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Abstract: In Thailand, the delivery of adequate low-income housing has historically been
overshadowed by politics with cost and quantity being prioritised over quality, comfort and resilience.
In a country that experiences hot and humid temperatures throughout the year, buildings need to be
adaptable to the climate to improve the thermal comfort of inhabitants. This research is focused on
identifying areas for improving the thermal performance of these housing designs. Firstly, dynamic
thermal simulations were run on a baseline model using the adaptive thermal comfort model CIBSE
TM52 for assessment. The three criteria defined in CIBSE TM52 were used to assess the frequency
and severity of overheating in the buildings. The internal temperature of the apartments was shown
to exceed the thermal comfort threshold for these criteria throughout the year. The internal operating
daily temperatures of the apartment remain high, ranging from a maximum of 38.5 ◦C to a minimum
of 27.3 ◦C. Based on these findings, five criteria were selected to be analysed for sensitivity to
obtain the key parameters that influence the thermal performance and to suggest possible areas
for improvement. The computer software package Integrated Environmental Solutions—Virtual
Environment (IES-VE) was used to perform building energy simulations. Once the baseline conditions
were identified, the software packages SimLab2.2 and RStudio were used to carry out the sensitivity
analysis. These results indicated that roof material and the presence of a balcony have the greatest
influence on the system. Incorporating insulation into the roof reduced the mean number of days
of overheating by 21.43%. Removing the balcony increased the number of days of overheating by
19.94% due to significant reductions in internal ventilation.

Keywords: thermal comfort; low income housing; Thailand; tropical climates; dynamic thermal
simulations; sensitivity analysis

1. Introduction

The consequences of rapid urbanization and the growing disparities in wealth between residents
in the developing world have brought the issue surrounding the sustainability of low income housing
to the forefront. The correlations between population growth, climate change and energy efficiency in
housing in these regions indicate that priorities need to be placed on planned future development [1,2].
The accessibility of affordable housing is limited by the socio-economic status of those who need it [3]
and the quality of the current stock of low income housing is characterised by technical inefficiencies
and inappropriate design elements thus rendering it inadequate for day to day living. With concerns
growing over urban liveability in these regions, priorities need to be placed on planned future
development [2]. This involves a shift towards the provision of housing that not only make use
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of environmentally sensitive construction materials, processes and technologies, but also considers
how housing performs under the effects of both internal and external climatic factors [1].

In Thailand, low and middle income housing is provided by the government [4]. However,
delivery of adequate housing has historically been overshadowed by politics with cost and quantity
being prioritised over quality, comfort and resilience [5]. In a country that experiences hot and humid
temperatures throughout the year, buildings need to be adaptable to the climate in order to improve
the thermal comfort of inhabitants. Extensive research has been done to address energy and thermal
comfort issues in developed countries for domestic and non-domestic building. Less research has been
done to evaluate and address overheating and thermal discomfort in low-income tropical housing.
This research aims to address this by evaluating and suggesting solutions to improve thermal comfort
in low-income housing in Thailand.

In trying to overcome challenges of demand and to optimise land usage, low income housing
designs in tropical regions were produced and are continuing to be produced according to western
standards [3]. An example of the continued implementation of capital intensive methods of “providing
large-scale housing to as many people as possible” [3] in Thailand, is the Baan Ua-Arthorn project in
Bangkok. Under the Baan Ua-Arthorn programme, roughly 71% of the houses built were low-rise
condominiums. The average construction cost of one of these low income condominiums equates to
8000 THB per m2 [6]. Due to the low cost nature of these housing estates, the units are characterised by
their use of inadequate materials [7], the inferior quality of the design and the construction, and located
in hard to reach urban zones [8]. While the Baan Ua-Arthorn housing programme was discontinued and
replaced with preferred bottom-up or “community-based development” [8] initiatives, the programme
highlights the concern over sustainable housing standards for the poorer sectors of society.

The attributes of housing in Thailand are progressively changing due to advances in the
socio-economic situations of individuals and the social aspirations attributed to development [9,10].
Figure 1 shows the trend of increased dependency on mechanical forms of cooling within urban areas
of Thailand. The incorporation of architectural specifications for housing which are incompatible with
both the prevailing climatic conditions is found to exacerbate issues associated with extreme indoor
temperatures and comfort, adequate natural ventilation and low levels of indoor air quality in these
dwellings [11]. Rapid urbanization has also played a part in the influence of elevated temperatures
in these dwellings. Sprawling urban structure and high building density in urban centres such as
Bangkok have been found to exacerbate the urban heat island effect (UHI) by decreasing air velocity
and increasing air temperatures of the urban climate [12,13]. This has induced a dependency on
mechanical forms of cooling once individuals can afford it [14] and the residential energy consumption
in Thailand set to increase more than twofold by 2030 [6]. The construction of housing that can adapt
to dominant climatic conditions is a key element of providing appropriately sustainable housing and
reducing energy consumption in an urban context [2].
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of definitive thermal seasonal changes. The temperature ranges between day and night tend to be
greater than those experienced between the summer and the winter months. Three variable climatic
zones exist within the tropics itself, based on the distinctions experienced in the temperature and
precipitation patterns. These are classified as Type A climates and includes the: wet equatorial climate
(Af), the tropical monsoon and trade-wind littoral climate (Am) and the tropical wet–dry climate (Aw).

Thailand falls within the tropical wet–dry climate (Aw) characterised by hot and humid conditions
throughout the year [10,16]. Three distinct climatic periods with the hottest temperatures experienced
from March to May, the rainy season consisting of elevated levels of relative humidity occurs from
June to October and a relatively colder period occurs from November to February [14]. The mean daily
temperature ranges 26–36 ◦C with the average minimum temperature falling to 21 ◦C in the “winter”
months with the annual average temperature reaching 28 ◦C [10]. The relative humidity remains high
throughout the year averaging 74–85% and peaking during the rainy months. Daytime temperatures
are found to exceed those temperatures deemed thermally comfortable throughout the year [6].

Traditional steady-state thermal comfort models have been found to disregard how people adapt
to their environments by changing the conditions to become more accommodating [17–19]. This is
of particular concern in hot and humid tropical climates as the application of these thermal comfort
indices has been shown to inadequately predict levels of thermal comfort in these regions [7,10,20,21].
In the tropics, people have adapted to being comfortable at higher temperatures for longer periods
of time [21]. In Thailand, field studies have shown that in naturally ventilated buildings, individuals
remain a state of reasonable comfort at 28 ◦C [22] with an upper limit for thermal comfort reaching
31.5 ◦C [10].

The combination of building physics principles and climate is confirmed as an important factor
in low income housing design, with inefficient building performance elevating already heightened
indoor temperatures and thus impacting on thermal comfort of the inhabitants of these houses [11,23].
The distinct nature of the Thai climate means that housing design in these regions needs to incorporate
strategies that exploit the benefits from the outdoor climate to achieve thermal comfort inside [24].
Passive design strategies have been proposed as an adequate method to achieve optimum indoor
environmental conditions in residential buildings and thus reduce energy consumption in numerous
tropical regions. The main design consideration is incorporating elements that minimise internal heat
gains and maintain thermal comfort of inhabitants during periods of high solar radiation and relative
humidity. Various studies have been conducted on the types of passive design features that induce
improved thermal comfort in tropical regions [20,25–28].

In tropical climates, sufficient air movement through buildings has the capacity to reduce thermal
discomfort. The high outdoor temperatures and elevated levels of relative humidity mean that indoor
comfort is promoted through both the number of air exchanges that occur as well as the speed of
the air [29] Studies have shown that air movement of up to 1 m/s can reduce internal operating
temperatures by 3.5 ◦C [10,21].

To take advantage of ventilation cooling strategies, the distribution, size and number of openings
needs to be maximised. Openings in each room are critical to aid in the airflow. The internal layout
should be designed to allow for airflow through principal rooms and from the front to the back of the
building [30]. The incorporation of balconies induces the free movement of air into tropical housing
designs have been found to accelerate airflow into a dwelling [29]. A balcony acts like a “wind scoop”
enhancing the rate of air movement through its opening [29].

Stack ventilation is a common form of heat dissipation that uses physical concepts of air density or
the stack-effect to drive warm air upwards. The incorporation of a solar chimney on the roof removes
the warm, humid air and entrains cooler air into the internal environment. These design parameters
have been found to increase the rate of natural ventilation in areas with limited wind speeds [11].

In tropical regions, nighttime temperatures remain relatively high. This makes night cooling of
buildings a challenge. The utilisation of ventilation and heat diffusion techniques can help compensate
for this climatic restriction and assist in the reduction of internal operating temperatures at night [6].
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Radiant gains from sun exposure and conduction gains through the building envelope account
for 80% and 20% of external heat gains in tropical climates respectively [30]. Passive design means
incorporating efficient mechanisms of solar protection to reduce direct solar exposure. The strategy is
to optimise the effects of shading by orientating openings with overhangs (horizontal shades) to the
north or south to maximise shading when the sun is at its peak. This provides optimum shading of
windows and walls over the year [6]. Vertical shading elements should be used on the east and west
facing openings to obstruct direct sunlight.

The thermal characteristics of materials have a significant influence on the induction of passive
cooling in buildings. The optimisation of materials with high thermal resistance (low U-values) means
that the building envelope will have greater insulating properties, thereby reducing conduction heat
into a dwelling. Thermal insulation in the roof and the walls induces the same effects by reducing the
heat gain through the structural elements. Conversely, the insulation will restrict heat loss from the
interior space at night creating discomfort [6]. Materials with high surface emissivity can easily absorb
and release radiant heat which could also induce discomfort [31]. The utilisation of materials with low
thermal storage capacities are optimum for improving the thermal comfort at night as they cool down
rapidly [6,23].

The purpose of a sensitivity analysis (SA) is to ascertain how the uncertainty associated with
the individual inputs into a model affects the uncertainty of the outputs of the model [32]. Passive
design parameters can be screened in order to identify the main factors that have an effect on a desired
outcome or system. This involves establishing the critical factors and not the interaction between the
factors. The applications of SA techniques are useful for assessing thermal responses of building and
data variability [33]. This paper describes the process of using a sensitivity analysis in order to assess
an array of passive design parameters and their specific effects on the thermal performance on a case
study building. Recommendations on the use of these passive design features can then be made.

The Energy and Low Income Tropical Housing programme is structured to look at elements
of sustainable design that alleviate energy dependency in both these areas. This study serves as a
component of the continued research into identifying low cost methods of improving thermal comfort
through passive design techniques, less energy intensive building materials and adaptive construction
techniques in tropical regions. Under the long-term outcomes of the ELITH project, this study aims
to analyse elements of the building envelope that influence building performance and thereby make
recommendations on viable options to solve the inadequacies. The first objective from this research is
to develop a detailed analysis on the performance of key design and material elements of government
provided low income housing in order to understand contextual aspects of thermal comfort and
cooling. The second objective involves assessing the sensitivity of these elements using representative
passive design parameters to understand the use of passive design techniques as a low cost design
strategy for more sustainable housing supply. Finally, this research aims to make recommendations
based on the adequacy of the design strategies in Naturally Ventilated Buildings (NVB) in consideration
of the Thai context.

2. Methodology

The methodological approach to answering the research objectives incorporates the use of energy
modelling software to obtain data about the thermal performance of a “typical” housing unit in
Thailand. The primary processes involved in this study include:

• Establish a housing design to be used as a baseline example for assessment.
• Identify material compositions and geometric design aspects of the condominium housing models.
• Generate a 3-D model incorporating construction and thermal properties of the condominium

housing models in IES VE.
• Carry out building energy simulations for the standard housing design using IES-VE software

(Integrated Environmental Solutions, Glasgow, United Kingdom).
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• Validate the results of the thermal performance of the baseline model according to adaptive
thermal comfort standards.

• Identify passive design techniques in the form of key material and design parameters that
influence thermal comfort in low income housing in tropical regions.

• Develop permutations of design parameters using SimLab2.2 Sensitivity Analysis Software ( Joint
Research Centre – European Commission, Brussels, Belgium).

• Run building energy simulations incorporating of the permutations of the standard baseline
housing model that incorporate the various design and material changes in IES VE software.

• Compare the results to those obtained for the baseline model in order to assess variances in the
thermal performance of the housing model.

• Identify the parameters that have the most effect on the thermal performance.
• Undertake a sensitivity analysis based on the results of running simulations for each permutation

using SimLab2.2 Sensitivity Analysis and RStudio statistical software (Allaire Corporation,
Newton, MA, USA).

Dynamic Thermal Simulations (DTS) were conducted in IES VE in order to obtain data about the
thermal performance of a “typical” housing unit in Thailand. The virtual environment was established
using the daily temperature over a twelve-month period for the Bangkok Metropolis (13.73◦ N,
100.57◦ E). This included the Dry Bulb temperature and the Daily Running Mean Temperature from
the 1st of January to the 31st December. The model was set up in order to assess the performance of
the dwelling under the “worst case scenario” conditions for the south facing case study building. It
should be noted that, in areas close to the equator, the sun is high in the sky and east/west orientation
may represent the worst case scenario [34].

The Baan Ua-Arthorn housing programme was selected for analysis due to its status as a
pioneering governmental approach to deliver one million affordable homes for urban citizens in
five years [8]. During the eight years of implementation of this programme, the government delivered
a total of 253,164 housing units of which 186,507 were condominiums [5]. Statistics show that an
average Thai household consists of four individuals [35], thus each level of the apartment block was
reduced to a representative five zone layout of 33 m2 with four occupants. The bedroom is the only
room with an outside facing window, while the kitchen and the living room both contain windows
overlooking the internal hallway. The layout of a single level is shown in Figure 2. The hallway is 36 m
long with a stairwell at one end connecting each of the levels. Each floor contains six apartments. The
hallway contains two windows at one end closest to the stairwell.
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Figure 4. Typical example of louvre windows used for housing developments in urban areas
of Thailand.

The balcony was modelled as a window that is continuously open at 100%. Figure 5 shows the
location of the balcony in proximity to the bedroom. The balustrade of the balcony is composed of clay
brick and cement.



Sustainability 2017, 9, 1440 7 of 23
Sustainability 2017, 9, 1440  7 of 23 

 
Figure 5. Isometric layout of typical apartment layout with zone classification. 

For the basis of this research the buildings are considered as naturally ventilated with no forms 
of mechanical cooling due to the socio-economic status of the home owners [6]. The number of air 
exchanges per room was set to 4 ac/h to account for the lower quality standards of the condominiums 
considering the low income context [8]. 

According to the Bill of Quantities (BOQ), the standard method of construction for housing 
under the Baan Ua-Arthorn Housing project included a skeleton composed of reinforced concrete 
columns and beams for structural stability and infill brickwork walls for the bracing [6]. Table 1 
summarises the type and characteristics of the materials used in an individual five-storey apartment 
block.  

Table 1. Material description of typical housing unit [36]. 

Material Thermal Conductivity 
(W/m∙K) Thickness (m) Surface 

Emissivity 
Roof tiles 6.266 5 mm 0.51 

External Walls Clay brick and cement rendering 2.246 200 mm 0.75 
Internal Partitions Concrete Block 3.384 100 mm 0.90 

Windows glazing 2.7465 6 mm 0.90 
Ceiling Gypsum 1.255 90 mm 0.85 

Floor Reinforced concrete 3.618 250 mm 0.90 

The occupancy profile of the case study building has been specified as fully occupied 20:00–6:00 
and on weekends, with working hours spanning 6:00–20:00. The schedule of openings for the baseline 
model was created on the basis that windows are all open during the day and closed during the night. 
The simulations for the study are split into two parts, namely Section A: Thermal performance of the 
baseline model (Table 2); and Section B: The sensitivity analysis for passive design features.  

2.1. Section A 

Section A details the generation of a 3-D model incorporating construction and thermal 
properties of the condominium models in IES VE. This includes the validation of the results of the 
thermal performance of the baseline model according to adaptive thermal comfort standards. 

IES Virtual Environment is a software package created by Integrated Environmental Solutions 
that is used for building energy analysis and sustainable design. IES-VE consists of a range of built-
in analysis tools, which facilitate the ease of modelling and analysing the performance of a building 
either retrospectively or during the design stages of a construction project. The interface makes use 
of a graphical user interface (GUI) or “black box”, which produces graphical results based on a series 
of user specified inputs. For the purpose of this study the ease of the interface and geometry building, 

Figure 5. Isometric layout of typical apartment layout with zone classification.

For the basis of this research the buildings are considered as naturally ventilated with no forms
of mechanical cooling due to the socio-economic status of the home owners [6]. The number of air
exchanges per room was set to 4 ac/h to account for the lower quality standards of the condominiums
considering the low income context [8].

According to the Bill of Quantities (BOQ), the standard method of construction for housing under
the Baan Ua-Arthorn Housing project included a skeleton composed of reinforced concrete columns
and beams for structural stability and infill brickwork walls for the bracing [6]. Table 1 summarises the
type and characteristics of the materials used in an individual five-storey apartment block.

Table 1. Material description of typical housing unit [36].

Material Thermal Conductivity
(W/m·K) Thickness (m) Surface Emissivity

Roof tiles 6.266 5 mm 0.51
External Walls Clay brick and

cement rendering 2.246 200 mm 0.75

Internal Partitions Concrete Block 3.384 100 mm 0.90
Windows glazing 2.7465 6 mm 0.90
Ceiling Gypsum 1.255 90 mm 0.85

Floor Reinforced concrete 3.618 250 mm 0.90

The occupancy profile of the case study building has been specified as fully occupied 20:00–6:00
and on weekends, with working hours spanning 6:00–20:00. The schedule of openings for the baseline
model was created on the basis that windows are all open during the day and closed during the night.
The simulations for the study are split into two parts, namely Section A: Thermal performance of the
baseline model (Table 2); and Section B: The sensitivity analysis for passive design features.

2.1. Section A

Section A details the generation of a 3-D model incorporating construction and thermal properties
of the condominium models in IES VE. This includes the validation of the results of the thermal
performance of the baseline model according to adaptive thermal comfort standards.

IES Virtual Environment is a software package created by Integrated Environmental Solutions
that is used for building energy analysis and sustainable design. IES-VE consists of a range of built-in
analysis tools, which facilitate the ease of modelling and analysing the performance of a building
either retrospectively or during the design stages of a construction project. The interface makes use of
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a graphical user interface (GUI) or “black box”, which produces graphical results based on a series of
user specified inputs. For the purpose of this study the ease of the interface and geometry building,
the speed with which results can be produced and the scale of the models needed to be simulated
makes it ideal.

The adaptive thermal comfort standard chosen for assessment in this study was CIBSE with the
specific guideline CIBSE TM52. Table 2 shows the summary of the conditions chosen for the baseline
model. The performance of the baseline model has been studied by reporting the risk of overheating.

Table 2. Summary of conditions specified for baseline model analysis using IES VE.

Specified Condition Baseline Model Settings

Simulation Period 12 months
Weather Data Bangkok, Thailand

Occupants 4 occupants with internal gains of 90 W/person/day
Occupancy patterns 20:00–6:00 working days, occupied all other times

Internal Gains Gas cooking stove 106 W/m2, lighting 8 W/m2

Adaptive approach has been used to assess thermal comfort conditions for the baseline model.
Thermal comfort in adaptive approach is affected by occupants’ behaviours and expectations in
naturally ventilated buildings [37]. Based on this method of evaluation, it is proposed that occupants’
perception regarding thermal comfort is affected by their thermal circumstances [21]. For typical
occupants, CEN standard BS EN 15,251 [38] suggests the following equation to estimate comfortable
temperature in naturally ventilated buildings (Equation (1)):

Tcomf = 0.33 Trm + 18.8 + 3 (where Trm > 10 ◦C), (1)

where
Tcomf = the maximum comfortable temperature (◦C); and
Trm = the running mean temperature for today weighted with higher influence of recent days [39] (◦C).

Trm can be calculated using Equation (2):

Trm = [1-α]. {Ted-1 + α. Ted-2 + α2. Ted-3 . . . .}, (2)

where
Ted-1 = the daily mean external temperature for the previous day (◦C);
Ted-2 = the daily mean external temperature for the day before (◦C); and so on.
α is a constant; Tuohy et al. [40] suggest to use 0.8 for α.

The CIBSE TM52 guideline assesses performance against three criteria. A zone is classified as
overheating if it fails any two of the three criteria [41]. The criteria are defined in terms of ∆T, which is
the difference between the actual operative temperature and the maximum acceptable temperature
(Table 3). This is rounded to the nearest whole degree.

∆T = Top − Tmax, (3)

Operative temperature (Top) articulates the joint effect of air temperature and mean radiant
temperature along with the internal air movement as a single representative figure. For indoor
airspeed less than 0.1 m/s, Top is calculated from the following equation [41]:

Top = (Ta + Tr)/2 (4)

where
Ta = air temperature (◦C); and
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Tr = mean radiant temperature (◦C).

A summary of the overheating assessment criteria is shown in Table 3.

Table 3. Overheating Assessment Criteria.

Assessment Criteria 1 Acceptable Deviations

Criterion 1 Percentage of occupied hours during which ∆T (∆T = Top − Tmax rounded to
the nearest whole degree) is greater than or equal to 1 ◦C Up to 3% of occupied hours

Criterion 2 “Daily weighted exceedance” (We) in any one day > 6 ◦C·h (degree·hours) 0 day
Criterion 3 Maximum temperature level (Tupp) ∆T > 4 ◦C 0 h

1 Refer to Abbreviations for more information.

2.2. Section B

The aim of Section B is to assess the sensitivity of 5 passive design parameters which are
representative of mitigating/worsening the thermal comfort conditions of the baseline condition.
A sensitivity analysis is used to change the parameters in the baseline model to establish the effects
that each one has on the system. The effects of various alternations on thermal comfort are carried out
using the Simlab and Rsudio programmes. The complete set of baseline conditions and alternative
conditions are shown in Table 4.

Table 4. Design options for assessment of sensitivity in condominiums.

Construction Baseline Condition Alternative Conditions

Wall Material Brick and Cement Rendering Concrete Block and Rendering Lightweight Concrete
and Rendering

Shading of Windows Local Shading of Windows No Local Shading of Windows

Balcony Open Balcony No Balcony

Window Openable Area 25% 50% 75%

Roof tiles tiles with 50 mm insulation

Based on the results from Section A, a sensitivity analysis (SA) is carried out using two phases,
namely screening experiments and optimisation [42]. Firstly, a set of 60 permutations of design
parameters is developed using SimLab2.2 Sensitivity Analysis Software in a screening process to
establishing the critical factors and not the interaction between the factors. A sequence of results is
generated using the Morris Method. This method was selected for this study as it was designed for
the screening of a large number of input factors with the outputs incorporating only “elementary
effects” [43] of the inputs i.e., those factors with a profound effect on the output and those with a
minimal effect. The number of permutations is calculated by the formula

r × (k + 1), (5)

where r is the number of levels and k the number of independent input factors [44].
The first step is to convert the factors and levels into a set of permutations for the energy modelling

purposes. In the sample generations phase the parameters were identified as a set of discrete variables
with a value of 0, 1 or 2 depending on the alternative condition under consideration. The variable
passive design strategy parameters (factors) to be assessed for this research are external wall material,
the presence of shading devices over the windows, the presence of a balcony, the openable area of
the apartment windows and the incorporation of insulation into the roof. The levels for each of these
variable design parameters are shown in Table 5.

These variables are then passed through the pre-processor phase where SimLab converts the
independent factors and levels into various permutations. The number of permutations that are
carried out is dependent on the number of executions selected by the user. For the purpose of this
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study, the maximum number of executions of 60 was selected to obtain a higher level of accuracy.
The permutations are then converted into an experimental matrix under the model execution phase.
The complete process undertaken for analysing the incorporation of this data into the energy model
represented graphically in Figure 6.

Table 5. Experimental factors and levels.

Criterion Level Value at 0 Level Value at 1 Level Value at 2

External Wall material (WM) Baked brick Lightweight concrete -
Shading of Windows (SW) shading No shading -

Balcony (BA) Balcony No Balcony -
Window Openable Area (WA) 25% 50% 75%

Roof Material (RM) No insulation insulation -
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The baseline energy model is run for different scenarios, incorporating each of the sixty
permutations. Once the simulations were completed in IES Virtual Environment, the optimization
phase is carried out. Optimisation refers to the assessment of factor interaction and a system’s variance
from a statistics perspective. RStudio is used to carry out the optimisation analysis. R is an open source
programming language for the statistical analysis. The programme enlists the use of “command-line
scripting” for the creation of functions for statistical modelling. The results pertaining to the thermal
performance of the model are fed into RStudio. The outputs from RStudio incorporate the sensitivities
for each of the independent factors as well as the sensitivities of the factors interacted as pairs. The
sensitivities are calculated based on the variances in the values of the three CIBSE TM52 criteria
between the baseline model from Section A and each simulated permutation for the living room,
bedroom and kitchen. A linear statistical analysis function is run for these living zones for each of
the criterion. The R model defines discrete variables in the form of factors by accessing the value of
the variable in a column of data to obtain the interaction between factors and can be calculated using
Equation (6) below:

LR60.model = lm(c2 ~WM + SW + BA + WA + RM), (6)

where c2 refers to the column of data adhering to the CIBSE TM52 data, i.e., c2 is Daily Weighted
Exceedance. WM is Wall Material, SW is Shading of Windows, BA is the presence of a Balcony, WA is
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the Window Openable Area and RM is Roof Material. The final output is a graphical representation of
the permutations.

3. Results and Discussion

The simulations section evaluates the thermal comfort conditions based on the standard material
composition of Baan Ua-Arthorn housing.

3.1. Performance of Baseline Model of Case Study Housing Unit

The results of the thermal performance of the baseline model were validated according to adaptive
thermal comfort standards.

3.1.1. Hours of Exceedance (He)

In Figure 7, the percentage of hours of exceedance is shown for the living zones on the ground
floor and the fourth floor. The initial observation is that the apartments greatly exceed the limiting
factor of 3%. The apartments on the fourth floor are shown to have worse thermal performance than
those on the ground floor. The worst performing apartment is the edge unit on the top floor (two
exposed external walls). The living room in this unit is the worst performing zone with a performance
that exceeds the limiting factor by over five times at a value of 16.14%. The bedroom exceeds the
limiting factor by over three times with a value of 10.06%.
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3.1.2. Daily Weighted Exceedance (We)

This criterion was assessed by counting the number of days in a calendar year where the We
exceeds 6 ◦CHr while that zone was occupied. In compliance with criterion 2, a zone should exceed
this value for no days. The results for the baseline case are shown in Figure 8.

As with criterion 1, the apartments are shown to exceed the limits of failure with the corresponding
top floor apartment showing the greatest signs of overheating. Within this apartment the living room
surpasses 6 ◦CHr for 115 days and the bedroom surpasses 6 ◦CHr for 77 days out of 365 days,
respectively. This indicates that the zones within the apartment spend a large percentage of time at
very high temperatures throughout the year.
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3.1.3. Daily Weighted Exceedance (We)

The apartments on the lower ground are again found to perform better than those on the top floor.
The living room is observed to be the critical zone within the apartments as it fails criterion 3 for three
of the four apartments (Figure 9). The differentiation in the performance of the apartments on the lower
floor is attributed to the location of the apartments. The unit with two exposed walls (apartment 1) has
reduced capacity for providing thermal comfort within the adaptive comfort limits. The living room in
apartment 1 on the ground floor and top floor exceed 4 ◦C by 4 h and 11 h annually, respectively.
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The zones under consideration within the case study housing unit are found to exceed the
acceptable limits of two or more of the CIBSE TM52 criteria. The critical zone of concern is the living
room as it incorporates the internal heat gains from the kitchen as these are interleading rooms.
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The apartment with the poorer thermal performance was shown to be apartment 1 on the top and
ground floors. This is attributed to the material properties of the structural features of the building envelope.
This apartment is constructed with two exposed external walls allowing for a higher rate of heat transfer.

In conjunction with the location of the apartments on a level, the height of the condominium
influences the thermal performance of the apartments. The building is subjected to effects from
“buoyancy-driven air movement” [6]. Hot air from the lower levels rises up through the building and
with no means of escaping the living zones, accumulates on the top levels. Combining this with the
effects from the building envelope corresponds to the inadequate thermal performance of apartment 1
on level four for all three criteria.

In terms of criterion 3, the bedrooms in each of the apartments do not show exceedance of 4 ◦C
over the year. This can be attributed to the classification of the bedroom as a “night-zone” [30] which
means it is only occupied at night. These criteria are assessed based on when the zone is occupied.
This means that the external night time temperature drop below a certain point whereby the addition
of internal gains from people is not significant enough to raise the temperature above Tupp. In
comparison, the living room is either partially or fully occupied at all times. This incorporates those
periods where external daytime temperatures reach their maximum.

While these results show that this housing model far exceeds what is deemed acceptable for TM52,
it is important to note that TM52 is designed as a tool for mainly assessing overheating in summer
in Europe and the UK. Thus, its application to tropical climates tends to underestimate the amount
of time spent at high temperatures (which in these regions is most of the day). This is particularly
significant for the application of criterion 2. While this level of severity of overheating may be more
unacceptable in temperate zones, inhabitants in Thailand are less critical of these conditions. These
observations also correlate with those made by Eyre [23] for low income housing in Tanzania and
should be incorporated into continued research into establishing adequate thermal comfort criterion
for tropical regions [18].

3.2. Summary of Findings

3.2.1. Diurnal Temperature Fluctuation

The 24-h temperature profiles of the living room, the bedroom and the kitchen for the hottest day
of the year (29 April) are shown in Figures 10–12, respectively. The variation of room temperature with
time shows a low diurnal temperature swing with the internal temperature patterns correlate to the
external temperature changes. The internal operating temperatures remain relatively high throughout
the day and night, fluctuating between the maximum acceptable temperature and the upper limit for
overheating. The external night temperatures do not drop significantly enough to induce rapid cooling
of the indoor environment.
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3.2.2. Influence of Building Envelope on Thermal Performance

The thermal mass has a significant influence on the cyclical nature of the temperature changes
within the apartment units. As the external air temperature rises, the external walls and floor slab
will absorb and store the heat. Once the external temperatures start to drop (16:00) the heat within
these materials rises to the surface and is released into the internal environment. This elevates the
internal night temperatures of the living zones and the indoor temperature starts to drop off at the
same time, however at a much slower rate due to thermal storage in the indoor materials. This process
is represented in Figure 13, where the fluctuations in the conduction gains of the external walls are
influenced by changes in the outdoor temperature. In this case the external walls refers to the impact
of all indoor thermal mass (floor, ceiling, internal walls and external walls) releasing stored heat,
thus keeping indoor temperatures high. The lack of lag time between peak outdoor and peak indoor
temperatures is attributed to the high ventilation rate during the day when the windows are open.
This has the resultant effect of moderating the operating temperatures of the living zones. The critical
issue is that this effect keeps the operating temperatures at high levels throughout the day, inhibiting
sufficient cooling to occur.
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In this study, the windows were assumed to be closed at night due to security and social reasons.
This limits the amount of airflow in the apartment at night, particularly in the bedroom which has
only one window. With insufficient mechanisms to abate excess heat that is released into the zone at
night, the operating temperatures of the apartment remains elevated. Figure 14 shows that about a
2 ◦C reduction in the operating temperature is induced in the bedroom if the window remains open at
night and airflow is improved.
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3.2.3. Influence of Natural Ventilation on Thermal Performance

The high internal operating temperatures are a result of both convection and radiation heat which
build up over the day. Without any form of mechanical cooling, natural air exchanges are responsible
for the removal of this heat; however, the current construction of the building and each apartment has
a significant influence on the ventilation. While the narrow layout may aid in the circulation of air,
the number and type of openings, the layout of the rooms and the restrictions of adjacent apartments
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means that ventilation between rooms is highly restricted. Figure 15 shows the quantity of airflow that
enters into each zone. The value Wc refers to the minimum wind speed that is needed to ensure indoor
comfort is maintained [10]. The daytime flow rate ranges from 0.11 m/s to 0.38 m/s. The windows
remain closed at night which accounts for this rate dropping to zero overnight. The maximum airflow
rate in the living room and kitchen is 0.81 m/s and 2 m/s respectively. The high airflow rate in the
kitchen is attributed to the presence of the louvre window and the doorway leading into the living
room. The window overlooks the hallway and allows for more penetration of airflow through the
openings. To achieve a comfortable indoor environment, natural ventilation should provide an indoor
air velocity of 0.4 m/s.
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Essentially, the amount of cross ventilation that can occur through a single unit is highly restricted
by design elements and local climatic conditions. The heat builds up and with no method of removal
stagnates to increase the operating temperature as well as the discomfort of the internal environment.

3.2.4. Influence of Roof on Thermal Performance

The analysis of the progression of the operating temperature change over the 24 h showed that
the roof is subject to a significant temperature change over the course of the day. The temperature
change in the roof is seen to begin at 9:00 as the external temperature rises and the solar radiation
increases (Figure 16). The temperature of the apartments is seen to be about 5 ◦C higher than in those
on the ground floor at this time. By 14:00, the roof reaches its highest temperature.
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The corresponding conduction gains in the roof over 24 h are shown in Figure 17. The conduction
values range from a minimum of 1.98 kW at 7:00 to a maximum value of 21.86 kW at 12:00. This
corresponds to the increase in direct solar exposure over the day. The negative gains during the night
are associated with reversal in the direction of heat transmission, i.e., the roof temperature is higher
than the external temperature.
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Various DTS studies that have been carried out on houses in tropical regions have shown that the
roof is a key area of concern in terms of thermal performance [23,24,30,45,46]. The roof is continually
exposed to high levels of solar radiation and materials used in roof construction tend to have low
thermal storage and low thermal resistance properties. This means that a building remains vulnerable
to high levels of heat transmission occurring through the roof. In the case study building, there is a
significant difference in operating temperatures between the apartments on the upper level and those
on the ground floor. This is partly due to the stack effect of air; however, this can also be attributed to
the high magnitude and the rapid transmittance of heat energy through the roof.

3.3. Section B: Summary of Results

The distribution of the data set for each of the parameters is presented in box plot format. The
important values include the median or central tendency measurement, the maximum and minimum
number of days on overheating. The most important observations that can be made from these
results include the distribution of the number of days of overheating that is experienced based on
the parameter and its respective level. A change in a parameter that shows a smaller variability in
the data set indicates a closer correlation between the individual values in that set (the mean is more
representative of the data set). Although the range and the interquartile range are important to show
the spread of the data, these points are determined from only two points in the entire data set. Thus
from a statistics point of view, the values of the mean and the median are more adequate indications of
the sensitivity of the parameter in the performance of the system.

3.3.1. Roof and Wall Material

The incorporation of 50 mm of insulation in the roof is observed to have the greatest change in
thermal performance within the apartment (Figure 18). The mean number of days of overheating
is reduced to 98.56 when the wall material is changed to level 1, compared to 124 days at level 0.
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Insulation reduces the amount of heat gain that can enter into the space between the roof and the
ceiling. This means that there is a restriction on the flow of heat in the day and at night. The maximum
and minimum number of days of overheating was reduced from 185 to 125 and 115 to 30 days,
respectively. The spread of data points is greatly improved by incorporating insulation. This means
that less variance is seen in the effects of overheating.Sustainability 2017, 9, 1440  18 of 23 
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The change of the wall material from brick (level 0) to lightweight concrete (level 1) is seen to
be less critical than changes in the other parameters. Figure 19 shows the reason for this is that the
results of the two data sets overlap significantly. A change in wall material resulted in a reduction of
overheating to a mean of 123.97 days, with the median value changing from 170 to 160 days. Although
the maximum and minimum number of days of overheating was reduced from 175 to 142 and from
115 to 30 days, respectively, the value of the median is a better indication of the typical number of days
of overheating. The outlying value represents a significant irregularity in the distribution which falls
outside 1.5 times the upper quartile rage.
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The total sensitivity effects of the combinations of uncertainty in the distributions of both wall
material and roof material are shown in Figure 20. The levels on the x-axis show the effects of
changing first the wall material (1, 0), the roof material (0, 1) and then both wall material and roof
material (1, 1). The combined incorporation of 50 mm insulation and the change of wall material to
lightweight concrete reduced the mean number of days of overheating to 101.59 with the maximum
reaching 130 days compared to 172 days of the baseline condition. The effects in the combination
of the sensitivities can be seen on the graph where the median value has decreased from 135 days
at the baseline level to 100 days with both parameters set to level 1. The elementary effects of the
incorporation of roof material only, however, were shown to reduce the mean number of days of
overheating to 98.56. This indicates that although changing the value of these parameters both to level
1 would elicit a decrease in the severity of overheating experienced in the apartment, changing the
roof material only has a greater effect in reducing the severity of overheating. As a caveat in multistory
buildings, roof insulation primarily impacts thermal conditions on the top floors. In terms of this, if
the sensitivity analysis related the impact of action to number of apartments impacted, the outputs
yield different results.
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3.3.2. Balcony and Window Openable Area

The impact of ventilation on the thermal performance of the building was discussed under
summary of findings. The sensitivity of this parameter is essentially assessing for how a decrease
in ventilation through the apartment would influence the thermal performance of the design. This
parameter was seen to have the second largest effect on the system after the roof material. The graphical
representation of these results is shown in Figure 21. At level 1 (the balcony is closed), the maximum
number of days of overheating has increased from 118 to 183. The mean was seen to increase to
150.45 days. The already stilted airflow through the living room is further exacerbated once the balcony
is removed. This indicates that the temperature of the living zones stays at elevated temperatures for
longer periods without any form of ventilation. This is expected in a region with high humidity as well
as low minimal air movement. The presence of the balcony has a profound influence on the natural
ventilation through the apartment.



Sustainability 2017, 9, 1440 20 of 23
Sustainability 2017, 9, 1440  20 of 23 

 
Figure 21. Individual sensitivity: Balcony. 

In terms of the openable area of the windows, this is also a measure of the amount of ventilation 
that is generated in the apartment. This parameter was set at three different levels to assess the 
extreme variability of the importance of opening size on ventilation and thus the thermal 
performance of the apartment (Figure 22). The baseline condition for window openable area is 25% 
(level 0). The mean number of days of overheating at levels 1 and 2 (50% and 75% openable area) 
were determined to be 116.34 and 110.63 days, respectively. When the openable area is set to 50%, 
the variability of the data set was increased. The nature of the plot can be attributed to single data 
points that lie further away from the mean, which is why the median (112 days) is a better 
representation of this data set. At level 2, the variability of the dataset is reduced and the mean is a 
more adequate representation of how this parameter influences the performance. Essentially the 
system is shown to be highly sensitive to a change in this parameter. 

 
Figure 22. Individual sensitivity of window openable area. 

  

Figure 21. Individual sensitivity: Balcony.

In terms of the openable area of the windows, this is also a measure of the amount of ventilation
that is generated in the apartment. This parameter was set at three different levels to assess the extreme
variability of the importance of opening size on ventilation and thus the thermal performance of the
apartment (Figure 22). The baseline condition for window openable area is 25% (level 0). The mean
number of days of overheating at levels 1 and 2 (50% and 75% openable area) were determined to
be 116.34 and 110.63 days, respectively. When the openable area is set to 50%, the variability of the
data set was increased. The nature of the plot can be attributed to single data points that lie further
away from the mean, which is why the median (112 days) is a better representation of this data set. At
level 2, the variability of the dataset is reduced and the mean is a more adequate representation of how
this parameter influences the performance. Essentially the system is shown to be highly sensitive to a
change in this parameter.
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4. Conclusions

In terms of the baseline model, apartment 1 on level four has the worst thermal performance
because of its proximity to the roof, the effect of hot air movement into this space and the structural
characteristics of the apartment envelope. There is a lack of diurnal temperature variation within
the apartments. The internal operating temperatures remain relatively high throughout the day and
night, ranging from a maximum of 38.5 ◦C to a minimum of 27.3 ◦C. This is not significant enough to
influence night cooling. The roof is a key area of concern due to its high U-value, the surface area and
the level of exposure to solar gains. This induces a high transmittal of heat into and out of the building.
This has a significant effect on the operating temperatures of the apartments on the top floor.

The sensitivity analysis showed that the main effects (effect of a change in one parameter while
the others are held steady) of the parameter changes have a greater influence on the performance of
the system and are an adequate representation of parameter sensitivity. The system is shown to be
most sensitive to a change in the roof material and the incorporation of a balcony into the design.
The parameters that are least sensitive to changes in the system include the shading of windows and
wall material. The mean number of days of overheating was reduced to 98.56 with the incorporation
of 50 mm insulation and increased to 150.45 when the balcony was removed. These effects can be
attributed to a reduction of heat gain through the roof when insulation is incorporated but an increase
in heat gain due to a lack of ventilation without a balcony opening.
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