day and night temperature differences rise
up to 14 ◦C from October to March, particularly. May, June, July, and August can be characterized
as hot and humid (HH) seasons. During the HH season, the temperature and humidity stay outside
the comfort zone. To achieve comfort in this season, natural ventilation and dehumidification are
essential. Shading is also a crucial strategy to achieve comfort in this season. March, April, September,
and October can be characterized as hot and sub-humid (HS) season. During the HS season, part
of the months touches the perimeter of the comfort zone, while part of the months stays outside
the comfort zone. Multiple strategies are required to achieve comfort in this season, which includes
evaporative cooling, natural ventilation, prevention of heat loss, and shading. The months January,
February, November, and December can be characterized as warm and sub-humid (WS) seasons.
During the WS season, part of it stays inside the comfort zone, and part of this season remains outside
the comfort zone.

Multiple strategies are required to achieve comfort, including evaporative cooling, preventing heat
loss, promoting passive solar heating and shading. From the explanation of OBC, it was concluded that
there is a need for natural ventilation, shading, and prevention of heat loss to achieve comfort during
uncomfortable seasons. Evaporative cooling is also suggested in OBC, whereas in humid regions,
the potential of air to absorb humidity and cooling is low [68]. However, OBC suggests evaporative
cooling in HS and WS seasons when the humidity level is decreased; hence, evaporative cooling is
possible. OBC indicates that passive and bioclimatic design techniques can improve comfort in Karachi.
The conditions of Karachi require maximum cross ventilation. Consequently, a very open building is
desired. The building’s plans and elevations should provide free passage of air for cross ventilation
through the interior [68]. The openings should also be openable and well shaded, which allows for
proper cross ventilation. The openings should be placed in the south-west to permit natural airflow
through the internal spaces. It will be necessary to use fans or utilize the wind for natural ventilation to
achieve comfort in Karachi without mechanical cooling [34]. The provision of shading through shading
devices and shade-providing trees will also play a vital role in comfort [68]. The incoming solar gain
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in the building will be reduced through the provision of shading devices and shade-providing trees.
However, trees should not obstruct air circulation [68]. The provision of insulation in the building
envelope to prevent heat loss is required to achieve comfort.

On the 17th January 2019, the outdoor conditions at 2:00 p.m. and 4:00 a.m. were plotted on OBC.
It was observed that at 2:00 p.m., the maximum and minimum values of temperature and humidity
stay inside the comfort zone. At 4:00 a.m., the maximum temperature and humidity stay inside the
comfort zone. The minimum temperature and humidity values at 4:00 a.m. stay outside the comfort
zone. This is due to the high maximum and minimum temperature difference of 7 ◦C at 4:00 a.m.
According to OBC, the strategy required to achieve comfort in uncomfortable conditions is to prevent
heat loss at 4:00 a.m.

4.1.2. Universal Thermal Comfort Index

In order to convert climate data in a single one-dimensional value, a UTCI model was developed.
A UTCI graph for Karachi was generated based on climate data (Table 5). The graph illustrates the
hourly climatic conditions throughout the year in Karachi. The hourly UTCI graph was generated
for all 8760 hours of the year. The yellow color in the graph represents the 41.3% comfortable hours
throughout the year. The orange and red color represents hours having hot conditions, and blue
represent hours having cold conditions. June is the most uncomfortable month having 0% comfort
hours. December is the most comfortable month having 87.6% comfort hours (Figures 9 and 10).
The UTCI analysis is in agreement with the OBC analysis representing three seasons in Karachi.
According to UTCI, HH season has 4.4% comfort hours, HS season has 39.95% comfort hours, and WS
season is the most comfortable season having 80.56% comfort hours. HH season is uncomfortable due
to strong heat stress; HS season is uncomfortable due to moderate and strong heat stress; whereas WS
season is partly uncomfortable due to slight heat stress and partly due to slight cold stress (Figure 11).
On the 17th January, 2019 at 02:00 pm, the UTCI was calculated to be 19.5, which stays in no thermal
stress zone; hence the thermal stress was neutral.

Figure 9. Representation of comfortable hours in Karachi according to UTCI.

Figure 10. Hourly UTCI graph representing the climate of Karachi of all 8760 hours of the year.
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Figure 11. UTCI graph representing the thermal stress of all 8760 hours of the year in Karachi.

4.2. Indoor Comfort Analysis

From the analysis of the local climate of Karachi, it was observed that natural ventilation is desired
in the city of Karachi to achieve comfort within the building. The investigated ACB1 lecture hall
functions as room for theory classes and practical studios. The lecture hall is located on the second
floor of the building. The lecture hall is divided into two sections with an arch having 6.5 m width and
7.7 m length at one section and 4.7 m width, 7.8 m long at another section. Both sections have 3 m
height having a total floor area of 86.71 m2. The lecture hall provides space for 45 students and three
additional occupants who are considered to be teachers. The average area provided for each student
is 1.92 m2. The minimum usable floor areas provided for each student of the lecture hall are not in
agreement with the standards proposed by the Pakistan Council of Architects and Town Planners
(PCATP), stating that the usable floor area per student should be 3.7 m2 [69]. The tables and chairs for
students are not equally distributed in the lecture hall. The circulation area is only present in the mid
of the lecture hall. There is no available space for circulation at the perimeter of the lecture hall because
tables and chairs are placed close to the walls. In total, six windows (each 1.2 m wide and 1.2 m high
with a sill height of 0.9 m above the finished floor) are present in the northeast wall, out of which only
four are operable. There are seven doors present in the lecture hall having 0.9 m width and 2.1 m
height; two of them are functional. Four doors are located in the southwest wall; out of which only two
are used for movement into and out of the lecture hall leading to the corridor. Three doors are located
in the northeast wall, out of which one is rarely used to access the gallery, and the remaining two doors
are not openable. The correct size and proportion of openings will increase thermal comfort [70]; hence
not openable openings create discomfort. The presence of columns exceeding from the wall obstructs
the vision and light. The formation of the depressed area, due to columns, create negative spaces in the
lecture hall (Figure 12). Moreover, unbalanced airflow occurs due to openings that are not openable
(doors and windows).

The examined ACB2 lecture hall is 10 m wide, 16 m long, and 5.84 m high, having a total floor
area of 160 m2. This lecture hall provides space for 50 students, with three additional occupants being
the teachers. The lecture hall is located on the ground floor. The lecture hall serves as a room for a
practical studio. The minimum usable floor area provided for each student is 3.2 m2, which is less than
the standard presented by PCATP [69]. The occupants’ tables and chairs are evenly distributed in the
lecture hall providing 0.9 m circulation space. To provide space for a greater number of students, the
lecture hall was divided into two floors with the help of a gallery, which divides the total height of
the lecture hall into two horizontal parts. The height of the floor under the gallery is 3 m, whereas
the height of the floor above the gallery is 2.4 m. The upper portion can be accessed with a circular
staircase having a diameter of 0.9 m. There are six windows (1.2 m wide and 1.8 m high) located on
the west wall at the sill height of 2.4 m. The lecture hall consists of five doors, out of which three are
present in the east wall and one each in the north and south wall. All doors are 1.8 m wide and 2.1 m
high. The doors present on the east wall give access to and from an open corridor. The doors in the
north and south walls lead to adjoining lecture halls (Figure 13).
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Figure 12. (a) Ground floor plan of ACB1. (b) Second-floor plan of ACB1. Case study lecture hall is
located on the second floor of ACB1. (c) Case study lecture hall plan of ACB1 (d) Section of one cluster
having details of case study lecture hall on the second floor.

Figure 13. Cont.
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Figure 13. (a) Ground floor plan of ACB2. Case study lecture hall is located on the ground floor.
(b) Case study lecture hall plan of ACB2. (c) Section of case study lecture hall plan showing circular
staircase. (d) Section of case study lecture hall showing gallery.

4.2.1. Building Indoor Environmental Analysis

The investigated ACB1 and ACB2 lecture halls simulation results are discussed in this research,
whereas the data for the cluster in which the lecture halls are located was used to analyze the lecture
hall environment (Table 6). The single-sided ventilated rooms were divided into two horizontal zones
to compensate for the assumption of thoroughly mixed air in zones [59]. The simulation results at
early morning 4:00 a.m. and afternoon time 2:00 p.m. are discussed in this research.
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Table 6. ACBs Description.

Content Description ACB1 ACB2

Building Unit footprint 147.2 m2 160.1 m2

Occupied Area per floor 147.2 m2 160.1 m2

Window to wall ratio (WWR) per floor 40.2% 59.4%
Opening to wall ratio per floor 5.9% 6.1%

Orientation of facade North-East East

In ACB1, zone 1 and 2 represent the condition of the investigated lecture hall. The maximum
and minimum temperature difference of +2.2 ◦C and −0.7 ◦C was observed from outdoor to the
indoor environment at 2:00 p.m., respectively. The maximum and minimum temperature difference of
+7.9 ◦C and +7.7 ◦C was observed from outdoor to the indoor environment at 4:00 a.m., respectively.
The ventilation rate was 1.9 ACH (Air Change Rate) and 0.1 ACH at 2:00 p.m. and 4:00 a.m., respectively.
The proposed standard by ASHRAE is 1.2 ACH for universities [71,72]. The airflow rate was 0.25 m3/s
and 0.02 m3/s at 2:00 p.m. and 4:00 a.m., respectively. The airflow rate was lower than the standard
proposed in EN 15251, which is 0.007 m3/s per student and 0.31 m3/s for 45 students [73]. The airflow
rate is inadequate during the day and night due to openings that are not openable; windows are
covered with concrete mesh, and doors are closed. Since the ACB1 occupancy hours are till 5:00 p.m,
therefore, all the openings are closed after 5:00 p.m., which cause high-temperature variation in indoor
and outdoor temperatures, and low ACH and airflow in the ACB1 at 4:00 a.m. (Figure 14).

Figure 14. Simulation results of ACB1 and ACB2. Outdoor and indoor temperatures are measured in
◦C. Air Change Rate is measured in ACH. Airflow is measured in m3/s.

In ACB2, zone 1 and 2 represent the condition of the investigated lecture hall. The maximum
and minimum temperature difference of +5.1 ◦C and +0.9 ◦C was observed from outdoor to the
indoor environment at 2:00 p.m., respectively. The maximum and minimum temperature difference of
+4.8 ◦C and +4.7 ◦C was observed from outdoor to the indoor environment at 4:00 a.m., respectively.
The ventilation rate was 2.6 ACH and 3.8 ACH at 2:00 p.m. and 4:00 a.m., respectively. The airflow
rate was 0.62 m3/s and 0.91 m3/s at 2:00 p.m. and 4:00 a.m., respectively. According to EN 15251, the
airflow rate per 50 students should be 0.35 m3/s [73]. It was observed that the lecture hall has a high
airflow and ACH during the day and night because of high WWR and large openings located on
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opposite walls. The high WWR and large single glazed windows also cause indoor temperature to rise
(Figure 14).

In a hot-humid climate, there is a need for frequent air change and flow [68]. In non-HVAC
buildings, the mean indoor temperatures are dependent on mean outdoor temperatures [35]. Naturally
ventilated rooms are dependent on outdoor temperatures and the existence of openings allowing
airflow between the rooms and adjacent environments [35]. The simulated indoor temperature is
higher than the outdoor temperature. In the ACB1 and ACB2 lecture halls, the ACH at 2:00 p.m. is
higher than the proposed standard, whereas lower than the recommended standard at 4:00 a.m. in
ACB1. In the ACB1 lecture hall, the airflow is lower than the proposed standard at 2:00 p.m. and 4:00
a.m. In the ACB2 lecture hall, the airflow is higher than the proposed standard at 2:00 p.m. and 4:00
a.m. In the ACB1 lecture halls, the simulation results illustrate the airflow rate and ACH outside the
comfort zone at 4:00 a.m. since ACB1 remains closed after 5:00 p.m. ACB1 lecture hall experience
airflow rate outside the comfort zone at 2:00 p.m. ACB2 lecture hall airflow and ACH remains in the
comfort zone at 2:00 p.m. and 4:00 a.m. The airflow rates in ACB1 and ACB2 lecture halls are different
because of the openings provided in the lecture halls. ACB1 lecture hall windows are covered with
concrete mesh that makes the windows not openable, and the doors are also not openable due to the
presence of tables and chairs in front of them. The ACB2 lecture hall has large single glazed openable
windows in the west wall with openable doors in the east wall. Therefore, increased airflow, ACH, and
solar gain are observed in the ACB2 lecture hall.

ACB1 and ACB2 observed solar heat gains through single glazed windows as the source of
heating the lecture halls. According to the simulated indoor comfort, the indoor temperatures need
to be reduced during the day. Considering OBC strategies, comfort can be achieved by the use of
passive design techniques, which include shading and cross ventilation. The windows on the east
and west walls should be provided with vertical louvers [68]. Shading devices will obstruct intense
solar radiation in a hot-humid climate. Vegetation offers an excellent means of improving climatic
conditions in a cost-effective manner. Shading can also be achieved through shade-providing trees,
and the surfaces can also be cooled down through vegetation. However, the placement of trees must be
such that they do not impede air circulation. Furthermore, the installation of large operable windows in
the ACB1 lecture hall tends to improve the hall conditions by giving space for natural cross-ventilation,
and the use of minimum glazing with increased vegetation is recommended in ACB2.

4.2.2. Predicted Mean Vote

The PMV results were estimated from IEQ parameters and physical parameters, which include
metabolic rate and clothing that were recorded during the survey. The PMV result at 02:00 p.m.
was estimated in ACB1 and ACB2 lecture halls. The lecture halls were divided into two horizontal
zones similar to the precedent section to compare the results from indoor comfort analysis methods.
The results illustrate that the zone 1 and zone 2 of ACB1 remained in the comfort zone; PMV in zone 1
was estimated as 0.59 with PPD 12.3 and PMV in zone 2 was estimated as −0.3 with PPD 6.90. In ACB2,
the PMV of zone 1 was 1.47 with PPD 49.4, whereas PMV in zone 2 was estimated as 0.19 with PPD
5.7. The PMV in zone 1 and zone 2 of ACB1 and zone 2 of ACB2 are found to be in acceptable range,
whereas zone 1 of ACB2 is out of the acceptable range (Table 7, Figure 15). The PMV results are in
agreement with the results of the precedent section.

Table 7. PMV-PPD values of ACB1 and ACB2.

ACB Zone PMV PPD

1
1 0.59 12.3
2 −0.3 6.90

2
1 1.47 49.4
2 0.19 5.7
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Figure 15. PMV-PPD graph representing ACB1 and ACB2 zones.

4.3. Users’ Perception of IEQ

In this section, the results of questionnaires distributed to the students in ACB1 and ACB2 lecture
halls are discussed. The number of respondents in the ACB1 and ACB2 lecture hall was 32 and
36, respectively. In ACB1, 68.8% of respondents were male, and 31.3% of respondents were female.
In ACB2, 58.3% of the respondents were male, and 41.7% of respondents were female. The year of
building use was 3.5 and 4.5 years because the respondents were third and fourth-year students for
ACB1 and ACB2, respectively. The Higher Education Commission of Pakistan has set the minimum
eligibility age for undergraduate entrance to be 17 years [49]. Therefore, the average age of respondents
is 19 and 20 years. 67% and 69% of respondents had varying seating positions in ACB1 and ACB2
lecture halls. The perceived absolute temperature and comfort level by the respondents is shown in
Tables 8 and 9, respectively. The second section investigates the activity level and clothing. According
to the survey results, students were either sitting or relaxed with light activity in both ACBs while filling
out the survey form. Therefore the metabolic rate is seated, reading (1.0) [60] (Table 10). According
to the survey results, female students wore traditional shalwar kameez with a headscarf having a
total clo value of 0.66. On the other hand, male students wore long-sleeved shirts with trousers
having a clo value of 0.65 in both ACBs. The clo values for each clothing include undergarments and
footwear. The values of Shalwar kameez and headscarf were derived from the work of Nicol et al. in
Pakistan (Table 11) since ASHRAE Standard 55 does not provide the clo values for traditional Pakistani
clothing [35].
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Table 8. Respondents’ perceived absolute temperature (In responses frequency, “1” stands for response
of “1” student in ACB1 and ACB2. Percentage 100% means 32 and 36 for ACB1 and ACB2, respectively).

Temperature
ACB1 ACB2

Responses
Frequency Responses % Responses

Frequency Responses %

15 ◦C to 20 ◦C 4 12.5 4 11.1
21 ◦C to 25 ◦C 15 46.9 17 47.2
26 ◦C to 30 ◦C 13 40.6 15 41.7

Total respondents 32 100.0 36 100.0

Table 9. Respondents’ perceived temperature comfort level (In responses frequency, “1” stands for
response of “1” student in ACB1 and ACB2. Percentages 100% means 32 and 36 for ACB 1 & 2,
respectively).

Comfort Level Rating Scale
ACB1 ACB2

Responses
Frequency Responses % Responses

Frequency Responses %

Too Warm 0 0 0 0 0
Very Warm 1 0 0 0 0

Warm 2 6 18.8 6 16.7
Slightly Warm 3 17 53.1 20 55.6

Neutral 4 6 18.8 4 11.1
Slightly Cold 5 3 9.4 6 16.7

Cold 6 0 0 0 0
Very Cold 7 0 0 0 0
Too Cold 8 0 0 0 0

Total respondents 32 100.0 36 100.0

Table 10. Respondents’ activity level while filling out the survey (In responses frequency, “1” stands
for the response of “1” student in ACB1 and ACB2. Percentages 100% means 32 and 36 for ACB 1 & 2,
respectively).

Activity
ACB1 ACB2

Responses
Frequency Responses % Responses

Frequency Responses %

Seated 18 56.3 26 72.2
Standing 3 9.4 0 0

Relaxed Light Activity 11 34.4 10 27.8
Medium Activity 0 0 0 0

Standing High Activity 0 0 0 0
Total 32 100.0 36 100.0

Table 11. Respondents clothing while filling out the survey form. ‘Clo values’ adapted from
Nicol et al., 1999 [35].

Male Clothing Clo Values Female Clothing Clo Values

Shirt for trousers 0.20 Kameez 0.24
Trousers 0.20 Shalwar 0.27

Vest 0.13 Head Scarf 0.03
Briefs 0.05 Undergarments 0.05
Socks 0.03 Socks 0.03
Shoes 0.04 Shoes 0.04
Total 0.65 Total 0.66
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In the third section of the questionnaire, the comfort conditions of the students were examined.
During filling out the survey, 53.1% of the respondents of ACB1 and 55.6% of the ACB2 respondents
were feeling slightly warm (Table 9). ACB1 respondents felt dissatisfaction in temperature, air quality,
and humidity. A total of 9.4% of the respondents of ACB1 were very dissatisfied, neutral and slightly
satisfied with the indoor temperature, respectively. 21.9% of the respondents of ACB1 were dissatisfied,
and 50% of the respondents of ACB1 were slightly dissatisfied with the indoor temperature. 9.4%
of the respondents of ACB1 were very dissatisfied and satisfied with the air quality, respectively.
34.4% of the respondents of ACB1 were dissatisfied, and 46.9% were slightly dissatisfied with the air
quality. 9.4% each of the respondents of ACB1 were extremely dissatisfied, slightly dissatisfied, and
satisfied with the humidity, respectively. 40.6% of the respondents of ACB1 were very dissatisfied,
18.8% were dissatisfied, and 12.5% were neutral with the humidity. ACB2 respondents felt a neutral
sensation in temperature, air quality, and humidity. 22.2% of the respondents of ACB2 were slightly
dissatisfied, 8.3% were neutral, and 69.4% were slightly satisfied with the indoor temperature. 8.3%of
the respondents of ACB2 were feeling slightly dissatisfied, 27.8% were neutral, 55.6% were slightly
satisfied, and 5.6% were satisfied with the air quality, respectively. 8.3% of the respondents of ACB2 felt
slightly dissatisfied, 36.1% were neutral, 44.4% were slightly satisfied, and 11.1% were satisfied with
the humidity (Table 12). The responses were measured on a 9-point scale (0 for extreme dissatisfaction
to 8 for extreme satisfaction).

Table 12. Satisfaction level of the respondents (0 for extreme dissatisfaction to 8 for extreme satisfaction).
In responses frequency, “1” stands for the response of “1” student in ACB1 and ACB2. Percentages
100% means 32 and 36 for ACB1 and ACB2, respectively.

Comfort
Variables

Rating Scale Comfort level
ACB1 ACB2

Responses
Frequency

Responses
%

Responses
Frequency

Responses
%

0 Extremely dissatisfied 0 0 0 0

Temperature
Satisfaction

1 Very dissatisfied 3 9.4 0 0
2 Dissatisfied 7 21.9 0 0
3 Slightly dissatisfied 16 50 8 22.2
4 Neutral 3 9.4 3 8.3
5 Slightly satisfied 3 9.4 25 69.4
6 Satisfied 0 0 0 0
7 Very satisfied 0 0 0 0
8 Extremely satisfied 0 0 0 0
0 Extremely dissatisfied 0 0 0 0

Air quality
Satisfaction

1 Very dissatisfied 3 9.4 0 0
2 Dissatisfied 11 34.4 0 0
3 Slightly dissatisfied 15 46.9 3 8.3
4 Neutral 0 0 10 27.8
5 Slightly satisfied 0 0 20 55.6
6 Satisfied 3 9.4 2 5.6
7 Very satisfied 0 0 0 0
8 Extremely satisfied 0 0 0 0

Humidity
Satisfaction

0 Extremely dissatisfied 3 9.4 0 0
1 Very dissatisfied 13 40.6 0 0
2 Dissatisfied 6 18.8 0 0
3 Slightly dissatisfied 3 9.4 3 8.3
4 Neutral 4 12.5 13 36.1
5 Slightly satisfied 0 0 16 44.4
6 Satisfied 3 9.4 4 11.1
7 Very satisfied 0 0 0 0
8 Extremely satisfied 0 0 0 0

The fourth section of the questionnaire investigates potential reasons for dissatisfaction regarding
temperature, air quality, and humidity in the lecture halls. The scale used is a nominal scale representing
‘0′ as ‘yes’ and ‘1′ as ‘no’. The respondents were asked, ‘is there anything that disturbs your comfort
regarding temperature, air quality, and humidity’. In this section, the feeling of comfort/ discomfort
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refers to the perception of comfort/discomfort. Firstly, potential reasons for discomfort regarding
temperature were examined. According to the results, 40.6% of ACB1 respondents felt dissatisfaction
because of uneven temperature during the course of one day, 62.5% felt dissatisfaction due to warm
surrounding surfaces, and 81.3% felt dissatisfaction due to unequal temperature distribution in the
lecture hall. 36.1% of ACB2 respondents felt too much air movement in the lecture hall, 25% each felt
drafts from openings, and uneven temperature distribution in ACB2 (Figure 16). Secondly, potential
reasons for discomfort regarding air quality were analyzed. According to the results, 53.1% of ACB1
respondents felt dissatisfied because of not enough fresh air in the lecture hall. 55.6% of ACB2
respondents felt dry throat, 50% felt the lack of enough fresh air in the lecture hall, and 47.2% felt getting
tired (Figure 17). Thirdly, the potential reasons for discomfort regarding humidity were investigated.
78.1% of ACB1 respondents felt dissatisfaction because of too dry indoor air in the lecture hall. 58.3%of
ACB2 respondents felt discomfort due to too much humid indoor air (Figure 18).

Figure 16. Potential reasons for dissatisfaction regarding temperature.

Figure 17. Potential reasons for dissatisfaction regarding air quality.
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Figure 18. Potential reasons for dissatisfaction regarding humidity.

Following the descriptive analysis, an independent t-test was applied to investigate whether the
comfort levels in ACB1 and ACB2 were significantly different or not. “F” is the test statistic of Levene’s
test. “Sig.” is the “p-value” corresponding to this test statistic. The null hypothesis of Levene’s test is
to investigate whether the variability of ACB1 and ACB2 is equal, implying that variance is unequal.
The p-value for temperature, air quality, and humidity was 0.77(rounded off to two digits), 0.99 and 0.02,
respectively. The p-value was greater than 0.01 of all three parameters (temperature, air quality, and
humidity). Hence, the null hypothesis of the Levene’s test is accepted and concluded that the variance
in comfort levels (temperature, air quality, and humidity) of ACB1 is significantly the same as that
of ACB2. Thus, the Levene’s test shows that the groups are homogenous. Therefore, equal variance
assumed output would be observed for further analysis. As the p-value is less than 0.01, the t-test
demonstrates that there is a statistically significant difference between the means. The t-test for the
temperature was significant, t(66) = 5.47, p < 0.01, d = 0.22. The 95% confidence interval for the comfort
level regarding temperature ranged from −1.68 to −0.78. The t-test for air quality was significant,
t(66) = 5.68, p < 0.01, d = 0.27. The 95% confidence interval for the comfort level regarding air quality
ranged from −1.68 to −0.78. The t-test for humidity was also significant, t(66) = 4.88, p < 0.01, d = 0.34.
The 95% confidence interval for the comfort level regarding humidity ranged from −2.40 to −1.01.
Therefore, the t-test result illustrates that there is a significant difference between ACB1 and ACB2
comfort levels regarding temperature, air quality, and humidity. Accordingly, the Levene’s test reveals
that the variability of ACB1 and ACB2 is equal, indicating that variance is unequal (Table 13).

Table 13. Independent t-test. ‘F’ indicates the test statistic of Levene’s test. ‘Sig.’ indicates the ‘p-value’
corresponding to this test. ‘t’ indicates t-test. ‘Df ’indicates degrees of freedom associated with this t-test.
‘Sig. (two-tailed)’ indicates the ‘p-value’. ‘Std. Error Difference’ indicates the standard error difference.

Comfort
Variables

Variance

Levene’s Test for Equality
of Variances t-Test for Equality of Means

F Sig. t Df
Sig.

(2-tailed)
Mean

Difference
Std. Error
Difference

95% Confidence
Interval of the

Difference

Lower Upper

Temperature
Satisfaction

Now

Equal variances
assumed 0.092 0.76 −5.47 66 0.00 −1.236 0.226 −1.687 −0.785

Equal variances
not assumed −5.39 58.84 0.00 −1.236 0.229 −1.694 −0.778

Air quality
Satisfaction

Now

Equal variances
assumed 0.001 0.98 −5.68 66 0.00 −1.556 0.274 −2.102 −1.009

Equal variances
not assumed −5.61 59.75 0.00 −1.556 0.277 −2.109 −1.002

Humidity
Satisfaction

Now

Equal variances
assumed 5.33 0.02 −4.88 66 0.00 −1.708 0.349 −2.406 −1.011

Equal variances
not assumed −4.77 52.66 0.00 −1.708 0.358 −2.426 −0.991
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5. Limitations

This study provides interesting insights regarding indoor thermal comfort and IEQ in lecture
halls of ACBs in Pakistan. However, there are some limitations to this study. Firstly, the CST assumes
well-mixed air in each zone. However, well-mixed air not possible in all zones. Therefore, the
single-sided ventilation is divided into two horizontal zones to compensate for the assumption of fully
mixed air in zones. Secondly, the research excluded architectural form and geometry in the case study
selection process because there is no exemplary geometry to be considered. However, this may limit
the generalizability of the research findings. Thirdly, the research focused on IEQ and thermal comfort
using a simple simulation tool. Further investigation can be performed by using dynamic simulation
and calibration and validation of the simulation model. The results presented in this study are based
on preliminary simulations. However, these results are verified by using multiple methods such as
survey questionnaire and climate analysis.

6. Conclusions

The research aimed to investigate the indoor comfort perception concerning the simulated indoor
comfort conditions with respect to the outdoor comfort conditions in ACB1 and ACB2. The findings
not only investigate the relation between local climate, thermal comfort, and IEQ, but they can set
live examples for students (future architects) to design the buildings considering climate, IEQ and
thermal comfort. The research followed a scientific approach to validate the facts and results for the
hot and humid climate. The research is the first study focusing on educational buildings that combines
the methods of monitoring, simulation, and survey. The study analyzed users’ perception, IEQ and
thermal comfort in ACBs, which have never been investigated in Pakistan. The research also developed
a bioclimatic chart for Karachi, which has not been generated previously.

This research verified the results using multiple methods for all the analyses. Bioclimatic analysis
and UTCI were used to validate the local climate analysis. IEQ analysis and PMV verified the indoor
comfort analysis. The results confirm that cross ventilation and shading are required to achieve comfort
in uncomfortable conditions. Although the climate analysis conducted in this research is based on
Karachi but the findings can be applied to most of the hot and humid climates.

Based on the research findings discussed in the paper, it can be concluded that the city of Karachi
experiences different seasons and requires multiple strategies to achieve comfort. Thermal performance
of ACB1 and two are affected due to adaptive reuse. The IEQ of ACB1 was more affected since it is
reused as a campus building and was designed for the purpose of the hostel. The IEQ of ACB2 was
less affected because it was designed for mechanical engineering campus building and is reused as an
ACB. The following recommendations were given based on the findings of this research:

1. The provision of cross-ventilation by the adapted placement of openings for the improvement of
thermal comfort.

2. The provision of shading devices for obstructing direct sun entering the lecture halls.
3. The provision of increased vegetation to provide shade and cool down the indoor environment.
4. The provision of fans/ventilators can improve comfort in summer.
5. The provision of insulation in the building envelope to prevent heat loss is required to

achieve comfort.
6. Retrofitting of ACBs is recommended for the improvement of IEQ and thermal comfort.

Future research may investigate the energy performance of the ACBs, since a large portion of the
energy is consumed for thermal comfort and improvement of IEQ in the buildings. Future studies
should focus on energy performance to understand the use of alternative measures, including passive
design techniques, behavioral adaptations, and mechanical means to achieve optimal comfort.
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Nomenclature

The following abbreviations are used in the manuscript
ACB Architectural Campus Building
ACH Air Change Rate
ASHRAE American Society of Heating, Refrigeration, and Air Conditioning Engineers
BWh Hot Arid Climate
CST CoolVent Simulation Tool
EN 15251 European Standard 15251
HEC Higher Education Commission
HH Hot Humid
HS Hot Sub-Humid
HVAC Heating, Ventilation and Air-Conditioning
IBM International Business Machines
IAP Indoor Air Problems
IEC Indoor Environmental Conditions
IEQ Indoor Environmental Quality
OBC Olgyay’s Bioclimatic Chart
PCATP Pakistan Council of Architects and Town Planners
PMV Predicted Mean Vote
POE Post Occupancy Evaluation
PPD Percentage of Dissatisfied People
Sig. Significance
SPSS Statistical Package for Social Sciences
Std. Standard
UCB University Campus Building
UTCI Universal Thermal Comfort Index
WS Warm Sub-Humid
WWR Window-to-Wall Ratio
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