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Abstract: It has been challenging for designers to identify the appropriate design parameters that
would reduce building energy consumption while achieving thermal comfort for building occupants.
This study aims to determine the most important architectural building design parameters (ABDPs)
that can increase thermal comfort and reduce energy use in educational buildings. The effect of
15 ABDPs in an Australian educational lecture theatre and their variabilities on energy consumption
and students’ thermal comfort for each parameter were analysed using Monte Carlo (MC) techniques.
Two thousand simulations for every input parameter were performed based on the selected distribu-
tion using the Latin hypercube sampling (LHS) technique. Sensitivity analyses (SA) and uncertainty
analyses (UA) were used to assess the most important ABDPs in terms of thermal discomfort hours
and energy consumption. The study found that the ABDPs, such as cooling set-point temperatures
and roof construction, significantly reduce the operative temperature by up to 14.2% and 20.0%,
respectively. Consequently, these reductions could significantly shorten the thermal discomfort hours,
thereby reducing energy consumption by 43.7% and 41.0%, respectively. The findings of this study
enable building designers to identify which ABDPs have a substantial impact on thermal comfort
and energy consumption.

Keywords: thermal comfort; energy consumption; educational building; building energy simulation;
architectural building design parameters

1. Introduction

Energy use for heating, cooling and ventilation in buildings accounts for more than
one-third of global energy consumption and around 40% of total CO; emissions [1]. The
energy consumption per square metre for buildings needs to be reduced by around 30%
by 2030 (compared to 2015) in order for the global climate ambitions set forth in the
Paris Agreement to be achieved [2]. According to previous studies [3-5], improvement
in building performance has a key role to play in reducing energy consumption. It is
important that buildings are designed to provide high performance in various scenarios,
including a wide variability of thermal occupant behaviour [6]. Building performance can
be expressed by different performance indexes, such as energy consumption, occupant
satisfaction and indoor environmental quality (IEQ) [7,8]. Providing a comfortable and
healthy indoor environment is one of the core functions of building energy systems [9,10].
Improving building performance can not only achieve high energy efficiency but can also
improve the level of occupant thermal satisfaction.

The performance of a building can be fundamentally influenced by the outdoor envi-
ronment [11]. The effects of weather conditions on design decisions have been reported
in the study by Attia, Hamdy [12]. General building performance, including energy con-
sumption and thermal comfort, is impacted by architectural and technical solutions. The
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thermo-physical properties of a building envelope, such as thermal conductivity and heat
capacity, are vital for indoor thermal comfort and energy consumption performance [13].
Architectural building design parameters (ABDPs) can be specified by designers and may
include restrictions on the indoor air quality, rate of ventilation, material properties, build-
ing shapes, building orientation, etc. [14]. In the architectural building design parameters
(ABDPs) approach, it is difficult to enhance these properties through the schematic design
stage due to fluctuations in the outdoor environment, which would result in high indoor
temperatures, sometimes exceeding the upper limit of 26 °C according to ASHRAE Stan-
dard 55 [15]. Identifying which parameters are most significant for energy consumption
and thermal comfort is vital for improving building performance in the design process
based on the climatic conditions [16].

Different countries” building sectors have different policies for reducing energy con-
sumption and negative environmental impacts based on the variety of climate zones and
building types [17]. With regard to climate change, buildings must be resilient, adaptable,
flexible and sustainable in order to increase the level of thermal comfort for occupants and
reduce energy consumption [18,19]. In recent years, many studies have argued that the
high levels of thermal dissatisfaction felt by students in educational buildings and student
thermal comfort are not being precisely reflected in the requirements of the related thermal
comfort standards [20,21]. The absence of any standard or reference document relevant to
the design of suitable classrooms contributes to the current situation [22]. Some studies
have suggested that the opportunity to control an indoor environment affects the occu-
pants’ thermal perceptions, making them more receptive to the educational environment
in terms of thermal comfort [23,24]. Some studies related to thermal comfort have also
looked at age and gender [25,26], indoor air quality [27], ventilation strategy [28,29], cloth-
ing adjustment effect [30], changes to activity level [31], set-point temperatures and sun
shading system [32,33], envelope design [11,34] and academic performance [35]. Although
these studies have highlighted the factors contributing to thermal comfort in buildings,
the energy consumption aspect has not been taken into consideration. Other studies have
focused on the simulation results of the passive house concept in Mediterranean country
climates [36] and building envelope parameters managed by building automation control
systems [37] in relation to thermal comfort and energy performance. With the high impact
of global warming on buildings, there are insufficient studies on the effects of ABDPs on
thermal comfort and energy consumption in educational buildings [38,39].

Across Australia, around 9500 schools and many tertiary institutions have been built
to meet the minimum building code requirements of the Building Code of Australia (BCA).
Educational facilities are not necessarily designed to provide comfortable, productive or
healthy work environments for students and teachers [40]. The New South Wales (NSW)
Department of Education currently has in excess of 2200 schools across the state [41].
Because of the large number of educational buildings around Australia, the educational
building sector is the second-highest energy consumer after public buildings (including
galleries, museumes, libraries and law courts) [42]. In addition, around 50% of the energy
consumed by heating, ventilation and air conditioning (HVAC) systems occurs on univer-
sity campuses in Australia [42]. On average, students spend around 25% of their time at
school [43]. However, the thermal comfort of students is usually low because they have
limited options for adaption of the indoor thermal environment as their classroom activities
are usually restricted [44]. As educational buildings have specific functional characteristics
compared to other buildings [21], more attention and focus should be placed on the energy
consumption and thermal comfort in these buildings.

Based on the above-mentioned problem statement, the main research question to be
answered by this paper is: what are the most important ABDPs that can increase thermal
comfort and reduce energy use in higher education buildings in New South Wales (climate
zone 5), Australia? Identifying the effect of ABDPs on both energy consumption and
thermal comfort in the design stage is an important step to reduce the heating/cooling
energy loads and increase the level of students’ thermal comfort in educational buildings.
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In the current study, building energy simulation (BES) is used to explore the effect of
some ABDPs on energy consumption and thermal comfort. BES is the virtual simulation of a
building using a computer-based mathematical model created on the basis of fundamental
physical principles and energy balance equations [45]. BES tools such as EnergyPlus,
Designbuilder, eQuest and TRNSYS can provide designers with numerical data to compare
and evaluate different integrated design options to satisfy the design targets [46,47]. Yildiz
and Arsan [16] simulated the effect of nine building parameters—the building shape,
window-to-external-wall area, envelope colour, set-point temperature, thermo-physical
properties of building materials, thermal insulation, natural ventilation, air infiltration and
zone height—on heating and cooling energy loads for apartment buildings in hot-humid
climates in Turkey by using EnergyPlus. Mirrahimi, Mohamed [11] reviewed the results
of other studies that focus on the effect of building envelope parameters, such as climatic
conditions, form, width, length and height, external walls, roofs, glazing area and natural
ventilation, as well as external shading devices, on the thermal comfort and energy saving
for high-rise buildings in the hot-humid climate of Malaysia. Buratti, Moretti [48] present
an evaluation of window type and building orientation in terms of occupant thermal
satisfaction indexes (such as predicted mean vote (PMV) and predicted percentage of
dissatisfied (PPD)) and energy consumption in non-residential buildings in Perugia by
using the TRNSYS and EnergyPlus.

Based on the literature review, 15 ABDPs, including window to wall ratio, cooling
set-point temperature, heating set-point temperature, building rotation, external wall con-
struction, roof construction, glazing type, local shading type, occupancy density, mechanical
ventilation rate per area, thermal mass, roof window openings, building location, infiltra-
tion and crack level (airtightness), were identified and their effects on occupant thermal
comfort and energy consumption were studied using the BES tools. These parameters were
chosen because they have been studied in different applications separately with different
climate zones, building types, building occupancy types and outputs (thermal comfort
and/or energy consumption) [11,33,49-52]. The present study was, therefore, designed to
present a more comprehensive assessment of ABDPs to identify the parameters of most
concern and to show their realistic effects in NSW. For this reason, these parameters have
been analysed in one study with the assumption that they influence energy consumption
and thermal comfort [51,53].

2. Research Methods
2.1. Simulation Process Using Monte Carlo (MC) Technique

Monte Carlo (MC) techniques are often applied when implementing uncertainty
analyses (UA) and sensitivity analyses (SA) [54-56]. The use of UA and SA in this study
aims to support the design process by showing the effect of different parameters on the
design outcome in terms of uncertainty (normal distribution and range) and sensitivity
(order of the most influential parameters). The effective combination of UA and SA in
BES is a vital part of many ongoing research activities in building design [45,57-65]. This
study applied the MC technique in BES to find all possible values of ABDP functions in
the correct statistical combinations. The use of DesignBuilder is very common nowadays
for designing any proposed or existing buildings to evaluate the energy consumption and
thermal comfort through different design options [66—68]. In this study, DesignBuilder
with a user-friendly interface was used.

The type of data collected plays a critical role in determining the best statistical
method to apply [69]. Many studies have investigated how different design strategies can
be integrated into the design process for different aspects of building performance using
parametric analysis (PA) [70-72]. PA can be very useful as part of the design process to
understand how building performance is affected by variations in building configuration
and operation [73]. Cluster analysis is a class of methods used to categorise variables into
relative groups called clusters [74]. Cluster analyses have been widely used in numerous
research activities, including pattern recognition, data analysis and image processing [75].
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To cluster different variables, a technique named k-means clustering was applied, which
is based on central point selection and the calculation of Euclidean distance [75]. This
technique is applied to deal efficiently with large datasets, is efficient at dealing with both
continuous and categorical variables and has advantages that assist in determining optimal
cluster numbers [76]. Figure 1 illustrates the process for this study.

—> Identifying 15 ABDPs
1 Pre-processing
——> The geometrical model of the building is
implemented
A4
—>> Generation of input files for model
2 Simulation S The sampling method of input parameters is Latin

hypercube sampling (LHS) — 2000 simulation run

Monte Carlo (MC) technique used to

perform Uncertainty Analysis (UA)

A4

Post-processing and L .
3 oo . Sensitivity Analyses (SA), Parametric
statistical analysns X A )
Analysis (PA), bivariate Pearson

correlation and cluster analysis

Figure 1. Illustration of the methodology for processing the MC technique and statistical analysis by
using the BES tool and SPSS software.

The research methodology, as shown in Figure 1, was divided into three sequential
steps. First, we conducted pre-processing, considering input parameters of 15 ABDDPs,
which were selected from the literature review [11,16,33,49-51,56]. Then, the DesignBuilder
simulation, which contains all the necessary information for the simulation, e.g., the
construction materials properties, services systems, weather data, etc., was used. In the
following step, two thousand simulation runs were applied using the Latin hypercube
sampling (LHS) method. The sample size decides the computational cost of the analysis,
as it is equal to the required number of simulation runs [57]. Consider an iterative MC
technique with no upper limit on the number of iterations to be performed [58]. As the
iterations proceed, the damage estimates accumulate into a sample of increasing size.
As more iterations occur, the sample approaches the population. A greater number of
simulation runs reduces the discrepancy between the simulation model results and the
actual system performance [59]. Building energy consumption (cooling/heating load) and
students’ thermal discomfort hours were considered as simulation outputs. Subsequently,
the output from the 2000 simulation runs was compared to the sampled input parameters
to identify the influence of each input on the output. The output analysis of the UA and SA
was conducted with DesignBuilder.

The next stage, as shown in Figure 1, was the post-processing and statistical analysis
step, including SA, PA, bivariate Pearson correlation and cluster analysis. PA allows us
to see how output performance, like energy consumption and thermal comfort, varies as
the key elements of the building design parameters vary. In this study, PA was applied to
investigate the effect of the most significant ABDPs (input parameters), which were based
on SA, the indoor thermal environment, building energy consumption, students’ thermal
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comfort (output parameters) and if the effect is linear or non-linear. The bivariate Pearson
correlation method has been applied in this study to find if there is a relationship between
building energy consumption and students’ thermal comfort. The bivariate Pearson’s
correlation provides a sample correlation coefficient, r, which calculates the strength and
direction of linear relationships between two continuous variables [77]. For the Pearson r
correlation, both variables (building energy consumption and students’ thermal comfort)
should be normally distributed [73]. Finding a relationship between the two outputs
helps us understand their mechanism and assists designers to select appropriate ABDPs.
Some data are similar to each other; hence, we need to organise them into clusters, with
similar observations within each cluster. The cluster analysis was used to classify the
ABDDPs into different groups based on their effect on both building energy consumption
and students’ thermal comfort. Clusters of ABDPs were identified among 2000 scenarios
using the k-means clustering algorithm. Bivariate Pearson correlation and cluster analysis
were completed using the statistical package IBM SPSS Statistics (Version 24.0).

2.2. Prototype Description of the Application of BES Model to Building Design Example and Climate

A single-storey education building at the University of Newcastle, Australia, was
selected as a reference building and the base case model for the simulation process. The
building was considered a generic example of a structure in climate zone 5 under the
Australian Building Codes Board (ABCB) classification and exists in a warm climate, with
architectural features representative of educational buildings and typical building materials
and construction types for walls, floors and windows. The building has a square shape
(10.5 m long x 10.5 m wide x 3.5 m height), with a total volume of about 386 m3, see
Figure 2.

Classroom

Landscape :

() (b)

Figure 2. Classroom (a) ground floor plan of selected educational building (1:35 scale) (b) interior settings.

The basic geographic and climatic conditions of Newcastle, Australia, are as follows:

—32.80 latitude and 151.83 longitude.

Altitude of 33 m above sea level.

Mean annual minimum and maximum temperatures of 14.3 °C and 21.8 °C.
Annual mean global radiation of 4.8 kWh/ m?2.

DesignBuilder (version 6.0.1.019) was used to simulate different ABDPs. An Energy-
Plus Weather (EPW) file, including the climatic conditions of Newcastle and Sydney, was
used for the weather data in the indoor thermal calculations. In this study, EnergyPlus
software was used as the simulation engine. A reference model was created to represent
the educational spaces for mechanical ventilation (MV) mode and realistic engineering
practices at the University of Newcastle. It has also helped to simplify the assumptions
that will be made during the simulation process, as shown below in Figure 3. Hence, a
comprehensive energy simulation was applied to analyse the performance of the different
ABDPs of educational spaces in a hot summer and cold winter environment to achieve an
optimal level of thermal comfort as well as energy consumption.
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Figure 3. Base case geometric model in DesignBuilder simulation (1:20 scale).

2.3. Determination of Input and Output Variables

One of the main aspects controlling the indoor thermal environment in buildings is
heat gain or loss through ABDPs, such as walls, windows and floors [78]. In turn, this
indoor thermal environment determines the amount of energy needed for heating and
cooling to maintain optimal thermal comfort levels. As aforesaid, 15 ABDPs identified from
the literature review were selected as inputs, as shown in Tables 1 and 2.

Previous studies refer to thermal discomfort hours to represent the evaluation of
thermal comfort [79-81]. The thermal discomfort hours output was based on whether the
humidity ratio and the operative temperature were within the region of the ASHRAE 55
Standard [82]. In this study, the energy consumption (cooling/heating load) and students’
thermal discomfort hours were assigned as output variables because they are significant
and common indicators of the energy performance and level of student thermal satisfaction
in educational buildings [83,84].

2.4. Sampling and Assignment of Probability Density Functions

Two thousand samples for every input parameter were applied based on the selected
distribution by using the Latin hypercube sampling (LHS) technique to give an appropriate
accuracy in the SA and UA [85]. In this method, a sample size of 10 times the number of
parameters will give a reliable estimate of the population mean. LHS was used because it is
a highly efficient sampling method and is commonly used [16]. Tables 1 and 2 summarise
the overall statistical analysis and distribution profiles of the actual input values used for
normal and discrete distribution characteristics, respectively, in the simulation runs.

Table 1. Statistical output and distribution profiles for normal distribution characteristics of in-

put parameters.

4 Input Parameter Input Summary Statistics

(Probability Distribution: Normal) Units Min Max Mean Median Q1*(25%) Q3*(75%) SD*
1 Window to wall ratio [11,16,51,56] % 5 75 40 40 33 47 10
2 Cooling set-point temperature [16,51] °C 19 28 25 25 24 26 2
3  Heating set-point temperature [16,51] °C 17 23 20 20 19 21 1
4 Building orientation [11,56] Angle(®®0) O(N)* 315 157 135 45 225 103
5 Occupancy density [86] people/m? 0.1 0.5 0.3 0.3 0.3 0.3 0.05
6 Mech. Vent. rate per area [87] 1/s/m?2 2 8 5 5 4 6 1
7 Thermal mass [16,51] - -1 1 —0.001 0 -1 1 0.8
8 Roof window opens ratio [88,89] % 3 17 10 10 9 11 2
9 Infiltration [16,86] Ac/h 0.4 2 1 1 0.9 1 0.2

* Key: Q1, first quartile; Q3, third quartile; SD, standard deviation.
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A quartile is a form of quantile in statistics that splits the number of data points into
four quarters of roughly equal size in order to measure the variability of the data around the
median [90]. The first quartile (Q1) is defined as the number in the midway of the dataset’s
minimum and median values, with 25% of the data falling below this point [91]. The third
quartile (Q3) is the midpoint between the dataset’s median and maximum value, with 75%
of the data falling below this point [91,92]. Meanwhile, the standard deviation (SD) is a
statistic that calculates the square root of the variance and represents the dispersion of a
dataset relative to its mean [93]. Q1, Q2 and SD values are shown in Table 1.

Table 2. Statistical output and distribution profiles for discrete distribution characteristics of input

parameters.
Input Parameter .
# (Probability Distribution: Discrete) Input Details
External wall construction [11,16,56,88,91] Description Frequency
U-value =1.949 * 371
I.  Brickwork single leaf construction light plaster
R-value =0.513 *
U-value = 0.950 370
II.  Brick air 1/w concrete block & 1/w plaster
R-value = 1.053
10 I Brick mineral insulation thermolite block & U-value = 0.403 367
1/w plaster R-value = 2.482
U-value = 0.351 372
IV. Brick/block wall (insulated to 1985 regs)
R-value = 2.846
U-value = 2.767 366

V. Uninsulated lightweight wall (metal clad)
R-value = 0.361

Roof construction [11,56,88,91]

1. Flat roof—25 mm stone chippings on 19 mm U-value = 3.439 sl
asphalt on 40 mm screed R-value = 0.291
U-value = 2.605 301
II.  Flat roof—19 mm asphalt on 13 mm fibreboard
R-value = 0.384
III.  Flat roof—19 mm asphalt on 13 mm screed on U-value = 1.431 308
11 50 mm wood wool slab R-value = 0.699
U-value = 6.223 308
IV. Flat roof—6 mm lightweight metallic cladding
R-value = 0.161
U-value = 0.252 310
V. Flat roof U-value = 0.25 W/m2K
R-value = 3.972
U-value = 0.239 308

VI. Green roof construction
R-value = 4.192

Glazing type [11,16,56,88]

U-value = 6.257 362
I.  Sgl Bronze 3 mm
SHGC =0.713
12 U-value = 5.302 378
II.  Sgl Ref-C-H CIr 6 mm
SHGC =0.320
U-value = 2.708 365

III. Dbl LoE (e3 =0.1) CIr 3 mm/13 mm Air

SHGC = 0.697




Buildings 2022, 12, 329 8 of 29

Table 2. Cont.

Input Parameter

# (Probability Distribution: Discrete) Input Details
U-value = 3.226 373
IV. Dbl Bronze 3 mm/6 mm Air
SHGC =0.619
U-value = 1.798 368
V. Dbl CIr 6 mm /13 mm Air
SHGC = 0.643

0.5 m projection Louvre 230
1.0 m projection Louvre 235
1.5 m projection Louvre 234
No shading 222

13 Local shading type [11,86]
0.5 m Overhang 235
1.0 m Overhang 231
1.5 m Overhang 231
2.0 m Overhang 228
Newcastle 923

14 Location template [94,95]
Sydney 923
Excellent 364
Good 373
15 Crack template (airtightness) [96-98] Medium 373
Poor 366
Very poor 372

* Units, U-value = W/m?2K; R-value = m2K/W.

Assignment of a probability density function to each ABDP is found to be important
for building energy performance. Estimates of the limits in the variation of ABDPs aim to
determine the most appropriate value of the parameter within limits and to choose the most
suitable probability density function. The range values of ABDPs are determined based
on the possibilities in architectural practice identified through the literature review [16].
Distribution characteristics for each ABDP are based on the previous studies and/or
practical application. The goal of the interval width used is to represent a wide range of
intervals for the usage distribution and to increase the accuracy of the model during the
analysis process [99]. The probability density function of some ABDPs is given as a normal
distribution defined by its mean value and standard deviation (SD) [100], while for other
ABDPs, a uniform distribution is defined by discrete values.

3. Results and Discussion

This study was based on two objective functions, energy consumption and thermal
comfort, calculated using the ASHRAE Heat Balance equations for energy load calculations
(kWh) and the ASHRAE Standard 55 Heat Balance model for thermal discomfort (hours).
The SA, AU and PA for this study were performed using DesignBuilder.

3.1. Uncertainty Analysis (UA)

Figure 4 presents the uncertainty analysis (UA) results of thermal discomfort hours
and energy consumption for all the outputs. These figures show the range of possible
annual heating and cooling energy loads and thermal discomfort hours, together with the
frequency of each interval. Figure 4a shows that the range of energy consumption of around
220 scenarios among 2000 simulation runs for 15 ABDPs was between 51,367 kWh and
55,294 kWh. In Figure 4b, the range of thermal discomfort hours of around 100 scenarios
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among 2000 simulation runs of 15 ABDPs was between 1626 h and 1726 h. Uncertainties in
thermal discomfort hours and energy consumption can be described as design variations
in ABDPs that occur during the early design stage. This wide variation in the energy
consumption and thermal discomfort hours range can be caused by a lack of knowledge on
the part of the designer [101]. The consideration of design uncertainties could therefore
develop and enable design decision support, particularly if supported by SA and PA to
identify the effect of each architectural building design parameter and the amount of
improvement on a UA graph.

Uncertainty Analysis Result - Distribution of total energy consumption (kWh)

N
%]
=]
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Figure 4. UA results (a) distribution of total energy consumption. (b) Distribution of total thermal
discomfort hours.

3.2. Sensitivity Analysis (SA)

A regression method was used for this sensitivity analysis [102]. Regression analysis
is a statistical method that approximates the relationships among input variables [103]. It
helps to explain how the output value changes when any one of the input parameters is var-
ied. Table 3 presents the sensitivity of each parameter based on the standardised regression
coefficient (SRC). This value shows the relative sensitivity of the input parameters to the
output value. Its absolute value ranks the input variables in order of sensitivity and shows
whether the relationship to the output is direct or inverse. The SRC outputs the sensitivity
of each input variable, thereby determining the most and least important parameters [104].
A positive SRC means that as the value of the building parameter increases, the value of
the corresponding output simultaneously increases. A negative SRC indicates that changes
in the inputs and outputs tend to go in opposite directions, while other regression outputs,
like ‘p-value’, help to determine the level of confidence and reliability of the results.
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Table 3. The relative importance of the different variables based on regression analysis.
Output 1
The Extent Thermal Discomfort Output 2 En‘ergy
ABDPs H ABDPs Consumption
of the Impact ours
SRC p-Value SRC p-Value
High Cooling set-point temperature (°C) 0.5705 0.0000 *  Cooling set-point temperature (°C)  —0.6926  0.0000 *
Importance Flat roof construction —0.4317  0.0000 * Flat roof construction —0.4086  0.0000 *
Heating set-point temperature (°C) —0.3389 0.0000 *  Heating set-point temperature (°C) 0.1852 0.0000 *
o densi le/m?)  —0.0501  0.0006 *
ceupancy density (people/m?) External wall construction 0.0553 0.0001 *
Glazing type —0.0409  0.0049 *
Mech. vent rate per area (1/s/ m?) 0.0345 0.0178 * Infiltration (ac/h) 0.0525 0.0001 *
Window to wall ratio (%) 0.0519 0.0001 *
Infiltration (ac/h) 0.0319 0.0282 *
Occupancy density (people/m?) 0.0472 0.0006 *
Crack template (airtightness) —0.0272 0.0612 Crack template (airtightness) —0.0214 0.1165
External wall construction 0.0259 0.0749 Roof window opens ratio (%) —0.0214 0.1166
Building orientation (°) 0.0176 0.2270 Thermal mass —0.0157 0.2478
Window to wall 00162 0.2646 Building rotation (°) 00129 03436
ratio (%)
Local shading type —0.0087 0.5496 Mech. vent rate per area (1/s-m?) 0.0099 0.4695
v Thermal mass —0.0061 0.6743 Location template —0.0097 0.4744
Low Location template —0.0028 0.8472 Local shading type —0.0085 0.5306
Importance Roof window opens (%) —0.0027 0.8531 Glazing type 0.0029 0.8302

Note: * p-value less than 0.05 has highly statistically significant effect.

The p-value reveals if the input variable has a statistically significant effect on the
output. Some input variables have a p-value of more than 0.05, suggesting that there is a
low level of confidence in their regression result values [105], such as location template
and thermal mass. Table 3 ranks the ABDPs on their performance assessment based on
p-values from high to low importance for their impact on student thermal discomfort and
building energy consumption. In Table 3, numbers in bold italics show a highly statistically
significant effect for p-values much less than 0.05.

3.2.1. Influential Factors on Energy Consumption for Each Output

Based on the output of SA in Table 3, energy consumption was most strongly influ-
enced by the cooling set-point temperature; however, there was an inverse relationship, as
shown in Figure 5a. Increasing the cooling set-point temperature led to a decrease in total
site energy consumption. Total site energy consumption was also strongly influenced by
flat roof construction and heating set-point temperature. Energy consumption was also
moderately influenced by external wall construction, infiltration (ac/h), window to wall
ratio and occupancy density. Crack template (building airtightness), roof window opens,
thermal mass, building rotation, mechanical ventilation rate per area (1/s/ m?), location
template, local shading type and glazing type did not have a notable influence on total site
energy consumption, and therefore, these inputs were ignored in further analysis of total
site energy consumption for this model.
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Figure 5. The effect of cooling set-point temperature on (a) energy consumption. (b) Students thermal
discomfort hours.

3.2.2. Influential Factors on Thermal Comfort for each Output

Based on the output of SA in Table 3, thermal discomfort was most strongly influenced
by cooling set-point temperature. The input and output were directly related. According
to Figure 5b, it can be seen that increasing the cooling set-point temperature led to an
increase in thermal discomfort level. Thermal discomfort was also strongly influenced
by flat roof construction and heating set-point temperature. Thermal discomfort was also
moderately influenced by occupancy density, glazing type, mechanical ventilation rate per
area (1/s/m?) and infiltration (ac/h). Crack template (building airtightness), external wall
construction, building rotation, window to wall ratio, local shading type, thermal mass,
location template and roof window did not have a notable influence on thermal comfort
level and therefore, these inputs were ignored in further analysis of thermal comfort for
this model.

3.3. The Effect of ABDPs on Indoor Thermal Environment

A parametric analysis (PA) has been used to examine the effect of a specific range
for each ABDP, as shown in Tables 1 and 2. The rate of change (ROC) is the percentage
of variable change through a specific period [106]. ROC expresses the rate of difference
between the minimum and maximum value and can be defined as a ratio between a change
in one parameter compared to a corresponding change in another. This study presents the
PA of the most important ABDPs—those that have a significant impact, based on SA, on
both building energy consumption and student thermal comfort. It shows the annual ROC
of those ABDPs on the indoor thermal environment, energy consumption and students’
thermal discomfort hours.
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3.3.1. Effect of Cooling and Heating Set-Point Temperatures

The results of this study show the impact of cooling and heating set-point tempera-
tures on building performance and students” thermal satisfaction (p = 0.0000). Based on
PA results, increases in cooling set-point temperature had a positive influence on students’
thermal discomfort (SRC = 0.5705) and a negative influence on building energy consump-
tion (SRC = —0.6926), as shown in Figure 5. In contrast, increases in heating set-point
temperature had a positive influence on building energy consumption (SRC = 0.1852) and a
negative influence on students’ thermal discomfort (SRC = —0.3389), as shown in Figure 6.
The results show the matching of the effects of those parameters on energy savings and
thermal comfort compared with previous studies [107-109].
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Figure 6. The effect of heating set-point temperature on (a) energy consumption. (b) Students thermal
discomfort hours.

Based on PA, the cooling set-point temperature reduced the operative temperature
by 14.2% when increasing the cooling set-point temperature from 22 °C to 28 °C. This
decrease in the operative temperature could significantly reduce the thermal discomfort
hours by 6.0 times, thereby reducing energy consumption by 43.7%. This further validates
the findings of [107,108], which indicate that set-point temperatures have a direct effect
on the indoor thermal environment and the energy consumption of a building (27% total
HVAC energy savings were achieved [108]). The reason for the difference in the percentage
of energy savings was because the thermostat set-point range in this study was wider than
in previous studies.
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3.3.2. Effect of Roof and Wall Construction and Thermal Mass

The results showed the impact of roof construction on building performance and
students’ thermal satisfaction (p = 0.0000). The roof construction in this study was con-
sidered an important parameter based on SA, mainly due to two reasons. Firstly, roofs
determine the indoor thermal conditions of buildings, thus influencing the conditions for
occupants and energy consumption because the roof directly faces solar radiation [11].
In countries with a high incidence of solar radiation, roof construction is even more im-
portant. Secondly, in buildings with large roof areas, roofs account for large amounts
of heat gain/loss [109]. The U-value of the external wall construction parameter had a
positive influence on both students’ thermal discomfort (SRC = 0.0259) and building energy
consumption (SRC = 0.0553), as shown in Figure 7. Furthermore, Figure 8 shows the effect
of the U-value of roof construction on students’ thermal discomfort and building energy
consumption. Based on PA, roof construction reduced the operative temperature 20.0% by
decreasing the U-value of 6.223 W/m?K to 0.239 W/m?K. This decrease in the operative
temperature could significantly reduce the thermal discomfort hours 3.25 times, thereby
reducing energy consumption by 41.0%. The results of [110] show that roof construction
types are the key parameter in decreasing or increasing the risk of thermal discomfort
hours in tropical climates. Compared to different construction methods and materials, they
provided up to 15 times better indoor thermal conditions by decreasing the number of
thermal discomfort hours based on the indoor operative temperature.
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Figure 7. The effect of U-Value of external wall construction on (a) energy consumption. (b) Students’
thermal discomfort hours.
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Figure 8. The effect of U-value of roof construction on (a) energy consumption and (b) students’
thermal discomfort hours.

In contrast, thermal mass had a negative influence on both students’ thermal discom-
fort (SRC = —0.0061) and building energy consumption (SRC = —0.0157). The effect of
the U-value of external wall construction on building energy consumption (p = 0.0001)
was more than on students’ thermal discomfort (p = 0.0749), while the effect of thermal
mass on building energy consumption (p = 0.2478) was more than on students’ thermal
discomfort (p = 0.6743) based on the SA in this study. The U-value = 0.403 W/m?K of
the wall construction obtained the minimum value of energy consumption, while the
U-value = 0.544 W/m?K of the wall construction obtained the minimum value of ther-
mal discomfort hours based on simulation output (the range of U-value was between
2.767 W/m?K and 0.403 W/m?K). The U-value = 0.239 W/m?K of the roof construction ob-
tained the minimum value of both energy consumption and thermal discomfort hours based
on simulation output (the range of U-value was between 6.223 W/ m?2K and 0.239 W/m?2K).

The effect of thermal mass in this study agreed with previous studies [111,112], which
indicate that high thermal mass construction materials are more effective in hot climates,
while in cold climates, the disadvantages of high thermal mass are greater than the advan-
tages, and high thermal mass can cause an increase in energy consumption. The thermal
mass parameter includes thermal mass in building elements such as walls and floors, which
can store thermal energy. In addition, the effect of the U-value for walls and roofs in this
study matches the findings of [113-115], which indicate that the reduction of the U-value
leads to a significant reduction in energy consumption.



Buildings 2022, 12, 329

15 of 29

3.3.3. Effect of Glazing, Window to Wall Ratio and Shading Devices

In this study, the effect of glazing type on students’ thermal discomfort hours (p = 0.0049)
was more than for energy consumption (p = 0.8302) based on SA. Increases in the solar heat
gain coefficient (SHGC) led to increases in building energy consumption and decreases in
thermal discomfort hours, as shown in Figure 9.
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Figure 9. The effect of glazing type on (a) energy consumption and (b) students’ thermal discom-
fort hours.

To minimise unwanted thermal radiation entering the building, we need to address
the SHGC of windows. The reason behind the effect of SHGC is because, such as Lyons,
Arasteh [116] study shows that direct solar load has a major effect on windows, which
affects thermal comfort. The effect of SHGC in this study matches other studies [11,112],
which indicate that a window’s impact on thermal comfort is dependent on the window’s
properties. In addition, windows are one of the main parameters influencing indoor
thermal environment and energy consumption [117]. In contrast, Singh and Garg [118], in
a simulation study, observed that the annual energy savings by a window are dependent
not only on the window properties, such as the thermal conductivity (U-value) and the
SHGC, but also on other building parameters, such as orientation, climatic conditions and
insulation level. This explains the low importance of the glazing type as an influence on
energy consumption in this study.

Based on the result of SA in this study, the window to wall ratio had a negative
influence on students’ thermal discomfort (SRC = —0.0162) and a positive influence on
building energy consumption (SRC = 0.0519), as shown in Figure 10.
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Figure 10. The effect of window to wall ratio on (a) energy consumption and (b) students” thermal
discomfort hours.

The window to wall ratio of 20 gave the best energy consumption (lowest value), while
the window to wall ratio of 80 gave the minimum discomfort hours. The results of the
effect of window to wall ratio on energy consumption matched the previous study [119].
When the window to wall ratio increased, the energy consumption increased. On the
other hand, the effect of window to wall ratio in this study was different for thermal
comfort only (the annual thermal comfort hours increased when window to wall ratio
decreased) [120], and both energy consumption and thermal comfort [121], because of the
difference in the amount of incident solar radiation in NSW compared to other climate
zones. The window to wall ratio controls the amount of incident solar radiation entering
the building [120]. For the same reason, we found from the results based on SA in this
study that there was a negative influence of roof window opens ratio on building energy
consumption (SRC = —0.0214) and students’ thermal discomfort (SRC = —0.0027).

Based on the result of PA, there was an inverse relationship between the length
of shading devices and building energy consumption. In contrast, the shading devices
parameter had the reverse effect on building energy consumption and students’ thermal
discomfort hours. For example, a building without shading devices consumed more energy
(less thermal discomfort hours) than one with 1 to 2 m overhang/louvre devices, as shown
in Figure 11.

Shading devices reduce direct rays from the sun but permit natural daylight to access
the building. The effect of shading devices on energy consumption and thermal comfort in
this study agrees with other studies [122,123], which indicates that shading devices signifi-
cantly contribute towards developing indoor thermal environments, avoiding overheating,
and decreasing cooling loads.
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Figure 11. The effect of shading types on (a) energy consumption (b) students’ thermal discomfort
hours. Legend. 1: 0.5 projection Louvre, 2: 1.0 projection Louvre, 3: 1.5 projection Louvre, 4: No shading,
5: 0.5 m Overhang, 6: 1.0 m Overhang, 7: 1.5 m Overhang, 8: 2.0 m Overhang.

3.3.4. Effect of Occupancy Density

The effect of the occupancy density on thermal discomfort hours and building energy
consumption is shown in Figure 12. However, students’ thermal discomfort and build-
ing energy consumption were affected by occupancy density with the same amount of
significance (p = 0.0006).
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Figure 12. Cont.
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Figure 12. The effect of occupancy density on (a) energy consumption and (b) students’ thermal
discomfort hours.

Previous studies [124,125] explain the reason behind the adverse effect on thermal
comfort in the event of an increase in the number of occupants and the direct effect on
the increase in energy consumption. Mjornell, Johansson [124] showed that extended
occupancy density results in an increased moisture supply, depending on the number of
people staying in the building. When the airflow in the architectural space with excessive
occupancy density is increased, the moisture supply will no longer exceed the critical levels
for moisture damage. However, there will be an increased energy consumption for heating
of the air due to increased air movement [125].

3.3.5. Effect of Infiltration Rate and Mechanical Ventilation Rate per Area

In this study, the infiltration rate parameter had a positive influence on students’
thermal discomfort (SRC = 0.0319) and energy consumption (SRC = 0.0525), as shown in
Figure 13.

The effect of infiltration on building energy consumption (p = 0.0001) was greater
than students’ thermal discomfort (p = 0.0282). Furthermore, the results of this study show
that the better the building crack levels (from very poor to excellent), the lower the energy
consumption (SRC = —0.0214) and student thermal discomfort (SRC = —0.0272). The effect
of crack template (airtightness) on students’ thermal discomfort (p = 0.0612) was more than
building energy consumption (p = 0.1165). Therefore, the results in this study regarding the
effect of infiltration on both students’ thermal comfort and building energy consumption
matched those of previous studies [112,126,127]. The difference in air pressure across the
building envelope was one of the main reasons for infiltration. This is caused by indoor
and outdoor air temperature differences (stack effect), operation of a mechanical ventilation
system and wind movement [126,127]. Infiltration affects the heating/cooling load, indoor
air temperature and indoor air moisture levels in buildings [109]. The rate of infiltration is
affected by outdoor environmental variables, building site, building age and construction
materials. Air tends to infiltrate through low-level leaks when the architectural space is
heating, and exfiltrate from leaks high in the building envelope [128]. Closing air leakage
cracks can reduce the building energy consumption by reducing the infiltration rate [129].

In this study, and based on SA, the mechanical ventilation rate per area parameter had
a positive influence on students’ thermal discomfort (SRC = 0.0345) and building energy
consumption (SRC = 0.0099), as shown in Figure 14. The effect of mechanical ventilation
rate per area on students’ thermal discomfort (p = 0.0178) was more than for building
energy consumption (p = 0.4695).



Buildings 2022, 12, 329 19 of 29

54,500

54,000
53,500
53,000
52,500
52,000
51,500
51,000
50,500
50,000

49,500

Total energy consumption (kWh)

0 0.2 0.4 0.6 0.8 b 1.2 14
Infiltration rate (ac/h)

(a)

500
480
460
440
420
400
380
360

340

Thermal discomfort (hours)

o

0.2 04 0.6 0.8 1 12 14
Infiltration rate (ac/h)

(b)

Figure 13. The effect of infiltration rate on (a) energy consumption and (b) students’ thermal discom-
fort hours.
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Figure 14. The effect of mechanical ventilation rate per area on (a) energy consumption and
(b) students’ thermal discomfort hours.
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PA shows that the higher the ventilation rate, the lower the air temperature and
operative temperature as well. Therefore, this decrease in indoor temperature could be
one of the causes of thermal discomfort. The mechanical ventilation rate per area of six
gave the best energy consumption (lowest value), while the mechanical ventilation rate
per area of zero gave the minimum thermal discomfort hours. The results showed a
matching of the effect of mechanical ventilation rate with previous studies [130,131]. On the
other hand, another study by Allab, Kindinis [132] indicates that poor air ventilation rates
lead to thermal discomfort problems and extreme energy consumption. Thermal comfort
regulations related to indoor air quality (IAQ) conditions are not yet theoretically obvious.
For this reason, different minimum ventilation rates for the same types of buildings in
different countries have been adopted [133]. This explains the reverse relationship between
mechanical ventilation rate and students’ thermal comfort based on the SA in this study.

3.3.6. Effect of Building Orientation

The effect of building orientation on both students’ thermal discomfort (SRC = 0.0176)
and building energy consumption (SRC = 0.0129) is shown in Figure 15.
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Figure 15. The effect of building orientation on (a) energy consumption and (b) students’ thermal
discomfort hours.

The effect of building orientation on students’ thermal discomfort (p = 0.2270) was
more than for building energy consumption (p = 0.3436). According to Figure 15 the best
orientation with the lowest thermal discomfort hours (379 h) was (6 = 85°, 6 = 265°), and the
best orientation with the lowest energy consumption (50,430 kWh) was (0 = 175°), which
were obtained based on PA. Previous studies [124,134,135] align with the result of this study
regarding the effect of building orientation on both students’ thermal comfort and building
energy consumption. The building’s orientation needs to be directed to the prevailing



Buildings 2022, 12, 329

21 of 29

wind, and the presence or absence of natural ventilation has a significant impact [120,134].
Building orientation is an early stage design option with low cost to improve building
users’ thermal comfort and decrease building energy consumption [135].

Despite the influence of those ABDPs on both students’ thermal comfort and building
energy consumption, their effect depends on the ranking of their performance, from the
most to the least influential parameters, as described previously in Table 3.

3.4. Relationship between Students’ Thermal Discomfort Hours and Building Energy Consumption

The same sample of ABDPs was also used in the bivariate regression analysis to
find the empirical relationship between students’ thermal comfort and building energy
consumption. Pearson correlation was used in this study because the interval ratio of
students’ thermal comfort and building energy consumption data had normal distributions,
as shown below inFigure 16.
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Figure 16. Normal distribution of (a) students” discomfort hours and (b) building energy consumption.

In this study, which is based on a Pearson correlation output using SPSS software,
there was a very weak negative relationship (non-significant relationship) between the
students’ thermal discomfort hours and the building cooling /heating load, r = —0.033,
n = 1845, p = 0.153, p > 0.05 (alpha value). Increases in building energy consumption were
correlated with decreases in students” discomfort hours. A scatterplot of students’ thermal



Buildings 2022, 12, 329 22 of 29

discomfort hours and the total building energy consumption is shown below in Figure 17.
The summary of the Pearson correlation output is shown in Table 4.
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Figure 17. Correlation results.
Table 4. Summary output of Pearson analysis.
Correlations
Discomfort (All Total Site Energy
Clothing) (h) Consumption (kWh)
Pearson Correlation 1 —0.033
Discomfort (All ) )
Clothing) (h) Sig. (2-tailed) - 0.153
N 1845 1845
Pearson Correlation —0.033 1
Total site energy : :
consumption (kWh) Sig. (2-tailed) 0.153 -
N 1845 1845

A scatterplot shows that the data is scattered. For this reason, cluster analysis can be
a useful data-mining method for any dataset that needs to categorise discrete groups of
parameters. The most common use of cluster analysis is classification. ABDPs are separated
into groups so that each parameter is more similar to other parameters in its group than
to parameters outside the group. In this study, the current iteration was 23, with 4 cluster
groups. The summary of the final size and number of cases in each cluster is shown in
Figure 18.
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The extent of the impact of the ABDPs led to the data being divided into four groups
based on the parameters’ effects on building energy consumption and thermal comfort.
The four clustering groups express the characteristics of the ABDPs that led them to affect
the level of students’ thermal discomfort hours and energy consumption, as shown in
Figure 19. The effect of ABDPs on both students’ thermal discomfort hours and energy
consumption has been discussed through the SA. Each dot in the graph contains input data
for the 15 ABDPs. After analysing each dot, we found a match for the effect of parameters
that had a low p-value in the SA. The first and fourth groups described high thermal
discomfort hours, while high energy consumption characterised the first group and low
energy consumption characterised the fourth group. The second and the third groups
described low thermal discomfort hours, while high energy consumption was seen in the
second group and low energy consumption in the third group.
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Figure 19. Clustering groups analysis.

4. Conclusions

In the present study, a comprehensive assessment of ABDPs on thermal comfort and
energy consumption was conducted using Monte Carlo techniques in order to identify
the parameters of most concern and show their realistic effects in educational buildings in
NSW, Australia. Based on the results and analysis, the following conclusions can be drawn:

(1) The simulation results showed a significant potential to optimise the ABDPs to achieve
energy saving and thermal comfort in educational buildings in NSW, Australia.

(2) Based on the parametric and sensitivity analyses, there is a very weak relationship
between the students’ thermal discomfort hours and the building cooling/heating
load. However, the cooling and heating set-point temperatures, as well as roof
construction, had a significant impact on the sensitivity of the ABDPs for both building
energy consumption and student thermal comfort (p = 0.0000).

(3) Increasing the cooling set-point temperature from 22 °C to 28 °C and using a U-value of
0.239 W/m?K in roof construction can reduce the operative temperatures by 14.2% and
20.0%, respectively. These reductions could significantly lower the thermal discomfort
hours by 6.0 and 3.25 times, respectively.

(4) The findings of this study are particularly useful for architectural design teams be-
cause they enable designers to decide easily which of the sensitive ABDPs are more
important than the others based on the simulation outcomes. Moreover, architectural
design teams can save time by not focusing on ABDPs that have small effects on
thermal comfort and energy consumption.
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(5) However, there remains a number of important challenges and areas for additional
study. For example, there is a need for more studies regarding indoor thermal per-
formance and students’ thermal comfort, as well as students” academic performance.
More work is required to design performance criteria to quantitatively evaluate the
ABDPs with UA and SA capabilities.
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