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STUDY ON THE IMPACT OF WINDOW SIZE AND PROPORTION ON INDOOR
AIR TEMPERATURE OF BEDROOMS IN APARTMENTS

ABSTRACT

Globally, over one-third of total energy is consumed by the residential building sector (IEA, 2013). In
Bangladesh, more than 40% of electricity is consumed in the domestic sector by air-conditioning (AC)
and fans for comfort cooling (JICA, 2015). Windows, the drivers of natural ventilation, if designed and
adopted properly can offset energy guzzling AC devices, while providing thermal comfort. During the
design phase, sizing windows against room area and wall area have a considerable effect on achieving
thermally acceptable indoor air temperature for occupants. This simulation based study analyzes the
impact of varied window-to-floor area-ratio (WFR) and window-to-wall area-ratio (WWR), on
bedroom air temperature in residential apartments, thereby providing possible design options for such
spaces, to offset energy consumption, while keeping air temperature within a comfortable limit.
Initially, a base-case bedroom simulation model was formulated by conducting a random questionnaire
survey and case study analysis of high-rise apartment buildings of the upper middle income group of
Dhaka along with a comprehensive literature review on comfortable air temperature in such rooms.
Simulation was done in Ecotect Analysis and WinAir to figure out indoor air temperature and air
movement pattern respectively for the base case, as well for varied WFR and WWR. Simulation
outcomes were validated, by comparing with measured values from a pilot survey conducted inside a
bedroom of the topmost floor of an existing high-rise residential building. Comparative analysis was
used to predict the best possible WFR and WWR configurations for obtaining a comfortable air
temperature within this space. The result reveals that WWR, ranging from 20% to 30%, is preferable
for inducing lower indoor air temperature in the south west corner rooms of naturally ventilated

buildings.

Keywords: Window Size and Proportion, Indoor Air Temperature, Thermal Comfort, Bedrooms of

High-Rise Apartment Buildings.
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Chapter 01: INTRODUCTION

1.1. Background

Globally, reduction of the energy used for heating and cooling of buildings, has been a crucial need
since the mid-1970s. Energy-efficiency within buildings, is now the major concern of building
researchers and designers. In developing countries, the largest portion of the total energy demand takes
place due to the energy consumption for upholding an adequate environment inside the buildings.
Likewise, in developed countries, the share of energy usage for buildings is larger than that used in
other purposes (industrial processes, transport, etc.). Building energy consumption mainly depends on
various systems such as air conditioning, lighting, electrical equipment, etc. But, since energy is limited
or scarce, natural ventilation can be an efficient option for removing the building heat load to achieve

thermal comfort, reducing dependence on air conditioners.

A significant number of countries are situated on the tropical belt, which are subjected to high
temperatures and/or humidity. The climate, in addition to the population growth, increases demand for
building services and stringent comfort levels and lead to a greater use of air conditioning (Bastide et
al, 2006). Air conditioning is often perceived as the only means of reaching indoor thermal comfort,
especially during the hottest season. However, the associated energy consumption is significant, and
simultaneously, the energy situation, particularly in the tropical zone, is becoming strained as the

demand for electric power continues to grow, although the means of production remains limited.

1.1.1. General Problem

Worldwide, power consumption for air conditioning alone is forecasted to surge 33-fold by 2100, as
developing world incomes rise and urbanization advances (Henly, 2015). Thus, growth in population,
increasing demand for building services and comfort levels, together with the rise in time spent inside
building seems to indicate that this percentage will grow with time (Perez-Lombard et al, 2008). In
tropical climates, the use of air conditioning is so pervasive that it has resulted in drastic increase of
electricity consumption by building industry, making it the main consumer of energy. The use of air
conditioning is particularly predominant in the case of tall buildings. Studies show that people are
becoming more affluent, making air conditioning more popular to achieve desired the thermal comfort

(Mohanty, 2013).

Although the concept of natural ventilation is not complicated, it is a challenge to design naturally

ventilated buildings, as air flow is difficult to predict and control. Natural ventilation is the intentional



flow of outdoor air through an enclosure under the influence of wind and thermal pressure through
controllable openings (Rofail, 2006). The arrangement, location and control of ventilation openings
combine the driving forces of wind and temperature to achieve desired ventilation rate and good

distribution of fresh air in the building.

Natural Ventilation is an important part of achieving energy efficient design in many climatic zones.
This issue has surfaced recently with the increased awareness in the community of climate change, and
of mankind’s impact on the environment. Natural Ventilation is particularly applicable to residential
buildings, where there is the highest scope to reduce reliance on mechanical systems. Conventionally,
the applicability of natural ventilation has been limited to low-rise buildings, but recently, greater
emphasis has been placed on natural ventilation in codes and planning policies. Now-a-days, for tall
building also, the use of natural ventilation principles is being attended by both architects and
developers. Tall buildings have the advantage of being able to generate higher pressure differentials
across the habitable area, presenting the potential to achieve thermal comfort for occupants by means
of natural ventilation. Today many planning policies provide guidelines that stipulate the need for
adequate natural ventilation in residential buildings. Research shown that the risk of non-compliance
can be significantly reduced by incorporating natural ventilation principles into the design at an early

stage (Peddie and Rofail, 2011).

Operable windows are one of the most convenient ways to provide natural ventilation into living spaces,
especially for buildings with adequate peripheral access. Windows, when operable, can be opened and
closed; while non-operable windows mainly serve as aesthetic features and daylight sources. The use
of operable windows has proven to reduce the annual energy consumption in high occupancy buildings
if properly configured and controlled. However, improper control of operable windows can also

significantly increase the energy demand of the HVAC system (Daly, 2002).

The critical issue in designing a natural ventilation system is the control procedure of the apertures. The
amount of the airflow rate through operable window varies, depending on building geometries, ambient
temperature, wind speed, and direction. According to Gross and Hu (2011), the design challenge is to
control window openings, as a function of the ambient environmental condition, so that the incoming
airflow brings an acceptable amount of fresh air, to sustain indoor environment in terms of both

ventilation and thermal comfort.

Computational building evaluation tools have the potential to provide an effective means to support
informed design decision making (Mahdavi and Bellahy, 2005). Recognizing the implications of design
decisions, made by the different team members on the energy and environmental performance of the
building, all the design team members can engage in performing simulations. As a result, the

Architecture-Engineering-Construction (AEC) industry have recognized simulation as a necessary



design support tool (Attia, 2010). From an AEC perspective, an advanced analysis of building thermal
simulation in building modeling programs has become a critical part of high-performance buildings.
The conceptual design phase of thermal modeling is used to investigate the first degree of feedback

about the impact of various building configurations on annual thermal performance (US GSA, 2010).

1.1.2. Specific Problem

A rapidly growing country, like Bangladesh, needs a huge amount of energy to feed its large growth
appetite. In the past decade, primary energy consumption increased over 100% and this trend will be
sure to be continued. A recent work done by JICA on Bangladesh’s current sector wise energy demand,
shows that industry has the biggest share of 47.8%, followed by residence and transportation at 30.5%
and 11.5%, respectively (JICA, 2015).

The thermal performance of the majority of buildings in Dhaka is poor; e.g., single glazed windows
without adequate solar shading. Research on the thermal environment indicates the need for using
passive means to tackle the thermal environment challenges (Ahmed, 1994). It is clear that solar heat
gains are in excess of what can be efficiently tackled by natural or hybrid ventilation systems
(Mourshed, 2011). The current energy consumption of ACs is 2237 GWh/year, which accounts for
almost 50% of the total energy and for fan, it is 6181 GWh/year (JICA, 2015). The projected increase
in temperature are likely to exacerbate the situation (Ahmed et al, 2011). As buildings have a typical
lifespan of 50 to 100 years, prompt actions to regulate the environmental performance of buildings are
necessary to enhance the resilience of Dhaka’s buildings to climate change (Mourshed, 2011). The need

to tackle residential buildings is a priority, given the affordability of the inhabitants (Tariq, 2016).

Many research confirmed that passive strategies play a significant role in reducing building energy
consumptions (Section 2.4 and 2.5). In particular, natural ventilation has a direct effect on reducing
cooling load as well as maintaining proper indoor air quality. Window size and proportion are the key

elements in determining indoor thermal and visual comfort induced by natural ventilation (Section 2.7).

1.1.3. Problem Statement

Energy consumption in the residential sector is increasing day by day, most of which is needed for
achieving thermal comfort. In order to resolve the issues of energy consumption the specific questions

need to be satisfied:



=  Are new buildings designed to meet clients need, without much attention to the local climatic
context and energy consumption, presenting uncomfortable indoor thermal stress to the

dwellers?

= Are windows provided in the high-rise apartments, working properly to facilitate natural

ventilation for achieving thermal comfort?

1.1.4. Objective

The study aims to develop an understanding of the passive features, focusing on the potential of window
size and proportion for modulating indoor air temperature through natural ventilation inside bedrooms
of high-rise residential buildings of Dhaka, Bangladesh. It concentrates on the bedrooms located in the
south west corner of the apartment during the summer months of the year. The research also intends to
suggest a precise combination of the window size determinants, WWR (window-to-wall area ratio) and

WEFR (window-to-floor area ratio). The core objectives of the research are summarized as:

i. To investigate the relationship of window size and proportion against indoor air
temperature in residential apartment buildings.

ii.  To identify specific combination of WFR and WWR for achieving comfortable
indoor air temperatures, for typical south-west facing bedroom in apartments of
middle income groups.

iii.  To examine the effectiveness of varied ventilation and different air exchange rates,
coupled with window proportion to lower indoor air temperature of such bedroom

during the summer months.

1.1.5. Significance

Residential buildings consume big share of energy to achieve thermal comfort by mechanical means.
However, if thermal comfort is achieved by natural ventilation, load on natural resources can be
reduced. Proper window size and proportion and varied ventilation strategies can help to improve

comfort condition in naturally ventilated residential apartment.

The study focuses on optimization of WFR and WWR, integrating variable/night ventilation, to reduce
indoor air temperature in naturally ventilated bedroom of residential apartments. Thus, the indication
from the study can act as an initial guideline for designing window of naturally ventilated residential

building.



1.2. Research Methodology

The study was conducted in four main phases, illustrated in Table 1.1. The first phase consisted of desk
studies to establish criteria for the research, the second was the data collection phase for validating the
tools being used, followed by the third phase, the simulation. The final phase involves the analysis and
evaluation of the obtained data for establishing trends as design guidelines, where the main data were

gathered based on previously established criterion.

Table 1.1: Schematic Diagram of the Research Methodology of this Study
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1.2.1. Literature Review

The first phase defined the theoretical framework for this study. A range of national and international
established journal papers, books, researches and documents have been reviewed extensively. This
phase helped to understand the theoretical basis of parameters of window, contributing in reduction of
energy use in naturally ventilated buildings, the climatic context of Bangladesh and finally to identify
the target income group and their preferred apartment size in the context of Dhaka. In addition, it
identified the methodology of analysis and issues that were investigated in the case study, field survey

and simulation phase.

1.2.2. Data Collection

The second phase is divided into two sub phases: the first part being case study analysis along with

questionnaire survey and non-structured interviews, and the second is the field study part.

In the first part, an investigation was done on twenty apartments of randomly selected mid-rise
residential buildings, constructed by developers, enlisted in Real Estate and Housing Association of
Bangladesh (REHAB). The general characteristics of a typical high-rise residential apartment, ideal for
upper-middle income group people of Dhaka, were identified. Apartment size, location, master
bedroom location and size, window specifications and occupants, activity pattern, were determined, by
analyzing the twenty collected plans. The investigation also included questionnaires, filled by five
selected REHAB enlisted developers and interviewing specific REHAB members, developers,
architects and other concerned people about passive architecture practice. The data obtained, were then
explored to identify a typical case, which was used as the ‘model’ in the Dynamic Thermal Analysis,

constructed and simulated in Ecotect.

Quantitative and qualitative data were collected from the case study building. All the information
analyzed during this phase, were intended to fulfil the criteria and structure outlined in the literature
review of the first phase. Secondary sources such as articles in local newspapers or in the internet were

also used to complement the information.

The second part involved field measurements of indoor air temperature inside the case study, a master
bedroom, of size similar to the one identified in the case study part. The bedroom is located on the
topmost floor, at the south-west corner of a south facing apartment of a multi-unit residential building.
The apartment size was representative of the mid-rise residential buildings, preferred by the upper
middle class of the city. The fieldwork was done during April and May, to observe indoor summer
temperature, and later in January, to understand the winter condition. The measurements were taken

using data loggers (Section 4.3.4 and Appendix I) and used for comparison with simulation results for



the same and subsequent validation. The field investigation was supplemented with physical
observations and non-structured interviews of the occupants, to identify the existing room and window

state, and activity pattern of the occupants (Section 4.3).

1.2.3. Simulation

The third phase comprised of simulation study of the existing case with varying window proportions
and sizes. The simulation phase was divided into two sub-phases: first Dynamic Thermal Simulation
(DTS) studies, in Autodesk Ecotect Analysis, were carried out of the base case and the varied cases,
followed by a Computational Fluid Dynamics (CFD) analysis, in WinAIR V4.1b, a plugin of Autodesk
Ecotect Analysis. A base case model of a master bedroom, based upon the findings of the data collection
phase, was generated in Ecotect. The base case was then simulated, to understand the state of indoor air
temperature of the existing case. DTS were also carried out for the varied cases, where the window
sizes were varied for different values of WWR and WFR. This part was done to analyze and evaluate
the effect of varying window sizes on indoor air temperature for different natural ventilation strategies,
and for varied ventilation. The CFD simulations were done in WinAIR to perform wind flow analysis,
on a mesh using Ecotect. The CFD analyses were carried out for the best cases, as identified during the

DTS, to understand the indoor air flow pattern for such variations in window sizes and proportions.

1.2.4. Results and Analysis

All the generated data were categorized, tabulated, plotted in graphs, and recombined to address the
primary purpose of the study. Facts and discrepancies identified, were crosschecked by using
triangulation, as explained in Chapter 4. Specific techniques include comparing thermal analysis
graphs (sinusoidal), thermal simulation plots, CFD simulation flow pattern and vector plots,
temperature distribution graphs, creating matrices of categories, tables and excel spreadsheets. Results

obtained from the simulations were compiled in excel format for analysis.

Results obtained from the simulation were matched with the identified comfort temperature for
Dhaka. Initially, regression and sensitivity analysis were proposed to evaluate the results, however,
comparative analysis is found to work better with this research. Thus, a number of comparative
analysis were carried out to understand the trend of impact of varied WFR and WWR on indoor air
temperature and to identify the optimum combination of WFR and WWR to maintain indoor comfort
temperature. Amalgamation of all data finally, led to a probable recommendation for WFR and WWR

in South-West oriented bedroom in residential apartments.



1.3. Validation

The data obtained from different steps of the research have been validated by triangulation.
Triangulation, as Johansson (2003) says, is the most important way of making the results of a case study
valid. Stake (1995) defines triangulation as a process of using multiple perceptions to clarify meaning
by identifying different ways in which the phenomenon is seen. According to Patton (1990), there are

four different methods of triangulation in connection with qualitative methods:

e Data triangulation: Several sources are used to collect data about the same phenomenon.
e Researcher triangulation: Several researchers study the same phenomenon.
e Theory triangulation: The same data is analyzed using different principles or theories.

e Method triangulation: Several methods are used to gather data about the same phenomenon.

Among the different methods of triangulation described above, data triangulation, researcher

triangulation and method triangulation were used in this study.

1.3.1. Validation of the Results from Case Study Analysis

Twenty different residential buildings, of REHAB enlisted developers, situated at various locations of
Dhaka city, were analyzed (Appendix B). The analysis was done to identify the typical master bed room
size and window specifications in the apartments of interest, mentioned in Section 3.6. Method
triangulation, including interview (Appendix A), observation and photographs, were used to investigate
the same. Based on the findings of the case study, a building with apartments size of interest, was used
for field measurements. The results from field investigation were confirmed by collecting the
temperature measurements during January, April and May. Day long readings, at an interval of one
hour were taken for the last ten consecutive days of April (21 to 30), first 10 days of May (1 to 10) and
later on, for mid-10 days January (11 to 20), during the year 2016. The data retrieved from data logger
and the data from simulation, for the above-mentioned days, and the method of comparing the data, are

given in detail in Appendix E.

1.3.2. Validation of the Software Used

Theory triangulation and method triangulation were used to validate the accuracy of the software,
Autodesk Ecotect Analysis. A number of established national and international research were studied
to understand the scope and possibility of the software used. Almost all the research confirmed the use

of Ecotect, as an efficient approach, both in the preliminary design stage, as well as, during the overall



design process (Appendix H). Finally, a CFD analysis, of the best cases, identified in DTS, were done,

to understand the wind flow pattern inside the models, with variable window sizes and proportions.

Based on the findings of case study analysis, physical survey and interviews with the occupants of the
building that was used for logging temperature measurements (Section 4.2 and 4.3), a building model,
with a similar room at the south-west corner of same size, material and window location and proportion,
was constructed in Autodesk Ecotect Analysis. Dynamic thermal simulation, using the same software,
was conducted on the same dates, exactly when the temperature data were logged. The indoor conditions
of the modelled room were setup, as similar as possible like that found in the surveyed room. The results
of Ecotect were authenticated by comparing the data obtained from the field investigation and the
simulated value for the same case. The temperature variation between the simulated values and
measured data of indoor air temperature showed a slight degree of variation, of around 6.57%, which

is within the acceptable range of 5 to 10%, which is discussed in detail in Appendix E.

1.4. Scope of the Research

From extensive literature review, this research hypotheses that natural ventilation can play a significant
role in reducing load on conventional energy use. Operable windows, being an important feature of
natural ventilation, also plays a significant role in increasing air movement and reducing indoor air

temperature.

Optimization of WFR and WWR, integrating variable/night ventilation and different air exchange, to
ensure appropriate indoor thermal temperature, was the main objective of the research. The focus of the
research was to study the reduction of indoor air temperature in naturally ventilated bedrooms of
residential apartments, and thus reducing impacts on national grid electricity. The present trend of
window size and proportion used in existing mid-rise residential building had also been studied. The
apartment size and master bedroom size preference by mid-middle income people, were also
investigated in this research work. Thus, indications from the study can act as an initial guideline for
designing windows for naturally ventilated residential buildings, suitable for the middle-income group

in the city.

Since field measurements varying window sizes and proportions and keeping all other parameters
constant in a naturally ventilated building, were only possible by creating a number of controlled
experimental setups, a simulation based study was chosen to fulfil the objective of the study.
Experimental analysis would be very expensive and time consuming, whereas field survey would be

impossible to conduct, as keeping all the parameters constant and varying only window size would be



a critical combination to manage. Numerical simulation, on the other hand, is a cost-effective and

efficient approach to predict indoor thermal conditions in naturally ventilated buildings (Section 2.9).

The analysis was done, focusing mainly the indoor air temperature for summer months in the south-
west orientation. The research can be further extended for all seasons, taking account of daylighting
and a detailed analysis of indoor air flow pattern to investigate optimum window size and proportion,
and also for choice of material and indoor humidity content to low indoor air temperature in residential

buildings.

The findings of this work will provide some general guidelines that can be used to develop specific
standards for window sizes and proportions, appropriate for alleviating indoor air temperatures of
bedroom of naturally ventilated residential building. The findings can also be used for local compliance
for residential buildings. The research-outcomes will be valid in the climatic context of Dhaka city and

any other regions having similar climatic context.

1.5. Conclusion

This chapter has described the selected research topic, the background and necessity of this study. It
reveals the objective and significance of this research. It also elaborates on the structures of this research
work, which includes the type of research design, strategy, methodology as well as data collection,

analysis and interpretation processes involved in this research.
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Chapter 02: BUILDING ENERGY USE, NATURAL VENTILATION AND WINDOW
PARAMETERS

2.1. Background

Ever since the world’s energy crisis in the 1970’s, it has become paramount for countries to find ways
of reducing its energy usage in all aspects. Control and management of energy consumption is becoming
more and more important due to the rapid depletion of fossil energy resources, and the increased
environmental problems caused by them. It’s currently estimated that the total power used by humans
worldwide amounts to 16 terawatts — a number that is swiftly rising as the population swells, and
developing countries require more power to support rapid economic growth and increasingly energy-

intensive lifestyles (Corbis, 2011).

Since 1980, the industrial sector was the highest primary energy consumer worldwide, but the trend has
been decreased. Global energy use in the commercial and transport sectors have increased slightly, but
residential sector has been constant. Figure 2.1 shows that in 2005, the manufacturing industry was the
end-use sector that globally consumed the most energy, with a 33% share. It was closely followed by

households (29%) and transport (26%) (IEA, 2008).

Fig. 2.1: Total Final Energy Consumption: 285 EJ
Sources: IEA, 2007¢c; IEA, 2007d; IEA, 2007e.

As house owners are those responsible for meeting cost of energy in households, any inefficiency in the

residential sector is found to significantly affect the life style and household budgets. This research
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focuses on the residential sector, in order to address this issue of affordability, also highlighted in the

previous research (Tariq, 2016).

2.2. Energy Use in Buildings the Sector

A large amount of energy is consumed during the utilization phase of the building. Therefore, priority
is given to applications that reduce the amount of energy consumed during the utilization phase
throughout the lifetime of building. The buildings sector, which consists of residential and commercial
end users, accounts for one-fifth (20%) of the total delivered energy consumed worldwide. According
to the International Energy Outlook 2016 (IEO 2016) reference case, worldwide, delivered energy
consumption is projected to increase by an average of 1.5%/ year in building sector from the year 2012
to 2040. Residential buildings’ energy consumption grows by 2.1%/year from 2012 to 2040 in the non-
OECD (non-Organization for Economic Cooperation and Development) nations. This accounts for 80%
of all growth in world residential energy use over the 28-year period, which is seen as a result of strong

economic growth and rising standards of living (IEO 2016).

Energy use in the residential sector is defined as the energy consumed by households, excluding
transportation uses, accounting for heating, cooling, lighting, and water heating and for many other
appliances and equipment. Energy consumption in the residential sector, is mainly influenced by
income levels and energy prices, in conjunction with various other factors, such as location, building
and household characteristics, weather, equipment types and efficiencies, access to delivered energy,

availability of energy sources, and energy-related policies.

Of the different sources of energy, electricity has become increasingly important for the residential
sector. The electricity share of world residential energy consumption is predicted to grow from 39% in
2012 to 43% in 2040, and by 2025 electricity surpasses natural gas as the leading source of residential
delivered energy (IEO 2016).

2.3. Effects of Urbanization on Energy Demand

Research has shown that urban density and spatial dispersion are key determinants of residential energy
consumption (Hossain et al, 2015). Multi-country studies on the effects of urbanization on energy use
have reported two opposing effects: improvements in energy using equipment, such as air conditioning
units, increase efficiency in urban lifestyle, simultaneously higher numbers of households and increased

penetration of air conditioning increase energy use (Safirova et al, 2007).

According to the International Energy Outlook (IEO 2016), rising incomes and a natural preference for

comfortable indoor air temperatures are resulting in rapid growth of energy use for space cooling in
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developing countries around the world. Fans and air conditioners are the two most predominant cooling
technologies for buildings, of which air conditioners use much more energy. A recent estimate on global
energy mandate suggests that air conditioning demand would be about 50 times higher if all countries

around the world adopted space cooling habits (IEO 2016).

An analysis of building energy consumption in Hong Kong, Singapore and Saudi Arabia shows that the
building envelope design accounts for 36%, 25% and 43%, respectively, of the peak cooling load
(Cheok-Chan, 2008; AL-Najem, 2002; Lam and Li, 1999;). In Ghana, more than 100,000 room air
conditioners are sold each year with the number expected to grow by about 8% each year. (IEA, 2007).
A study of household energy use by the Center for Environment, Technology and Development,
Malaysia, found that air conditioning, being the largest consumer of electricity in the home, takes up
nearly 45% of the average household electricity consumption (CETDEM, 2006), and the total number
of households with air-conditioners increased from 229,000 in 1990 (6.5%) to 775,000 in 2000 (16.2%)
and then to 1,414,591 in 2010 (22.3%) (GRPH, 2010; GRPH, 2000; Maliha et al, 2004). The impressive
expanding AC systems market in China, where 35 million air conditioners were sold in 2010 (Michel
et al., 2011), is the main producer and exporter of this appliance worldwide. According to Lin and
Rosenquist, (2006), 40% of the peak summer electricity load was due to air conditioners, which were
the main reasons for the several power shortages occurring between 2002 and 2004. In Thailand, a
tropical country, where electricity consumption basically concentrated in the residential and commercial
sectors, air conditioning loads represent 46% of residential consumption of electricity (Sangsawang
2010). Air conditioners in India increased by 20% annually in recent years (Song,2010) and a recent
major market study estimates that the market for air conditioners in India will grow by 10%/year from
2015 to 2020 (Sivak, 2013). These numbers suggest the world-wide potential for significant growth in
demand for air conditioning and energy consumption for space cooling. The cooling load in Bangladesh
is becoming a matter of great concern. The difference in power load between high summer and deep
winter is as much as 1500 MW, implying that the cooling load is probably more than 2000 MW
(Hossain, 2013).

2.4. Active and Passive Strategies for Reducing Buildings’ Energy Consumption

In the past 20 years, severe energy crisis has undergone in developing countries especially during
summer season to combat the cooling load requirements of buildings. The energy consumption in
buildings is quite high and is expected to increase further because of improving life standards and ever
increasing world population. As a consequence, air conditioning use has increasingly penetrated the
market during the last few years, resulting in the upsurge of absolute energy consumption (Kamal,
2012). There are a number of ways to manage the energy usage of a building. Three broad groups of

strategies may be applied to buildings in order to save electricity. Nonetheless, they are similar in many
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ways but they may be separated and identified as active strategies, demand management strategies and

passive design strategies (Quarmby 2013).

‘Active’ features of a building refer to intelligent technological devices installed to bring a building to
‘zero’ energy. Examples of active technologies will include: improved HVAC systems; heat pumps; air
or ground water heat sources; solar heaters; solar photovoltaic panels and low-energy electrical lighting

(PHIUS, 2016; Ochoa and Capeluto, 2008).

On the other hand, a ‘passive’ building is a comprehensive system that takes advantage of free natural
energy like sunshine during the day, wind and the coolness of nights to bring a building to “zero”
energy. Energy flows naturally while the building responds passively, needing a minimum of imported
energy’ (PHIUS, 2016; Ochoa and Capeluto 2008, Holm and Viljoen, 1996). Ochoa and Capluto (2008)
define passive design as one in which the designers have utilized design strategies whilst developing a
building that has given due regard for climatic requirements and aims to ensure that the building is
designed in such a manner so as to adequately respond to these requirements, whilst providing a high
level of living quality with a minimum effect on the environment (Ralegaonkar and Gupta, 2010;

Ahmed, 2003).

In most climates, the active control requirements will be reduced by the utilization of passive design
principles. This design will make provisions for thermal comfort and, assuming that there are equal
occupational requirements, provide for a net reduction in energy (Haase and Amato 2009). The use of
passive principles such as improvements to building envelope design; increased insulation; natural
ventilation; shading; and better performing windows contribute to achieving a highly energy-efficient
building. A renewed interest in the passive design of buildings as a viable solution to the energy crisis
as well as pollution has become evident in recent years because of its environmentally friendly
characteristics (Sadineni et al, 2011). According to Victor Olgyay, the most important lesson to be
learned is that architecture is at its finest when it is performing alongside and not in opposition to nature

(Hawkes et al, 2002).

2.5. Passive Architecture

Tropical climates are those where heat is the dominant problem, and, for the greater part of the year
buildings need to keep the occupants cool, rather than warm. The annual mean temperature is not less
than 20°C. Human thermal comfort is a dominant problem in tropical climate. The shelter, the building
envelope, should give a satisfactory performance in controlling heat and light, as well as sound

(Koenigsberger, et al, 1973).
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Givoni (1997) and Lauber (2005), both stated that a building in the tropics means a conflict of
construction and function with extreme climatic condition. The climatic elements in tropical climates
have both negative, as well as positive impacts on the building design. The climatic parameters of
tropical climate, causing most common impacts, are temperature, relative humidity, solar radiation,
rainfall and prevailing wind. Rajapaksha et al., (2002) assert that the indoor thermal environment is
much affected by local climate, and therefore air movement through the building is necessary to
decrease indoor discomfort due to overheating conditions in tropical climate. Research specifically in
Dhaka’s tropical condition identifies natural ventilation as the dominant design determinant (Ahmed

and Ahmed, 1997).

Passive Architecture is a term coined to describe buildings designed to be responsive to the local
climatic conditions, such that comfortable indoor condition is created naturally, for as long as possible
(Zaki et al., 2007). The terminology is expressed as ‘passive’ to portray a defensive or protective
approach of house design in shielding occupants from the local climate elements; and the term
‘architecture’ places this responsibility on the Architect, while the profession is obligated to create good
building design (Zaki et al., 2008). Climate responsive design of buildings is important for achieving
comfort and energy saving implications for its users, and as well it helps preserve valuable resources in
our planet (La Roche and Liggett, 2001). In designing passive buildings in tropical countries, the critical

external factors to be taken into account, grounding to various studies, are as follows:

2.5.1. Orientation

As stated by Thomas and Garnham (2007), building orientation is a vital criterion for making “passive”
building and it should be determined by aspects of the sun and the prevailing winds. In determining a
building’s thermal efficiency, building’s orientation plays a major role (Belgaid, 2011). According to
La Roche et al. (2001), large fenestration on the west and east should be avoided for buildings in the
tropics, because these two sides receive approximately twice the amount of solar irradiation, compared
to on the north. In tropical climates, the most critical building orientation that needs to be protected is
the south surface, (Ling, et al, 2007). Thus, the best orientation is 0°North and the worst orientation is

240°South West (Fadzil and Sia, 2004).

2.5.2. Building Form

Tropical buildings are inevitably rectangular, elongated east-west in order to limit the exposure on east
and west sides (Konya, 1980), which consequently results in shallow floor plan that encourages natural

cross ventilation (Tombazis and Preuss, 2001). A study on analysis on Dhaka’s tropical context reveled
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that plan layout has a significant impact on electricity consumption needed for thermal comfort (Tariq,

2016).

2.5.3. Wall and Roof Insulation

Konya (1980) stressed that in the tropical countries roof should be properly insulated as maximum heat
gain takes place on top of a building. Koch-Nielson (2007) suggested that air is the best insulator and
that stack effect and cross ventilation releases hot air that gets trapped in the roof space. An average
gradient of around 2.7°C between double roof and flat concrete slab, has been observed on clear sky

days on Dhaka’s climatic context (Tariq and Ahmed, 2013).

2.5.4. Window Openings for Ventilation

Window openings in the hot and humid climate should be large enough to catch breeze from the
prevailing wind, and rooms should be arranged in a single bank to facilitate cross ventilation (Konya,
1980). Studies have demonstrated that this is also true for Dhaka’s climate, where single sided

ventilation creates stuffy conditions. (Ahmed, 2002).

2.5.5. Sun Shading Device

Sun shading devices should be designed in accordance to the sun path. For tropical countries, the most
effective type and position for sun shading devices are projected canopy at the top of windows,
horizontal louver blades or externally applied venetian blinds on the south and north; where their
performance is measured in vertical shadow angle. Protruding fins or louver blades in a vertical position
are effective for windows on the east and west facade, their performance being measured in horizontal

shadow angles (Koenigsberger et al, 1973).

Studies have confirmed that this phenomenon is similar for Dhaka’s context, where vertical shading
devices may not be practical for windows in the south-west corner, rather adjacent wall should be

adequately planned to shade the western wall (Ahmed, 1987).

2.6. Passive Cooling

Building envelope components have a significant impact on the total heat gain or loss within the
building. Building design approach addressing heat gain control and heat dissipation in a building to

improve the indoor thermal comfort with low or nil energy consumption is termed as Passive Cooling.
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(Santamouris and Asimakoupolos, 1996; Samuel et al, 2013). Prevention of heat from entering the
interior (heat gain prevention) or removal of heat from the building (natural cooling) are the two main
approaches of passive cooling (Limb, 1998). Natural cooling depends both on the architectural design
of the building as well on a site's natural resources to use as heat sinks (i.e. everything that absorbs or

dissipates heat), rather than mechanical systems to dissipate heat (Niles et al, 1980).

2.6.1. Night Flushing

Night flushing (also known as night ventilation, night cooling, night purging, or nocturnal convective
cooling) is a passive or semi-passive cooling strategy that requires increased air movement at night to
cool the structural elements of a building (Santamouris and Asimakoupolos, 1996; Samuel, et al, 2013).
Typically, night flushing requires the building envelope to remain closed during the day, causing excess
heat gains to be stored in the building's thermal mass, which cools down during the night through air
exchange with the outdoor. The building structure, acting as a heat sink, absorbs heat gains from
occupants, equipment, solar radiation, and conduction through walls, roofs, and ceilings throughout the
day, whereas at night when the envelope is opened, the outside cooler air passes through the building,

allowing the stored heat to be dissipated by convection (DeKay and Brown, 2013).

Night flushing is most effective in climates with a large diurnal swing, i.e. a large difference between
the daily maximum and minimum outdoor temperature (Givoni, 1991). Finn et al. (2007) asserts that
increasing building mass from 800 to 1600 kg/m2, the peak daily indoor temperature was reduced by
up to 3°C. Reducing internal gains from 40 to 20 W/m2, and ventilation rates up to 10 ACH were also
found to have a significant effect on internal comfort, with a reduction in peak internal temperature of

up to 1°C.

Many studies have been carried out to evaluate the effect of different parameters on indoor thermal
environment and the efficiency of night ventilation. The parameters generally assessed are as follows:
air change rates, thermal mass and internal heat gains. For the night flushing strategy to be effective at
reducing indoor temperature and energy usage, the diurnal variation and the total air change rate must
be high enough to remove the internal heat gains from the space at night and the thermal mass of the
building should be comparatively higher, which helps to reduce the internal gain. (DeKay et al., 2013;
Grondzik, et al., 2010, Artmann et al., 2008; Finn et al.,2007)
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2.6.2 Natural Ventilation

Natural ventilation is one of the most important passive cooling techniques. In general, the ventilation
of indoor environments can help reduce cooling load, enhance thermal comfort condition and maintain
proper indoor quality, provided that the outdoor condition is favorable. (Asimakopoulos and

Santamouris, 1996).

Traditionally, ventilation requirements were achieved by natural means, where infiltration levels in
older buildings were just enough to provide considerable amounts of outdoor air, while additional
requirements were satisfied by simply opening the windows. Modern architecture and the energy-
conscious design of buildings have reduced air infiltration to a minimum, in an attempt to reduce its
impact on the cooling or heating load. Better construction has resulted in buildings being sealed from
the outdoor environment. A good understanding of the air flow patterns around a building and the effect
of its neighboring can result in a successful design of a naturally ventilated building (Asimakopoulos
and Santamouris, 1996) When indoor air movement is desired, the building should be designed as such
to try to capture as much of the available wind as possible. (Koenigeberger, et al, 1973), that is the
objective of natural ventilation is to aerate the largest possible part of the indoor space. The fulfillment

of this objective depends on the window location, interior design, wind characteristics and ventilation

type.

2.6.2.1. Wind-Driven Cross-Ventilation

Wind-driven natural ventilation is an effective way to maintain a comfortable indoor environment in
residential and commercial buildings, as well as to reduce the energy consumption required for
mechanical ventilation (Allard, 1998; Aynsley, 1999). Wind-driven cross ventilation occurs via
openings on opposite or adjacent sides of an enclosed space, called the inlet and outlet (Fig, 2.2). The
sizing and placement of the ventilation inlets and outlets will determine the direction and velocity of
cross ventilation through the building (koenigsberger et al., 1973). However, wind-driven ventilation
depends on the external wind speed and direction, as well as, openings and building
configurations (Aynsley, 1999; Linden, 1999). A significant difference in wind pressure between the
inlet and outlet openings, minimal internal resistance to flow by limiting the building floor span depth
in the direction of the ventilation flow are needed to ensure sufficient ventilation flow to effectively
remove the heat and pollutants from the space by typical driving forces. Thus, a simple and accurate

method for assessing the effectiveness of wind-driven ventilation is needed to be adopted.

Study conducted by Ahmed, et al, (2006) shows that, from the point of energy savings and indoor

comfort, cross-ventilated rooms, with windows on adjacent walls, are more effective, than on opposite
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walls, for Dhaka. Dual windows, with cross ventilation, or displacement ventilation, significantly
increase outward flow, air change rate and indoor comfort potential (Ahmed Z. N., 2002;
Venkatachalam and Amirtham, 2011) conducted a study on thermal comfort conditions in naturally
ventilated low-rise apartment units of Chennai. Their study showed that internal temperatures of the
cross-ventilated rooms show similar trend as that of exterior temperature and the diurnal variation is
high and directly proportional to window to wall ratio in all the rooms studied. Moreover, the study also
confirms that cross-ventilated rooms experience discomfort for five months in a year (April to August)
and rooms without cross ventilation experience discomfort for eight months in a year (March to
October). Annual comfort percentage range of the cross-ventilated rooms ranges from 96.5% to 98.8
%, while that of rooms without cross ventilation is 64.9% to 88.1 %. Also, annual comfort percentages
of cross-ventilated rooms are almost similar for all the four major orientations, while they differ by a
maximum of 2% in the case of other rooms. Therefore, facade parameters like WWR and WFR are
more crucial in optimizing the thermal comfort of rooms designed without cross-ventilation.

(Venkatachalam and Amirtham, 2011).

2.6.2.2. Single-Sided Ventilation

Single-sided ventilation typically serves single rooms, and thus, provides a local ventilation solution
(Fig, 2.2). The ventilation airflow in this case is driven by room-scale buoyancy effects, small
differences in envelope wind pressures. Consequently, the driving forces for single-sided ventilation

tend to be relatively small and highly variable.

Fig. 2.2: Single-Sided and Cross Ventilation Methods
Source: Brown and DeKay, 2001

Hassan and guirguis (2007) investigated the effects of window combinations on ventilation
characteristics in buildings by CFD simulation and wind-tunnel experiments. El-Agouz (2008) studied
the effect of internal heat source and opening locations on natural ventilation. A conclusion was drawn
that two openings with longer horizontal distance is better than shorter, as far as single-sided ventilation

performance is concerned. Evola and Popov (2006) analyzed the wind driven natural ventilation in
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buildings by CFD-based programs. Three opening configurations, single-sided ventilation with an
opening on the windward wall, single-sided ventilation with an opening on the leeward wall, and cross
ventilation, were investigated. It was concluded that when dealing with single-opening ventilation,
positioning the opening on the leeward side will result in a larger ventilation rate inside the building
than on the windward side. Jiang and Chen (2001) compared several CFD models and concluded that
for single sided ventilation, instantaneous flow information is necessary, in order to correctly predict
the ventilation rate and air change effectiveness. Wei et al, (2010) investigated the potential of a single-
sided naturally ventilated building model, considering a number of factors in China. The paper analyzed
four typical cities in different climatic regions in China, and calculated the pressure difference Pascal
hours (PDPH). According to Ahmed (1987), single sided ventilated spaces presents discomfort
throughout the year, however an average air change of approximately 30ACH can present comfort in
urban residential spaces. Moreover, in single-sided ventilation, adaptive comfort hours are significantly

fewer than in two-sided ventilation, while ventilation volumes is also much less.

2.7. The Window and its Features for Natural Ventilation

The most common design element for natural ventilation is the operable window, for which the
mechanism involved is primarily wind-driven ventilation, although buoyancy may have a non-
negligible effect. (Roulet and Ghiaus, 2005). According to the Carmody et al. (1996) a window has
been defined as an opening in a wall, door and roof of a building or a vehicle that allows the passage of
light and, if not closed or sealed, air and sound. A well-positioned, shaded window on a building can
induce a significant reduction of the energy usage of the building as reported by Szokolay (2004).
Windows can also have a strong influence on the use, productivity, and comfort of the people who

occupy the building (Al-Tamimi and Syed, 2011).

Windows, when properly installed with maintained daylighting system, can also have a strong influence
on the use, productivity, and visual comfort of building occupants (Al-Tamimi et al., 2011). Natural
light and pleasant outdoor views help to maintain good health, decreases stress levels of the occupants

and increasing productivity, thus, in turn, increases the work efficiency (Edward and Torcellini, 2002).

Among the many parameters of fenestration system, which effect thermal performance of a naturally
ventilated building, a window plays a significant role in increasing or lowering indoor air temperature,
by modulating the air exchange rate between indoor and outdoor. The wind incident on a building facade
will induce positive pressure on the windward side and relative negative pressure on the leeward side.
This pressure difference drives air into the building through the windows located on opposite or adjacent
walls in a cross ventilation set up. Designing windows for comfort not only depends on the number of

air changes but also on the distribution or pattern of air flow inside the building (Kukreja, 1978; Allard;
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1998; Dascalaki and Santamouris, 1998). Heiselberg et al (1999) have described the effect of window
type and opening configuration on ventilation flow rate, efficiency, thermal comfort and indoor air
quality in the occupied zone. The result of designing buildings with excessively large areas of glazing
is; substantial heat gains during the day and heat losses at night (Holm and Viljoen, 1996,); as well as
incurring excessively high electrical demands (Menzies and Wherrett, 2005, Ralegaonkar and Gupta,
2010,). In sub-tropical monsoon or composite climate, it is difficult for the designer to properly design

openings as many conflicting situations arise and compromises have to be effected. (Ahmed, 1987).

In residential buildings, natural ventilation can improve thermal comfort and indoor air quality, and
help to reduce cost associated with mechanically ventilated buildings, where thermal comfort
satisfaction and indoor air quality modification is achieved with higher operation costs (Aflaki et al,
2014). The appropriate combination of the orientation, size and location of the various openings on the
building’s envelope is of vital importance, and will also have characteristic effects on the airflow inside
the space, as well as, on indoor thermal condition. Thus, the window size and proportion factor, the area
of window to the area of exterior wall/floor, can have significant impact on the thermal conditions
within a building. Therefore, window-to wall ratio (WWR) and the window-to floor ratio (WFR) of the
building, should be given attention in buildings of tropical countries. These parameters can be defined

as:

WWR (Window-to-Wall Area Ratio): Total Floor Area of the room X 100 ..................... Eq. 2.1

Total Glazed Area of the room
WEFR (Window-to-Floor Area Ratio): Total Wall Area of theroom X 100 .......ccceeevvenene. Eq.2.2
Total Glazed Area of the room

The values are non-dimensional.

2.7.1. Window-to-Wall Area Ratio

WWR is the specific value of the area of the window and that of the exterior facade of the room. Unit
area of room facade indicates the area enclosed by the room height and the standard width of the bay
(CABR;j. 2010). The fenestration responsibilities of air movement of any building are generally better
performed by windows than by doors. Windows are also vital as they add aesthetic values to the building
from an architectural standpoint (Menzies and Wherrett 2005; Sadineni et al, 2011,). The natural
lighting performance is better when the WWR increases. However, for providing aesthetic satisfaction,
sufficient daylighting, windows that are operable through the control of the occupant, allowing natural
ventilation, valued by most people (Gratia et al, 2004). Thus, windows also play a critical role in

modulating indoor thermal balance of building and needs to be considered comprehensively.
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2.7.1.1. WWR and Energy Consumption

Many studies have focused on the relationship between WWR and building energy consumption. Kim
et al. (2014) have confirmed in a study on energy analysis indicator by the window elements in Korea
that the variation of the window elements such as the orientation, WWR, SHGC, and U-value affects
energy consumption. Wang et al. (2012) explored the energy saving effect of building envelope in China
through experiments and simulations during summer. As a result of advancement of computational
capability, the optimum window size and types to minimize energy consumption of buildings have been
explored using computer simulation. Kontoleon and Bikas (2002) modeled and analyzed thermal zone
in south orientation to determine the influence of glazing opening percentage, and type of glazing on
the indoor temperatures and energy efficiency, during winter and summer in the Mediterranean climate.
Overheating can be avoided and energy savings can be obtained with the proper selection of glazing
opening percentage, as well as the type of slab insulation. Bostancioglu and Telatar (2013) reported in
their study on varied window size on residential buildings’ energy cost in Turkey, that building energy
cost increase as the WWR increases by 0.46%. Feng and Yang (2001) analyzed how solar radiation
influences the thermal process of windows and presented the design principles of WWR on building
energy efficiency in the hot summer and cold winter zone. Al-Homoud (1997) carried out an
optimization study on building design variables in order to minimize annual energy consumption and
observed that minimum glass area of 15% was the best, except during the cold climate, when larger
glass area was required to use solar gain for heating. Goia et al. (2013) investigated the optimum
configuration of a facade module for office buildings and concluded that the north-exposed facade
suffers the most when a wrong configuration is adopted, while the influence of WWR is the least in
south-exposed fagade. The minimum total primary energy demand is always achieved when WWR is
in the range of 35— 45%. Yang et al. (2015) investigated the impact of WWR on heating and cooling
consumption of residential buildings. They observed that reducing the WWR of bedrooms in hot
summer and cold winter zone would provide significant energy saving benefits. Johnson et al. (1990)
examined the economically optimum window size and orientation, and concluded that the WWR of less

than 20% resulted in the minimum life-cycle cost and north orientation was preferred for large WWR.

These studies have shown that large window size may result in the increase of a cooling load, while it
causes the decrease of a heating load because of the enhanced solar gain. In a research to understand
the effect of window position and size on the energy demand for heating, cooling and electric lighting,
Bokel (2007) concluded that, for window located at the top half of a facade, WWR should be 30% and
20% to 40% is also very acceptable whiles greater WWR does not have any effect on the lighting loads.
In an investigation of 280 residential buildings in the sub-tropical climate of Hong Kong, it is observed
that the WWR of living rooms and bedrooms ranged from 15% to 50%; and about 90% of buildings
had WWRs between 25% and 35% to reduce air-conditioning cooling load. (Lam, 2000).
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2.7.1.2. WWR and Energy Simulation

Persson et al. (2004) used the DEROB-LTH simulation tool to investigate the influence of south and
north window size on energy consumption in Swedish climate, and reveal that it is possible to enlarge
the window area facing north to achieve better lighting conditions in the traditional way of building

passive houses.

Based on ECOTECT simulations, Binarti (2009) investigated the influence of shading devices, WWR,
and window height and glazing type on energy consumption for supplemented lighting and mechanical
ventilation inside classroom in warm tropical climate of Indonesia. The study concluded that projected
clerestory should be applied on classroom design, considering WWR, the clerestory height to room
height ratio, and WFR to achieve energy efficient design. Nasrollahi (2010) studied the effect of window
area and shading devices on the energy consumption of office buildings in Tehran. The simulated result
showed that for buildings with the same window ratio without shading devices in all orientation, the
optimum WWR for heating, cooling and lighting is respectively 80%, 10% and 40%, and to reduce total
energy consumption, the optimum WWR is 50%. Muhaisen et al, (2015) conducted a parametrical study
using “IES virtual environment” and “ECOTECT” to estimate the effect of orientation, size, and thermal
properties of the windows of a typical residential building and room models in Gaza. It has been
concluded that the appropriate window design can effectively reduce the energy demand and meet the
requirements of thermal comfort. The study also reported that the optimum WWR ratio is 10% for all
facades and the direct impact of south window is considered the worst, as it causes the large energy
consumption. Although minimizing the window size ensures low energy load, it may fail to provide the

required ventilation rate in naturally building.

2.7.1.3. WWR in Naturally Ventilated Building

The study, based on coupled simulations between ESP-r and CFD-Fluent, of the impacts of various
ventilation strategies and building envelopes on indoor thermal environments for naturally ventilated
residential buildings in hot—humid climate of Singapore, stated that full-day ventilation strategy is the
best way to increase indoor thermal comfort, and WWR of 24% can improve indoor thermal comfort
for full-day ventilation and 600 mm horizontal shading devices are needed for each orientation to

improve thermal comfort. (Liping et al, 2007).

Another study by Haase and Amato (2009), investigated the impact of natural ventilation and building
location on thermal comfort in different climatic zone. Natural ventilation has good potential in tropical
regions. In Kuala Lumpur, the improvement of thermal comfort by natural ventilation ranged between

9% and 41%. A study by Tamimi et al. (2011), assessed the thermal performance of ventilated and
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unventilated glazed rooms, using field measurements and computer simulation tools, was conducted in
Malaysia. Rooms with a large glazed window area are relatively cool during night-time only, whereas
small glazed window area performs well both during day and night-time. Rooms in the east are always
hotter than those in west, regardless of applying natural ventilation or changing WWR. In general, it
was concluded that thermal comfort can be improved by applying natural ventilation and WWR of 25%,
though, sometimes, mechanical ventilation is necessary to improve occupiers’ thermal comfort in such
climatic conditions. Koranteng et al. (2015) WWR between 10-30% are ideal for residential buildings
in Kumasi, Ghana, although 40% is tolerable. Increasing the WWR may improve the ventilation and
the number of comfort hours in naturally ventilated buildings in the city of Florianopolis, Brazi, but it

may also increase solar heat gains (Longo et al, 2011).

2.7.2. Window-to-Floor Area Ratio

Window size, especially its location in respect to floor area and orientation of the building determines
the efficiency of air movement in a house. The latter also determines the comfort of users with regard
to indoor heat or temperature. WFR is the total area of the window divided by the floor area of the same
room. (Atolagbe, 2015). Ishwar (1976) specifies a range of 20-30% of WFR for effective and adequate
ventilation in the warm humid climates of the World. Liping et al. (2007) established that in hot-humid
climates, naturally ventilated residential buildings can have WFR ranging from 10% to 40% for all
orientations, however, an optimum ratio of 24% was stipulated to address the conflict between
daylighting provision and solar penetration for improved indoor thermal comfort. Atolagbe’s, (2015)
study depicts that occupants’ satisfaction as well as WFR decreases with increased density of the
residential zones of warm humid climate of Tropical Nigeria, and also with increased number of
occupants in each room. The presence of more aired spaces, elements like soft landscape-water, flowers,
trees, etc, adds to better natural ventilation. A WFR of 25% is proved to have good impact on daylight
and ventilation, with a shading device of 1 to 2m, yet was still large enough for generous view of the

outside scenery. (Goncalves, and Bhatla, 2012).

A study conducted by Ahsan et al. (2014), asserts that total window area and total WFR are the key
predictors of annual electricity consumption of naturally ventilated residential apartment of Dhaka, if
the effect of the influence of household characteristics, such as household sizes and number of ACs, are
excluded. An increase in WFR decreases annual electricity use, whereas large window area increases
electricity use. The study also concluded that small sized windows, in relation to larger floor area, would
not admit sufficient daylight, resulting in the use of artificial lights, which would contribute to an

increase to in the total electricity use.
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2.7.2.1. WFR for Daylighting

Among other design parameters, like ceiling height, internal reflectance's, depth of room, WFR also
accounts for penetration of daylight into a room (Capeluto, 2003). For instance, Smith (2005) explained
that WFR of 20% can provide sufficient day lighting up to a depth of approximately 1.5 times the height
of room in non-domestic buildings (Ibrahim, 2009). Robson advised that 20% WFR can provide
adequate lighting in the classroom (Wu and Ng, 2003).

The rule of thumb for WFR is often cited in literature of architecture and building codes. In Malaysia
and Singapore, legislative requirements state that a minimum of 10% WFR can be imposed on any
room (residential, commercial, or others), designed for daylighting requirement. (Nedhal et al, 2016).
WEFR of 10 to 12.5% is also recommended in Neufert Architecture's Data (2000). Gutherie (1995)
prescribed that the ratio of WFR for day lighting must be 10 to 25%. British Local Government Board
by laws of 1920s and the LBA (1894-1909) suggested that WFR of 10% as a design requirement.
Nevertheless, countries with cooler climate recommended 20% to 25% of WFR, mostly considering the
penetration of daylight depending on room depth and building type. According to Bangladesh National
Building Code, the exterior wall of habitable rooms such as those used for sleeping, living, study, dining

etc. should be minimum 15% of the floor area, excluding doors (BNBC, 2006).

The above studies revealed that WWR and WFR accounts for ventilation, building heat balance, indoor
environmental quality, energy balance, daylighting, views and construction as well as operation cost of
any building. Most of these studies considered the size of windows with reference to wall area and floor
area ratio. However, only a few studies focused on the effect of optimum operable window area on

indoor thermal condition and thus occupants’ comfort.

2.7.3. Air Change Rate per Hour

Air changes hour (ACH), also known as air change rate per hour, abbreviated ACH or ac/h, is a measure
of the air volume added to, or removed, from a space (normally a room or house) divided by the volume

of the space (ASHRAE, 2013).
Air change rate per hour can be expressed as;
ACH =060 X CMM / V Eq.2.3

Where; ACH = Air Change per Hour
CMM = Volumetric Flow Rate of Air in Cubic Meter per Minute
V = Volume of the Room in Cubic Meter
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If the air in the space is uniform or perfectly mixed, air changes per hour is a measure of how many
times the air within a defined space is replaced. Indoor to outdoor temperature differences, opening size
and duration, and outdoor wind effects and window geometry (de Jong and Bot, 1992), have been shown
to directly affect the ACH of a building (Johnson, 2004; Howard-Reed et al., 2002; Jordan et al., 1963).
Chandrashekaran (2010) identified that ACH of 5-500 is necessary to achieve thermal comfort within
building. A higher ACH during the cooling period increases the amount of heat that is flushed out of
the building, lowering the temperature of the mass, and also the maximum temperature for the next day
(La Roche and Milne, 2004). Window openings have been shown to significantly affect ACH and can
be easily controlled by residents. Higher ACH is associated with higher speed within the room.
According to Cicelsky (2010), at 50 ACH, the air speed would be within ASHRAE thermal comfort
standard air speed limits for naturally cooled buildings (ASHRAE, 2013). If, in the case of natural
ventilation, the wind entering the building, was at the upper ASHRAE limit of 0.8 m/s passing through
6m?, and is equivalent to 57.6 ACH. In Autodesk Ecotect Analysis 2011, 50 ACH is defined as the
cross-ventilated state under still condition, and 200 ACH is for windy state in cross-ventilated state

(default setting of Autodesk Ecotect Analysis 2011).

The wind chill effect allows room occupants to tolerate higher temperatures because of air in motion
(USGBC Guide, 2016). In a study of effects of climates on design and location of windows in naturally
ventilated residential buildings in Bangladesh, Ahmed (1987) calculated the hourly air change rates,
ranging from 4 to 224 ACH, for assessment of thermal conditions in three categories — comfortable,
uncomfortable and stuffy, for three types of inlet — outlet combinations (adjacent windows on same

wall, windows on adjacent wall and windows on opposite wall).

For this research, ACH values of 50 and 100 have been used in cross-ventilated and single-sided
ventilated state, to assess the impact of varying values of WWR and WFR on indoor air temperature.
100 ACH is considered to be a moderately windy state. This is because usually the windows, being
mostly sliding, are partially operable in the residential buildings of Dhaka (Appendix B), and also,
buildings in Dhaka are found to be densely packed (Section 3.3), having very little in-between spaces
to allow high speed wind flow through and around the buildings. Thus, 100 ACH has been used in this

research, considering it as a moderately windy state, being double the still air value.

2.8. Thermal Comfort

The simplest definition of Thermal Comfort is given by Givoni, where the range of climatic conditions
considered comfortable and acceptable to humans, is termed as thermal comfort (Givoni, 1997). Studies
of human response to thermal environment have been conducted by ASHRAE since the 1920s. Some

significant studies in this area include the ASHRAE Comfort Charts, Olgyay’s Bio-climatic Chart,
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Givoni’s Building Bio-climatic Chart and Fanger’s Predicted Mean Vote (Sreshthaputra, 2003).
Thermal comfort is being reported as being highly contextual as revealed in a study by Ahmed (1987).

ASHRAE Standard 55 (2004) specifies conditions of indoor thermal environment that will make users
comfortable based on adaptation method. The adaptation method does not predict comfort responses,
rather it states a range of thermal conditions under which people feel comfortable (Owen and Kennedy,
2009). Figure-2.3 shows the range of acceptable operative temperature (T°c) in this adaptation method,
where T°c is a function of outdoor temperature. This method does not also specify any humidity level
or air speed limits and was developed in the context of conditioned buildings in developed countries
(Lomas et al, 2008). Thus, it was less effective for this research, as non-conditioned, naturally ventilated

building was addressed in this study.

32 50°F 59°F 68°F 77°F 86°F 95°F
. 30 . ‘ - 86.0°F
|
Té 28 ! 1 82.4°F
=
= of
g 26 78.8°F
§ 247 — | 75.2F
's
2 22 71.6°F
e ~——90% acceptability limits|
& 20 e ; 68.0°F
5 | 80% acceptability limits
3 18 : : 64.4°F
g |
- 16 ‘ 60.8°F

14 : ' :

5 10 15 20 25 30 35

Mean Monthly Outdoor Air Temperature (°C)

Fig. 2.3: Acceptable Operative Temperature Ranges for Naturally Conditioned Spaces
Source: ASHRAE Standard 55, 2004

Beside ASHRAE and other mentioned standards, there are several other comfort indexes for diagnosing
comfort conditions for a given place. Victor Olgyay was the first to develop the comfort indexes, in the
form of graphical chart, named Bioclimatic-chart (Figure-2.4), developed in the 1950. It was one of the
first attempts at an environmentally conscious building design to incorporate the outdoor climate into
building design (Givoni, 1992). The chart indicates the zones of human comfort in relation to ambient

temperature and humidity, mean radiant temperature (MRT), wind speed, solar radiation and
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evaporative cooling. Dry bulb temperature is the ordinate and relative humidity is the abscissa on the
chart. The comfort zone is in the center, with winter and summer ranges indicated separately (taking
seasonal adaptation into account. The lower boundary of the zone is also the limit above which shading
is necessary. At temperatures above the comfort limit the wind speed required to restore comfort is
shown in relation to humidity. Variation in the position of the comfort zone with mean radiant

temperature (MRT) is also indicated. (Olgyay, 1963).

Fig. 2.4: Olgyay’s Bioclimatic Chart
Source: Olgyay, 1963

However, Olgyay’s bio-climatic-chart was strictly applicable only to outdoor spaces and light-mass and
all-day-ventilated building at 40° latitude, under the assumptions that outdoor and indoor temperature
remains same in such buildings. According to Olgay, it could be changed to other latitudes, but since,
it is a very rough model in estimating comfort zone and not suitable for all climates as well as, for high-

mass and night-time-ventilated buildings, this chart would not be applicable for this research.

Givoni (1992) developed the Building Bio-climatic Chart (BBCC) (Figure 2.5) to overcome the
mentioned drawback of Olgyay’s bio-climatic chart. According to Givoni’s BBCC, whose study was
based on Israel for still air (less than 0.25m/s), thermal comfort range is 20°C to 27°C in summer. For a

light breeze of 2.0m/s, thermal comfort range is 20°C to 30°C in summer.
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Fig. 2.5: Givoni’s Building Bio-Climatic Chart
Source: Sreshthaputra, 2003

Givoni’s building bio-climatic chart is not acceptable for tropical climate, since it was based on the

climate of Israel, which shows a mixture of Mediterranean and arid climate.

Beside contextual and cultural factors, the influence on peoples’ thermal comfort, a person’s thermal
comfort sense is also related to the body’s heat exchange with the environment (Olesen and Brager,
2004). Air temperature, radiant temperature, humidity, and wind speed are the four environmental
parameters that influence this heat exchange. There are two personal parameters — clothing level and

activity level, which also influence this heat exchange (ASHRAE 55, 2004).

Generally, there are two main widely accepted theories about thermal comfort: the steady-state model
by Fanger and the adaptive model by Nicol (Taleghani et al, 2013). The steady-state model is the most
commonly used one for air-conditioned space. The theory is based on a specific environment.
Humphreys and Nicol (2002) and Fountain et al. (1996) argued that Fanger’s steady-state model, of air
conditioned office buildings, were controlled within a very restrictive range of temperatures as opposed
to what was allowed by ASHRAE 55 standards. An air velocity of 0.15m/s and a relative humidity of
50% were assumed as the prerequisite. In reality, the air velocity and humidity will definitely fluctuate.
Based on numerous field surveys all over the world, de Dear and Brager stated that PMV (predicted
mean vote) prediction fits to air-conditioned buildings well. However, the result for naturally ventilated

buildings was not predicted precisely by the PMV theory (de Dear et al, 2002).
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The situation is different in naturally ventilated building. There is almost total agreement among
researchers that the PMV model, especially in warm to hot climates do not predict occupant’s thermal
sensations well in naturally ventilated buildings, and the findings of many researchers do not support
the applicability of PMV in hot to warm environment (Feriadi and Wong, 2004; Humphreys and Nicol,
2002; Wong et al, 2002; Brager and Dear, 1998; Busch, 1990; de Dear and Auliciems, 1985). This has
been admitted by the author of the PMV model as well (Fanger and Toftum, 2002).

Nicol and Humphreys established the adaptive thermal comfort theory in 1970s (Taleghani, et al, 2013).
This theory is widely used in naturally ventilated buildings all over the world. According to the research
by Nicol (2004), in a naturally ventilated environment, a thermal balance model does not reflect

people’s feeling correctly. The adaptive thermal comfort theory shows the principle below:

“If a change occurs such as to produce discomfort, people react in ways which tend to restore their

comfort” (Fergus et al, 2012).

Since the theory is “adaptive”, it also indicates that it might adapt to local climate, leading to a different
neutral temperature for adaptive thermal comfort (Zheng, 2015). It is necessary to mention that many
studies in hot climates have found that subjects, can be comfortable at temperatures up to 30°C and even
higher, when occupants were especially using fan (Nicol, 2004) whereas the PMV model predicts much

lower temperature compared to field studies.

2.8.1. Thermal Comfort in High-Rise Residential Buildings

Though there are many high-rise residential buildings constructed all over the world, the thermal
comfort level in them was only checked in a few of them, most of which were carried out in Southeast

Asia.

In Hong Kong, during summer, a questionnaire survey was done in a few high-rise residences. The
results suggested that more than 70% of the respondents felt stuffy because of the poor IAQ (indoor air
quality), while two thirds of the respondents didn’t know that a ventilation switch could be turned on to
improve indoor air quality (Lin and Shiming, 2006).

In Singapore, a questionnaire survey was carried out by N.H. Wong. It was found that residents in the
middle part of the building tend to be more dissatisfied with the thermal comfort situation, while the
residents on the top floor hold a more positive opinion about that. However, a percentage of residents
on the top floor held the opinion that the wind was too strong (Wong, et al, 2002). Though strong wind

is usually annoying, it can also become positive factor in such hot climates as found in Singapore.
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In Kuala Lumpur, Malaysia, two high-rise dormitory buildings were studied by onsite measurements.
It was found that the temperature in the high-rise building rises with the height and is apparently higher
on west side (Dahlan et al 2008).

In Hyderabad, India, the thermal comfort in naturally ventilated apartments was investigated for three
months in 2008 by Madhavi (2010). It was found that adaptive opportunity is vital in thermal sensation.
The percentage of subjects who voted comfortable on thermal sensation scale rose from 40% to 94%,
when there was adequate chance to adapt to the indoor climate. Indian people can adapt well to the
climate, when they wear the traditional cloth-lungi, which can be easily adjusted without changing
clothes. The air velocity was found to remain at around 0.4 m/s most of the time, as the subjects had

control over the environment (Madhavi, 2010).

2.8.2. Thermal Comfort in Tropical Countries

People modify their behavior and manage their building in response to change in climate (Kriiger and
Givoni, 2008; Brager and de Dear, 1998). Several studies (Nicol and Humphreys, 2010; Tanabe, 1988;
Nicol, 1974; Humphrey and Nicol, 1970) showed that people tolerate higher temperature if the place
has higher annual average temperature. Givoni’s BBCC (Figure-2.5) works in accordance with this fact.
According to Givoni (1992), people in hot countries, living mostly in non-conditioned buildings, are
acclimatized to and tolerate higher temperature and humidity, showing a clear connection with
affordability. Tanabe’s work (1988) also shows that an increase in air speed also increase tolerance to

higher temperature (Sreshthaputra, 2003).

To predict the comfort temperature zone in the climate of Bangladesh, Ahmed, (1987) proposed
adaptation of Humphreys and Nicols’ (1970) neutral temperature model, which was found to be better

fitted for the local context of Dhaka division (Table 2.1).

Table 2.1: Monthly Comfort Zone for Urban Areas of Dhaka, Bangladesh.

Month Average Temp. (°C) Humphrey’s (°C) Comfort Zone for Dhaka (°C)
Jan 18.7 18 16.0 - 20.0
Feb 21.2 20.2 18.2-22.2
Mar 26.3 244 22.4-26.4
Apr 29.0 26.6 24.6 - 28.6
May 28.9 26.6 24.6 - 28.6
Jun 28.6 26.3 24.3-28.3
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Jul 28.6 26.3 243 -283
Aug 28.6 26.3 243 -283
Sep 28.7 26.4 244 -28.4
Oct 27.2 25.1 23.1-27.1
Nov 234 22.0 20.0-24.0
Dec 19.7 18.9 16.9-20.9

According to Table 2.1, April presents the highest average temperature profile for urban areas of Dhaka,
and the comfort temperature range during this month also shows a higher band, ranging for 24.6°C to
28.6°C. However, in another work of Ahmed (1994), the upper limit for comfort temperature of Dhaka

was said to be at 29.3°C, under given humidity condition and still air.

Later Mallick’s (1996) work, based on the Bedford scale and ASHRAE scale, on acceptable thermal
comfort conditions in urban housing of Dhaka, showed that people could endure high temperature and
very high humidity, and remain in comfort. Comfort temperature ranges, under still-air conditions, for
people wearing ordinary clothing and engaged in a range of household activities was found to be
between 24 and 33 °C. For air flow of 0.3 m/s there is a rise in the lower and upper limits of temperatures
by 2.4 and 2.2 ° C respectively. There are instances where people have reported to be comfortable in
humidity above 95%. At an air temperature range of 24 to 32 °C and relative humidity of 50 and 90%,

people feel comfortable without or in little air movement (Mallick 1996).

Fig. 2.6: Summer Comfort Zone for Bangladesh
Source: Mallick, 1994
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A summary of the findings on comfort temperature discussed above are listed in Table 2.2. Since

ASHRAE-55-2004, Olgyay’s Bio-climatic chart, Givoni’s Building Bio-Climatic Chart, and Mallick’s

work are all based on the adaptation method, and Mallick’s work directly represents the context of

Dhaka’s non-conditioned apartment buildings, and a wider range is indicated, Mallick’s work is used

as reference comfort range in this research. Thus, the comfort temperature range used for this research

is 24°C to 32°C, and temperature below 24°C is assumed to cool period temperature and temperature

above 32°C is considered as warm period temperature.

Table 2.2: Thermal Comfort Range, based on Literature Review.

Temp. for Dhaka

Min. - Max.

Study Temp. (°C) | Humidity | Wind Clothing | Activity
(%) speed

ASHRAE 55 17°C -

31.5°C
Olgyay’s Bioclimatic 20°C - 30°C Upto Im/s | 1 clo Sedentary
Chart (Olgyay, 1963)
Monthly Comfort Temp. | 24.6°C - 59% - (0.6 —
for Dhaka (Ahmed, Z. 28.6°C + 86% 1.35) m/s
N. 1994) 2.5°C
Outdoor Summer 28.5°C - 70% Still Air Summer | Sedentary
Comfort Zone for 32.8C°C clothing | Activities
Bangladesh or
(Ahmed K. S. 1995) Stationary
Monthly comfort Zone 24°C - 32°C | 50% - Little air (0.5clo) | (0.8-1.2
for Summer (Mallick F. 90% movement met)
H. 1996)
Assumed Comfort 24°C —-32°C

In this research, the comfort temperature range for Dhaka’s climate is assumed to be between 24°C to

32°C, and temperature below 24 °C is termed as cool temperature, and above 32 °C, as warm

temperature, based on the data summarized in Table 2.2.
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2.9. Importance of Simulation in Building Performance

Since the oil embargo experience in 1973, achieving better energy efficiency in buildings has become
one of the world's major challenges. A considerable energy savings can be achieved from a
conventionally designed building through careful planning for energy efficiency. The energy
requirement of a building depends on the overall performance as an integrated system, where the
individual performance of the envelope components such as walls, roofs and windows have major

impacts (Hong et al, 2000).

The applications of simulation-based optimization have been considered since the year 1980s and
1990s, based on the rapid growth of computational science and mathematical optimization methods
(Nguyen et al, 2014). Computational building evaluation tools have the potential to provide an effective
means to support informed design decision making (Mahdavi and El-Bellahy, 2005). Several
researchers pointed out that simulation should be an integrated element of the design process, performed
within the design practice rather been used only for final performance confirmation (McElroy, 1999;

Mahdavi, 1993; Holm, 1993; Augenbroe, 1992; Lawson,1990).

Simulation is the imitation of the operation of real-world process or system over time. The act of
simulating first requires a model be developed; the model represents the system itself, consisting of the
key characteristics and functions of the selected system or process, whereas the simulation represents
the operation of the system over time (Banks et al, 2001). Since building analysis software has become
more sophisticated, integrated, and easier to use, designers are faced with the opportunity and the
necessity to improve the understanding of building performance, particularly, in terms of energy
optimization. Consequently, simulation tools are now recognized as design support tools within the
Architecture-Engineering-Construction (AEC) industry (Attia, 2010). The advanced analysis of
building thermal simulation in building modeling programs, plays a significant role for designing high-
performance buildings. The conceptual design phase of thermal modeling is used to provide the
designer with first order of magnitude feedback about the impact of various building configurations on

annual thermal performance (US GSA, 2010).

2.9.1. Simulation Study for Natural Ventilation

The methods for natural ventilation study to evaluate facade performance are categorized into three
types: field measurements, controlled experiments and numerical simulations. Field measurements can
only collect on site data from a few buildings, the locations of the instruments are restricted by on site
conditions for the purpose of safety and security, and uncertainties of these measurements could be
significant, thus making it difficult for further data analyses. Data obtained from a controlled

environment, such as wind tunnel experiments and full-scale model experiments, are more reliable than

34



those collected in field measurement. However, setting up and running these experiments are time
consuming and expensive. The quality of the data acquired from experimental analysis is also limited
by the accuracy of the instruments (Wang and Wong, 2009). Numerical simulation, rather, is a cost-
effective and efficient approach to predict thermal performances of facades in naturally ventilated

buildings.

Simulation methods for natural ventilation fall into two broad categories: Computational Fluid
Dynamics (CFD) method and Building Simulation (BS) method. Building simulation can model heat
transfer and radiation processes in seconds, based on heat balance methods, whereas CFD can predict
reliable detailed airflow for outdoor and indoor. CFD simulation is a reliable tool for evaluation of
thermal environment and contaminant distributions and provides detailed spatial distributions of air
velocity, air pressure, temperature, contaminant concentration and turbulence by numerically solving
the governing conservation equations of fluid flows. These results can be directly or indirectly used to
quantitatively analyze the indoor environment and determine facade system performances (Wang and
Wong, 2006). However, the application of CFD for natural ventilation prediction has been limited due
to long computational time and excessive computer resource requirements. Moreover, solar radiation
cannot be easily considered in CFD model and when grid size requirements for various computational
domains are inconsistent, such as, indoor and outdoor airflow simulation and heat conduction and

airflow simulation, CFD simulations require high computation cost.

BS tools basically include two fundamental modules: Dynamic Thermal Simulation (DTS) and Air
Flow Network to solve the heat and mass transfer and airflow in the building systems. These tools
rapidly provide predictions about thermal behaviors of facade, indoor airflow of the building and better
understanding of the consequences of various design decisions, which greatly facilitates energy-
efficient sustainable building design. However, BS programs assume the indoor air is completely mixed
and uniform; so, BS results can only provide the uniform results for targeted spaces (Wang and Wong,

2008).

This study adopts both DTS and CFD analysis, as these two types of simulations together, can interpret

the indoor thermal and air flow pattern, thus predicting the indoor thermal conditions of a building.

2.10. Conclusion

The primary concern of this chapter was, to develop an understanding on how window shape and
proportion affects the rising energy demand in residential building, importance of operable window as
a passive design element for ensuring natural ventilation, air exchange rate and night cooling and issues

related to indoor thermal comfort in naturally ventilated building. The chapter also discussed about the
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importance of using building simulation tool as a means to identify various performance of building

during the conceptual as well as design phase.

The process of determining window parameters is iterative in nature. Review of previous studies reveals
that building layout, size and location of apertures, windows and doors, building orientation, and some
vernacular elements are among the most applicable architectural elements for ventilation opening. The
above studies specified that the variation of the window elements such as the orientation, glazing type,
window-wall ratio, SHGC, and U-value affects the annual heating and cooling energy demand of the
building. However, all these studies mostly involved buildings with mechanical ventilation. The value
for WWR and WFR portrayed inconsistency, depending on the climatic condition, window orientation
and shading device, the type of building use and on both glazing and other envelope materials. The
importance of WFR and WWR, and identification of appropriate value for these variables, to modify
indoor temperatures using natural ventilation, has hitherto not been investigated for the Dhaka’s
context. Based on these studies, frequent and repeated assessments were carried out to impart the
specific combination of WWR and WFR, which can have substantial impact on indoor air temperature

in naturally ventilated residential apartment.
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Chapter 03: SETTING THE CONTEXT

This chapter will be discussing the context of this research, focusing on the climate of the region, the
energy pattern of the inhabitants, and the apartment size preference by the middle-income group of

Dhaka.

3.1. Bangladesh: An Overview

Bangladesh is a tropical country at the edge of Tropic of Cancer, lying between 20.34° N to 26.38 °N
latitude and between 88.01° E to 92.41° E. Except the hilly southeast, most of the country is a low-lying
plainland, surrounded by land mass from three sides and the Bay of Bengal on the south. (Ahmed.,
2006). The total area of Bangladesh is 147,570 sq. km of which 119,624 sq. km (81.0 %) is effective
land area, 8,236 sq. km (5.6 %) is occupied by river networks and the forest area consists of 19,710 sq.
km (13.4%) (BBS 2011). Bangladesh is also one of the world’s most densely populated countries. The
available statistics show that the total population of the country has increased by 72 million between
1974 and 2011, and the population density from 590/sq. km in 1981 to 976/sq. km in 2011 (BBS 1984
and 2012). If the current trend continues, the population of Bangladesh is expected to reach to about
194 million in 2050 (UN 2012). The ever-growing population in Bangladesh is currently placing
enormous pressure on natural resources and energy. Landlessness and environmental degradation have
become pervasive in recent times (Dewan and Corner, 2014). The pressure of urbanization creates ever

increasing demand on scarce electricity and thus, designers need to give increased attention towards

energy efficiency.
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Fig. 3.1: Location of Bangladesh in the World Map
Source: www.worldatlas.com
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3.1.2. Climate

Bangladesh has composite tropical monsoon climate (Ahmed, 1987), with wide seasonal variations in
rainfall, generally warm temperatures and high humidity (Rashid 1991). From meteorological point of
view, the year has been categorized into four seasons. They are pre-monsoon (March—May), monsoon
(June—September), post-monsoon (October—November) and winter, which starts in December and ends

in February. (Mridha 2002; Ahmed 1995; Hossain and Nooruddin 1993) (Table 3.1).

The pre-monsoon season, also known as summer, is the hottest part of the year, characterized by high
evaporation rates. During the summer season (March to May) heating belt shifts northward due to
apparent northward movement of the sun. The summer months experience high temperature and falling
of air pressure over the country, resulting in strong gusty, hot, dry winds blowing during the day (Khatun
et al, 2016). The mean temperature ranges from 27 to 31°C, reaching the maximum in April, which is
the middle of the pre-monsoon hot dry season. Average temperatures in April vary from about 27°C in
the northeast to 30°C in the extreme west part of the country. Rainfall varies spatially with the frequent
occurrence of thunderstorms, which provide about 10—15 % of the annual total rainfall (Dewan and

Corner, 2014).

The prominent features of wind climatology in Bangladesh are the circulations influenced by the strong
southwest monsoon when warm and humid air moves towards the land. During the monsoon season,
the persisting low pressure over northern Bangladesh intensifies and attracts the trade winds of the
southern hemisphere. After that, it covers the whole of Bangladesh as a southwest monsoon (Khatun et
al, 2016). Abundant rainfall occurs in the monsoon season with the influence of southerly or south-
westerly winds. Temperatures drop with the onset of the summer monsoon, and approximately 75-80

% of total rainfall occurs during this season (Dewan and Corner, 2014).

In contrast, the winter season is cool and dry with little rainfall. The mean temperature in winter is 18°C
with the lowest being 3—5°C in the northwest part of the country, and only 5% of annual rainfall occurs
during this season. This is the sunniest period in Bangladesh with high solar radiation (Dewan and
Corner, 2014). Clear sky, low temperatures, low humidity and light winds are the common weather
phenomenon of the winter season. A gentle north-easterly land breeze blows over the terrain during the

dry-winter season. (Ahmed, 2006; Khan et al, 2004).
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Table 3.1: Average Monthly Maximum, Minimum and Mean Temperature from 1948 to 2010.

Season Year (1948-2010) Maximum (°C) | Minimum (°C) | Mean (°C)
Winter January 28.56 9.06 18.34
February 31.80 10.65 21.27
Pre-monsoon March 35.64 14.60 25.55
(Summer) April 36.79 18.59 28.16
May 36.59 20.31 28.71
Monsoon June 35.44 22.37 28.48
July 34.09 23.53 28.15
August 34.31 23.68 28.26
September 34.57 23.17 28.12
Post-monsoon | October 34.14 20.18 26.97
November 32.13 14.91 23.50
Winter December 29.14 10.82 19.89
Yearly 37.67 8.79 25.43

Source: Hasan and Rahman, 2013

3.2. Dhaka

Dhaka City, the capital of Bangladesh, is located at the central part of the country, between latitudes
24°40" N to 24°54" N and longitudes 90°20" E to 90°30°. The city has developed on the higher elevated
Pleistocene terrace land or Order Alluvium of the central part of Bangladesh, otherwise referred to as
the Madhupur-Bhawal Garh Region. In addition, a substantial portion of the adjoining low-lying areas
have recently been brought under the structured zones of the city due to the accelerated rate of the urban
growth in Dhaka. (Asaduzzaman and Rob, 1997). The city is bounded by the Buriganga river in the
south; the Balu and the Shitalakhya rivers in the east; Tongi Khal in the north and the Turag river in the
west (Islam et al, 2012).

3.2.1. Climate of Dhaka

Climatic characteristics of one city differs from others due to physical development such as surface
qualities, density, heights (three dimensional objects) and other related factors and location,
(Koenigsberger, 1973); in accordance to this fact, climatic characteristics of Dhaka city also differ from

other cities of Bangladesh (Figure 3.2).
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Fig. 3.2: The Climatic Sub Zones of Bangladesh
Source: Rashid, 1991

Table 3.2 shows that the maximum wind speed in Dhaka is found during the pre-monsoon (hot dry)
season, attaining the maximum speed of 4.21m/sec in April (BMD 2016). The Table also shows that
the monsoon season has the highest humidity record, whereas the cool dry winter has the least value,
and the hot dry pre-monsoon period is the second least humid season. The monsoon season also

accounts for the highest value of normal average rainfall in Dhaka.

40



Table 3.2: Wind Speed, Humidity and Rainfall Data of Dhaka

Av.

Dhaka’s | Jan | Feb | Mar | Apr | May | Jun | Jul Aug | Sep Oct | Nov | Dec | Annual

Normal 1.23 | 1.60 [ 2.59 | 421 |3.80 |3.70 |3.64 |321 |224 | 128 |0.93]|0.92]245
Wind
Speed
(m/s)

Monthly | 71 64 62 71 76 82 83 82 83 78 73 73 74.83
Normal
Humidity
(%)

Average | 7.7 | 289 | 658 | 156.3 | 3394 | 3404 | 373.1 | 316.5 | 300.4 | 172.3 | 344 | 12.8 | 179
Normal
Rainfall
in mm

Source: BMD, 2016.

Average monthly maximum temperature is low during the winter period: December - February. Lowest
maximum and minimum average monthly temperatures are found in January. Higher monthly average
temperatures are observed in the pre-monsoon period: March - May, of which, April has the highest

value (Mohiuddin et al, 2014).

In a study of Ahmed (1994), it is noted that maximum solar is received during April and lowest in
December. The peak radiation on vertical surface is received by east facing wall in the morning. The
south West facing walls receives direct solar radiation of high intensity in the afternoon. The south
surface receives solar radiation almost the whole day, from 8am in the morning to 4pm, the intensity
being highest at around 1pm. However, the west wall receives radiation during the later part of the day,
yet the average intensity is almost double that received by the south wall and almost the same as that in
the south west corner (Table 3.3). Solar radiation intensity is maximum at around 12 noon on horizontal
surfaces and at 3pm on west surfaces. Beam radiation is also highest in April, showing maximum values
at high solar altitudes (61% of global noon, compared to 44.1% at 06:00 hours) (Ahmed, 1994).
According to the data retrieved from Bangladesh Meteorological Department, 7" April is found to be
the hottest day of the year (BMD 2016, Appendix F). The daily maximum temperature is found between
2 to 3pm during the summer months (Ahmed, 1987).
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Table 3.3: Direct Radiation in April in Wh/m?

Hour Horizontal | N NE E SE S SW W
6 15 0 0 0 0 0 0

7 79 12 186 251 168 0 0 0

8 168 0 185 277 207 16 0 0

9 269 0 153 266 223 49 0 0
10 358 0 90 208 205 82 0 0
11 422 0 7 115 155 105 0 0
12 445 0 0 0 80 113 80 0
13 422 0 0 0 0 105 155 115
14 358 0 0 0 0 82 205 208
15 268 0 0 0 0 49 222 266
16 168 0 0 0 0 16 207 277
17 79 12 0 0 0 0 168 251
18 15 0 0 0 0 0 0 0
Total 3066 24 621 1117 1038 617 1037 1117
Average | 128 1 26 47 43 26 43 47

Source: Ahmed, 1994

In a study of thermal environment in residential areas of metropolitan Dhaka, Roy depicted that clear
sky, dry weather, higher solar altitude angle, higher solar intensity and higher duration of sun-shine
hour have given April the status of ‘hottest month’ in this region (Roy, 2010). But according to the data
retrieved during 2002-2008, pre-monsoon period accounts for higher maximum temperature in May
(30.5 °C), while in the decade of 1950-1980, it was recorded in April (34.5 °C) (BMD, 2012), and from
2009- 2012, average temperature of April was also 34.5°C (BMD, 2016).

Thus, combining all these data, it can be interpreted from the data that, January is the coolest month
and April is the warmest month for Dhaka city. Maximum solar radiation is received on the west surface
and the south west corner but approximately for half of the day, whereas south wall receives solar
radiation for almost the whole day, though its average intensity is half of that received on the west and

south-west. (Mohiuddin et al, 2014; Ahmed, 1994)

During June to September (monsoon period), the average temperature remains steady at 28.6°C.

Coupled with high humidity values, this season also presents adverse thermal environments. Mean
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maximum temperature in monsoon period indicates relatively higher temperature over (31°C) as

compared to previous decade (BMD, 2012; Rashid, 2008) (Table 3.4).

The more current data for the year 2001-2012, shows some changes in magnitude of data, from previous
sets of data (BMD, 2012). Figure 3.3 shows the monthly mean maximum and minimum temperature
profile, for four time spans; 1950-1980, 1981-1990, 1991-2000, and 2001-2011. It is clearly evident
that the annual average temperature is increasing with time, which also consistent with the regional data

of Bangladesh (Mohiuddin et al, 2014; Tariq, 2014; Mridha, 2002).

Table 3.4: Air Temperature Profile of Dhaka City from 1950-2006, 2007-2012

Year | Variables | Pre-Monsoon Monsoon Post-Mon. Winter

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

1950- | Mean Max | 32.6
1980 | Temp. °C

33.0 | 31.4 | 31.0 | 31.1 | 31.4 | 30.8 | 28.7 | 26.0 | 25.5 | 28.5 | 30.4

Mean Min | 19.7
Temp. °C

248 | 258 |262 261 |259 |23.7 |182 | 133 | 11.7 | 145 | 21.1

Ave. 26.2
Temp. °C

289 | 28.6 |28.6 | 286 |28.6 | 273 |235 |19.7 | 186 |21.5 | 258

1981- | Mean Max | 32.4
1990 | Temp. °C

33.1 | 324 | 315 | 319 | 319 | 31.8 {299 |26.7 | 258 | 284 |30.8

N N N
& ° &
(V)] S [}

Mean Min | 20.5 246 | 263 263|265 |260 |240 | 193 | 147 | 13.2 | 158 | 21.7

Temp. °C
Ave. 26.5 | 28.5 | 289 |29.3 |28.9 |29.2 | 289 | 279 |24.6 |20.7 | 19.5 | 22.1 | 26.5
Temp. °C

1991- | Mean Max | 32.6 33.2 | 327 | 31.8 | 31.9 | 32.1 | 32.0 | 29.8 | 26.6 | 25.0 | 28.0 | 30.8

2000 | Temp. °C

Mean Min | 20.6 | 23.7 | 24.7 | 263 | 26.4 | 265 | 259 |239 |19.2 | 140 | 12.7 | 159 | 21.7

Temp. °C
Ave. 26.6 | 289 |29.0 |29.5 |29.1 |29.2 |29.0 |28.0 |245 |203 |18.8 |21.9 |26.2
Temp. °C

2002- | Mean Max | 27.5 | 29.0 29.8 | 29.4 | 29.5 | 29.0 | 28.0 | 243 | 21.0 | 19.8 | 249 | 26.9

2006 | Temp.°C

Mean Min | 24.5 | 27.6 | 27.9 | 284 | 28.6 | 28.7 | 27.7 | 26.9 | 23.5 | 203 | 16.3 | 21.9 | 25.2

Temp. °C
Ave. 26.5 | 284 | 29.1 | 28.8 | 28.9 | 29.1 | 285 | 274 |24.0 | 208 | 185 | 23.0 | 26.1
Temp. °C

2007- | Mean Max | 32.5 342 | 328 | 322 | 319 324 |32.1 | 298 | 256 | 243 | 282 | 309

2012 | Temp. °C

Mean Min | 21.6 | 245 | 252 | 26.3 | 26.6 | 26.6 | 26.4 | 244 | 19.7 | 155 | 13.2 | 16.6 | 22.2
Temp. °C
Ave. 27.0 | 294 | 29.7 | 29.5 | 294 |29.2 | 294 | 283 |24.7 |20.5 | 18.7 | 22.4 | 26.5
Temp. °C

Source: BMD, 2016; Rashid, 2008. Summer Months _
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Fig. 3.3: Monthly Mean Maximum and Minimum Air Temperature Profile for the year 1950-1980,
1981-1990, 1991-2000, and 2001-2011
Source: Shahjahan, 2012

Rising temperatures is a growing environmental concern for Dhaka. Figure 3.3 shows the temperature
trends during last 60 years (1950-2010) based on observed data of BMD (2012), where the maximum
temperature follows rising trends. Mohiuddin et al., (2014) analyses the pattern of temperature change
of Dhaka city over the period 1995 -2010, using the data of maximum and minimum monthly
temperature. The study describes the probability of increasing maximum temperature by 6.8 °C in the
next 100 years. During the pre-monsoon period, the average maximum temperature shows the

inclination to increase following a trend of 2.2 °C rise in the 100-year period. The study also suggests
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that land surface temperature is increasing gradually because of urban development such as increasing

built up area and earth fills or sand fills (Mohiuddin et al, 2014).

In a study of Mourshed (2011), current statistically averaged weather data for Dhaka, Bangladesh is
morphed using climate model to generate future hourly time series of temperature in the 2020s, 2050s
and 2080s. The result directs that higher temperatures occur more than lower temperatures, indicating
an overall warming of the climate, which in turn will result in increased occurrences of building
overheating; that is, temperatures above 28 °C occur for about 71.9% of the time of the year in the
2080s, compared to 31.0% in the present-day. This will result in continuous hot spells in future climates.
This overheating and increased hot spells presents a challenge for energy efficient and low carbon

building design and operation (Mourshed, 2011).

3.2.1.1. Temperature

Temperature is an independent climatic variable, whose variation causes corresponding changes in the
pressure distribution both in the direction and velocity of wind, which controls atmospheric humidity,
condensation, formation of cloud and their drifting in the sky, precipitation and storms. (Ishrat et al,
2013). Air temperature can be defined as the average temperature of the air surrounding the occupant,
with respect to location and time. It is also the most important determinant of comfort which is
measured by the dry bulb temperature (in degree Celsius, °C). A wide range of temperatures that can
provide comfort when combined with the appropriate quantity of relative humidity and air flow (Tariq,
2014), Variation in the proper combination of these conditions can hamper human thermal comfort. To
maintain the thermal balance, the body looses heat at lower temperature, and with higher temperature
body gains heat by convection (Koenigsberger, 1973). The rate of convective heat exchange depends

on airspeed (roughly proportional to the square root of the speed).

Extensive literature review and experimental findings suggests that there is a direct effect of the thermal
environment on mental work (Wyon, 2000; Seppéanen et al, 2004). The results of multiple studies on
the effect of temperature are relatively consistent, and show that when the temperature is above 25°C,
an average relationship of 2% decrement exists in work performance, per degree C (Seppéinen et al,
2004). However, in the tropics, populations of different ages, are likely to have different thresh hold
temperatures, before work performance is affected. Hence, a comfortable temperature must be attained

inside residence to get maximum efficiency from the occupants.

Many research works investigated the future trends of ambient temperature by using statistical and
stochastic models with various scenarios of GHGs emissions or of global warming, and predicted the
impact of climate change on buildings’ energy demand for heating and cooling (Wan et al, 2012; Xu et

al, 2012; Mourshed, 2011; Wang et al, 2010;) or the impact on electric energy demand (Lebassi et al,
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2010; Collins et al, 2010; Lam et al, 2010). The general conclusions are: temperature rise in the future
increased frequency of extreme events, and future changes on energy demands of buildings for heating,
cooling and electric energy. Changes in the ambient air-temperature will also have significant
consequences upon cooling equipment performance, and the potential of using outdoor air for “passive

cooling” (Papakostas et al, 2014).

3.3. Urbanization and Population Growth

Spontaneous rapid growth without any prior or systematic planning, has made modern Dhaka one of
the most dense and populous Mega Cities in the world (Ahmed et al, 2009). Extensive administrative
and infrastructure facilities, and extensive road and telecommunication networks is responsible for
making the city the focus of urban expansion and the hub of economic activities. Due to its economic
and sociopolitical significance, marginalized rural people are attracted to the area in the hope of better
employment opportunities and improved lifestyles. As a result, Dhaka Megacity has turned out to be
one of the fastest-growing cities in the world, primarily driven by explosive population growth (Dewan
and Corner, 2014). At present, the population of the city is more than 14 million, with an average annual
growth rate of 4.08 % between 1991 and 2001, (BBS 2008, 2012a, b) (Fig: 3.4 and 3.5); if the current
rate of population growth continues, Dhaka’s projected population will be of 22.9 million by 2025 (UN,
2012).

Fig. 3.4: Population of Dhaka and its Annual Growth Rate
Source: BBS 2008, 2012 (a, b)
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Fig. 3.5: Urbanization and Annual Growth Rates of Total Urban, and Rural Population in Bangladesh,
1950-2010
Source: UN, 2011

Figures 3.4 and 3.5 shows that both urban population and urbanization are growing faster in the cities
of Bangladesh. With the growth of population, the need for housing has also increased exponentially,
leading to land scarcity. Single ownership of land is changing to multiple ownership through apartment
culture, creating high density residential areas, promoting mainly high-rise developments instead of

low-density housing (Rahman, 2014).

As a consequence, the city has been experiencing significant environmental problems mostly due to the
massive increase in population and unplanned development in the last few decades. Due to scarcity of
suitable residential plots and growing demand for shelter, vertical expansion has become dominant
(Begum, 2007; Mourshed and Mallick, 2012). Both vertical and horizontal developments have made
the city a ‘city of concrete’ and vegetation cover has been greatly reduced in recent times (Dewan and
Corner, 2014). Consequently, the local precipitation and temperature regimes have been changed (Alam
and Rabbani, 2007). For instance, a long-term microclimatic study using time-series climatic data
indicates that both maximum and minimum temperature have increased in response to rapid
urbanization (Roy, 2010). Analysis of the normalized surface temperature values suggests that the
temperature gradient between the built-up areas and their surroundings is more pronounced during the

hottest part of the year.
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3.4. Energy Status of Bangladesh

A rapidly growing country, like Bangladesh, needs a huge amount of energy to feed its large growth
appetite. In the past decade, primary energy consumption increased over 100% and this trend is sure to
continue. A recent work done by JICA shows the current sector wise energy demand in Bangladesh
(Fig 3.6), where industry has the biggest share of 47.8%, followed by residence and transportation at
30.5% and 11.5%, respectively (JICA Report, 2015). Figure 3.7 shows energy consumption forecast of
Bangladesh for 2030.

Fig. 3.6: Sector-wise Primary Energy Consumption of Bangladesh (2013 - 2014)
Source: JICA Report, 2015

Fig. 3.7: Primary Energy Consumption Forecast by Sector up to 2030

Source: JICA Report, 2015 18



Urban energy efficiency is essentially dependent on the energy efficiency of its buildings (Moushumi,
2010). Buildings accounts for at least 40% of the energy use in most countries in the world (UNEP,
2009). Rapid urbanization coupled with relatively weak planning control and building regulations
results in compactly constructed buildings with inadequate thermal and/or ventilation performances,
even in the present-day climates (Mourshed, 2011). The characteristics of dense residential
developments in Dhaka have been investigated recently (Tariq, 2016; Rahman, 2014; Ali, 2007), in
which the authors demonstrate how contemporary mid (=6 stories) to high rise (< 6 stories) buildings
lack adequate open spaces to allow natural ventilation and lighting in interior spaces. As a consequence,
buildings in Dhaka are expected to be adversely affected by any increase in temperature. Increased
pressure on land for new buildings to house the influx of migrants from rural areas will worsen the

situation (Ali, 2007).

The amount of energy consumption in buildings is rapidly increasing in the building sector in
Bangladesh, especially in the city area with the pressure of new building construction. The energy
demand of a building is influenced by a large number of variables, ranging from weather parameters
(e.g., temperature, solar radiation, wind, moisture content of air, etc.) to the characteristics of the
building (e.g., envelope, form, shape, materials, construction, etc.), the habits of its occupants (e.g.,
occupancy, activities, etc.) and its systems (e.g., type, performance, control schedules etc. (Mourshed,
2011). The urban micro climate, the urban geometry and building facades design, which affects the
availability of daylight and air flow into the building, has a key role to play in determining residential
energy use (Rattia et al, 2005). Residential energy end-use occurs mostly due to HVAC requirements,

cooking, lighting, refrigeration and other uses for different electrical equipment (Moushumi, 2010).

The thermal performance of the majority of buildings in Dhaka is poor; e.g., single glazed windows
without adequate solar shading. Hence solar heat gains are in excess of what can be efficiently tackled
by natural or hybrid ventilation systems (Mourshed, 2011). The current energy consumption of ACs is
2237 GWh/year, which accounts for almost 50% of the total energy, while for fan it is 6181 GWh/year
(JICA Report, 2015). The projected increases in temperature are likely to exacerbate the situation. As
buildings have a typical lifespan of 50 to 100 years, prompt action to regulate the environmental
performance of buildings are necessary to enhance the resilience of Dhaka’s buildings to climate change

(Mourshed, 2011).

There has been an increase in the demand for electricity in the recent years as a result of industrial
development and population growth. More population means more consumption of electricity, but the
generation of electricity is not increasing as required. With the improvement of the people’s life
standard, the demand for electricity has also increased. (Rahman, 2011). PSMP 2010 estimates that this
intensity or elasticity of energy demand with GDP growth rate will continue to be 1.5% up to 2020.
That means electricity demand will grow at a rate of 1.5 times of GDP growth rate (PSMP. 2011).
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Therefore, an effective counter measure to mitigate this issue is needed. The electricity consumption by
sector is shown in Table 3.5., where the residential sector accounts for the largest share. A recent study

report of JICA depicts the individual home appliances electricity consumption. (Fig. 3.8).

Table 3.5: Sector-wise Grid Electricity Consumption of Bangladesh

Residence Industry Commercial | Agriculture | Others

Electricity | 51.66% 33.58% 9.30% 4.8% 1.33%

Source: Power Cell, Power Division, MPEMR, 2014

Fig. 3.8: Electricity Consumption of Home Appliances
Source: Energy Efficiency and Conservation Master Plan up to 2030, JICA, 2015.

Table 3.5 shows that the residential sector uses a major share of grid electricity, almost half of the
generated amount. The household appliances like ACs, refrigerators and fans, mainly used for cooling,
are responsible for the maximum electricity consumptions in residential sector (Fig. 3.8). Thus, if the
use of these appliances, mainly ACs, can be replaced by natural means, the household electricity

consumption can be reduced substantially.

3.5. Housing Demand of Dhaka

Dhaka is currently growing very fast compared to other cities in Bangladesh. The Population density is

20,000-135,000 persons per sq. km and the average occupancy per dwelling unit is 4.5 persons
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(REHAB, 2012). The city is now accommodating 40% of the national urban population and around
50% people will be living in the cities by 2025, according to experts. About 40% of the city dwellers
are said to be poor, 50% is of middle income range and the remaining 10% are of higher income group
(Haque, 2008). Table 3.6 shows the monthly income range of different income groups of the city. The
middle class is the broad group of people in contemporary society who fall socio-economically between
the working class and upper class. Economists and real estate participants see the middle-income group

as a huge market for the real estate sector. (Barua et al, 2010).

The huge increase in the urban density caused by the rush of rural people to Dhaka city and increasing
house rent has created great demand of accommodation and housing services. Presently the city is
expanding vertically and people are becoming used to living in multi-storeyed compact apartments
within limited space. Broadly speaking, two types of apartment development can be noticed in Dhaka.
Firstly, up to G + 5 storey buildings, usually of RCC frame structures, are walk up apartments. The
second type of development are the high-rise apartment buildings, which are more than six stories (as
defined by BNBC, 2006) (Kamruzzaman and Ogura, 2007). But the present regulations in Dhaka City
allow twelve to twenty stories for buildings in this category (BNBC, 2006).

Although, the price of the apartment has increased in Dhaka, researchers found that need to live close
to the work space and schools of their children are making the middle-income families inclined towards
owning an apartment in this city (Begum, 2010; Zahur, 2007). In response to that, apartments are made
affordable to middle income group by compromising the size, location and efficient climate-responsive
design. Designer and suppliers are making adjustments with the cultural issues while making it compact
to provide within affordable limit (Gomes, 2015). However, it is very difficult on the part of the
government of Bangladesh alone, to ensure housing for all and meet increasing demand for shelter for
the ever-increasing urban population. Here comes the need of private sector real estate development.
Real Estate and Housing Association of Bangladesh (REHAB) is the only recognized formal
organization for private sector real estate developers in Bangladesh (REHAB, 2016), and has, therefore,

been used as the principle source of information about the housing sector in this research.

3.6. Apartment Location and Size Preference of Potential Buyers

Living in apartment houses is a pressing trend in the lifestyle of the citizens of Dhaka. (Hasan, 1991).
The location and size preference for apartments varies, based on the income capacity, that is,
affordability of the people. Residential environment and communication facility also guide the location
and size choice for apartments, but in Dhaka, such preference is quite ambiguous. Family size, biasness
due to pressure from relatives, living in the same area for long time, near to main road, are matters in

choosing apartment sizes and preferring different locations (Labib et al, 2013).
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Higher income groups prefer larger size apartments at prime location in the city, and are dependent on
some specific developers; hence attracting them is always a challenge. Whereas, for upper-middle
income and mid-middle income group, areas with better residential quality and better connectivity is
required. (Labib et al, 2013). As a major portion of society belongs to the middle-income group, its
demand is essentially high. (Barua et al, 2010). Middle and higher-middle income group are more eager
to buy apartments (REHAB, 2012), as according to them having own plots and constructing house is
beyond affordability in Dhaka (Seraj, 2012). The study of Labib et al (2013), depicts that after Mirpur
and Uttara, buyers prefer Dhanmondi and Mohammadpur for buying flats. Another study conducted by
REHAB (2012), reveals that real estate buyers mainly preferred planned residential areas, like Uttara,
Mirpur, Bashundhara R/A, Mohammadpur and Dhanmondi, for living in apartments. Study conducted
by Seraj (2012) asserts that planned residential areas like Uttara, Bashundhara, Banasri, Mohammadpur,
have the maximum demand for apartments units, having floor area within 93m? to 148.7m?, as these

are mostly inhabited by middle and upper middle income groups in Dhaka city.

Based on a study of Seraj (2011), Table 3.6 shows different groups and their potentiality to buy
apartments in Dhaka City. The lower and middle-income group, i.e. whose income ranges from BDT
20,000 — 40,000 and BDT 40,000 to 80,000, are more interested to buy apartments, but after long term
saving. The higher-income group, i.e. earning BDT 80,000 to 1,00,000 or more, are keener to buy
apartments within shorter span of time and sometimes even have the thought of buying a land also
(Seraj, 2011 and REHAB, 2012). The upper-middle income and mid-middle income group are the
highly potential groups, eager to buy apartments (Table 3.6).

Table 3.6: Different Income Groups and their Potentiality to Buy Apartments

Income group Income range (Monthly in TK) Percentages = Remarks

High income 80000-100000 and 100000+ 20% Potential group
Upper middle income = 60000-80000 23% Highly Potential
Mid-middle income 40000-60000 38% Highly Potential
Low-middle income 20000-40000 19% Low potential

Source: Seraj, 2011

In the study of Labib et al, (2013), the findings regarding buyers’ apartment size preference revealed
that, apartments less than 92.903 square meter are preferred by lower middle income group, 92.903 -
111.48 square meter for mid-middle income group and 111.48 - 148.65 square meter are chosen by

middle-income group, while apartments above 148.65 square meter are considered for high income
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group. The study also found that the upper middle-income group people have the highest preference of
buying apartments. Figure 3.9 shows that apartment size ranging from 111.48 - 148.65 square has the

highest demand among the buyers, and also this size is mostly chosen by the upper middle-income

group.

<74.33 74.41 - 92.903- 111.58- 148.73- 185.81 +
92.903 111.48 148.65 185.81

Fig. 3.9: Variation in Demand for Different Size of Apartments
Source: Labib et al, 2013

The middle-income group of the city constitutes the major portion of the society and they are more
eager to buy apartments in planned residential areas rather than buying plots. The based on their
affordability and ease of communication. The middle-income groups’ most preferred locations for
buying apartments are Mirpur, Uttara, Dhanmondi and Mohammadpur, and preferred apartment size

ranges from 92.903 m? to 148.65m’.

In this study, Lalmatia residential area has been selected as the study location. Lalmatia is a planned
residential area, situated between Mohammmadpur and Dhanmondi, two of the most preferred planned
residential areas by the middle-income group for buying apartments there (Seraj, 2011; REHAB, 2012
and Labib et al, 2013). The building, used for field survey, is located in Lalmatia. This building has
been selected because of its ease of accessibility and proximity to the researcher (explained in detail in

Section 4.3).

3.7. Conclusion
The primary concern of this chapter has been to develop an understanding of the context of the study,
beginning with the present climatic situation of Dhaka, its past changes and potential future impacts on

this region, through a range of national and international studies. This helped in identifying the

53



appropriate critical period for environmental assessment of this research. Another major concern for
this analysis is to comprehend the current population growth and the rising energy demand in residential
sector of Dhaka city. Established related studies have been reviewed to categorize the most expanding
income group of Dhaka and their preference for apartment size and location. This analysis facilitated to
select the standard apartment size and location for the case study phase (Section 4.2), where typical
window size and location in such apartments can be identified. The findings, related to climate of
Dhaka, were essential because these were used as the basis of inputs in the thermal simulation phase

(Chapter 5) for detailed analysis.

54



Chapter 04: DATA COLLECTION

4.1. Research Methodology

The study was conducted in three main phases. The first phase consisted of literature review (Chapter
2 and 3), the second was the data collection phase followed by the third phase, the simulation
(Chapter 5). This chapter deals with the second, i.e. data collection phase.

The second phase is divided into two sub phases (Table 4.1): the first phase being an investigation on
twenty randomly selected high-rise residential buildings, constructed by Real Estate and Housing
Association of Bangladesh (REHAB) enlisted developers (REHAB, 2015). This was done to identify
the general characteristics of a typical high-rise residential apartment, ideal for upper-middle income
group of Dhaka. Apartment size, location, activity pattern, master bedroom location and size and
window specifications were determined from the data collected in three phases. Initially a questionnaire
survey on five REHAB enlisted developers were done, followed by assessment of the twenty randomly
selected plans of residential buildings, constructed by REHAB enlisted developers, and finally through
interviewing REHAB members, developers, architects and other stake holders. The data was then
assessed to identify a typical case, which would be converted to use as input of Dynamic Thermal

Simulation models, constructed and simulated in Ecotect.

The second sub phase involved fieldwork, consisted of temperature measurements inside a case study
and an interview of the residents of the studied building. The study was conducted inside a master
bedroom, located at the south-west corner of a south facing apartment, on the topmost floor of a multi-
unit residential building. This is assumed as representative of apartments for high-rise residential
buildings that house the upper middle class of the city. Quantitative and qualitative data were collected
from the case study building. All the information analyzed during this phase, were intended to fulfil the
structure, outlined in theoretical framework formed in the first phase. Secondary sources such as articles
in local newspapers, or in the internet, were also used to complement and cross-check the information.
The fieldwork was done during April, the hottest month, later in May and also in January. Temperature
readings inside the apartment were taken using data loggers, while outside temperature data was
collected from the met office, for the same time. These readings were compared with the simulation

results for subsequent validation.

55



Literature Review to Identify Questionnaire Survey of REHAB
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Location, and Window size, » Convenient Sampling) for Field
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Fig. 4.1: Structure of Data Collection Phase
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4.2. Case Study Analysis

The first phase of data collection for research was case study analysis, which is collective in nature. The

steps of this phase are discussed in detail in Section 4.2.

4.2.1. Selection of Case Study

In this part of the research, 92.903 sqm to 148.65 sqm sized apartments (as identified in Section 3.6) of
multi-unit residential apartments, that house upper middle-income groups, were the primary case of
analysis. Each such apartment is representative of typical three-bedroom apartment of high-rise multi-
unit residential building in Dhaka. The height of the buildings surveyed ranged between 23m to 32m (7
storeys to 10 storeys), which according to BNBC (2006), is termed as high-rise. Only those apartments
were chosen which had architectural drawings available, and the apartments were accessible, with the

households being cooperative.

4.2.2. Data Gathering Strategies and Issues Investigated

Twenty apartment buildings of renowned developers, enlisted in REHAB’s data, comprising the
identified apartment size, were randomly analyzed coupled with interviews, to identify the approximate

size, location, activity pattern and the window specification of the master bedrooms (Appendix B).

Data gathering strategies were divided into a mixture of qualitative and quantitative approaches. The

following different combinations of data gathering strategies were adopted:

e Qualitative and quantitative semi-structured interviews, (Appendix A) that have open and
closed questions, with designated REHAB members, project architects, engineers and
contractors to identify the following:

_ Preferred size and location of the apartments, bought by the upper middle income
groups.

_ Typical master bedroom size and location in such apartments.

_ Window and door locations and sizes inside such bedrooms.

_ Window and door material specifications.

e Qualitative and quantitative analysis of architectural drawings (Appendix B) to identify:
_ Typical master bedroom size and location in such apartments.
_ Window and door location and size inside such bedrooms.

_ Window and door material specifications
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e Photographs and three dimensional images of the case study buildings (qualitative and

quantitative)

4.2.3. Specifications of Typical Bedroom inside 92.903 sqm to 148.65 sqm Apartment

From the case study phase, some quantitative design aspects of the typical master bedroom of
apartments, preferred by the middle-income groups, were investigated. These findings were used as the
basis for choosing the specific bedroom sample for the field investigation part in Section 4.3, and also
as inputs during modelling of the base case bedroom in Ecotect (Chapter 5). The specifications are as

follows:

e Bed room area and height: 3.66m X 4.57m, 3.05m (clear height: 2.896m)

e Construction Material:
_ Concrete slab (0.153m)
_ Concrete beam (0.305m X 0.61m)
_ Concrete column (center to center av. span: 0.56m)
_ Plastered brick wall
(Exterior wall: 0.25m with 0.019m to 0.025m plaster on both side;
Interior wall: 0.127m with 0.019m to 0.025m plaster on both side)

e Door
_ Swing Door: (Wooden door: Burma Teak and
Flush Door: Hollow core plywood)
_ Sliding Door: Single Glazed Aluminum Door

e  Window (Fig: 4.2)
Single Glazed Sliding Window
_ Type: Sliding
_ Size: 1.676m X 1.372m (economic size, as found on survey)
_ Frame: 0.032m Aluminum Frame
_ Glazing: 6mm Clear or Tinted Glass
_ Location: Central (preferable, as found on survey)
_ Sill Height: 0.153m — 0.762m
_ Lintel Height: 2.134m — 2.439m
_ Shading Depth: 0.508m (minimum, as mentioned in BNBC, 2006)
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Fig. 4.2: Typical Window Section of Residential Building (Not in Scale)
Source: Survey Findings

The above identified data were assumed to be standard for a typical master bedroom, generally resided
by the upper middle income group of Dhaka city. These data were then analyzed and used for
convenient selection of an apartment building comprising the identified apartment size. A field
investigation was conducted on the prevailing indoor air temperature inside the selected master
bedroom. The data from both case study and field survey were later used as a basis for the inputs during
simulation model construction, as well as the dynamic thermal simulation and computational fluid

dynamics analysis.

4.3. Field Investigation
According to Ryken, et al. (2007), “field investigations of the environment involves the systematic
collection of data for the purposes of scientific understanding. They are designed to answer an

investigative question through the collection of evidence and the communication of results; they
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contribute to scientific knowledge by describing natural systems, noting differences in habitats, and
identifying environmental trends and issues”.

For conceptual clarity, the study of Ryken et al. (2007) have identified three types of field
investigations—descriptive, comparative, and correlative. Descriptive field investigation involves
describing and/or quantifying parts of a natural system. Comparative field investigations, involve
collecting data on different populations/organisms, or under different conditions. Correlative field

investigations involve measuring or observing two variables and searching for a relationship.

In descriptive field investigation, multiple measurements over time or location are taken in order to
improve system representation (model). Individual measurement is repeated if necessary to improve
data accuracy. In this type of field investigation record, data are organized into tables or other forms.
The type of field investigation employed in this part of research is descriptive. The field investigation
also included physical observations of the surveyed unit and one-to-one interview with the occupants

of the surveyed room.

4.3.1. Objective of the Field Investigation

In the field investigation part, hourly temperature measurements of indoor air temperature, were taken
inside the surveyed room, in three different months of the year, covering hot and cool dry seasons.

The field survey and subsequent analysis were carried out for the following criterion:

e To understand the living pattern and typical 24-hour activity carried out by the occupants of the
surveyed room.

e To identify the existing indoor air temperature range inside the case study room during various
activity state of the occupants.

e To compare the indoor air temperature and outdoor temperature in naturally ventilated state.

e To obtain a set of indoor air temperature data for comparing with the data produced in dynamic
thermal simulation, during the same time period, when the field investigation was carried out,
under similar indoor condition, using identical construction material.

e To validate the simulated values for the indoor air temperature of such room model, with the

measured values in existing case.

4.3.2. Sample Selection

The study adopted a convenience sampling method. It is a type of nonprobability or nonrandom
sampling, where members of the target population that meet certain practical criteria are included for
the purpose of the study (Dornyei, 2007). The information can be readily collected from the participants
who are easily accessible to the researcher, assuming that the members of the target population are

homogeneous (Saumure and Given, 2008; Palinkas, et al, 2013).
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Based on the findings of the case study analysis and literature review, a residential building of height
G+7 was chosen, using convenience sampling. The building is selected as a representation of the high-
rise residential building, that houses upper-middle income people of the city. It is located at Lalmatia,
residential area of Dhaka. Its apartment sizes range from 117.058 to 146.787 sqm approximately, which
agrees with the preferable apartment size, identified in the case study section. It was easily accessible,
both in terms of geographical proximity, as well as the availability and willingness of the dwellers to
participate in the research work. This helped to monitor continuously the readings from data loggers,
and also to avail any necessary settings needed for the readings to be accurate, according to the
requirement of the research. Easy accessibility and close proximity of the surveyed building, facilitated
repeated physical observations of the surveyed room and frequent interviews with the occupants, which

were done prior to the field measurements of temperature were taken.

4.3.3. Overview of the Field Investigated Building

The building is located in Lalmatia residential area (Fig. 4.3 and 4.4), an upper-income neighborhood,
located at the heart of the city. Lalmatia is planned residential area, and is surrounded by Mohammadpur
and Sher-e-Bangla Nagar to the north, Raja Bazar to the east and Dhanmondi and Rayerbazar to the

south. The area is within walking distance of Bangladesh’s National Assembly Building.

Location of the
Investigated
Building

?

. Investigated
" Building

Fig. 4.3 and 4.4: Location and Google Image of the Studied Building

Source: Google Map and Google Earth, 2016
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Fig. 4.5: Image of the Surveyed Building

The case study building (Fig. 4.5) is a typical eight-storied, multi-unit residential building, with three
apartments on each floor, housing twenty-one households. This type of multi-unit residential building
is popular in Dhaka, because of the increasing pressure on land, and the dynamic changes in the urban
lifestyle. Due to scarcity of land, old single-family houses are being demolished and in its place,
residential buildings are being built by developers. The process of constructing a building begins as the
owner of a particular plot of land gives the land to a developer under a contract. In return of the land
value, the owner usually gets 30%- 60 % of the apartments, that the developer would construct on that
land. The developers sell the remaining apartments to prospective clients. For reasons of profitability,
both parties (developer and land owner) aim in constructing as many units / apartments per floor as
possible. In this case, the owners of the land got eight apartments out of 21. Thus, apartments in this
building are resided by both owners and tenants. The residents of the first floor are the owners of the

building.

The three different apartments /units in the building are: Type A, Type B and Type C (Fig. 4.6 and 4.7).
The sizes of apartments Type A, B and C are 146.787 sqm, 117.058 sqm and 117.058 sqm respectively.
Type A is surrounded by a vacant plot on the southern side, and by residential buildings on the western
and eastern side. The access road is on the northern part of the plot, along Type B and Type C. The plot
is the third one from the node. The topmost apartment of the southern side of the plot, named A7, was

surveyed.
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4.3.3.1. Features of the Surveyed Room

The master bedroom (Fig. 4.8) of interest, is located at the south-western part (as this is supposed to be
the hottest corner, Section 2.5.1 and Table 3.3) of the apartment on the topmost floor (7™ floor). The
topmost floor was chosen as maximum direct sunlight is received on the topmost floor in tropical
countries, (Section 2.5.3). It is 3.658m X 4.572m in area and 3.048m in height, the clear height being
2.896m. The room has an attached toilet at the east side, and is located beside the family living, having
a verandah on the south. The room has one main entrance door of 1.016m and two 0.762m doors, one

for the verandah access and the other for toilet.

There are two windows in the room, both centrally located, one on the west wall and the other at the
south wall, beside the verandah. Both of the windows are of same size, 1.372m X 1.676m, and located
centrally on the wall, the sill and lintel level being at 0.762m and 2.134m respectively. The room has a
ceiling fan, hung centrally; a fluorescent tube light and two wall brackets (Fig. 4.9). Apart from the
electrical fixtures, a 0.813m LED TV and two cell phones are usually used inside the room, mostly

during the occupancy hour (7pm to 7am).
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@ Fig. 4.8 and 4.9: Plan and Interior Image of the Surveyed Room

The room ceiling consists of 0.152m concrete casting and 0.025m plaster (approx.) cover. Typical
masonry used in the room, are mainly baked clay brick of 0.121m thickness with 0.0191m plastered.
The walls are coated with plastic paint of light pink color, and ceiling is painted using cream color

distemper. The floor consists of 0.152m concrete casting, finished with ceramic tiles. Flush Door
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(0.038m thick hollow core plywood) is used as the main entrance door of the room. The door leading
to the toilet and verandah are of 0.038m thick solid core Burma Teak. The windows are single glazed,
with a 6mm tinted pane surrounded by 0.032m aluminum frame and have 0.508m wide exterior

horizontal shading device.

4.3.4. Instrument Used and Its Location Inside the Surveyed Room

A data logger, named iButton, was used to take the temperature measurements inside the investigated
room. The specifications of the data logger are given on Appendix 1. The data logger was placed in a
holder, and hung across the room in a central position, using four white strings, as shown in Fig. 4.10

and 4.11.
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Fig. 4.10: Location of Data Logger in Plan Fig. 4.11a: Blow-up Position of Data Logger

Fig. 4.11b: Data Logger’s Position inside the Room
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4.3.5. Data Gathering Strategies

A temperature data logger (available at www.maximintegrated.com), cited in Appendix I, was used to
record the 24-hour temperature inside the surveyed bedroom, at intervals of 1hour, for the last ten days
of April (21 to 30), first 10 days of May (1 to 10) (summer months, Section 3.2.1) in 2016 and later on,
for mid-10 days January (11 to 20) in 2017 (Appendix E). Hourly readings of multiple days of the three
different months were taken to improve data accuracy. The data logger was installed inside the room
using thin string (Fig 4.12), hung at a height of 1.067m, the seated height, as bedrooms are mostly used

for sleeping, resting, or moderate work at seated state.

Along with the detailed temperature measurements, qualitative and quantitative physical survey
(Appendix C and D) of all the apartments (of identified size) of the building, selected for field

measurements, were done to understand the daily activity and living pattern of the occupants.

4.3.6. Issues Identified during Physical Observations and Interview with Occupants

From the physical survey, the following issues were revealed through numerous observations and

several non-structured interviews with the occupants of the room (Appendix C and D).

e Number of occupants of the room: 02

o General living pattern of the occupants of the room: Both the occupants, the husband and the
wife, were service holders.

e Ventilation Type: Natural ventilation, no AC installed, but during the hotter part of the year,
ceiling fan is turned on as soon as the room is occupied.

e Type of activity usually carried out inside the room: Sitting and watching TV or reading,
resting, sleeping and sometimes light work.

e Room occupancy time and duration: 50% time during weekdays, that is, 7pm in the evening to
7am in the morning, and around 90% during weekends

e Common electrical appliances used inside the room: 0.813m LED TV, 1.42m Ceiling Fan,
1.219m long Fluorescent Tube Light (mostly used), two wall brackets (rarely used) and 2 Smart
Phones.

e Window opening time and duration: Same as the Occupancy hour (Occupants open window
just after entering the room, coming back from work place, at around 7pm, and closes before
leaving for work, at approximately 7am).

e Window aperture size due to drape used (fully or partially covered drape): Mostly covers half

of each window during the occupancy hour.
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e Fan operation duration and tentative fan speed: Fan is usually at highest speed during the
occupancy hour in summer days and at moderate to low speed, even switched off, at lower
temperature period of the year.

e Door status: Mostly kept open, both during the day and night and no drape used.

4.4. Conclusion

The overall strategies for data collection phase have been described in this chapter, along with the
detailed procedure for case study selection and field measurements. Twenty randomly selected
buildings constructed by REHAB enlisted developers, with apartment size between 111.484 sqm to
148.65 sqm, were analyzed to determine the approximate size, location, activity pattern and window
specifications, of the master bedroom of interest. The above identified data were assumed to be standard
for a typical master bedroom, generally resided by the upper-middle income group of Dhaka city. These
data were used for convenient selection of a similar apartment building, comprising the identified
apartment size. A field investigation was conducted on the prevailing indoor air temperature inside the
master bedroom. These set of data were further used as a basis for the inputs during simulation model
construction as well dynamic thermal simulation (elaborated in chapter 5). The data obtained from field
measurements and the simulation result for the same, were finally compared for validation of the
software, used for comprehensive simulation. The description of measuring instruments, used in the

field survey have also been included in this chapter.
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Chapter 05: SIMULATION STUDY

5. 1. Methodology of Simulation

This phase comprises of simulation study of the existing case, and of the varied cases, changing window
sizes. The simulation phase is further divided into two sub phases: Dynamic Thermal Simulation (DTS)
study, in Autodesk Ecotect Analysis, and Computation Fluid Dynamics Analysis in WinAir. The steps

of the simulation phase are summarized below in Fig. 5.1.

Model construction in Ecotect

y

DTS of the Base Cases in Ecotect

¢ A

FD Anal f the Best
DTS of the Varied Cases of WWR C nalyses ol the Bes

. Cases, found from DTS, in
and WFR in Ecotect WinAir

»| Changing Orientations of the
Room Model

| Changing Ventilation Time (Day
and Night Ventilation

,.| Changing Air Change Rate (50
ACH and 100 ACH)

Changing Ventilation Type:
Cross-Ventilation, Single-Sided
South and Single-Sided West

Varying Values of WWR for
Cross-Ventilation

\4

A

Trend of Summer and Winter
Comfort Percentage

A 4

Fig. 5.1: Structure of Simulation Phase
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In the DTS part, a base case model was generated in Autodesk Ecotect, with features similar to the
building consisting of the surveyed room, to compare the data from field investigation with the
simulated values, thus assessing the accuracy of the software used. The base case room model, at the
same level as that of the surveyed room, was then simulated. The simulation varying WWR and WFR
were done for four different orientations, for day and night ventilations, for different air change rate and
ventilation type, to analyze and evaluate the effect of these variations on indoor air temperature in the
naturally ventilated bed room. In the second part, a CFD analysis of the case, having the best
combination of WWR, identified during the dynamic thermal simulations, was done in WinAIR V4.1b,

to understand the wind flow pattern and direction for different window sizes inside the models.

5.2. Objective of the Simulation Study

The simulation phase consists of sequential optimizations, with the aim of minimizing thermal problems

in bedroom of naturally ventilated building. The stages are mainly divided into two parts:

The model of the surveyed building with a similar sized room at the south west, having similar material
and same window proportion, as that of the surveyed bedroom, was constructed in Autodesk Ecotect
Analysis. Dynamic thermal simulation, was conducted on the dates exactly when the field
measurements of temperature were taken. This was done to test the temperature variation between the
simulated values and measured data of indoor air temperature, for subsequent validation of the software

used (Section 1.3.2 and Appendix E).

The base-case bedroom model, based on the data identified in the case study part and physical survey
(Section 4.2 and 4.3), was again generated in Autodesk Ecotect Analysis. A comprehensive thermal
simulation was conducted, varying WFR and WWR for different orientations, day and night ventilation,
changing air change rates, cross and single-sided ventilation, and finally for summer and winter seasons
(Fig. 5.1). The DTS is followed by the CFD, to understand the air flow pattern in case of changes in
WWR, inside the modeled bedroom. The main objective of simulating with all these varying
combinations, was to understand the importance of window size and proportion, in modifying indoor
air temperatures in naturally ventilated rooms of apartments, used by the middle-income group of
Dhaka. This, in turn, can help to create a data source for preliminary design decisions regarding window

size in a naturally ventilated building.

5.3. Simulation Tool

Among several simulation tools, Dynamic Thermal Simulation (DTS) and Computational Fluid

Dynamics (DTS) are used in this part of the research. The DTS was done using Autodesk® Ecotect®

69



Analysis (Appendix H), to analyze the impact of variation of WFR and WWR on indoor air temperature
inside typical south-west facing bedrooms in residential apartments. The CFD analysis was done using
WinAIR V1.4b, a plugin on a mesh of Ecotect, to portray the internal wind flow pattern for such

variations in window size.

5.4. Thermal Simulation Strategy

As mentioned above, the simulation was divided into two main steps, approach in each step was similar
with slight change. In the first step, both the model construction and dynamic thermal simulation, were
done using Autodesk Ecotect Analysis. The CFD analysis was done in the second step, using WinAIR

V4.1b, plugins for the same software.

The first analysis was conducted on the base case, whose model was constructed to exactly represent
the studied room, having window size and proportion similar to the room, used for recording
temperature measurements. Since, sliding windows were found to be the most typical window used in
residential buildings (Appendix B), as well as, in the surveyed room, sliding windows were used both
in the base case simulation, and for the varied cases. The window closing and opening times (Fig 5.5)
were scheduled, based on the findings of physical observations and interviews with the occupants,
reported in Section 4.3.6. The window type being sliding, only half of the window was operable, thus,

50% of the window aperture was considered as void.

The model of the whole building was constructed in Ecotect, based on the data collected in the case
study and field study part (Section 4.2 and 4.3), considering each room as individual zone (Fig 5.2).
The model represents a typical high-rise apartment building, with a master bed room similar to the
surveyed one. All zones inside the buildings were considered as non-thermal zones, except the master
bedroom in the south-west corner of the topmost floor. This modification was done to avoid
complexities in determining the exact effect of specific window parameters, like varied WWR or WFR,
on indoor air temperature. Thus, for the convenience of studying the precise effect of varying window
size and proportion, inter-zonal heat transfer among different zones of the building, was not considered.
The weather data for Dhaka, retrieved from the website of EnergyPlus (2016), was used as the climatic

input for the simulation.

Orientations, window opening time (night and day ventilation), air change rate (50 and 100 ACH) and
ventilation type (cross and single-sided) were changed during the simulation, to understand their impact

on indoor air temperature for different values of WWR and WFR.
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Fig. 5.3c: Simplified Base Case Bedroom Model used in Simulation

5.4.1. Inputs used during Thermal Simulation

The base case model was simplified; the projected verandah was not considered during simulation, and
the walls were considered as exterior walls, with windows having the minimum shading of depth 0.457
m. This modification was done to understand the direct effect of window aperture size of exterior wall
on indoor air temperature. The geometry of the modelled room (Fig 5.3) was taken as: 3.658m wide,
4.572m long and 3.048m high, the total floor area being 16.723 sqm. The window height was kept
constant at 0.762m, as in bed rooms it is particularly important to keep the window-sill height at a
similar height as that of the beds, thus making provision for air flow around the sleeping area (Arif and

Islam, 2002). The material specification of the room is given in Table 5.1.
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Table 5.1: Specification of the Base Case Room used in Ecotect Modelling

Type and Size U-value
Description (meter) (W/m%k) | Section
Room Rectangular in shape, Rectangular; . -
located at the south west | (3.658 X 4.572 X
corner 3.048) m i MASTER BED
Ceiling | 0.127m thick suspended | Plastered Concrete 1.990
concrete ceiling with Ceiling;
0.025m plaster (3.658 X 4.572) m
underneath
Floor 0.127m thick suspended | Tiled Concrete Floor; | 2.080 i —_ ;
concrete floor with (3.658 X 4.572) m i
0.025m plaster and A
0.019m ceramic tiles N
Al sl :
Wall 0.121m brick with Plastered Brick wall; | 2.200 ﬁm
0.019m plaster either (4.572m X 3.048m) 2 "
side. (3.658m X 3.048m) 2 g 2
Internal | 0.038m thick hollow Swing door; 2.980 = h E
Door core plywood door (1.016 X 2.134) m CH |
External | 0.038m thick solid core | Swing door; 2.260
Door oak timber door (0.762 X 2.134) m
Window | 6mm single pane of Sliding; 6.000 B By Iy el
glass with 0.032m (1.372 X 1.524) m
aluminum frame around s E
Over- 0.127m thick suspended | Plastered Concrete 1.990
hang concrete ceiling with Overhang; 8 o _
0.025m plaster (1.524 X 0.508) m DU
underneath W :

(Source: Surveyed data and Autodesk Ecotect Analysis default input)
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In the second step, values of WWR and WFR were varied and the hourly temperature profile inside the

room were recorded for the variations. This analysis was carried out for the following combinations:

Moving the room orientation from south-west corner to south-east, north-west and north-east
corners, to assess the impact of orientations (Section 2.5.1), while varying WWR and WFR.
Keeping the window opened at night and closed during the day and vice versa, to identify the
impact of varying WWR and WFR on night cooling (Section 2.6.1).

Varying air change rate — 50 ACH is taken for naturally cross-ventilated state and 100 ACH for
moderately windy state (Section 2.7.3), to comprehend the impact of air movement on variable
window sizes.

Adopting different ventilation type — cross and single-sided ventilation (Section 2.6.2), to detect
the potential ventilation type for south-west corner.

Changing the season from summer to winter to understand seasonal shifts in indoor air

temperature.

Thermal analysis was based on 50% occupancy during weekdays and 90% during the weekends, as

reported during the interviews with the occupants. Based on the observation reported in Section 4.3.6.,

number

of inhabitants were assumed to be two, the husband and the wife, and their activity pattern

during their stay inside the bed room, were assumed to be light working (Table 5.3). As the building

was naturally ventilated, the maximum air change rate was taken as 50 ACH, for still condition and 100

ACH for moderately windy condition in cross-ventilated state (Section 2.7.3). The zone specification

used to run the simulations are illustrated in Table 5.2, 5.3 and 5.4 and Fig. 5.4 and 5.5.

Table 5.2: Occupancy and Operation Specification inside the Room used during Simulation

Occupancy Operation

Occu- | Clo. Activity | Internal | Air Change Rate Window Aperture

pant | Value Level Heat Status

No. Gain

02 0.55 80W 13W/m?* | 50 ACH 100 ACH Opened Opened at
(light (cross (moderately | during day | night (7pm
work) ventilated | windy state) | (7am  to | to 7am)

still state) 7pm)
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Table 5.3: Rate of Heat Output by Body in Various Activity

Activity Watts
Sleeping min. 70
Sitting, moderate movement, e.g. typing 130-160
Standing, light work at machine or bench 160-190
Sitting, heavy arm and leg movements 190-230
Standing, moderate work, some walking 220-290
Walking, moderate lifting or pushing 290410
Intermittent heavy lifting, digging 440-580
Hardest sustained work 580-700
Maximum heavy work for 30-minutes duration max". 1100

(Source: Koenigsberger et al, 1973)

Table 5.4: Internal Heat Gain for Common Bedroom Appliances

Appliances Values
Fluorescent Light 40 W
0.813m LED TV 110 W
Ceiling Fan 60 W
Room area (3.658m X 4.572m) 16.723 sqm
Total Internal Heat Gain 12.56 W/m?

(Source: DESCO Appliance Calculator, 2016)

Fig. 5.4: Zone Management Specification in Autodesk Ecotect
Source: Autodesk Ecotect Analysis 2011
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Fig. 5.5: Window Opening Schedule in Autodesk Ecotect
Source: Autodesk Ecotect Analvsis 2011

5.4.2. Constant Variables
Variables that were kept constant during the dynamic thermal simulation phase are listed below:
Building geometry

e Bedroom shape, size, height and orientation (Table 5.1)
e Door and window material, size, height and location (Table 5.1)
e  Overhang depth: 0.505m wide (Section 4.2.3),

o Sill and lintel levels of window (0.762m and 2.134m respectively, as found in the case study

phase, Section 4.2.3)
e Floor, wall and ceiling material (Table 5.1)

e Door and drape status (door always opened and no drape used, found during field observation,

Section 4.3.6.)
e Active ventilation system: Naturally ventilated, (Section 4.3.6.)
o Artificial lighting level: Set to 300 lux (default in Autodesk Ecotect Analysis)

Occupancy schedules

e Room Occupancy Hour: 7pm in the evening to 7am in the morning (Section 4.3.6)

e Zone activity state: Light work of 80W (Table 5.3)

e Clothing value: 0.55clo, summer clothing value (Tariq, 2014)

e Humidity level inside the room: 74.83% (Annual Average, Table 3.2, BMD, 2016)

e Indoor air velocity: 2.45 m/sec without ceiling fan (Table 3.2, Annual Average, BMD, 2016)
and 4 m/sec with ceiling fan at maximum speed, approx. max. fan speed (calculated maximum
fan speed during summer)

e Internal heat gain for common bed room appliances: 12.56W/m? (Table 5.4)
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5.5. Calculations used in Thermal Simulation

A number of DTS and CFD simulations (approximately 150 individual Ecotect files) were run, varying
the values of WWR and WFR. The values of WWR ranged from 5% to 40% (multiples of 5) for both
single-sided and cross-ventilated state. Single-sided ventilated state was achieved, by placing window
on south wall in one case and on west wall in the other. WFR values varied from 5% to 55% for cross
ventilation, 5% to 35% for single-sided ventilation on south wall and 5% to 25% for single-sided
ventilation on west wall. The calculation for WWR and WFR and the corresponding window sizes for

each value of WWR and WFR, are given in detail in Appendix G.

5.5.1. Assumptions for WWR and WFR Calculations:

e Window height kept constant at 1.372m, sill level at 0.762m and lintel at 2.134m (Section
4.2.3), and located centrally, in case of both WWR and WFR.

e WWR and WFR values, more than 40% and 55% respectively, produce window width,
exceeding the size of the accompanying walls, so values of WWR till 40% and WFR till 55%,
were only used for calculations in cross-ventilated state.

o At 40% WWR, window width for 4.572m wall was taken to be 2.083m and for 3.658m wall,
1.575m wide window, as using windows of equal sizes were not possible, for the room being
rectangular.

o For single-sided ventilations, on south wall, WFR value upto 35%, and on west wall, WFR
value upto 25%, was viable to construct in the model for simulation.

e In cross-ventilated state, at 55% WFR, the window sizes were not kept equal, as in that case the
window would be larger than the accompanying wall.

e At 35% WFR, in case of single-sided ventilation on south wall, window size was slightly

reduced to accommodate its width in its accompanying wall.

5.6. Thermal Data Analysis Steps

A number of individual simulations were done using the above-mentioned inputs. Hourly indoor air
temperature profile for March, April and May (pre-monsoon season) and December, January and
February (cool dry season) were generated in several different Excel files. The data were than analyzed
and compared with the comfort temperature range (summarized in Section 2.8.2, Table 2.2), to produce
necessary tables and graphs. The graphs mainly consist of comfort and discomfort hour percentage
graphs, percentage of hours within, above or below the identified comfort temperature range for Dhaka.

Apart from the comfort graphs, average temperature profile for the worst-case scenario was produced:
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the hottest month, April; hottest day, 7" April; and warmest hour of the day, 2pm temperature, were
produced. All these comparisons were done while varying the values of WWR and WFR for different

air change rates, and for day and night ventilations.

5.7. CFD Simulation Strategies

In the final stage of simulation, internal air flow rate and air flow vector (Section 6.5.2) were analyzed
in WinAlIR, for the best cases identified in the Dynamic Thermal Simulations (Section 6.5.1). The
values of WWR ranging from 5% to 40%, were used for varying the window sizes, assuming cross
ventilation, with windows on the south and west wall of the modelled bedroom. In each model, every
window was modelled with a void, equal to half of the area of the total calculated area of respective
window. This was done because the typical sliding window used in the residential buildings, are only
partially operable, that is, only 50% of the window area can be kept open. The climatic data of April,
being the hottest month, were used as inputs for the CFD grid analysis in Ecotect. The air flow pattern
and vector were taken at 1.067m, the seated height, because, maximum activity carried out inside the
bedroom, being light, were done while sitting. The apertures of both the windows were kept 50% void,
being sliding, and the doors were kept closed, so that the impact of window size on indoor air flow rate
and direction could be solely analyzed. The void on the window of the south wall was kept towards the

east side and on the west wall, towards the north side.

5.7.1. Specifications used in CFD Analysis

The specific inputs used for the CFD analysis in Ecotect, with assistance from its plugin, WinAir, are

given below and illustrated in Fig 5.6:

e The boundary condition for the CFD analysis was taken to be inside the model.

e Outdoor Wind speed: 4.21m/s for Dhaka (Section 3.2.1, Table 3.2)

e Prevailing wind direction during summer month in Bangladesh: Southwest (-45°) (Section
3.1.2)

e Air Density: 1.2kg/m3 (ISA, 1975).

e Air viscosity: 1.8e-05 (ISA, 1975).

e Monitoring cell: The value is automatically set by the software during the simulation.

e Internal Temperature: 20 °C (Average minimum temperature for April, found in the Thermal
simulation part)

e External Temperature: 34.4°C (Annual Average Daily Normal Maximum Temperature for

April, Appendix F, BMD, 2016)
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e [teration of the WinAir calculation is set to 500, and calculation saving interval to100, which

seems to yield expectable results.

Fig. 5.6: CFD Grid Analysis in Autodesk Ecotect
Source: Autodesk Ecotect Analysis 2011

5.7.2. CFD Data Analysis Steps

Air flow plots for WWR, in cross ventilated state, were examined to understand the flow speed and
direction inside the room models with window aperture size, resulting from 5% to 40% WWR. To study
the air flow speed, air flow rate plots were used. To identify the direction and zone of maximum air
circulation, air flow vector plots were analyzed. Thus, for each percentage of WWR, two different types
of plots were examined to evaluate the air flow pattern inside the bedroom of interest, with varying
window sizes, depending on the values of WWR. The results of CFD analysis are explained in detail in

Section 6.5.2.
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5.8. Conclusion

This chapter depicts the detailed strategies and steps underlying the simulation study. A base case
model, grounded on the literature survey and data collected, was generated in Autodesk Ecotect
Analysis. Comprehensive DTS varying WFR and WWR for different circumstances (mentioned in
Section 5.4) of the model, were carried out to understand their impacts on varying WWR and WFR. A
subsequent CFD simulation, using WinAir was also run, to understand the air flow pattern inside the
model. The results generated in this chapter and findings from the previous chapters have been analyzed
in the next chapter, for finding the impact of varying window size in lowering indoor air temperature

of bedrooms of residential building.
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Chapter 07: CONCLUSION AND RECOMMENDATIONS

7.1. Introduction

In this research, a parametric study of the indoor air temperature state of bedroom of high-rise apartment
buildings, preferred by upper-middle income group of Dhaka, Bangladesh, was conducted. The findings
and analysis of the research have been presented and interpreted in Chapter 6. This concluding chapter
will focus on the knowledge available through this research, and suggest some recommendations for

scope of future work in this arena.

7.2. Findings of the Research

The study was based on optimization of WWR and WFR, integrating variable/night ventilation, to
reduce indoor air temperature in naturally ventilated bedroom of residential apartments. As, the issue
has received scant attentions in previous studies on thermal comfort in Bangladesh, the indication from

the study can act as an initial guideline for designing window of naturally ventilated residential building.

7.2.1. Apartment Size Preference, Typical Bedroom Size and Window Location and Size

From the literature review it was found that apartments less than 92.903 square meter are preferred by
lower middle income group, 92.903 — 111.48 square meter for mid-middle income group and 111.48 —
148.65 square meter, are chosen by upper-middle income group and apartments above 148.65 square

meter are considered for high income group (Section 3.6).

Another major part of the study reveals that the master bedroom size of typical 111.48 to 139.36 square
meter apartments, vary between 3.048m to 4.57m in length and/width (Section 4.2.3). The apartments
usually have sliding windows consisting of aluminum frame and clear or tinted glass, located centrally
in most cases, with sill of 0.762m and lintel at 2.134m. The shading device of such windows usually

project to 0.508m, which is in keeping with BNBC.

7.2.2. Effect of WWR and WFR on Indoor Air Temperature for different Orientations

In order to determine the critical orientation with apartments, simulations, changing the room
orientations, were conducted. According to the analysis of comfort and discomfort percentage for the
four corner orientations, North East, North south, South East and South West (Section 6.1), comfort

percentage is found to be higher in the north-east orientation (Fig. 6.2 and 6.3), for both day and night
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ventilations, while varying WWR and WFR. The comfort period percentage is 73.9% for 5% WWR to
70.9% for 40% WWR. In the south-west orientation, the comfort percentage is the lowest, reaching
almost 69.8% for 40% WWR, for both day and night ventilation, with variable window sizes. In the
south west corner, warm period is comparatively higher, reaching almost 21% out of the total hour of
the summer months (March, April and May) for 40% WWR (Fig 6.2). The comparison among the
average temperature for April shows that south-west corner possesses the highest temperature, up to
30°C for 5% WWR, whereas the north-east corner presents the lowest, which agrees with the comfort
and discomfort percentage analysis for the same, although the variation is very less (Fig 6.3). The values

of WFR show similar trend as that of for the values of WWR (Fig 6.3).

Therefore, it can be concluded that the south-west corner of the building is the warmest area of a
building and presents the highest percentage of warm discomfort hours, which can be minimized
decreasing the window size. These findings agree with previous studies of naturally ventilated buildings
in tropical regions, which show that the south-west corner is the warmest part of a building (Section

2.5.1 and section 3.2.1).

7.2.3. Effect of WWR and WFR on Indoor Air Temperature for Day and Night Ventilation

After simulation, analysis based on various combinations of WWR and WFR were done to determine
the comfort and discomfort hour percentages for day and night ventilations. Comparative analysis of
comfort and discomfort hour percentages suggest that overall comfort percentage is much higher for
night ventilation than day ventilation (Section 6.2). During night ventilation, the comfort period
percentage range is 81.3% for 5% WWR to 78.99% for 40% WWR, whereas for the day ventilation, it
is 74% for 5% WWR to 68.9% for 40% WWR (Fig 6.5). Cool period percentage increases rapidly as
the value of WWR and WFR increases for ventilation during the day, but the change is almost steady
for night ventilation. On the other hand, warm period percentage remains steady, ranging from 1% to
3% for 5% WWR to 40% WWR respectively, for both day and night ventilation (Fig. 6.5 and 6.6).
The result shows consistency with studies (highlighted in Section 2.6.1) on naturally ventilated
building in the tropics, where night flushing is used as an important ventilation strategy to reduce
indoor air temperature, instead of using mechanical means to attain comfortable temperature range for

indoor.

7.2.4. Effect of WWR and WFR on Indoor Air Temperature for Varied ACH

According to the findings on the impact of 50 ACH and 100 ACH on indoor air temperature (Section
6.3), the cool period percentages are higher and the warm period percentages are lower at 100 ACH for

night ventilation, but the comfort period percentages are lower with 100 ACH than at 50 ACH. The
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comfort period percentage with 50 ACH, ranges from 81.1% for 5% WWR to 78.8% for 40% WWR,
whereas with 100 ACH, comfort period percentage ranges from 78.5% for 5% WWR to 76.5% for 40%
WWR (Fig. 6.7). The cool period percentage with 100 ACH, ranges from 17.66% for 5% WWR to
19.2% for 40% WWR, which is almost 3% to 4% higher than the cool period percentage with 50 ACH
(Fig 6.7 and 6.9). The results for average temperature range for the hottest day, 7™ April, is lower at
100 ACH, than at 50 ACH (Fig. 6.11). This finding indicates that at 100 ACH, the air exchange rate
with the outdoor is higher compared to at 50 ACH (Fig 6.7 to 6.11). The minimum temperature with
100 ACH is constant, at approximately 22°C, for all values of WWR, which is almost 1.5° less than the
minimum temperature with 50 ACH. Likewise, the maximum temperature at 100 ACH is less than the
maximum temperature at 50 ACH, ranging from 29.8°C to 30.1°C for 5% to 40% WWR, respectively,
although the difference is very little. The similar trend is noticed for varying values of WFR (Fig 6.8
and 6.10). Therefore, if the outdoor air is warmer than the inside and the air exchange rate is high,
initially the indoor air temperature might increase to neutralize the temperature difference. Similarly,
in case of cool outdoor, indoor air temperature cools down quickly due to increased air exchange rate.
The result agrees with the findings of Section 2.7.3, that increased air exchange rate helps to decrease

indoor air temperature in naturally ventilated building, when there is an outside wind nearby.

7.2.5. Effect of WWR and WFR on Indoor Air Temperature in Cross-Ventilation and Single-
Sided Ventilation on South and West Wall

The investigation on cross-ventilated state, and single-sided south and west ventilation (Section 6.4)
confirms that the cool period percentage (temperature < 24°C) is highest and warm period percentage
(temperature > 32°C) is lowest in cross ventilated spaces. At cross-ventilated state, comfort period
percentage ranges from 78.6% for 5% WWR to 76.6% for 40% WWR, and warm period percentage
lies between 0.23% for 5% WWR to 0.68% for 40% WWR, whereas the cool period percentage ranges
from 21.2% for 5% WWR to 22.7% for 40% WWR (Fig. 6.12). Conversely, for single sided ventilation
on west wall, the cool period percentage is the lowest and warm period percentage is the highest. The
average hourly indoor air temperature for April (Fig. 6.13) for the three states of ventilation, also agrees
with this fact, showing that the highest temperature range of 27.11°C for 5% WWR to 27.15°C for 40%
WWR, is found in case of single sided ventilation on west wall, though the temperature difference,
induced by the smallest window size to the largest window size, is very little. The similar trend is
noticed in case of variations in WFR (Fig. 6.14 and 6.15). This indicates that cross-ventilation can help
to reduce indoor air temperature, compared to the single sided ventilation, yet, ventilation on south wall

produces better result than ventilation on west wall.
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7.2.6. Influence of Window Size on Indoor Air Temperature during Summer and Winter

The comparison between indoor air temperature for winter and summer suggests that the winter is less
comfortable compared to the pre-monsoon summer months (March, April and May) in Bangladesh, for
all values of WWR, even if the windows are kept open during the day (Fig. 6.27). However, there is
very little change of indoor air temperature for the winter season, even with increased window sizes.
The discomfort percentage during winter, though higher, can be overlooked as winter in Bangladesh

lasts for only three months (December, January and February).

7.2.7. Influence of WWR on Indoor Air Temperature in Cross-Ventilated State

The effect of varying WWR on indoor air temperature and air flow were studied using DTS and CFD
analysis (Section 6.5). The analysis were done for the cross ventilated state, having windows on the
south and west wall and opened during the night, throughout the summer months (March, April and

May).

The DTS and CFD analysis (Section 6.5.1 and 6.5.2) confirmed that larger window size is preferable
for night ventilation, but during the day time, radiant heat through large window opening heats up the
indoor, increasing the indoor air temperature, even if the windows are kept closed and a minimum

shading device of depth 0.508m is used.

Although the results show that 5% WWR is responsible for the maximum hours (1791 hrs) of comfort,
the hours with temperature below 24°C (cool period hour) is highest for 40% WWR, the number of
hours being 424 hours (Table 6.2). During the daytime, 40% WWR is accounting for maximum indoor
air temperature, reaching the peak value of 29.8°C at around 2pm, whereas during the night, 40% WWR
is responsible for the lowest indoor air temperature, the minimum temperature being 23.2°C. Smaller
sized windows seem to keep the indoor cooler during the day, whereas during the night, larger window
widths help to cool down the indoor air temperature rapidly. However, window sizes resulting from
25% to 35% WWR, produce better consequence in terms of air flow distribution and can help to reduce

indoor air temperature by increasing the air exchange rate.

7.3. Recommendations

Based on the findings, this research recommends some guidelines to achieve lower indoor air
temperature for naturally ventilated bedroom of high-rise apartment buildings, ideal for upper middle-

income group of Dhaka, Bangladesh. The recommendations are as follows:

e Rooms in south-west corner of a building should have the provision of cross-ventilation.
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o Increased air change rate helps to reduce indoor air temperature of naturally ventilated spaces,
when there is an outside wind nearby.

o Cross-ventilations is more preferred for rooms in the south-west orientation, instead of single
sided ventilations.

e Variations in window sizes, based on WWR and WFR, behaves almost similarly in inducing
indoor air temperature.

e Larger window size is ideal for night ventilation to cool down the indoor rapidly, but larger
window aperture also increases radiant heat gain during the day.

e Natural ventilation cannot reduce indoor air temperature to a significant level, so mixed mode
ventilation may be an option to achieve comfortable indoor air temperature, instead of relying
completely on mechanical means.

e Window sizes resulting from 25% to 35%, allow high speed wind to flow across naturally cross-
ventilated room of high-rise apartments. Thus, air exchange rate with the surroundings
increases, and helps to reduce the indoor air temperature, provided the outdoor temperature is

comparatively lower than the indoor.

7.4. Suggestion for Further Studies

Though the scopes of this investigation were limited to the hot-dry season, south-west orientation and
indoor air temperature, the objective, to find the appropriate window size and proportion for bedroom
of high-rise residential building of Dhaka, was fulfilled. However, during the course of this research, it
was evident, that there were gaps in knowledge about some major issues that may help to design
naturally ventilated buildings more contextually. The research can be further extended for all seasons,
taking account of daylighting and humidity content of indoor air, in addition to the choice of window
materials, to inquire for the optimum window size and proportion for reducing indoor air temperature

of bedrooms in high-rise residential buildings in the tropics.
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Appendix B: CASE STUDIED BUILDINGS

B.1

Location: Banani

Developer: SHELTECH

Unit Size: 102.19 sqm.

Master Bedroom Size: 3.05m x 4.57m
Window type: Sliding

Sill Height: 0.76m; Lintel Height: 2.13m

B.2.

TYPICAL FLOOR PLAN

Location: Uttara

Developer: KEYSTONE PROPERTIES
Unit Size: 120.40 sqm.

Master Bedroom Size: 3.05m x 4.19m
Window Type: Sliding

Sill Height: 0.76m; Lintel Height: 2.13m
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B.3.

B4.
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Location: Baridhara DOHS

Developer: ABODE PROPERTIES
Unit Size: 120.77 sqm.

Master Bedroom Size: 3.35m x 4.27m
Window Type: Sliding

Sill Height: 0.15m Lintel Height: 2.13m

emmmmm

Location: Uttara

Developer: AWR REAL ESTSTE

Unit Size: 130.06 sqm.

Master Bedroom Size: 3.30m x 4.32m
Window Type: Sliding

Sill Height: 0.15m; Lintel Height: 2.44m
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B.S.

B.6.

Location: Bashundhara

Developer: UNIMASS PROPERTIES
Unit Size: 120.77 sqm.

Master Bedroom size: 3.81m x 3.35m
Window Type: Sliding

Sill Height: 0.15m; Lintel Height: 2.13m
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Location: Mohammadpur

Developer: ASTER PARK

Unit Size: 139.35 sqm.

Master Bedroom Size: 3.66 x 4.44m
Window Type: Sliding

Sill Height: 0.15m; Lintel Height: 2.44m
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B.7.

Location: Kathalbagan

Developer: SHELTECH LTD.

Unit Size: 139.35 sqm.

Master Bedroom Size: 4.83m x 3.43m
Window Type: Sliding

Sill Height: 0.76m; Lintel Height & 2.13m

B.8.

4 TYPICAL FLOOR PLAN
SCALLNOT N SCALE

Location: Uttara

Developer: EPILION

Unit Size: 139.35 sqm.

Master Bedroom Size: 3.50m x 4.44m
Window Type: Sliding

Sill Height: 0.15m; Lintel Height & 2.44m

146



B.9.

B.10.

Location: Bashundhara R/A

Developer: Building Technology & Ideas Ltd.
Unit Size: 140.75 sqm.

Master Bedroom Size: 3.35m x 3.96m
Window Type: Sliding

Sill Height: 0.15m; Lintel Height: 2.13m

Location: Aftabnagar

Developer: Building Technology & Ideas Ltd.
Unit Size: 111.48 sqm.

Master Bedroom Size: 3.89m x 3.91m
Window Type: Sliding

Sill Height: 0.76m; Lintel Height: 2.13m
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B.11.

B.12.

= I EREE
Location: Uttar Badda, Gulshan
Developer: Biswas Builders Limited
Unit Size: 120.77- 125.42 sqm.
Master Bedroom Size: 3.58m x 3.35m
Window Type: Sliding
Sill Height: 0.76m; Lintel Height: 2.13m

Location: Kalabagan, Dhanmondi
Developer: The Structural Engineers Ltd. (SEL)
Unit Size: 141.40 sqm.
Master Bedroom Size: 4.83m x 3.71m
Window Type: Sliding
Sill Height: 0.15m; Lintel Height: 2.13m
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B.13.

Location: Mohakhali

Developer: Biswas Builders Ltd.

Unit Size: 111.48 sqm.

Master Bedroom Size: 3.81m x 3.20m
Window Type: Sliding

Sill Height: 0.76m; Lintel Height: 2.13m

B.14.

Location: West Dhanmondi

Developer: The Structural Engineers Ltd.
Unit Size: 131.92 sqm.

Master Bedroom Size: 4.06m x 3.73m
Window Type: Sliding

Sill Height: 0.76m; Lintel Height: 2.13m
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B.15.

Location: Kalabagan

Developer: The Structural Engineers Ltd.
Unit Size: 127.28 sqm.

Master Bedroom Size: 3.86m x 3.20m
Window Type: Sliding window

Sill Height: 0.15m; Lintel Height: 2.13m

B.16.

Location: West Dhanmondi

Developer: SHELTECH

Unit Size: 121.70 sqm.

Master Bedroom Size: 4.57m x 3.43m
Window Type: Sliding

Sill Height: 0.15m; Lintel Height: 2.44m
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B.17.

Location: Uttara

Developer: SHELTECH

Unit Size: 114.27 sqm.

Master Bedroom Size: 4.70m x 3.04m
Window Type: Sliding

Sill Height: 0.15m; Lintel height & 2.44m

B.18.

Location: Uttara

Developer: Bio Properties Ltd.

Unit Size: 116.13 sqm.

Master Bedroom Size: 3.48m x 3.48m
Window Type: Sliding window

Sill Height: 0.76m; Lintel Height: 2.13m
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B.19.

Location: Aftabnagar

Developer: Building Technology & Ideas Ltd.
Unit Size: 133.59 sqm.

Master Bedroom Size: 3.96m x 3.35m
Window Type: Sliding

Sill Height: 0.15m; Lintel Height: 2.13m

B.20.

Location: Central Road

Developer: SHELTECH

Unit Size: 136.10 sqm.

Master Bedroom Size: 3.56m x 4.19m
Window Type: Sliding

Sill Height: 0.76m; Lintel Height: 2.13m
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Appendix C: QUESTIONNAIRE FOR INTERVIEWING OCCUPANTS

1. Date & Time:

2. Name:

3. Age:

4. Sex:

5. No. of Occupants:

6. Daily activity pattern of each occupants:

Occupants Activity Pattern
6am to 9am | 9am to 12noon to 3pm to 6pm to
12noon 3pm 6pm 9pm
Husband
Wife
6am to 9am to 12noon to | 3pm to 6pm to 6am to
9am 12noon 3pm 6pm 9pm 9am

10. | Clothing type

11. | Appliances used

(a) | TV

(b) | Fan (with speed)

(c) | Tube light

(d) | Wall bracket

(e) | Mobile

(f) | Others

12. | Door status (open / Close / partially open)

(a) | On East wall

(b) | On South wall

(towards verandah)
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(c) | On north wall
(towards toilet)
13. | Window status (open / Close / partially open)
(a) | On West wall
(b) | On South wall
14. | Drape status (covered / uncovered / partially covered)
(a) | On West wall
(b) | On South wall
15. | When and at which
point was the
ceiling fan switched
on (if used)?
16. | What is the most common fan speed throughout the study period?
1
2
3
4
5
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Appendix D: OBSERVATION CRITERIONS

1. Date:

2. Room dimension:

Subject Length Width Height Area Volume
Bedroom
3. Appliances Found Inside the Room:
4. No of Windows, Location and Size:
No. | Orientation | Location Type Size (Length | Sill Lintel | Material
on wall X Height) height | height
1. South Wall
2. West Wall
5. Sunshade Location and Size:
Location Length Width Depth Height Material
6. No. of Doors, Location and Size:
No. | Orientation | Location on wall | Type Size (Length X Height) | Material
1. East Wall
2. South wall
3. North Wall
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Appendix E: COMPARISON BETWEEN MEASURED VALUE AND SIMULATED VALUE
OF INDOOR AIR TEMPERATURE

The indoor conditions of the modelled room were setup exactly the same way as it was in the
surveyed room (Section 4.3). The results of Ecotect were authenticated by comparing the data
obtained from field investigation and the simulated value for the same case. A temperature data
logger, cited in Section 4.4.4, was used to record the 24-hour temperature, at intervals of 1hour, for
the last ten days of April (21 to 30), first 10 days of May (1 to 10) (summer months, Section 3.2.1) in
2016 and later on, for mid-10 days January (11 to 20) in 2017. Hourly readings, of multiple days of
three different months, were taken to improve data accuracy. Using Eq. E.1 and E.2, the difference
and the percentage difference between the measured and simulated value of temperature are
calculated. The temperature variation between the simulated values and measured data of indoor air

temperature, showed a minor degree of variation, of around 6.57%, which is within the acceptable

Difference = Measured Value — Simulated Value .................c.ooii. Eq. E.1

Percentage Difference = Measured Value — Simulated Value X 100 ........... Eq. E.2
Measured Value

1.832°C = 6.57% (within the acceptable range of 5 to 10%)

The data are plotted in temperature graphs, to visualize the difference between the measured and the
simulated values of temperature. A time interval of three hours, starting from 12 midnight, was used
to plot the data. Three individual graphs (Fig E.1, E.2 and E.3 and Table E.1) for ten days of January,
April and May were plotted. The fluctuations in hourly temperature of indoor air are more
pronounced for simulated values than the measured values. The raw data for the comparison between

measured and simulated values are given in Table E.1.
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Fig. E.1, E.2 and E.3: Comparison between Measured and Simulated Value of Indoor Air Temperature
for January, April and May
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Table E.1: Raw Data used in Comparison between Measured and Simulated Value of Indoor Air Temperature
for January, April and May

January April May
Date Time | Simulated | Measured | Date Time | Simulated | Measure | Date Time | Simulated | Measured
(11-20) Value Value (20-30) Value d Value (1-10) Value Value
11 0 19.7 22.65 21 0 29.7 33.78 1 0 25.5 30.65
3 19.3 22.15 3 29.1 32.01 3 25.6 29.65
6 19.1 21.65 6 29 31.78 6 25.8 29.65
9 19.8 22.15 9 30.3 32.87 9 27.4 30.15
12 20.4 22.15 12 332 33.44 12 30.2 30.65
15 22.7 22.15 15 345 33.71 15 30.8 31.15
18 20.4 22.15 18 32.8 31.29 18 29 30.65
21 20.6 22.15 21 31.2 32.21 21 27.9 29.65
12 0 19.2 22.15 22 0 30.4 33.21 2 0 28.3 32.65
3 19 21.65 3 29.8 32.01 3 279 32.15
6 19.2 21.65 6 29.7 31.67 6 28.3 30.15
9 20.2 22.15 9 31 32.66 9 29.6 31.15
12 20.8 22.15 12 338 33.14 12 31.7 32.15
15 229 21.65 15 34.4 33.66 15 30.8 31.65
18 223 21.65 18 323 31.08 18 28.4 29.65
21 20.9 22.15 21 30.9 32.16 21 27.6 30.65
13 0 19.6 22.15 23 0 29.7 32.21 3 0 27 30.65
3 19 21.65 3 29.2 31.01 3 26.9 30.15
6 18.7 21.15 6 28.9 30.67 6 27.1 29.65
9 20.1 21.65 9 29.4 31.66 9 28.3 29.15
12 22.7 22.15 12 31.8 32.14 12 29.5 30.65
15 23.7 22.15 15 32.6 32.66 15 30.9 31.15
18 22.1 22.15 18 314 30.08 18 29.5 31.15
21 20.7 22.15 21 30.1 31.16 21 28.3 30.65
14 0 19.7 21.65 24 0 28.4 31.51 4 0 27 30.15
3 18.9 22.15 3 28.7 30.26 3 26.7 30.65
6 18.5 21.65 6 27.8 30.02 6 26.8 28.65
9 19.5 22.15 9 29.1 30.75 9 28.2 29.15
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12 21.6 22.65 12 30.7 31.35 12 30.7 30.65

15 22.7 22.65 15 30.1 31.76 15 31.6 30.65

18 21.9 22.65 18 29.3 31.06 18 30.2 31.15

21 20.9 23.15 21 28.1 30.51 21 28.3 30.15

15 0 19.7 22.15 25 0 27.3 31.89 0 27.7 30.65
3 18.5 21.65 3 27.3 30.64 3 27 30.65

6 19.1 21.15 6 27.7 29.85 6 26.9 30.65

9 20.3 22.15 9 29.5 30.66 9 27.7 30.65

12 222 22.15 12 29.6 31.41 12 29.6 32.15

15 234 22.65 15 29.6 31.58 15 30.3 32.15

18 23.1 22.15 18 28.2 30.98 18 29.2 29.65

21 20 22.65 21 27.1 31.06 21 27.4 30.15

16 0 18.2 21.65 26 0 272 30.56 0 27.8 30.65
3 17.4 21.15 3 27 30.16 3 27.6 31.15

6 17 21.15 6 27.1 29.17 6 27.9 31.15

9 18.5 21.65 9 28.1 30.57 9 29.1 31.15

12 21.6 21.65 12 29.2 31.52 12 30.6 32.15

15 23.1 21.15 15 31.6 31.76 15 29.9 31.15

18 21.8 21.15 18 30.5 31.35 18 29.6 30.65

21 19.8 21.15 21 29.1 30.75 21 27.5 30.15

17 0 19.2 21.15 27 0 28.3 31.19 0 27 31.15
3 18.5 21.15 3 28.1 30.77 3 26.8 30.65

6 18.1 20.65 6 28.3 30.05 6 25.9 30.15

9 19.4 21.65 9 29.4 31.09 9 27.1 30.65

12 223 22.15 12 30.8 31.79 12 29.3 30.65

15 23.8 22.65 15 30.3 32.56 15 29.1 29.65

18 22.8 22.65 18 29.2 31.25 18 28.8 29.65

21 21 22.65 21 28.55 31.1 21 26.8 29.65

18 0 18.8 21.15 28 0 28.5 31.89 0 27.3 30.15
3 18.2 20.65 3 28.2 31.57 3 26.8 30.15

6 18 20.65 6 28.2 30.55 6 26.8 30.15

9 19.2 20.65 9 29.4 31.89 9 27.7 29.65
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12 21.7 21.65 12 30 32.55 12 29.9 30.65

15 22.7 21.65 15 30.1 33.89 15 30.4 32.15

18 21.4 21.65 18 304 32.25 18 29.2 26.65

21 20.1 21.15 21 28.8 32.15 21 28.6 31.15

18 0 19.5 22.15 29 0 27 31.65 9 0 29.5 30.65
3 19.9 22.15 3 26.6 31.15 3 29.2 30.65

6 18.5 22.15 6 26.8 30.15 6 29.7 30.65

9 19.8 22.65 9 28.3 31.65 9 30.8 31.65

12 22.8 22.65 12 31.2 32.15 12 32.7 32.65

15 234 22.65 15 322 32.65 15 333 33.65

18 21.9 22.65 18 304 32.15 18 31.7 32.65

21 19.8 22.65 21 28.9 31.65 21 30.3 32.65

20 0 20.6 22.65 30 0 28.4 31.65 10 0 30 31.15
3 20 22.15 3 28 31.65 3 29.5 31.15

6 18.7 22.15 6 28.4 30.65 6 29.5 31.15

9 19.9 22.65 9 29.7 31.15 9 30.3 32.15

12 224 23.15 12 30.8 32.65 12 32.6 33.15

15 21.8 23.15 15 31.1 32.65 15 339 33.15

18 229 23.65 18 29.9 32.15 18 323 33.15

21 21 23.65 21 28.4 31.65 21 30.9 32.65
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Appendix F: ANNUAL AVERAGE DAILY NORMAL MAXIMUM TEMPERATURE (°C) OF DHAKA

Source: BMD 2016.

Table F.1. Annual Average Daily Normal Maximum Temperature (°C) of Dhaka

Daily Normal Maximum Temperature (°C) of Each Month forDhaka

Months 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31
January 246 | 248 | 245 | 245 | 249 | 248 | 248 | 25.0 | 25.1 | 25.0 | 25.1 | 25.1 | 25.6 | 252 | 254 | 25.5 | 25.1 | 25.1 | 25.1 | 25.1 | 249 | 254 | 254 | 25.7 | 259 | 26.2 | 26.6 | 26.7 | 26.4 | 264 | 26.7
February | 263 | 264 | 26.7 | 26.5 | 26.2 | 26.7 | 26.6 | 269 | 26.8 | 27.3 | 27.7 | 279 | 28.1 | 283 | 284 | 283 | 29.0 | 28.8 | 29.1 | 29.0 | 29.2 | 28.8 | 28.4 | 29.1 | 29.0 | 29.8 | 29.7 | 29.7 | 29.5
March 29.7 1 299 | 30.1 | 30.7 | 31.1 | 31.2 | 31.3 | 31.5 | 31.6 | 32.2 | 32.5 | 32.2 | 322 | 32.0 | 32.6 | 33.0 | 33.6 | 33.8 | 34.0 | 34.1 | 34.1 | 34.1 | 33.5 | 33.6 | 32.7 | 33.6 | 33.4 | 33.5 | 33.8 | 33.3 | 33.7
April 337 | 344 | 344 | 345 | 345 | 344 | 348 | 342 | 33.8 | 343 | 345 | 34.1 | 343 | 343 | 33.7 | 33.1 | 33.5 | 33.6 | 33.5 | 335 | 335 | 33.7 | 33.6 | 33.2 | 334 | 32.7 | 329 | 324 | 32.5 | 328
May 332 | 324 | 32.7 | 33.6 | 33.1 | 32.1 | 32.0 | 32.3 | 334 | 33.0 | 33.0 | 33.0 | 32.8 | 33.2 | 323 | 32.8 | 32.8 | 33.1 | 33.3 | 33.1 | 32.8 | 329 | 33.3 | 33,5 | 32.7 | 32.7 | 323 | 32.3 | 33.0 | 32.8 | 33.1
June 329 | 33.1 | 329 | 32.8 | 32.6 | 33.1 | 32.7 | 32.7 | 32.6 | 32.3 | 323 | 32.7 | 32.5 | 32.2 | 32.0 | 31.5 | 31.5 | 31.6 | 319 | 32.0 | 32.1 | 31.9 | 31.6 | 31.8 | 31.1 | 31.3 | 31.5 | 31.6 | 31.5 | 318
July 315 | 31.8 | 31.7 | 31.7 | 31.5 | 31.6 | 31.2 | 31.5 | 31.5 | 31.6 | 31.0 | 31.3 | 31.8 | 31.7 | 314 | 31.2 | 31.3 | 31.2 | 314 | 31.2 | 31.1 | 309 | 31.1 | 314 | 319 | 31.6 | 31.3 | 31.3 | 31.7 | 31.5 | 31.6
August 31.7 | 31.2 | 31.0 | 31.7 | 31.2 | 31.5 | 31.5 | 31.8 | 31.4 | 31.8 | 31.6 | 32.1 | 31.5 | 31.1 | 31.0 | 3L.5 | 31.9 | 31.8 | 32.1 | 31.8 | 31.9 | 31.3 | 31.7 | 31.6 | 31.6 | 31.9 | 31.9 | 31.7 | 31.8 | 31.7 | 314
September | 31.8 | 31.8 | 31.2 | 31.1 | 31.0 | 31.5 | 32.0 | 324 | 319 | 31.5 | 31.5 | 31.4 | 31.9 | 31.9 | 32.1 | 32.0 | 32.1 | 323 | 32.5 | 32.3 | 324 | 31.7 | 31.8 | 31.7 | 32.1 | 31.5 | 31.5 | 31.5 | 31.5 | 31.7
October 322 | 319 | 324 | 319 | 32.1 | 31.6 | 32.0 | 31.7 | 31.6 | 31.8 | 31.8 | 32.4 | 32.1 | 319 | 31.8 | 32.1 | 32.0 | 31.1 | 31.3 | 31.1 | 31.3 | 31.5 | 31.8 | 31.4 | 31.6 | 31.7 | 31.3 | 31.0 | 30.7 | 29.9 | 304
November | 30.7 | 31.1 | 30.9 | 30.7 | 30.7 | 30.4 | 30.5 | 30.3 | 29.7 | 29.7 | 29.7 | 29.9 | 29.8 | 29.8 | 299 | 29.7 | 29.5 | 29.5 | 29.4 | 293 | 29.3 | 29.1 | 29.1 | 28.7 | 28.6 | 28.7 | 28.6 | 28.0 | 27.8 | 27.7
December | 27.6 | 27.8 | 27.9 | 27.8 | 27.6 | 27.5 | 27.4 | 27.1 | 26.8 | 26.6 | 26.7 | 26.7 | 26.5 | 26.6 | 26.0 | 26.4 | 26.2 | 26.2 | 263 | 26.2 | 26.0 | 26.3 | 26.0 | 26.0 | 26.0 | 255 | 25.7 | 25.1 | 25.0 | 25.2 | 25.2

Hottest Month and Hottest Day
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Appendix G: WWR AND WFRCALCULATIONS USED TO SET WINDOW SIZE FOR
SIMULATION

1. WWR Calculations

WWR: Window-to-Wall Area Ratio = (Total Window Area / Total Exterior Wall Area) X 100
No. of Exterior Wall: 2

Room Size: 3.658m X 4.572m X 3.048m

Area of 4.572m wall: 4.572m X 3.048m = 13.936 sqm

Area of 3.658m wall: 3.658m X 3.048m = 11.148 sqm

Total Exposed (Exterior) Wall area: 25.084 sqm

Cross Ventilated State:
WWR: Window-to-Wall Area Ratio = (Total Window Area / Total Exterior Wall) X 100

Total Window area= WWR X Total Exterior Wall Area
100

Total Window Area= WWR X 25.084 sqm
100

Therefore, Total Window Area= WWR X 0.25 sqm

Single-Sided Ventilation on South Wall:
For 4.572m Wall,

Total Window Area= WWR X Total Exterior Wall area
100

Total Window Area= WWR X 13.936 sqm
100

Therefore, Total Window Area= WWR X 0.14 sqm
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Single-Sided Ventilation on West Wall:

For 3.658m wall,

Total Window Area =

Total Window Area =

Therefore, Total Window Area= WWR X 0.11 sqm

WWR X

Total Exterior Wall area

100

WWR X 11.148 sqm

100

Table G.1.1: WWR Values and Corresponding Window Size used in Simulation in Cross-
Ventilated State (window in south and west wall) for both 10 and 50 ACH

WWR | Total Win. Area Each Win. Area Each Window size | Operable Sash

(Y0) (m*) (m?) (m) Width (m)

5 5x0.25=1.25 1.25/2=10.63 0.63/1.37=0.45 0.45/2=2.23
(0.45x 1.37)x 2

10 10x 0.25=2.50 2.50/2=1.25 1.25/1.37=0.91 0.91/2=0.46
091x1.37)x2

15 15x0.25=3.75 3.75/2=1.87 1.87/1.37=1.36 1.36/2=10.68
(1.36x1.37)x2

20 20 x 0.25=5.00 5.00/2=2.50 2.50/1.37=1.82 1.82/2=0.91
(1.82x1.37)x 2

25 25x0.25=6.25 6.25/2=3.13 3.13/1.37=2.28 228/2=1.14
(2.28x1.37)x2

30 30x 0.25="7.50 7.50/2=3.75 3.75/1.37=2.74 2.74/2=1.37
(2.74x 1.37)x 2

35 35x0.25=8.75 8.75/2=438 4.38/1.37=3.20 3.20/2=1.60
(3.20x 1.37)x 2

40 40 x 0.25=10.00 10.03=5.71+4.32 | 4.16x 1.37=5.70 4.16/2=2.08
(for 4.57m wall) (for 4.57m wall)
(3.15x1.37=432 |3.15/2=1.57
(for 3.65m wall) (for 3.65m wall)
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Table G.1.2: WWR Values and Corresponding Window Size used in Simulation in Single-

sided Ventilated State (window on 4.57m long south wall) for both 10 and 50 ACH

WWR (%) | Win. Area (m*) | Window Size (m) Operable Sash Width (m)

5 5x0.14=0.70 0.70/1.37=0.51 0.51/2=0.26
(0.51x 1.37)

10 10x0.14=140 |140/137=1.02 1.02/2=0.51
(1.02x 1.37)

15 15x0.14=2.10 |2.10/1.37=1.53 1.53/2=0.76
(1.53x 1.37)

20 20x0.14=2.80 |2.80/1.37=2.04 2.04/2=1.02
(2.04x 1.37)

25 25x%x0.14=3.50 |3.50/1.37=2.55 2.55/2=1.27
(2.55x1.37)

30 30x0.14=420 |4.20/1.37=3.06 3.06/2=1.53
(3.06x1.37)

35 35x0.14=490 |490/137=3.57 3.57/2=1.78
(3.57x 1.37)

40 40x0.14=5.60 |5.60/1.37=4.08 4.08/2=2.04
(4.08 x 1.37)

Table G.1.3: WWR Values and Corresponding Window Size used in Simulation in Single-
sided Ventilated State (window on 3.66m long west wall) for both 10 and 50 ACH

WWR (%) Win. Area (m?) | Window Size (m) Operable Sash Width (m)

5 5x0.11=0.55 0.55/1.37=0.40 0.40/2=10.20
0.40x 1.37

10 10x0.11=1.10 1.10/1.37=0.81 0.81/2=10.40
0.81x 1.37

15 15x0.11=1.65 1.65/1.37=1.20 1.20/2 =0.60
1.20x 1.37

20 20x0.11=2.20 2.20/1.37=1.60 1.60/2=10.80
1.60 x 1.37

25 25x0.11=2.75 2.75/1.37=2.01 2.01/2=1.00
2.01 x 1.37

30 30x0.11=3.30 3.30/1.37=241 241/2=1.20
2.41 x 1.37

35 35x0.11=3.85 | 3.85/1.37=2.81 2.81/2=1.40
2.81x1.37

40 40x 0.11=4.40 4.40/1.37=3.21 3.21/2=1.60
3.21x 1.37
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2. WFR Calculations

WWR: Window-to-Floor Area Ratio = (Total Window Area / Total Floor Area) X 100

Room Size: 3.658m X 4.572m

Total Floor Area: 3.658m X 4.572m = 16.723 sqm

Cross Ventilated State:

WWR: Window-to-Floor Area Ratio = (Total Window Area / Total Floor Area) X 100

Total Window Area= WWR X Total Room Area
100

Total Window Area= WWR X 16.723 sqm
100

Therefore, Total Window Area= WWR X 0.167 sqm

Single-Sided Ventilation on South Wall:
For 4.572m Wall,

Total Window Area= WWR X Total Room Area
100

Total Window Area= WWR X 13.936 sqm
100

Therefore, Total Window Area= WWR X 0.139 sqm

Single-Sided Ventilation on West Wall:
For 3.658m Wall,

Total Window Area= WWR X Total Room Area
100

Total Window Area= WWR X 11.148 sqm
100

Therefore, Total Window Area= WWR X 0.111 sqm
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Table G.2.1: WFR Values and Corresponding Window Size used in Simulation in Cross-
Ventilated State (window on south and west wall) for both 10 and 50 ACH

WEFR (%) | Total Win. Area | Each Win. Area | Each Window size | Operable Sash
(m?) (m?) (m) Width (m)

5 5x0.17=0.85 0.85/2=0.42 0.42/1.37=0.31 031/2=0.15
(031 x1.37)x2

10 10x0.17=1.70 1.70 /2 =0.85 0.85 /1.37=0.62 0.62/2=0.31
(0.62x1.37)x2

15 15x0.17=2.55 2.55/2=1.27 1.27 /1.37=0.93 0.93/2=0.46
(093x1.37)x2

20 20x0.17=3.40 340/2=1.70 1.70/1.37=1.24 1.24/2=10.62
(1.24x1.37)x2

25 25x0.17=4.25 425/2=2.12 2.12/1.37=1.55 1.55/2=0.77
(1.55x1.37)x2

30 30x0.17=5.10 5.10/2=2.55 2.55/1.37=1.86 1.86/2=10.93
(1.86x1.37)x2

35 35x0.17=5095 5.95/2=2.97 297/137=2.17 2.17/2=1.08
217x1.37)x2

40 40x 0.17=6.80 6.80/2=3.40 3.40/1.37=2.48 248/2=1.24
(2.48x1.37)x2

45 45x0.17=17.65 7.65/2=3.82 3.82/1.37=2.79 2.79/2=1.39
(2.79x1.37)x2

50 50x0.17=28.50 8.50/2=4.25 4.25 /1.37=3.10 3.10/2=1.55
(3.10x 1.37)x 2

55 55x0.17=9.35 474 +4.61= 4.74m*/ 1.37 = 344/2=1.72

9.35 3.46 (for 4.57m wall)

(for 4.57m wall) 3.36/2=1.68
4.61m*/1.37 = (for 3.66m wall)
3.36

(for 12° wall)
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Table G.2.2: WFR Values and Corresponding Window Size used in Simulation in Single-
sided Ventilated State (window on 4.57m long south wall) for both 10 and 50 ACH

WWR (%) | Win. Area (m?) Window size (m) Operable Sash Width (m)

5 5x0.17=0.85 0.85/1.37=0.62 0.62/2=0.31
0.62 x 1.37

10 10x0.17=1.70 1.70/ 1.37=1.24 1.24/2=10.62
1.24 x 1.37

15 15x0.17=2.55 2.55/137=1.86 1.86/2=10.93
1.86 x 1.37

20 20x0.17=3.40 340/1.37=2.48 248/2=1.24
248 x 1.37

25 25x0.17=4.25 4.25/1.37=3.10 3.10/2=1.55
3.10x 1.37

30 30x0.17=5.10 5.10/1.37=3.72 3.72/2=1.86
3.72x 1.37

34.4 344x0.17=5.84 | 584/137=4.26 426/2=2.13
4.26x 1.37

Table G.2.3: WFR Values and Corresponding Window Size used in Simulation in Single-
sided Ventilated State (window on 3.66m long west wall) for both 10 and 50 ach

WWR (%) | Win. Area (m?) | Window size (m) Operable Sash Width (m)

5 5x0.17=0.85 0.85/1.37=0.62 0.62/2=0.31
0.62 x 1.37

10 10x0.17=1.70 | 1.70/1.37=1.24 1.24/2=0.62
1.24x 1.37

15 15x0.17=255 |2.55/137=1.86 1.86/2=10.93
1.86 x 1.37

20 20x0.17=3.40 |3.40/1.37=248 248/2=1.24
248 x 1.37

25 25x0.17=4.25 |4.25/1.37=3.10 3.10/2=1.55
3.10x 1.37
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Appendix H: REVIEW ON ECOTECT

H.1. Introduction

Ecotect analysis is compatible with BIM (Building Information Management) software, such as Autodesk
Revit Architecture, and is used to perform comprehensive preliminary building energy performance
analysis (Wang et al., 2011). It integrates a relatively simple and intuitive 3D modelling interface with a
range of analysis functions. These comprise thermal, lighting and acoustic analyses, including
overshadowing and solar reflection; sun penetration and shading device design; solar access and
photovoltaic/heat collection; hourly thermal comfort and monthly space loads; natural and artificial lighting
levels; acoustic reflections and reverberation times; project cost and environmental impact. (Crawley et al.,
2008; Marsh, 2006). Various studies have demonstrated that Ecotect simulations are highly accurate

(Abudallah et al., 2013; Attia and Herde, 2011; Vangimalla et al., 2011; Ibarra and Reinhart, 2009).

The most significant feature of ECOTECT is its interactive approach to performance analysis. In the
modelling phase, Ecotect approaches building spaces into separate zones according to their location,
orientation, dimension and functions - of which surfaces are planar and single layered - as closed zones
bounded by floors, walls, ceilings or roofs without any restrictions of surface area, containing prismatic
homogeneous air distribution aiming at particularly at heat loss and gain and thermal comfort analysis. Each
thermal zone can be modelled separately. However, the zones which have similar heat flux might be united
and accepted as a combined zone. Thermal zones characteristics of existing building are defined by interior
conditions, such as lighting, equipment load, the number of users, thermostat set points and comfort limits
and fabric elements of flooring, walls and openings. In addition, some parameters of volume configuration,
users’ activities related to spaces, dimensions, and orientation of building, can also be specified (Neslihan

et al, 2013).

In addition to standard graph and table-based reports, analysis results can be mapped over building surfaces
or displayed directly within the spaces. This includes visualization of volumetric and spatial analysis results,
including imported 3D CFD data. Real-time animation features are provided along with interactive acoustic

and solar ray tracing that updates in real time with changes to building geometry and material properties.

H.2. Research based on Autodesk Ecotect Analysis

Autodesk Ecotect Simulation is used in a varying range of parametric research. The major types of analysis

used in research, include whole-building energy consumption, thermal performance (thermal, ventilation
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and wind flow analysis), resource and material cost evaluation, solar radiation and daylighting estimation,

and shadows and reflections pattern. Some studies are mentioned below:

In a research to investigate the impact of orientation and dimensional specifications of window on building
energy consumption, Kheiri (2013) used Ecotect to model and simulate all the variations. The result showed
that 20-32% WWR, for total exterior walls, is an efficient ratio for reducing HVAC and lighting systems

loads.

In a study of the evaluation of passive cooling strategies on indoor thermal performance of office space, the
modelling and simulating of the existing office building was done using Ecotect, to evaluate the indoor
operative temperature and indoor comfort condition of the office space. A parametric study, using the same
software, was conducted to investigate indoor thermal condition in response to the passive cooling

strategies, changing wall material and allowing night cooling (Bakar, 2013).

Madhumathi et al. (2014) studied the thermal comfort conditions inside vernacular rural house by
simulating different thermal conditions, using Autodesk Ecotect Analysis. On-site measurements were used
to validate the building simulation results and to draw inferences about the thermal behavior of dwelling

units.

A thermal performance analysis, using ECOTECT 2011, simulation software was carried out to identify
and understand the passive solar techniques adopted in the vernacular residences of Thanjavur region, India.
The result contributed to the possibility of decreasing the dependence on fossil energy as much as possible

to attain sustainability (Dhanasekaran and Jayasudha, 2014).

In the study of assessment of HVAC load for tall office building of Dhaka (Trisha, 2015), Ecotect along
with raytrace based Radiance was used to evaluate luminous and thermal performance of shading devices.
The result revealed that the performance of aluminum louvers cornice type sunshade in south, is

significantly superior to other tested shading device in this orientation.

ECOTECT was used in an analysis of thermal environment of existing residential building. Five different
modifications on the building fagade were done with the same software to analyze the thermal environment
of each case, which include in-depth analysis of energy consumption, temperature distribution throughout
the building and thermal comfort circumstances, to provide the basis of design guidelines for existing

residential buildings energy-saving Scheme (Suxian and Bo, 2016).

In a study of energy consumption for thermal comfort with respect to residential buildings’ plan layout of
Dhaka, Tariq (2016) used WinAir, a plugin of Ecotect, to compare the wind flow patterns through different

selected plan layouts.

169



H.3. Limitations of Autodesk Ecotect

Thermal performance analysis in Autodesk Ecotect is based on the Chartered Institution of Building
Services Engineers (CIBSE) admittance method (Autodesk, 12015). Autodesk Ecotect uses this method to
calculate internal temperatures and heat loads, using idealized (sinusoidal) weather and thermal response
factors (admittance, decrement factor and surface factor) that are based on a 24-hour frequency. The
admittance method was originally intended to calculate peak internal temperatures in buildings to ensure

that it would not become uncomfortably hot during sunny periods (Beattie and Ward, 2012).

Admittance method is a pseudo-dynamic method based on variation about the mean value. It has the
disadvantage of not taking in consideration the effect of solar radiation when it enters the space. Autodesk
Ecotect’s thermal simulation results, thus are not fully representative of reality, although this perhaps, is
not an issue in case of parametric studies investigating the relative effectiveness of design options (Gado

and Mohamed, 2014).
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Appendix I: SPECIFICATIONS OF THE DATA LOGGER USED

The data logger used to record the indoor air temperature inside the room is known as iButton. The
iButton® device is a computer chip, enclosed in a 16mm thick stainless steel can. Information can be
carried anywhere without hampering the logged data, as the data logger is enclosed closely inside a
water-resistant container and can withstand harsh environments, indoors or outdoors. It has all the
features of a larger temperature data logger, with a lifetime of 5-7 years. The data logging intervals may
be set from 1 second to 4.5 hours, while the device can store up to 2,048 logs at empty state. Its readings
are accurate to £1 °C between -40 to + 70 °C. The OneWireViewer is a Java" demonstration application
for exploring iButton features from PC. It can be used to store temperature and humidity data, analog-
to-digital conversion, and has memory features. The numerical outputs can be exported to excel sheet

or can be obtained as graphs (Fig 4.11) (www.maximintegrated.com).

Fig. L.1: iButton Data Logger  Fig,. I. 2: iButton Data Logger Holder Fig. 1.3: USB Adapter for Data Conversion
Source: www.maximintegrated.com

Fig. 1.4: Typical Log Graph for Tracked Temperature
Source: www.maximintegrated.com
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Appendix J: THREE-DIMENSIONAL VISUALIZATIONS OF THE CFD PLOTS FROM
NORTH-WEST CORNER
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Fig. J.1: 3d View of 5% WWR
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Fig. J.2: 3d View of 10% WWR
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Fig. J.3: 3d View of 15% WWR
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Fig. J.4: 3d View of 20% WWR
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Fig. J.5: 3d View of 25% WWR

F-
—
L=

o
3 (=1

o

=
=
(=3

Fig. J.6: 3d View of 30% WWR
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Fig. J.7: 3d View of 35% WWR
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Fig. J.8: 3d View of 40% WWR
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