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Abstract 
 
 
 

Currently, the number of high-rise apartments in Indonesia is increasing and it is projected 
to be further increasing in the future. As the increasing of high-rise apartments, the energy 
consumption particularly electricity consumption will be further increasing. The aims of this 
doctoral thesis are to gather all the fundamental data and information regarding current 
conditions of existing apartments in Indonesia particularly in the middle-class high-rise 
apartment and to propose the comprehensive cooling techniques for middle-class high-rise 
apartments in Indonesia towards energy-saving guidelines. The significance of this research 
also presented in this chapter. 

The review in Chapter 2 particularly focused on the development of passive cooling 
techniques for the high-rise apartments building in hot-humid climatic regions. As reviewed, 
there are few studies of passive cooling strategies in apartments in the tropics except for 
Singapore. Moreover, proper guidelines or regulations and practices of energy-saving 
apartments particularly through passive cooling strategies are still lack. The existing standards 
for energy-saving on buildings that rely on the single value of OTTV (for building envelope) 
alone are not enough in the case of hot-humid climatic regions since ventilation requirements 
are crucial and important aspect in determining thermal comfort. 

Chapter 3 explained the current condition of existing apartments in Indonesia, particularly 
in the middle-class high-rise apartment. Three types of apartments were selected for in depth 
field experiments, they are: old public apartment, new public apartment and private apartment. 
Results of field measurements revealed that under unoccupied condition, old public apartment 
had better indoor thermal environment compared to two other apartment types. Newly 
constructed middle-class high-rise apartment are designed on the premise of using air-
conditioning. Based on the generalization through computer simulation, it is concluded that it 
is difficult to achieve thermal comfort without relying on air-conditioning particularly in the 
middle-class high-rise apartment. Under occupied condition, nocturnal indoor air temperature 
in the public apartments were higher than that of under unoccupied condition, and even higher 
than the daytime indoor air temperature under same condition (i.e. unoccupied condition). By 
using multiple regression analysis, it is found that factors influencing indoor air temperature 
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in occupied units were physical variables (such as orientation, floor level and window to wall 
ratio) at the daytime and windows/doors opening behavior at the night-time. Current problems 
particularly in the middle-class high-rise apartments are the absence of shading devices, lower 
ventilation rate due to single-side ventilation and uninsulated external wall. Furthermore, 
potential passive cooling techniques for the middle-class high-rise apartments are proper 
building orientation, proper shading devices and proper design of thermal buffer zones (such 
as balcony and corridor spaces).  

Chapter 4 explained the some key findings extracted from the field investigation on the one 
of the vernacular buildings in Indonesia, Dutch colonial buildings. Three Dutch colonial 
buildings were selected in this study after carefully selecting from hundreds lists of Dutch 
colonial buildings in Bandung. It is found that daytime indoor air temperatures in Dutch 
colonial buildings maintained lower than the corresponding outdoors. Indoor thermal comfort 
evaluation showed that operative temperature exceeded the 80% upper comfortable limit 
during the daytime. However, thermal comfort in those rooms was improved by increased 
wind speeds. Thermal comfort survey revealed that as the wind sensation increases due to 
stronger winds, occupants tend to feel cooler. Passive cooling strategies found in the Dutch 
colonial buildings are thermal mass, natural ventilation, corridor spaces, high ceiling and 
permanent openings above windows/doors. Corridor spaces played important roles as thermal 
buffer zone and shading device as well as encourage cross ventilation for improving wind 
speed. Meanwhile, high ceiling (5.3-5.7m) contributed in maintaining indoor air temperatures 
at occupied level (1.1m) at lower values even when windows/doors were open during the 
daytime. 

Chapter 5 discussed the results of a numerical simulation study and proposal of passive 
cooling attempted guidelines for high-rise apartments. One of the field experiment apartment 
buildings, i.e. middle-class high-rise apartments, was modelled using the TRNSYS-COMIS 
and Computational Fluid Dynamics (CFD) STREAM programs. The main objectives of these 
simulations are to obtain the combination of some parameters including ventilation strategies 
in structural cooling (i.e. night ventilation) and comfort ventilation (i.e. full-day ventilation). 
Parametric study under night ventilation and full-day conditions were carried out by varying 
thermal mass, ceiling height, window positions and ratio of openings area to the total floor 
area. The results showed that that daytime indoor air temperature would be reduced if thermal 
mass increased (i.e. 2,000 kg/m²). However, increasing thermal mass caused nocturnal indoor 
air temperature increasing as well. This increasing could be overcome by increasing ratio of 
opening area to floor area, in order to allow cool air enter the indoor space from the outdoor. 
Nevertheless, the window position should be further considered to reduce more indoor air 
temperature. Upper and lower window position significantly cooled the building structures (i.e. 
walls, floor and ceiling) and effectively reduced indoor air temperature even during the 
daytime. Although changing window position would not significantly affect the indoor air 
temperature, but it reduce indoor wind speed by more than half compared to the previous cases. 
This is important since some standards such as ASHRAE-55 allowed maximum indoor air 
velocity not exceeded to 1.2 m/s. Furthermore, ceiling height should be considered to optimize 
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the indoor air temperature. From the simulation results, the optimum result was obtained when 
the applying thermal mass of 2,000 kg/m², ratio of opening area to floor area of 0.15, ceiling 
height of 5.0m, and upper/lower windows at back-side while maintaining central window at 
windward side (front-side).  

Under full-day ventilation condition, simulation results showed that indoor air temperature 
at daytime are not significantly different amongst all cases. Instead, applying all parameters 
affected the nocturnal indoor air temperature. However, these effects were diminished due to 
the air infiltration during the daytime. Meanwhile, the significant results was found in wind 
speed profiles particularly when upper and lower windows are applied. It reduced more than 
half of wind speed compared to that when central windows are applied. It is obtained that the 
unit employing central windows and increasing window opening ratio to floor area 
significantly increased wind speed, and therefore lowered the SET* values. Hence, it is found 
that the unit with ratio of opening area to floor area of 0.10 and employing central windows at 
the both sides enjoyed lower SET* values and larger distribution area of these values during 
the peak hours regardless ceiling height. Furthermore, the cooling load in air-conditioned room 
(master bedroom) reduced almost half from the base model (around 43.9%) by applying the 
combined techniques, i.e. internal insulation and ceiling height of 2.2m. It should be noticed 
that the unit is facing North/South and the master bedroom applied daytime ventilation while 
living room applied night ventilation. Moreover, air-conditioning unit is turned on in the night-
time only 

Chapter 6 discussed recommendation of proposal for design guidelines of energy saving in 
the middle-class high-rise apartment.  For final conclusions, Chapter 7 summarized the main 
findings of this study and recommended key areas for further studies based on the limitations 
of this thesis. 
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Introduction 
 
 
 

Currently, there is little need to justify the drive to minimize the use of energy in our daily 
life. Global warming and climate change have become main issues in our society, in addition 
to the scarcity of energy resources due to the increase in energy consumption and the depletion 
of energy production. In face of the above issues, the excessive use of energy from fossil fuels 
becomes a main concern. Motivation may now have moved from reducing costs and saving 
scarce resources towards minimizing carbon dioxide emissions. There are at least three 
pathways to reduce energy consumption: lower the demand and use less energy, more efficient 
use of energy and substitute fossil fuels with renewable energy sources. This thesis takes the 
first pathway as a fundamental approach towards energy-saving in buildings, focusing on 
cooling strategies to achieve indoor comfort needs. 

1.1 Backgrounds 

Nowadays, worldwide energy consumption increased rapidly as reported by BP (2017), 
and it is projected that world energy consumption would rise by 28% between 2015 and 2040 
(EIA, 2016). Today, buildings are responsible for more than 40% of global energy 
consumption, and as much as one third of global greenhouse gas emissions, both in developed 
and developing countries (UNEP, 2009). Energy use in buildings is projected to increase by 
32% between 2015 and 2040 while electricity use grows 2% annually by 2040 as shown in 
Figure 1.1 (EIA, 2016).  

Buildings are known as major energy consumers. Their operational energy is commonly 
supplied in the form of electricity which is generated from fossil fuels. IPCC (2014) reported 
that greenhouse gas (GHG) emissions from the building sector have more than doubled since 
1970 to reach 9.18 GtCO2-eq in 2010, representing 19% of all global 2010 GHG emissions. 
Most of GHG emissions (6.02 Gt) are indirect CO2 emissions from electricity use in buildings, 
and these emissions have shown dynamic growth in contrast to direct emissions, which have 
roughly stagnated over the last four decades. Furthermore, around 32-34% of the global final 
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energy consumption in both residential and commercial buildings were used for room air-
conditioning (i.e. space heating and cooling). IPCC (2014) also estimated that heating and 
cooling energy use in residential and commercial buildings will grow by 79% and 83%, 
respectively, over the period 2010-2050. In residential buildings, both the growing number of 
households and the floor area per household tend to increase energy consumption. However, 
the building sector has the largest potential in reducing greenhouse gas emissions compared to 
the other major emitting sectors (UNEP, 2009).  

Due to the vulnerability of land and living to the impacts of climate change, the Paris 
Agreement proposed to keep the increase in global average temperature below 2°C above pre-
industrial levels and to pursue efforts to limit the temperature increase by 1.5°C above pre-
industrial levels after 2020. This agreement implies that reduction of CO2 emissions is 
necessary to achieve the above targets. Therefore, some mitigation strategies across sectors, 
particularly in the sectors that heavily depend on fossil fuel are necessary. 

1.1.1 Development of middle class and apartments in Indonesia 

Indonesia is the fourth most populous nation with more than 250 million people in 2014. It 
is projected that Indonesian population will reach more than 305 million people in 2035, with 
around 78% of them will concentrate in the Java island. The percentage of people living in 
urban areas is predicted to increase from about 49.8% in 2010 to 66.6% in 2035 (McDonald, 
2014; Bappenas et al., 2014). In addition, Indonesia has been experiencing high economic 
growth in recent years with the relatively stable growth rates of around 6.1-6.5% (The World 
Bank, 2012). The nationwide per capita income increased more than five times from around 
USD 600 in 2000 to around USD 3,500 in 2013, and it is projected to see higher economic 
growth in the future (IMF, 2014). Indonesia also aims to earn its place as one of the world’s 
developed countries by 2025 with expected per capita income of USD 14,250-15,500, and will 
further increase to USD 44,500-49,000 by 2045 (Coordinating Ministry for Economic Affairs, 
2011). The increase in both population and economic growth in Indonesia bring the 
consequences to the rise of middle-class in Indonesia. As the World Bank defines, the 

 
Figure 1.1. Global energy consumption in building sectors, including residential and commercial 

buildings (EIA, 2016)  
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Government of Indonesia also defines the middle-class people as those who have daily 
expenditures between US$ 2 and US$ 20. In particular, for the ownership of subsidized 
middle-class high-rise apartments, a monthly income-based definition is used by the 
government. In this case, middle-class people is defined as those who earn monthly income 
from IDR 4,500,000 to 7,000,000 (or around USD 350-540) (Ministry of Finance, 2015). 
Meanwhile, lower class and lower middle class are defined as those who have monthly income 
of up to IDR 2,500,000 (or USD 190) and from IDR 2,500,000 to 4,500,000 (or USD 190-
350), respectively (Ministry of Public Works, 2007). Figure 1.2 shows that Indonesian middle-
class population (defined by daily expenditure) increased more than doubled over the ten years 
from 1999 to 2010 (ADB, 2010; The World Bank, 2011), and it is predicted that the emerging 
middle class will reach up to 141 million people and 16.5 million people will be affluent by 
2020 (Rostogi et al., 2013). Based on the continued strong growth and current distribution 
patterns, more people will enter the upper segments of the middle income over the next few 
decades (The World Bank, 2011). 

The rise of middle class is likely to make significant impacts on the structure of the 
economy, particularly in terms of demands of consumers towards durable and luxurious items 
such as houses. Due to the rise of middle-class in Indonesia, it is expected that the housing 

 
Figure 1.2. Development of middle class in Indonesia from 1999 to 2010 (the World Bank, 2010; 

ADB, 2011)  
 

 
Figure 1.3. Development of private apartment in Surabaya (Arethusa, 2014) 
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demand including those for apartments will continuously increase. Since 2003, the central 
government of Indonesia initiated urban redevelopment program and provided rented 
apartments for low-middle and middle-middle income people. This type of apartments 
gradually increased since the central government allocate budget to develop this kinds of 
apartments by around 250 towers (with 94-108 units/tower) annually (Ministry of Public 
Works, 2012). In 2007, the national government of Indonesia launched the so-called “1,000 
towers program” to stimulate and accelerate the development of apartments for the middle-
class. Since that, the number of newly emerging middle-class apartments particularly so-called 
Rusunami dramatically increased (Figure 1.3). Since most of the major cities in Indonesia are 
already densely populated, the demand for apartments is expected to increase in the future. 

1.1.2 Energy consumption and CO2 emissions in Indonesia 

Indonesia currently is facing problem of rapid depletion in energy resources particularly oil 
and gas, while at the same time, energy consumption rapidly increased. Final energy 
consumption has been drastically increasing due to the rapid industrialization and urbanization. 
As shown in Figure 1.4, the industrial sector dominated final energy consumption in Indonesia 
in 2009, followed by transportation and residential sectors. In particular, the residential sector 
shows steady increase. In a depth review on the situation of energy in Indonesia has been 
discussed by Hasan et al. (2012a), Gunningham (2013) and Mujiyanto and Tiess (2013). While 
energy consumption increased, CO2 and other greenhouse gas emissions showed similar 
patterns in Indonesia. Hasan et al. (2012b) calculated total emissions from power plants in 
Indonesia, and the results implied a rapid increase. Over the past 23 years, the average annual 
growth rate of emissions from power plants was 7.6% for CO2, 10.1% for NOx, 4.4% for SO2 
and 6.4% for CO. Meanwhile, in other report, residential sector shared 2.2% of total emissions 
from fuel combustion, or equal to 16.73 MtCO2 (IEA, 2012). 

As the number of middle class increases, the electricity consumption in Indonesia is 
predicted to increase further. By 2012, the households sector consumed electricity by around 
41% of total nationwide consumption and it has been increasing with time (Ministry of Energy, 

 
Figure 1.4. Final energy consumption by sector In Indonesia from 1990 to 2009 (Ministry of 

Energy and Mineral Resources, 2010)  
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2014). In the tropical regions such as Indonesia, the cooling demand was found to have a 
significant contibution to the household energy consumption especially when air-conditioning 
is used (Surahman and Kubota, 2012). The energy consumption for cooling in households is 
reported relatively larger compared to those for other needs (Wijaya and Tezuka, 2013). 
However, the studies of electricity consumption for cooling in apartments in Indonesia are still 
rarely found. As a comparison, it is reported that the electricity consumption in apartments in 
subtropical Hong Kong during the hot summer months was about twice as much as during 
other seasons, mainly due to the demand for cooling (Lam, 2000), and it is said to be almost 
three times larger than those in other study (Yao, 2012). Indoor thermal environment 
significantly affects the energy consumption for thermal comfort and HVAC systems.  

1.2 Problem statement and research scope 

As previously discussed, one of the pathways in reducing energy consumption without 
sacrificing thermal comfort need is applying some cooling strategies to the buildings. Based 
on the review, it has been reported that the thermal comfort range in the tropics can be altered 
particularly under the naturally ventilated conditions. Recent studies showed that through 
thermal adaptations, comfort temperature can vary with changing outdoor conditions, thus 
reducing indoor-outdoor temperature differences and required cooling loads of buildings (de 
Dear and Brager, 2002; Nicol et al., 2012). Nonetheless, studies that attempt to improve 
thermal performance of apartments particularly in hot and humid climates remain few and 
fragmented. Some researches on cooling strategies mainly focused on the design of building 
envelope alone such as U-values, orientation, WWR, insulation, etc. (see Liping et al., 2007, 
Mirrahimi et al., 2016, Yildiz and Arsan, 2011, Wong and Li, 2007 and Liping and Wong, 
2007) while other studies focused on the ventilation strategies only (see Liping and Wong, 
2007; Nguyen and Reiter, 2012 and Prajongsan and Sharples, 2012). The former was mostly 
conducted in the air-conditioned buildings where the air change rates were controlled as 
minimum as possible to reduce the cooling load while the latter was undertaken in the naturally 
ventilated apartments where wind speed and air change rate were essential for the design (see 
Table 2.2). Yet, the studies combining the above two aspects can still be hardly found. 

Meanwhile, the existing energy-saving standards for buildings mainly focus on the 
reduction of heat entering the indoor spaces through the building envelopes. In European 
countries as well as North American countries, energy-saving performance is evaluated using 
U-value for each part or whole of building envelopes. Meanwhile, heat transfer coefficient 
values for each part of building envelope are used as the energy efficiency requirements for 
residential buildings in Japan (IEA, 2008). As such, energy saving requirements for the 
building in the tropics to date solely depend on the single parameter such as OTTV (Overall 
Thermal Transfer Values), as can be found in Singapore and Indonesia (BCA, 2004; BSN, 
2011). This requirement is highly associated with the insulation performance whereas the 
ventilation strategies are rather difficult to be included in the standards.  

Indonesia is currently the Southeast Asia’s largest economy and ranks among the most 
advanced of the developing countries. As previously described, more than half of the 
population will live in the urban areas in the future. As reported by Ministry of Public Works 
(2012), housing backlog is now becoming a main problem in addition to providing good living 
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space for the population. Housing programs initiated by the government including 1,000 tower 
program are expected to fill out this gap. Hence, the increase in greenhouse gasses needs to be 
addressed as a consequence of the increase in housing. 

Indonesia has ratified Paris Agreement in October 2016. By ratifying this agreement, 
Indonesia has committed to reduce the emissions by 29% under the business as usual scenario 
by 2030 and up to 41% with the international supports. Indonesia targets to reduce greenhouse 
gas emissions from energy sector by around 11%-14% from the baseline scenario by 2030. As 
one of the biggest energy consumers as well as the highest contributors in greenhouse gas 
emissions, the building sector has the largest potential in reducing emissions in Indonesia. 
Nevertheless, although the Indonesian government particularly increases the provision of 
high-rise apartments to accommodate the growing number of middle class, the current design 
guidelines for apartments in Indonesia don’t include the aspects of energy-saving. The building 
regulations for apartments to date still don’t specify any requirements for achieving indoor 
thermal comfort, except for requiring natural ventilation openings to be at least 5% of the net 
floor area in each room (Ministry of Public Works, 2012; BSN, 2001). In addition, some 
standards regarding energy conservation in Indonesia were adopted from the European or 
Western standards which are designed for subtropical or temperate regions without considering 
the local hot and humid conditions. These standards rely fully on the requirements of the 
building envelope performance represented by a single value such as OTTV (Overall Thermal 
Transfer Value).  

In response to the above research gap, this study attempts to propose cooling strategies for 
high-rise apartments in the hot-humid climate of Indonesia by combining envelope strategies 
and ventilation strategies. As such, this study examines cooling strategies comprehensively in 
three-dimensional perspective. Furthermore, the cooling strategies target not only naturally 
ventilated rooms but also air-conditioned rooms in high-rise apartments. 

This work is a fundamental study to accumulate the basic information and data that can be 
useful in developing the above-mentioned cooling strategies for the high-rise apartments in 
Indonesia. First, this study aims to understand indoor thermal environments and thermal 
comfort of the existing apartments in major cities of Indonesia, focusing especially on the 
middle-class high-rise apartments, the so-called Rusunami. Second, this study investigates the 
passive cooling techniques embedded in the Dutch colonial buildings located in the city of 
Bandung with the aim of applying these traditional techniques to the modern houses. Third, 
the effects of cooling techniques on indoor thermal comfort as well as cooling load reduction 
in high-rise apartments are analyzed comprehensively through a series of parametric studies 
using numerical simulations. Fourth, the design guidelines for high-rise apartments towards 
energy-saving are proposed based on the results of the field measurements and simulations. 
This research was conducted as part of the joint research project between the research group 
for Building and Urban Environmental Science in Asia (BUESA) at Hiroshima University and 
Research Institute for Human Settlements/Pusat Penelitian dan Pengembangan Permukiman 
(Puskim), Ministry of Public Works and Housing of Indonesia. The ultimate goal of this 
project is to construct an experimental house, i.e. apartments, for full-scale experiments, and 
to propose new energy-saving guidelines for the high-rise apartments, i.e. Rusunami, as a 
national standard of Indonesia. 
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1.3 Research objectives 

The main objective of this thesis is to provide fundamental and comprehensive data and 
information on newly constructed high-rise apartments, Rusunami, in Indonesia, which are 
useful in developing new energy-saving guidelines and standards for these apartments. As 
described before, these subsidized high-rise apartments have constructed especially from 2007 
in order to accommodate the growing number of middle class in Indonesia. Because these 
apartments are still new in Indonesia, their indoor thermal conditions as well as thermal 
comfort are not yet studied in detail. The specific objectives are as follows: 

1. To understand the existing situation and current problems of the existing apartments 
through investigation of detailed indoor thermal environments in the three types of 
apartments in Surabaya, Indonesia; to investigate the effects of ventilative cooling on 
indoor thermal environments of apartment units under unoccupied condition; and to 
investigate factors influencing indoor thermal environments under occupied condition. 
Primary data are collected through field experiments and questionnaire surveys while 
computer simulation is used to further investigate the effects of several cooling techniques. 

2. To evaluate indoor thermal environments of vernacular houses, i.e. Dutch colonial 
buildings, and to find out their cooling techniques that are worthwhile of applying to the 
modern high-rise apartments. Vernacular houses adapted to the hot and humid local 
climates for a long time without relying on mechanical cooling techniques. It is, therefore, 
logical to make scientific references to past local vernacular buildings for designing energy-
saving techniques for modern houses. Several field measurements were conducted in Dutch 
colonial buildings located in the city of Bandung. 

3. To examine the effects of the selected cooling techniques on indoor thermal environments 
of the high-rise apartments through parametric studies using numerical simulations. The 
three-dimensional perspective of cooling techniques, comprising natural ventilation, 
envelope techniques and building volume, is considered in this simulation. Both multi-zone 
thermal simulation (TRNSYS-COMIS) and Computational Fluid Dynamic (CFD) 
STREAM are used to assess the cooling load and indoor thermal conditions, respectively. 

4. To evaluate the cooling potential of the different combinations of cooling techniques and 
to propose cooling strategies for the high-rise apartments of Indonesia.  

1.4 Significance of the research 

1. As previously described, the number of newly emerging high-rise apartments, Rusunami, 
has been rapidly increasing in Indonesia over the last several years (since 2007). To date, 
the current conditions of indoor thermal environment in these apartments have not yet 
been revealed: this study is probably the first attempt. The comprehensive data on these 
apartments that will be provided by this study would be a fundamental and useful 
information in developing design guidelines towards energy-saving and low-carbon 
societies in Indonesia. 
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2. Indonesia is a quite diverse country in terms of social and cultural aspects, and therefore 
there are very rich variations in vernacular architecture as well, ranging from well-
ventilated wooden traditional houses with raised floor to brick colonial architecture. This 
study focuses especially on the Dutch colonial buildings because of similarities of building 
materials and building size with those of the modern high-rise apartments. Although 
numerous studies were conducted to investigate the thermal environments of vernacular 
buildings, most of the studies deal with the traditional wooden houses and there are few 
studies that analyze the Dutch colonial buildings in Indonesia. 

3. High-rise apartments are still rare in the developing countries such as those located in 
Southeast Asia, although they are rapidly increasing as can be seen in Indonesia. Therefore, 
extensive and comprehensive studies in apartments in the tropics are still limited in the 
field of building science. An exception is Singapore, where the apartments account for 
about 94.2% of the total housing stocks (ADB, 2016). However, most of the apartments 
in Singapore are no longer low-to-medium-cost apartments and therefore their building 
design and attributes are different from those located in developing countries such as 
Indonesia. 

4. Furthermore, the existing studies on high-rise apartments are still limited within one or 
two dimensional perspective(s) of cooling strategies: either envelope technique or 
ventilation technique, or combining both techniques. Accordingly, most of the building 
regulations/guidelines on cooling/heating strategies for apartments often focus on the 
building envelope alone such as by U-value and OTTV (Overall Thermal Transfer Values). 
This study employs three-dimensional perspective of cooling strategies and attempts to 
provide completely new insights in developing energy-saving standards for high-rise 
apartments in the hot-humid climates. 

5. In the hot-humid climatic regions such as Indonesia, diurnal temperature variation is larger 
than the seasonal variation. Thus, the cooling techniques may have to distinguish for 
daytime and night-time conditions respectively, rather than to respond to the seasonal 
changes. This study employs different comfort requirements for daytime and night-time 
respectively and determines the different cooling strategies.  
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2 

Literature Review: Passive Cooling of 
Apartment Buildings 
 
 

This chapter presents a literature review of relevant studies of passive cooling in buildings, 
particularly in the apartment buildings. First of all, some fundamental principles and 
development of passive cooling and thermal comfort particularly in the tropics are explained 
(Sections 2.1 and 2.2). Vernacular passive techniques not only in colonial buildings but also 
other vernacular buildings are considered in Section 2.3. From these sections, the information 
of passive cooling techniques and their thermal performances as well as the method how to 
develop the techniques are extracted. Eventually, the recent developments of passive cooling 
techniques for the high-rise buildings in the hot-humid climatic regions are considered from 
the review in Section 2.5 

2.1 Passive cooling techniques of buildings in the tropics 

Historically, the term passive in relation to the integral heating and cooling of buildings 
was firstly used in the United States in the early 1970s to describe the space conditioning 
systems that are primarily driven by natural resources, as the counterpart of passive heating 
(Cook, 1989). Meanwhile, cooling is defined as the transfer of energy from the space or the 
air supplied to the space, to achieve a lower temperature and/or humidity level than those of 
the natural surroundings (Balaras, 1996). Furthermore, Givoni (1994) defined passive cooling 
techniques as various simple cooling techniques that enable the indoor air temperatures of 
building to be lowered through the use of natural energy resources. In this term, the use of a 
fan or a pump to enhance the indoor performance is included. Even though, the similar term 
had been already used to describe the same phenomena such as bioclimatic design (Olgyay, 
1963), tropical architecture (Koenigsberger et al., 1974) in the context of tropical regions, and 
later in this early century, as green buildings (Bauer et al., 2010; Bonta and Snyder, 2008) and 
eco-house (Roaf, 2013).  

Comprehensive references on passive cooling can be found in Cook (1989), Givoni (1994), 
and Santamouris (2007). Basically, passive cooling strategies for buildings should be designed 
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at three levels: (1) prevention of the heat gain; (2) modulation of the heat gains by effective 
solar control; and (3) rejection of heat from building to the heat sinks through ventilation or 
air infiltration, evaporative cooling, radiative cooling and earth cooling (Dimoudi, 1996, 
Geetha and Velraj, 2012; Al-Obaidi et al., 2014). Natural heat sinks as the passive cooling 
resources are the sky, the atmosphere, the earth (Cook, 1989), and water (Givoni, 1994). 
Preventing the heat gain or minimizing cooling needs, can be achieved by appropriate 
architectural design such as building layout and form, orientation of building, shading devices, 
window size, color of building envelopes, insulation, etc. (Givoni, 1994). Meanwhile, heat 
modulation related to the thermal mass of materials such as brick and concrete, and thermal 
properties of material (i.e. heat storage capacity). Phase Change Material (PCM) is a new type 
of material that currently growing as one of the passive cooling techniques, in terms of heat 
modulation (Akeiber et al., 2016; Kenisarin and Mahkamov, 2016). Passive cooling systems 
are thus classified into several systems, they are comfort ventilation, nocturnal ventilative 
cooling, radiant cooling, evaporative cooling (both direct and indirect evaporative cooling), 
soil (earth) cooling and cooling of outdoor spaces (Givoni, 1994; 2011). Geetha and Velraj 
(2012) developed a comprehensive framework of passive cooling strategies including the new 
techniques such as PCM, direct hybrid air, etc., as indicated in Figure 2.1.  

Since firstly introduced in the 1970s, the researches and practices of passive cooling (or in 
other terms, bioclimatic design, etc.) for energy-efficient buildings have increased cover 
various climatic conditions. Givoni (2011), Santamoris et al. (2007) and Santamouris and 
Kolokotsa (2013) for instance, presented the research results of various passive cooling 
strategies in naturally ventilated buildings under different climatic conditions, including in the 
hot-humid regions. Their review included the utilization of new passive techniques, such as 
smart ventilation and smart shading, Skytherm system, NightSky cooling system, earth to air 
heat exchanger and so on. Sabzi et al. (2015) evaluated three types of passive cooling strategies 
applied on the roof, namely: water jacket, water pond and radiation shield on roof, in the 
moderate tropics of Iran. Those above evaluation strategies implied that passive cooling 
strategies can lowering the indoor air temperatures and provide comfort in naturally ventilated 
buildings and decrease the cooling load in air-conditioned buildings. Innovation and new 
techniques were developed and broadly used in building recent days. Pires et al. (2013) 
developed a prototype of innovative element for passive cooling techniques and investigated 
its performance in Portugal. On the other hand, PCM recently obtains growing attentions due 
to its ability of storing thermal energy within a small volume (Al-Saadi and Zhai, 2013), and 
broadly used as heat storage system to improve the building thermal environments in many 
different fields including buildings and industries (Zhou et al., 2012; Al-Saadi and Zhai, 2013; 
Akeiber et al., 2016) through several different ways: passive, active and free cooling (de 
Gracia and Cabeza, 2015; Alam et al., 2017). Passive cooling would be more important in the 
future mainly related to the growth and development of the air-conditioning, primarily affected 
by local climatic conditions, global warming, increase of the earth’s population, growth of 
local income and gross domestic product (GDP), electricity and equipment prices and 
technological aspect of the equipment (efficiency and energy performance) (Santamouris, 
2016).  

A tropical zone (or hot-humid climatic region) is the part of the earth that lies between the 
Tropic of Cancer (23º27’N) and the Tropic of Capricorn (23º27’S) (Ayoade in Al-Obaidi et al., 
2014). The tropical region is an uncomfortable climate zone that receives a large amount of 
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solar radiation, high temperature (annual mean temperature of 27ºC) and follow a very 
constant diurnal pattern throughout the year, high level of relative humidity and long periods 
of sunny days throughout the year (Al-Obaidi et al., 2014; Givoni, 1976), and small diurnal 
temperature variation (Szokolay, 2004). Although the overheating is not as great as in hot-dry 
regions, but tropical area is aggravated by high humidity so that restricting the evaporation 
potential (Szokolay, 2004). Above conditions make the tropical is a difficult climatic regions 
to be dealt with in terms of passive cooling design. In order to fulfill the physiological thermal 
requirements in tropical regions, Givoni (1976, 1994) suggested some building design 
principles by emphasizing on provision of continuous and efficient ventilation; protection 
from the sun, rain and insects; prevention of internal temperature elevation during the day and 
minimizing during the night and evening. Since the humidity in the tropical regions is very 
high, then the continuous ventilation is the most important comfort requirements by increasing 

 
Figure 2.1. Framework of passive cooling strategies in energy-efficient buildings (Geetha and 

Velraj, 2012) 
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the efficiency of sweat evaporation and avoid the discomfort due to moisture on skin and 
clothes. Therefore, it affects all aspects of building design such as orientation, the size and 
location of windows (openings), layout of the surroundings, etc. 

Numerous studies on the passive cooling strategies for hot-humid climatic regions have 
been carried out this recent years. De Waal (1993) proposed recommendation for building 
design in the tropics based on his long research, in order to achieve thermally comfortable 
building. Some of the recommendations for naturally ventilated buildings are ventilation 
strategies, building materials and thickness of the envelope (thermal mass), insulation, and 
many other strategies. Ventilation is considered to be one of the effective means to achieve 
thermal comfort in naturally ventilated buildings. Ventilation strategies, including night 
ventilation still became main strategies for cooling of building in hot-humid climate regions, 
in addition insulated roof and shading devices (Borda-Diaz et al., 1989). The effect of 
ventilation strategies further studied by Liping and Wong (2007) and Kubota et al. (2009). 
Both studies concluded different results in terms of ventilation strategies. By using computer 
simulation, Liping and Wong (2007) demonstrated that full-day ventilation was effective to 
provide better thermal comfort for hot-humid climate in Singapore. Meanwhile, from field 
investigation, Kubota et al. (2009) found that night ventilation had larger cooling effect than 
other ventilation strategies. Liping and Wong (2007) also suggested to increase the window to 
wall ratio to 0.24 so that indoor thermal comfort improve largely by increasing wind speeds. 
In another study, Liping et al. (2007) suggested U-values for different façade orientations for 
naturally ventilated residential buildings in hot-humid Singapore. Shading devices, window to 
wall ratio (WWR) and orientation were also considered as effective passive cooling strategies 
in residential buildings of Singapore (Liping et al., 2007; Wong and Li, 2007). However, the 
performance of ventilation strategies partly depend on the orientation of building units and its 
elevation (its height above ground) of unit, in case of high-rise residential buildings (Aflaki et 
al., 2016). Hirunlabh et al. (1999; 2001) claimed that modification of wall and roof through 
utilization of metallic solar wall (MSW) and roof solar collector (RSF) significantly improved 
ventilation and air flow rate in the tropical buildings. Khedari et al. (2004) proposed an 
innovation building materials (for wall) to enhance natural ventilation in the tropical houses 
of Thailand.  

 Building envelopes also play important roles in reducing solar heat gain and maintaining 
a good indoor thermal environment. Mirrahimi et al. (2016) summarized some possible 
passive facades and discussed its effects to thermal comfort and energy saving in hot-humid 
buildings. Some of them are orientation, insulated external wall, design of external roof, 
glazing material and external shading devices. By simulation, Liping et al. (2007) 
recommended U-values for design guideline for naturally ventilated buildings in Singapore; 2 
W/m2K for west- and east-facing orientation and 2.5W/m2K for south- and north-facing 
orientation. Wong and Li (2007) suggested to use thicker external wall facing east or west than 
that facing south or north to reduce heat gain from east- and west-side and increase time lag. 
In lightweight buildings, color of envelope surface has significant effect on indoor 
temperature; the darker, the higher maximum temperature and thus, the larger the diurnal 
swings, while this effect could not be seen clearly when thermal mass is applied. However, 
thermal mass should be carefully applied in the tropics, since it is sometimes benefit and 
sometimes not (Cheng et al., 2005). Lei et al. (2017) found that cool colored coating integrated 
to (PCM) further reduced the surface and air temperatures and saving energy annually by 8.5%, 
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as compared to when those techniques (i.e. PCM, cool paint) applied alone. Cool paint is a 
type of cool material used on surfaces, characterized by high solar radiation reflectance and 
high infrared emittance.  

Roof is one of the most important building envelope in the tropics since it received strong 
direct solar radiation throughout the day, and receive about 70% of the total heat gain (Al-
Obaidi et al., 2014). Therefore, reducing heat gain through the roof is essential for the tropical 
buildings. Solar and heat protection can be achieved by using reflective coatings on the roof 
of buildings. The application of reflective and radiative roofs, as well as ventilated roof in the 
hot-humid climatic regions of Southeast Asia has been reviewed by Al-Obaidi et al. (2014a, 
2014b, 2014c), and Roslan et al. (2016). It is found that reflective and radiative roofs enhanced 
environmental sinks for heat dissipation and thus reduced internal heat gain although their 
efficiency depends on the building type, occupancy pattern and climatic boundaries. It is also 
found that Malaysia environment, and hot-humid environmental condition in general, cannot 
rely only on the natural climate to extract heat from the attic, and using ventilator provides a 
better solution. The effectiveness of night radiant cooling on the roof in the tropics were also 
investigated by Khedari et al. (2000) and Vangtook and Chirarattananon (2007). Both studies 
showed that night radiant cooling with different configuration can be used in the context of 
hot-humid regions, although its performance depend on the weather condition at night-time 
(cloudiness, for instance). Moreover, cooling tower also could be employed to provide cooling 
water for radiant cooling and for pre-cooling of ventilation air to achieve thermal comfort. 

Other than above passive techniques, courtyard can be considered as passive cooling 
strategies in hot-humid climatic regions (Rajapakhsa et al., 2003; Kubota et al., 2017). 
Courtyard functioned as cooling source to the surrounding spaces and as an air funnel 
discharging indoor air into the sky, rather than as suction zone inducing air from its sky 
opening. It is recommended to apply closed and cross-ventilated courtyards with a low sky 
view factor in the hot-humid climates. 

2.2 Thermal comfort in the tropics 

The main function of passive cooling is to cool a building’s structure and its indoor space 
so that enable to provide thermal comfort for the occupants. Therefore, conditions for thermal 
comfort would be the main assessment criteria of the performance of the passive cooling 
techniques. Thermal comfort is one of the most important aspects of user satisfaction and 
energy consumption in buildings (Nicol et al., 2012). ASHRAE defined thermal comfort as 
‘the condition of mind that expresses satisfaction with the thermal environment’ and therefore 
it is contextually dynamic (ASHRAE, 2013). This definition implied that thermal comfort has 
subjective definition, and therefore it is related to the principles of adaptation of people to 
respond their discomfort environments by seeking appropriate methods to restore their comfort 
levels through physiological, psychological and behavioral adjustments (Humphreys and 
Nicol, 1998; Brager and de Dear, 1998; Humphreys et al., 2007). Since this thesis deals with 
naturally ventilated buildings, adaptive comfort standards and field studies of thermal comfort 
are of main interest. The adaptive model provides flexibility in matching optimal indoor 
temperatures with outdoor climate, particularly in naturally ventilated buildings (de Dear and 
Brager, 2002; Nicol and Humphreys, 2010). 
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Adaptive model investigates the dynamic relationship between occupants and their thermal 
conditions based on the principle that people tend to react to changes that produce discomfort 
by seeking methods of restoring their comfort levels (Humphreys and Nicol, 1998). Some 
studies in the tropics regions, for instance, indicated that people of those regions showed higher 
thermal comfort level as compared to what PMV model has predicted, and how the ability of 
people in modifying and adjusting the environment as well as particular behaviors to enable 
themselves to compensate for the less comfortable thermal conditions (Karyono, 2000; Givoni, 
2004; Feriadi and Wong, 2004; Nguyen et al., 2012). Orosa and Oliveira (2011) noted that 
climatic differences affect comfort perception and thus achieving a good level of agreement 
between the thermal sensation and adaptive models. Mishra and Ramgopal (2013) in their 
review concluded that people vote closer to comfort if they are given more adaptive 
opportunities, including adaptive opportunities in the building structure (i.e. passive cooling 
techniques).  

Over the past decades there has been increase in the number of thermal comfort field studies 
in the tropics. The first attempt to investigate thermal comfort in the tropics was carried out by 
Webb more than half century ago (1949-1950) and followed by Ellis in 1953 (Feriadi and 
Wong, 2004). Some of the studies attempted to find out the range of comfort zone in the hot-
humid climatic regions and compare them with the available standards. In his study in 
Indonesia, Karyono (2000) reported that neutral temperature in both naturally ventilated and 
air-conditioned buildings of Jakarta was found at operative temperature of 26.7°C with the 
comfort range at 23.5°C≤OT≤29.9°C. In another study, neutral temperature in the naturally 
ventilated building of Yogyakarta, Indonesia, was found at operative temperature of 29.7°C 
(Feriadi and Wong, 2004). Damiati et al. (2016) reported that the highest comfort temperature 
in the mixed mode ventilation building of Indonesia is around of 27.5°C operative temperature. 
Meanwhile, Djamila et al. (2015) found that optimum neutral temperature in Malaysia was 
about 30.0°C, providing 95% fiducial limits of about -0.3°C and +0.6°C. Similar studies also 
carried out in different climatic zones of India, including hot-humid climatic area, by 
Indraganti (2010), Indraganti et al. (2014), Mishra and Ramgopal (2015) and Manu et al. 
(2016), while field study in Vietnam was reported by Nguyen et al. (2012). Above studies 
demonstrated that Fanger’s static PMV model consistently overestimates the actual sensation 
and therefore under-predict the comfort temperature values in the tropics regions. In addition, 
above studies emphasize on the importance of control to the environment in order to adjust the 
thermal conditions in accordance to their preference (such as windows opening).  

Further, studies which encountered higher air speeds reported that comfort temperatures 
voted by respondents also increased accordingly (Cândido et al., 2010a; Khedari et al., 2000). 
Candido et al. (2010) suggested that subject’s acceptance of higher air velocities increase to 
compensate for elevated temperature and humidity. The minimal air velocities were at least 
0.4 m/s for an operative temperature of 26.0°C and rising to 0.9 m/s for that of 30.0°C. Khedari 
et al. (2000) recommended air speed above 3.0m/s for air temperature above 34.0°C. 
ASHRAE (2013) permit to use the increasing of air velocities up to 1.2m/s for increasing of 
operative temperature to 2.2°C. Although values of the wind speeds and the corresponding 
comfort temperatures are different among the studies, however, it is agreeable that poor 
ventilation is probably the most important reason for the discomfort of occupants in naturally 
ventilated buildings in the humid tropics (Yang and Zhang, 2008). Above studies also strongly 
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imply that the adaptive comfort model provide appropriate approach in evaluating thermal 
comfort, particularly in naturally ventilated buildings.  

Standards on indoor thermal environment are important factors considered in building 
designs, in terms of balancing reductions in cooling/heating energy requirements and 
improving thermal comfort in the same time. Basically, there are two types of thermal comfort 
assessments: prescriptive method based on the heat balance model (PMV) and adaptive 
comfort methods. Current standards are essentially based on both models. The most notable 
example of the former is the predicted mean vote (PMV) model developed by Fanger (1972), 
which is applied in ISO 7730 (BSI, 2006) and ASHRAE Standard 55-2013. The latter model 
is also used in ASHRAE Standard 55-2013 as the code for naturally conditioned spaces for 
buildings without mechanical cooling systems during cooling season. Naturally conditioned 
spaces are defined as those spaces where the occupants have control of operable windows to 
regulate the indoor thermal conditions (ASHRAE, 2017). Thus, adaptive standards are thus 
considered more appropriate for supporting comfort in low-energy buildings (de Dear and 
Brager, 2002; Humphreys et al., 2007; Nicol and Humphreys, 2002; Nicol et al., 2012).  

The adaptive comfort standard in ASHRAE (2013) applied a simple thermal index to 

Table 2.1. Proposed adaptive thermal comfort equation and related criteria for naturally ventilated 
buildings in hot-humid climate. 
No. Aspect Criterion Note 
(i) Climate type All A climate types; and 

Summer season of Cfa climate 
type. 

Climate type refers to the 
Köppen-Geiger climate 
classification system. 

(ii) Neutral operative 
temperature, Tneutop 
(°C) 

Tneutop = 0.57Toutdm + 13.8 Toutdm is daily mean outdoor air 
temperature (°C), i.e. the 24-
hour arithmetic mean for the day 
in question. 

(iii) Daily mean outdoor 
air temperature, Toutdm 
(°C) 

Range from 19.4 to 30.5. Recommended applicable range 
for criterion no. (ii). 

(iv) Lower comfort 
operative temperature 
limit, Tlower (°C) 

No required limit. - 

(v) Upper comfort 
operative temperature 
limit, Tupper (°C) 

Tupper = Tneutop – 0.7 for 80% 
comfortable thermal sensation 
votes. 

Graphical representation can be 
referred in Figure 3.7a 
(continuous line in the right 
figure) for a different percentage 
of comfortable thermal sensation 
votes. 

(vi) Indoor air speed, v 
(m/s) 

<0.65 at and below neutral 
operative temperature; 
≥0.65 above neutral operative 
temperature. 

Recommended to provide non-
still air and occupants’ control to 
adjust the indoor air speeds 
according to their preferences. 

(vii) Indoor humidity,  
RH (%) 

No required limit. - 
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characterize the indoor comfort temperature, i.e. operative temperature. The simpler 
temperature index is sufficient and very useful when indoor thermal environment is close to 
the standard environment, which is at low air speed and 50% RH (Humphreys et al., 2007). 
However, the conditions might not be so in hot-humid climate, especially when high air speed 
is essential and promoted by the adaptive model to aid evaporative heat loss by sweat. To be 
used as a standard particularly for hot-humid climate, this may bring two implications – under 
provision of the required air speed to building occupant and underestimation of the potential 
for higher comfort temperature under increased air speed (Toe, 2014). Some studies reviewed 
that comfort temperatures in tropical regions overestimate than those in ASHRAE’s adaptive 
comfort standard (Mishra and Ramgopal, 2015; Manu et al., 2016; Nguyen et al., 2012). 

Besides ASHRAE (2013), some researchers developed adaptive comfort equation for hot-
humid climatic regions based on the field survey in the specific locations, such as Karyono 
(2000), Nguyen et al. (2012), Indraganti (2010), Indraganti et al. (2014), and Manu et al. 
(2016). Toe and Kubota (2013) developed adaptive comfort standard based on the statistical 
meta-analysis of the ASHRAE RP-884 database. The proposed adaptive thermal comfort 
criteria for naturally ventilated buildings in hot-humid climate based on the present study 
findings are summarized in Table 2.1. This proposed criteria are used throughout this thesis to 
evaluate thermal performance of passive cooling techniques.  

2.3 Studies on vernacular passive techniques in hot-humid climates 

Vernacular architecture comprises the dwellings and other buildings of the people. Related 
to their environmental contexts and available resources, they are customarily owner- or 
community-built, utilizing traditional technologies. All forms of vernacular architecture are 
built to meet specific needs, accommodating the values, economies and ways of living of the 
cultures that produce them (Oliver in Bronner, 2006). It is believed that vernacular buildings 
have already withstood time and are subtly crafted over generations in response to experience 
of conditions and use including the local climate and human comfort needs (Oliver, 2006). 
Zhai and Previtali (2010) and Previtali and Zhai (2016) classified ancient vernacular buildings 
around the world and categorizing them based on the climatic zones and cultural heritage 
particularly language families used. Tropical vernacular buildings were characterized by the 
lightweight construction, thatched roof, vaulted ceilings, elevated floor, and other characters 
involving room arrangement, building shape, building story, window and infiltration, and 
shading devices. Large openings protected from the sun are common features of vernacular 
buildings in the tropics since ventilation is very important but in the same time, the radiation 
is also very intense (Coch, 1998). This indicates that vernacular buildings have evolved with 
the need to create thermal comfort conditions, and it is found that thermal performance of 
vernacular buildings is better than that of modern houses thanks to passive strategies (Chandel 
et al., 2016).  

 In-depth both qualitative and quantitative studies with regard to passive environment 
control techniques of vernacular buildings in the tropics are remain few including in Indonesia. 
Some of them were conducted by Labaki and Kowaltowski (1998), Hassan and Ramli, (2010), 
Dili et al. (2010), Shanthi Priya et al. (2012), Nugroho (2012), Nguyen et al. (2011) and 
Hoseini et al. (2014). A detailed study that examined a specific traditional passive cooling 
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techniques in the tropics was conducted by Toe and Kubota (2015).  The passive cooling 
techniques such as night ventilation, roof insulation, window and wall shading devices, 
presence of courtyards were found to be effective strategies to maintain indoor comfort 
temperature and humidity levels. Table 2.2 summarized the environmental techniques 
employed in the vernacular buildings from the previous studies.  

Using above definitions of vernacular buildings, in the context of Indonesia, Dutch colonial 
buildings is considered to be vernacular buildings, since these buildings have developed for 
generations even by local people and transformed with the local context (i.e. cultures and 
environment) (Hartono and Handinoto, 2006; Ardiyanto et al., 2015). In addition, these 
buildings were intentionally broadened to include large-scale city development and country 
planning and left a very strong imprint on the built environment of the Indonesian archipelago. 
Nevertheless, during this long process, Dutch colonial buildings unequivocally showed the 
influence of cultural exchange with the various traditions that already existed in Indonesian 
archipelago (Wuisman, 2007). Further, Nguyen et al. (2011) considered French colonial 
buildings as one of vernacular buildings in Vietnam. 

Dutch colonial building is one of the vernacular architectures that had adopted to the local 
climatic conditions and providing thermal comfort (Widodo, 2007; Passchier, 2007). The 
Dutch adopted specific elements and architectural features of autochthonous traditions of 
Indonesian architecture into their own building tradition (Wuisman, 2007). However, most of 
the studies on colonial buildings particularly in Indonesia were focus on the others than 
thermal performance such as design, cultural heritage, architectural history, urban planning 
and so on (Handinoto and Hartono, 2006; van Dulleman, 2012; Adiyanto et al., 2015; Wibowo, 
2015; and Wan Ismail and Nadarajah, 2016).  In the other hand, studies on the thermal 
performance of colonial buildings, both qualitatively and quantitatively, in the hot-humid 
climatic regions including Indonesia are hardly found. Kowaltowski et al. (2007) and Nguyen 
et al. (2011) qualitatively studied thermal performance of Portuguese colonial buildings and 
French colonial building in their respective home-country, Brazil and Vietnam. Through field 

Table 2.2 Vernacular passive cooling techniques in hot-humid climatic regions from previous 
studies. 

Reference Country Type of vernacular 
buildings 

Passive cooling techniques 

Toe and Kubota, 2015 Malaysia Malay traditional house 
and Chinese shop-house 

Microclimate modification (to reduce 
outdoor air temperature) and courtyard 

Kubota et al., 2017 Malaysia Chinese shop-house Courtyard 
Hoseini et al., 2014 Malaysia Malay traditional house Large openings area, open plan layout 
Nugroho, 2012 Indonesia Flores traditional house Room arrangement, shading devices and 

roof insulation (thick roof) 
Shanti Priya, et al., 
2012 

India Nagapattinam 
traditional house 

Courtyard with wind catchers, thick 
external wall, verandas, and sloping roof 

Dili, Naseer and 
Varghese, 2010 

India Kerala traditional house Building orientation, room arrangement, 
internal courtyard, large openings 

Nguyen et al., 2011 Vietnam Vietnamese traditional 
house and Colonial 
buildings 

Corridor spaces, shading devices, large 
openings, high ceiling height.  
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measurement and computer simulation, Santoso (2001) compared the thermal performance of 
three different houses in Indonesia, i.e. traditional building, colonial building and modern 
house. It is found that Dutch colonial building has the best thermal performance compare two 
other types of buildings. Its advantages mostly due to the high thermal mass so that has low 
U-value and longer time lag for heat modulation. 

2.4 Recent developments of passive cooling techniques in apartments 
in hot-humid climate. 

As previously discussed, a proper passive cooling strategies can achieve indoor thermal 
comfort as well as saving energy for cooling in residential buildings including apartments. A 
number of passive cooling strategies for high-rise residential buildings in hot-humid climatic 
regions had been studied although still limited. Aflaki et al. (2015) reviewed the natural 
ventilation as one of passive cooling strategies through building facade and ventilation 
openings in hot-humid climatic regions. They found that the stack effect and wind force would 
be the main and basic principles to produce air movement (and produce thermal comfort as 
well) although its efficiency depends on certain factors; difference in temperature as well as 
vertical distance between inlet and outlet. They also found that building layout, size and form 
of balcony on the external surface of building facade were the most relevant architectural 
variables. In another field study, Aflaki et al. (2016) compared four different scenarios of 
apartment units and investigated indoor thermal environment under single-sided ventilation 
conditions. The study revealed that unit facing prevailing wind received maximum amount of 
heat radiation but in the same time, the sufficient wind velocity removed the heat effectively 
through single-sided ventilation. Nevertheless, unit elevation influenced the performance of 
this ventilation. Meanwhile, it is reported that full-day ventilation is the most effective strategy 
for thermal comfort in apartment in Singapore (Liping and Wong, 2007) and in Danang City 
of Vietnam (Nguyen and Reiter, 2012). Nonetheless, both studies agreed that structural cooling 
through nocturnal ventilative cooling (i.e. night ventilation and full-day ventilation) are more 
effective in cooling the building than other ventilation strategies. Thermal mass did not have 
any positive contributions on the thermal environment in low rise apartment building (Nguyen 
and Reiter, 2012) while in the high-rise apartment buildings, thermal mass inertia is ideal 
option for naturally ventilated apartment buildings (Liping and Wong, 2007).  

To enhance natural ventilation in the apartment buildings, Liping et al. (2007) 
recommended combination of window to wall ratio (WWR) and U-values for different 
orientation. This study suggested to use optimum WWR at 0.24 with U-value of 2.0 W/m²K 
for east-/west-facing unit and 2.5 W/m²K for north-/south-facing unit. However, for west and 
east orientation, large WWR should be avoided when the wind direction is parallel with the 
facade. Other studies to improve natural ventilation in the apartments were carried out by 
Prajongsan and Sharples (2012) and Priyadarsini et al. (2014). Prajongsan and Sharples (2012) 
showed that natural ventilation can be achieved by using ventilation shafts in each unit. The 
ventilation shaft is an effective wind-induced ventilation system for creating cross ventilation 
and relatively high indoor air velocities that can enhance thermal comfort in a single-sided 
residential unit during summer, depend on the external environment. Meanwhile, Priyadarsini 
et al. (2004) demonstrated that stack effect applied in the apartment unit effectively provide 
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thermal comfort for the occupants with the 85-95% of satisfaction. The design of stack 
ventilation also given in their study. 

In addition to natural ventilation strategies, some proper parameters of building envelope 
to the high-rise residential buildings were investigated by Mirrahimi et al. (2016). They 
summarized particular techniques of building envelope for both achieving thermal comfort and 
saving energy, respectively. These parameters orientation, building form, width, length and 
height; external wall, external roof, glazing and external shading devices. However, no study 
has been reported on application of such elements in a specific study investigating as a 
complememantary concept. The importance of building form in cooling load reduction was 
highlighted by Yildiz and Arsan (2011) and Choi et al. (2012). Furthermore, Wong and Li 
(2007) studied effectiveness of orientation, roof thermal buffer, thermal mass and window 

Table 2.3 Passive cooling techniques of the high-rise apartments in hot-humid climatic regions 
from previous studies. 

Reference Country Apartment 
type 

Method Passive cooling techniques 

Yildiz and 
Arsan, 2011 

Turkey Air-conditioned  Sensitivity analysis Window area, U-values and 
SHGC depending orientation 
(specific values are not given) 

Bojic et al., 
2002 

Hong Kong Air-conditioned Computer 
Simulation (HTB2) 

Thermal insulation of the 
external wall and partition 
wall. 

Bojic, Yik and 
Sat, 2001 

Hong Kong Air conditioned Computer 
Simulation (HTB2) 

Thermal insulation of the 
external wall 

Cheung, 
Fuller and 
Luther, 2005 

Hong Kong Air conditioned Computer 
simulation 
(TRNSYS) 

Internal insulation for 
external wall, light color of 
external wall, Low-E glazing 
and shading devices (saving 
31.4% of cooling load) 

Wong and Li, 
2007 

Singapore Naturally 
ventilated 

Field measurement 
and computer 
simulation (TAS) 

Orientation (South/North), 
roof thermal buffer, thicker 
wall in east- and west-
external wall, and window 
shading devices 

Liping and 
Wong, 2007 

Singapore Naturally 
ventilated 

Computer 
Simulation (TAS) 
and CFD  

Full-day ventilation, high 
thermal mass, north- or south-
facing orientation and 
window to wall ratio 

Priyadarsini, 
Cheong and 
Wong 2004 

Singapore Naturally 
ventilated 

Lab experiment 
(wind tunnel) and 
Computer 
Simulation (CFD)  

Active stack system.  

Prajongsan 
and Sharples, 
2012 

Thailand Naturally 
ventilated 

Computer 
Simulation (CFD) 

Ventilation shaft 

Nguyen and 
Rieter, 2012 

Vietnam Naturally 
ventilated 

Field measurement 
and computer 
simulation 
(COMFIE) 

Night-ventilation, reflectance 
building envelope, shading 
devices, low U-value 
openings. 
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shading devices in reducing cooling load of high-rise apartment building. They pointed out 
that around 2.6-11.6% of energy were saving when above passive cooling strategies are applied 
in the apartments of Singapore. In the other studies, combination of several passive strategies 
(i.e. thermal mass, shading devices, glazing type and reflectance coating) reduced annual 
sensible cooling energy in apartments of Hongkong up to 31.4% (Cheung et al., 2005). 
However, potential of cooling load reduction only given for particular strategies in this study. 
Meanwhile, the use of shading devices (i.e. overhang and blind system) generally reduced 
yearly cooling load in apartments in Hong Kong during summer time, depend on the slat angle 
(Kim et al., 2012). Slat angle of 0° to be has the highest cooling load reduction and became 
the lowest when slat angel is 60°. The similar findings were reported by Bojik and Yik (2005) 
and Bojik et al. (2001, 2002). Further, Bojik et al. (2001) investigated the thermal performance 
of insulation positions in building envelopes. Six configuration of insulation in the building 
envelopes were examined. It is found that the highest decreasing in the yearly cooling load of 
7.3% is obtained when a 5cm thermal insulation layer faces either the inside and outside of the 
flat. Air tightness of buildings, thermal properties of glazing and window were found to be 
important factors in high-rise apartment buildings to reduce cooling energy consumption 
(Yildiz and Arsan, 2011). Other studies also showed that thermal comfort as well as energy 
saving also can be achieved by occupant’s behavior related to the openings usage as a response 
to the indoor thermal environment (Arethusa et al., 2014; Indraganti, 2010; Kang et al., 2012).  

As reviewed above, there are few studies of passive cooling strategies in apartments in the 
tropics except for Singapore. Studies on the thermal performance and passive cooling strategies 
for energy saving in apartments in Indonesia were hardly to find. Table 2.3 presents the review 
of previous studies for the passive techniques in the high-rise apartments in hot-humid climate 
regions. 
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Thermal Comfort in Existing Apartments of 
Indonesia 
 
 
 

As previously discussed, there are two types of thermal comfort standards: prescriptive 
method based on the Fanger’s heat balance model (PMV) and adaptive comfort methods. 
Those two models are currently used as thermal comfort standards, such as ISO 7730 and 
ASHRAE 55. Since thermal comfort has subjective definition, then adaptive comfort model 
provide appropriate approach in evaluating thermal comfort particularly in naturally ventilated 
buildings. This chapter begins with the description of condition of apartments in Indonesia, 
including their types and the developments (Section 3.1) and then selection of case study 
apartments is discussed in the Section 3.2. Section 3.3 explains the methods of field 
experiments as well as numerical computer simulation conducted to investigate the indoor 
thermal environments of the existing apartments. The current situations and problems of the 
existing apartments are discussed in Section 3.4 for unoccupied condition and Section 3.5 for 
the occupied condition. 

3.1 Apartments in Indonesia 

Act No. 20/2011 regarding Apartments distinguished apartments in Indonesia into four 
categories, they are public apartments, special apartments, state apartments and private 
apartments. The main difference amongst above apartment types is the target people (or 
occupants) of each category: low-income people, special groups or communities, civil servants, 
and general market to obtain benefit, respectively. In this study, only the private and public 
apartments were considered since the special and state apartments categories are built for 
special purposes, the number and development of those apartments are limited. In recent years, 
these two categories (i.e. private and public apartments) are highly demanded by emerging 
low-to-middle class market in major cities of Indonesia due to the previously mentioned 
reasons: population growth and land availability issues (Arethusa, 2014). 
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The public apartments are broadly divided into two types, they are old public apartment 
and new public apartment. In local term, public apartments are usually known as Rusunawa, 
abbreviation for Rumah Susun Sederhana Sewa (Rented Simple Apartments). The public 
apartments, which is targeted low- and middle-low income people, are built and managed by 
both the central and local government. Initially, the old public apartments were built as a part 
of urban redevelopment program undertaken by the government to relocate the slum squatters 
to such apartment for providing better living environments (Darmawan, 2011). Since 2003, 
the new public apartment was built by the government to extend the target to wider social 
classes, especially for low to middle classes due to the increasing of housing demand (Arethusa, 
2014) although this is still part of urban redevelopment program (Ministry of Public Works, 
2012). By the time, old public apartments have been replaced by the new public apartments 

  
Figure 3.1. Views of old public apartments. 

  
Figure 3.2. Views of new public apartment 

 
Figure 3.3. Typical floor plan of unit in (a) old public apartment and (b) new public apartment. 
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and since that time, more than 46,000 units of this apartment were built by 2015 and will be 
increase in the future (Ministry of Public Works, 2012). 

In addition the establishment year, the differences between old and new public apartments 
can be recognized from the design between them. Since the public apartments are built by the 
government, thus both old and new public apartments have typical construction and design 
forms. Figures 3.1 and 3.2 are view of old public and new public apartments, respectively. Old 
public apartments generally are four storeys building while new public apartments consist of 
five floor level, with the ground floor functioned as common spaces. Both types of apartment 
are normally double loaded apartment type whereas each units are connected by corridor 
spaces. Both old public and new public apartments are naturally ventilated. 

Figure 3.3 illustrated the typical floor plan of old public and new public apartments, 
respectively. In the old public apartments, typical unit is one room with floor areas of 18-21m². 
More than 70% of the units in those apartments have private bathroom, whereas the rest of 
units uses shared bathroom. Meanwhile, the new public apartment typically has different room 
arrangements. The room is slightly larger (24-32m²) and divided by functions: a bathroom, a 
bedroom, a living room, and a kitchen. All of the units in both types of public apartments have 
one small veranda which connects the indoor unit with outdoor environment (Arethusa, 2014). 
However, corridor space in the new public apartments is different than that in the old public 
apartments. Corridor space in the old public apartments is typically semi-open corridor space 

  

 
Figure 3.4. (a) Views of private apartments and (b) typical floor plan of unit of private apartment. 
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while that in the new public apartment is open corridor space facing void space. The corridor 
in these apartments may also be functioned as a social gathering area. 

The private apartment is constructed and owned by private companies for profit oriented. 
It normally high-rise buildings which consist of 14-33 floor heights and almost all of the units 
are equipped with air-conditionings. The private apartments have floor areas of 18-38 m² and 
consist of two typical types: single (or studio type) and family type unit. The single type 
contains only one room, functioning bedroom and kitchen, and one private bathroom. The 
family room has one living room which is connected directly with kitchen and dining room, 
two bedrooms, and one private bathroom (Arethusa, 2014). As the public apartments, this 
apartment type is double loaded apartment type and the units are connected by the corridor 
space. But unlike the public apartments, the corridor spaces are enclosed and relatively 
narrower. Figures 3.4 showed the views of sample of private apartments and typical floor plan 
of units of private apartment, respectively. 

In further development, there is another type of private apartment so called Rusunami, 
abbreviated for Rumah Susun Sederhana Milik (Owned Simple Apartment), as a consequence 

  

 
Figure 3.5. (a) Example of layout of Rusunami tower and (b) Example of floor plan of unit in 

Rusunami (Ministry of Public Works, 2007). 
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of a 1000 tower program launched by the central government in 2007 that specifically targeted 
middle-class population in urban area (Darmawan, 2011). Hereafter, this type of apartment 
named by middle-class high-rise apartment. This apartment is an official category of apartment 
that developed by individual or company that fulfil specifications and requirements as 
stipulated by Regulation of Ministry of Public Works Number 7 year 2007. The government 
interfered the development of this kind of apartment through subsidies and incentives such as 
free of value added tax, fixed lower interest rate with longer duration for mortgage, and subsidy 
for down payment and other costs free such as permit costs, land providing, public facilities 
and mechanical electrical facilities (Ministry of Public Works, 2007; 2015; 2016; Ministry of 
Finance, 2014).  

As subsidized middle-class high-rise apartment, the development must comply with the 
requirements of government. As regulated by the Regulation of Ministry of Public Works 
Number 7 year 2007, the floor level of this apartment is determined more than 8 floor levels 
but not exceeded to 20 floors. Ground floor should be used for public spaces while first floor 
above used for the residential purpose. The unit has maximum total floor area of 30m² (some 
regulations such as Decree of Ministry of Finance say around of 36m²) consists of two 
bedrooms, one living room, one bathroom and one service space (for washing and kitchen). 
The regulation also determined the construction types, material used, architectural designs and 
so on in detail. Figures 3.5 illustrated the typical of this subsidized high-rise apartment type as 
regulated by the government. In this thesis, middle-class high-rise apartment as officially 
defined by Indonesian government is used. 

3.2 Case study apartments 

To understand the current conditions of the existing apartments of Indonesia, field 
experiments had been carried out in the city of Surabaya, Indonesia. As mentioned in the 
Section 1.3, the aims of this chapter are to investigate the detailed thermal environments and 
to evaluate thermal comfort in the three types of apartments in Indonesia.  

Surabaya is the capital of East Java Province and the second biggest city in Indonesia with 
a total area of 326.4 km² and population of about 3.2 million by 2014. Located in 07°09’-
07°21’S and 112°36’-112°54’E and situated in the coastal area. Surabaya has hot-humid 
climatic conditions, with the monthly average air temperature of 27.9-30.2°C and relative 
humidity of 64-92%. The maximum air temperature could reach up to 35.8°C while the 
maximum relative humidity could reach up to 99%. The city receives monthly average wind 
speeds of 3.1-4.1 m/s with major direction to East and West (BPS, 2014). Surabaya is one of 
the pilot project cities for development of public apartments so that it has larger proportion of 
public apartments compared to other cities in Indonesia (Darmawan, 2011). Meanwhile, the 
number of private apartments including middle-class high-rise apartments are also increasing 
in Surabaya (Arethusa, 2014). 

One of the typical apartments from these three types (i.e., old public apartment, new public 
apartment and middle-class high-rise apartment) was selected for the field measurements, 
respectively. All the selected apartment buildings were located in the urban area. The selected 
old public and new public apartments were located about 10 km and 3.5 km from the 
downtown while the middle-class apartment was located about 6 km from the city center. 
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The selected old public apartment is a four storey building with 48 units (Figure 3.6a). The 
measurement was conducted in the south-facing unit located on the second floor. The unit has 
a standard size of 21m² with a semi-open corridor space. This corridor space is relatively wide 
(3.1m width) and well-ventilated. A multi-functional balcony is placed in between the indoor 
unit and outdoors (Figure 3.6b). Meanwhile, the new public apartment is a five storey building 
with 96 units (Figure 3.7a). The measurement was carried out in the west-facing unit located 
on the top floor. The unit size is slightly larger (24m²) but the corridor space is narrower (1.9m 
width) than that of the old public apartment. The corridor space is opened and adjacent to the 
void space (Figure 3.7b). Both of the public apartments are naturally ventilated. The main 
structure of both apartments are reinforced concrete and concrete block for walls with 
relatively high thermal capacities. The per-unit thermal mass of these apartments was 
calculated at 2,031 kg/m² for the old public apartment and 1,873 kg/m² for the new public 
apartment.  

Meanwhile, the middle-class high-rise apartment is a 19 storey high-rise building 
comprising 762 units (Figure 3.8a). Almost all the units are equipped with one or two air-
conditioner(s). The measurement was conducted in the west-facing unit located on the eighth 
floor, with a total floor area of 31m². The small balcony is only used for placing the outdoor 
units of air-conditioners (Figure 3.8b). Unlike the above public apartments, the long corridor 

  
Figure 3.6. (a) View of selected old public apartment and (b) floor plan of selected unit. 

 
Figure 3.7. (a) View of selected new public apartment and (b) floor plan of selected unit. 
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space is not well-ventilated. Reinforced concrete construction was used for the main structure 
while pre-cast concrete and aerated lightweight concrete were used for external wall and 
partition walls respectively. The per-unit thermal mass was calculated at 1,100 kg/m² which is 
41-46% smaller than those for public apartments. Thermal insulation was not applied to 
ceiling/roof and walls in all the three apartments. This study focuses especially on the private 
apartments subsidized by the government for middle-class groups (Figure 3.8). Appendix A 
presents the floor plan and detail façade of respective case study apartments. 

3.3 Methods 

To investigate the current conditions of the existing apartments, first, field measurements 
were carried out in the unoccupied units of the above mentioned three types of apartments. At 
the same time, thermal responses of the occupants were collected through questionnaires and 
face to face interview whilst indoor thermal environments in the occupied units were 
measured. Finally, computer simulation was carried out to generalize the results of field 
measurements. 

3.3.1 Field measurements 

Field measurements were carried out during the hottest period in dry season of Surabaya, 
from August to October 2014. Detailed measurements of physical thermal comfort variables 
including air temperature, relative humidity, air velocity and globe temperature were measured 
at the center of one or two main rooms at 1.1m above floor in the selected units from the three 
apartments, respectively. Air temperatures in the other spaces including corridor spaces, 
balcony, kitchen and bathroom were also measured at 1.1m above floor level (see Figures 3.6b, 
3.7b and 3.8c). These indoor measurements were carried out in unoccupied units under 
different natural ventilation conditions, they are: daytime ventilation, night ventilation, full-
day ventilation and no ventilation. For the daytime ventilation, windows and all other openings 
were opened from 6:00 to 18:00. In contrast, all of them were opened from 18:00 to 6:00 
during the night ventilation condition.  

  
Figure 3.8. (a) View of selected middle-class private apartment and (b) floor plan of selected unit. 
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Furthermore, vertical distribution of air temperature was measured at 0.1m, 0.6m, 1.1m, 
1.5m, 2.0 m and 2.6m (and 2.4m in the case of the new public apartment) above floor level. 
Surface temperature was measured at the centers of each part of building fabric including floor, 
ceiling and walls (Figure 3.9a). The measurement for each ventilation condition was conducted 
for 7-8 days. During the measurements, the outdoor thermal conditions were recorded by 
weather stations placed on unobstructed and unshaded spaces (i.e., on the top of roof) in the 
measurement site   (Figure 3.9b). All measurements were logged automatically at 10-minute 
intervals. Table 3.1 presents the measurement instruments used during the field measurements. 

Before analyzing indoor thermal environment as well as thermal comfort in the existing 
apartments, some variables such as mean radiant temperature and operative temperature are 
calculated using equations in order to make the data processing consistent throughout this 
thesis. Mean radiant temperature is defined as the uniform temperature of an imaginary 
enclosure in which radiant heat transfer from the human body equals the radiant heat transfer 
in the actual non-uniform enclosure (ASHRAE, 2017). Meanwhile, mean radiant temperature 
is calculated based on the globe temperature, which is in case of natural convection is 
expressed by following equation (BSI, 2002):  

�̅�r = [(𝑇g + 273)
4
+
1.1×108×𝑣0.6

𝜀g×𝐷
0.4 (𝑇g − 𝑇a)]

1 4⁄

− 273   (3.1) 

where �̅�r  is mean radiant temperature (°C), Tg is globe temperature (°C), v is air speed 
(measured at the level of the globe) (m/s), εg is emissivity of the black globe (-) and D is 
diameter of the globe (m). The emissivity of the black globe is taken as 0.98 in all the 
calculations in this thesis. 

Meanwhile, operative temperature is calculated from the same standard as follow:  

𝑇op =
𝑇a√10𝑣+�̅�r

1+√10𝑣
       (3.2) 

where 𝑇𝑜𝑝 is the operative temperature (°C), v is wind speed (m/s), and �̅�𝑟 is mean radiant 
temperature (°C). This operative temperature expresses the uniform temperature of an 
imaginary black enclosure in which an occupant would exchange the same amount of heat by 
radiation plus convection as in the actual non-uniform environment (ASHRAE, 2017).  

  
Figure 3.9. Instruments for (a) indoor measurement and (b) outdoor measurement. 
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Finally, adaptive comfort standards are used as instruments to evaluate thermal comfort 
(ACE) in the existing apartments of Indonesia. In particular, adaptive thermal comfort 
equations for naturally ventilated in the hot-humid climatic conditions developed by Toe and 
Kubota (2013) are employed. Equation 3.3 calculates the neutral temperature in terms of 
operative temperature (OT) while the 80% of upper comfortable limit is calculated using 
Equation 3.4. 

𝑇𝑛𝑒𝑢𝑡𝑜𝑝 = 0.57𝑇𝑜𝑢𝑡𝑑𝑚 + 13.8       (3.3) 

Table 3.1. Description of measurement instruments used in the selected apartments. 

Measured variable Instrument model Accuracy 
Master Bedroom (old public apartment) 
Air temperature and RH T&D TR-72U  ±0.3°C; ±5% RH  
Globe temperature Thermocouple type T inside 

150mm black globe 
±0.1%+0.5°C plus ±0.5°C for cold 
junction compensation 

Wind speed Kanomax probe 0965-03 ±0.15 m/s at 0.1 – 4.99 m/s 
Master Bedrooms (new public and private apartments) 
Air temperature and RH Vaisala HMP155 ±0.10°C; ±1.0% RH at 0-75% RH 
Globe temperature Thermocouple type T inside 

150mm black globe 
±0.1%+0.5°C plus ±0.5°C for cold 
junction compensation 

Wind speed Kanomax probe 0965-03 ±0.15 m/s at 0.1 – 4.99 m/s 
Living rooms (new public and private apartments) 
Air temperature and RH T&D TR-72U  ±0.3°C; ±5% RH  
Globe temperature Thermocouple type T inside 

75mm black globe 
±0.1%+0.5°C plus ±0.5°C for cold 
junction compensation 

Wind speed Kanomax probe 0965-03 ±0.15 m/s at 0.1 – 4.99 m/s 
Corridor space   
Air temperature and RH T&D TR-72U  ±0.3°C; ±5% RH  
Globe temperature T&D TR-52i inside black 

ping-pong ball 
±0.3°C 

Wind speed Kanomax probe 0965-03 ±0.15 m/s at 0.1 – 4.99 m/s 
Other rooms   
Air temperature Thermocouple type T ±0.1%+0.5°C plus ±0.5°C for cold 

junction compensation 
Weather Station (old public apartments) 
Air temperature and RH HOBO Pro v2 U23-001 ±0.2°C; ±2.5% RH at 10-90% RH 
Wind speed and direction Onset S-WCA-M003 ±0.5m/s; ±5° 
Global horizontal solar 
radiation 

Onset S-LIB-M003 ±10 W/m2 or ±5% plus ±0.38 
W/m2K for additional temp.  

Rainfall Onset S-RGB-M002 ±1.0% at up to 20 mm/hr 
Weather Station (new public and private apartments) 
Air temperature and RH Vaisala HMP155A ±0.3°C; ±5% RH  
Wind speed and wind 
direction 

Young 05103 ±0.3 m/s or 1% of reading; ±3° for 
wind direction 

Global horizontal solar 
radiation 

Hukseflux SR20 ±2 W/m² 
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𝑇𝑢𝑝𝑝𝑒𝑟 = 𝑇𝑛𝑒𝑢𝑡𝑜𝑝 − 0.7       (3.4) 

where 𝑇𝑛𝑒𝑢𝑡𝑜𝑝  is neutral operative temperature (°C), 𝑇𝑜𝑢𝑡𝑑𝑚  is daily mean outdoor air 
temperature (°C), i.e., the 24-hour arithmetic mean for the day in question, and 𝑇𝑢𝑝𝑝𝑒𝑟 is 
upper comfort operative temperature limit (°C). 

In addition, Standard Effective Temperature (SET*) is used to evaluate thermal comfort 
particularly the cooling effect of wind speed. SET* is defined as the equivalent air temperature 
of an isothermal environment at 50% of relative humidity in which a subject, wearing clothing 
standardized for the activity concerned, has the same heat stress and thermoregulatory strain 
as in the actual environment (ASHRAE, 2017). As defined, the SET is calculated by a thermos-
physiological simulation of human body by reducing any combination of real environmental 
and personal variables into the temperature of imaginary standard environment, which is at 
0.57 clo and 1.25 met (Szokolay, 2004). Thus, this model enables air speed effects on thermal 
comfort to be related across a wide range of air temperatures, radiant temperatures and 
humidities. The SET* is calculated using following equation (ASHRAE, 2017): 

𝑆𝐸𝑇∗ = 𝑇𝑜𝑝 +𝑤𝑖𝑚𝐿𝑅(𝑝𝑎 − 0.5𝑝𝐸𝑇∗,𝑠)     (3.5) 

where SET* is standard effective temperature (°C), 𝑇𝑜𝑝 is operative temperature (°C), 𝑤𝑖𝑚 
is skin wittedness (dimensionless), LR is ratio of convective and evaporative heat transfer 
coefficients (dimensionless), 𝑝𝑎 is barometric pressure (kPA) and 𝑝𝐸𝑇∗ is saturated vapor 
pressure at effective temperature (kPA). 

3.3.2 Questionnaires and face to face interview 

The field survey was conducted at the same time as the field measurements conducted. The 
survey is composed of face-to-face interview and one-week thermal measurements. Face-to-
face interviews were conducted using a questionnaire form list covered socio-demographic 
profile of respondents, average daily occupancy in both weekdays and weekends; ownership 
and the usage of cooling appliances; thermal sensations and preferences during the daytime 
and night-time; indoor air quality and windows/doors opening behavior. A 7-scale of thermal 
sensation was used to evaluate thermal sensation (from -3 for cold to 3 for hot). The same 
scale also used to assess wind sensation (from -3 for too still to 3 for too breezy) and humidity 
sensation (from -3 for too dry to 3 for too humid). Meanwhile, thermal preferences and 
humidity preference of the occupants were assessed by a 5-scale of thermal preference and 
humidity preference was used (from -2 for much cooler/much more humid to 2 for much 
warmer/much drier) whilst a-7 scale of wind preferences was used (from -3 for much more 
still to 3 for much more breezy). Moreover, during field survey, room arrangement and 
window devices were sketched. Appendix B presents the detailed drawing of respective 
occupied units while the detailed questionnaires used during field survey in the occupied units 
of public apartments, while are presented in Appendix C.  

Thermal measurements were conducted in total 42 apartment units for one week period: 15 
units for old public apartment, 17 units for new public apartment, and 10 houses for middle-
high-rise apartments. Two data-loggers were attached in a stand pole at 1.1 m above floor level 
to measure indoor air temperature, indoor relative humidity and globe temperature. Indoor air 
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temperature and relative humidity were measured using TR-72ui (accuracy of ±0.3°C for air 
temperature and ±5% for relative humidity), while globe temperature was measured using 
T&D TR-52i (accuracy of ±0.3°C) by inserting the sensor into a black-painted ping-pong ball. 
The equipment was installed in the living room and set to avoid direct solar radiation. In 
addition to weather station, outdoor air temperature and relative humidity were measured using 
TR-73Ui (accuracy of ±0.3°C for air temperature and ±5% for relative humidity). The outdoor 
data logger was installed in a large open space at a certain height under the shade to prevent 
the effect of solar radiation. 

3.3.3 Computer simulation  

As described in the Section 3.2, conditions of selected apartments for field measurements 
were different. To generalize the indoor thermal environment of current existing apartments 
under the same conditions, computer simulation was carried out to investigate its response to 
changing conditions inside and outside the building. Simulation test cases and weather 
conditions are considered in this section after base models are developed. The models 
represent the actual building forms with some simplifications and material properties of the 
buildings. 

3.3.3.1 The simulation program used and simulation conditions 

Over the past 50 years, hundreds of building energy programs have been developed, 
enhanced and are in use, and some of them were reviewed (Crawley et al., 2008). Since 
naturally ventilated apartments were going to be simulated, TRNSYS and COMIS were used 
in this simulation. TRNSYS and COMIS are a multi-zone airflow network program, in coupled 
simulations; indoor temperatures and air flow rates are interdependent in naturally ventilated 
buildings.  

TRNSYS 3.3 is the transient systems simulation program that has been available since 1975 
and remains as one of the most flexible energy simulation software packages by facilitating 
the addition of mathematical models, available add-on components, the capabilities of the 
multi-zone building model, and the ability to interface with other programs. It has a module 
structure, where some components (called Type) are connected graphically in the Simulation 
Studio and compiled internally as a TRNSYS input file (known as the deck file) for the 
simulation engine. The Simulation Studio is a complete simulation package that integrates the 
simulation engine, components, components’ connections of components, and output in the 
form of user interface tools. During the simulation, the components were called by the 
TRNSYS engine and their mathematical models iterated until convergence was reached within 
the specified tolerances. Output files were generated and post-processed in Excel spreadsheets 
after the simulation (Toe, 2013). Meanwhile, COMIS is known as a multi-zone airflow 
network model that can simulate infiltration and ventilation through crack flow and flow 
through large openings in multi-zone buildings (Dorer et al., 2005; Feustel, 1999). In this 
simulation, COMIS version 4.2.0.28 was used. It works in a modular structure that is similar 
to TRNSYS in the Simulation Studio.  

TRNSYS Type56 ‘Multi-zone Building’ was used to model the thermal zones of the 
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apartment buildings, and then coupled with COMIS via Type 157 in TRNSYS. The building 
model in Type56 is an energy balance model describing the thermal behavior of the building, 
which is divided into different thermal zones and air nodes through TRNBUILD user interface. 
This component requires the number of building information, e.g. building material data, wall 
construction data, windows opening schedule, etc. The heat balance model of the whole 
building basically considers (1) convective heat fluxes to the air node; (2) coupling with other 
zones; and (3) radiative heat flows to the wall and windows. Mathematical equation for 
convective heat flux to the air node is showed in the Equation 3.6 while radiative heat flows 
to the wall and windows is indicated in Equation 3.7 (Klein et al., 2012).  

�̇�𝑖 = �̇�𝑠𝑢𝑟𝑓,𝑖 + �̇�𝑖𝑛𝑓,𝑖 + �̇�𝑣𝑒𝑛𝑡,𝑖 + �̇�𝑔,𝑐,𝑖 + �̇�𝑐𝑝𝑙𝑔,𝑖 + �̇�𝑠𝑜𝑙𝑎𝑖𝑟,𝑖 + �̇�𝐼𝑆𝐻𝐶𝐶𝐼,𝑖  (3.6) 

where �̇�𝑖 is convective heat flux to the air node (W), �̇�𝑠𝑢𝑟𝑓,𝑖  is the convective gain from 
surfaces (W), �̇�𝑖𝑛𝑓,𝑖  is the infiltration gains (air from outside only) (W), �̇�𝑣𝑒𝑛𝑡,𝑖  is the 
ventilation gains (W), �̇�𝑔,𝑐,𝑖  is the internal convective gains (by people, equipment, etc.) (W), 
�̇�𝑐𝑝𝑙𝑔,𝑖  is the gain due to air from other zones (W), �̇�𝑠𝑜𝑙𝑎𝑖𝑟,𝑖  is the fraction of solar radiation 
entering an air node through external windows which is immediately transferred as a 
convective gain to the internal air (W), and �̇�𝐼𝑆𝐻𝐶𝐶𝐼,𝑖  is the absorbed solar radiation on all 
internal shading devices of zone and directly transferred as a convective gain to the internal 
air (W).  

�̇�𝑟,𝑤𝑖 = �̇�𝑔,𝑟,𝑤𝑖 + �̇�𝑠𝑜𝑙,𝑤𝑖 + �̇�𝑙𝑜𝑛𝑔,𝑤𝑖 + �̇�𝑤𝑎𝑙𝑙−𝑔𝑎𝑖𝑛    (3.7) 

where �̇�𝑟,𝑤𝑖 is the radiative gains for the wall surface (W), �̇�𝑔,𝑟,𝑖,𝑤𝑖 is the radiative air node 
internal gain received by wall (W), �̇�𝑠𝑜𝑙,𝑤𝑖 is the solar gains through windows received by 
wall (W), �̇�𝑙𝑜𝑛𝑔,𝑤𝑖 is the long-wave radiation exchange between this wall and all other wall 
and windows (W), and �̇�𝑤𝑎𝑙𝑙−𝑔𝑎𝑖𝑛 is the specified heat flow to the wall or window surface 
(W).  

The development of simulation model was refer to the previous works of Toe (2013), as 
shown in the Figure 3.10. Figure 3.10 describes the coupling relationship between the two 
programs in the whole simulation model. In this coupling method, Type 157 was treated like 
any other TRNSYS components and COMIS was thus called together in each iteration step 
until the mass and energy balance per zone reached convergence (Toe, 2013). As shown, data 
of the air flow rates per zone were transferred from Type 157 to Type 56 and in exchange, the 
zone air temperatures data were transferred from Type 56 to Type 157. The air flow included 
flow from outside and flow between zones. The Modified-Euler method was selected, and the 
successive solution method that should be used for buildings and systems with a thermal 
capacity was applied. All of the simulations attained convergence within a tolerance of 0.01. 

The building in COMIS was modelled as a network of pressure nodes linked by air-mass 
flow paths including flow resistances caused by open or closed doors and windows as well as 
air leakage through walls and other building surfaces. The air volume (i.e. the room or zone) 
represented by each internal pressure node is assumed to be well mixed and has a fixed uniform 
pressure and temperature at each time step. Meanwhile, the wind pressure field around the 
building is attributed to external pressure nodes. Air leakage characteristics of the building 
constructional joints and surfaces for the whole building envelope as well as internal surface 
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were represented by crack flow, which is calculated by the power law equation as follow 
(Feustel and Raynor-Hoosen, 1990; Orme et al., 1998): 

�̇� =  𝐶�̇�(∆𝑃)
𝑛        (3.8) 

where �̇� is volume flow (m3/s), 𝐶�̇�  is volume flow coefficient (m3/sPan), ΔP is pressure 
difference across the link (Pa) and n is flow exponent (-). 

Temperature correction in the crack was not applied in this study due to the unavailability 
of the measurement data to determine the actual air leakage temperature. Instead, the standard 
reference data were used for the flow coefficients. Nevertheless, it is assumed that the air and 
the wall would have the same temperatures since apartment buildings have the tiny crack form 
in the wall constructions. It is also assumed that no thermal gradient over the height of the air 
flow component.  

Since natural ventilation through open windows is a main interest of this simulation, 
windows and doors were modelled as large vertical openings. In COMIS, large opening is 
divided into several vertical layers at equal distance, and the mass flow is then solved for each 
layers. When they closed, pressure difference calculations are applied to the entire window 
frame including bottom crack, top crack and vertical side cracks. Furthermore, bi-directional 
flow is calculated when they are open by incorporating a discharge coefficient that represents 
a contraction effect on the flow due to the opening and effective opening area. The air flow for 
the vertical cracks is calculated by the summation of the flows over the vertical height (Feustel, 
1999). 

In this simulation, each thermal zones contained one air-node. Basically, the heat balance 
model of the whole building considers: (1) convective heat fluxes to the air-nodes; (2) short-
wave and long-wave radiation, conduction and convection heat fluxes to the walls and 

  
Figure 3.10. Components and data transfer in the TRNSYS-COMIS simulation. 
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windows; and (3) the thermal history of high thermal mass walls (Klein et al., 2012). Standard 
models for beam and diffuse radiation distributions to inside surfaces and long-wave radiation 
exchange within each zone were used since the apartments had ordinary constructions 
comprising opaque facades and windows. Moreover, moisture balance was calculated in the 
Type 56 by considering the free floating humidity ratios in the naturally ventilated zones. 

The weather data, simulation time and schedules were defined in TRNSYS and used 
simultaneously by both TRNSYS and COMIS models. The weather data that were measured 
on site directly during the field measurements from the weather stations were employed in the 
simulation. The raw weather data covered dry bulb temperature, relative humidity, wind speed, 
wind direction, barometric pressure and global horizontal solar radiation. In TRNSYS, these 
weather data were first read by Type 9e as average values over the data time interval without 
interpolation. Several other weather variables were derived to provide the necessary input for 
the simulation. The total horizontal radiation was divided into its beam and sky diffuse 
components on the horizontal surface by Type 16c. The incident radiation components 
received on respective building surfaces including vertical and tilted surfaces were then 
estimated internally as defined in Type 56. The long-wave radiation exchange from external 
surfaces of the building to the atmosphere; effective sky temperature was estimated by Type 
69b as a function of the dry bulb temperature, dew point temperature, atmospherics pressure 
and cloudiness factor of the sky. Furthermore, moist air properties were estimated from the 
known dry bulb temperature and relative humidity using a psychrometric processor, i.e. Type 
33e. The derived variables were humidity ratio, dew point temperature, densities of air with 
and without water vapor, and enthalpy. 

3.3.3.2 Base model apartments and simulation cases 

Each of apartment buildings that used to be performed in the field measurements, i.e. old 
public apartment, new public apartment and middle-class high-rise apartment were modelled 
for the purpose of this simulation study in order to validate the base model. Since the selected 
apartments represent the typical apartments in Indonesia, in terms of spatial design and 
building structures (see Sections 3.1 and 3.2), and thus they matched with the objectives of 
this study. The base model followed the data as well as the experimental setup outlined in the 
previous section.  

The geographical location of the base model followed that of the actual apartments, i.e. 
7°15’00”S and 112°45’00”E at an elevation of 6m above sea level. Weather data that was 
measured on site throughout the field experiment period, i.e. 01-30 October 2014, was used. 
The simulation time step was set to coincide with the weather data at 10-minute intervals. The 
building orientations were different, and represented the actual situation of the measured 
apartments.  External façade of the master bedroom in old public apartment faces toward 
south while that of in new public and middle-class high-rise apartments face west respectively.  

The apartment models for this simulation were modelled in three dimensions using the 
TRNSYS 3D plug-in in Google SketchUp interface so that the three dimensional data were 
read in TRNBUILD. The apartment models were developed based on the actual conditions 
with some modifications in order to simplify the models. It is impossible to build a complete 
model as the real conditions due to the limited capacity of this software in modelling the air-
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nodes, which is up to 200 air-nodes only. The heat in the selected unit are assumed to be 
transferred through not only between the indoor and outdoor through thermal boundary, but 
also through surrounding spaces (i.e. other units and corridor space).  

Figure 3.11 illustrates exterior views of the old public apartment model. In the old public 
apartment model, the number of simulated units was reduced from 48 units to 12 units. 
Meanwhile, the length of corridor space was shortened with maintaining the ratio of openings 
to total floor area which is around of 0.178. Thus, this model comprises 17 thermal zones, 
which was consist of three thermal zones in the selected units and 13 thermal zones in 
neighboring rooms (e.g. left- and right-side of the selected unit and upper- and lower-side of 
the selected unit) and corridor space. The above three thermal zones represent each partitioned 
rooms as follows: main room, balcony, and restroom. The ground floor was considered as 
single thermal zone while the top floor was considered as the shading objects and their heat 
transfers were not simulated (see Figure 3.11b).  

Figure 3.12 shows exterior views of the new public apartment model. In this model, the 
selected unit which is located on the top floor comprised five thermal zones represent 

  
Figure 3.11. (a) Location of the selected unit in the model and (b) front view of the old public 

apartment. Surfaces in purple are shading objects and their heat transfers are not simulated. 

 
Figure 3.12. (a) Location of the selected unit in the model and (b) front view of the new public 

apartment. Surfaces in purple are shading objects and their heat transfers are not simulated. 
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following spaces: living room, master bedroom, bathroom, kitchen and balcony (see Figure 
3.7b). Meanwhile, neighboring units and corridor spaces were considered as a single thermal 
zone and connected to main thermal zones. In this model, the total of 28 thermal zones were 
developed and connected each other after the number of units simulated was reduced from 96 
units to 12 units. In spite of the selected unit, these thermal zones represent neighboring units 
and corridor spaces. Unlike old public apartment model, this model considered the roof as 
single thermal zone for each units. Meanwhile, the length of corridor space was shortened 
without maintaining the ratio of openings to total floor since it is open corridor spaces. From 
the ground floor to the third floor were considered as the shading objects and therefore their 
heat transfers were not considered (see Figure 3.12b).  

Figure 3.13 illustrates the simplified model of the middle-class high-rise apartment model. 
In this model, simulated model was located on the eighth floor consist of four thermal zones 
represent living room, master bedroom, bedroom and bathroom (see Figure 3.8b). Like public 
apartments models (i.e. old public and new public apartments), each of neighboring units and 
corridor spaces were considered as single thermal zones. The spaces above 9th floor level and 
below 7th floor level were considered as shaded objects and thus no heat transfers occurred in 
those spaces (Figure 3.13b). After simplified from the total of 762 units to 30 units, this model 
comprised of 42 thermal zones. As old public apartment model, this model shortened the 
length of the corridor spaces whilst maintaining the ratio of openings to total floor since it is 
enclosed corridor spaces.  

Table 3.2 shows the thermal properties of the building materials that were assigned to the 
each base models (i.e. old public apartment, new public apartment and middle-class apartment). 
Since the thermal property of material data of Indonesia are not available, then some properties 
such as density, specific heat capacity and thermal conductivity of each material were refer to 
the reference books (such as Szokolay, 2004), manufacturer’s datasheet (Hebel, 2018; Boral, 
2018) and related national standard of Indonesia (see BSN, 2002, 2013). The thermal 
properties of the windows (glazing and frame) were standard data in the WINDOW (Mitchell 
et al., 2011). The constructional layers and reference U-values of respective building elements 

  
Figure 3.13. (a) Location of the selected unit in the model and (b) front view of the middle-class 

high-rise apartment. Surfaces in purple are shading objects and their heat transfers are not 
simulated. 
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are listed in Table 3.3. A time base of 1h was set for the transfer function to represent the 
thermal mass behavior of the walls. Initial zone air temperatures and relative humidity for the 
simulation were based on the field experiment data. 

Wind pressure coefficients in this simulation were estimated using a parametrical model 
developed by Grosso (1992, 1995) known as CPCALC+. The tool applies to rectangular block 
buildings without overhangs (Grosso, 1992). The calculation considers terrain roughness 
(wind velocity profile exponent), surrounding buildings (building height and density), aspect 
ratios and wind direction. Considering that, a wind velocity profile exponent of 0.28 was used 
to represent the urban area. Discharge coefficients were calculated internally in COMIS while 
flow coefficients and flow exponents of cracks and openings were selected from references 
given by Orme and Leksmono (2002), as summarized in Table 3.4.  

The simulation test cases mainly focus on parameters for generalization of indoor thermal 
environments in the existing apartments due to the limitation of field measurements. As 
previously described, the field measurements were conducted in different conditions (i.e. 
orientation, floor levels) and thus the simulation cases varying the ventilation conditions on 

 Table 3.2. Thermal properties of the building materials in the base models. 
Material Density 

(kg/m3) 
Specific heat 

capacity 
(kJ/kgK) 

Thermal 
conductivity 

(kJ/hmK) 

Thermal 
resistance 
(hm2K/kJ) 

Old public apartment  
Cement plaster 1250 0.840 2.595 n/a 
Concrete hollow block 2300 1.000 5.868 n/a 
Concrete slab 2400 0.880 6.264 n/a 
Ceramic tile 2022 1.250 3.987 n/a 
Plywood (door) 480 1.680 0.468 n/a 
PVC door pane 1200 1.000 0.540 n/a 
New public apartment 
Cement board 550 0.960 1.843 n/a 
Cement plaster 1250 0.840 2.595 n/a 
Concrete block 2100 1.000 1.630 n/a 
Concrete slab 2400 0.880 6.264 n/a 
Ceramic tile 2022 1.250 3.987 n/a 
Plywood (door) 620 1.300 0.497 n/a 
PVC door pane 1200 1.000 0.540 n/a 
Roof tile 1700 1.000 1.800 n/a 
Middle-class private apartment 
Aerated light concrete 780 0.920 0.536 n/a 
Cement board 550 0.960 1.843 n/a 
Cement plaster 1250 0.840 2.595 n/a 
Concrete slab 2400 0.880 6.264 n/a 
Ceramic tile 2022 1.250 3.987 n/a 
Precast concrete 2100 0.840 5.040 n/a 
PVC door pane 1200 1.000 0.540 n/a 
Timber (door) 620 1.300 0.497 n/a 
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the orientations and unit positions. The test cases related to natural ventilation condition 
replicated the window opening patterns of the field experiment to represent night ventilation, 
daytime ventilation, no ventilation and full-day ventilation conditions while those related to 
the orientation evaluate the external wall’s orientation of the units (i.e. North-facing, South-
facing, East-facing and West-facing). The simulation was conducted under the same position, 
which is in the intermediate floors with the assumption that the number of units located on the 
top floor and the ground floor is smaller than that in the intermediate floors (between the 
ground level and top floor). Finally, all the simulation cases evaluate and compare the selected 
units under the same conditions (i.e. ventilation condition, orientation and position of unit). 
Table 3.5 summarizes the simulation test cases and their test conditions.  

 Table 3.3. Constructional layers and reference U-values of the base models. 

Building element Constructional layers 
Reference 
U-valuea 

(W/m2K) 
Old public apartment 
Ceiling Cement plaster (2mm thick)+ concrete slab (200mm) + 

cement plaster (20mm) + ceramic tile (5mm) 
3.194 

External and party 
walls 

Cement plaster (2mm)+ concrete hollow block (110mm) 
+ cement plaster (2mm) 

4.115 

Floor Ceramic tile (5mm) + cement plaster (20mm) + concrete 
slab (200mm) + cement plaster (2mm) 

3.194 

Window Single layer float glass (6mm) 5.610 
New public apartment 
Ceiling Cement board (12mm) 3.482 
Floor Ceramic tile (5mm) + cement plaster (20mm) + concrete 

slab (150mm) + cement plaster (2mm) 
3.768 

External and party 
wall 

Cement plaster (2mm)+ concrete block (140mm) + 
cement plaster (2mm) 

2.087 

Internal wall (living 
room) 

Cement board (6 mm) + air gap (80 mm) + cement board 
(6 mm) 

1.743 

Pitched roof 20mm thick clay roof tile + 25mm thick timber batten  4.762 
Window Single layer float glass (6mm) 5.610 
Private apartment 
Ceiling Cement board (6mm)+ concrete slab (150mm) + cement 

plaster (20mm) + ceramic tile (5mm) 
3.193 

Floor Ceramic tile (10mm) + cement plaster (20mm) + 
concrete slab (150mm) + cement plaster (2mm) 

3.090 

External wall Cement plaster (2mm)+ precast concrete (80mm) + 
cement plaster (2mm) 

4.546 

Internal wall 
(bedrooms) 

Cement board (12 mm) + air gap (80 mm) + cement 
board (12 mm) 

0.244 

Internal wall 
(bathroom) 

Ceramic tile (5mm) + cement plaster (10mm) + 
lightweight concrete (120 mm) + cement plaster (2mm) 

1.978 

Party wall Cement plaster (2mm)+ lightweight concrete (120mm) 
+ cement plaster (2mm) 

2.035 

Window Single layer float glass (6mm) 5.610 
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3.4 Thermal comfort in unoccupied units 

As previously described, this section addresses the current problems of the existing 
apartments under unoccupied condition by investigating the indoor thermal environments and 
evaluating thermal comfort inside mainly focus on the master bedrooms of respective 
apartment types. The results of field measurements are presented in sub-section 3.4.1, which 
is divided into four main sub-sections, i.e. daytime ventilation, night ventilation, full-day 
ventilation and no ventilation. Sub-section 3.4.2 presents the results of computer simulation 
on the respective existing apartment types under same parameters, to compare the indoor 
thermal environment as well as to evaluate indoor thermal comfort. 

Table 3.4. Flow coefficients and flow exponents of the base model. Note: Selected data from Orme 
and Leksmono, 2002. 

Building element Flow coefficient Flow exponent (-) 
Crack componenta Unit: kg/sm2Pan  
Plastered brick wall 2.18 x 10-5 0.85 
Concrete slab 2.54 x 10-5 0.84 
Tiled roofingb 9.68 x 10-3 0.55 
Fibre ceiling board 1.14 x 10-4 0.76 
Large opening componentc Unit: kg/smPan  
Window (hinged, with rubber seal) 1.57 x 10-4 0.60 
Window (hinged, without rubber seal) 8.95 x 10-4 0.60 
Window (sliding) 2.78 x 10-4 0.60 
Window (louvred)d 2.88 x 10-3 0.60 
External door (hinged) 1.45 x 10-3 0.60 
Internal door 1.57 x 10-3 0.60 

a The flow coefficient is given per surface area. 
b Less airtight construction was assumed by applying a multiplication factor of 2 to the original value. 
c The flow coefficient is given per length of joint. 
d The given flow coefficient per louvre is 4.114 x 10-4 kg/smPan. 

Table 3.5. The simulation test cases and their test conditions. 

Parameters Test conditions 
1 2 3 4 

Natural 
ventilation 
conditions 

Night ventilation 
 
 Closed 6 

a.m.-6 p.m. 

Open 6 p.m.- 
6 a.m. 

Daytime 
ventilation 
 Open 6 a.m.-6 

p.m. 

Closed 6 
p.m.-6 a.m. 

No ventilation 
 
 Closed 24h 

Full-day 
ventilation 
 Open 24h 

Orientation 
(external-wall) 

North-facing South-facing East-facing West-facing 
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3.4.1 Field investigation of indoor thermal environments 

3.4.1.1 Indoor thermal environments in different natural ventilation conditions 

The outdoor air temperature during the field measurements ranged from 22.2-34.6°C with 
the average of 28.3°C, while the outdoor relative humidity ranged from 22-86%. Daily global 
horizontal solar radiation recorded at 21.1-27.3 MJ/m² on these days. There were no rainy days 
during the field measurements. The average outdoor wind speeds at the same height of the 
measured units were 0.7 m/s (old public), 1.4 m/s (new public) and 2.1 m/s (middle-class high-
rise apartment), respectively. Figures 3.14-3.16 show the temporal variations of the thermal 
variables measured in the master bedrooms, living rooms and corridor space in the respective 
apartment types at 1.1m height above floor with the corresponding outdoor conditions for 
daytime and night ventilation condition, respectively. Based on the previous study (Arethusa, 
2014), open the windows during the daytime and close them during night-time, i.e. daytime 
ventilation, is common practice of occupants of apartments in Indonesia.  

When daytime ventilation was applied, the indoor air temperatures of the master bedroom 
of the old public apartment are relatively stable at 28.0-30.9°C. The maximum indoor air 
temperatures are around of 30.6-30.9°C, which is 3.1-3.8°C lower than the corresponding 
outdoors. In the other hand, during the night-time, indoor air temperatures are 4.8-5.2°C higher 
than the outdoors (Figure 3.14a). Indoor air temperature is well stabilized due to the relatively 
high thermal mass, which is around of 2,031 kg/m². The other reason for relatively lower 
indoor air temperature is the building orientation (south-facing) so that does not receive direct 
solar radiation (see Figure 3.20a). Although windows were open during the daytime, the indoor 
air temperatures in old public apartments are not closer to the outdoors mainly due to the 
existence of large balcony as shading devices and the semi-open corridor space as thermal 
buffer zone. As shown in Figures 3.14a, although the large corridor space was well ventilated 
during the daytime as shown in the wind speed measurements, the corresponding air 
temperature maintained lower values than the outdoors. Since it is semi-open space, the 
corridor space reduces internal heat gain particularly during the peak hours although its air 
temperature during the night-time still higher than the outdoors due to the high thermal mass 
effect.  

When the night ventilation is applied, the maximum indoor air temperatures in the master 
bedroom of the old public apartment are 4.0-4.6°C lower than the outdoors (Figure 3.14b); 
these differences are about 0.9°C lower than those of when daytime ventilation is applied. In 
contrary, nocturnal indoor air temperatures shows the opposite pattern; about 3.3-4.1°C higher 
than the outdoors. These values are 1.1-1.5°C lower than those of when daytime ventilation is 
applied. This is due to the nocturnal ventilative cooling through open windows and thermal 
mass effect of the cooled building structures from the respective previous nights. 

In contrast, during the peak hours, daytime indoor air temperatures in master bedrooms as 
well as in the living rooms in both new public and middle-class high-rise apartment are higher 
than the outdoors, around of 2.2-3.3°C and 3.0-3.6°C higher, respectively. As shown, the 
nocturnal indoor air temperatures in both rooms also much higher than the outdoors, which 
are around 3.1-6.0°C and 4.1-6.6°C higher, respectively (Figures 3.15-3.16). In the case of 
new public apartment, the average air temperature in the master bedroom was approximately 
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1.8-3.5°C higher than the outdoors and 1.0-2.7°C higher than those in the corridor space. 
Meanwhile, the average air temperature in the master bedroom in the middle-class h apartment 
was approximately 1.6-2.9°C higher than the outdoors and 1.1-2.5°C higher than those in the 
corridor space (Figure 3.15a). The heat from the outdoor air is stored in the building structures 
and radiates to the indoor spaces at night. Since windows are closed during night-time, heat is 
confined inside the house and nocturnal indoor air temperature in the daytime ventilated room 
maintains higher than the night ventilated room on average. Since both apartments, i.e. new 
public and middle-class high-rise apartments are west-facing oriented, the effects of solar 
radiation must be taken into account into the higher indoor air temperatures. Meanwhile, the 
relatively higher nocturnal indoor air temperatures were caused by the thermal mass effects in 
the above three apartments. Further, wind speeds of new public apartment are relatively higher 
than those of other apartments mainly because of the cross ventilation due to the existence of 
open corridor space. Although the outdoor wind speeds in the middle-class high-rise apartment 
are much higher (up to 6.1 m/s) due to the altitude of the unit, but cross ventilation is not 
occurred and therefore it has low ventilation rate, which is averagely of 0.1-0.2 m/s (see Figure 
3.16a). 

 
Figure 3.14. Temporal variations of indoor thermal environments in the old public apartment 

under (a) daytime ventilation and (b) night ventilation conditions.  
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During the peak hours, indoor air temperatures in the living room were slightly lower than 
those in the master bedroom, most probably due to the room-adjacent corridor spaces. As 
shown in Figure 3.15a, the profile of corridor space’s air temperatures tends to follow the 
outdoors, since the corridor space in the new public apartment is open space. As the old public 
apartment, nocturnal air temperatures of corridor space are higher than the outdoors for the 
same reason, thermal mass effect. Meanwhile, corridor spaces in the middle-class high-rise 
apartment are enclosed space and therefore the profile of its air temperatures completely 
different than previous public apartments. The profile of corridor space’s air temperature is 
relatively stable (Figure 3.16a).  

The same phenomena do not occurred in both new public and middle-class high-rise 
apartments when the night cooling is applied. During the peak hours, the indoor air 
temperatures are almost the same as, and even higher than those in the old public apartment, 
which is around of 3.3-4.1°C and 2.5-4.2°C higher than the outdoors, respectively (Figures 
3.15b-16b) . The effects of nocturnal ventilative cooling are cut off by the direct solar radiation 
entering the rooms, since both units are facing west and are not equipped with proper shading 
devices (see Figures 3.20b). As shown, the units of the new public apartment received direct 
solar radiation in both living room and master bedroom. The living room received the solar 
radiation through the window for about 50 minutes, from 6:30 to 7:20, while the master 
bedroom received it for more than four hours, from 12:50 to 17:00. The external shading of 

 
Figure 3.15. Temporal variations of indoor thermal environments in the new public apartment 

under (a) daytime ventilation and (b) night ventilation conditions.  
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overhang was not sufficient in shading the master bedroom after 12:50. In the case of middle-
class high-rise apartment, the direct solar radiation penetrated into the master bedroom and 
living room for more than five hours, from 11:50 to 17:10. As shown, the middle-class high-
rise apartment was not equipped with external shading device (Figure 3.21). Although the 
windows were open during the night-time, the nocturnal indoor air temperatures of living room 
cannot lower to the same level as the outdoors because of the higher air temperature in the 
corridor space. As shown, the indoor wind speeds are almost not exist in both new public and 
middle-class high-rise apartment (around of 0.04 m/s, in average). As the daytime ventilation, 
thermal mass effects can be seen by the occurrence of the peak indoor air temperatures by 1-2 
hours compared to the outdoors. Furthermore, nocturnal indoor air temperatures dropped up 
to 24.9°C in the new public apartment when the windows were opened, showing relatively 
large decrease compared with the old public apartment. This is probably because the 
ventilation rates in the new public apartment was larger than that in the old public apartment. 

Profiles of indoor thermal environments in the each rooms of respective apartment types 
for full-day and no ventilation conditions are shown in Figures 3.17-19. In the master bedroom 
of old public apartment, the temperature differences between indoor and outdoor during the 
peak hours when the windows are open whole the day (i.e. full-day ventilation), are similar to 
those of when daytime ventilation is applied, which is around of 2.9-3.8°C lower than the 

 
Figure 3.16. Temporal variations of indoor thermal environments in the middle-class private 

apartment under (a) daytime ventilation and (b) night ventilation conditions.  
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outdoors. Meanwhile, the nocturnal indoor air temperatures are around 3.5-4.4°C higher than 
the outdoors (Figure 3.17a). These values are slightly higher than those of night ventilation, 
because the building structures are heated more when windows are open during daytime. As 
the mean outdoor wind speeds drop from about 0.9-1.8 m/s during the day to about 0.1-1.0 
m/s at night, the night-time ventilation rate might be insufficient to cool the heated structure 
of the full-day ventilated house properly at night due to its high thermal capacity. 

When full-day ventilation is employed, the profile of indoor air temperatures of rooms in 
both new public and middle-class high-rise apartments are almost the same as the previous 
ventilation conditions (i.e. daytime and night ventilations); almost the whole day, indoor air 
temperatures are relatively higher than the outdoors. During the peak hours, indoor air 
temperatures of master bedroom in new public apartment are around of 33.5-34.5°C or about 
2.9-3.9°C higher than the outdoors, while those of living room are around 32.0-33.0°C or about 
1.9-2.8°C higher than the outdoors (Figure 3.18a). In the middle-class high-rise apartment, 
daytime indoor air temperatures of master bedroom and living room are 3.2-4.6°C and 2.8-
4.4°C higher than the outdoors, respectively (Figure 3.19a). As the night ventilation condition, 
the nocturnal ventilative cooling effects are cut off by the strong direct solar radiation since 
these units facing west, in addition to the heated building structured during the daytime. As 
indicated, the nocturnal indoor air temperatures of the respective master bedroom and living 
room of new public apartment are 24.9-27.1°C and 24.2-26.1°C, while those of middle-class 

 
Figure 3.17. Temporal variations of indoor thermal environments in the old public apartment 

under (a) full-day ventilation) and (b) no ventilation condition.  
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high-rise apartment are 27.8-29.2°C, respectively. Furthermore, cross ventilation occurred in 
the living room of new public apartments while in the middle-class high-rise apartment, cross 
ventilation did not occur although windows are open throughout the day. 

During no ventilation condition, indoor air temperatures in old public apartments showed 
stable values at 29.7-31.2°C with average of 30.5°C (Figure 3.17b). In case of new public 
apartment, the indoor air temperatures of master bedroom are much higher than those when 
other ventilation conditions are applied, which is around of 3.3-5.2°C higher than the 
corresponding outdoors (Figure 3.18b). It is found that without night cooling, maximum 
indoor air temperatures in the unventilated room are 1.1°C higher than the night ventilated 
ones, although windows were closed during daytime. Meanwhile, the profile of indoor air 
temperatures in the middle-class high-rise apartment almost the same as compare to other 
ventilation conditions, with the maximum indoor air temperatures are 2.7-4.0°C higher than 
the outdoors (Figure 3.19b).   

Figures 3.22-24 further presents a statistical summary of the measured air temperature and 
humidity in the master bedrooms on fair weather days for respective apartment types under 
different ventilation conditions. As indicated, the average indoor air temperatures in the master 
bedroom and the corridor space in the old public apartment were nearly the same as the 
outdoors with the difference of only 0.1-0.2°C, regardless of the ventilation conditions. In 

 
Figure 3.18. Temporal variations of indoor thermal environments in the new public apartment 

under (a) full-day ventilation) and (b) no ventilation condition.  
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terms of air temperature, Figure 3.22 confirmed that night ventilation together with the full-
day ventilation in case of old public apartment shows lower statistical values than the other 
ventilation conditions. The mean indoor air temperatures in the night ventilated room are 
almost similar to or lower than the mean outdoor air temperatures. It is found that indoor air 
temperatures will be lower when night ventilative cooling is applied. In terms of relative 
humidity, both night ventilation and full-day ventilation show higher statistical values.  

In case of new public apartment and middle-class public apartment, no ventilation 
condition shows the highest statistical values of indoor air temperatures compared to other 
ventilation conditions. The average air temperatures in the rooms and the corridors in both 
new public and middle-class high-rise apartments were generally higher than the outdoors 
(Figures 3.23-24). In the case of new public apartment, the average air temperatures in the 
master bedroom were approximately 1.8-3.3°C higher than the outdoors and 0.7-1.0°C higher 
than those in the corridor space (Figure 3.23). Meanwhile, the average air temperatures in the 
master bedroom in the middle-class high-rise apartment was approximately 2.0-3.2°C higher 
than the outdoors and 0.7-1.0°C higher than those in the corridor space (Figure 3.24). As 
previously described, applying night ventilative cooling will not significantly affecting the 
indoor air temperatures during the peak hours due to the direct solar radiation. In the new 
public apartment, these difference cannot be seen clearly even if compared to the daytime 

 
Figure 3.19. Temporal variations of indoor thermal environments in the middle-class private 

apartment under (a) full-day ventilation) and (b) no ventilation condition.  
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ventilation condition. Moreover, night ventilation lowers the average indoor air temperatures 
in the middle-class high-rise apartment by 0.6-1.3°C lower than those of when the windows 
open at daytime (i.e. full-day ventilation and daytime ventilation).  

Figure 3.25 shows the comparison of the statistical summary of the three apartments under 
different ventilation conditions. As shown, old public apartment has the lowest statistical 
values of indoor air temperatures compared to other apartment types, regardless ventilation 
conditions. Meanwhile, middle-class high-rise apartment has the highest statistical values 
amongst other apartment types, for almost all ventilation conditions except for no ventilation 

 
Figure 3.20. Illustration of solar radiation through windows in (a) old public apartment and (b) 

new public apartment.  

 
Figure 3.21. Illustration of solar radiation through windows in the middle-class private apartment 

in (a) master bedroom and (b) living room. 
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condition. If compared to the corresponding outdoors, the highest indoor air temperature can 
be found in the new public apartment under no ventilation condition and in the middle-class 
high-rise apartment under daytime ventilation condition, with averagely 3.3°C and 3.2°C 
higher than the outdoors respectively. In case of new public apartment, this is simply because 
the unit of the new public apartment is located on the top floor and thus received heat more 
than the middle-class apartment. Moreover, this heat then accumulated and could not be 
released to the outdoors due to no ventilation condition. During the daytime condition, the 
indoor air temperature is averagely 2.8°C higher than the corresponding outdoors. Furthermore, 
the corridor space in the new public apartment was semi-opened and therefore the air 
temperature in the space followed the outdoor temperature particularly during the daytime. On 
the other hand, the corridor space in the middle-class high-rise apartment was enclosed and 
therefore the air temperature in the space was quite stable and averagely higher than the 
outdoors. In this circumstance, even if the living rooms in the two apartments do not receive 
any direct solar radiation, the daytime indoor air temperature would not become the same level 
as the outdoors because of the higher air temperature in the corridor space. 

 
Figure 3.22. Statistical summary (5th and 95th percentile, mean and ±one standard deviation) of 

indoor and outdoor air temperatures and relative humidity in old public apartment.  

 
Figure 3.23. Statistical summary (5th and 95th percentile, mean and ±one standard deviation) of 

indoor and outdoor air temperatures and relative humidity in the new public apartment. 
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3.4.1.2. Vertical distribution of air temperature in master bedroom 

Figures 3.26-28 show the vertical distributions of air temperatures in the three apartment 
types under different ventilation conditions. The profiles of vertical distribution of indoor air 
temperatures are represented the highest and the lowest outdoor air temperatures, at 14:00 pm 
and 05:00 am, respectively. As shown in Figure 3.26, the surface temperatures of the floor and 
ceiling in the old public apartment were almost constant throughout the day, ranging from 28.1 
to 31.0°C regardless of the ventilation conditions. When the windows were open during the 
night-time (i.e. night ventilation and full-day ventilation), the steep temperature gradient can 
be seen at the morning time indicating that the building structure cooled by the nocturnal 
ventilative cooling. As indicated, the surface temperatures of floor and ceiling are lower than 
those of the other ventilation conditions. At the daytime, the temperature gradient can be seen 

 
Figure 3.24. Statistical summary (5th and 95th percentile, mean and ±one standard deviation) of 
indoor and outdoor air temperatures and relative humidity in the middle-class private apartment. 

 
Figure 3.25. Comparison of the statistical summary of indoor and outdoor air temperatures and 
relative humidity in the three apartments under (a) daytime ventilation, (b) night ventilation, (c) 

full-day ventilation and (d) no ventilation conditions. 
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clearly. The temperature differences between indoor and the surface increases when the 
windows open during the daytime.  

In contrast, the surface temperature of ceiling varied largely (24.5-40.8°C) in the new 
public apartment because the unit was located on the top floor (Figure 3.27). Thermal 
insulation was not applied to the roof and ceiling. The surface temperature of the floor was 
also increased during the late afternoon due to the direct solar radiation (see Figure 3.20b). 
The steep temperature gradient can be seen during the peak hours when the windows were 
closed (i.e. night ventilation) due to the nocturnal cooling effect. Nocturnal indoor air 
temperatures dropped up to 26.4°C in the new public apartment when the windows were 
opened, showing relatively large decrease compared with the old public apartment. This is 
probably because the ventilation rates in the new public apartment was larger than that in the 
old public apartment partly because the unit was located on the higher floor level. In the case 
of middle-class high-rise apartment, the temperature gradient is seen during night-time even 
when the windows were open (Figure 3.28). This is probably because the ventilation rates 
were not sufficient mainly due to the single-sized small opening as well as single-sided 
ventilation. As previously described, middle-class high-rise apartment received direct solar 

 
Figure 3.26. Vertical distribution if indoor air temperatures in the master bedroom of old public 
apartment under (a) daytime ventilation, (b) night ventilation, (c) full-day ventilation and (d) no 

ventilation. 
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radiation during the peak hours and therefore the gradient could not be seen at that time 
regardless of ventilation conditions. 

3.4.1.3. Surface temperatures and the heat flux in the master bedroom 

Surface temperatures were measured using thermocouple type T (the detail information of 
thermocouple used can be seen in Table 3.1) in the center of respective inside wall surfaces 
(i.e. north-, south-, east- and west- wall, and floor and ceiling) in the master bedrooms. 
Meanwhile, heat fluxes were measured using heat flux sensor Hukseflux HFP01. This sensor 
measures the heat flux ranged from -2000 to 2000 W/m² with sensitivity of 60x10-6 V/(W/m²). 
With thermal resistance of 71x10-4 K/(W/m²), it can measure heat flux under operating 
temperature range of -30 to 70ºC. Due to the limitation of sensor (and the data acquisition 
system as well), then the measurement of heat flux were carried out at the external wall alone 
in the new public apartment and middle-class high-rise apartment. Heat flux of other surfaces 
was calculated based on the Equations 3.6 and 3.7, with considering the convective heat 
transfer and radiative heat transfer. Those values, i.e. convective and radiative heat transfers, 
were calculated using following equations: 

 
Figure 3.27. Vertical distribution if indoor air temperatures in the master bedroom of the new 

public apartment under (a) daytime ventilation, (b) night ventilation, (c) full-day ventilation and 
(d) no ventilation. 
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𝑄𝑐 = ℎ𝑐𝐴(𝑇𝑠 − 𝑇𝑎)       (3.9) 

𝑄𝑟 = εσ𝐴(𝑇𝑠
4 − 𝑇𝑎

4)       (3.10) 

where Qc is convective heat transfer (W/m²), hc is convective heat transfer coefficient 
(W/m²K), A is surface area (m²), ε is emissivity of the surface (0 ≤ ε ≤ 1), σ is Stefan-Boltzmann 
constant (5.67x10-8 W/m2K4), Ts is wall surface temperature (ºC) and Ta is indoor air 
temperature (ºC).  

The convective heat transfer coefficient vary depend on the position of the surfaces. For 
horizontal heat flow (vertical surface), the hc is 3 W/m²K, while those for vertical heat flow 
(horizontal surface) are around of 1.5 W/m²K and 4.3 W/m²K for downward heat flow and for 
upward heat flow respectively (Szokolay, 2004). In addition, the emissivity of wall surface is 
typically 0.9. Using Equations 3.9 and 3.10, the results of calculated heat flux in the external 
wall of the master bedroom were closely correlated to the measured heat flux (R2=0.96) while 
that in the middle-class high-rise apartments was around of 0.89. Figure 3.29 showed the 
comparison of measured and calculated heat flux. 

 

 
Figure 3.28. Vertical distribution if indoor air temperatures in the master bedroom of the middle-

class high-rise apartment under (a) daytime ventilation, (b) night ventilation, (c) full-day 
ventilation and (d) no ventilation. 
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Figure 3.29. Comparison of the measured and calculated heat flux at the external wall of the 

master bedroom in (a) new public apartment and (b) middle-class high-rise apartment.  

 
Figure 3.30. Surface temperature of inside wall in the old public apartment under (a) daytime, (b) 

night, (c) full-day and (d) no ventilation conditions. 

 
Figure 3.31. Heat flux of the wall surface in the old public apartment under (a) daytime, (b) night, 

(c) full-day and (d) no ventilation conditions. 
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As the indoor air temperatures, surface temperatures in the old public apartment were 
relatively stable at 27.6-30.7°C, except for no ventilation condition, which is slightly higher at 
around of 29.4-31.4°C. The surface temperatures were generally higher than the corresponding 
indoor air temperature except at the daytime when the windows were open (i.e. daytime 
ventilation and full-day ventilation) (Figure 3.30). It is found that the nocturnal cooling lowers 
the surface temperatures. The external wall (south-facing) recorded the lowest values 
particularly during night-time mainly due to low outdoor air temperature and unexposed 
directly to the outdoors, regardless ventilation conditions. When no ventilation condition is 

 
Figure 3.32. Surface temperature of wall in the new public apartment under (a) daytime, (b) night, 

(c) full-day and (d) no ventilation conditions. 

 
Figure 3.33. Heat flux of the wall surface in the new public apartment under (a) daytime, (b) 

night, (c) full-day and (d) no ventilation conditions. 
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applied, the surface temperatures averagely the highest throughout the day compared to the 
other ventilation conditions. This is mainly because there is no heat transfer between the walls 
and the outdoors as the heat sinks. Analysis of heat flow shows that the heat fluxes of 
respective wall surfaces were mostly had positive values (above 0 W/m²) throughout the day 
regardless ventilation condition (Figure 3.31). It means that the heat flows from the wall 
surfaces to the indoor space. It is calculated that the maximum heat fluxes from the wall were 
around of 11.4-20.9 W/m2. It explains why the measured globe temperatures in the master 
bedroom were higher than the indoor air temperature throughout the day (see Figure 3.14). 

 
Figure 3.34. Surface temperature of wall in the middle-class high-rise apartment under (a) 

daytime, (b) night, (c) full-day and (d) no ventilation conditions. 

 

 
Figure 3.35. Heat flux of the wall surface in the middle-class high-rise apartment under (a) 

daytime, (b) night, (c) full-day and (d) no ventilation conditions. 
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As shown in Figure 3.32, ceiling in the case of new public apartment received the heat from 
the roof after transmitting through the attic space and therefore it has the highest surface 
temperature amongst other surfaces during the peak hours. As previously described, the roof 
and ceiling in the new public apartment are not insulated. It is calculated that the maximum 
heat fluxes from the ceiling ranged from 31.7 W/m² to 41.7 W/m² (Figure 3.33). The east wall 
received the direct solar radiation through the windows, thus increased the surface 
temperatures particularly during peak hours (15:00-17:00). As the old public apartment, the 
surfaces temperatures of walls under no ventilation conditions were averagely higher than 
those under other ventilation conditions, mainly for the same reason. Except for the ceiling, 
analysis of heat flux indicated that heat flow from the wall surface into the indoor space during 
the night-time (18:00-06:00). It should be noted that heat fluxes in the west wall (i.e. external 
wall) was obtained positive values throughout the day regardless ventilation condition (see 
Figure 3.33). It indicates that the external wall constantly transmitted the heat to the indoor 
space. It is important to provide proper shading devices in order to avoid direct solar radiation, 
and also insulate the external wall to reduce the amount of heat transferred to the indoor space. 

 
Figure 3.36. Profile of wall surface temperatures using thermal viewer in the old public apartment 

at (a) daytime and (b) night-time. 

 
Figure 3.37. Profile of wall surface temperatures using thermal viewer in the new public 

apartment at (a) daytime and (b) night-time. 

 
  Figure 3.38. Profile of wall surface temperatures using thermal viewer in the middle-class high-

rise apartment at (a) daytime and (b) night-time. 
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In the case of middle-class high-rise apartment, the surface temperatures of the external 
wall (west wall) varied largely from 25.3 to 38.6°C and recorded the highest value during the 
peak hours (Figure 3.34). Unlike new public apartment, the heat flux in the external wall 
showed different pattern. It had positive values during the daytime and negative during the 
night-time. Most of the heat from building envelopes came from this external wall, with the 
maximum heat flux reached to 49.6-69.2 W/m² (Figure 3.35). This is mainly because of thin 
wall structure (80mm) with relatively low thermal capacity used in the middle-class high-rise 
apartment. During the daytime, it easily transmitted the heat from the outdoor to the indoor 
space while in the night-time, the heat stored in the external wall released to the lower outdoor 
air temperature. Surface temperatures of floors in both new public and middle-class high-rise 
apartments increased in response to receiving the direct solar radiation during the afternoon 
hours. It should be noted that east- and north-wall of master bedroom in the middle-class high-
rise apartment were not measured. As the new public apartment, it is important to provide 
proper shading devices and insulate the external wall in order to avoid direct solar radiation 
and to reduce the amount of heat transferred to the indoor space.  

Profiles of surface temperatures of walls in the three types of apartments using FLIR 
thermal camera are shown in Figures 3.36-38, while completed distribution profiles of surface 
temperature are presented in the Appendix D. It should be noticed that FLIR thermal camera 
could capture the surface temperature ranged from -20 to 250ºC with the sensitivity of 0.045ºC.  

3.4.1.4. Air tightness of master bedrooms 

Air tightness of the rooms was investigated to examine the efficiency of air-conditioning 
in the master bedrooms using a CO₂ concentration decay method. The CO₂ concentration was 
measured in the closed master bedrooms under different open-window/door conditions for the 
adjacent space, as summarized in the Table 3.6. Since the unit of old public apartment has only 
single room without adjacent room, two phases of measurements were conducted. The first 
phase was carried out by normally closed the doors and windows without any treatments while 
the second phase was conducted by covering the gap between the windows/doors panes and 
windows/doors frames including the permanent ventilation holes. Both new public apartment 
and middle-class high-rise apartments employed four phases of measurement. 

Firstly, CO₂ gas was injected into the closed room until reached a certain concentration 
level. After reached 2,500-3,000 ppm with a steady level, then the CO₂ concentration decay 
was measured at regular time intervals, i.e. 15 second. Indoor CO₂ concentration was measured 
using TESTO Serie 435-4 with CO₂ probe Part No. 0632 1535 (accuracy ±50ppm, ±2% 
reading). Other than the master bedroom, outdoor CO₂ concentration was also measured using 
T&D TR-76Ui (accuracy ±50ppm, ±5% reading). 

The air change rate was calculated using the equation from Lausmann and Helm (2011) as 
follows: 

 0( ) t
a aC t C C e C          (3.11) 

where C(t) is the final CO₂ gas concentration (ppm); C0 is the initial concentration of CO₂ gas 
(ppm); Ca is the outdoor CO₂ gas concentration (ppm); λ is air change rate (times/hour) and t 
is time (second). 
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By using the Equation 3.11, the results of calculation are presented in Figures 3.39 while 
the air change rates of the master bedrooms in the three apartments units were summarized in 
Table 3.7. As shown, under normal condition (open/closed adjacent rooms without any 
treatments), the air change rates were 1.9 ACH in the old public apartment, 1.0-1.5 ACH in 
the new public apartment and 0.4-0.7 ACH in the middle-class high-rise apartment 
respectively. The unit of middle-class high-rise apartment showed better air tightness 
compared to the other two types of apartments. The air change rates of the master bedrooms 
were slightly higher when the windows/doors of the adjacent rooms were opened. For instance, 
in the case of new public apartment, the air change rate was measured at 1.5 ACH under the 
opened windows/doors conditions while that in the closed conditions was 1.0 ACH. As stated 
by Sfakianaki (2008), the results from the tracer gas method particularly in naturally ventilated 
condition, are affected largely by the average wind speed and the indoor/outdoor temperature 
difference.   

One of the factors influencing the air leakage rate is the size and distribution of leakage 
paths (Awbi, 2003). As indicated in Table 3.7, aluminum sash was used for the windows in all 
the apartments, but the old public apartment unit had relatively larger opening areas (3.4 m² in 
total). The old public apartment unit was equipped with the permanent ventilation holes (with 
opening area of about 0.02-0.05 m²) above windows and doors. Furthermore, there were 
relatively large cracks at joints in doors, windows and ceiling in the case of old public 
apartment. By filling all the cracks and gaps of joints with a special tape in the old public 
apartment, the air change rate was reduced to 0.2 ACH. This indicates that in the current 

 

 
Figure 3.39. Results of air change rate (ACH) calculation using CO₂ concentration decay method. 
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conditions of old public apartment, air-conditioning cannot be used efficiently unless air 
tightness is improved.  

Table 3.6 Windows/doors opening conditions for the adjacent rooms of master bedroom for the CO₂ 
measurement. 

Type of 
apartment  

Adjacent 
room 

Measurement 
phases 

Windows/doors opening of adjacent 
rooms 

Old public 
apartment 

n/a Phase 1 Closed 
Phase 2 Closed and cover the gap between 

doors/windows panes and doors/windows 
frames, including permanently ventilation 
holes, with the tape.  

New public 
apartment 

Living 
room and 
kitchen 

Phase 1 Open  
Phase 2 Closed 
Phase 3 Open, and cover the gap between 

doors/windows panes and doors/windows 
frames of master bedroom, with the tape 

Phase 4 Closed, and cover the gap between 
doors/windows panes and door/windows 
frames of master bedroom, with the tape 

Middle-
class 
private 
apartment 

Living 
room  

Phase 1 Open  
Phase 2 Closed 
Phase 3 Open, and cover the gap between 

doors/windows panes and doors/windows 
frames of master bedroom, with the tape 

Phase 4 Closed, and cover the gap between 
doors/windows panes and doors/windows 
frames of master bedroom, with the tape 

 

Table 3.7. Measured air change rates in master bedrooms. 

Type of 
apartment 

Opening 
area  
(m²) 

Floor 
area  
(m²) 

Air change 
rate  
(1/h) 

Material 

Old public 
apartment 

Windows:1.3 
Door: 2.8 
Vents: 0.6 

16.6 Phase 1: 1.9 
Phase 2: 0.2 

Front window: Two single pane, 
aluminium window sash; Rear 
window: single pane, aluminium 
window sash; Door pane: 
plywood; Door frame: 
aluminium 

New public 
apartment 

Window: 0.5 
Door: 1.3 

7.3 Phase 1: 1.5 
Phase 2: 1.0 
Phase 3: 0.5 
Phase 4: 0.3 

Window: Two single pane, 
aluminium window sash, 
aluminium frame; Door pane: 
plywood; Door frame: 
aluminium 

Middle-class 
private 
apartment 

Window: 0.6 
Door: 1.5 

7.1 Phase 1: 0.7 
Phase 2: 0.4 
Phase 3: 0.2 
Phase 4: 0.1 

Window: single pane, 
aluminium window sash. Door 
pane: wood; door frame: wood 
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3.4.1.5 Thermal comfort evaluation 

Evaluation of thermal comfort in the master bedrooms was carried out by using the adaptive 
comfort equations (Equations 3.3-4), which was developed for the use in hot-humid climatic 
regions (Toe and Kubota, 2013). In these equations, the 80% acceptability upper limit of indoor 
operative temperature is a function of the daily mean outdoor air temperature. The indoor 
operative temperature was calculated based on the Equations 3.1-2, while SET* calculated 
based on Equation 3.5. Temporal variations of the indoor operative temperatures in the three 
apartments under different ventilation conditions are plotted in Figures 3.40-42. The 80% 
comfortable upper limits range between 28.4-30.3°C, 27.3-28.9°C and 28.0-29.4°C for 
respective old public apartment, new public apartment and middle-class high-rise apartment 
regardless ventilation conditions. The evaluation is also summarized in terms of indoor 
operative temperature deviations from the 80% comfortable upper limits and the exceeding 
periods in Table 3.8.  

As shown, the indoor operative temperatures in all the three apartments exceeded the 80% 
upper limits for the whole day-time period, regardless ventilation conditions. When the 
windows were closed throughout the day (i.e. no ventilation), almost all the day exceeded the 
80% upper comfortable limits in all three apartments. As indicated, the peak operative 
temperatures between daytime ventilation and no ventilation conditions are almost the same, 
which is about of 30.7-31.0°C and 31.0-31.3°C, respectively (Figure 3.40). The deviation of 
operative temperature from the upper limit under these conditions are 0.8-1.2°C and 1.0-1.2°C, 
respectively. This is mainly because the night-time indoor operative temperature is remain 
high without ventilation. In the other hand, when nocturnal ventilative cooling was applied, 
the operative temperatures at the peak hours decreased 0.4-0.5°C compared to those when 
daytime ventilation. As shown, full-day ventilation received the shortest exceeding periods 
amongst other ventilation conditions, which is around of 33.8%, 5.1% lower than that when 
night ventilation is applied (Table 3.8).  

 
Figure 3.40. Thermal comfort evaluation using adaptive comfort equation in the old public 

apartment under (a) daytime ventilation, (b) night ventilation, (c) full-day ventilation and (d) no 
ventilation. 
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In the case of new public apartment, the operative temperatures of the living room generally 
were lower than those of the master bedroom throughout the days, regardless of ventilation 
conditions. As previously discussed, the operative temperatures in the master bedroom during 
the peak hours were relatively higher than those in the living room simply due to the direct 
solar radiation. When the windows opened during the night-time, i.e. night ventilation and 
full-day ventilation, the operative temperatures drop by 26.0°C due to high the ventilation rates 
during the night-time (see Figures 3.41). As shown in Table 3.8, daily maximum indoor 
operative temperatures in the night ventilated rooms are higher than the 80% comfortable 

 
Figure 3.41. Thermal comfort evaluation using adaptive comfort equation in the new public 

apartment, under (a) daytime ventilation, (b) night ventilation, (c) full-day ventilation and (d) no 
ventilation. 

 
Figure 3.42. Thermal comfort evaluation using adaptive comfort equation in the middle-class 

private apartment, under (a) daytime ventilation, (b) night ventilation, (c) full-day ventilation and 
(d) no ventilation. 
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upper limits by 5.2-6.0°C (in case of the living room, 3.4-4.3°C) and 4.5-6.2°C (in case of the 
living room, 3.6-4.2°C) on the afternoons of fair weather days in above two cases. This is 
likely caused by the incoming solar radiation through the windows during the daytime as well 
as heat through the ceiling. Although full-day ventilation received the shortest exceeding 
periods, nevertheless it is only 2.1% shorter than that of the night ventilation.  

Meanwhile, the operative temperatures of both master bedroom and living room during 
daytime ventilation and no ventilation conditions were exceeded the 80% upper comfortable 
limits throughout the day (Figure 3.42). During the night-time, the operative temperatures of 
the living room were higher than those of the master bedroom regardless ventilation conditions, 
because the heat emitted by the wall in the living room much higher due to the higher thermal 
mass. It is noted that night ventilation obtained the shortest exceeding period. Nevertheless, 
the exceeding periods in the case of middle-class high-rise apartment generally were higher 
than 70% even under night ventilation condition (Table 3.8). The radiant and convective heat 
through daytime ventilation further increases the maximum indoor operative temperatures in 
the daytime ventilated rooms. Their maximum operative temperatures exceeded the 80% 
comfortable upper limits by 6.7-7.4°C (in case of the living room, 4.9-5.8°C) on the afternoons 
of fair weather days. These results clearly indicate that it is very difficult to achieve thermal 
comfort in the middle-class high-rise apartment only by means of natural ventilation. 

 

Table 3.8. Results of thermal comfort evaluation using adaptive comfort equation under different 
ventilation conditions. 

Type of 
apartments 

Ventilation 
conditions Room 

Deviation of OT and 80% 
upper comfortable limit Exceeding 

period 
(%) Daily min. 

(°C) 
Daily max. 

(°C) 
Old public 
apartment 

Daytime Master Bedroom -0.5 to 0.3 1.0 to 1.2 74.4 
Night Master Bedroom -1.9 to -0.1 0.5 to 0.7 48.9 
Full-day Master Bedroom -1.9 to -0.6 0.6 to 1.3 33.8 
No Master Bedroom -0.3 to 0.5 0.8 to 1.2 90.8 

New public 
apartment 

Daytime Master Bedroom -1.9 to 1.9 4.3 to 5.3 87.8 
Living room -2.2 to 1,7 3.8 to 4.6 89.3 

Night Master Bedroom -2.9 to 0.4 5.2 to 6.0 71.5 
Living room -3.0 to 0.5 3.4 to 4.3 71.5 

Full-day Master Bedroom -3.4 to 0.2 4.5 to 6.2 69.4 
Living room -3.7 to 0.0 3.6 to 4.2 66.0 

No Master Bedroom 0.1 to 2.2 5.0 to 6.8 100.0 
Living room -0.3 to 1.6 3.9 to 4.3 96.0 

Middle-class 
private 
apartment 

Daytime Master Bedroom 0.4 to 2.3 6.7 to 7.4 98.2 
Living room 0.7 to 2.3 4.9 to 5.8 99.2 

Night Master Bedroom -2.8 to 0.6 4.0 to 5.8 72.4 
Living room -1.9 to 0.6 2.6 to 5.1 81.7 

Full-day Master Bedroom -2.1 to 1.3 5.3 to 4.6 78.8 
Living room -1.5 to 1.2 3.9 to 4.9 80.4 

No Master Bedroom 0.1 to 2.3 3.5 to 5.6 100.0 
Living room 1.1 to 2.3 3.6 to 5.9 100.0 
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3.4.2 Numerical simulation of indoor thermal environments 

3.4.2.1 Validation of the base model 

Validation of the base model was carried out by comparing the simulation results with the 
field experiment data. This validation was conducted in the master bedroom, living room and 
corridor space. The validation period spans about three weeks in total. It begins at least a week 
after the simulation start time for all conditions, thus allowing the model to acquire sufficient 
thermal history. Two statistical error tests, the mean bias error (MBE) and the root mean square 
error (RMSE), are used to validate this model through checking the deviations of simulation 
results from actual measurement data.  These two error test are calculated as follows: 

MBE = ∑ (𝐿𝑖s − 𝐿𝑖m)
𝑁
𝑖=1 /𝑁      (3.12) 

RMSE = √∑ (𝐿𝑖s − 𝐿𝑖m)
2/𝑁𝑁

𝑖=1       (3.13) 

where 𝐿𝑖𝑚 is the ith simulated value, Lim is the ith measured value and N is the total number 
of data pairs (Jiang, 2009). A smaller error generally means better predictions by the evaluated 
model. 

 Figures 3.43-45 show the temporal variations of the simulation results of the base model 
compared to the measurement data in the three types of apartment under no ventilation 
condition, while Table 3.9 shows that the MBE  and RMSE of respective rooms of the 
respective apartments. In case of old public apartment, the simulated results for air 
temperatures in both master bedroom and corridor space are consistently higher than the 
measured data by around of 1.0°C. Following the air temperature, the simulation results of 
both the relative humidity and absolute humidity showed the contrast results but constantly 
lower than those of the measurement data. This is most probably because air infiltration 
modelling in the old public apartment is too difficult to match the actual condition since there 
are many ventilation holes, constructional joints, and structural cracks. As shown in Table 3.9, 
the MBEs of air temperature of master bedroom and corridor space are 0.56 and 0.84 
respectively while the RMSEs are 0.68 and 0.91 respectively. Coefficients of determination 
(R2) then further test the linear relationships between the simulated and measured values. The 
R2 values for air temperature in the master bedroom is slightly low (R2=0.63) while that at the 
corridor space is quite high (R2=0.95).  

In the cases of new public and middle-class high-rise apartments, the results mostly 
demonstrate good agreement between the simulation and measurement data in terms of air 
temperature, relative humidity and absolute humidity in all the rooms of respective apartments, 
except for the absolute humidity of master bedroom of middle-class high-rise apartment 
(R²=0.36). The MBEs of respective rooms (i.e. master bedroom, living room and corridor 
space) in the new public apartment are obtained at -0.51, 0.02 and 0.09 respectively while the 
RMSEs are obtained at 0.84, 0.36 and 0.9 respectively. Meanwhile, in the middle-class high-
rise apartment, the MBEs of the same rooms are -0.30, -0.56 and 0.67 respectively while the 
RMSEs are 0.51, 0.62 and 0.72 respectively. In the new public apartment, master bedroom has 
the coefficients of determination (R2) for air temperature above 0.80 while in the other rooms 
have R² values of 0.94 respectively. Meanwhile, the R2 values for air temperature at the rooms 
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in the middle-class high-rise apartment are above 0.80 (see Table 3.9).  Nevertheless, their 
daily patterns approximate those of the field measurement. 

 The temperature errors and corresponding R2 values of this model are slightly higher to or 
smaller than errors reported in other validation works that simulated ventilative cooling 
techniques. In their study, Finn et al. (2007) reported MBE and RMSE of 0.46°C and 0.88°C 
for air temperature in a night ventilated building model. In another work, Shadafi et al. (2011) 

 
Figure 3.43. Comparison of simulation results and the field experiment results in the old public 

apartment in (a) master bedroom and (b) corridor space. 

 
Figure 3.44. Comparison of simulation results and the field experiment results in the new public 

apartment in (a) master bedroom and (b) living room and (c) corridor space. 
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found that the average air temperature difference between simulation and field measurement 
was 0.4°C while Geros et al. (1999) employed a building model which had a mean difference 
between measured and simulated temperatures of about 0.3°C with R2 value of about 0.90 
when they performed simulation using TRNSYS. It is concluded that the base models of this 
study are generally satisfactorily describing the thermal behavior of the apartment buildings. 

 
Figure 3.45. Comparison of simulation results and the field experiment results in the middle-class 

high-rise apartment in (a) master bedroom and (b) living room and (c) corridor space. 
 

Table 3.9. Summary of statistical error tests of the base model under no ventilation condition. 

Room 
Air temperature  Relative humidity  Absolute humidity 

MBE 
(°C) 

RMSE 
(°C) R2  MBE 

(°C) 
RMSE 
(°C) R2  MBE 

(g/kg’) 
RMSE 
(g/kg’) R2 

Old public apartment 
MB 0.56 0.68 0.63  -5.02 5.23 0.96  -0.87 0.95 0.97 
Corridor  0.84 0.91 0.95  -5.42 5.68 0.98  -0.69 0.78 0.97 
New public apartment 
MB -0.51 0.84 0.83  1.13 1.99 0.97  3.08 6.16 0.95 
LR 0.02 0.36 0.94  -0.98 1.81 0.98  2.94 6.24 0.96 
Corridor  0.09 0.95 0.94  -0.95 2.89 0.97  -0.25 0.39 0.99 
Middle-class private apartment 
MB -0.30 0.51 0.86  2.95 3.65 0.75  0.60 0.88 0.36 
LR -0.56 0.62 0.83  2.76 3.92 0.92  0.31 0.75 0.87 
Corridor  0.67 0.72 0.84  -1.77 2.33 0.97  0.15 0.35 0.98 

Note: 
MB : Master Bedroom 
LR : Living Room 
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3.4.2.2 Indoor thermal environments in different natural ventilation conditions 

Figures 3.46 shows the simulation results of indoor air temperatures and relative humidity 
of master bedroom in the three apartments under different orientations while Figure 3.47 
presents the statistical summary of those indoor air temperatures of master bedrooms under 
different orientations. It should be noticed that the simulations were conducted under no 
ventilation conditions. As shown, building orientations do not significantly affect the indoor 
air temperatures of master bedroom in the old public apartment. The indoor air temperatures 
stabilized at around 27.3-30°C (Figure 3.46a). Nonetheless, east- and west-facing unit received 
slightly higher daytime indoor air temperatures, around 0.1-0.4°C higher than north- and 
south-facing unit (Figure 3.47a) simply due to the solar radiation effects. This effects are not 
as high as in the new public apartment and middle-class high-rise apartment due to the 
existence of balcony. As previously described, unit of old public apartment is equipped by the 
large balcony played role as a shading devices as well as thermal buffer zone so that the indoor 
air temperatures maintain low. 

In the case of new public and middle-class high-rise apartments, east- and west-facing units 
show relatively higher indoor air temperatures compared to north- and south-facing units 
(Figure 3.46bc) due to the solar radiation entering the building during the morning time and 
afternoon. Maximum indoor air temperatures in both apartments at east- and west-facing are 

 
Figure 3.46. Simulation results for indoor thermal environments in (a) old public apartment and 

(b) new public apartment and (c) middle-class private apartment, under different orientations. 

 
Figure 3.47. Statistical summary (5th and 95th percentile, mean and ±one standard deviation) of 

indoor and outdoor air temperatures of master bedrooms in (a) old public apartment, (b) new 
public apartment and (c) middle-class private apartment, under different orientations. 
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up to 34.5°C and 34.1°C respectively; these values are 0.5-0.8°C and 0.6-1.0°C higher than 
those of north- and south-facing unit respectively (Figure 3.47bc). As shown in Figure 3.47, 
unit facing north is considered of having similar air temperatures profile as south-facing unit 
while west-facing unit has similar profiles as east-facing unit, although very small differences 
can be seen there. Therefore, in the next investigation, east-facing unit and north-facing were 
be used to evaluate indoor air temperatures under different ventilation conditions.  

 Figures 4.48-50 present the simulation results for indoor the three apartments under 
different ventilation conditions in the east- and north-facing orientations respectively. As 
shown, at the daytime, profiles of air temperatures in the old public apartment when applying 
daytime and full-day ventilations are similar, but those are different at the night-time 
regardless the orientations. As the field measurement results, it confirms that building 

 
Figure 3.48. Simulation results of indoor thermal environments of master bedroom in the old 
public apartment under different ventilation conditions for (a) east-facing and (b) north-facing 

orientations. 

 
Figure 3.49. Simulation results of indoor thermal environments of master bedroom in the new 
public apartment under different ventilation conditions for (a) east-facing and (b) north-facing 

orientations. 
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structures are not cooled by the nocturnal ventilative cooling when the daytime ventilation is 
applied. When the night ventilation is applied, the maximum indoor air temperatures reduce 
by 0.4-0.5°C compared to those when daytime or full-day ventilation applied. Unlike the field 
measurement results, no ventilation condition received the lowest values at the daytime 
regardless orientations. Nevertheless, north-facing unit has lower statistical values than the 
east-facing unit regardless ventilation conditions, with the differences averagely of 0.2-0.4°C 
(see Figure 3.51). 

Unlike in the old public apartment, the profiles of air temperatures during the no ventilation 
condition in the new public apartment and middle-class high-rise apartment are higher than 
those of other ventilation conditions, regardless orientation. These results confirm the result 
of field measurement. During the peak hours, night ventilation in the new public apartment 
obtains lower indoor air temperatures compared to other ventilation conditions regardless 

 
Figure 3.50. Simulation results of indoor thermal environments of master bedroom in the middle-
class high-rise apartment under different ventilation conditions for (a) east-facing and (b) north-

facing orientations. 

 
Figure 3.51. Statistical summary (5th and 95th percentile, mean and ±one standard deviation) of 

indoor and outdoor air temperatures of master bedrooms in in the three apartments under (a) 
daytime ventilation, (b) night ventilation, (c) full-day ventilation and (c) no ventilation. 
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orientations, although the differences are relatively small (Figure 3.49). The simulation results 
obtained the lower values than the field measurement results because the field measurement 
was carried out on the top floor of the unit. Meanwhile, the simulation results in the middle-
class high-rise apartment showed that there is almost no difference of indoor air temperature 
amongst the ventilation conditions regardless the orientations (Figure 3.50). If compared to 
the field measurement results, the simulation results are 0.3-0.9°C lower in terms of air 
temperatures regardless ventilation conditions. As previously shown, the RMSE for validation 
of master bedroom is around of 0.51°C, and it is lower than the measured experiment data (see 
Figure 3.43a and Table 3.9). Nevertheless, units that facing north (or south) in both apartments 
have relatively lower indoor air temperatures than those of facing east (or west). The 
differences between them are averagely around of 0.3-0.5°C for the new public apartment and 
0.4-0.6°C for the middle-class high-rise apartment (Figure 3.51). 

3.4.2.3 Indoor thermal comfort 

Evaluation of thermal comfort in the master bedrooms was carried out by using the adaptive 
comfort equation, which was developed for the use in hot-humid climatic regions (Toe and 
Kubota 2013). Evaluation was conducted under daytime and night ventilation conditions in 
different orientations (i.e. facing east and north). Figures 3.52-53 show the evaluation of 
thermal comfort using the 80% upper comfortable limits based on the simulation results of 
operative temperatures in the three apartments. As shown, the indoor operative temperatures 
in all the three apartments exceeded the 80% upper comfortable limits for the whole daytime 
periods when the daytime ventilation are applied regardless the ventilation conditions and 
orientations (Figure 3.52a). In the case of new public apartment and middle-class high-rise 

 
Figure 3.52. Thermal comfort evaluation in the three apartments in east-facing unit under (a) 

daytime ventilation and (b) night ventilation conditions based on computer simulation. 

 
Figure 3.53. Thermal comfort evaluation in the three apartments in north-facing unit under (a) 

daytime ventilation and (b) night ventilation conditions based on computer simulation.  
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apartment, the operative temperatures exceeded the 80% upper comfortable limits almost 
throughout the days particularly when the unit is facing east (Figure 3.52b). During the 
daytime ventilation condition, maximum indoor operative temperature in the old public 
apartment, new public apartment and middle-class high-rise apartment are 28.5-30.9°C, 30.1-
33.2°C and 30.3-33.8°C respectively. The deviation of operative temperature from the upper 
limit in the master bedroom was 0.3-1.8°C for the old public apartment, 1.6-3.7°C for the new 
public apartment and 1.8-4.4°C for the middle-class high-rise apartment (Figure 3.52a). When 
night ventilation is applied, the maximum operative temperatures reduce 0.1-0.3°C, 0.2-0.3°C 
and 0.1°C compared to those of daytime ventilation (Figure 3.52b). Furthermore, old public 
apartment received the lowest exceeding periods of 80% upper comfortable limits, which is 
around of 57.1%, while those in the new public apartment and middle-class high-rise 
apartment are around of 86.6% and 85.5% respectively. When the night ventilation is applied, 
the exceeding periods in the three apartments reduce by 9.3%, 2.9% and 8.8% respectively. 

Table 3.10. Results of adaptive thermal comfort evaluation in the master bedroom under different 
ventilation conditions based on the simulation results. 

Type of 
apartment Orientation Ventilation 

conditions 

Deviation of OT and 80% 
upper comfortable limit Exceeding 

period 
(%) Daily min. 

(°C) 
Daily max. 

(°C) 
Old public 
apartment 

East-facing Daytime 0.0 to -2.0 -0.2 to 1.8 57.1 
Night -1.8 to 0.5 -0.5 to 1.5 47.8 
Full-day -1.9 to 0.4 -0.4 to 1.5 51.2 
No - - - 

North-facing Daytime -2.2 to -0.5 -0.5 to 1.1 34.3 
Night -2.0 to -0.1 -0.8 to 0.8 20.5 
Full-day -2.0 to -0.1 -0.7 to 0.9 23.8 
No - - - 

New public 
apartment 

East-facing Daytime -2.3 to 0.1 1.6 to 3.7 86.6 
Night -1.8 to 0.5 1.4 to 3.5 83.6 
Full-day -2.0 to 0.2 1.3 to 3.4 79.9 
No - - - 

North-facing Daytime -2.3 to -0.1 1.4 to 3.1 81.2 
Night -2.3 to -0.3 1.1 to 2.7 59.7 
Full-day -2.0 to 0.0 1.2 to 2.7 70.8 
No - - - 

Middle-class 
private 
apartment 

East-facing Daytime -1.8 to 0.0 1.8 to 4.4 85.5 
Night -1.9 to 0.2 1.8 to 4.4 76.7 
Full-day -2.0 to 0.0  1.7 to 4.3 74.4 
No - - - 

North-facing Daytime -1.9 to -0.3 1.7 to 3.4 76.9 
Night -2.4 to -0.4 1.6 to 3.2 58.8 
Full-day -2.4 to -0.5 1.6 to 3.3 58.0 
No - - - 
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Compared to the east-facing unit, north-facing units obtained lower operative temperatures 
regardless ventilation conditions. When the daytime ventilation is applied, the maximum 
operative temperatures of the master bedroom in the respective old public apartment, new 
public apartment and middle-class high-rise apartment were around 28.3-30.5°C, 30.0-32.4°C 
and 30.2-32.7°C; or around 0.2-0.5°C, 0.1-0.8°C and 0.2-1.0°C lower than those in east-facing 
unit (Figure 3.53). The exceeding periods in these units were also lower than those in the east-
facing unit, which is around 34.3%, 81.2% and 76.9% respectively. When night ventilation is 
applied in this north-facing unit, the maximum operative temperatures as well as exceeding 
periods in the three apartments further reduced by 13.7%, 21.5% and 18.1% respectively 
(Table 3.10). 

Table 3.11. Profile of measured units 

Type of 
apartment 

Unit 
No 

Floor 
level 

Floor area 
(m²) 

Number of 
occupants 

Unit 
orientation 

Number 
of fan 

Old public 
apartment 

N208 2 21 4 North 2 
S212 2 21 1 South 1 
S214 2 21 2 South 2 
N304 3 21 1 North 1 
N306 3 21 4 North 2 
S312 3 21 5 South 2 
N401 4 21 1 North - 
S415 4 21 5 South 1 
W302 3 18 4 West 2 
N304 3 18 5 North 1 
S216 2 18 2 South 2 
W419 4 18 3 West 2 
N305 3 21 1 North 2 
S210 2 21 3 South 2 
S503 5 21 3 South 2 

New public 
apartment 

W203 2 24 2 West 1 
E216 2 24 2 East 1 
W301 3 24 5 West 2 
E313 3 24 3 East 2 
W407 4 24 1 West 2 
E420 4 24 2 East 1 
W507 5 24 3 West 1 
E515 5 24 2 East 2 
S308 3 24 2 South 1 
E203 2 24 3 East 2 
E305 3 24 4 East 1 
W419 4 24 4 West 2 
W513 5 24 4 West 0 
W119 1 32 4 West 2 
E203 2 32 2 East 1 
W419 4 32 3 West 1 
E305 3 32 4 East 2 
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3.5 Thermal comfort in occupied units 

3.5.1. Field investigation of indoor thermal environments. 

The field measurement in occupied units was conducted in 15 units in old public apartment, 
17 units in new public apartment and 10 middle-class high-rise apartment units. Units of 
middle-class high-rise apartment were excluded for further analysis because they used air-
conditioner(s). Table 3.11 presents the profile of measured units and drawings of floor plan in 
the measured units were shown in Appendix B. As shown in Table 3.11, average of occupancy 
level in the old public apartment was 3-4 persons in 18-21m² of unit area. 

Figures 3.54-55 present daily mean temporal variations of air temperatures in the occupied 
units of the public apartments under daytime ventilation and night/full-day ventilation. Overall, 
the profiles of indoor air temperatures are not significantly different regardless ventilation 
conditions. The daily maximum air temperatures in the top floor units of the old public 
apartment were around of was 30.4-30.9°C, or around of 1.6-2.1°C lower than the 
corresponding outdoors regardless ventilation conditions employed. These air temperatures 
reached its peaks at the daytime. Meanwhile, the daily maximum air temperatures in the 
intermediate floor units were about of 29.6-31.8°C and it reached the peak at the night-time 
(around of  4.3-5.4°C higher than corresponding outdoors) (Figure 3.54). In the top floor 
units, the units receive heat from the roof at the daytime and re-radiate to the sky at the night-
time (radiant cooling). The higher indoor air temperatures in the other units (i.e. intermediate 
floor units) at the night-time most probably due to the heat gain from occupancy level and 
other heat gain sources (such as from electronic devices, etc.).  

 
Figure 3.54. Mean temporal variation of air temperature in the old public apartment in (a) 

daytime ventilated units and (b) night-ventilated and full-day ventilated units. 

 
Figure 3.55. Mean temporal variation of air temperature in the new public apartment in (a) 

daytime ventilated units and (b) night-ventilated and full-day ventilated units. 
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In the new public apartment, the mean indoor temperature was around of 29.1°C and the 
differences between the indoor air temperature in the top floor and intermediate floor could 
not be seen clearly. The daily maximum air temperatures in the west-facing units at the peak 
hours (around 4:00 pm) were around of 0.4-1.6°C higher than those in east-facing units (Figure 
3.55). This is due to the direct solar radiation and heat emitted from the human body. The 
nocturnal indoor air temperatures were recorded relatively high because a lot of occupants 
staying in the living room from evening to the morning time. Further, Table 3.12 presents the 
summary of household size and indoor air temperatures in the both public apartments. As 
shown, there is positive correlation between the household size and the indoor air temperatures 
in the old public apartment. The larger household size, the higher daily maximum and average 
air temperature. It is noted that the heat radiated from the human body significantly affect the 
indoor air temperatures, mainly due to the high occupancy density.  As previously described, 
the single room with total area of 18-21m² in this apartment was occupied by averagely 3-4 
persons. Further, the unit orientation does not significantly affect the indoor air temperatures.  

3.5.2 Thermal comfort evaluation 

Thermal comfort was evaluated using the same adaptive comfort equation as previous 
sections (see Section 3.4.1.5 and 3.4.2.3). The operative temperature was calculated by 
assuming that indoor wind speed is 0.1 m/s throughout the day, because wind speed 
measurement was not carried out during this field measurement. Figure 3.56 presents the 
results of thermal comfort evaluation using adaptive comfort equation in the public apartments. 

As shown, the operative temperatures in occupied units in both public apartments exceeded 
the 80% of upper comfortable limits during the daytime. The top floor units obtained the 
lowest operative temperatures at the night-time most probably due to the radiant cooling 
during the nigh-time. Internal heat gain from the human body also increased the operative 
temperature particularly during the night-time. Exceeding periods in the units with household 
size more than four persons (i.e. N208, W302, N306, S312, W407, and S415) were relatively 
larger (averagely of 60.5%) than those in the smaller household size (averagely of 37.8%) 

Table 3.12. Summary of household size and indoor air temperatures (descending order of mean indoor 
air temperature). 

Old 
public 
apart.  

Unit No W302 N208 S214 N306 N415 S312 W407 S212 N304 N401 
Household 
size 4 4 2 4 5 5 5 1 1 1 

Max. AT (°C)  31.8 30.8 30.8 30.7 31.4 30.9 31.3 30.1 30.0 31.2 
Avg. AT (°C) 31.3 30.3 29.9 29.9 29.8 29.7 29.5 29.4 29.5 29.0 

New 
public 
apart.  

Unit No W407 W301 W203 S308 E420 W507 E515 E216 E313  
Household 
size 1 5 2 2 2 3 2 2 3  

Max. AT (°C)  31.6 31.5 31.6 32.4 31.8 31.5 31.4 31.8 31.4  
Avg. AT (°C) 30.0 29.8 29.6 29.5 29.3 29.3 29.3 29.1 29.0  

Note:  
Red color indicates hottest peak is at daytime;  
Blue color indicates the hottest peak is at night-time 
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regardless ventilation conditions. In the other hand, exceeding periods in the new public 
apartment was averagely of 53.9%. The average exceeding periods in the top floor units 
obtained relatively shorter than those in the middle floor units (top floor: 41%, intermediate 
floors: 56%). In addition, the average exceeding periods in east-facing units and south-facing 
units obtained slightly shorter than those in the west-facing units (east- and south-facing: 49%, 
west-facing: 56%). As previously discussed, the west-facing units received more direct solar 
than east-facing units, since the measurement sensors were installed in the living room. 
Furthermore, night and full-day ventilation conditions obtained 10% shorter of exceeding 
periods than the daytime ventilation.  

3.5.3 Factors influencing thermal conditions. 

Multiple regression analysis was carried out to further investigate the factors influencing 
indoor air temperatures in the naturally ventilated apartments (i.e. old public and new public 
apartments). Several independent variables were developed based on the thermal conditions 
(e.g. outdoor air temperature, solar radiation), physical conditions of apartment (e.g. 
orientation, floor level, area, etc.) and occupants’ behavior on opening windows/doors (e.g. 
opening back windows, opening front windows, etc.). Table 3.13 summarizes the independent 
variables used for this analysis. The total of 32 data sets which is consist of 15 data sets from 
old public apartment and 17 data sets from new public apartment were used. Furthermore, this 
analysis was conducted for target dependent variable: indoor air temperature (InAT).  

The step-wise method with pairwise deletion and enter methods were utilized based on the 
hourly data to determine the factors which best explain the indoor air temperatures of the 
occupied units in the public apartments. Multicollinearity problems in this analysis were 
addressed by: 

 
Figure 3.56. Thermal comfort evaluation using adaptive comfort equation in (a) old public 

apartment and (b) new public apartment under occupied condition. 
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1) Merge several possible variables which has high inter-collinearity, i.e. front openings 
(merge from front door and front window) and back openings (merge from back door and 
back window). 

2) Removing variables with high inter-collinearity (r>±0.7) from correlation tables and 
VIF>10 from coefficient tables.  

3) Removing and control particular outliers. 
 Table 3.14 present the results of multiple regression analysis for the indoor air 

temperatures using step-wise method. As shown, outdoor air temperature is the main factor 
influencing the indoor air temperatures throughout the day (with high correlation from 0.435** 
to 0.803***). During the night-time (19:00-07:00), high correlations were presented by 
opening behavior of the occupants (i.e. opening back windows/doors only, openings front 
windows/doors only, and opening front and back windows/doors) and the household size in 
some occasions  (at 23:00 pm). For instance, from 19:00 to 22:00, cross ventilation (i.e. open 
both front and back openings) is important in influencing the indoor air temperature while  
open the rear windows/doors only is important after 23:00 with the correlation of -0.349*-

Table 3.13. Variables used in Multiple Regression Analysis (MRA). 

No Variables Remarks 
1 OutAT Outdoor air temperature 
2 SolRad Solar radiation 
3 Dum_N Dummy variable for orientation facing north 
4 Dum_S Dummy variable for orientation facing south 
5 Dum_EW Dummy variable for orientation facing east or west 
6 FloorLevel Location of the unit (floor level) 
7 Dum_Corner Dummy variable for location of unit in the corner 
8 Area Total area of the unit (m²) 
9 ThermalMass Thermal mass of the unit (kg/m³)  

10 WWR Window to wall ratio 
11 Dum_RoomBetween Dummy variable for the existence of the room 

between measured room and the outdoor 
12 BalconyAreaRatio Ratio of Balcony Area to the total area of unit 
13 CorWidth Width of the corridor space (m) 
14 Dum_WinTopHung Dummy variable for the existence of top hung window 
15 Dum_VentHole Dummy variable for the existence of permanent 

ventilation hole in the unit 
16 DoorArea Total area of the doors in the unit (m²) 
17 Dum_Shading Dummy variable for the existence of shading devices 

(internal or external shading devices) 
18 Dum_OpenCor Dummy variable for the existence of the open corridor 

space 
19 HouseholdSize Household size (persons) at particular time 
20 Occupancy Occupancy at particular time 
21 Opening_F Opening the front windows only 
22 Opening_B Opening the back windows only 
23 Opening_FandB Opening the front and back windows at the same time 
24 ApartType Apartment type (0: old public apartment; 1: new 

public apartment) 
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0.374*). Rear windows/doors connect the indoor space with the outdoors. Since the direction 
is negative, it implies that the indoor air temperature at the night-time tend to be lower when 
the windows/doors are open during that period.  

During the daytime, open the windows/doors is no longer influence the indoor air 
temperature. In addition to outdoor air temperature, some variables such as orientation 

Table 3.14. Results of multiple regression analysis for indoor air temperature using step-wise 
method (n=32) 

Time R² Adj. R² Independent variable β  r  
0:00 0.530* 0.497*** Outdoor air temperature 0.621 ** 0.654 ** 
   Open back openings -0.306 * -0.374 * 
1:00 0.541* 0.510* Outdoor air temperature 0.650 ** 0.677 ** 
   Open back openings  -0.290 * -0.349 * 
2:00 0.422** 0.403** Outdoor air temperature 0.650 ** 0.650 ** 
3:00 0.411** 0.391** Outdoor air temperature 0.641 ** 0.641 ** 
4:00 0.378** 0.357** Outdoor air temperature 0.615 ** 0.615 ** 
5:00 0.335** 0.312** Outdoor air temperature 0.579 ** 0.579 ** 
6:00 0.325** 0.302** Outdoor air temperature 0.570 ** 0.570 ** 
7:00 0.347* 0.302* Outdoor air temperature 0.435 * 0.435 ** 
8:00 – 11.00 No equation     
12:00 0.536* 0.486* Outdoor air temperature 0.595 ** 0.516 ** 
   Facing east/west orientation 0.358 ** 0.362 * 
   Floor level 0.345 * 0.289   
13:00 0.723** 0.692** Outdoor air temperature 1.070 ** 0.625 ** 
   Window to wall ratio 0.534 ** -0.135  
   Floor level 0.366 ** 0.343 * 
14:00 0.700** 0.667* Outdoor air temperature 0.867 ** 0.678 ** 
   Floor level 0.366 ** 0.361 * 
   Window to wall ratio 0.288 * -0.067   
15:00 0.591* 0.562* Outdoor air temperature 0.677 ** 0.654 ** 
   Floor level 0.405 ** 0.365 * 
16:00 0.545* 0.513* Outdoor air temperature 0.677 ** 0.663 ** 
   Floor level 0.325 * 0.297  
17:00 0.546* 0.514* Outdoor air temperature 0.701 ** 0.690 ** 
   Floor level 0.263 * 0.235  
18:00 0.644** 0.632** Outdoor air temperature 0.803 ** 0.803 ** 
19:00 0.692* 0.670* Outdoor air temperature 0.609 ** 0.801 ** 
   Open front & back openings  -0.294 * -0.692 ** 
20:00 0.791* 0.759* Outdoor air temperature 0.726 ** 0.800 ** 
   Open front & back openings -0.462 ** -0.668 ** 
   Open front openings  -0.357 ** 0.193  
   Open back openings  -0.263 * 0.112   
21:00 0.669* 0.645* Outdoor air temperature 0.568 ** 0.763 ** 
   Open front & back openings -0.353 * -0.667 ** 
22:00 0.600** 0.572* Outdoor air temperature 0.515 ** 0.697 ** 
   Open front & back openings -0.385 ** -0.628 ** 
23:00 0.581* 0.534* Outdoor air temperature 0.602 ** 0.627 ** 
   Open back openings -0.308 * -0.352 * 
   Household Size 0.269 * 0.353 * 
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(0.362*), floor level (0.235-0.365*), window to wall ratio (-0.135) influence the indoor air 
temperatures. The results imply that units facing east or west tend to have higher indoor air 
temperatures during the daytime because of the direct solar radiation effects. In addition, the 
higher unit location from the ground floor, the indoor air temperatures also tend to be higher. 
Air infiltration during the daytime is also affecting the indoor air temperatures. This means 
that the smaller window to wall ratio, the lower indoor air temperatures would be. 

Further analyses of factors influencing indoor air temperatures in the naturally ventilated 
apartments were carried using enter method. In this method, all independent variables were 
entered into the equation after reducing all possible variables (see Table 3.13) to those that 
necessary to predict the equation. Selection was conducted by firstly enter all the independent 
variables into the equation and then each variable is deleted at a time if they did not 
significantly providing contribution to the equation. Through above processes, 10 variables 
were selected and entered into the equation, they are: outdoor air temperature (OutAT), solar 
radiation (SolRad), east- or west-facing orientation (Dum_EW), floor level (FloorLevel), 
window to wall ratio (WWR), household size (HouseholdSize), occupancy level (Occupancy), 
opening front windows/doors (Opening_F), opening back windows/doors (Opening_B) and 
opening both front and back windows/doors (Opening FandB).  

The results of coefficient of correlation (R²) for single regression of each variables is shown 
in Figure 3.57 and the complete results of enter method are presented in Appendix E.  As 
shown, outdoor air temperature is the main predictor of the indoor air temperature for almost 
throughout the day, except in the early morning time (08:00-10:00). The coefficient of 
correlation (R²) of outdoor air temperatures obtained relatively higher which is averagely of 
above 0.30. As step-wise results, open the both front and back windows (i.e. cross ventilation) 
can be considered as the factor influencing indoor air temperatures at the night-time (after 
20:00 pm). Meanwhile, open the rear windows/doors as well as front windows/doors, solar 
radiation, occupancy level and east- or west-facing unit have shown slightly higher correlation 
(R²) during the daytime. It is obtained that the correlation of those variables are around of 0.14-
0.21, 0.10-0.12, 0.12-0.18, 0.14-0.18 and 0.12-0.16 respectively. These results overall confirm 
the results of using step-wise method. 

 
Figure 3.57. Results of multiple regression analysis for indoor air temperature using enter 

method. 
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3.6 Discussion 

3.6.1. Current problems of design of apartments in Indonesia 

The daytime ventilation represents the current practice of most of the occupants in the 
apartments of Indonesia. As previously described, daytime indoor air temperature in the old 
public apartment was lower than the corresponding outdoor air temperature during the peak 
hours, whereas the nocturnal indoor air temperature was approximately 5.0°C higher than the 
outdoors (Figures 3.14). The average indoor air temperature in the master bedroom of the old 
public apartment was nearly the same as the outdoors with the difference of only 0.1-0.5°C 
regardless of the ventilation conditions. In the old public apartment, indoor air temperature is 
well stabilized due to the relatively high thermal mass, which was calculated of 2,031 kg/m². 
In fact, although the large corridor space was well ventilated during the daytime as shown in 
the wind speed measurements, the corresponding air temperature maintained lower values than 
the outdoors. The other reason for relatively lower indoor air temperature in the old public 
apartment is the building orientation (south-facing) so that the indoor space did not receive the 
direct solar radiation during the measurement. Furthermore, the corridor space and balcony 
with a shading device played a role as a thermal buffer in reducing the heat gains. The average 
air temperatures in the corridor space and balcony were slightly lower than the outdoors. 
However, the effects of night ventilation in the old public apartment were not as high as 
expected due to the higher air infiltration rate although windows were closed (see Tables 3.6-
7). The permanent ventilation holes were exist in this apartment. 

In the case of new public, indoor air temperatures in the master bedrooms were higher than 
the outdoor air temperature during most of the hours (Figures 3.15). The average air 
temperatures in the rooms and the corridors in new public were generally higher than the 
outdoors. Unlike the old public apartment, the master bedroom of new public apartment did 
not have a balcony. During the peak hours, indoor air temperature in the master bedroom were 
up to 2.7°C higher than the corresponding outdoor air temperature. The sharp peaks of indoor 
air temperatures observed during the afternoon were mainly due to the building orientation 
(facing west). Moreover, the unit of the new public apartment received direct solar radiation 
in both living room and master bedroom. The existing external shading device was not 
sufficient to avoid the direct solar radiation (see Figure 3.20b). Furthermore, the corridor space 
in the new public apartment was semi-opened and therefore the air temperature in the space 
followed the outdoor temperature particularly during the daytime. In this circumstance, even 
if the living rooms do not receive any direct solar radiation, the daytime indoor air temperature 
would not become the same level as the outdoors because of the higher air temperature in the 
corridor space. It is important to maintain lower air temperature in the adjacent corridor spaces 
for lowering indoor air temperature through natural ventilation. In the other hand, the average 
air temperatures in the living room of the new public apartment were approximately 0.8-1.5°C 
lower than those in the master bedroom. This also indicates the effectiveness of buffer space 
such as veranda/corridor space to provide the shading for indoor spaces. 
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As shown in the simulation results, building orientation does not significantly affect the 
indoor air temperatures of master bedroom in the old public apartment under no ventilation 
condition due to the presence of balcony. In terms of thermal comfort, the indoor operative 
temperatures in both public apartments exceeded the 80% upper comfortable limits for the 
whole daytime periods when the daytime ventilation are applied regardless orientations 
(Figure 3.52a). During the daytime ventilation condition, maximum indoor operative 
temperature in the old public apartment, new public apartment and middle-class high-rise 
apartment are 28.5-30.9°C and 30.1-33.2°C respectively. Simulation results showed that night 
ventilation and full-day ventilation improved thermal condition in the old public and new 
public apartments respectively. Night ventilation would improve thermal comfort in the old 
public apartment by 9.3% while full day ventilation improved thermal comfort in the new 
public apartment by 3.0%, compared to those of daytime ventilation (Figure 3.52b). Thermal 
comfort would further improve in both old public and new public apartments by 13.8% and 
21.5% respectively when the unit is facing south or north. Through simulation, Nguyen and 
Reiter (2012) found that full-day ventilation was the most sufficient ventilation strategies for 
the low-cost naturally ventilated apartments in hot-humid Vietnam. Under south orientation 
condition, this strategies obtained 68.4% of comfort zones using standard as proposed by 
ASHRAE-55 while night ventilation obtained 65.8% of comfort. However applying night 
ventilation may increase the humidity level during the daytime, as noticed by Kubota et al. 
(2009) and therefore could cause some negative effects such as molds, and so on. 

 
Figure 3.58. Problem of single-sided ventilation in the middle-class private apartment. 

 
Figure 3.59. Problem of uninsulated external wall for the middle-class private apartment. 
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In the case middle-class high-rise apartment, indoor air temperatures in the master bedroom 
were higher than the outdoor air temperature during most of the hours (Figures 3.16). Like the 
new public apartment, the master bedroom of middle-class high-rise apartments did not have 
a balcony, and also was not equipped with external shading device (see Figure 3.21). During 
the peak hours, indoor air temperature in the master bedroom of both apartments were up to 
1.8°C higher than the corresponding outdoor air temperature mainly due to the building 
orientation (west-facing). The living room received the direct solar radiation during the peak 
hours, thus the peak indoor air temperatures were increased to the same levels as master 
bedroom. However, indoor wind speeds in the middle-class high-rise apartment were 
relatively low (although the higher outdoor wind speed) due to the single-sided ventilation 
(Figure 3.58). On the other hand, the corridor space in the middle-class high-rise apartment 
was enclosed and therefore the air temperature in the space was quite stable and generally high. 
Therefore, even if the living room do not receive any direct solar radiation, the daytime indoor 
air temperature would not become the same level as the outdoors due to the same reasons as 
that in the case of new public apartment.  

Simulation results showed that indoor operative temperatures in the middle-class high-rise 
apartments exceeded the 80% upper comfortable limits for the whole daytime periods even 
when the night ventilation is applied. Full-day ventilation is found to be the most effective 
ventilation strategies in achieving thermal comfort in this apartment. At the east-facing 
orientation, maximum indoor operative temperature the daytime ventilation in this apartment 
were around of 30.3-33.8°C with the deviation of operative temperature from the 80% upper 
limit was around of 1.8-4.4°C and received the exceeding periods of averagely of 85.5%. 
When the full-day ventilation is applied, the thermal comfort in this apartment improved by 
10.8% of comfort under same orientation. Compared to the east-facing unit, north-facing units 
obtained lower operative temperatures regardless ventilation conditions. Under this condition, 
thermal comfort for daytime ventilation condition would improve 8.6% and would further 
improve to 27.5%.  

From the measurement of vertical distribution of temperature and surface temperature, it 
reveals that thermal insulation was not applied to the roof and ceiling particularly in the new 
public apartment and middle-class high-rise apartment. In the case of middle-class high-rise 
apartment, the surface temperatures of the external wall (west wall) varied largely (from 25.3 
to 38.6°C) and recorded the highest values during the peak hours (Figures 3.34-35). This is 
mainly because of thin wall structure (80mm) with relatively low thermal capacity used, and 
not well insulated (Figure 3.59). It was found from the CO2 concentration measurement that 
the unit in the middle-class high-rise apartment had relatively high air tightness compared to 
the other two types of apartment. It implies that the newly constructed middle-class high-rise 
apartment are designed on the premise of using air-conditioning. 

Simulation results confirm the results of field measurments. As shown in Figure 3.60a, the 
heat flow from solar radiation in the old public apartment is not exist although it facing east. 
In contrast, the heat flow from solar radiation is higher in the new public apartment (Figure  
3.60b); and these values are higher than those in middle-class high-rise apartment. This is 
because window area in the former was larger than that in the latter. In the case of middle-  
class high-rise apartment, the largest heat flow come from the external wall. This result 
clarifies the previous finding from the fiels measurement. Furthermore, based on the 
simulation results, night ventilation reduces maximum daytime indoor air temperature 
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compared to that of daytime ventilation. North-facing orientation reduces more the maximum 
daytime indoor air temperature than the base condition (i.e. east-facing and daytime 
ventilation). The complete results of  

Under occupied condition, the profiles of indoor air temperatures were different from those 
of unoccupied unit. Nocturnal indoor air temperatures obtained relatively higher than the 
daytime indoor air temperature in the old public apartment (see Figure 3.54), most probably 
due to the internal heat gain from human body and the electonic devices during the night-time. 
In the case of new public apartment, the lowest nocturnal air temperatures were received by 
the units located on the top floor most probably due to the radiant cooling to the sky during 
the night-time.  

Analysis of multiple regression analysis reveas that outdoor air temperatures is the main 
factor influencing the indoor air temperature throughout the days. During the night-time, 
opening both front and back windows/doors, openings front windows/doors only, opening 
back windows/doors only, and the household size were considered as predictor variables for 
the indoor air temperatures. Meanwhile, some variables such as orientation, floor level, 
window to wall ratio, were considered as factors influencing the indoor air temperatures during 
the daytime (see Table 3.14). 

Evaluation of thermal comfort reveals the indoor operative temperatures in all the three 
apartments exceeded the 80% upper limits for the whole daytime periods. The deviation in the 
master bedroom was much larger than that in the living room in the case of new public 
apartment simply because of the intense direct solar radiation. As shown in Table 3.8, full-day 
ventilation presents relatively shorter exceeding periods than the others in the cases of the old 
public and new public apartments, while night ventilation obtained the shortest exceeding 
period in the middle-class high-rise apartment. It should be noted that thermal comfort cannot 
be achieved throughout the day in all the apartments if all the windows and doors are closed 
(i.e., no ventilation condition). However, the effects of nocturnal ventilative cooling were cut 

 
Figure 3.60. Heat flow in the three apartments based on the simulation results under daytime 

ventilation condition at east-facing unit in (a) old public apartment, (b) new public apartment and 
(c) middle-class private apartment. 
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off by the strong direct solar radiation particularly in the new public apartment and middle-
class high-rise apartment. These results clearly indicate that it is very difficult to achieve 
thermal comfort particularly in both new public and middle-class high-rise apartments by 
means of natural ventilation alone, particularly when the units are facing west. 

3.6.2 Potential passive cooling techniques 

Based on the field measurement results, several potential passive cooling strategies can be 
suggested particularly for the apartments targeting the newly emerging middle-class. First of 
all, proper external and/or internal shading devices are necessary to avoid the direct solar 
radiation. Building orientation is also one of the important aspects for avoiding the excessive 
solar incidence into the rooms. Thermal mass can be considered as passive cooling techniques 
to modulate heat transmitted into the indoor space. In addition, external walls and ceilings 
should be insulated to reduce the heat gain through the building fabric. Appropriate thermal 
buffer zones (such as a balcony and corridor space) should also be considered. The corridor 
space should be kept at lower air temperature for lowering indoor air temperature through 
natural ventilation. Night ventilation would be more effective in these apartments if the above 
techniques are properly adopted. 

3.7 Summary 

Field measurements were been conducted under unoccupied and occupied conditions in the 
three types of apartments of Indonesia. In the naturally ventilated apartments, under 
unoccupied condition, the old public apartment unit showed better thermal environments 
compared to those in the other two apartments. During daytime ventilation condition, indoor 
air temperature in the old public apartment was lower than the outdoors during peak hours, 
while those in the new public and middle-class high-rise apartments were equal or even higher 
than the corresponding outdoor air temperatures. Several problems particularly in the middle-
class high-rise apartment were addressed.  Building orientation, insufficient shading devices 
and building materials (thermal property) were suggested as some of the factors causing hot 
conditions particularly in the newly emerging middle-class apartments. Middle-class high-rise 
apartments are design on premise of using air-conditioning system. In contrast, under occupied 
condition, nocturnal indoor air temperatures in the old public apartment were higher than the 
daytime indoor air temperature most probably due to the occupancy level and heat gains from 
the electronic devices.  

Factors influencing indoor air temperatures in the naturally ventilated apartment were 
investigated and discussed in this chapter. In addition to outdoor air temperatures, 
windows/doors opening behavior (i.e. opening front and back windows/doors, opening front 
windows/doors only and opening back windows/doors) have become predictor of indoor air 
temperatures during the nigh-time. Meanwhile, some physical conditions such as solar 
radiation, unit orientation (i.e. east- or west-facing unit), floor level and window to wall ration 
are some factors influencing indoor air temperatures during the daytime. 

Evaluation of thermal comfort using the adaptive comfort equation showed that thermal 
comfort can be achieved over 52-66% of the day only in the old public apartment under full-
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day ventilation and night ventilation conditions. It was difficult to achieve thermal comfort 
without relying on air-conditioning in both new public and middle-class high-rise apartments. 
The results of computer simulation under different conditions (i.e. orientation and natural 
ventilation conditions) confirmed the results of field measurement. Several potential passive 
cooling strategies were suggested based on the results. Particularly for west-facing units, 
proper external and/or internal shading devices are necessary to avoid intense solar radiation 
in the tropics. Design of thermal buffer zones such as balcony and corridor was also 
recommended. To reduce the heat gains through building fabric, external walls and ceilings 
should be insulated. Night ventilation would be more effective in these apartments if the above 
techniques are properly adopted.  
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4 

Field Investigation of Indoor Thermal 
Environments in Dutch Colonial Buildings 
 
 
 

The Dutch colonial building is considered to be one of the vernacular architecture that still 
exists until today in Indonesia. Colonial building is a building typology that can be seen in 
every European colonial town, whether in Africa, Asia and America. Nearly everywhere, in 
the early days of the colonization, Europeans brought and applied building technologies, 
materials and design of their home countries to the new areas where they colonized. Sometimes 
what was brought was not in accordance with the local conditions including culture and 
climate, and thus, over time Europeans adapted their technologies, materials and design to fit 
to the localities without any exceptions including those in Indonesia. The presence of hundreds 
of years of colonial buildings have also undergone significant developments associated with 
the style and adjustment to the local conditions. 

This chapter aims to evaluate indoor thermal environments in the three selected Dutch 
colonial buildings in the city of Bandung, Indonesia and to find out their cooling strategies 
that are worthwhile of applying to the modern high-rise apartments. This chapter begins with 
the history and description of Dutch colonial buildings in Indonesia (Section 4.1), and then 
selection of the case study buildings are discussed in the Section 4.2. Further, Section 3.3 
presents the methods of field experiments to investigate the indoor thermal environments of 
the selected Dutch buildings. The results of field investigations are discussed in Sections 4.4-
4.6, for respective case study building.  

4.1 Introduction 

There are several definition for the colonial building. Colonial architecture might refer to 
architecture from the past, constructer in former Western colonies now independent now 
independent for decades, (Passchier, 2007), and in this chapter, colonial buildings follow this 
definition. Colonial buildings in Indonesia evolved since the arrival of Europeans into the 
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archipelago. It can be characterized by the presence of Verenigde Oostindische Compagnie 
(VOC) in several port cities, such as Batavia, Semarang and Surabaya. The initial period of 
the presence of colonial buildings can be associated with the construction of the castle 
buildings in those cities at the beginning of the 15th century. 

Over time, the fortress cities then developed and expanded to the surrounding areas. 
Widening areas of VOC, which were later taken over by the Netherlands East Indies 
Government in 1800 due to bankruptcy, significantly increased the number of the buildings 
with European architectural styles. In addition to the port cities, which were the entry points 
of the Europeans, the government established new gementee in inland regions, such as 
Bandung, Cimahi, Magelang and Malang. 

The Dutch colonial buildings in Indonesia can be broadly classified into the following four 
periods, they are early period (1600-1800), the second period (1800-1900), the third/transition 
period (1900-1920s) and the modern period (1920s-1940s) (Handinoto, 2010). They were 
strongly associated with periodization and the influence of building style in other parts of the 
world, especially Europe and America (Figure 4.1). 

In general, the colonial buildings in the early period were mimic to those in their home 
country. At this periods, the Europe’s four-season architectural typology and design were 
transplanted directly into the tropical landscape (Widodo, 2007), for example Stadhuis van 
Batavia (Fatahillah Museum) that was built in 1707-1710 closely resemble to the Koninklijk 
Paleis Amsterdam in Netherlands and Fort Rotterdam of Makassar in South Sulawesi. The 
earliest structures of these buildings exemplifying the typology of trading posts, military forts 
and fortified towns (Widodo, 2007). 

During the second period (1800-1900), the Indies Style Empire flourished in the early 19th 
century after the colonized areas were taken over by the Netherlands East Indies Government. 
The building style was inspired by the Neo-Classic style. The buildings in this era usually had 
a wide front and back porches with typical Greece pillars such as Doric, Ionic and Corinthian. 
This style of buildings was not only found in formal buildings, but also in residential buildings 
with large yard, various materials and roof shape adjustments. During this period, the Dutch 
colonial buildings gradually adapted to the hot-humid climatic condition, and characterized by 
larger windows area to allow natural ventilation, new design of roof and building façade, 
including utilization of large corridor, and the use of louver windows/doors to ensure cross 
ventilation (Widodo, 2007; Passchier, 2007; Handinoto, 2010).  

The New Indies style was developed in the early 20th century (1900-1920s) as a form of 
adaptation to the tropical climate of Indonesia. The use of corridor space and shading devices 
instead of large corridor becoming more common during this period. As recorded by Barbieri 
and van Duin, 2003), at the same period, the Dutch buildings in the mainland (the Netherland) 
were typically not equipped with large verandas or corridor spaces. This building typology 
was commonly found in the Netherland not only in the public buildings such as schools, city 
hall, etc., but also in the residential buildings including apartments. In addition, Neo-Gothic 
Style was also evolved in this period marked by the construction of De Kerk van Onze Lieve 
Vrouwe ten Hemelopneming (Jakarta Cathedral Church) in Batavia (completed in 1901).  

And in the last stage of development of Dutch colonial buildings, the Art-Deco Style spread 
in the 1920s to the 1940s in various colonial cities, particularly in Bandung as planned to be 
the new capital city of the Netherlands East Indies Government. The Art-Deco style itself was 
promoted at the Exposition Internationale des Arts Décoratifs et Industriels Modernes  
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(International Exposition of Modern Decorative and Industrial Arts) in Paris in 1925. In 
Bandung, this style than evolved into Nieuwe Bouwen/International Style with more 
streamlined design. In the midst of a wide variety of styles, the Neo-Gothic Style was still 
applied in church design in Bandung (Voskuil, 1996). Further adaptation during this period 
was further carried out by embracing local architectural elements (such as pendopo) and local 
spatial concept (Widodo, 2007). 

  
Figure 4.1. Timeline of colonial architecture in Indonesia (Collection Nationaal Museum van 

Wereldculturen). 
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4.2 Case study buildings in Bandung 

Bandung was developed as a new city in the early 20th century. In 1906, the Netherlands 
East Indies Government promoted Bandung as gemeente, an autonomy city government 
(Kunto, 1986). The city is also known as one of the cities passed by De Groote Postweg (the 
Great Post Road), which is one of the most important colonial cities in Indonesia that maintain 
colonial buildings. Several Dutch architects, such as Henri Maclaine Pont, Herman Thomas 
Karsten, C.P. Wolff Schoemaker, C. Citroen and Algemeen Ingineurs en Architecten (A.I.A), 
delivered their projects in Bandung. Many of their works are buildings that contributed to the 
development of the identity of Bandung, including Ceremonial Hall of Technische 
Hoogeschool te Bandoeng (Institut Teknologi Bandung/ITB), Gouvernements Bedrijven 
(Gedung Sate), Sociëteit Concordia (Gedung Merdeka), Churches, Schools, and others. Van 
Dullemen (2012) presented the detailed information of Schoemaker’s works particularly in 
Bandung. 

Bandung is the capital of West Java province with the total population of 2.5 million and 
the population density was 14,768 people/km² as of 2014 (BPS, 2015). Since Bandung is 
located on the highland (approximately 760m above sea level), the climate is relatively cool. 
The monthly average temperature is 22.5-24.2°C, while the monthly average relative humidity 
ranges from 53-83%. Since its establishment in 1811, many buildings with various 
architectural styles were built by Dutch in the city of Bandung. In particular, these Dutch 
colonial buildings were constructed during the periods of New Indies Style (1900s-1920s), 
followed by Art-Deco Style and Nieuwe Bouwen Style (1920s-1940s). It is reported that 
approximately 1,500 Dutch colonial buildings still exist in Bandung alone and many of them 
are well conserved (Nurfindarti and Zulkaidi, 2015). 

Selection of the case study Dutch colonial buildings was carried out through several steps. 
First of all, residential buildings, special buildings (such as military building, hospital, etc.) 
and buildings that are not occupied by the people (such as power plant, swimming pool, etc.) 
were removed from the list of Dutch colonial buildings in Bandung (around of 374 lists). After 
removing those categories, obtained around of 108 lists of buildings. These lists then grouped 
into two major groups, they are building forms (i.e. type of roof, existing towers, shape of 
building, function and type of openings) and the existence of the semi-outdoor spaces (convex 
roof, concave balcony and concave entrance). Further field observation was also conducted to 
take their environmental designs into account in the selection. The air-conditioned buildings 
were removed from the selection. As a result, the three colonial buildings, which are currently 
used as schools and office, were chosen as case study buildings, hereafter namely Case study 
1, Case study 2 and Case study 3.  

Case study 1 is the two-storey school building constructed with timber for the main 
structure and brick and lime cement for the walls (approximately 40cm thick). It was firstly 
built in 1916 as school building (i.e. Hogere Burgerschool te Bandung) and classified in the 
third period’s colonial building (Figure 4.2a). Currently, this building is used for Senior High 
School, namely SMAN 3 Bandung and SMAN 5 Bandung. The front façade is facing the north, 
whereas a large corridor (3.35m width) is located in the southern side. On the ground floor, 
the corridor is enclosed while it is semi-open on the first floor. In addition, windows and doors 
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in the Case study 1 were permanently open-grill while the ventilation holes were exist at above 
the windows/doors in all the rooms (Figure 4.3).  

Meanwhile, Case study 2 is the single-storey school building with large corridors on both 
sides (Figure 4.4a). Like the Case study 1, it was built in 1920 as junior high school (i.e. Meer 
Uitgebreid Lager Onderwijs) and been considered as the transition architecture from the third 

  
Figure 4.2. Case study buildings: (a) Views of Case study 1, (b) Floor plan of Case study 1 and 

(c) Floor plan and section of selected rooms (Room 1-1 and Room 1-2). 
 

   
Figure 4.3 Louver windows and ventilation openings above windows/door. 
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period to the modern period. Currently, Case study 2 is used for Junior High School, namely 
SMPN 5 Bandung. The original building (Dutch building) had L-form and the courtyard was 
exist next to the main building. The main structure of Case study 2 was concrete, and brick 
and lime cement were used for the walls (approximately 28cm thick). It has pitched roof with 
the clay roof-tile as roof cover. The width of both corridors was 3.0m and they were well 
shaded by long eaves. Unlike Case study 1, windows and doors in this building were not louver 
doors nor louver windows, but permanently ventilation holes were exist closely below ceiling 
(above windows/doors) (Figure 4.4b).  

Case study 3 is an unoccupied two-storey office building located in the city center of 
Bandung (Figure 4.5a). This building was built during the last period of building colonial in 
1930 and used to be utilize as Dutch’s gas company (N.V. Nederlandsch-Indische 
Gasmaatschappij). Currently, this building belongs to national gas company (PT. Gas Negara) 
and remain empty. The main structure of the building was concrete with brick and lime cement 
walls (approximately 35cm thick). It was a square form building with a relatively large void 
space at the center with less opening ventilation holes and a skylight window above it (Figure 
4.5bc). It has flat room constructed from the black-painted solid concrete. The front façade 
was facing west and the windows were placed on one side only. As the Case study 1, the 
windows consist of two layers, which is the inside layer was glazing window and the outside 
layer was the louver window. In addition, permanently ventilation holes also existed above 
those windows. The corridor was situated inside the building between the rooms and void 
space on the first floor (Figure 4.5c).  

    
Figure 4.4. Case study buildings: (a) Views of Case study 2, (b) Floor plan of Case study 2 and 

(c) Floor plan and section of selected room (Room 2-1). 
 



Field Investigation of Indoor Thermal Environments in Dutch Colonial Buildings  

91 
 

4.3 Methods 

4.3.1 Field measurement 

Field measurements were conducted during the hottest period of dry season from August 
to October 2015. In Case study 1, the measurements were conducted in two class rooms 
(Rooms 1-1 and 1-2). These rooms were located at the same position between the north-facing 
front façade and the rear corridor, but on the different floor (Room 1-1: ground floor, Room 1-
2: first floor) (Figure 4.2b). Room 1-1 was slightly smaller than Room 1-2 in size (80m² and 
91m², respectively). Both of the rooms have high ceilings (5.5m and 5.7m) with large windows 
on both sides of the rooms (Figure 4.2c). Meanwhile, the measurement in Case study 2 was 
carried out in one of the office rooms (Room 2-1) located in between the two corridors (east- 
and west-facing). Room 2-1 has a floor area of 64m² with the ceiling of 5.3m height (Figure 
4.4c). In Case study 3, the field measurement was conducted in two office rooms (Rooms 3-1 
and 3-2) facing south. As in Case study 1, the two rooms were located at the same position but 
on the different floor (Room 3-1: ground floor/GF, Room 3-2: first floor/1F). Both rooms had 
floor area of 32m² each and ceiling height of 5.7m (Figure 4.5bc).  

Major thermal parameters including air temperature, relative humidity, wind speeds and 
globe temperature were measured at 1.1m above floor in the center of rooms and corridors of 

    
Figure 4.5. Case study buildings: (a) Views of Case study 3, (b) Floor plan of Case study 3 and 

(c) Floor plan and section of selected rooms (Room 3-1 and 3-2). 
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the buildings respectively (Figure 4.5ab). The vertical distributions of air temperature were 
also measured at the same points. These distributions of the indoor space in Case study 1 were 
measured at 0.1m, 0.6m, 1.1m, 1.8m, 2.4 m, 3.0m, 3.6m, 4.2m, 4.8m and 5.7m (5.4m in the 
case of 1F) above floor level, while those in the Case study 2 were measured at 0.1m, 0.6m, 

    
Figure 4.6. Measurement setting in (a) class room, (b) corridor space and (c) outdoor. 

 
Table 4.1. Description of measurement instruments used in the selected rooms. 

Measured variable Instrument model Accuracy 
Indoor spaces (Rooms 1-1, 1-2, 2-1 and 3-2) 
Air temperature and RH Vaisala HMP155 ±0.10°C; ±1.0% RH at 0-75% RH 
Globe temperature Thermocouple type T inside 

150mm black globe 
±0.1%+0.5°C plus ±0.5°C for cold 
junction compensation 

Wind speed Kanomax probe 0965-03 ±0.15 m/s at 0.1 – 4.99 m/s 
Indoor space (Room 3-1) 
Air temperature and RH T&D TR-72U  ±0.3°C; ±5% RH  
Globe temperature Thermocouple type T black 

ping-pong globe 
±0.1%+0.5°C plus ±0.5°C for cold 
junction compensation 

Wind speed Kanomax probe 0965-03 ±0.15 m/s at 0.1 – 4.99 m/s 
Corridor spaces (Buildings 1 and 2) 
Air temperature and RH T&D TR-72U  ±0.3°C; ±5% RH  
Globe temperature T&D TR-52i inside 75mm 

black globe 
±0.1%+0.5°C plus ±0.5°C for cold 
junction compensation 

Wind speed Kanomax probe 0965-03 ±0.15 m/s at 0.1 – 4.99 m/s 
Void space   
Air temperature Thermocouple type T ±0.1%+0.5°C plus ±0.5°C for cold 

junction compensation 
Weather Station  
Air temperature and RH Vaisala HMP155A ±0.3°C; ±5% RH  
Wind speed and wind 
direction 

Young 05103 ±0.3 m/s or 1% of reading; ±3° for 
wind direction 

Global horizontal solar 
radiation 

Hukseflux SR20 ±2 W/m² 
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1.1m, 1.7m, 2.6 m, 3.7m, 4.7m, 5.2m, and 5.2m. In Case study 3, vertical distribution of air 
temperatures was measured in the void space instead of corridor space at every 1.0 meter above 
floor level (i.e. 1.1m, 2.0m, 3.0m, 4.0m, 5.0m, 6.0m, 7.1m, 8.0m, 9.0m, 10.0m and 11.0m). In 
Buildings 1 and 2, the measurements were conducted under occupied conditions, while that in 
Case study 3 was done under unoccupied condition. Occupancy and window/door opening 
conditions were recorded. Different ventilation conditions were applied during the 
measurements, they are daytime ventilation, night ventilation, full-day ventilation and no 
ventilation. For the daytime ventilation, windows and all other openings were opened from 
6:00 to 18:00. In contrast, all of them were opened from 18:00 to 6:00 during the night 
ventilation condition. Meanwhile, outdoor thermal conditions were recorded by a weather 
station located on the roof top in the measurement site (Figure 4.5c). All measurements were 
logged automatically at 10-minute intervals. Table 4.1 presents the measurement instruments 
used during the field measurements. Some variables such as mean radiant temperature and 
operative temperature, are calculated using Equations 3.4-3.8 as presented in Chapter 3.  

4.3.2 Questionnaires  

The field survey through questionnaires was conducted at the same time as the field 
measurements conducted. Questionnaires were distributed to the occupants (i.e. students and 
teachers) in Rooms 1-1 and 1-2 respectively during the same measurement period to 
investigate their perceived thermal comfort conditions. Thermal sensation, thermal preference, 
and thermal comfort, etc. during morning class time (08:00-11:00) and afternoon class time 
(12:00-15:00) were asked using a questionnaire form at the ends of the respective periods. A 
7-scale of thermal sensation was used to evaluate thermal sensation (from -3 for cold to 3 for 
hot) and a 5-scale was used to evaluate humidity and wind speed sensations (i.e. from -2 for 
too dry to 2 for too humid and from -2 for too still to 2 for too breezy). Meanwhile, a 3-scale 
of preference was used to assess the occupants’ preference for thermal, humidity and wind 
speed condition (i.e. -1 for cooler/lower humidity/less air flow to 1 for warmer/higher 
humidity/more air flow). 4-scales of thermal comfort (from 1 for very uncomfortable to 4 for 
comfortable). Moreover, during field survey, clothing values and the seating position relative 
to windows were evaluated. The detail of questionnaire is attached in the Appendix F. 

4.4 Case study 1 

4.4.1 Indoor thermal environments in different natural ventilation conditions 

During the field measurements, outdoor air temperature ranged from 18.1 to 32.4ºC with 
the average of 24.7ºC, while the outdoor relative humidity ranged from 18 to 96% during the 
measurement periods. The daily global horizontal solar radiation measured at 11.2-26.0 MJ/m². 
Average outdoor wind speeds measured at 12.6m were approximately 1.1 m/s. Figure 4.7 
presents the temporal variations of measured thermal parameters in the rooms, corridors and 
outdoors in the Case study 1, while Figure 4.8 shows the statistical summaries of air 
temperature measurements under different ventilation conditions. As shown, daytime 
ventilation was adopted during weekdays while night/full-day ventilation was applied during 
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weekends. Rooms 1-1 and 1-2 were occupied with about 30-35 students during the school time 
(07:00-15:00).  

Figures 4.7-8 showed that indoor air temperature profiles are largely different between the 
floor levels (i.e., between Rooms 1-1 and 1-2) rather than the differences caused by various 
ventilation conditions. As shown, indoor air temperature profiles were not significantly 
different amongst different ventilation conditions. For instance, the maximum indoor air 
temperatures in the ground floor during daytime ventilation were averagely 4.5°C lower than 
the outdoors while those during night ventilation conditions (around of 4.3°C lower). The 
daytime indoor air temperatures on the ground floor (Rooms 1-1) obtained lower values (2.4-
6.2°C lower than the outdoors) than those of the first floor (0.2-4.1°C lower) regardless of the 
ventilation conditions. Meanwhile, nocturnal indoor air temperature profiles show the opposite 
patterns; indoor air temperatures on the ground floor are rather higher than those of the first 
floor. The maximum nocturnal indoor air temperatures in the ground floor were slightly higher 

 
Figure 4.7 Temporal variations of thermal parameters in Case study 1 (a) Room 1-1 (ground 

floor) and (b) Room 1-2 (first floor).  

 
Figure 4.8. Statistical summary (5% percentile, average, 95 percentile and average ± standard 

deviation) of air temperatures in (a) Room 1-1 and (b) Room 1-2 under different ventilation 
conditions. 
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(0.4-0.5°C higher) than those in the first floor, which are recorded at 21.5-23.8°C and 21.1-
23.3°C respectively. These differences are not only due to the floor levels but also due to the 
difference in the corridor types (enclosed/semi-open corridors). Moreover, the nocturnal 
indoor air temperatures during the night-time were higher than the outdoors due to the thermal 
mass effect, which is accounted for 3.479 kg/m³ (in the ground floor) and 2.919 kg/m³ (in the 
first floor). Overall, indoor air temperatures in the rooms adjacent to enclosed corridor spaces  
(i.e., Room 1-1) maintained narrow diurnal temperature ranges compared to the outdoor 
temperatures even when the windows/doors were opened all the day (i.e., full-day ventilation).  

As indicated in Figure 4.7, the measured wind speeds in corridors and Room 1-1 were 
slightly lower (up to 0.2m/s and 0.3m/s, respectively) than those Room 1-2 (up to 0.6m/s and 
0.5m/s, respectively) during the daytime. The enclosed adjacent corridor spaces discouraged 
the cross ventilation in the rooms. On the other hand, air temperatures in the semi-open 
corridors situated adjacent to the room (Room 1-2) closely followed the outdoor air 
temperatures. The cooling effect of nocturnal ventilation is narrowly seen in some cases. On 
average, the indoor-outdoor difference of air temperatures in the ground floor became smaller 
at night (0.9ºC to 2.9ºC) when the windows/doors were opened (i.e., night ventilation and full-
day ventilation) than those when windows/doors were closed (i.e., daytime ventilation) (1.1ºC 
to 4.3ºC). 

Figure 4.9 shows the profile of surface temperatures of walls, floor and ceiling in respective 
rooms of the Case study 1. As indicated, those profiles are quite stable and almost the same 
amongst surfaces, except ceiling in the first floor (Room 1-2). This is most probably due the 
thickness of the wall, which is around 40 cm, and therefore the heat stored in the structure 
rather than emitted to the indoor space. It is recorded that the range of surface temperature in 
the first floor (24.3-28.5ºC) was larger than that in the ground floor (25.3-28.1ºC). This slightly 
difference not only due to the floor level but also due to the type of corridor space. As shown, 

 
Figure 4.9. Surface temperature of walls, floor and ceiling in the Case study 1 
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outside surface temperature of south wall (corridor-side) in the enclosed corridor space (Room 
1-1) was lower than that in the semi-open corridor space (Room 1-2). As previously described, 
since the roof was uninsulated, then the roof received heat from direct solar radiation and 
transmitted it to the indoor space through the ceiling. Therefore, the surface temperature of the 
ceiling was relatively higher compared to other surfaces. 

Figure 4.10 shows the correlations between indoor, corridor and outdoor air temperatures 
in all the rooms under the different ventilation conditions. As shown, air temperature profiles 
are almost the same between indoor and corridor in Rooms 1-1 (enclosed corridors) regardless 
of ventilation conditions, while those profiles are slightly different in Room 1-2 (semi-open 
corridor). It indicates that the enclosed corridor space plays a role as a thermal buffer space. 

 
Figure 4.10 Correlation of indoor, corridor space and outdoor air temperature in Case study 1 for 

(a) ground floor (Room 1-1) and (b) first floor (Room 1-2). 

 
Figure 4.11.  Solar radiation of the ground floor and the first floor in the Case study 1, (a) 

including outdoor solar radiation and (b) excluding outdoor solar radiation. 
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As indicated in Figure 4.11, even the semi-open corridor space cut off the solar radiation by 
95% (under north-facing orientation) (Figure 4.11a). It is recorded that the maximum solar 
radiation recorded in the enclosed corridor space was 2.0 W/m², while that in the semi-open 
corridor space was 39-55 W/m² (Figure 4.11b). Nevertheless, enclosed corridor space was 
particularly effective during the daytime, although it prevented the heat from releasing during 
the night-time when it was enclosed. However, even if it is a semi-open corridor space such as 
those for Room 2-1, the indoor air temperature adjacent to the corridor was not as low as the 
outdoors at night due primarily to the thermal mass effect.  

The effect of night ventilation was slightly observed in Rooms 1-2. In general, its cooling 
effect was diminished mainly because of the permanently-open ventilation openings and 
louver doors. These openings allowed natural ventilation even when the main windows/doors 
were closed. Cross ventilation was ensured in Room 1-2 even when windows and doors were 
closed during the daytime (i.e., night ventilation) due to the ventilation openings and louver 
windows/doors. Therefore, temperature profiles in this room are almost the same among 
different ventilation conditions. 

4.4.2 Vertical distribution of air temperatures 

Figure 4.12 shows vertical distributions of air temperatures in the Case study 1 under 
daytime and night ventilation conditions. Overall, the ceiling surface temperatures during the 
daytime in Room 1-2 obtained higher values than those in Room 1-1 simply because the former 
was situated below roofs. Both roof and ceiling were not insulated and heat was transmitted to 
the room below. As previously discussed, permanently-open ventilation openings and louver 
doors allow the natural ventilation flowing indoor space even the windows/doors closed. It is 
also confirmed by the profiles of vertical distribution of indoor air temperatures particularly 
in Room 1-2. The vertical temperature gradients are evident even in Room 1-1. The 

 
Figure 4.12. Vertical distribution of indoor air temperature in Case study 1 under (a) daytime 

ventilation and (b) night ventilation conditions. 
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temperature gradients seen in these rooms are attributed not only to the transmitted heat from 
the ceilings, but also to the high ceilings (5.5-5.7m). It should be noted that indoor air 
temperatures at the occupied level (around 1.1m above floor) maintained relatively lower 
values even when windows and doors were opened during daytime. As shown, the daytime 
indoor air temperatures at occupied level were 1.0-1.7ºC lower than those at upper levels, 
regardless of ventilation conditions. This implies that a high ceiling would contribute to 
maintain relatively lower daytime air temperature even when daytime ventilation is adopted 
in the hot-humid outdoor conditions.  

4.4.3. Thermal comfort evaluation 

For this analysis, indoor thermal comfort was indexed by using the operative temperature 
(OT) and SET*. Operative temperatures were calculated using Equations 3.4-3.5 in Chapter 3, 
while thermal comfort was assessed using Adaptive Comfort Equation (ACE) as proposed by 
Toe and Kubota (2013) for operative temperature. Table 4.2 presents the summary of indoor 
thermal environments during the thermal comfort survey while Figure 4.13 shows the 
evaluation results of indoor thermal comfort in all rooms by the two indices, respectively. As 
shown, in most of the periods, operative temperature in Room 1-1 does not exceed the 80% 
upper comfortable limit regardless of ventilation conditions. Exceeding periods of operative 
temperatures in Room 1-1 during daytime ventilation, night ventilation and full-day ventilation 
were recorded at 16%, 13% and 15%, respectively (Table 4.3). Meanwhile, most of the 
daytime periods in Room 1-2 exceeded the 80% upper comfortable limits. It is recorded that 
during the daytime ventilation, the exceeding period was 30% while that of during night 
ventilation and full-day ventilation were 26% and 32% respectively. It is found that night 
ventilation obtained the shortest exceeding period rather than other ventilation conditions. 
Nevertheless, if the evaporative cooling effects are taken into account by using SET*, the 
resulting SET* values in Rooms 1-2 were 3.4-6.3ºC lower than the operative temperature 
while those in Room 1-1 were 2.4-3.0ºC lower than the operative temperature. As previously 
described, Room 1-2 received slightly higher wind speed particularly during the daytime. This 
means that indoor thermal comfort was considered to be achieved in the rooms throughout the 
day if evaporative cooling effects are considered. 

Table 4.2. Summary of indoor thermal environments in Case study 1 during thermal comfort 
survey. 

Room 
Morning (08:00-12:00) Afternoon (12:00-15:00) 

AT 
(°C) 

RH 
(%) 

Wind speed 
(m/s) 

AT 
(°C) 

RH 
(%) 

Wind speed 
(m/s) 

Room 1-1 
(Ground 
floor) 

Minimum 24.8 44 0.00 26.7 42 0.00 
Maximum 27.3 58 0.35 27.9 50 0.35 
Average 26.1 52 0.10 27.1 47 0.06 
Std.Dev. 0.8 3.9 0.09 0.4 2.3 0.09 

Room 1-2 
(First 
floor) 

Minimum 23.6 40 0.08 27.8 28 0.12 
Maximum 28.8 63 0.46 29.6 46 0.46 
Average 26.2 52 0.18 29.0 43 0.24 
Std.Dev. 1.7 7.3 0.09 0.5 2.3 0.10 
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From thermal comfort survey, total of 287 respondents with total of 360 thermal responses 
were obtained mostly from the students; 240 thermal responses from the ground floor and 120 
thermal responses from the second floor. The respondents aged between 16-17 years old with 
the number of female respondents (56.8%) were higher than that of male respondents (around 
of 43.2%). By using standard clothing values from ISO 7730, the clothing values of the 
respondents were observed. It is recorded that the clothing values of the male students were 
around 0.51-0.63 while those of the female students were around of 0.46-0.71. Meanwhile, 
clothing values for male teachers were averagely of 0.58 while those for female teachers were 
around of 0.61-0.71.  

Figure 4.14 presents the results of thermal comfort survey in the both rooms during field 
measurement in both rooms. Other results of surveys are presented in Appendix G. Based on 

 
Figure 4.13. Thermal comfort evaluation using adaptive comfort evaluation and SET* in (a) 

Room 1-1 (ground floor) and (b) Room 1-2 (first floor). 

 
Table 4.3. Results of adaptive comfort evaluation in Case study 1 building under different 
ventilation conditions. 

Ventilation 
conditions Room 

Deviation of OT and 80% 
upper comfortable limit Exceeding 

period 
(%) Daily min. 

(°C) 
Daily max. 

(°C) 
Daytime ventilation Room 1-1 -3.9 to -5.5 0.6 to 0.9 16 

Room 1-2 -4.4 to -5.6 1.6 to 2.8 30 
Night ventilation Room 1-1 -4.9 to -5.5 0.6 to 0.8 13 

Room 1-2 -4.6 to -5.3 0.5 to 1.7 26 
Full-day ventilation Room 1-1 -2.2 to -4.9 -0.4 to 1.3 15 

Room 1-2 -4.1 to -6.1 1.5 to 3.9 32 
No ventilation Room 1-1 - - - 

Room 1-2 -4.6 0.5 29 
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the questionnaires, it is found that there is no significant difference in the thermal responses 
of the occupants between Rooms 1-1 and 1-2. Most of students in both rooms tend to feel 
“slightly cool” and “cool” during morning time. As shown, more than half of respondents 
(around 55.1%) of the ground floor were feel slightly cool. These numbers decreased at 
afternoon by around 14%. Meanwhile, those who feel neutral and slightly warm dramatically 
increased by more than doubled from 15.0% to 31.2% and from 2.0% to 12.9% respectively. 
In the case of first floor (Room 1-2), most of the respondents tend to feel cool and slightly cool 
(47.5% and 32.2%, respectively). At the afternoon, those who vote neutral doubled from 

 

 

 
Figure 4.14 Results of thermal comfort survey in Case study 1, (a) Thermal perception, (b) 

Humidity perception and (c) Wind speed perception. 
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13.6% to 27.9% while those who feel slightly warm dramatically increased from 1.7% to 
23.0% (Figure 4.14a). Although those who select “slightly warm” increased in the afternoon, 
but mostly still feel “slightly cool” and “neutral”. Under these circumstances, most of the 
respondents prefer no change in the morning time while at the afternoon, those who prefer 
cooler and no change were significantly not different regardless of location (i.e. ground floor 
and first floor). Most of respondents in both rooms feel comfortable (more than 70%) even 
during the afternoon. Interestingly, those who feel comfortable at afternoon in Room 1-2 were 
higher than those at morning. In contrast, different responses can be seen in Room 1-1. In 
terms of relative humidity, the response of the respondents in both room was the same 
regardless of the time (i.e. morning and afternoon). Most of the respondents tend to feel just 

 
Figure 4.15. Mann-Whitney U test results for comparing the significant difference between (a) 

GF and 1F, (b) GF-Morning and 1F-Morning, (c) GF-Afternoon and 1F-Afternoon, (d) GF-
Morning and GF-Afternoon and (e) 1F-Morning and 1F-Afternoon. 
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right and prefer no change. Furthermore, slightly differences can be found in wind speed 
response. In Room 1-1, majority of the students (49.6%) tend to feel just right at morning time 
but those students (44.1%) tend to feel slightly breezy at the afternoon. In contrast, slightly 
breezy were chosen by majority of the students at both the morning time and afternoon, 
although the number decreasing (from 64.4% to 39.3%).  

To compare two sample means from the same population, and to test whether two sample 
means are equal or not, Mann-Whitney U test was used. This test was employed since the data 
collected during the field survey were ordinal data. Basically, The Mann-Whitney U is a non-
parametric test used to evaluate the significant differences in a scale or ordinal dependent 
variables by a single dichotomous independent variable. The comparison was conducted to 
compare the condition between floor levels (i.e. ground floor and first floor) and between 
survey times (i.e. morning and afternoon). And finally, cross-tabulation between thermal 
sensation vote and wind speed sensation was carried out to see the relationship between two 
variables.  

Figure 4.15 presents the statistical results of Mann-Whitney U test for the different 
conditions (i.e. floor levels and times) in the Case study 1 while Figure 4.16 relationships 
between a 5-scales of wind sensation (from -2 for too still to 2 for too breezy) and a 7-scales 
of thermal sensation in Rooms 1 and 2 respectively. As shown in Figure 4.15, wind sensation 
and wind preference were statistically significant difference between ground floor and first 
floor (p<0.05). In general, there are no significant different between two floors in terms of 
thermal perceptions (i.e. thermal sensation, thermal preference and thermal comfort). These 
perceptions are significantly different between two rooms only at the morning time while all 
variables are not statistically significant different at the afternoon (Figure 4.15abc). This means 
that relatively large differences observed between the two rooms in terms of air temperature 
and operative temperature do not cause significant differences in their thermal sensation and 
preference. In the other hand, thermal sensation, thermal preference and wind preference were 

 
Figure 4.16. Relationship between thermal sensation and wind sensation in Rooms 1-1 and 1-2. 
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statistically significant different between morning time and afternoon in both ground floor and 
the first floor (p<0.05) (Figure 4.15de).  In addition, wind speed sensation also significantly 
different in the first floor at the afternoon. These results indicate that thermal perceptions and 
wind perceptions (particularly wind speed preference) are statistically significant different 
between two times (i.e. morning and afternoon). This is most probably that the students 
expected more wind speed at afternoon due to the increasing indoor air temperature to cooling 
themselves. As shown in Figure 4.16, during both periods, significant relationships can be seen 
only in Room 1-2 (adjacent to the semi-open corridor). As the wind sensation increases (when 
they feel stronger winds), they tend to feel cooler. As previously discussed herein, this result 
also proves that thermal comfort in Room 1-2 was improved by the increased wind speed due 
primarily to the cross ventilation improved by the semi-open corridor space. The corridor 
space plays an important role to improve the cross ventilation and thus indoor thermal comfort. 

4.5. Case study 2 

4.5.1. Indoor thermal environments in different natural ventilation conditions. 

During the field measurements, outdoor air temperature ranged from 19.6 to 33.7ºC with 
the average of 26.0 ºC, while the outdoor relative humidity ranged from 18 to 96% during the 
measurement periods. The daily global horizontal solar radiation measured at 11.6-26.3 MJ/m². 
Average outdoor wind speeds in the three cases were approximately 1.1 m/s (measured at 
12.6m). Room 2-1 was occupied by less than 10 office workers (staffs and teachers) during 
the school time (07:00-15:00). Daytime ventilation was adopted during weekdays while 
night/full-day ventilation was applied during weekends. Figure 4.17 presents the temporal 

 
Figure 4.17. Temporal variations of thermal parameters in Case study 2 (Room 2-1). 
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variations of measured thermal parameters in the rooms, corridors and outdoors in the Case 
study 2, while Figure 4.18 shows the statistical summaries of air temperature measurements 
under different ventilation conditions.  

Figures 4.17-18 showed that indoor air temperature profiles during daytime ventilation 
condition are largely different from those of other ventilation conditions. As shown, maximum 
daytime indoor air temperatures during the daytime ventilation were around of 29.8-31.4°C, 
or 1.4-3.0°C lower than the outdoors, while those during night and full-day ventilation 
condition were 4.0°C and 2.2-5.5°C lower than the outdoors, respectively.  Meanwhile, 
nocturnal indoor air temperature profiles show the opposite patterns; higher than the outdoors. 
On the other hand, both corridor spaces are semi-open corridor space and therefore, the air 
temperature profiles tend to follow the outdoor air temperature. Moreover, the west corridor 
space had relatively higher air temperature during the peak hours than the east corridor space 
mainly due to the direct solar radiation from west-side and also reflected solar radiation from 
the pavement. As Room 1-2, air temperatures in the semi-open corridors situated adjacent to 
the rooms (Room 2-1) followed the outdoor air temperatures (see Figure 4.7). Cross ventilation 
was ensured in Room 2-1 even when windows and doors were closed during the daytime (i.e., 
night ventilation) due to the ventilation openings.  

It is found that the cooling effect of nocturnal ventilation is narrowly seen. On average, the 
indoor-outdoor difference of air temperatures became smaller at night (0.9ºC to 2.9ºC) when 
the windows/doors were opened (i.e., night ventilation and full-day ventilation) than those 
when windows/doors were closed (i.e., daytime ventilation) (1.1ºC to 4.3ºC). Unlike Room 1-

 
Figure 4.18. Statistical summary (5% percentile, average, 95 percentile and average ± standard 
deviation) of air temperatures in Case study 2 (Room 2-1) under different ventilation conditions. 

 
Figure 4.19. Illustration of solar radiation through the window in Case study 2 (Room 2-1). 
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2, this cooling effect was not diminished due to the permanently-open ventilation openings. 
Nevertheless, it is important to be noted that measurement period for night ventilation was 
very short, only one day measurement. The diurnal ranges of indoor air temperatures were 
narrower than those of the outdoors mainly due to the effects of high thermal mass of the 
buildings, which is calculated at 2,685 kg/m². Wind speeds were recorded quite low during 
field measurement (averagely of 0.1 m/s), although the windows were open throughout the 
days (i.e. full-day ventilation).  

 Although Room 2-1 is facing both east and west, the long eaves of corridor spaces prevent 
solar radiation from entering indoor spaces, and thus the indoor air temperatures maintained 
relatively lower values than the outdoors even during daytime. As shown in Figure 4.19, the 
Room 2-1 received the direct solar radiation through the windows for about two hours during 
the morning period (6:50-8:50) and for about two hours during the afternoon period (16:45- 
18:49). Figure 4.20 confirmed the role of the corridor space in cutting off the solar radiation 
before entering indoor space. It is recorded that solar radiation in the east corridor space ranged 
from 5 to 6 W/m² while that in the west corridor space ranged from 14 to 23 W/m². The west 
corridor space obtained the higher solar radiation than the east corridor space simply because 
the former had no obstruction to the outdoor rather than the latter (see Figure 4.4b).  

Since west corridor space received more solar radiation, the west wall surface also received 
more heat from the outdoor than the east wall surface. As shown in Figure 4.21, the maximum 
surface temperature of west wall was 1.4ºC higher than that of east wall. As that in Room 1-2 
of Case study 1, then the roof received heat from direct solar radiation and transmitted it to the 

 
Figure 4.20. Solar radiation of the ground floor and the first floor in the Case study 2, (a) 

including outdoor solar radiation and (b) excluding outdoor solar radiation. 

 
Figure 4.21. Surface temperature of walls, floor and ceiling in the Case study 2 (Room 2-1). 
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indoor space through the ceiling. Therefore, the surface temperature of the ceiling was 
relatively higher compared to other surfaces. 

Figure 4.22 shows the correlations between indoor, corridor and outdoor air temperatures 
in Room 2-1 under the different ventilation conditions. As previous room adjacent semi-open 
corridor space (Room 1-2), air temperature profiles are almost different between indoor and 
corridor in Rooms 1-2. Furthermore, the night cooling effects can be seen in this room, 
although it should be noted that the measurement period under this condition was quite short 
(one day measurement). It is expected that daytime indoor air temperature would be further 
reduced if night ventilation is applied. As previously described, the diurnal ranges of indoor 
air temperatures in Room 2-1 were narrower than those of the outdoors mainly due to the 
effects of high thermal mass of the buildings.  

4.5.2. Vertical distribution of air temperature 

Figure 4.23 shows vertical distributions of air temperatures in Room 2-1 under the different 
ventilation conditions. Overall, the ceiling surface temperatures during the daytime obtained 
higher values simply because the former was situated below roofs. Both roofs and ceilings 
were not insulated in the three buildings and heat was transmitted to the rooms below. The 
vertical temperature gradients can be seen clearly particularly during the peak hours (14:00), 
due to the high ceilings (5.3m). Moreover, the steeper gradient can be seen when night 
ventilation was applied. It is found that indoor air temperature at the occupied levels (1.1 m 
above floor) when night ventilation is applied was 3.3°C lower than those of when daytime 
ventilation is applied. In addition, indoor air temperatures at the same level maintained 
relatively lower values even when windows and doors were opened during daytime. It is 
recorded that the indoor air temperature of this level 2.5-5.8°C lower than the upper levels 
(above 1.7m above floor level). This implies that a high ceiling would contribute to maintain 
relatively lower daytime air temperature even when daytime ventilation is adopted in the hot-
humid outdoor conditions. However, during peak hours, the surface temperatures of ceiling in 
Rooms 2-1 were 5.5 to 5.8°C higher than those of floor. This might cause local discomfort due 
to the radiant temperature asymmetry between ceiling and floor.  

 
Figure 4.22. Solar radiation of the ground floor and the first floor in the Case study 2, (a) 

including outdoor solar radiation and (b) excluding outdoor solar radiation. 
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 4.5.3 Thermal comfort evaluation 

As previous Sections, indoor thermal comfort was indexed by using the operative 
temperature (OT) and SET*, was evaluated using Adaptive Comfort Equation (ACE) for 
operative temperature. Figure 4.24 presents the evaluation results of indoor thermal comfort 
in Room 2-1 by the two indices, respectively. As shown, operative temperature in Room 2-1 
does not exceed the 80% upper comfortable limits in most of the periods particularly when 
daytime ventilation is applied. It is found that night ventilation obtained the shortest exceeding 
period rather than other ventilation conditions. It is recorded that during the daytime 
ventilation, the exceeding period was 45.2% while that of during night ventilation and full-
day ventilation were 28.5% and 39.3%, respectively (Table 4.4). Nevertheless, if the 
evaporative cooling effects are taken into account by using SET*, the resulting SET* values 
in Rooms 2-1 were 1.3-1.9ºC lower than the operative temperature regardless of ventilation 
conditions. This means that indoor thermal comfort was considered to be achieved in the rooms 
if evaporative cooling effects are considered. 

 

 
Figure 4.23. Vertical distribution of indoor air temperatures in Case study 2 for (a) daytime 

ventilation and (b) night ventilation conditions. 
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4.6. Case study 3 

 4.6.1. Indoor thermal environments in different natural ventilation conditions. 

During the field measurements, outdoor air temperature ranged from 19.0 to 33.7ºC with 
the average of 25.6ºC, while the outdoor relative humidity ranged from 16 to 93% during the 
measurement periods. The daily global horizontal solar radiation measured at 11.6-26.3 MJ/m². 
Average outdoor wind speeds in the three cases were approximately 1.1 m/s (measured at 
13.2m). Since Case study 3 was unoccupied during field measurement, different ventilation 
conditions were applied. During field measurements, other windows and doors (in other 
rooms) including entrance doors and main windows in first floor were closed. Figure 4.25 
presents the temporal variations of measured thermal parameters in the rooms, corridors and 
outdoors in the Case study 3 under different ventilation conditions and Figure 4.26 shows the 
statistical summaries of air temperature measurements under different ventilation conditions. 
It should be noted that wind speeds were not measured in the Room 3-1, and therefore thermal 
comfort was not evaluated in this room. 

Generally, indoor thermal environments in Case study 3 were not as good as the previous 
two case study buildings. As shown, indoor air temperature profiles are largely different 
between the floor levels (i.e., between Rooms 3-1 and 3-2) rather than the differences caused 
by various ventilation conditions. Overall, indoor thermal air temperatures in Room 3-2 were 

 
Figure 4.24. Thermal comfort evaluation using adaptive comfort evaluation and SET* in the Case 

study 2 (Room 2-1). 

Table 4.4. Results of adaptive comfort evaluation in Case study 2 building under different 
ventilation conditions. 

Ventilation conditions 
Deviation of OT and 80% upper 

comfortable limit 
Exceeding 

period 
(%) Daily min. (°C) Daily max. (°C) 

Daytime ventilation -2.5 to -4.1 1.4 to 3.5 45 
Night ventilation -2.1 0.6 28 
Full-day ventilation -3.2 to -4.2 0.8 to 2.5 39 
No ventilation -1.5 to -2.1 0.8 to 1.2 38 

 
 

20

22

24

26

28

30

32

0:00 12:00 0:00 12:00 0:00 12:00 0:00 12:00 0:00 12:00 0:00

Date/Time

O
pe

ra
tiv

e 
te

m
pe

ra
tu

re
 (℃

)

9/24 9/25 9/26 9/27 9/28

DaytimeFull-day

80% comfortable upper limit

Room 2-1 

Night
20

22

24

26

28

30

32

0:00 12:00 0:00 12:00 0:00 12:00 0:00 12:00 0:00 12:00 0:00

Date/Time

SE
T*

 (℃
)

9/24 9/25 9/26 9/27 9/28

Night DaytimeFull-day



Field Investigation of Indoor Thermal Environments in Dutch Colonial Buildings  

109 
 

relatively higher than the corresponding outdoors during the peak hours regardless of 
ventilation conditions. Indoor air temperatures in Room 3-2 were averagely 1.2-4.4°C higher 
than those in Room 3-1, regardless of the ventilation conditions. Room 3-2 received more heat 
than in the Room 3-1. In addition, these differences were likely also influenced by the void 
space. As shown, air temperatures of corresponding void space at height level 1.1m (adjacent 

 
Figure 4.25. Temporal variations of thermal parameters in Case study 3 under (a) daytime 

ventilation, (b) night ventilation, (c) full-day ventilation and (d) no ventilation. 
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to Room 3-1) and at 7.1m (adjacent to Room 3-2) were largely different, which is 2.2-2.8°C 
in differences (Figures 4.25-26).  

 Meanwhile, the indoor air temperature profiles were also different amongst different 
ventilation conditions. The cooling effect of nocturnal ventilation is seen particularly in Room 
3-2. On average, the indoor-outdoor difference of air temperatures became smaller at night 
(24.2-24.7°C). Moreover, when night ventilation was applied, daytime indoor air temperatures 
were 1.4-2.4°C lower than those when the windows opened during the daytime (i.e. daytime 
ventilation and full-day ventilation). However, nocturnal indoor air temperature profiles show 
higher values than the outdoors due to the thermal mass effect. The diurnal ranges of indoor 
air temperature of both rooms during no ventilation condition were the narrowest compared to 
other ventilation conditions. Although both windows and doors were open, the ventilation rates 
in Room 3-2 were relatively low. It is recorded that the maximum indoor wind speeds during 
field measurement were around 0.1-0.2 m/s, regardless of ventilation conditions. This most 

 
Figure 4.26. Statistical summary (5% percentile, average, 95 percentile and average ± standard 
deviation) of air temperatures in Case study 3, (a) Room 3-1 and (b) Room 3-2, under different 

ventilation conditions. 

 
Figure 4.27. Surface temperatures of walls, floor and ceiling in the Room 3-2 under (a) night 
ventilation, (b) daytime ventilation, (c) full-day ventilation and (d) no ventilation conditions. 
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probably due to the surrounding building obstructed the outdoor wind speed flowing into the 
room, as well as due to the enclosed void space (see Figure 4.5c). The enclosed adjacent void 
space discouraged the cross ventilation in the rooms.  

Figure 4.27 shows the profiles of surface temperatures in the walls, floor and ceiling in 
Room 3-2 of Case study 3 building under different ventilation conditions. As shown, the 
profiles of surface temperatures are almost the same regardless of ventilation conditions. 
Ceiling surface temperatures were higher simply because the roof (i.e. concrete) was 
uninsulated and therefore it received heat from direct solar radiation. Even during the night-
time, it still higher due to the thickness of the roof, therefore it capable of storing heat longer. 

 Figure 4.28 shows the correlations between indoor, corresponding void space and outdoor 
air temperatures in all the rooms under the different ventilation conditions. As previously 
described, air temperature profiles of corresponding void spaces to indoor rooms are largely 
different. As shown, air temperature profiles are almost the same amongst different ventilation 
condition in Room 3-1 regardless of ventilation conditions, while those profiles are different 
particularly in Room 3-2. This is mainly due to the high thermal mass effect in Room 3-1 while 
at the same time, this room do not receive much heat from the outdoor. In contrast, even Room 
3-2 also has high thermal mass, but it receives more heat than Room 3-1. The effect of night 
cooling was observed in Room 3-2. When night ventilation was applied, the daytime indoor 
air temperatures were lower than those when the windows/doors open during the daytime (i.e. 
full-day ventilation and daytime ventilation). It should be noted that the nocturnal indoor air 
temperatures under full-day and night ventilation conditions were almost the same. 

 
Figure 4.28. Correlation between corridor space, indoor and outdoor air temperatures in (a) Room 

3-1 and (b) Room 3-2 under different ventilation conditions. 
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4.6.2. Vertical distribution of air temperature 

Figure 4.29 shows vertical distributions of air temperatures in Case study 3 under daytime 
and night ventilation conditions. The ceiling surface temperatures during the daytime in Room 
3-2 obtained high values simply because the former was situated below roofs. The ceiling 
surface temperature reached up to 37-38°C in Room 3-2 because of the absence of attic space. 
This roof was not insulated and therefore, heat was transmitted to the rooms below. Meanwhile, 
the cooling effect of nocturnal ventilation can be seen clearly in Room 3-2. The vertical 
temperature gradients are evident particularly in night ventilated Room 3-2. It is expected that 
daytime indoor air temperature would be further reduced if night ventilation is applied. The 
temperature gradients seen in these rooms are attributed not only to the transmitted heat from 
the ceilings, but also to the high ceilings (5.7m). Meanwhile, the temperature gradient still 
could be found in the case of daytime ventilation, even with small different from the above 
level (around of 0.3-2.1°C). This implies that a high ceiling would contribute to maintain 
relatively lower daytime air temperature even when windows and doors were opened during 
daytime. However, during peak hours, the surface temperatures of ceiling in Room 3-2 were 
5.1 to 5.8°C higher than those of floor. This could cause local discomfort due to the radiant 
temperature asymmetry between ceiling and floor. Meanwhile, the air temperatures in the 
upper part of void space (7m and above) were overheated and averagely higher than the 
outdoors during the daytime. This potentially provided stack effect ventilation, although the 
effect was considered small because there were only small openings on the top of the void 
space. 

  
Figure 4.29. Vertical distribution of indoor air temperatures in Case study 3 building under (a) 

daytime ventilation and (b) night ventilation conditions. 
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4.6.3 Thermal comfort evaluation 

Figure 4.30 presents the results of thermal comfort evaluation using adaptive comfort 
equation in Room 3-2 of Case study 3, while Table 4.5 summarizes the results of thermal 
comfort evaluation. As previous Sections, indoor thermal comfort was indexed by using the 
operative temperature (OT) and SET*, was evaluated using Adaptive Comfort Equation 
(ACE) for operative temperature. Evaluation of thermal comfort only conducted in Room 3-2 
only since wind speed was not measured in Room 3-1 during field measurement. As shown, 
the operative temperatures in occupied units in both public apartments exceeded the 80% of 
upper comfortable limits during the daytime. It is found that thermal comfort cannot be 
achieved during the daytime particularly when daytime ventilation and no ventilation 
condition are applied. As indicated, the exceeding periods for above ventilation conditions 
were above 90% (95-99%, respectively). When the windows/doors opened during the night-
time (i.e. night ventilation and full-day ventilation), the exceeding periods reduced by more 
than 30% (around 61%, respectively). However, if the evaporative cooling effects are taken 
into account by using SET*, the resulting SET* values in Room 3-2 were lower than the 

 
Figure 4.30. Thermal comfort evaluation using adaptive comfort evaluation and SET* in Case 
study 3 building under (a) daytime ventilation, (b) night ventilation, (c) full-day ventilation and 

(d) no ventilation conditions. 
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operative temperature. It is recorded that the SET* values were 1.7-2.0°C when night 
ventilation is applied. Meanwhile, during the daytime ventilation and no ventilation conditions, 
the SET* values were 1.6-2.7°C and 1.0-1.9°C lower than the corresponding operative 
temperature respectively. This means that indoor thermal comfort was considered to be 
achieved in the rooms if evaporative cooling effects are considered. 

4.7 Discussion 

4.7.1. The effects of corridor spaces on indoor thermal environments. 

From the field measurements, it is found that corridor spaces played important roles as the 
thermal buffer zones. As indicated in the Figures 4.9, the air temperature profiles between 
enclosed corridor and indoor spaces are almost the same: relatively lower than the 
corresponding outdoors during the daytime but higher during the night-time, regardless of 
ventilation conditions. This type of corridor space is effective in lowering indoor air 
temperature during the daytime although it prevents heat to release during the night-time. In 
the other hand, the indoor air temperatures adjacent to the semi-open corridor spaces (Rooms 
1-2 and 2-1) are not as low as those in Room adjacent enclosed corridor space (Room 1-1). 
The temperature of semi-open space follows the corresponding outdoors particularly during 
the daytime. Although the indoor temperatures of Rooms 1-2 and 2-1 are lower than those of 
Room 1-1 during night-time, but these temperature could not as low as the outdoors mainly 
due to thermal mass effect as well as the semi-open corridor space. As shown in Figures 4.7 
and 4.17, temperatures of semi-open corridor spaces during night-time are slightly higher than 
the corresponding outdoors. 

In addition to thermal buffer zones, corridor space also played significant roles in cutting 
off the effects of direct solar radiation, particularly to the building facing west or east, as 
illustrated in Figure 4.19. As shown, although Room 2-1 is facing east and west, the indoor air 
temperatures during the daytime maintain relatively lower than the corresponding outdoors 
thanks to long eaves of the corridor spaces. These long eaves helped preventing direct solar 
radiation to penetrate indoor spaces. Therefore, the heat gain from the solar radiation can be 
minimized by the corridor spaces functioned as a shading devices. Nevertheless, the semi-
open corridor is effective to improve cross-ventilation while shading the indoor spaces. As 
shown in Figure 4.31, the average wind speeds during daytime and night-time in Room 1-2 

Table 4.5. Results of adaptive comfort evaluation in Case study 3 building under different 
ventilation conditions. 

Ventilation 
conditions 

Deviation of OT and 80% upper 
comfortable limit 

Exceeding 
period 

(%) Daily min. (°C) Daily max. (°C) 
Daytime ventilation -0.7 to 2.0 2.8 to 3.4 95 
Night ventilation -0.4 to -3.3 1.3 to 2.5 61 
Full-day ventilation -1.2 to -3.3 3.0 to 3.7 61 
No ventilation -0.2 to 1.7 2.9 to 3.9 99 
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were relatively higher than those in Room 1-1. Cross ventilation was ensured by the semi-
open corridor in Room 1-2, even when windows/doors were closed during the daytime, due to 
the permanent ventilation openings and louver doors above the doors. 

Study on the studies of thermal performance in colonial buildings particularly in the tropics 
are rarely found. Several studies on the function of veranda in vernacular architecture 
emphasized on semi-open corridor space rather than enclosed corridor space. The effects of 
enclosed corridor spaces as found in this case study building are still rarely discussed. Shading 
devices are very prominent and important techniques in vernacular buildings of hot-humid 
climatic regions to cut direct solar radiation (Chandel et al., 2016; Toe and Kubota, 2015). 
These techniques originally employed by tropical traditional houses and then were adopted by 
colonial buildings in order to cope with the severe conditions of tropics. Ardiyanto, et al. 
(2015) mentioned that the corridor spaces are part of adopted passive techniques to the local 
hot-humid climate as shading devices without further investigate their thermal performance. 
Kowaltowski et al. (2007) found that semi-open veranda has become important element of 
hot-humid vernacular buildings in Brazil influenced by Portuguese colonial architecture. 
However, the study did not elaborate further quantitatively the roles of this corridor spaces.  

Thermal function of semi-open veranda space was confirmed by Dili et al. (2010) in warm-
humid vernacular buildings of Kerala, India. In their study, semi-open corridor space in 
traditional vernacular buildings of Kerala were 4.0°C lower than the outdoor, corresponding 
to the lower part of courtyard next to veranda space. This results correspond with our finding, 
where corridor space with courtyard lower the air temperature than the corridor space without 
courtyard (see Figure 4.15). Nguyen et al. (2011) found that semi open corridor spaces 
adjacent to the courtyard act as wind tunnel which induced more wind into the courtyard. Their 
study included several vernacular building types such as traditional and French colonial 
buildings in hot-humid Vietnam.  

4.7.2. The effects of ceiling height. 

The profiles of vertical distribution of air temperatures in all above case study buildings 
confirmed that ceiling height important for the occupied level (around 1.1m above floor) to 

  
Figure 4.31. Average wind speeds of indoor, corridor and outdoor spaces at daytime and night-

time in Case study 1. 
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maintain relatively lower values even when windows and doors were opened during daytime. 
The temperature gradients can easily be seen in the case of Dutch colonial buildings, attributed 
not only to the transmitted heat from the ceilings, but also to the high ceilings (5.5-5.7m). Even 
in Case study 3, which is its indoor thermal environments are generally worse, the temperature 
gradients are evident in Room 3-2. In the high ceiling as found in Dutch colonial buildings, 
heat flowing upper part of indoor space and maintaining lower part cooler than the upper. It is 
recorded that the indoor air temperature of this level 2.5-6.2°C lower than the upper levels 
(above 1.7m above floor level). However, during peak hours, the surface temperatures of 
ceiling particularly in Rooms 2-1 and 3-2 were above 5.0°C higher than those of floor (around 
5.1-5.8°C). This might cause local discomfort due to the radiant temperature asymmetry 
between ceiling and floor. It is important to insulate the ceiling so that the temperature 
difference between ceiling and floor can be reduced. 

In the case of Case study 3, high void space (around 12m height) potentially provided stack 
effect ventilation. During the peak hours, the upper parts of void (7m and above) are 
overheated and there are small temperature differences between those parts and the outdoors, 
which is around 0.3-1.2°C. Nonetheless, this effect is considered relatively small due to small 
openings on the top of void space. If those openings were wider, and the windows/doors in 
buildings were open, it is expected that the building enjoy the better stack effect ventilation.  

In addition to high thermal mass, ceiling height is might be can be considered as a unique 
feature of the colonial buildings compared to other vernacular buildings. Colonial buildings 
have relatively high ceiling, as found in this study (around 5.3-5.7m). Several studies also 
reported that colonial buildings have relatively higher ceiling height than the other vernacular 
buildings (i.e. traditional buildings), such as reported by Kowaltowski et al. (2007) in hot-
humid Brazil and by Nguyen et al. (2011) in hot-humid Vietnam. Traditional Malay houses 
and Chinese shop-house of Malaysia are reported have ceiling height of around 2.75-2.95m 
and 3.5-4.0m, respectively (Toe and Kubota, 2015). This study indicates that temperature 
difference between the occupied level and the upper levels are not as large as those found in 
the colonial buildings. In another study, vernacular buildings in hot-humid Kerala have been 
reported to have ceiling height of 2.5m (Shanthi Priya et al., 2012), but further investigation 
on this were not carried out.  

4.7.3. Comfort ventilation in Dutch colonial buildings. 

Results of the field measurement revealed that temperature profiles in these buildings are 
almost the same among different ventilation conditions. It implies that the effects of structural 
cooling (i.e., night ventilation) diminished due to the ventilation openings and louver 
windows/doors, as can be seen in Case studies 1 and 3. These openings allowed natural 
ventilation even when the main windows/doors are closed. Particularly in Room 1-2, cross 
ventilation was ensured as indicated by relatively higher average indoor wind speeds than 
those in Room 1-1 even when windows and doors were closed during the daytime (i.e., night 
ventilation).  

If these increasing wind speeds are taken into account to assess thermal comfort indexed 
by SET*, the evaluation showed that SET* values are lower than the operative temperature. 
The results of thermal comfort survey confirmed that this wind speed important to achieve 
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thermal comfort particularly when the indoor air temperatures are high. As previously 
discussed, thermal sensation between the occupants in Rooms 1-1 and 1-2 during the daytime 
are significantly not different although the former has relatively lower indoor air temperature 
than the latter (Room 1-2). On the other hand, wind speed responses are significantly different 
between two rooms. It is found that there is strong relationship between thermal sensation and 
wind speed sensation. The higher wind speed (breezier) perceived by the respondents, the 
cooler thermal conditions perceived. These findings implies that evaporative cooling effects 
by increasing wind speeds are considered to be important for achieving thermal comfort. 
Similar techniques were employed in the other vernacular buildings. For example, Malay 
traditional houses apply large window openings with grills and wood carving decorations to 
let the fresh air to come inside the house (Hoseini, et al., 2014).  

4.7.4. Cooling strategies employed in the Dutch colonial buildings: 
Recommendation for modern houses. 

Based on the field measurement results, it is found that there are some cooling strategies 
employed in the selected Dutch colonial buildings. First of all, high thermal mass (more than 
2,600 kg/m²) can be used to modulate heat so that indoor air temperature maintain lower values 
than the corresponding outdoors during the daytime although it increases nocturnal indoor air 
temperature. Nevertheless, it should be further consider if it will be applied to the modern 
houses, particularly in terms of structural load and cost. Moreover, it was found that corridor 
spaces played significant roles for the indoor thermal environments. They play a role as a 
thermal buffer space particularly when the corridor was enclosed, and as a shading device on 
the other hand. It was particularly effective during the daytime, though it prevented the heat 
from releasing during the night-time if it is enclosed. If the adjacent corridors in the modern 
houses (or apartments) can be designed to be enclosed spaces during the daytime and to be 
semi-open spaces during the night-time, then the thermal benefits of corridors can be obtained 
during day and night. The enclosed void space may be consider to generate stack effect 
ventilation, but it should be designed appropriately to avoid overheating during daytime as 
well as to ensure sufficient ventilation rate. Meanwhile, night ventilation was found to be more 
effective in reducing indoor air temperatures compared to other natural ventilation conditions 
in most cases. 

The thermal comfort evaluation results showed that indoor thermal comfort was improved 
by increasing wind speeds during daytime although open windows may increase indoor air 
temperatures. Thermal comfort survey revealed that comfort ventilation is important to 
achieve thermal comfort. Therefore, permanent openings and louver doors/windows are 
important to let winds enter the rooms and ensure cross ventilation even during daytime. 
Furthermore, a high ceiling can be one of the options to maintain relatively lower air 
temperature at the occupied level in the modern houses while allowing natural ventilation 
during daytime. Nevertheless, the local discomfort due to the vertical air temperature 
difference and radiant temperature asymmetry should be further considered. To avoid that, 
roof and ceiling should be well insulated. 
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4.8. Summary 

Field measurement in Dutch colonial buildings in Indonesia has been done to investigate 
indoor thermal environments and find out cooling strategies employed to those buildings. The 
measurement results showed that the selected Dutch colonial buildings, particularly those 
building that come from the second and third period (i.e. Buildings 1 and 2) maintained 
relatively low daytime indoor air temperatures compared to the corresponding outdoor 
temperatures mainly because of the thermal mass effect. In contrast, building from the last 
period (Case study 3) overall has relatively higher daytime indoor air temperature than the 
outdoors. Roofs and ceilings in all selected buildings were not insulated and therefore the 
rooms located on the top floor observed relatively higher air temperatures. Thermal comfort 
is achieved in the ground floor while that in the top floor exceeded 80% of comfortable limit 
during the daytime. Nevertheless, thermal comfort in the rooms on the top floor was improved 
due to the increased indoor air speeds. 

Cooling strategies found from the present measurements include high thermal mass effect, 
night ventilation, appropriate design of corridor spaces, high ceiling and permanent openings 
above windows/doors (for comfort ventilation). Those above cooling strategies are worthwhile 
of applying to the modern houses including high-rise apartment buildings. However, these 
techniques should be reevaluated with the aim of applying to modern houses by considering 
the fact that Bandung experiences relatively cool climate. Therefore, it is important to examine 
the vernacular cooling techniques in different cities of Indonesia, particularly those with the 
hotter condition (such as Jakarta or Surabaya). 
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5 

Parametric Study of Cooling Strategies for 
High-Rise Apartments 
 
 
5.1 Introduction 

In parallel with the previous chapters, computer simulations were performed to examine 
the effects of the selected cooling techniques, as found in the existing apartments of Indonesia 
(see Chapter 3) as well as in Dutch colonial buildings (see Chapter 4), on indoor thermal 
environments of the middle-class high-rise apartments. The objectives of these computer 
simulations have been explained in the Chapter 1. These simulations basically are to initiate a 
base model that will be used for further simulation studies in the future research. In addition 
to TRNSYS-COMIS, Computational Fluid Dynamics (CFD) was used for this simulation. The 
reason of using TRNSYS-COMIS was explained in the previous chapter (see Chapter 3). 
Description of the simulation programs particularly CFD is described in the Section 5.2. 
Details of the base model of the middle-class high-rise apartment unit and its validity are given 
in this section as well. Several simulation test cases are considered in Section 5.3 while the 
simulation results are discussed in Section 5.4. They include the effects of respective strategies 
as well as combination of those techniques. 

5.2 Methods 

In this chapter, computer simulations were divided into two parts. First part evaluates the 
indoor thermal environments of middle-class private apartment under naturally ventilated 
condition focusing in the living room. In this part, simulation evaluates the effect of structural 
cooling and comfort ventilation in the living room. Meanwhile, the second part investigated 
the indoor thermal environments in master bedroom under air-conditioned conditions while 
the living room maintain under naturally ventilated condition. The objective of this simulation 
is to investigate the means to reduce the cooling load in the master bedroom. To achieve above 
mentioned targets, two different simulation software are used, they are TRNSYS-COMIS and 
Computational Fluid Dynamics (CFD) STREAM. 
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5.2.1 TRNSYS and COMIS 

Detail information of TRNSYS and COMIS were explained in Chapter 3 (Section 3.3.3). 
Further explanations of this software are not necessary in this chapter. 

5.2.2 Computational Fluid Dynamic (CFD): STREAM 

Computational Fluid Dynamics or CFD is the analysis of systems involving fluid flow, heat 
transfer and associated phenomena such as chemical reactions by means of computer based 
simulation (Versteeg and Malalasekera, 2007). CFD modelling is the process of representing 
a fluid flow problems by mathematical equations based on the fundamental laws of physics, 
and solving those equations to predict the variation of the relevant parameters within the flow 
field, such as velocity, pressure and temperature, and other variables such as turbulence, and 
so on (Jones and Whittle, 1992). The fundamental principles of computational fluid dynamics 
is given by Versteeg and Malalasekera (2007). CFD is very powerful and spans a wide range 
of industrial and non-industrial application areas such as aerodynamics of aircraft and vehicles, 
hydrodynamics of ship, power plant, food industry, and so on. CFD has been applied in the 
research of ventilation and room air distribution for almost 50 years (Nielsen, 2015) and it 
widely used in the building application, mainly to predict indoor and outdoor airflow, pressure, 
temperature, humidity and chemical species distribution (Wang and Zhai, 2016). Baskaran and 
Kashef (1996), for instance, used CFD for modelling wind environmental conditions around a 
variety of building configuration. Other application of CFD in simulating airflows in building 
can be seen in D’Agostino and Congedo (2014), Yang et al. (2015), Ramponi and Blocken 
(2012), Pere et al. (2015). 

Since the movement of air in and around buildings has a major influence on thermal 
comfort and on the efficiency of space cooling/heating and ventilation, CFD is more suitable 
to investigate indoor thermal environment related to the air movement. Compared to the multi-
zone approach (i.e. TRNSYS-COMIS), CFD is better-suited method to predict airflows in 
large indoor spaces than are the zonal method for isothermal airflow (Wang and Zhai, 2016). 
However, simulation using CFD takes huge computational time than using multi-zone 
approach. In addition, CFD simulation has some uncertainties in reproducing complex 
turbulent flows, and therefore it need to be verified and validated against field experimental 
data (Omrani et al., 2017). Nevertheless, it is quite difficult to use CFD without previous 
knowledge on fluid dynamics and software (Foucquier et al., 2013). 

STREAM is the thermal fluid analysis software developed by Software Cradle Co., Ltd. 
This software can solve the thermal fluid problems consider heat transfer, mass diffusion, 
chemical reaction and so on. Basically, as the other SFD programs, STREAM consists of three 
sets of programs, they are Preprocessor (STpre), Solver (STsolver) and Postprocessor (STpost) 
(Figure 5.1). Preprocessor helps create input data; Solver loads the input data, executes 
calculation and output results; and Postprocessor loads the output results and visualize the 
results. 

Theoretically, there are two basic kinds of thermodynamics systems: closed systems and 
control volume. A closed system refers to a fixed quantity of matter whereas a control volume 
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is a region of space through which mass may flow cross the boundary of a thermal system  
(Moran et al., 2011). In order to solve the problems of thermal fluid analysis in CFD, some 
fundamental equations that govern the physical problems under given boundary conditions 
and initial conditions are necessary. Governing equations in this thermo-fluid analysis are 
consider to momentum conservation equations (the Navier-Stokes equations), continuity 
equation, energy conservation equation and model equations to represent turbulent transport. 
The finite volume method is used in this software to solve the equations by converting above 
equations into an integral conservation form that is expressed on each fractional unit of 
decomposed elements (control volume). In the finite volume method, each equation is solved 
separately for the whole field so that in one iteration, equations are assembled and solutions 
obtained for each velocity component, pressure, temperature and turbulent quantities (Patankar 
in Jones and Whittle, 1992). 

For the simulation analysis, incompressible air is used as main component of fluid. Density 
of incompressible fluid (air) is assumed to be constant, and is determined by the equation of 
state in compressible analysis. In a control volume, there may be several locations on the 
boundary through which mass enters or exits. For incompressible fluids, mass conservation, 
momentum conservation, energy conservation and turbulent kinetic energy and its dissipation 
rate are governed using following equations (Equations 5.1-4) respectively: 

𝜕𝑣𝑖

𝜕𝑥𝑖
= 0        (5.1) 

𝜕𝜌𝑣𝑖

𝜕𝑡
+
𝜕𝑣𝑗𝜌𝑢𝑖

𝜕𝑥𝑗
= −

𝜕𝑝

𝜕𝑥𝑖
+

𝜕

𝜕𝑥𝑗
𝜇
𝜕𝑣𝑖

𝜕𝑥𝑗
− 𝜌𝑔𝑖𝛽(𝑇 − 𝑇𝑜)   (5.2) 

𝜕𝜌𝐶𝑝𝑇

𝜕𝑡
+
𝜕𝑣𝑗𝜌𝐶𝑝𝑇

𝜕𝑥𝑗
=

𝜕

𝜕𝑥𝑗
𝐾
𝜕𝑇

𝜕𝑥𝑗
+ �̇�     (5.3) 

 
Figure 5.1. Main components and structures of the CFD STREAM (Cradle, 2015) 
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𝜕𝜌𝑘

𝜕𝑡
+
𝜕𝑣𝑖𝜌𝑘

𝜕𝑥𝑖
=

𝜕

𝜕𝑥𝑖
(
𝜇𝑡

𝜎𝑘

𝜕𝑘

𝜕𝑥𝑖
) + 𝐺𝑠 + 𝐺𝑇 − 𝜌𝜀    (5.4) 

where 𝑣𝑖 is velocity of flow in 𝑥𝑖- direction (m/s); 𝑥𝑖 is coordinates (m); ρ is density of 
fluid or solid/material (kg/m³); t is time (s); p is pressure of fluid (N/m²); 𝜇 is viscosity of a 
fluid (kg/m.s); 𝑔𝑖  is gravity (m/s²); 𝛽  is thermal expansion coefficient (1/K); T is 
temperature of a fluid or solid (K); 𝑇𝑜 is reference temperature of fluid (K); 𝐶𝑝 is specific 
heat at constant pressure (J/kg.K); K is thermal conductivity (J/m.s.K); �̇�  is heat source 
(J/m³.s); and k is turbulent kinetic energy (m²/s²). 

Preprocessor (STpre) 

Figure 5.2 illustrates the flowchart of simulation process in STREAM. Basically, 
Preprocessor (STpre) comprises all necessary procedures in setting the model before executing 
it in the Solver (STsolver). STpre prepares all information to analyze fluid flows such as mesh 
division, material properties, boundary conditions, initial conditions, and so on (Cradle, 2015). 
In STREAM, 3D model can be directly developed in the Preprocessor (STpre) or imported 
from the other CAD data after previously converted into allowable file format (for example 
XT file, STEP file, DXF file, IDF file, etc.). Before making 3D model, computational domain 
should be determined (see Figure 5.3).  

Setting of boundary condition is the most important part for CFD simulation besides 
meshing generation. The boundary where flow goes in or out is referred to as inflow and 
outflow boundary. As previously described, all mathematical calculations on physical transfer 
(i.e. mass, momentum, energy and continuity) in this simulation caused by the flow is referred 
to as advection. Inflow and outflow boundary conditions can be specified only at the interfaces 
between the fluid and the outside of computational domain. In STREAM, four types of inflow 
and outflow boundary are available, they are: conditions to specify flow velocity, conditions 
to specify pressure, conditions to specify both flow velocity and pressure and conditions not 
to specify anything (Cradle, 2015). 

Wall boundary conditions are important to calculate momentum conservation equations. 
Wall boundary conditions directly have influence on the equations for energy and momentum 
conservation, as well as diffusive species through the boundary surface. Wall boundary 
conditions of momentum equations are referred to as wall stress conditions. They determine 
the friction stress (𝜎𝑖𝑗) of the interface between fluid and walls. These conditions can be set 
on the interfaces between fluid and non-fluid material (such as solid) (Cradle, 2015). Thermal 
boundaries setting is necessary to calculate the heat transfer between fluid and solid, or 
between solid and solid. Heat transfer coefficient need to be specified, with refer to the 
specified literature such as ASHRAE (2013). Solar radiation setting (absorbance of surface 
material) as well as radiation setting (emission of material) are other important setting for heat 
boundary conditions. Method of humidity transfer (from outdoor to indoor and vice versa), 
also determined in this simulation. 

There are two calculation methods for simulation using CFD STREAM: steady state and 
transient. Steady state means that temperatures and heat flow rates are independent of time 
(Hens, 2012). A system is at steady state if none of its properties change with time, or 
variations with the time are small enough to ignore (Moran et al., 2011). In contrast, transient 
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means that temperatures and flow rates change with time (Hens, 2012). Therefore, transient 
method should be used when the properties varying and change with time. Another important 
variable in calculation method is courant number, particularly for transient analysis method. 
The Courant number can be considered to be a parameter that avoids wrong prediction so that 
a time step size (Δt) is maintained within a proper range (Cradle, 2015). The time step for 
given Courant number is computed using following equation: 

∆t =
∆𝐿

𝑣
𝐶        (5.5) 

where ∆𝑡 is time step (s), ∆𝐿 is element size (m), v is wind speed (m/s) and C is Courant 
number. 

 
Figure 5.2. Flowchart of simulation in the CFD STREAM (source: Cradle, 2015) 

 
Figure 5.3. Computational domain for CFD simulation. 
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For better accuracy of calculation, time step should satisfy condition of C ≤ 1. Users may 
specify time step sizes throughout the calculation without using the Courant number. In this 
case, the time step size should satisfy the same Courant number condition (Cradle, 2015). 
Equation 5.5 indicate that the element size is important in order to obtain optimum time step 
for better accuracy, and therefore, meshing size is very important in simulation. A 
consideration of the grid or mesh upon which a calculation is performed is fundamental to the 
application of CFD. In a CFD application, the solution domain is defined by a grid of cells 
where the number and size of cells represent the level of resolution that the calculation can 
achieve (Jones and Whitle, 1992). Meshing size should be generate as small as possible, and 
for reasons of resolution and accuracy of solution, the cells should be concentrated 
predominantly in the region adjacent to the air inlet and near to the walls. It should be noted 
to maintain ratio of grid of 1:1.2 in order to maintain high accuracy of calculation. Output file 
to be executed in the Solver (STsolver) is S file (*.s) (see Figure 5.1). The S file is a medium 
to communicate information from STpre to STsolver. Information necessary for STpre is saved 
in another file namely CAB file. 

Solver (STsolver) 

On loading the S file in STsolver, a simulation for a fluid flow with or without heat and 
mass transfer is carried out on the basis of input information from the S file. STsolver input 
consists of data type specification, file specification, initial settings and commands. A situation 
for the simulation can be confirmed by way of a log file called L file. STsolver sometimes 
needs a huge amount of time to simulate flows, and hence may not be able to finish the 
simulation at one time. If the simulation is divided into more than two steps, the simulation 

 
Figure 5.4. Flowchart of STsolver in STREAM. 
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after the second step is called restart simulation (or restart calculation). For the purpose of the 
restart simulation, a restart file called R file, which only includes data obtained from STsolver 
at the final cycle, is used. The R file is saved at the first step calculation, and then is loaded to 
continue the simulation using information at the final cycle of the previous simulation. If the 
simulation is needed to be repeated, the R file must be saved again (Cradle, 2015). Figure 5.4 
presents the flowchart of calculation method in STsolver. 

Postprocessor (STpost) 

STpost visualizes FLD drawing files. It can handle a single or multiple FLD files at a time. 
The results of an analysis are evaluated in detail by creating a drawing canvas with various 
functions such as a cross sectional plan or an iso-surface for each FLD file. Local coordinate 
systems and a global coordinate system are used on a case by case in STpost. Local coordinate 
systems are created for each FLD file loaded to STpost. Each object is classified into FLD 
object or global object by the coordinate system of the object. FLD objects hold the 
information of the FLD file and local coordinate systems (Cradle, 2015). 

5.2.3 Validation: Model specifications and simulation conditions. 

In this section, validation will focus on the validation of middle-class high-rise apartment 
for CFD STREAM. Validation of the base model was carried out by comparing the simulation 
results with the field experiment data. This validation was conducted on the master bedroom, 
living room and corridor space, under different ventilation conditions, i.e. no ventilation, full-
day ventilation and night ventilation conditions. Definition of each ventilation conditions refer 
to the previous chapters (Chapters 3 and 4). Meanwhile, validation of the base model for air-
conditioned conditions of master bedroom (i.e. using TRNSYS-COMIS) have already 
conducted (please refer to Chapter 3: Section 3.4.2.1). As previously discussed, the results of 
validation for the middle-class high-rise apartment using TRNSYS-COMIS are generally 
satisfy in describing the thermal behavior of the apartment buildings.  

Basic Setting 

Middle-class high-rise apartment so called Rusunami that used to be performed in the field 
measurements was modelled for the purpose of this simulation in order to validate the model 
based on the field experiment data. The apartment models for this simulation were modelled 
in three dimensions directly using the Preprocessor (STpre). The apartment models were 
developed based on the actual conditions (see Figure 3.8b). Figure 5.5 illustrates the 3D model 
of the middle-class private apartment used in STpre. A single west-facing unit located at the 
eight floor was modelled in this simulation. In addition, the length of the corridor spaces in 
this model was model shortened whilst maintaining the ratio of openings to total floor since it 
is open corridor spaces. Thermal properties of building materials that were assigned to the 
model refer to Table 5.1. 

Computational domain for this simulation was determined following ideal computational 
domain suggested by the developer (Figure 5.3), and incompressible air was set for this domain. 
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Turbulent flow (standard k-ε model) was used in this simulation because this is the most 
fundamental model and widely used to predict various types of turbulent flows regardless of 
compressibility or incompressibility of fluids. Heat, humidity, solar radiation and radiation 
were analyzed. View Factor (VF) method for radiation analysis was used in this simulation 
since this method is suitable for relatively low-temperature phenomena that involve no radiant 
gas such as air-conditioner and thermal design of other electronics (Cradle, 2015). Meanwhile, 
diffusion coefficient for humidity was set on fixed value at 2.77x10-5 (m²/s). This value was 
calculated based on Equation 5.6 with the temperature reference at room temperature (27°C) 
and pressure of 1 atm. The reason for setting 1 atm for the pressure is because the absolute 
humidity of saturated air is determined from the value of 1 atm in a physical property table. 

HDIF =
2.311𝑥10−5

𝑃
(
𝑇𝑎

273
)
1.8

      (5.6) 

where HDIF is humidity diffusion coefficient (m²/s), P and Ta are are air pressure (atm) and 
air temperature (°C), respectively. 

In this simulation, equations for solving flow (heat, humidity and wind flow) were selected. 
Since turbulent flow predominantly used to explain the behavior of the flow in practical 
engineering, this type of flow was employed. In this model, the three dimensional 
incompressible flow of Newtonian fluid is governed by the mass conservation and the Navier-
Stokes equations. This model is well known and most commonly used in engineering 

 
Figure 5.5. Model of middle-class apartment for CFD simulation in (a) Google SketchUp and (b) 

Preprocessor (STpre). 

Table 5.1. Thermal properties of the building materials in the base models. 

Material Density 
(kg/m3) 

Specific heat 
capacity 
(J/kgK) 

Thermal 
conductivity 

(kJ/hmK) 

Thermal 
resistance 
(hm2K/kJ) 

Aerated light concrete 780 920 0.536 n/a 
Cement board 550 960 1.843 n/a 
Cement plaster 1250 840 2.595 n/a 
Concrete slab 2400 880 6.264 n/a 
Ceramic tile 2022 1250 3.987 n/a 
Precast concrete 2100 840 5.040 n/a 
PVC door pane 1200 1000 0.540 n/a 
Timber (door) 620 1300 0.497 n/a 
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applications (Veersteeg and Malalsekera, 1995). For building applications it is the standard k-
ε model which finds most current favor, being as it is a compromise between level of 
sophistication and computational efficiency (Jones and Whittle, 1992). The standard k-ε model 
for incompressible fluids are usually expressed by following equations (Cradle, 2015). 

𝜕𝜌𝑘

𝜕𝑡
+
𝜕𝑣𝑖𝜌𝑘

𝜕𝑥𝑖
=

𝜕

𝜕𝑥𝑖
(
𝜇𝑡

𝜎𝑘

𝜕𝑘

𝜕𝑥𝑖
) + 𝐺𝑠 + 𝐺𝑇 − 𝜌𝜀     (5.7) 

𝜕𝜌𝜀

𝜕𝑡
+
𝜕𝑣𝑖𝜌𝜀

𝜕𝑥𝑖
=

𝜕

𝜕𝑥𝑖
(
𝜇𝑡

𝜎𝜀

𝜕𝜀

𝜕𝑥𝑖
) + 𝐶1

𝜀

𝑘
(𝐺𝑠 + 𝐺𝑡)(1 + 𝐶3𝑅𝑓) − 𝐶2

𝜌𝜀2

𝑘
   (5.8) 

where:  

𝐺𝑠 = 𝜇𝑡 (
𝜕𝑣𝑖

𝜕𝑥𝑗
+
𝜕𝑣𝑗

𝜕𝑥𝑖
)
𝜕𝑣𝑖

𝜕𝑥𝑗
;  

𝐺𝑇 = 𝑔𝑖𝛽
𝜇𝑡

𝑃𝑟𝑡

𝜕𝑇

𝜕𝑥𝑖
;  

𝑅𝑓 = −
𝐺𝑇

𝐺𝑠+𝐺𝑇
  

and k is turbulent kinetic energy (Joule), ε is dissipation rate (m²/s³), v is air velocity (m/s), β 
is thermal expansion coefficient (1/K), μ is viscosity of fluids (kg/m.s) and ρ is density of fluids 
(kg/m³). 

Since property values, work and heat transfer rates, and mass flow rates may vary with time 
during transient operation, then the steady-state assumption is not appropriate when analyzing 
such cases. In this case, transient analysis was used to validate indoor thermal behavior of 
middle-class apartment. Initial condition for each elements (i.e. condition regions, solid, parts) 
refer to the field experiment data. For example, initial conditions for air temperature and 
relative humidity of master bedroom, living room and corridor space were set based on the 
field measurement data. 

Boundary conditions 

As previously described, flow boundary conditions can be specified only at the interfaces 
between the fluid and the outside of computational domain (Xmin, Xmax, Ymin, Ymax, Zmin, Zmax). 
In these interfaces, inflow boundary was set come from Xmin (for flow direction toward x-axis 
or eastward) and Ymin (for flow direction toward y-axis or northward).  For inflow boundary, 
fixed velocity was employed as input. Since the transient analysis was used, table of outdoor 
wind speeds in specified direction developed from field experiments was used as input.  
Meanwhile, fixed total pressure (i.e., 0 Pa) was set as outflow condition. In STREAM, fixed 
total pressure is valid only for incompressible flow. 

Heat boundary conditions were specified at each building elements such as wall, floor, 
ceiling, doors, windows and glasses. Heat transfer between a fluid and a solid wall is calculated 
based on the Equation 5.9 as follow, while heat transfer coefficients in different position and 
form of surface are presented in Table 5.2 (ASHRAE, 2013). Heat transfer coefficients were 
specified to each surface of building envelopes, which is depend on the position of the surface.  

�̇� = ℎ𝑡(𝑇𝑊 − 𝑇)𝐴       (5.9) 
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where q is transferred heat energy (W), h is heat transfer coefficient (W/m²K), 𝑇𝑊 is wall 
surface temperature (K), T is characteristic temperature of fluid (K) and A is sectional area 
(m²). 

Turbulent kinetic energy and turbulent dissipation rate were suggested to 0.0001 m²/s², 
respectively. Absorbance of material referred to the available literature (such as Szokolay, 
2004), while the absorbance of the surface were set at 0.4 for bright and light color of wall 
surface (Szokolay, 2004). Diffusion coefficient of water vapor as described by Equation 5.6 
was used for humidity transfer boundary. Each sides of main object (except back-side and 
front-side) were assumed to be adiabatic, i.e. no heat transfer between the walls or floor/ceiling 
surfaces and the fluid. The geographical location of the base model followed that of the actual 
apartments, i.e. latitude 7.37°S and 112.77°E (longitude at standard time 105).  

Weather data (including air temperature, relative humidity, wind speed and solar radiation) 

Table 5.2. Surface film coefficient (ASHRAE, 2013) 

Position of surface 
Direction 

of heat 
flow 

Surface emittance, ε (W/m²K) 
Non-reflective 

(ε=0.90) 
Reflective 

ε =0.20 ε=0.05 
Indoor     
Horizontal Upward 9.26 5.17 4.32 
Horizontal Downward 6.13 2.10 1.25 
Vertical Horizontal 8.29 4.20 3.35 
Slope at 45° Upward 9.09 5.00 4.15 
Slope at 45° Downward 7.50 3.41 2.56 
Outdoor     
Wind (for winter) at 6.7 m/s Any 34.0   
Wind (for summer) at 3.4 m/s Any 22.7   

 
  Table 5.3 Typical values of ground reflectance of foreground surfaces (ASHRAE, 2013) 

Foreground surfaces Reflectance 
(σ) 

Water (near normal incidences) 0.07 
Coniferous forest (winter) 0.07 
Asphalt, new 0.05 
Asphalt, weathered 0.10 
Bituminous and gravel roof 0.13 
Dry bare ground 0.20 
Weathered concrete 0.20 to 0.30 
Green grass 0.26 
Dry grassland 0.20 to 0.30 
Desert sand 0.40 
Light building surfaces 0.60 
Snow covered surfaces: 

- Typical city center 
- Typical urban site 
- Typical rural site 
- Isolated rural site 

 
0.20 
0.40 
0.50 
0.70 
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that was measured on site throughout the field experiment periods, i.e. 11-16 October for full-
day ventilation condition and 17-22 October for no ventilation condition, were used. Since the 
measured solar radiation was the global horizontal solar radiation, then input for solar radiation 
was distinguished into its components. The global horizontal solar radiation (Jt) is sum of its 
components, direct solar radiation (Jd), sky solar radiation (Js), reflected solar radiation (Jr) 
and solar radiation from cloud (Jc), and calculated using Equation 5.10. STsolver supports the 
three components of global solar radiation, i.e. direct solar radiation, sky solar radiation and 
reflected solar radiation, but not solar radiation from cloud. 

𝐽𝑡 = 𝐽𝑑 + 𝐽𝑠 + 𝐽𝑟 + 𝐽𝑐       (5.10) 

Component of direct solar radiation (Jd) and sky solar radiation (Js) were calculated using 
Bouguer’s equation and Berglarge’s equation, respectively, as shown in Equations 5.11-12.  

𝐽𝑑 = 𝐽0𝑃
1

sin (ℎ)        (5.11) 

𝐽𝑠 =
1

2
𝐽0𝑠𝑖𝑛(ℎ)

1−𝑃
1

sin (ℎ)

1−1.4ln (𝑃)
      (5.12) 

where J0 is solar constant (1,330 W/m2.K), h is the sun altitude (rad), and P is atmospheric 
transmissivity (dimensionless), which is depend on the specific location. 

Atmospheric transmissivity (P) was obtained by derived Equations 5.11 and 5.12, and the 
results is shown in Equation 5.14.  

 

 
Figure 5.6. Comparison between the measured and calculated global horizontal solar radiation 

under (a) no ventilation, (b) full-day ventilation and (c) night ventilation conditions. 
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P = EXP

(

 
 
(−1.4𝑙𝑛(

𝐽𝑡
𝐽0
)−√(1.4𝑙𝑛(

𝐽𝑡
𝐽0
))

2

−
5.6

sin (ℎ)

𝐽𝑡
𝐽0
)sin (ℎ)

2.8

)

 
 

    (5.13) 

Meanwhile, the reflected solar radiation (Jr) was calculated using following equation: 

𝐽𝑟 = 𝜎𝑟𝐽𝑠        (5.14) 

where σ is reflectance of ground of foreground surface (dimensionless). These values referred 
to ASHRAE (2013) as summarized in Table 5.3. 

The comparison between the measured and calculated global horizontal solar radiation is 
shown in Figure 5.6. As shown, the calculated solar radiation had almost the same values as 
the measured solar radiation. The MBE and RMSE for the calculated results under no 
ventilation condition were -8.54 W/m2K and 24.86 W/m2K, respectively. Meanwhile, those 
statistical errors (i.e., MBE and RMSE) for the full-day ventilation condition were -7.36 
W/m2K and 22.40 W/m2K, respectively and those for night ventilation condition were -10.98 
W/m2K and 25.28 W/m2K, respectively. The coefficient of correlation (R2) between the 
measured and calculated for respective ventilation conditions was 0.997.  

Calculation method  

As previously described, transient analysis was used in this simulation. The simulation time 
step of 1 minute was set to coincide with the weather data at 10-minute intervals. Total of 
7,200 cycles including 2,880 cycles for spin up period was set to represent three or four day 
simulation. In order to shorten the calculation time without sacrificing the accuracy of 

 
Figure 5.7. View of meshing division in (a) object and computational domain, (b) middle-class 

private apartment model and (c) connected regions in model. 
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calculation, solving flow velocities discontinuously was set with time duration to solve the 
flow field continuously 1 seconds at time interval 60 second (1 minute). Calculation of 
radiation view factor and thermos-fluid analysis were executed simultaneously in this 
simulation. Heat balance equation was corrected by assuming difference in thermal 
conductivity for different materials. Fixed pressure was computed after a pressure correction 
equation is solved. Meshing divisions for the validation are shown in Figure 5.7. A 200mm 
rough meshing was employed, and detailed meshing was applied in the specific locations 
particularly those near the wall surface to represent the temperature gradient and to accurately 
estimate the amount of heat transfer. 

Two statistical error tests, the mean bias error (MBE) and the root mean square error 
(RMSE), are used to validate this model through checking the deviations of simulation results 
from actual measurement data.  These two error test are calculated using Equations 3.12 and 
3.13. The validation of building energy simulation models is currently based on a models 
compliance with standard criteria for MBE, as used by ASHRAE Guideline 24 (Coakley et al., 
2014), which is around 10%.  

Validation Results 

Figures 5.8-9 present the validation results of indoor air temperature, relative humidity and 
wind speed under no ventilation condition in respective rooms (i.e. master bedroom, living 
room and corridor space), while Tables 5.4 summarizes the statistical error test of the model. 
As indicated, the MBE values for air temperature in the master bedroom, living room and 
corridor space are 0.14, -0.13 and -0.07, respectively. Meanwhile, the RMSE values are 
calculated at 0.38, 0.28 and 0.34, respectively. Corridor space had relatively lower coefficient 
of correlation (R²) compared to other rooms, which is around of 0.64 (see Table 5.4). As shown 
in Figure 5.8c, there are small time lag at the peak hours between the simulated values and the 
measured values. In contrast, corridor space has the highest R² value of the relative humidity 
(0.97) while the living room had lowest (R²=0.64). The MBE values are -1.72 for master 
bedroom, -0.28 for the living room and 0.87 for the corridor space. However, the profiles of 
the simulated values were similar and tend to follow the profiles of the measured values.   

Figure 5.9 demonstrated that wind speeds in respective room were difficult to be simulated 
and fit the measured wind speed. It should be noted that the simulated wind speeds are average 
value from several simulation points. In case of master bedroom and living room, this is most 
likely due to the low value of measured wind speeds, which is less than 0.1 m/s. However, the 
simulated wind speed in the living room has the almost same pattern as the measured wind 
speed although its values were overestimate. In case of corridor space, wind speed was difficult 
to be simulated because corridor space in the simulation model does not reflect the actual 
condition of corridor space. 

Figures 5.10-11 present the validation results of indoor air temperature, relative humidity 
and wind speed under full-day ventilation condition in master bedroom, living room and 
corridor space. As shown, the profiles of simulated air temperature and relative humidity in 
the respective rooms follow the profiles of measured air temperature and relative humidity 
(Figure 5.10). The values of MBE and RMSE of respective rooms are presented in Table 5.4. 
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Coefficient of determination (R2) for indoor air temperature in master bedroom revealed higher 
values than those of other rooms, while in the other side, MBE and RMSE values in corridor 
space were smaller as well as its R² value (0.45). This lower R² value is mainly due to small 
time lag at the peak hours between the simulated values and the measured values, as indicated 
in Figure 5.10c. Meanwhile, the R² values for relative humidity in the respective rooms showed 

 
Figure 5.8 Validation results of indoor air temperature and relative humidity in (a) master 

bedroom, (b) living room and (c) corridor space under no ventilation condition. 

 
Figure 5.9 Validation results of indoor wind speed including and excluding outdoor wind speed in 

(a) master bedroom, (b) living room and (c) corridor space under no ventilation condition. 
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relatively higher, which is around 0.89-0.95 (see Table 5.4). Unlike no ventilation condition, 
the simulated wind speed under full-day ventilation condition showed closer values as well as 
its patterns to the measured wind speed except those in the living room, where the simulated 
wind speed at night-time were higher than the measured (Figure 5.11). Nevertheless, it implies 
that these results satisfy to explain the wind speed behavior of the model. 

In STREAM, simulation for night ventilation condition is carried out by using restart 
method. In this method, simulation is conducted in two different conditions; open the window 

 
Figure 5.10 Validation results of indoor air temperature and relative humidity in (a) master 

bedroom, (b) living room and (c) corridor space under full-day ventilation condition. 

 
Figure 5.11 Validation results of indoor wind speed including and excluding outdoor wind speed 
in (a) master bedroom, (b) living room and (c) corridor space under full-day ventilation condition. 
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during the night-time (18:00-06:00) and closed the window during the daytime (06:00-18:00). 
First step, window is set as condition region to represent open condition, then run simulation 
under specific number of cycles. After finishing first step, modify the model by setting the 
window as solid (glass) to represent closed condition. Then, restart method is employed by to 
proceed the previous simulation by applying new cycles number. These procedures 
continuously and alternately run until final cycle is approached. One of the disadvantages of 
this method, and also the limitation of this software, is that this method validly simulated only 
heat flow and air flow, while relative humidity cannot and impossible to be simulated (Kota, 
2017).  

The validation results under night ventilation condition in the respective rooms are shown 
in Figures 5.12-13 and Table 5.4. Figure 5.12 showed that the profiles of simulated air 
temperature in the respective rooms follow the profiles of measured air temperature and 
relative humidity (Figure 5.12). As indicated, the MBE values of the respective rooms, i.e., 
master bedroom, living room and corridor space are -0.02, -0.20 and 0.97, respectively. 
Meanwhile, the RMSE values are 0.47, 0.50 and 1.07 respectively. Coefficient of 
determination (R2) for indoor air temperature in master bedroom showed higher values than 
those of other rooms, those in the corridor space were the smallest (R²= 0.45). As the previous 
cases (e.g., no ventilation and full-day ventilation conditions), this lower R² value is mainly 
due to small time lag at the peak hours between the simulated values and the measured values 
(Figure 5.12c). The simulated wind speeds under night ventilation condition in master 
bedroom and living room showed the similar pattern as the measured wind speed, but the 

 
Figure 5.12 Validation results of indoor air temperature and relative humidity in (a) master 

bedroom, (b) living room and (c) corridor space under night ventilation condition. 
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values were overestimated (Figure 5.13ab); the presence of wind speed during the night-time 
and the absence during the daytime. In the other side, wind speed was difficult to be simulated 
in the corridor space since the corridor space in the simulation model does not reflect the actual 
condition of corridor space. Nevertheless, it implies that these results satisfy to explain the 
wind speed behavior of the model. In general, the results indicated that the MBE values in 
respective rooms under different ventilation conditions fulfilled the requirements of ASHRAE 
Guideline 24, and therefore satisfactorily describing thermal behavior and air flow behavior 
of the model. 

 
Figure 5.13 Validation results of indoor wind speed including and excluding outdoor wind speed 
in (a) master bedroom, (b) living room and (c) corridor space under night ventilation condition. 

Table 5.4 Summary of statistical error tests of the validation results. 

Ventilation 
conditions Room 

Air temperature  Relative humidity 
MBE 
(°C) 

RMSE 
(°C) R2  MBE 

(°C) 
RMSE 
(°C) R2 

No ventilation MB 0.14 0.38 0.88  -1.72 3.03 0.82 
LR -0.13 0.28 0.83  -0.28 3.55 0.69 
Corridor  -0.07 0.34 0.64  0.87 1.94 0.97 

Full-day 
ventilation 

MB -0.02 0.51 0.93  0.75 2.14 0.95 
LR 0.04 0.58 0.79  0.56 3.39 0.89 
Corridor  -0.01 0.34 0.45  -2.24 3.13 0.91 

Night 
ventilation 

MB -0.02 0.47 0.93  n/a n/a n/a 
LR -0.20 0.50 0.89  n/a n/a n/a 
Corridor  0.97 1.07 0.44  n/a n/a n/a 
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5.3 Base model and simulation test cases 

5.3.1 Base model and simulation test cases for CFD STREAM 

Figures 5.14 illustrates the 3D model of base model for the middle-class private apartment 
used for the CFD simulation. The simulated room focus on the living room since the simulation 
investigates the effect of structural cooling and comfort ventilation in the living room. The 
dimension of living room reflects the actual size of that of measured apartment (6.40m x 2.8m) 
with some modifications were made differently from the actual situations. Additional windows 
and permanently opening holes were added in the back-side to ensure cross ventilation (Figure 
5.14a). As previous findings (see Chapter 3), balcony is important as thermal buffer zone, 
therefore additional balcony was added in the front-side of the model (Figure 5.14b) with the 
width of 1.5m. To simulate the wind flow particularly turbulent flow around the building, 
additional blocks considered as obstacle were added surrounding the main object (Figure 
5.14cd).  

Weather data including air temperature, relative humidity, wind speed and solar radiation, 
that was measured on site throughout the field experiment period, i.e. 1-27 October, was used. 
As validation process, different components of global solar radiation excluding solar radiation 
from the cloud (i.e. direct solar radiation, sky solar radiation and reflected solar radiation) were 
employed as input for solar radiation. Meanwhile, the measured wind speed was modified 
based on its direction using simple trigonometry equation. Then, the input for wind speed was 
set following the orientation of the model. For instance, if the model is south-facing 
orientation, then the north-ward wind speed is set for the model. The simulation time step was 
set to 20 second in order to obtain more accurate calculation results as well as to reduce 
Courant number as required (C ≤ 1). Therefore, total of 12,960 cycles including 4,320 cycles 
for spin up period was set to represent three days simulation. Thermal properties of materials 
that used for the base model were refer those as used in the validation process (see Table 5.1) 
and so as for the boundary conditions (i.e. flow boundary condition, thermal boundary 
condition and humidity boundary condition). Each sides of main object (except back-side and 
front-side) that interfaced with the additional blocks were assumed to be adiabatic, i.e. no heat 
transfer between the walls and the blocks (obstacles). Meshing division of the base model are 
shown in Figure 5.15. Initial air temperature and relative humidity both inside the room (i.e. 
living room) and balcony were set at 25.0°C and 50%, respectively. 

Table 5.5 summarizes the simulation test cases and their test condition for naturally 
ventilated condition in living room. The simulation test cases mainly focus on parameters for 
generalization of indoor thermal environments under naturally ventilated condition in the 
living room, and parameters for improvement of energy usage under air-conditioned master 
bedroom (while maintaining living room naturally ventilated). In the case of structural cooling, 
the purpose is mainly to obtain the benefit of cooling the structure (such as wall, floor and 
ceiling) and therefore, night ventilation was applied to the living room; the windows are open 
from 18:00 to 06:00 and closed from 06:00 to 18:00. The effects of thermal mass and the ratio 
of windows area to total floor area were investigated in this case. Thermal mass is considered 
as the one of passive cooling techniques for heat modulation (Givoni, 1994; Santamouris, 
2007; Geetha and Velraj, 2012). Meanwhile, windows area closely related to the air infiltration 
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rates into the indoor space (Awbi, 2003, ASHRAE, 2017). The ventilation rates depend not 
only on the windows area but also on the design of windows, whether or not it enables to 
ensure cross ventilation (Swami and Chandra, 1987). The target of varying these parameters 
is to investigate the cooling effects of nocturnal ventilative cooling and combination of passive 
strategies, i.e. thermal mass and air flow rates, which is represented by the ratio of windows 
area to total floor area, to the thermal environments. Windows position employed in this 
simulation cases was different; central window and upper/lower window 

As previously mentioned, comfort ventilation is important for hot-humid climatic regions. 
Thermal comfort can be achieved by increasing wind speed by opening the windows although 
it increases indoor air temperature. The main purpose of this simulation is to reduce the SET* 
in the living room. Thus, full-day ventilation was applied (i.e. open windows for 24 hours) 

    
Figure 5.14. 3D model for simulation, (a) front view, (b) front view with the surrounding, (c) 

back view and (d) back view with the surrounding. 

 
Figure 5.15. (a) 3D view of base model in Preprocessor, (b) meshing division of object and 

computational domain, (c) meshing division of the model and (c) meshing division of connected 
regions of the model. 
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with the changing of air flow that represented by the ratio of openings area to total floor area. 
In this simulation, the previous results (i.e. structural cooling simulation) particularly the 
optimum thermal mass, were used as input for the full-day ventilation simulation. Those values 
were combined with the different ceiling heights and the opening ratios. As previously 
discussed, ceiling height plays important roles in maintaining the occupied level lower than 
the upper part (see Chapter 4). As those in structural cooling, the windows positions employed 
were different; central window and upper/lower window. In the simulation cases, central 
window maintained no change on the back side while the window position switched between 
central window and upper/lower window on the front-side (balcony-side) only (see Figure 
5.14ab). Additional cases were put on the simulation cases regarding the window position by 
adding another upper/lower window type and placed them on the front side of the unit model. 
The detailed information of the test cases will be given in the next Sections (see Sections 5.4.1 
and 5.4.2)  

5.3.2 Base model and simulation test cases for TRNSYS-COMIS 

Base model of middle-class private apartment for simulating air-conditioned master 
bedroom using TRNSYS-COMIS as well as the settings of simulation, are refer to the previous 
chapter (Chapter 3, Section 3.3.3.2). The 3D model is presented in Figure 3.13. The base case 
for this simulation was determined by finding the optimum combination of ventilation 
conditions between master bedroom and living room. Air conditioner was assumed to be 
operated during the night-time only (from 18:00 to 06:00). Total of eight cases of ventilation 
conditions in both rooms are presented in Table 5.6. This simulation was carried out at west-
facing orientation, represent the actual condition of field experiment data. 

  Table 5.5 Case designs for CFD simulation for naturally ventilated living room 

Parameters Test conditions 
Structural cooling (living room) 
Ventilation conditions Night ventilation 
Orientation (external-wall) South-facing  
Thermal mass (kg/m²) 1,000 2,000  
Ratio of opening area to floor area 0.05 0.15  
Ceiling height (m) 3.0 5.0  
Opening position Central Upper + Lower 
Comfort ventilation (living room) 
Ventilation conditions Full-day ventilation 
Orientation (external-wall) South facing  
Thermal mass (kg/m2)    
Ratio of opening area to floor area 0.05 0.10  
Ceiling height (m) 3.0 5.0  
Opening position Central Upper + Lower 
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As for simulation test cases of the air-conditioned condition, the simulation focusing on the 
ceiling height and insulation of master bedroom (see Table 5.7). Further simulations were 
conducted by varying selected base case to the different orientations (i.e. North, South, West 
and East). The test cases related to the insulation applied thermal insulation internally and 
externally in master bedroom, with the value of thermal conductivity applied was 0.03 W/m2K. 
Meanwhile, those related to ceiling height employed different ceiling height in the master 
bedroom. 

5.4 Results: Naturally ventilated conditions  

As previously described, the simulations of the naturally ventilated living room were 
carried under two different conditions, i.e. structural cooling and comfort ventilation. This 
section summarizes and discusses the results of simulation by using CFD STREAM. 

 

Table 5.6 Case designs for ventilation conditions in the master bedroom 

Case Room Ventilation condition 
Case 1 Master bedroom Daytime ventilation 
 Living room Daytime ventilation 
Case 2 Master bedroom No ventilation 
 Living room Daytime ventilation 
Case 3 Master bedroom Daytime ventilation 
 Living room Full-day ventilation 
Case 4 Master bedroom No ventilation  
 Living room Full-day ventilation 
Case 5 Master bedroom Daytime ventilation 
 Living room Night ventilation 
Case 6 Master bedroom No ventilation 
 Living room Night ventilation 
Case 7 Master bedroom Daytime ventilation 
 Living room No ventilation 
Case 8 Master bedroom No ventilation 
 Living room No ventilation 

 

Table 5.7 Case designs for simulation of the air-conditioned master bedroom 

Parameters Test conditions 
Ventilation condition for MB  Daytime  Night Full-day No 
Ventilation condition for LR Daytime Night Full-day No 
Orientation (external wall) North South West East 
Insulation Internal External   
Ceiling height (m) 2.2 2.5 2.8  
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5.4.1 Structural cooling in the living room  

At first step, the effects of thermal mass is evaluated in this Section. Consecutively, the 
effects of ratio of opening area to total floor area that represent the ventilation rate, ceiling 
height and window position were further investigated. The optimum combination of above 
parameters in reducing indoor air temperature are then proposed. The total number of cases 
for structural cooling is 16 cases, and the detail are presented in Table 5.8. As previously 
described, additional simulation cases were put on the case designs regarding window position, 
as presented by Cases 17-24 (see Table 5.9). The aims of this additional cases was to further 
investigate the effects of different window positions to indoor space under night ventilation 
condition.  

5.4.1.1 The effects of thermal mass 

 Figure 5.16 presents the profiles of indoor air temperature for different thermal mass (i.e. 
1,000 kg/m² and 2,000 kg/m²). As shown in Figure 5.16, when thermal mass applied is higher 
(i.e. 2,000 kg/m²), the daytime indoor air temperature obtained lower value than that of smaller 
thermal mass (1,000 kg/m²) applied regardless of ratio of window area to floor area, ceiling 
height and window position. In contrast, its nocturnal indoor air temperature was relatively 
higher. As indicated, Figure 5.16a compared of indoor air temperature under different thermal 
mass and same window position (i.e. front-side: central window and back-side: central 
window) and Figure 5.16c compared the indoor air temperature under different thermal mass 

Table 5.8 Simulation cases for structural cooling in the living room 

Simulation 
Cases 

Thermal 
mass 

(kg/m2) 

Ratio of 
window area 
to floor area 

Ceiling 
height 

(m) 

Windows position 

Front-side Back-side 

Case 01 1,000 0.05 3.0 Central  Central  
Case 02 2,000 0.05 3.0 Central  Central  
Case 03 1,000 0.05 3.0 Central  Upper/Lower 
Case 04 2,000 0.05 3.0 Central  Upper/Lower 
Case 05 1,000 0.15 3.0 Central  Central  
Case 06 2,000 0.15 3.0 Central  Central  
Case 07 1,000 0.15 3.0 Central  Upper/Lower 
Case 08 2,000 0.15 3.0 Central  Upper/Lower 
Case 09 1,000 0.05 5.0 Central  Central  
Case 10 2,000 0.05 5.0 Central  Central  
Case 11 1,000 0.05 5.0 Central  Upper/Lower 
Case 12 2,000 0.05 5.0 Central  Upper/Lower 
Case 13 1,000 0.15 5.0 Central  Central  
Case 14 2,000 0.15 5.0 Central  Central  
Case 15 1,000 0.15 5.0 Central  Upper/Lower 
Case 16 2,000 0.15 5.0 Central  Upper/Lower 
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and same ratio of opening area to floor area (0.15). From the simulation results, it is obtained 
that the maximum indoor air temperature at thermal mass of 1,000 kg/m² was ranged from 
30.9ºC to 31.2ºC with average of 29.8-30.3ºC while that at thermal mass of 2,000 kg/m² was 
ranged from 30.2ºC to 30.7ºC with average of 29.2-29.9ºC. It is clearly seen that when thermal 
mass is increasing, the maximum indoor air temperature is decreasing by maximum of 0.5-
0.7ºC or by averagely of 0.4-0.6ºC. At the other sides, the higher thermal mass caused the 
nocturnal indoor air temperature increased. It is obtained that average night-time indoor air 
temperatures at thermal mass of 1,000 kg/m² and 2,000 kg/m² were ranged at 27.1-28.4ºC and 
27.2-28.7ºC, respectively. This increasing is not as large as the decreasing of daytime indoor 
air temperature, which is around of 0.1-0.3ºC. 

The highest maximum indoor air temperature was obtained when central window on the 
both sides were applied, i.e. Case 1, Case 5, Case 9 and Case 13. Although those cases have 
different ratio of opening area to floor area (i.e. 0.05 and 0.15), the maximum indoor air 
temperatures in those cases were exactly same, which is 31.2ºC. It should be noted that even 
though they have the same value of maximum indoor air temperature, nocturnal indoor air 
temperature of those with the larger opening ratio and higher ceiling height (i.e. Cases 5 and 
13) was averagely 0.5-0.6ºC lower than those with the smaller opening ratio and lower ceiling 
height (i.e. Cases 1 and 9). This is most probably because the sky solar radiation entering the 
room with larger opening ratio were larger than that of with smaller ratio, and therefore it 

 
Figure 5.16. Comparison of simulation results of indoor air temperature at 1.1m above floor 

under different thermal masses. 
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traded off the nocturnal ventilative cooling effects by the larger opening ratio. In addition, the 
lowest indoor air temperature (25.0ºC) was obtained when thermal mass is 1,000 kg/m² 
combined with opening ratio of 0.15 and ceiling height of 5.0m (i.e. Case 15). The increasing 
of thermal mass under same conditions (i.e. Case 16) increased the night-time indoor air 
temperature by averagely of 0.1ºC only (see Figure 5.16h). It clearly indicated that ratio of 
opening area largely affect the nocturnal indoor air temperature rather than thermal mass. 

 
Figure 5.17. View of distribution of indoor air temperature (left: y-axis at 1.4m, right: z-axis at 

1.1m) at thermal mass of (a) 1,000 kg/m² and (b) 2,000 kg/m² during daytime (14:00). 

 
Figure 5.18. View of distribution of indoor air temperature (left: y-axis at 1.4m, right: z-axis at 

1.1m) at thermal mass of (a) 1,000 kg/m² and (b) 2,000 kg/m² during night-time (02:00). 
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Further discussion on the effects of ratio of opening area to floor area are presented in 
Subsection 5.4.1.2. 

 Figures 5.17-18 present visualization of indoor air temperature distribution in the room 
under different thermal masses during the daytime and night-time, respectively. As shown, 
indoor air temperatures during the peak hours (14:00) between two thermal masses have 
identical patterns (Figure 5.17). Meanwhile, the slightly different can be seen during the night-
time between the two cases. There are larger cool air layered at the lower area of the unit with  
thermal mass of 1,000 kg/m² rather than at the unit of thermal mass of 2,000 kg/m² (see Figure 
5.18ab at y-axis). Warmer air, however, existed in both cases at the upper area. A relatively 
thick layer of warmer air can be seen at the upper area of unit with thermal mass of 2,000 
kg/m². This is most probably due to the heat emitted from thermal mass at the night-time. 

Figure 5.19 shows the comparison of indoor wind speed profiles under different thermal 
masses. As shown, there is almost no difference of indoor wind speed between two cases under 
different thermal masses. When the windows opened at 18:00, indoor wind speed showed 
relatively high value and its pattern tend to follow the corresponding outdoor wind speed. The 
profiles of wind speed are closely related to difference of the ratio of opening area to floor area 
rather than the difference of thermal masses (see Figures 5.19a and 5.19c for instance). When 
the ratio of opening area to floor area is 0.05, the maximum indoor wind speed was around of 
1.62-2.50 m/s, while when the ratio increasing to 0.15, the maximum indoor wind speed 

 
Figure 5.19. Comparison of simulation results of indoor wind speed at 1.1m above floor under 

different thermal masses. 
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increased almost double to 3.36-4.49 m/s. Figures 5.20-21 illustrate the wind flow under 
different thermal masses during the daytime and night-time respectively. As indicated, 
between two cases, there are no difference in the profile of wind flow inside the room during 
daytime and night-time. Cross ventilation occurred particularly when the central windows at 
both sides are open (see Figure 5.21). Further discussion on the effects of ratio of opening area 
to floor area are presented in Subsection 5.4.1.2.  

 Figures 5.22 and 5.23 present the comparison of simulation results of surface temperature 
of walls, floor and ceiling under different thermal mass at ceiling height of 3.0m and 5.0m 
respectively. As implied, the profiles of surface temperature of walls, floor and ceiling have 

 
Figure 5.20. View of distribution of indoor wind speed (left: y-axis, right: z-axis) at thermal mass 

of (a) 1,000 kg/m² and (b) 2,000 kg/m² during daytime (14:00). 

 
Figure 5.21. View of distribution of indoor wind speed (left: y-axis, right: z-axis) at thermal mass 

of (a) 1,000 kg/m² and (b) 2,000 kg/m² during night-time (21:00) 
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similar pattern regardless of ratio of opening area to floor area, window position and ceiling 
height. As indoor air temperature, the surface temperatures of walls, floor and ceiling at 2,000 
kg/m²-thermal mass unit were generally lower during the daytime and higher during the night- 
time than those at unit with thermal mass of 1,000 kg/m². It is also found that the range of 
surface temperature at thermal mass of 2,000 kg/m² was narrower. It means that the higher 
thermal mass stabilizes the temperature of surfaces. At south- and north-wall, the range of 
surface temperature was relatively larger compared to other surfaces simply because those 
walls exposed to the outdoor. Furthermore, the profiles of surface temperature at south-side 
wall showed slightly lower than or almost the same as those at north-side due to the presence 
of balcony at the south-side that play role as thermal buffer zone. When the thermal mass 
increased, this difference between two sides become larger particularly when the ceiling height 
is 3.0m (see Figure 5.22). Nevertheless, when the ceiling height is 5.0m, this difference was 
not as large as that in 3.0m-ceiling height unit (see Figure 5.23). This is probably because the 
lower density of building materials (for walls, floor/ceiling) due to the higher ceiling height 
(or larger volume) in order to maintain thermal mass at 2,000 kg/m². 

Unlike south- and north-wall, east- and west-wall had relatively narrower range of surface 
temperature. This is simply because east- and west-wall did not expose to the outdoor. It is 
found that there is almost no difference on the profile of both surface temperatures at thermal 
mass of 1,000 kg/m². When thermal mass increased to 2,000 kg/m², the west-wall had 

 
Figure 5.22. Comparison of surface temperature of walls, floor and ceiling under different thermal 

masses at ceiling height of 3.0m. 
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relatively higher surface temperature than the east-wall particularly during the night-time. This 
is most probably because the east wall received more heat from direct solar radiation that 
conductively transferred through balcony wall during the afternoon, stored it and then released 
it at the night-time into indoor space. The higher thermal mass, the higher capacity of structure 
in storing heat. Nevertheless, this difference is decreasing for the same reason as previous 
surfaces (i.e. south- and north-wall); lower material density due to the higher ceiling height.  
In addition, surface temperature of floor showed relatively higher than the ceiling’s 
particularly during the daytime because the floor received sky solar radiation through the 
openings area (i.e. central window). View of the surface temperature at different thermal mass 
during daytime and night-time respectively, are visualized in Figures 5.24-25. During the 
daytime, external walls (south- and north-wall) of 1,000 kg/m²-thermal mass unit showed 
higher surface temperature than those of 2,000 kg/m²-thermal mass unit. As the consequences, 
the surface temperature of internal side of external wall obtained the higher values as well 
(Figure 5.24). At the night-time, the surface temperature of these walls lowered faster and 
therefore internal side of external walls and other walls (such as east- and west-wall) showed 
lower values as well (Figure 5.25). 
 
 
 

 
Figure 5.23. Comparison of surface temperature of walls, floor and ceiling under different thermal 

mass at ceiling height of 5.0m. 
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Figure 5.24. View of surface temperature of walls, floor and ceiling during at the peak hour 

(14:00) at thermal mass of (a) 1,000 kg/m² and (b) 2,000 kg/m². 

 

 
Figure 5.25. View of surface temperature of walls, floor and ceiling at the night-time (02:00) at 

thermal mass of (a) 1,000 kg/m² and (b) 2,000 kg/m². 
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5.4.1.2 The effects of ratio of windows area to floor area 

Figure 5.26 presents comparison of indoor air temperature at 1.1m above floor level under 
different ratio of opening area to floor area. As shown, the increasing of opening ratio caused 
the night-time indoor air temperature decreasing regardless of thermal mass, ceiling height and 
window position. It is found that the night-time indoor air temperatures reduced by 0.9-1.5ºC 
when the ratio of opening area to floor area is increasing. Meanwhile, the profiles of daytime 
indoor air temperature showed almost the same values between both ratios (i.e. 0.05 and 0.15). 
As previously described, the effects of nocturnal ventilative cooling by larger ratio of opening 
area to floor area were diminished by the larger amount of sky solar radiation received by the 
indoor space through the opening. Moreover, slightly difference can be seen at unit with 
thermal mass of 2,000 kg/m² and ceiling height of 5.0m (Figures 5.26f and 5.26h). Under those 
circumstances, the increasing of ratio generally lowered indoor air temperature throughout the 
day. Compared to Figures 5.26b and 5.26d, it is clearly implied that the increasing of ratio 
would affect in lowering the daytime indoor air temperature at unit with thermal mass of 2,000 
kg/m² and ceiling height of 5.0m. 

Figures 5.27-28 visualize the profile of indoor air temperature under different ratio of 
opening area to floor area at daytime and night-time respectively. As shown, during the peak 
hours, indoor air temperature profiles between two opening ratios (see Figures 5.27) are not 

 
Figure 5.26. Comparison of simulation results of indoor air temperature at 1.1m above floor under 

different ratio of opening area to floor area. 
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significantly different. The indoor air temperature evenly distributed in y-axis and z-axis.  
Slightly difference is found in the balcony area, whereas warmer air was formed around the 
larger window area rather than at the smaller window area. During the night-time, the outdoor 
air temperature overwhelmingly enter the indoor space with the larger opening ratio rather 
than that with smaller ratio (Figure 5.28). It creates the layer of cool air at the lower part of 
indoor space while maintaining warmer air at the upper part of space. This cool air also 
distributed evenly throughout the space at the occupied level, or at 1.1m above floor level (see 

 
Figure 5.27. View of distribution of indoor air temperature (left: y-axis at 1.4m, right: z-axis at 

1.1m above floor) at opening ratio of (a) 0.05 and (b) 0.15 during daytime (14:00). 

 
Figure 5.28. View of distribution of indoor air temperature (left: y-axis at 1.4m, right: z-axis at 

1.1m above floor) at opening ratio of (a) 0.05 and (b) 0.15 during night-time (02:00). 
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Figure 5.28b). At the same time, unit with opening ratio of 0.05 had slightly higher indoor air 
temperature although thermal stratification could be seen there. 

Figure 5.29 shows the comparison of the profile of indoor wind speed at 1.1m above floor 
level under different ratio of opening area to floor area. It should be noted that the outdoor 
wind speed was measured at height of 26m above the ground and therefore, the wind speeds 

 
Figure 5.29. Comparison of simulation results of indoor wind speed at 1.1m above floor under 

different ratios of opening area to floor area. 

 
Figure 5.30. View of distribution of indoor wind speed (left: y-axis, right: z-axis) at opening ratio 

of (a) 0.05 and (b) 0.15 during night-time (21:00). 
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recorded relatively high value with the maximum wind speed of 6.8 m/s. As previously 
mentioned, the maximum indoor wind speed would increase by almost two times when the 
ratio of opening area to floor area is increasing from 0.05 to 0.15. As shown, when the windows 
are open, the indoor wind speeds at the opening ratio of 0.15 were averagely 1.74-1.99 m/s 
higher than those at the ratio of 0.05 regardless of thermal mass, ceiling height and windows 
position (see Figures 5.29a and 5.29b or Figures 5.29a and 5.29c, for instance). The indoor 
wind speeds obtained relatively high values due to the cross ventilation occurred in the unit 
(Figure 5.30). Since the window closed during the daytime, air flow is not flowing into the 
indoor space. As can be seen in Figure 5.14, the position of front- and back-side windows was 
perpendicular to each other. Further discussions on the effects of window position are 
discussed in the next Subsection (Subsection 5.4.1.4). 

Figures 5.31 shows the surface temperature of walls, floor and ceiling under different ratio 
of opening area to floor area at 3.0m-ceiling height unit. As shown, the profiles of surface 
temperatures of walls, floor and ceiling are follow to the profiles of indoor air temperature; 
lower at the night-time at the larger opening ratio regardless of window position, thermal mass 
and ceiling height. At the daytime, the profiles of the surface temperature are almost the same 
as particularly when the opening ratio is 0.05. At thermal mass of 1,000 kg/m², the increasing 
of ratio of opening area to floor area would not change the surface temperature of east- and 
west-walls (see Figures 5.31a, 5.31c). Furthermore, when thermal mass of 2,000 kg/m² 

 
Figure 5.31. Comparison of surface temperature of walls, floor and ceiling under different ratios 

of opening area to floor area at ceiling height of 3.0m. 
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applied, the increasing of opening ratio caused the difference of surface temperature in south- 
and north-walls become larger during the night-time (see Figure 5.31b, 5.31d). It implies that 
the increasing of opening ratio would effectively cool the structure through night ventilation 
particularly when thermal mass of 2,000 kg/m² is applied. As previously described, since floor 
received sky solar radiation from the outdoor, its surface temperature showed relatively higher 
than ceiling during the daytime.  

Figures 5.32-33 illustrate the distribution of surface temperature of walls, floor and ceiling 
during the daytime and night-time under different ratio of opening area to floor area, 
respectively. As indicated, it is found that the distribution of surface temperature in the two 
units with the different opening ratios are not significantly different, both during the daytime 
and night-time (see Figures 5.32-33). It indicates that the ratio of opening area to floor area 
did not significantly affected to the surface temperature of building envelope. 

5.4.1.3 The effects of ceiling height 

Comparisons of indoor air temperature at 1.1m above floor are presented in Figure 5.34. It 
should be noticed that the comparison was carried out under same thermal mass, ratio of 
opening area to floor area and window position. When the unit ceiling height is 5.0m, indoor 
air temperature at that point was tend to lower than that when the ceiling height is 3.0m, even 

 
Figure 5.32. View of surface temperature of walls, floor and ceiling during the daytime (14:00) at 

opening ratios of (a) 0.05 and (b) 0.15. 

 
Figure 5.33. View of surface temperature of walls, floor and ceiling during the night-time (02:00) 

at opening ratio of area to floor area of (a) 0.05 and (b) 0.15. 

 

(a) (b)  

 (a) (b) 
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during the daytime. Gradually, this indoor air temperature increased and reached the same 
values as that in ceiling height of 3.0m particularly at the peak hours (around of 14:00-18:00). 
This is because at that time, this point (i.e. 1.1m above floor) in both cases received the same 
amount of heat emitted by the surrounding building structures such as east-wall, west-wall, 
and floor (see Figure 5.41). In addition, this is most probably also due to the same amount of 
sky solar radiation received by that point. Furthermore, further reduction of indoor air 
temperature was obtained when the upper/lower windows are applied, under same thermal 
mass and ratio of opening area to floor area (see Figures 5.34a and 5.34c, or Figures 5.34e and 
5.34g, for comparison). Further discussion on the effects of window position are discussed in 
Subsection 5.4.1.4. 

Interestingly, air temperature stratification could not be seen even when the ceiling height 
of 5.0m is applied. Based on the previous findings (see Chapter 4), it is found that ceiling 
height played important role in maintaining indoor air temperature at occupied level (1.1m 
above floor level) lower even during peak hours. As shown in Figure 5.35, indoor air 
temperatures profile at peak hours for ceiling height of 5.0m was same as that for the ceiling 
height of 3.0m. This results confirmed the results as presented in Figure 5.34. This is most 
probably because the volume of unit is not sufficient to maintain temperature gradient due to 
the ceiling height. However, at the 5.0m-ceiling height unit, thermal stratification could be 
seen before the peak hours (14:00-18:00). Meanwhile, during the night-time, thermal 

 
Figure 5.34. Comparison of simulation results of indoor air temperature at 1.1m above floor under 

different ceiling height. 
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stratification could be seen in both cases (Figure 5.36). It is shown that at the night-time, the 
area of cooler air at the occupied level were larger in the 5.0m-ceiling height unit rather than 
in the 3.0m-ceiling height unit. It clearly indicates that ceiling height particularly would 
effectively lowering lower indoor air temperature at nighttime rather than at daytime under 
night ventilation condition. 

Meanwhile, indoor wind speed at 1.1m above floor in 5.0m-ceiling height unit had the same 
profile as that in 3.0m-ceiling height unit, as can be clearly seen from Figure 5.37. It should 
be noticed that the comparisons are carried out under same ratio of opening area to floor area 

 
Figure 5.35. View of distribution of indoor air temperature (left: y-axis at 1.4m, right: z-axis at 

1.1m above floor) at the ceiling heights of (a) 3.0m and (b) 5.0m at the peak hour (14:00). 

 
Figure 5.36. View of distribution of indoor air temperature (left: y-axis at 1.4m, right: z-axis at 

1.1m above floor) at the ceiling heights of (a) 3.0m and (b) 5.0m during daytime (14:00). 

 

 

 



Parametric Study of Cooling Strategies for High-Rise Apartments   

155 
 

as well as same window position. Since opening ratio and window position are same, the 
profiles of wind flow at both daytime and nighttime are generally not significantly different 
compared to other cases, such as cases of different thermal masses (Figures 5.20-21) and 
different opening ratios (see Figures 5.30). For further comparison, Figures 5.38 visualize the 
wind flow in the different ceiling heights at the night-time. As previously discussed, the 
profiles of wind flow pattern during the daytime are likely similar with other cases due to the 
closed windows. 

 
Figure 5.37. Comparison of simulation results of indoor wind speed at 1.1m above floor under 

different ceiling heights. 

 
Figure 5.38. View of indoor wind flow (y-axis) at ceiling heights of (a) 0.05 and (b) 0.15 at the 

night-time (21:00). 
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Figures 5.39-40 show the comparison of surface temperature of walls, floor and ceilings 
under different ceiling height at ratios of opening area to floor area of 0.05 and 0.15 
respectively. As shown, the profiles of surface temperature were not significantly different 
between the two external walls (i.e. south- and north-walls) mainly because both walls exposed 
to the outdoors. In contrary, different phenomena can be seen in other surfaces such as east-
wall, west-wall, floor and ceiling. In those surfaces, the higher ceiling height would lower the 
surface temperature particularly during the night-time. As the profiles of indoor air 
temperature, the temperatures of those surfaces at peak hours in 5.0m-ceiling height unit 
approached the same value as those in 3.0m-ceiling height unit. The detailed profiles of surface 
temperature under different ceiling height are visualized in Figures 5.41-42. 

 
Figure 5.39. Comparison of surface temperature of walls, floor and ceiling under different ceiling 

heights at ratio of opening area to floor area of 0.05. 
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Figure 5.40. Comparison of surface temperature of walls, floor and ceiling under different ceiling 

heights at ratio of opening area to floor area of 0.15. 

 
Figure 5.41. View of surface temperature of walls, floor and ceiling at the ceiling heights of (a) 

3.0m and (b) 5.0m during daytime (14:00). 
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5.4.1.4 The effects of opening position 

The effects of window positions on the profile of indoor air temperature are presented in 
Figure 5.43, which is shows the comparison between indoor air temperatures in the room 
applying central windows at both sides and applying upper and lower at the back side (balcony-
side). It is found that applying upper and lower windows in the back side for night ventilation 
generally reduced indoor air temperature rather than when central windows are applied at the 
both sides. It is shown that during the daytime, room with upper and lower windows had 0.2-
0.3oC indoor air temperatures lower compared to that with central windows. Furthermore, 
applying upper/lower windows would further decrease the indoor air temperature up to 0.9oC 
during the night-time. It is also found that by increasing the ceiling height at the same time, 
applying upper and lower windows would further decrease indoor air temperature during both 
daytime and night-time although its reduction was relatively small (up to 0.1oC).  

Figures 5.44-45 show the view of profile of indoor air temperature (y-axis) using STPost 
at the daytime and night-time respectively. As indicated, layer of cooler air was formed in the 
half lower part (or at occupied level) of the unit with upper and lower windows (Figure 5.44b), 
while this air was not formed in the other unit. A slightly higher indoor air temperature was 
evenly distributed inside the room with central windows (Figure 5.44a). This is most probably 
because cool air that enter the room during the night-time remain in the room even during the 
daytime. As shown in Figure 5.45b, the cool air from the outdoor that enter the indoor space 
mostly went to the lower part of the unit and created layers of cool air there, and therefore it 
cooled the floor. In addition, the unit with upper and lower window remove the hot air in the 
room through lower window rather than through upper window. In the other word, upper/lower 
window is more effective in removing the hot air inside the room during the night-time, as 

 
Figure 5.42. View of surface temperature of walls, floor and ceiling at the ceiling heights of (a) 

3.0m and (b) 5.0m during night-time (02:00). 
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well as cool the structure particularly the floor. It should be noted that floor received more heat 
compared to the ceiling during the daytime. 

The profiles of indoor wind speeds in the units with different opening positions are not 
significantly different. Figure 5.46 show the profile of wind speed under different window 
positions. It should be noted that comparisons are conducted under same ratio of opening area 
to floor area. It is shown that although upper/lower windows were applied at the opposite side 
of wind-ward, the indoor wind speed at 1.1m above floor level was almost the same as that of 

 
Figure 5.43. Comparison of simulation results of indoor air temperature at 1.1m above floor under 

different window positions. 

 
Figure 5.44. View of indoor air temperature (y-axis) at the peak hour (14:00) in the unit applying 

(a) central window and (b) upper and lower window at back-side. 
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unit applying central windows on the both sides. This is mainly due to the cross ventilation 
occurred in the both cases. In addition, at both cases, front side (or balcony side) applied the 
same window (i.e. central windows) and therefore, the wind flowed directly to the indoor space 
through that front window before going out of the space through back side. As for unit applying 
upper/lower windows, the air tend to flow out through the lower window (Figure 5.47b). As 
the previous cases, the wind barely enter the indoor space because of closed window during 
the daytime. 

 
Figure 5.45. View of indoor air temperature (y-axis) at the night-time (02:00) in the unit applying 

(a) central window and (b) upper and lower window at back-side. 

 
Figure 5.46. Comparison of simulation results of indoor wind speed at 1.1m above floor under 

different window positions. 
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Comparison of the profiles of surface temperature between in the unit applying central 
windows and upper/lower windows are shown in Figures 5.48-49, for ceiling height of 3.0m 
and 5.0m respectively. Generally, the profile of surface temperature of both south- and north-
wall in the two units with different window positions are not significantly different. As 
previously discussed, this is simply because these walls functioned as external wall and 
exposed to the outdoors. However, surface temperatures of those walls in 5.0m-ceiling height 
unit become lower during the night-time compared to those in the of 3.0m-ceiling height unit 

 
Figure 5.47. View of indoor wind speed pattern (y-axis) at the unit with (a) central windows and 

(b) upper/lower windows at the night-time (21:00). 

 
Figure 5.48. Comparison of surface temperature of walls, floor and ceiling under different 

window position at ceiling height of 3.0m. 
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(see Figure 5.49). Moreover, applying upper and lower windows caused the other surfaces (i.e. 
east-wall, west-wall, floor and ceiling) relatively lower even during the daytime regardless of 
thermal mass and ceiling height. As shown in Figure 5.50b, all the west-wall surface in unit 
with upper/lower windows had the uniform temperature and it relatively lower. Moreover, all 
the surfaces at upper/lower windows unit obtained lower values than those at central windows 
(Figure 5.51). It clearly implies that window position largely affecting the performance of the 
structural cooling under night ventilation condition. 

Further simulations were conducted to figure out the effects of different window positions 
on the indoor thermal environments. Additional simulations were carried out by adding other 
cases regarding window position. In previous simulations, window position referred to the two 
different positions, i.e. applying central windows at both sides and using upper and lower 
windows at back side while maintaining central windows at front-side. In the additional 
simulations, 8 additional simulation test cases due the different window positions were added 
(see Table 5.9). As summary, these additional simulation cases comprises two types of window 
positions, they are: applying upper and lower windows at front-side and central window at 
back-side; and applying upper and lower at both sides. The additional simulations carried out 
under same thermal mass of 1,000 kg/m² but different ratio of opening area to floor area. 

Figure 5.52 shows the results of additional simulations and its comparisons to the 
corresponding cases. Compared to unit with central windows at both sides (i.e. Cases 01, 05, 
09 and 13), applying of upper and lower window at front side while maintaining central  

 
Figure 5.49. Comparison of surface temperature of walls, floor and ceiling under different 

window position at ceiling height of 5.0m. 
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window at back side would effectively lower indoor air temperature if ceiling height of 5.0m 
is applied. Other than that, the change of window position would not significantly affect the 
indoor air temperature. If compared to the unit applying upper and lower window at back side 
while maintaining central window at front side (i.e. Cases 03, 07, 11 and 15), it would not 
significantly affect the indoor air temperature except when the ratio of opening area is 0.05 
and the ceiling height is 3.0m. Under above circumstances, the amount of cool air entering the 

 
Figure 5.50. View of surface temperature of walls, floor and ceiling in the unit with (a) central 

window (b) upper and lower window at the peak hour (14:00). 

 
Figure 5.51. View of surface temperature of walls, floor and ceiling in the unit with (a) central 

window (b) upper and lower window at the night-time (02:00). 

Table 5.9. Additional simulation test cases based on the different window positions. 

Simulation 
Cases 

Thermal 
mass 

(kg/m2) 

Ratio of 
window area 
to floor area 

Ceiling 
height 

(m) 

Windows position 

Front-side Back-side 

Case 17 1,000 0.05 3.0 Upper/lower  Central 
Case 18 1,000 0.05 3.0 Upper/lower  Upper/Lower 
Case 19 1,000 0.15 3.0 Upper/lower  Central 
Case 20 1,000 0.15 3.0 Upper/lower  Upper/Lower 
Case 21 1,000 0.05 5.0 Upper/lower  Central 
Case 22 1,000 0.05 5.0 Upper/lower  Upper/Lower 
Case 23 1,000 0.15 5.0 Upper/lower  Central 
Case 24 1,000 0.15 5.0 Upper/lower Upper/Lower 
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room is less during night-time so that the cooling effect also become less. Therefore, under 
this condition, applying upper/lower window at front side while using central window at back-
side would increase the indoor air temperature throughout the day. In addition, it obviously 
implies that changing window position diametrically would not significantly affect the indoor 
air temperature. 

Furthermore, when upper and lower windows applied at both sides, the indoor air 
temperature was significantly lower indoor air temperature even during the daytime compared 
to that when central windows applied at the both sides. Under condition of opening ratio of 

 
Figure 5.52. Comparison of indoor air temperature in the unit with (a) central windows at both 

sides, (b) upper/lower windows at back-side, (c) upper/lower windows at front side and (d) 
upper/lower at both sides. 

 
Figure 5.53. View of indoor air temperature profiles (y-axis) at the peak hours (14:00) in the unit 

with (a) central windows at both sides, (b) upper/lower windows at back-side, (c) upper/lower 
windows at front side and (d) upper/lower at both sides. 
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0.05 and ceiling height of 3.0m, both type of opening positions showed almost same daytime 
indoor air temperature (see Cases 01 and 18 in Figure 5.52a). When the ratio of opening area 
increased, the daytime indoor air temperature would reduce 0.3-0.4°C if the upper/lower 
window at both sides is applied (see Cases 05 and 20 in Figure 5.52b). Furthermore, when the 
ceiling height is 5.0m, it would further reduce daytime indoor air temperature by averagely of 
0.4°C (see Cases 09 and 22 in Figure 5.52c and Cases 13 and 24 in Figure 5.52d). Therefore, 
it is found that applying upper and lower window at both sides would significantly affect in 
lowering indoor air temperature when the opening ratio and ceiling height are increasing. 

 
Figure 5.54. View of indoor air temperature profiles (y-axis) at the night-time (02:00) in the unit 

with (a) central windows at both sides, (b) upper/lower windows at back-side, (c) upper/lower 
windows at front side and (d) upper/lower at both sides. 

 
Figure 5.55. Comparison of indoor wind speed in the unit with (a) central windows at both sides, 
(b) upper/lower windows at back-side, (c) upper/lower windows at front side and (d) upper/lower 

at both sides. 
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If compared to the unit applying upper and lower window at one side (either front side or 
back side), the unit that applying upper and lower window at both sides showed almost the 
same or slightly lower indoor air temperature. The unit with upper/lower windows at both 
sides obtained the lowest indoor air temperature during the night time compared other window 
positions, particularly when the opening ratio is 0.05. However, when the opening ratio 
increased, the profiles of indoor air temperatures amongst them are almost same. The view of 
profiles of indoor air temperature under these conditions can be further seen in Figures 5.53-
54, for daytime and night-time respectively. 

Figure 5.55 present the comparison profiles of indoor wind speed under different window 
position. It is found that applying upper and lower window at windward side (or balcony 
side/front side) reduced the indoor wind speed during the night time by more than half. At the 
3.0m-ceiling height unit, the maximum indoor wind speed at the unit applying upper and lower 
window at windward side were obtained at levels of 0.43-0.48 m/s. The larger ratio of opening 
area, the higher maximum indoor wind speed at the same condition, which is calculated around 
of 0.83-0.98 m/s. When the ceiling height of 5.0m is applied, the maximum indoor wind speed 
were slightly higher at opening ratio of 0.05, while that at opening ratio of 0.15 were remain 
same. The difference of wind flow pattern amongst four type of window position particularly 
at the night-time are presented in Figure 5.56. In particular, Figure 5.56cd shown the wind 
flow pattern when the upper and lower window are applied at windward side. It also explains 
the cause of lower wind flow under those conditions. In addition, the profiles of surface 
temperature under different type of window/opening positions are shown in Figures 5.57-58. 
As indicated, when the upper and lower windows are applied, either in one side or in both 
sides, the surface of walls showed relatively lower temperatures. 

 

 
Figure 5.56. View of indoor wind flow pattern at the night-time (21:00) in the unit with (a) central 

windows at both sides, (b) upper/lower windows at back-side, (c) upper/lower windows at front 
side and (d) upper/lower at both sides. 
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Figure 5.57. View of surface temperatures of walls, floor and ceiling at the peak hour (14:00) in 

the unit with (a) central windows at both sides, (b) upper/lower windows at back-side, (c) 
upper/lower windows at front side and (d) upper/lower at both sides. 

 
Figure 5.58. View of surface temperatures of walls, floor and ceiling at the night-time (21:00) in 

the unit with (a) central windows at both sides, (b) upper/lower windows at back-side, (c) 
upper/lower windows at front side and (d) upper/lower at both sides. 
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5.4.1.5 Optimum combination  

Based on the simulation results, it is found that daytime indoor air temperature would 
reduce if thermal mass increased (i.e. 2,000 kg/m²). However, the increased thermal mass 
would raise nocturnal indoor air temperature. To overcome the increased nocturnal indoor air 
temperature, the ratio of opening area should be enlarged to maximize the amount of cool air 
from the outdoor enter the indoor space. It is obtained that there is no significant different in 
daytime indoor air temperature due to the different opening ratios (see Figure 5.26). 
Nevertheless, the window position should be further considered to reduce more indoor air 
temperature. As previously discussed, upper and lower window position significantly cool the 
building structures (i.e. walls, floor and ceiling) and effectively reduce indoor air temperature 
even during the daytime. As investigated in the additional simulations, changing window 
position would not significantly affect the indoor air temperature. However, changing window 
position would reduce indoor wind speed by more than half compared to the previous cases. 
This is important since some standards such as ASHRAE-55 allowed maximum indoor air 

Table 5.10. Summary of the simulation results of indoor air temperatures and wind speeds for 
structural cooling (night ventilation) in the living room 

Simulation 
cases 

Air temperature Wind speed 
Daytime 

(°C) 
Night-time 

(°C) 
Daytime 

(m/s) 
Night-time 

(m/s) 
Case 01 31.0-31.2 27.3-27.5 1.14-1.15 0.02-0.03 
Case 02 30.5-30.6 27.4-27.9 1.07-1.57 0.03-0.04 
Case 03 30.8-31.0 26.8-27.1 1.10-1.16 0.02-0.03 
Case 04 30.3-30.4 27.2-27.6 1.74-2.04 0.03-0.04 
Case 05 31.1-31.2 25.8-26.2 2.86-4.04 0.03-0.04 
Case 06 30.5-30.6 25.9-26.5 3.31-3.78 0.03-0.04 
Case 07 30.8-30.9 25.8-26.1 2.83-3.29 0.04-0.05 
Case 08 30.4-30.5 25.9-26.4 3.09-3.25 0.05-0.06 
Case 09 31.1-31.2 26.8-27.1 1.61-1.83 0.03-0.04 
Case 10 30.6-30.7 27.3-27.4 1.75-2.51 0.02-0.03 
Case 11 30.8-31.0 26.0-26.3 1.71-1.81 0.02-0.03 
Case 12 30.3-30.4 26.4-26.7 1.71-1.93 0.03-0.04 
Case 13 31.1-31.2 25.9-26.2 2.89-3.48 0.04-0.05 
Case 14 30.5-30.6 25.8-26.5 3.32-4.49 0.03-0.04 
Case 15 30.9-31.0 25.0-25.5 2.82-3.69 0.03-0.04 
Case 16 30.1-30.2 25.4-25.7 3.10-3.63 0.04-0.05 
Case 17 31.1-31.3 27.4-27.6 0.18-0.28 0.02-0.03 
Case 18 31.0-31.1 26.8-27.2 0.19-0.28 0.02-0.03 
Case 19 31.0-31.1 26.2-26.5 0.36-0.59 0.03-0.04 
Case 20 30.9-31.0 25.8-26.2 0.53-0.60 0.03-0.04 
Case 21 30.8-30.9 26.3-26.6 0.21-0.40 0.02-0.03 
Case 22 30.9-31.2 25.5-25.9 0.45-0.62 0.03-0.04 
Case 23 30.8-30.9 25.4-25.7 0.36-0.55 0.03-0.04 
Case 24 30.7-30.8 24.9-25.3 0.29-0.61 0.04-0.05 
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velocity up to 1.2 m/s. Furthermore, ceiling height should be considered to further optimize 
the indoor air temperature. 

Tables 5.10 summarizes the simulation result of indoor air temperatures and wind speeds 
for each cases under night ventilation condition. From all the cases, the simulation results 
showed that Case 16 obtained the optimum results for combination of test cases. As shown in 
Table 5.8, Case 16 refer to the model applying thermal mass of 2,000 kg/m², ratio of opening 
area to floor area of 0.15, ceiling height of 5.0m, and upper/lower windows at back-side while 
maintaining central window at windward side (front-side or balcony side). Profiles of indoor 
air temperature and wind speed are presented in Figure 5.59, while Figure 5.60 show the 
profiles of surface temperature of walls, floor and ceiling. It is observed that the maximum 
indoor air temperature up to 30.1-30.2°C while the lowest indoor air temperature was around 

 
Figure 5.59. Profiles of (a) air temperature and (b) wind speed in indoor space and balcony in 

Case 16. 

 
Figure 5.60. Profiles of surface temperatures of (a) south- and north-wall (b) west- and east-wall 

and (c) floor and ceiling in Case 16. 
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of 25.4°C. Under same conditions (i.e. same opening ratio and thermal mass), these 
temperatures were slightly lower compared to those in 3.0m unit and central windows unit, 
which is around 0.3-0.4°C and 0.4°C lower respectively. But if compared to the 1,000-kg/m² 
unit, these temperatures are 0.8-0.9°C lower under the same conditions. As shown in Table 
5.10, the unit with thermal mass of 2,000 kg/m² obtained relatively lower daytime indoor air 
temperature regardless of opening ratio and ceiling height, which is around 30.1-30.6°C. 
Moreover, enlarge the opening ratio even three times larger (i.e. 0.15) at thermal mass of 2,000 
kg/m² only reduce the daytime indoor by 0.1-0.2°C. It means that thermal mass predominantly 
affecting the daytime indoor air temperature rather than other parameters. Interestingly, the 
reduction of daytime indoor air temperatures by the higher ceiling height and upper/lower 
windows is almost the same (0.2-0.4°C). Nevertheless, combination of those three parameters 
further reduce daytime indoor air temperature by 0.9-1.1°C. These findings agreed with the 
findings of Liping and Wong (2007). However, it should be noted that the maximum indoor 
wind speed when the window open was still quite high, which is around 3.10-3.63 m/s. 
Therefore, further ventilation strategies particularly window position should be further 
considered to optimize indoor wind speed into acceptable level of wind speed as required. 

5.4.2 Comfort ventilation in the living room 

Unlike previous simulation (Subsection 5.4.1), reducing SET* by increasing wind speed is 
the main objective of this Subsection. Therefore, the effects of ratio of opening area to the total 
floor area was investigated at the first step. Then, the effects ceiling height and windows 
position were further investigated under the same thermal mass. It should be noted that thermal 
mass used in this simulation referred to the previous results of simulation, which is 2,000 
kg/m2, since the unit with this thermal mass obtained relatively lower daytime indoor air 
temperature. The optimum combination of above parameters in obtaining optimum SET* are 
proposed. The total number of cases for comfort ventilation is 8 cases, and the detailed test 
cases are presented in Table 5.11. For this simulation, full-day ventilation was applied and the 
unit was facing south. Window position in Table 5.10 refer to the window position on the 
front-side (or balcony-side), while maintaining central window on the back side. 

Table 5.11. Simulation cases for comfort ventilation in the living room 

Simulation 
Cases 

Thermal 
mass 

(kg/m2) 

Ratio of 
window area 
to floor area 

Ceiling 
height 

(m) 

Windows position 

Front-side Back-side 

Case 25 2,000 0.05 3.0 Central Central 
Case 26 2,000 0.05 3.0 Upper/Lower Central 
Case 27 2,000 0.10 3.0 Central Central 
Case 28 2,000 0.10 3.0 Upper/Lower Central 
Case 29 2,000 0.05 5.0 Central Central 
Case 30 2,000 0.05 5.0 Upper/Lower Central 
Case 31 2,000 0.10 5.0 Central Central 
Case 32 2,000 0.10 5.0 Upper/Lower Central 
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5.4.2.1 The effects of ratio of opening area to floor area 

Simulation results for indoor air temperature and relative humidity at different ratio of 
opening area to floor area under full-day ventilation conditions are presented in Figures 5.61-
62. As shown, daytime indoor air temperatures between two cases, i.e. ratio of opening area 
to floor area of 0.05 and 0.10, are almost same as the corresponding outdoor air temperature. 
This is simply because during the daytime, windows are open and therefore the indoor air 
temperature follow the outdoors regardless of ratio of opening area to floor area. Meanwhile, 
during nighttime, the larger opening ratio reduced the nocturnal indoor air temperature. It is 
observed that the differences of nocturnal indoor air temperature between the two cases were 
averagely around of 0.6-0.8°C for 3.0 m-ceiling height unit (Figure 5.61ab) and 0.3-0.4°C for 
5.0m-ceiling height unit (Figure 5.61cd). In particular, increasing opening ratio would not 

 
Figure 5.61. Comparison of indoor air temperature under different ratios of opening area to floor 

area for full-day ventilation condition.  
 

 
Figure 5.62. Comparison of indoor relative humidity under different ratios of opening area to 

floor area for full-day ventilation condition. 
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significantly affect the indoor air temperature when central windows are used at the both sides 
and the ceiling height is 5.0m (Figure 5.61c). As can be found in night ventilation results, it is 
also shown that applying upper/lower window at the same opening ratio (0.10) would further 
increase this discrepancy (Figure 5.61bd). Further discussions on the effects of window 
position are presented in the next Subsection. As shown in Figure 5.62, relative humidity 
between two cases were not significantly different. Regardless of ceiling height, it is obtained 
that relative humidity at opening ratio of 0.05 was around 24-70% while that at opening ratio 
of 0.10 was around of 24-71%.  

 
Figure 5.63. View of distribution of indoor air temperature (left: y-axis, right: z-axis at 1.1m) at 

opening ratios of (a) 0.05 and (b) 0.10 at the peak hour (14:00). 

 
Figure 5.64. View of distribution of indoor air temperature (left: y-axis, right: z-axis at 1.1m) at 

opening ratios of (a) 0.05 and (b) 0.10 at the night-time (21:00). 
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Furthermore, Figures 5.63-64 present view of indoor air temperature profiles for full-day 
ventilation under different ratio of opening area to floor area at daytime and night-time, 
respectively. As previously described, the indoor air temperatures during peak hours were not 
significantly different between two cases. As shown, the distribution of indoor air temperature 
at y-axis and z-axis between the two cases are almost same. Meanwhile, area with the cooler 
air was largely seen in the case with larger opening area (Figure 5.64). This cool air was caused 
by the air movement from the outdoor through the windows. The warmer air was seen around 
the building envelopes (walls, floor and ceiling) at the both cases.   

 

Figure 5.65. Comparison of indoor air temperature under different ratio of opening area to floor 
area for full-day ventilation condition. 

 
 

Figure 5.66. View of wind flow pattern (left: y-axis, right: z-axis at 1.1m) at opening ratios of (a) 
0.05 and (b) 0.10 at the peak hour (14:00). 
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Figure 5.65 show the indoor wind speed between two cases. As indicated, indoor wind 
speed profiles at opening ratio of 0.10 was averagely 0.25-0.35 m/s higher than that at opening 
ratio of 0.05 particularly during the daytime regardless of ceiling height. It is obtained that for 
applying central windows at both sides, the maximum indoor wind speeds at opening ratio of 
0.05 and 0.10 were around of 2.01-2.58 m/s and 3.08-3.30 m/s regardless of ceiling height. 
This increasing is not as high as that when the opening ratio is 0.15 (see Subsection 5.4.1.2). 

 
Figure 5.67. View of wind flow pattern (left: y-axis, right: z-axis at 1.1m) at opening ratios of (a) 

0.05 and (b) 0.10 during night-time (21:00). 

 
Figure 5.68. View of MRT values (left: y-axis, right: z-axis at 1.1m above floor) at opening ratios 

of opening area to floor area of (a) 0.05 and (b) 0.10 at the peak hour (14:00). 
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Figures 5.66-67 illustrate the distribution of wind speeds (y-axis and z-axis) between the two 
cases at daytime and night-time respectively. As shown in Figure 5.66, location near the 
windows showed the higher wind speed rather than other area, and the unit with the larger 
opening area obtained higher wind speed than that with the smaller opening area. Nevertheless, 
the wind flow patterns at the two cases were not significantly different during the night-time 
(see Figure 5.67). 

 
Figure 5.69. View of SET* patterns (left: y-axis, right: z-axis at 1.1m above floor) at opening 

ratios of (a) 0.05 and (b) 0.10 at the peak hour (14:00). 

 

Figure 5.70. View of SET* pattern (left: y-axis, right: z-axis at 1.1m above floor) at ratio of 
opening area to floor area of (a) 0.05 and (b) 0.10 at the night-time (21:00). 
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Since the main target of this simulation is to evaluate thermal comfort due to increasing 
wind speed (i.e. comfort ventilation) particularly during the daytime, then the evaluation of 
SET* is important. Since the MRT as well as SET* could not output in STREAM as Time 
Series, then the evaluation of SET* was conducted by using two dimensional views of 
distribution of SET* values. Figure 5.68 shows the profiles of MRTs between two different 
opening ratio while Figures 5.69-70 present the profiles of SET* values and comparison of 
them under different opening ratio at daytime and night-time respectively. SET* were 
calculated under assumption of sedentary work (1 met), typical clothing values for tropics 
which is around of 0.40 (Feriadi, 2004), constant atmospheric pressure of 760 mmHg, and 
body weight of 70 kg. As shown, MRT in the room with opening ratio of 0.05 during peak 
hours were ranged from 30.0-31.0°C, and mostly received around of 30.5°C (Figure 5.68a). 
When the opening ratio increased, the area with higher MRT (31.0°C) increased as well mostly 
at around the openings (Figure 5.68b). It implies that enlarging opening ration would increase 
the MRT values as well mostly due to the larger solar radiation enter the room through the 
openings. Nevertheless, if wind speed is taken into account to thermal comfort evaluation 
using SET* values, it is obtained that increasing ratio of opening area to floor area would 
reduce SET* values. It is also found that the area with lower SET* are also found to be larger 
at room with larger opening ratio (Figure 5.69). Figure 5.69 also showed that that range of 
SET* values at both cases were relatively same, around 25.5-29.5°C. These values also 
showed the same as those at the night-time (see Figure 5.70). Compared to the profile of wind 
flow pattern (Figures 5.66-67), the profile of SET* showed strong correlation with the wind 
flow. This clearly implies that the higher wind speed, the lower of SET* values would be. The 
difference lied on the distribution patterns of the SET* in the room. 

5.4.2.2 The effects of ceiling height 

Simulation results for indoor air temperature and relative humidity under full-day 
ventilation conditions at different height are presented in Figures 5.71-72. As previous results, 
daytime indoor air temperatures between two cases showed no significantly difference results 
due to the air infiltration during the daytime. Meanwhile, during nighttime, the higher ceiling 
height unit obtained relatively lower indoor air temperature. The discrepancy between two 
cases increased when the upper and lower windows are applied at the both sides (see Figure 
5.71ac). At the 5.0m-ceiling height unit, the minimum indoor air temperature was around of 
27.0-27.1ºC for applying central windows and 26.3-26.8ºC when applying upper/lower 
windows at front side. This is because more thermal stratification were formed at the higher 
ceiling height rather than at the lower ceiling height; thus maintained cool air at occupied level 
(1.1m above floor) and the hot air went to upper part of the unit. However, the effects of 
ventilative cooling during the night-time diminished by air infiltration during the daytime. 
Regardless of opening ratio and window position, relative humidity at ceiling height of 3.0m 
and 5.0m were was around 24-70% and 24-71% respectively. Furthermore, Figure 73 shows 
view of indoor air temperature profiles for full-day ventilation under different ceiling height 
at daytime. As shown, during the peak hours, the profiles of indoor air temperature at the two 
cases, i.e. ceiling height of 3.0m and 5.0m, were not significantly different. 
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Figure 5.74 show the indoor wind speed between two cases during the peak hours. It is 
shown that indoor wind speed profiles at both cases were not significantly different regardless 
of window position. The unit with ceiling height of 5.0m obtained averagely of 0.15-0.2 m/s 
higher wind speed than the 3.0m-ceiling height unit. Maximum indoor wind speed at the 3.0m-
ceiling height unit was around of 2.01-3.08 m/s for using central windows at both sides and 
around of 0.78-1.68 m/s for using upper/lower window at front side. Meanwhile, at the 5.0m-
ceiling height unit, the maximum indoor wind speeds were around of 2.58-3.30 m/s and 1.21-
1.81 m/s for applying central windows and upper/lower windows respectively. Further profiles 
of indoor wind speed under different ceiling height at daytime and night-time respectively are 
shown in Figures 5.75. As indicated, a relatively higher wind speed was seen mainly in 

 
Figure 5.71. Comparison of indoor air temperature under different ceiling heights for full-day 

ventilation condition. 

 
Figure 5.72. Comparison of indoor relative humidity under different ceiling heights for full-day 

ventilation condition. 
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between two openings and situated at the lower part of unit. Unlike the 3.0m-ceiling height 
unit, the air flow only at the lower part of unit while there is almost no wind flow at the upper 
part.  

Figures 5.76-77 present the profiles of MRT and SET* values and its comparison under 
different ceiling height at the peak hours. As shown, a relatively large area of higher MRT 
values (around of 31.0ºC) are found around the external wall particularly in the back-side of 
unit with ceiling height of 5.0m. This is because the external wall received solar radiation from 
the outdoors, and the higher the ceiling height, the larger area of receiving solar radiation. 
Moreover, the area with MRT value at back side was larger than that at front side due to the 

 
Figure 5.73. View of distribution of indoor air temperature (left: y-axis, right: z-axis at 1.1m) at 

ceiling heights of (a) 3.0m and (b) 5.0m at the peak hour (14:00). 

 
Figure 5.74. Comparison of indoor wind speed under different ceiling heights for full-day 

ventilation condition. 
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existence of balcony at the front-side (Figure 5.76b). Nevertheless, the MRT value of 30.5ºC 
occupied the largest portion of area at the both cases. If wind speeds are taken into account for 
thermal comfort evaluation, it is obtained that at occupied levels, the SET* values ranged from 
25.5ºC to 27.5ºC during the peak hours. Meanwhile, the SET* values at the upper part of unit 
ranged from 28.0ºC to 30.0ºC. At the unit with ceiling height of 5.0m, the higher SET* values 
occupied the larger area (Figure 5.77b). As the previous cases, this results also clarified the 
strong relationship between wind speed flow pattern and the distribution of SET* values in the 
room. The stronger wind speed, the SET* values would be lower. 

 
Figure 5.75. View of wind flow pattern (left: y-axis, right: z-axis at 1.1m) at ceiling heights of (a) 

3.0m and (b) 5.0m at the peak hour (14:00). 

 
Figure 5.76. View of MRT values (left: y-axis, right: z-axis at 1.1m above floor) at ceiling heights 

of (a) 3.0m and (b) 5.0m at the peak hour (14:00). 
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5.4.2.3 The effects of window position 

As previous cases, window position was not significantly affecting to indoor air 
temperature particularly during the daytime (see Figure 5.780) for the same reasons; solar 
radiation. Meanwhile, slightly difference can be found during night-time. When the ceiling 
height increased to 5.0m, the discrepancy of nocturnal indoor air temperature between two 
cases become slightly larger (Figure 5.78ac). Further decreasing was obtained when the ratio 
of opening area to floor area increased at the same time. As implied, the differences of indoor 
air temperature between two cases at the night-time for respective ceiling heights (i.e. 3.0m 
and 5.0m) were around of 0.2-0.3°C and 0.6-0.8°C. Figure 5.79 shows simulation results of 
indoor relative humidity under different window positions. It is obtained that the relative 
humidity ranged from 24% to 70% when the central windows are employed at the both sides 
and ranged from 24% to 73% when upper/lower windows are employed at the front sides. 
Further presentation of indoor air temperature profiles during the daytime are visualized in 
Figure 5.80. As shown, the profiles of indoor air temperature distribution between two cases 
are almost same. At the peak hours (14:00), the largest portion of area was around 33.0°C. 

Figure 5.81 show the indoor wind speed between the two different window positions. The 
relatively large difference in indoor wind speed can be found when the window position is 
different. When the central windows applied on the both sides, the maximum indoor wind 
speed reached up to 2.01-3.08 m/s with the average of 0.63-0.99 m/s during the daytime 
(06:00-18:00). Meanwhile, the indoor wind speed decreased up to 0.78-1.68 m/s at the daytime 
with the average of 0.18-0.48 m/s. The profiles of indoor wind speed under different opening 

 
Figure 5.77. View of SET* values (left: y-axis, right: z-axis at 1.1m above floor) at ceiling heights 

of (a) 3.0m and (b) 5.0m at the peak hour (14:00). 
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positions can be seen further in Figure 5.82. As indicated, largely difference in indoor wind 
flow pattern could be seen between two cases. Unlike the central windows, distribution of 
higher wind speed are seen at the upper and lower parts of unit as well as at the back window, 
while relatively lower wind speed are largely found at the middle of unit. 

Figures 5.83-84 present the profiles of respective MRT and SET* values and its comparison 
under different window positions at the peak hours. Unlike the previous results, the area with 
higher MRT values are found to be larger at the unit with the central windows rather than at 
the unit with upper/lower window (see Figure 5.83). As the profiles of wind speed, the SET* 
values at the occupied level in the unit with upper/lower windows showed relatively higher 
(Figure 5.84). As shown, the SET* values in the first unit, i.e. unit with central windows, 
ranged from 25.5-27.5°C, while those in the second unit ranged from 28.0-30.0°C. Moreover, 
a relatively lower SET* are mostly found at the upper and lower part of the second unit. 

 
Figure 5.78. Comparison of indoor air temperature under different window positions for full-day 

ventilation condition. 

 
Figure 5.79. Comparison of indoor relative humidity under different window positions for full-

day ventilation condition. 
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Figure 5.80. View of distribution of indoor air temperature (left: y-axis, right: z-axis at 1.1m) in 

the unit with (a) central windows and (b) upper/lower windows at the peak hour (14:00). 

 

 
Figure 5.81. Comparison of indoor wind speed under different window positions for full-day 

ventilation condition. 
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Figure 5.82. View of wind flow pattern (left: y-axis, right: z-axis at 1.1m) in the unit with (a) 

central windows and (b) upper/lower windows at the peak hour (14:00). 

 

 
Figure 5.83. View of MRT values (left: y-axis, right: z-axis at 1.1m) in the unit with (a) central 

windows and (b) upper/lower windows at the peak hour (14:00). 
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5.4.2.4 Optimum combination 

Based on the simulation results, it is obtained that daytime indoor air temperature tend to 
follow the corresponding outdoors and therefore, had same values as the corresponding 
outdoor regardless of the ratio of opening area to floor area, ceiling height and window 
position. It implies that under full-day ventilation condition, applying all the parameters (i.e. 
opening ratio, ceiling height and window position) did not significantly affect the indoor air 
temperature at daytime. Moreover, these techniques significantly lower the nocturnal indoor 
air temperature. However, these effects were diminished by air infiltration during the daytime. 
Meanwhile, the significant results was found in the profile of wind speed particularly when 
the different window positions are applied.  

Since the main purpose of this evaluation is to obtain optimum SET* value for comfort 
ventilation, therefore evaluation wass carried out by using SET* particularly during the 
daytime (peak hours). Unfortunately, up to date, the standard of thermal comfort particularly 
for hot-humid climate regions using SET* values as thermal comfort index are still not exist 
yet. Gagge et al. (1971) for instance, proposed particular thermal conditions (such as 
comfortable, comfortably cool, comfortably warm, uncomfortable and so on) for particular 
SET* values. However, this categorization was not used in this evaluation. Nevertheless, based 
on the simulation results, it is obtained that by employing central windows and increasing 
window opening ratio to floor area would significantly increase wind speed, and therefore 
lower the SET* values. Therefore, after comparing the profiles of SET* particularly during 
peak hours, it is found that the unit with ratio of opening area to floor area of 0.10 and 
employing central windows at the both sides would enjoy lower SET* values regardless of 
ceiling height (see Figures 5.69b and 5.85b for comparison).  

 
Figure 5.84. View of wind flow pattern (left: y-axis, right: z-axis at 1.1m) in the unit with (a) 

central windows and (b) upper/lower windows at the peak hour (14:00). 
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Tables 5.12 summarizes the simulation result of indoor air temperatures, relative humidity 
and wind speeds for each cases under full-day ventilation condition while Tables 5.13 presents 
the simulation results of Mean Radiant Temperature (MRT), Predicted Mean Vote (PMV) and 
Standard Effective Temperature (SET*) under the same ventilation condition. As indicated, 
daytime indoor air temperatures and relative humidity are generally not difference between 
cases (Table 5.12). As previously discussed, the wind speed reduced to half during the peak 
hours when the upper/lower windows are applied in the front-side while maintaining central 
windows in the rear side. When the ceiling height is 5.0m, these wind speeds even reduced 
more than half. As shown in Table 5.13, MRT values between daytime and night-time are not 
significantly difference in all cases. The slightly larger difference could be seen in the unit 
with thermal mass of 2,000 kg/m² mostly due to the thermal mass effects. Meanwhile, the 
PMV values at the daytime ranged from 2.0 to 2.5 (or between warm to hot) in all cases. 
Furthermore, Table 5.13 clearly indicated the effects of wind speed in reducing SET*. When 
the central windows are applied, the SET* values are almost the same between the daytime 
and night-time. The difference lies on the distribution pattern of SET* as previously shown. 

Table 5.12 Summary of the simulation results of indoor air temperatures, relative humidity and wind 
speeds for comfort ventilation (full-day ventilation) in the living room. 

Simulation 
cases 

Air temperature Relative Humidity Wind speed 
Daytime 

(°C) 
Night-

time (°C) 
Daytime 

(%) 
Night-

time (%) 
Daytime 

(m/s) 
Night-

time (m/s) 
Case 25 32.3-33.0 27.5-27.9 24-34 66-67 1.96-2.01 0.02-0.03 
Case 26 32.2-32.9 27.8-28.0 24-34 65-66 0.78-0.79 0.03-0.04 
Case 27 32.4-33.2 26.7-27.3 24-34 68-70 2.54-3.08 0.03-0.04 
Case 28 32.3-33.2 27.1-27.3 24-34 68-69 1.17-1.68 0.03-0.04 
Case 29 32.3-33.0 27.4-27.6 24-34 66-67 2.56-2.58 0.02-0.03 
Case 30 32.0-33.0 26.9-27.1 24-34 69-70 0.48-1.21 0.03-0.04 
Case 31 32.4-33.3 27.0-27.1 24-34 68-69 3.19-3.30 0.03-0.04 
Case 32 32.3-33.2 26.3-26.4 24-34 71-72 1.57-1.81 0.04-0.05 

 

Table 5.13 Summary of the simulation results of indoor MRT, PMV and SET* for comfort 
ventilation (full-day ventilation) in the living room. 

Simulation 
cases 

MRT PMV SET* 
Daytime 

(°C) 
Night-

time (°C) Daytime  Night-
time  

Daytime 
(°C) 

Night-
time (°C) 

Case 25 30.5-31.5 30.0-30.5 1.5-2.5 0.5-2.5 26.0-30.0 26.5-30.5 
Case 26 30.5-31.0 29.5-30.0 2.0-2.5 1.5-2.5 27.0-30.0 30.0-30.5 
Case 27 30.5-31.0 29.5-30.0 2.0-2.5 0.0-1.5 27.0-30.5 26.0-29.5 
Case 28 30.0-30.5 30.0 2.0-2.5 0.5-1.5 27.5-30.0 30.0-30.0 
Case 29 30.5-31.0 30.0 2.0-2.5 0.5-1.5 26.0-29.0 26.0-30.5 
Case 30 31.0-31.5 30.0-30.5 2.0-2.5 1.5-2.5 27.5-30.0 30.0-30.5 
Case 31  31.0-

32.0 
30.0-30.5 2.0-2.5 0.0-1.5 26.5-31.0 26.0-29.5 

Case 32 31.0-32.0 30.0-30.5 2.0-2.5 1.0-1.5 27.5-30.0 30.0-31.0 
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In contrast, the SET* values at nighttime obtained higher values than those at daytime simply 
because relatively low wind speed at the night-time.  

 From all the cases, the simulation results showed that the lowest SET* values obtained 
when the central windows with larger opening ratio are applied in both sides. It is shown that 
the SET* values ranged from 26.5°C to 30.0°C. Figure 5.85 illustrates the profiles of SET* 
values at the 5.0m-ceiling height unit with central windows and opening ratio of 0.10. As 
indicated in both figures, the lower SET* values occupied larger area in the room particularly 
at the occupied level (1.1m above floor level). Therefore, during this period, occupants could 
enjoy evaporative cooling due to the increasing wind speed. Nevertheless, in the case of 5.0m-
ceiling height unit, a relatively higher MRT values (around of 33.5°C) could be seen around 
the back central-window (Figure 5.85a). However, it should be noticed that the wind flowing 
in to the room at the daytime is still relatively quite high (2.0-3.0 m/s), and therefore it should 
be further considered in the design of window. 

5.5 Results: Air-conditioned conditions  

5.5.1 Effect of structural cooling 

Figure 5.86 shows simulation results for the cooling load of master bedroom under different 
combination of ventilation conditions. As previously described, current practices of the 
occupants in middle-class apartments in Indonesia is applying daytime ventilation for both 

 
Figure 5.85. Views of (a) MRT and (b) SET* values (left: y-axis, right: z-axis at 1.1m) in the unit 

with central windows at both sides, opening ratio of 0.10 and ceiling height of 5.0m. 
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master bedroom and living room (Case 1 in Table 5.6). As shown, daily cooling load for 
current condition was around 11.79 MJ, 0.01 MJ lower than that of when no ventilation applied 
for both rooms. Among all cases, the relatively lower total cooling loads were obtained when 
daytime ventilation and no ventilation conditions were applied in the master bedroom, i.e. 
Cases 3-6, while night cooling (i.e. night ventilation or full-day ventilation) was applied in the 
adjacent room (living room). These conditions obtained total cooling load around of 11.42-
11.51 MJ/day, or 0.28-0.37 MJ/day lower than that of current practices. It should be noted that 
the difference between daytime and no ventilation conditions in master bedroom were 0.06-
0.08 MJ/day. 

 Moreover, when night ventilation were employed in the living room (Case 5), the 
difference in cooling load was slightly small, around 0.02 MJ/day lower than that of full-day 
ventilation (Case 3). This difference due to the sensible cooling load, while latent cooling load 
remained constant. When night cooling was employed, the sensible cooling loads in master 
bedroom were much lower (0.26-0.32 MJ/day lower) compared to other ventilation conditions 
in the living room, i.e. daytime ventilation and no ventilation condition. This implies that 
applying night cooling in the living room reduces sensible cooling load in master bedroom.  

 
Figure 5.86. Cooling load in master bedroom under different combination of ventilation 

conditions of master bedroom and living room. 
 

 
Figure 5.87. Cooling load in master bedroom under different orientations. 

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

10.0

Ca
se

 1

Ca
se

 2

Ca
se

 3

Ca
se

 4

Ca
se

 5

Ca
se

 6

Ca
se

 7

Ca
se

 8

Co
ol

in
g 

lo
ad

 (M
J/d

ay
)

Cases

Sensible cooling load (MJ/day) Latent cooling load (MJ/day)

0.0

2.0

4.0

6.0

8.0

10.0

12.0

No
rth Ea
st

So
ut

h

W
es

t

Co
ol

in
g l

oa
d 

(M
J/d

ay
)

Orientation

Sensible cooling load Latent cooiling load



Chapter 5 

188 
 

Furthermore, compare to above cases (Cases 3 and 5), latent cooling loads in master 
bedroom increased by 0.6-0.7 MJ/day when no ventilation condition applied in master 
bedroom (Cases 4 and 6) regardless of ventilation conditions in the living room. This is most 
probably due to the higher humidity level in the master bedroom rather when no ventilation 
applied. When daytime ventilation applied in the master bedroom, there is air change between 
the room and the outdoor at the daytime. Therefore it reduces the humidity although it 
increases the indoor air temperature as the consequences. This implies that applying daytime 
ventilation for master bedroom reduces its latent cooling load. 

Figure 5.87 presents the simulation results for Case 5 under different orientations. West-
facing orientation was the base model. As shown, there is almost no difference between north-
facing and the base model. North-facing orientation had 0.01 MJ/day lower total cooling load 
than the base model. Meanwhile, south-facing orientation obtained the highest total cooling 
load. Nevertheless, latent cooling load in all orientations were remain no change (2.26 
MJ/day). This implies that orientation do not effect on the latent cooling load. The simulation 
results indicates that Case 5 with north-facing had the lowest cooling load compared to other 
cases, and therefore, it will be used as base model for the next simulation. 

5.5.1.1 Insulation 

Insulation was applied internally and externally. Internal insulation was applied in the 
inside of master bedroom’s wall (Figure 5.88a) while the external wall was installed in the 
outside of external wall of master bedroom (Figure 5.88b). The thermal conductivity of 
insulation installed was 0.025 W/m.K. Figure 5.89 presents the results of simulation for case 
application of insulation. As shown, applying insulation material at outside of external wall 
increased total cooling load by 9.4% compared to base case. Increasing of the latent cooling 
load was not significant, around 0.01 MJ/day. This increasing is caused by the heat that stored 
in the building structures through convection during the daytime could not emitted to the 
outdoor during the night time. Although external insulation prevents heat transfer through 

 
Figure 5.88. Installation of (a) internal insulation and (b) external insulation. 
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conduction during the daytime, but it also prevents heat releasing to the outdoor during night-
time. Instead, the heat emitted to the indoor space during the night time and it causes the 
cooling load increasing during the utilization of air-conditioner.  

In contrast, when internal insulation installed, the total cooling load in master bedroom 
reduced by 12.5% from the base model. Total of cooling load in this case was averagely 9.99 
MJ/day. This is because internal insulation prevented heat entering indoor space through 
conduction and stored in the building structures through convection during the daytime. In 
addition, by installing insulation materials internally, the heat is enable to be emitted to the 
outdoors during night-time. Although sensible cooling load decreasing, the latent cooling load 
was slightly increasing (averagely of 0.02 MJ/day). This is most probably due to the ability 
moisture absorption by the building structures was reduced by the insulation material.  

5.5.1.2 Ceiling height 

Figure 5.90 shows the average cooling load of master bedroom under different ceiling 
heights. Ceiling height of base model was 2.8, while that of the simulated model were 2.2m 
and 2.5 m. As shown, while the ceiling height reduced to 2.5m, the average cooling load 
decreased by 13.6% than the base model. The large reduction was found in terms of sensible 
cooling load, rather than the latent cooling load. It implies that by reducing the volume of room 
that to be cooled, the cooling load would be decreasing. However, when the ceiling height 
further reduced (2.2m), the cooling load only reduced by 3.5% from the former (i.e. ceiling 
height of 2.5m). It indicates that further decreasing in room volume would not significantly 
reduce the cooling load. This is most probably because the smaller volume of the room, the 
heat accumulated during the daytime is bigger. The effects of lower ceiling height (i.e., smaller 
volume) in cooling load were traded off by the larger heat accumulated during the daytime.  

5.5.1.3 Optimum combination 

Combination of internal insulation and ceiling height of 2.2 was simulated to see the effects 
to the cooling load of air-conditioned master bedroom. Above techniques were selected since 

 

 
Figure 5.89. Simulation results of cooling load for insulation applications in master bedroom. 
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both reduced the cooling load at the lowest level individually. Figure 5.91 presents the 
simulation results of cooling load for combination cases. As indicated, compared to other 
techniques, installing internal insulation was significantly reduced the cooling load and 
followed by reducing ceiling height. It means that well insulated wall is the most efficient 
techniques in reducing the cooling load. By combining both techniques, further reduction of 
the cooling load was obtained. It is found that combination of both techniques reduced by 5.01 
MJ/day or around of 43.9% from the base model. As previously discussed, the effects of the 
lower ceiling height on the cooling load was traded off by the heat accumulated during the 
daytime. In this case, by applying thermal insulation at the lower ceiling height could reduce 
the heat gain. Therefore, the cooling load was further reduced when both techniques were 
applied. 

5.7 Summary 

Simulations to investigate the effects of application of passive cooling strategies in the 
apartment building have been carried out using CFD STREAM and TRNSYS-COMIS. The 
validation of both simulation using MBE and RMSE showed that the model satisfactorily 

 
Figure 5.90. Simulation results of cooling load for different ceiling heights in master bedroom. 

 
Figure 5.91. Simulation results of cooling load for combined techniques in master bedroom. 
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described thermal behavior in the apartment buildings. Based on simulation results, some 
passive cooling guidelines for high-rise apartments in hot-humid climate of Indonesia are 
proposed. Orientation, thermal mass, opening area as well as position of the openings, and 
ceiling height and insulation are some of proposed passive cooling strategies.  

Based on the simulation results using CFD STREAM for night ventilation and full-day 
ventilation conditions, it is found that the optimum indoor air temperature is achieved when 
the unit employ thermal mass of 2,000 kg/m², ratio of openings area to floor area of 0.15, 
applying upper and lower window (and it is strongly recommended to use it at both sides) and 
the ceiling height of 5.0m. Simulation results showed that under these combinations, daytime 
air temperature was up to 0.7°C lower than that of other cases, and the nocturnal air 
temperature was lower amongst other cases (25.4°C). Furthermore, simulation on comfort 
ventilation resulted that using larger ratio of openings area to floor area (i.e. 0.10) and applying 
central windows on both sides at the same time would lower the SET* values to 25.5-27.5°C. 
It is found that ceiling height is not significantly affecting on lowering the SET* values in the 
room. However, it should be noted that the maximum indoor wind speed when the window 
open was quite high, which is around 3.63 m/s. Therefore, further ventilation strategies should 
be considered to optimize indoor wind speed as required. 

Meanwhile, based on the simulation results using TRNSYS-COMIS, it is found that by 
applying internal insulation together with ceiling height of 2.2m in the air-conditioned master 
bedroom  obtained the lowest reduction of cooling load almost half from the base model 
(43.9%). It should be noted that the building unit was facing North/South, and air-conditioning 
unit used in the night-time only. Meanwhile, daytime ventilation was applied in the master 
bedroom and the living room applied night ventilation. 
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6 

Recommendations 
 
 
6.1 Introduction 

As a growing country, the development of high-rise apartments is increasing in Indonesia. 
As introduced previously, comprehensive energy-saving guidelines or standards for the high-
rise apartments do not exist to date. The current design guidelines for the high-rise buildings 
comprise requirements for indoor thermal comfort in terms of air temperature and relative 
humidity without devising it into specific techniques. This chapter attempts to propose new 
design guidelines for improving thermal comfort and energy-saving in the high-rise 
apartments of Indonesia, for naturally ventilated living room and the air-conditioned master 
bedroom respectively. 

6.2 Proposal of design guidelines for high-rise apartments 

Based on the simulation for naturally ventilated room (i.e. living room) using CFD 
STREAM, thermal mass can be used as one of passive cooling strategies for the high-rise 
apartment buildings. Under night ventilation conditions, it is found that using thermal mass of 
2,000 kg/m² reduced indoor air temperature by 0.8-0.9°C compared to that of using thermal 
mass of 1,000 kg/m². As for current condition, high-rise apartments in Indonesia employed 
average thermal mass approximately of 1,100 kg/m². In the other hand, increasing thermal 
mass would increase indoor air temperature at the night-time. Therefore, the ratio of opening 
area should be enlarged to maximize the amount of cool air from the outdoor enter the indoor 
space during the night-time. Furthermore, the difference of daytime indoor air temperature 
between two different opening ratios was not significantly different due to the solar radiation 
effects. Therefore, ratio of openings area to floor area of 0.15 could be proposed as passive 
cooling strategies to obtain the benefit of night ventilative cooling. Furthermore, increasing 
ceiling height (5.0m) could reduce daytime indoor air temperature by 0.3-0.4°C under this 
condition compared to the lower ceiling height (3.0m).  

Furthermore, the window position plays important role in reducing daytime indoor air 
temperature under night ventilation condition. As found through simulation, upper and lower 
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window position significantly cooled the building structures (i.e. walls, floor and ceiling) and 
effectively reduced indoor air temperature even during the daytime. Moreover, changing 
window position would reduce indoor wind speed by more than half compared to the previous 
cases. This is important since some standards such as ASHRAE-55 allowed maximum indoor 
air velocity up to 1.2 m/s. Therefore, the use of upper and lower windows for night ventilation 
is strongly recommended for structural cooling. In addition, ceiling height should be 
considered to optimize the indoor air temperature. From the simulation, it is obtained that 
ceiling height of 5.0m would reduce indoor air temperature particularly when it combined with 
the larger ratio of openings area to floor area and the position of openings/windows. 

For comfort ventilation simulation, i.e. full-day ventilation, the use of central windows at 
the both sides and the larger ratio of openings area to floor area are recommended. Unlike 
structural cooling (night-ventilation), the ceiling height is not predominantly affecting 
evaporative cooling. As found through simulation, the opening ratio of 0.05 is sufficient to 

 

 
Figure 6.1. Comfort requirements and proposed design guideline for (a) living room and (b) 

master bedroom during the daytime-time. 
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lower the SET* at the occupied level. Nevertheless, it is important to be noticed that simulation 
was carried out under condition of actual situation of model, i.e. located at approximately of 
26m above ground level and therefore the outdoor wind speed is recorded relatively high. 
Different ratio of opening area to floor area should be considered to be used for different floor 
level. 

For the air-conditioned room, internal insulation effectively reduced total cooling load by 
12.5% from the base model. By reducing ceiling height to 2.5m (from base model 2.8m), the 
17.1% of total cooling load are further reduced. However, the reduction was not as significant 
as expected (only 3.6%). However, when above techniques are combined, the cooling load 
reduced almost half from the base model (43.9%). Therefore, for air-conditioned room, 

 

 
Figure 5.93. Comfort requirements and proposed design guidelines for (a) living room and (b) 

master bedroom during the daytime. 
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applying both techniques are recommended, while maintaining living room (naturally 
ventilated room) applying nocturnal ventilative cooling (night ventilation). Figures 5.92-93 
illustrated the proposed passive cooling guidelines of living room and master bedroom for 
night-time and daytime respectively, while Table 5.14 summarizes the proposal of design 
guidelines for high-rise apartment buildings in Indonesia. 
 

 

Table 6.1 Proposal of design guidelines for high-rise apartment buildings in hot-humid climate of 
Indonesia. 

No Parameters Criterion Notes 
1 Naturally ventilated room 

(living room) 
  

1.1 Structural cooling (night 
ventilation) 

  

 a Orientation South- or North-facing  
 b Thermal mass (kg/m²) 2,000 Concrete block with thickness of 

120 mm 
 c Ratio of openings area 

to floor area 
0.15 Depend on the location of unit. 

Lower position in the apartment 
tower may increase the opening 
ratio 

 d Openings position Upper and lower For night ventilation, upper and 
lower window at both sides is 
strongly recommended. 

 e Ceiling height (m) 5.0  
1.2 Comfort ventilation (full-

day ventilation 
  

 a Orientation South- or North-facing  
 b Thermal mass (kg/m²) 2,000 Concrete block with thickness of 

120 mm 
 c Ratio of openings area 

to floor area 
0.15 Depend on the location of unit. 

Lower position of unit in the 
apartment tower may increase the 
opening ratio 

 d Openings position Central Applying central windows at both 
sides to ensure cross ventilation 
and increase wind speed 

 e Ceiling height (m) 3.0 - 5.0  
2 Air conditioned room 

(master bedroom)  
  

 a Orientation South- or North-facing  
 b Ventilation condition Daytime ventilation Apply night ventilation in the 

living room 
 c Insulation (W/mK) 0.03 Installed internally 
 d Ceiling height (m) 2.0  
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7 

Conclusions 
 
 

The main objective of this thesis was to provide fundamental and comprehensive data and 
information on newly constructed high-rise apartments, the so-called Rusunami, in Indonesia, 
which are useful in developing new energy-saving guidelines and standards for these 
apartments. First, this study aimed to understand indoor thermal environments and thermal 
comfort of the existing apartments in major cities of Indonesia, focusing especially on the 
high-rise apartments, Rusunami. Second, this study investigated the passive cooling 
techniques embedded in the Dutch colonial buildings located in the city of Bandung with the 
aim of applying these traditional techniques to the modern houses. Third, the effects of cooling 
techniques on indoor thermal comfort as well as cooling load reduction in high-rise apartments 
were analyzed comprehensively through a series of parametric studies using numerical 
simulations. Fourth, the design guidelines for high-rise apartments towards energy-saving 
were proposed based on the results of the field measurements and simulations. 

6.1 Key findings 

Review of passive cooling studies for high-rise apartments 

The review mainly focuses on the development of passive cooling strategies for high-rise 
apartments in the tropics region. The review shows that the number of studies are still lack for 
hot-humid regions. There are disputes among researchers about the effectiveness of ventilative 
cooling as well as other passive techniques such as thermal mass and insulation. However, 
there is still lack of basic field data in many cases so that progress to develop cooling 
techniques particularly in apartments is difficult to be made. Therefore, both basic and 
comprehensive studies are necessary to be carried out in these regions. One of the recent 
interests is to evaluate the thermal performances of vernacular buildings using scientific 
methods since these buildings are rooted to the local context including the climate conditions. 
Furthermore, in depth study on thermal performance in the colonial buildings in tropics are 
hardly found to date.  It is derived that the suitable methods for this study would be to conduct 
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intensive full-scale field measurement in existing buildings, including selected apartments and 
traditional vernacular houses, then followed by numerical simulation for further tests. 

Thermal comfort in the existing apartments 

Apartments in Indonesia are broadly divided into four categories, i.e. public apartments 
(old public and new public apartments), special apartments, state apartments and private 
apartments. Field measurements were carried out in the public apartments and middle-class 
high-rise apartments since both apartment types are highly demanded by the middle-class 
people in major cities of Indonesia. Field survey also was conducted particularly in the public 
apartments to investigate the factors influencing indoor thermal environments. The key results 
are as follow: 

 Under unoccupied condition, the old public apartment unit showed better thermal 
environments compared to those in the other two apartments. In contrast, under occupied 
condition, nocturnal indoor air temperatures in the old public apartment were higher than 
the daytime indoor air temperature. 

 By means of simulation using TRNSYS-COMIS, it is obtained that building orientation 
does not significantly affecting the indoor air temperatures of master bedroom in the old 
public apartment due to the existence of balcony as a shading devices as well as thermal 
buffer zone. In the case of new public apartment and middle-class high-rise apartment, east- 
and west facing unit show relatively higher indoor air temperatures compared to north- and 
south-facing unit due to the solar radiation entering the building during the morning time 
and afternoon.  

 Simulation results also found out that night ventilation effectively reduce daytime indoor 
air temperature in the three types of apartments compared to other ventilation conditions 
(i.e. daytime and full-day ventilation). When night ventilation applied, the maximum 
indoor air temperatures reduce by 0.4-0.5°C compared to those of when daytime/full-day 
ventilation applied. Meanwhile, during the peak hours, night ventilation in the new public 
apartment obtains lower indoor air temperatures compared to other ventilation conditions 
regardless orientations although the differences are relatively small. Furthermore, the 
simulation results in the middle-class high-rise apartment shows that there is almost no 
difference amongst the ventilation conditions regardless the orientations.  

 Based on the simulation results, evaluation of thermal comfort using the adaptive comfort 
equation showed that thermal comfort is difficult to be achieved without relying on air-
conditioning in both new public and middle-class high-rise apartments. Meanwhile, based 
on the filed measurement, operative temperatures in occupied units in both public 
apartments exceeded the 80% of upper comfortable limits during the peak hours. 

 In the naturally ventilated apartments, i.e. public apartments, physical conditions such as, 
orientation (i.e. east- or west-facing unit), floor level and window to wall ratio are factors 
influencing indoor air temperatures at the daytime. In the other hand, windows/doors 
opening behavior (i.e. opening front and back windows/doors, opening front 
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windows/doors only and opening back windows/doors) are main factors influencing indoor 
air temperatures at the night-time.  

 Several problems particularly in the middle class high-rise apartment are addressed. Some 
of them are uninsulated external wall, insufficient ventilation rate due to single sided 
ventilation, the absence of shading devices. Together with the results of air change rate 
measurement, it implies that middle-class high-rise apartments are design on premise of 
using air-conditioning system. 

 Several potential cooling strategies were suggested. Particularly for west-facing units, 
proper external and/or internal shading devices are necessary to avoid intense solar 
radiation. Design of thermal buffer zones such as balcony and corridor was also 
recommended. To reduce the heat gains through building fabric, external walls and ceilings 
should be insulated. 

Passive cooling techniques of Dutch colonial buildings 

Dutch colonial buildings in Indonesia have long history of development. By the time, this 
kind of building showed well performance in adaptation to the local hot-humid climatic 
condition. There are several types of Dutch colonial buildings in Indonesia due to periodization 
of the development. Nevertheless, they are characterized by high thermal mass, high ceiling 
height, and large openings as well as corridor spaces.  Field measurement was carried out in 
the three Dutch buildings in Bandung, which is coincidentally represents different period of 
development, i.e. second period, third period and last (modern period). The main findings of 
the field measurement are as follow: 

 The selected case study buildings showed thermal performances differently. In the first two 
case studies, i.e. buildings from the second period (Case study 1) and third period (case 
study 2), indoor air temperatures generally maintained relatively lower compared to the 
corresponding outdoor. In contrast, building from the last period (Case study 3) overall has 
relatively higher daytime indoor air temperature than the outdoors.  

 Thermal comfort evaluation reveals that thermal comfort is achieved in the ground floor 
while that in the top floor exceeded 80% of comfortable limit during the daytime. However, 
thermal comfort in the rooms on the top floor is improving due to the increased indoor air 
speeds. The questionnaires results in Case study 1 confirmed these results: the occupants 
(students) expected more wind speed at afternoon due to the increasing indoor air 
temperature to cooling themselves. As the wind sensation increases (when they feel 
stronger winds), they tend to feel cooler.  

 From the field measurement results, some cooling techniques employed in the Dutch 
colonial buildings are: relatively higher thermal mass (around 2,685-3,478 kg/m²) to 
maintain daytime indoor air temperatures lower, proper design of corridor spaces as 
thermal buffer zones and as shading devices, high ceiling height (5.3-5.7m) to maintain 
occupied level (1.1m above floor) lower values, and permanent openings above 
windows/doors and louver windows to ensure cross ventilation throughout the day. 
Particularly for corridor spaces, if the corridor can be designed to be semi-open at the night-
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time and enclosed at the daytime, then thermal benefit from the corridor spaces can be 
obtained. 

Above results obviously indicates that Dutch colonial buildings employed some passive 
cooling techniques that effectively maintained indoor air temperatures lower than the outdoors 
during the peak hours. These techniques are worthwhile of implementing in the modern houses. 
However, these techniques should be reevaluated with the aim of applying to modern houses 
by considering the fact that Bandung experiences relatively cool climate. 

Parametric study of cooling strategies in the high-rise apartment. 

Numerical simulations were conducted to investigate the effects of the selected cooling 
techniques on the indoor thermal environments in the naturally ventilated room as well as on 
the cooling load in the air-conditioned room. Both multi-zone thermal simulation and 
Computational Fluid Dynamic (CFD) were used as the main method. To investigate the effects 
of the selected cooling techniques to indoor thermal environments of naturally ventilated room 
(living room), Computational Fluid Dynamics (CFD) STREAM was used while TRNSYS and 
COMIS were used to investigate the effects of passive techniques to cooling loads in the master 
bedroom of middle-class high-rise apartment. The main findings are: 

 Empirical validation of the base model indicates that the model is satisfactorily describing 
thermal behavior of the naturally ventilated apartments. Mean bias errors (MBE) and Root 
Mean Square Error (RMSE) for air temperature, relative humidity and absolute humidity 
can be seen in Table 3.9 and Table 5.4 

 Parametric study using CFD STREAM have been carried out for naturally ventilated room 
(living room), including some parameters such as thermal mass, ratio of opening area to 
floor area, ceiling height and window position. There are two kind of simulation: structural 
cooling (night-ventilation) and comfort ventilation (full-day ventilation). The parameter 
test cases for both simulations are summarized in Tables 5.5 and 5.8 for structural cooling, 
and Table 5.10 for comfort ventilation. 

 From the simulation results of structural cooling, it is found that daytime indoor air 
temperature would be reduced if thermal mass increased (i.e. 2,000 kg/m²). As the 
consequences, it raised nocturnal indoor air temperature as well. In this case, the ratio of 
opening area should be enlarged to maximize the amount of cool air enter the indoor space 
particularly during the night-time. Moreover, there is no significant different in daytime 
indoor air temperature between two different opening ratios due to the solar radiation 
effects. Furthermore, the window position should be considered to reduce more indoor air 
temperature. Upper and lower window position significantly cooled the building structures 
and effectively reduced indoor air temperature even during the daytime. Moreover, the 
changing of window position would reduce indoor wind speed by more than half. This is 
important since higher wind speed may causes discomfort. Furthermore, ceiling height was 
found to be important parameters in reducing indoor air temperature. 

 Optimum results for structural cooling was obtained when the unit applying thermal mass 
of 2,000 kg/m², ratio of opening area to floor area of 0.15, ceiling height of 5.0m, and 
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upper/lower windows at back-side while maintaining central window at windward side 
(front-side). Under these parameters, the maximum indoor air temperature was recorded up 
to 30.2°C and the lowest indoor air temperature was around of 25.4°C. However, the 
maximum indoor wind speed when the window open was quite high, which is around 3.63 
m/s. Therefore, further ventilation strategies should be further considered. 

 For comfort ventilation, simulation results showed that indoor air temperature during the 
daytime are not significantly different amongst all cases due to the air infiltration. Instead, 
applying all parameters (higher opening ratio, higher ceiling height and upper/lower 
windows) would reduce the nocturnal indoor air temperature. However, these effects were 
diminished by air infiltration during the daytime. Meanwhile, the significant results was 
found in the profiles of wind speed particularly when upper and lower windows are applied. 
It reduced more than half of wind speed compared to that when central windows are applied. 
It is obtained that the unit employing central windows and increasing window opening ratio 
to floor area significantly increased wind speed, and therefore lowered the SET* values. 
Therefore, it is found that the unit with ratio of opening area to floor area of 0.10 and 
employing central windows at the both sides enjoyed lower SET* values and larger 
distribution area of these values during the peak hours regardless ceiling height. 

 For the air-conditioned room (master bedroom), the cooling load in air-conditioned room 
(master bedroom) reduced almost half from the base model (around 43.9%) by applying 
the combined techniques, i.e. internal insulation and ceiling height of 2.2m. It should be 
noted that the building unit was facing North/South, and air-conditioning unit is turned on 
in the night-time only. 

Proposal of design guidelines for middle-class high-rise apartment 

Potential cooling techniques that are identified from the vernacular houses and results of 
the numerical simulation are proposed to be implemented in the apartment building through 
building modifications. The key points are: 

 From the field measurement on the existing apartments in Surabaya and some Dutch 
colonial buildings in Bandung, potential cooling strategies proposed are thermal mass, 
ceiling height, corridor spaces and comfort ventilation. 

 As simulated using CFD STREAM for structural cooling (night ventilation) and comfort 
ventilation (full-day ventilation), some design guidelines for improving indoor thermal 
environments are proposed as illustrated in Figures 5.92-93 and summarized in Table 5.14. 
Basically, there are two types of comfort requirements for respective daytime and night-
time, and therefore the proposal of design guidelines for both requirements are different as 
well.  

 For air-conditioned master bedroom, proposed cooling strategies to reduce cooling load in 
the air-conditioned room are:  
- Orientation: South-North 
- Ventilation strategy: Daytime ventilation, while applying night ventilation in the 

adjacent room (living room) 
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- Insulation: Internal insulation 
- Ceiling height: 2.2-2.5m 

Final conclusions 

Based on the previous key findings, the conclusions of this study are as follow: 

 An intensive field experiment in the existing apartments in Surabaya and computer 
simulation have been carried out. The results revealed that indoor thermal environments of 
the middle-class high-rise apartment in Indonesia are quite severe. Thermal comfort could 
not be achieved even during the night-time and therefore, it is difficult to achieve it without 
relying on the air-conditioning system. 

 Dutch colonial buildings nicely maintain indoor air temperature lower than the 
corresponding outdoors and they reveal some cooling techniques that worthwhile of 
applying to the middle-class high-rise apartment. Some of them are high thermal mass, 
corridor space, large opening area as well as permanent openings above windows and 
louvre door, and the high ceiling height. Some of those (such as high thermal mass, opening 
area and ceiling height) then are picked up as cooling techniques for high-rise apartments 
and their cooling effects are investigated through computer simulation. 

 In general, it is concluded that higher thermal mass is effective strategies in providing better 
indoor thermal environment in naturally ventilated room rather than other examined 
strategies (i.e. opening ratio, ceiling height and window position). Higher thermal mass 
effectively lower the daytime indoor air temperature by 0.8-0.9°C compared to that 
employed lower thermal mass. The cooling effects of ceiling height and window position 
are almost the same (which is around 0.3-0.4°C lower), while those of opening ratio are 
found to be the smallest. Nevertheless, larger opening ratio increases indoor wind speed 
and therefore effectively reduces SET* values particularly when the central windows at 
both sides are applied.  

 Cooling load in the air-conditioned master bedroom would be effectively reduce if the room 
volume is reducing by lowering the ceiling height while internal insulation is applied. 
Orientation and ventilation strategies do not contribute in the cooling load reduction 
significantly. Nonetheless, combining all above techniques obtained the lowest reduction 
of the cooling load.  

 The approach of three dimensional perspective (ventilation strategies, envelope strategies 
and building volume) revealed a new insight in designing cooling strategies for building 
particularly high-rise apartment in the hot-humid climatic regions. This approach disclose 
new possibility for energy-saving guidelines of buildings in the future. Further studies 
should be undertaken since this study have limitations. 
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6.2 Study limitations and further studies 

The number of sample size for determining factors influencing indoor thermal environments in 
the occupied units, as presented in Subchapter 3.5 Section 3.5.3. The sample size is considered too 
small to conclude the predictors for indoor thermal environment and therefore the number of this 
sample should be extended in order to gain more comprehensive results. Furthermore, the use of 
statistical test in Section 4.4.3 of Chapter 4 is not sufficient to explain the means difference between 
two samples. Therefore, other statistical test methods should be considered in the future studies. 

Other limitation of this study is the validation results for wind speeds in the CFD STREAM. 
As explained in the Chapter 5, it is difficult to fit the validation results with the measurement results 
for indoor wind speeds and therefore the strong relationship between them is difficult to be 
achieved. Further studies should consider this matter (i.e. wind speed validation) accurately before 
further running simulation.  

This study limited on some parameters as well as limited test conditions, such as single 
orientation (south-facing). Moreover, this study investigated two extreme values only such as 
ceiling height (i.e. 3.0m and 5.0) and ratio of openings area to floor area (i.e. 0.05 and 0.15) without 
considering other values. Therefore, some parameters with other test conditions should be further 
examined to obtain more comprehensive results on the cooling strategies for high-rise apartment 
buildings including unit position (i.e. lower floors or higher floor levels). Since windows/openings 
position is important in structural cooling, this parameter should be included in further studies. 

In this thesis, simulation using CFD was conducted in the living room only, under naturally 
ventilated condition. It is interesting to investigate the indoor thermal environment not only in the 
living room but also master bedroom and other rooms. In addition, some additional passive 
techniques such as shading devices should be considered in the future studies. Coupling techniques 
with another building energy simulation (such as TRNSYS-COMIS, BES, etc.) can be considered 
for the future studies. This techniques also can be considered to reduce the calculation time in 
simulation, which is one of disadvantages in using CFD. 

Further studies on the thermal behavior of corridor spaces are recommended. Corridor spaces 
play important roles to indoor air temperatures. Several types of corridor space with several 
parameters, such as width, depth, and length of corridor space can be examined using CFD, to see 
its effect to indoor spaces. This including stack effect of atrium or corridor space in the apartment 
buildings. In the larger scale, investigation of composition of building mass of apartment buildings 
and its effects to the wind flow are also recommended. It is believed that building configuration 
affect the wind flow, and thus it is also affect to the performance of ventilation in the apartment 
buildings.  
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Floor plan and façade of case study 
apartments 
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1. Old public apartment 
 
 

 
 

Location of the selected old public apartment and its surrounding 

Target 
apartment



Floor plan and façade of case study apartments 
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Floor plan of old public apartment (unit in mm) 

 
 

 
Profile of front window in the unit of old public apartment (unit in mm) 
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Profile of rear window in the unit of old 
public apartment (unit in mm) 

Profile of front/back doors in the unit of 
old public apartment (unit in mm) 

 

 

 

 

 

 

 

 
 
 
 
 
   



Floor plan and façade of case study apartments 
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2. New public apartment 
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Floor plan of new public apartment (unit in mm) 

 

 

 
Front façade of new public apartment 

 
 
 
 
 



Floor plan and façade of case study apartments 
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Profile of front/back door in the unit 
of new public apartment 

 

Profile of front window in the unit of new public 
apartment (unit in mm) 

 
Profile of back window in the master bedroom of new public apartment (unit in mm) 
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3. Middle-class high-rise apartment (Rusunami) 
 
 

 

Target 
apartment



Floor plan and façade of case study apartments 
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Floor plan of middle-class high-rise apartment 
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3  
 

Profile of window in master bedroom of 
middle-class high-rise apartment (unit in mm) Profile of window in living room of middle-

class high-rise apartment (unit in mm)  
 
 

 
Profile of window in living room of middle-class high-rise apartment (unit in mm)  
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Appendix B 
 
Drawing of occupied units of the public 
apartments 
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1. Old Public Apartment 

 

  
Unit C-302 Unit C-407 

 
 

  

Unit E-208 Unit E-212 



Drawing of occupied units of the public apartments 
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Unit E-214 Unit E-304 

 

  

Unit E-306 Unit E-312 
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Unit E-401 Unit E-415 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Drawing of occupied units of the public apartments 
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2. New Public Apartment 

  

Unit J-308 Unit G-203 

  

Unit G-205 Unit G-216 
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Unit G-301 Unit G-313 

  

Unit G-407 Unit G-420 
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Unit G-507 Unit G-515 
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Appendix C 
 
Questionnaires for occupied units of the 
public apartments 
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Questionnaire: Energy consumption and window 
opening behavior of the occupants of public 
apartments in Surabaya, Indonesia  
 
 
Muhammad Nur Fajri Alfata  
Naoto Hirata 
Main Supervisor: Dr. Kubota Tetsu 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Hiroshima University, Japan 
Institut Teknologi Sepuluh Nopember (ITS), Surabaya, Indonesia 
Universitas Brawijaya (UB), Malang, Indonesia 
Mukogawa Women University, Japan 
 

(All information from this questionnaire are confidential and use for the purpose of research only) 



Questionnaires for occupied units of the public apartments 

239 
 

Date : Time : From ………….  to…………………… 
Interviewer : 

 
Name of apartment: ……………………………………………………………….. 
 
 
 Profile of occupants (Circle the answer by the interviewer) 

(1) (2) (3) (4) (5) (6) (7) 
No Sex Age Relationship 

in family 
Ethnic Occupation Monthly Income 

1       
2       
3       
4       

Code: 
(2) M: Male / F: Female (6) 1 Government employee (7) Please write down the monthly 

income for each family 
members   

(3) Write age  2 Temporary government 
employee  

 

(4) 1 Husband 5 Grandchild  3 Private employee  
 2 Wife 6 Parent  4 Temporary private employee  
 3 Child 7 Housemaid  5 Students  
 4 Son/daughter 

in law 
8 Others, 
……………… 

 6 Others, ………  

(5) 1 Javanese      
 2 Maduranese      
 3 Chinese      
 4 Others, ……..      
       
       

 

       

 
Daily occupancy 
Please select time you, at least one family member, stay in the house by using arrow sign 
Example: One of family members stay in the house every day from 7 pm to 7 am. 

Am Pm am 
6 7 8 9 1

0 
1
1 

1
2 

1
3 

1
4 

1
5 

1
6 

1
7 

1
8 

1
9 

2
0 

2
1 

2
2 

2
3 

2
4 

1 2 3 4 5 

                        
 

Daily occupancy:  
 Weekday 

am pm am 
6 7 8 9 1

0 
1
1 

1
2 

1
3 

1
4 

1
5 

1
6 

1
7 

1
8 

1
9 

2
0 

2
1 

2
2 

2
3 

2
4 

1 2 3 4 5 

                        
 Weekend 

am pm am 
6 7 8 9 1

0 
1
1 

1
2 

1
3 

1
4 

1
5 

1
6 

1
7 

1
8 

1
9 

2
0 

2
1 

2
2 

2
3 

2
4 

1 2 3 4 5 
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Frequency of daily AC’s usage 
Living room: 

Weekdays (Monday-Friday) 
am pm am 

6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 1 2 3 4 5 
                        
 

Weekends (Saturday-Sunday) 
am pm am 

6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 1 2 3 4 5 
                        
 

Master Bedroom 

Weekdays (Monday-Friday) 
am pm am 

6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 1 2 3 4 5 
                        
 

Weekends (Saturday-Sunday) 
am pm am 

6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 1 2 3 4 5 
                        
 
Frequency of daily fan’s usage 
Living room: 

Weekdays (Monday-Friday) 
am pm am 

6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 1 2 3 4 5 
                        
 

Weekends (Saturday-Sunday) 
am pm am 

6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 1 2 3 4 5 
                        
 

Master Bedroom 

Weekdays (Monday-Friday) 
am pm am 

6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 1 2 3 4 5 
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Weekends (Saturday-Sunday) 
am pm am 

6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 1 2 3 4 5 
                        
 
Opening behavior (doors/windows) 
1. Are you usually open the doors or windows when you stay in the house?  

If yes, please write down when you usually open the doors or windows. 
 
Opening: Windows/Doors (*)   Room: …………………………… 

Weekdays (Monday-Friday) 
am pm am 

6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 1 2 3 4 5 
                        
 

Weekends (Saturday-Sunday) 
am pm am 

6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 1 2 3 4 5 
                        
 
Opening: Windows/Doors (*)   Room: …………………………… 

Weekdays (Monday-Friday) 
am pm am 

6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 1 2 3 4 5 
                        
 

Weekends (Saturday-Sunday) 
am pm am 

6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 1 2 3 4 5 
                        
 
*) Select one of the options 
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Thermal comfort in the living room 
Air temperature in the living room (or main room if there is only one room)  
 
1. What do you feel related to the air temperature in the living room (or 

main room) during the daytime? (Circle the desired answer)  

Hot Warm 
Slightly 
warm 

Neutral 
Slightly 

cool 
Cool Cold 

 
2. Related to air temperature, what do you prefer during the daytime? 

(Circle the desired answer)  
Much 

warmer 
Warmer No change Cooler Much cooler 

 
3. What do you feel related to the air temperature in the living room (or 

main room) during the night-time? (Circle the desired answer) 

Hot Warm Slightly 
warm 

Neutral Slightly 
cool 

Cool Cold 

 
4. Related to air temperature, what do you prefer during the night-time? 

(Circle the desired answer) 
Much 

warmer Warmer No change Cooler Much cooler 
 

 
Wind flow in the living room ( or main room if there is only one room)  

5. What do you feel related to the wind flow in the living room (or main 
room) during the daytime? (Circle the desired answer) 

Too 
breezy  

Breezy 
Slightly 
breezy 

Neutral 
Slightly 

still 
Still Too still 

 
6. What do you prefer related to the wind flow in the living room (or main 

room) during the daytime? (Circle the desired answer) 

Much 
higher 

Higher 
Slightly 
higher 

No 
change 

Slightly 
lower 

Lower 
Much 
lower 

 

 
7. What do you feel related to the wind flow in the living room (or main 

room) during the night-time? (Circle the desired answer) 
Too 

breezy  Breezy 
Slightly 
breezy Neutral 

Slightly 
still Still Too still 
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8. What do you prefer related to the wind flow in the living room (or main room) 
during the night-time? (Circle the desired answer) 

Much 
higher 

Higher Slightly 
higher 

No 
change 

Slightly 
lower 

Lower 
Much 
lower 

 

Relative humidity in the living room ( or main room if there is only one room) 
  

9. What do you perceive related to relative humidity in the living room (or main 
room) during the daytime? (Circle the desired answer) 

Too 
humid 

Humid Slightly 
humid 

Neutral Slightly 
dry 

Dry 
Too 
dry 

 
10. What do you prefer related to the relative humidity in the living room (or main 

room) during the daytime? (Circle the desired answer) 

Much more 
humid More humid No change Less humid 

Much less 
humid 

 

 
11. What do you perceive related to relative humidity in the living room (or main 

room) during the night-time? (Circle the desired answer) 

Too 
humid 

Humid Slightly 
humid 

Neutral Slightly 
dry 

Dry 
Too 
dry 

 
12. What do you prefer related to the relative humidity in the living room (or main 

room) during the night-time? (Circle the desired answer) 

Much more 
humid More humid No change Less humid 

Much less 
humid 

 

Indoor air quality in the living room (or main room if there is only one room)  
 

13. What do you think about the indoor air quality in the living room at the 
daytime? (Circle the desired answer) 

Very 
bad 

Bad Slightly 
bad 

Neutral Slightly 
good 

Good 
Very 
good 
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16. How do you find the general comfort level during the night-time? (Circle the desired 
answer) 

Very 
comfort-

able 

Comfort-
able 

Slightly 
comfort-

able 
Neutral 

Slightly 
uncomfort-

able 

Uncomfort-
able 

Very 
uncomfort-

able 

 
Please feel free to write down your opinion about thermal comfort in your apartment unit  

 
 

Thank you very much for your kind cooperation 

14. What do you think about the indoor air quality in the living room at the night-time? 
(Circle the desired answer) 

Very 
bad 

Bad Slightly 
bad 

Neutral Slightly 
good 

Good 
Very 
good 

 

General comfort in the living room (or main room if there is only one room) 
 

15. How do you find the general comfort level during the daytime? (Circle the desired 
answer) 

Very 
comfort-

able 

Comfort-
able 

Slightly 
comfort-

able 
Neutral 

Slightly 
uncomfort-

able 

Uncomfort-
able 

Very 
uncomfort-

able 
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Sketch (by interviewer) 
Sketch of interior of apartment unit (living room and master bedroom, if possible)  
[Room arrangement, partition and dimension of space, furniture (particularly where AC placed in) 
and the location of window] 
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Appendix D 
 
Surface temperatures of the walls in the 
three types of apartments using thermal 
camera 
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Apartment 
type Time Location Thermal viewer 

    
Old public 
apartment 

12:00 

  

  

  

  

  

  

  

  

  



Surface temperatures of the walls in the three types of apartments using thermal camera  
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Apartment 
type Time Location Thermal viewer 
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Apartment 
type Time Location Thermal viewer 

    
 20:00 
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Apartment 
type Time Location Thermal viewer 
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Apartment 
type Time Location Thermal viewer 

    
    

New public 
apartment 

15:00 
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Apartment 
type Time Location Thermal viewer 

    
  

  

  

  

  

  

  

  

    

 20:00 

  



Appendix D 

254 
 

Apartment 
type Time Location Thermal viewer 

    
  

  

  

  

  

  

  

  

  

  



Surface temperatures of the walls in the three types of apartments using thermal camera  
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Apartment 
type Time Location Thermal viewer 
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Apartment 
type Time Location Thermal viewer 

    
Middle-class 
high-rise 
apartment 

12:00 

  

  

  

  

  

  

  

  

  



Surface temperatures of the walls in the three types of apartments using thermal camera  
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Apartment 
type Time Location Thermal viewer 
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Apartment 
type Time Location Thermal viewer 

    
 08:00 

  

  

  

  

  

  

  

  

  



Surface temperatures of the walls in the three types of apartments using thermal camera  
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Apartment 
type Time Location Thermal viewer 
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Apartment 
type Time Location Thermal viewer 
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Appendix E 
 

Complete results of Multiple Regression 
Analysis using Enter-method  
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1. Including outdoor air temperature (Out_AT) 

Time R2 Adj. R2 Independent variables β r 
0:00 .601 ** .437 ** Outdoor air temperature .593 ** .654 ** 

     Open back openings -.327  -.374 * 
     Household size .256  .321 * 
     Open front and back 

openings 
-.163  -.233  

     Window to wall ratio .126  -.272  
     Orientation facing 

East/West 
-.067  .039  

     Floor level -.065  -.139  
     Occupancy -.021  .089  
     Open front opening -.010  .086  

1:00 .613 ** .454 ** Outdoor air temperature .611 ** .677 ** 
     Open back openings -.279  -.349 * 
     Household size .252  .307 * 
     Open front and back 

openings 
-.151  -.252  

     Window to wall ratio .054  -.297 * 
     Orientation facing 

East/West 
-.048  .004  

     Occupancy -.045  .074  
     Floor level -.038  -.131  
         Open front opening .011   .113   

2:00 .575 * .401 * Outdoor air temperature .592 ** .650 ** 
     Household size .283  .305 * 
     Open back openings -.232  -.277  
     Open front and back 

openings 
-.180  -.275  

     Window to wall ratio .071  -.268  
     Occupancy -.070  .037  
     Floor level -.069  -.171  
     Orientation facing 

East/West 
-.062  -.019  

     Open front openings -.028  .058  
3:00 .550 * .365 * Outdoor air temperature .569 ** .636 ** 

     Household size .267  .287  
     Open back openings -.227  -.279  
     Open front and back 

openings 
-.169 

 
-.263  

     Floor level -.071  -.184  
     Open front openings -.070  .021  
     Occupancy -.061  .025  
     Orientation facing 

East/West 
-.042  -.045  

         Window to wall ratio .030   -.300 * 
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Time R2 Adj. R2 Independent variables β r 
4:00 0.525 * 0.330 * Outdoor air temperature .584 ** .615 ** 

     Household size .272  .284  
     Open back openings -.180  -.269  
     Occupancy -.131  .008  
     Open front openings -.101  .037  
     Window to wall ratio -.084  -.337 * 
     Open front and back 

openings 
-.069  -.186  

     Floor level -.021  -.178  
     Orientation facing 

East/West 
-.001  -.049  

5:00 .493 * .286 * Outdoor air temperature .488 * .577 ** 
     Household size .269  .288  
     Open front openings .190  .223  
     Window to wall ratio -.128  -.362 * 
     Occupancy .111  .121  
     Open front and back 

openings 
-.079  -.250  

     Floor level -.048  -.169  
     Orientation facing 

East/West 
-.035  -.044  

     Open back openings -.027  -.105  
6:00 .422   .185   Outdoor air temperature .577 ** .567 ** 

     Household size .205  .213  
     Window to wall ratio -.168  -.339 * 
     Open back openings .158  -.100  
     Orientation facing 

East/West 
.068  -.008  

     Occupancy -.062  .008  
     Floor level -.021  -.179  
     Open front openings .020  .173  

7:00 .355   -.161   Window to wall ratio -.506   -.388 * 
     Solar radiation .434  .280  
     Orientation facing 

East/West 
.285  .015  

     Open front openings .139  .202  
     Occupancy -.107  -.007  
     Open back openings .069  -.132  
     Household size .059  .128  
         Floor level -.033   -.167   

8:00 .221  -.050  Window to wall ratio -.520 * -.352 * 
     Outdoor air temperature -.244  -.162  
     Orientation East/West .204  .083 * 
     Open back openings .148  -.110  
     Occupancy .096  .029  
     Open front openings -.080  .102  
     Household size .051  .120  
     Floor level .030  -.100  
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Time R2 Adj. R2 Independent variables β r 
9:00 .253   -.007   Window to wall ratio -.448 * -.254   

     Orientation facing 
East/West 

.404  .188  

     Outdoor air temperature -.265  -.244  
     Open front openings -.176  .024  
     Open back openings .155  -.005  
     Floor level .137  .017  
     Occupancy -.084  .078  
         Household size .052   .146   

10:00 .349  -.172  Window to wall ratio -.542  -.182  
     Orientation facing 

East/West 
.542  .302 * 

     Open back openings .393  .155  
     Floor level .223  .097  
     Occupancy .119  .190  
     Outdoor air temperature -.117  .055  
     Household size -.089  .153  
     Open front openings .011  .097  

11:00 .348   -.174   Orientation facing 
East/West 

.428   .343 * 

     Window to wall ratio -.286  -.174  
     Floor level .267  .193  
     Open back openings .215  .045  
     Outdoor air temperature .186  .329  
     Occupancy .115  .217  
     Open front openings .054  .162  
         Household size -.027   .184   

12:00 .550 ** .419 ** Outdoor air temperature .594 ** .516 ** 
     Floor level .359 * .289  
     Orientation facing 

East/West 
.336 * .362 * 

     Household size .077 * .165  
     Open back openings .052  -.164  
     Occupancy .047  .216  
     Open front openings .016  .236  

13:00 .668 ** .572 ** Outdoor air temperature .660 ** .625 ** 
     Floor level .414 ** .343 * 
     Orientation facing 

East/West 
.220  .333 * 

     Household size .068  .149  
     Open back openings -.059  -.375 * 
     Occupancy .021  .258  
         Open front openings .008   .285   
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Time R2 Adj. R2 Independent variables β r 
14:00 .710 ** .609 ** Outdoor air temperature .715 ** .661 ** 

     Floor level .390 ** .368 * 
     Window to wall ratio .204  -.061  
     Occupancy .167  .424 ** 
     Open front openings .115  .326 * 
     Orientation facing 

East/West 
.049  .358 * 

     Household size -.040  .114  
     Open back openings .033  -.455 ** 

15:00 .629 ** .499 ** Outdoor air temperature .596 ** .632 ** 
     Floor level .343 * .366 * 
     Occupancy .136  .368 * 
     Window to wall ratio .134  .028  
     Open back openings -.075  -.444 ** 
     Open front openings .062  .336 * 
     Orientation facing 

East/West 
.050  .397 * 

         Household size -.012   .112   
16:00 .566 ** .416 ** Outdoor air temperature .586 ** .629 ** 

     Floor level .266  .301 * 
     Open back openings -.154  -.407 ** 
     Window to wall ratio .128  .063  
     Occupancy .108  .314 * 
     Orientation facing 

East/West 
.027  .389 * 

     Open front openings .013  .229  
     Household size -.003  .112  

17:00 .618 ** .506 ** Outdoor air temperature .845 ** .690 ** 
     Open back openings -.295  -.213  
     Open front openings -.290  .228  
     Floor level .153  .235  
     Occupancy -.098  .143  
     Orientation facing 

East/West 
.055  .334 * 

         Household size -.027   .112   
18:00 .672 ** .558 ** Outdoor air temperature .885 ** .771 ** 

     Open front openings -.224  .320 * 
     Floor level .180  .134  
     Window to wall ratio -.177  -.195  
     Occupancy -.143  -.114  
     Orientation facing 

East/West 
.069  .212  

     Open front and back 
openings 

.063  -.505 ** 

         Household size .033   .139   
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Time R2 Adj. R2 Independent variables β r 
19:00 .816 ** .741 ** Outdoor air temperature .736 ** .801 ** 

     Open front and back 
openings 

-.445 ** -.692 ** 

     Open front openings -.401 * .327 * 
     Open back openings -.321 * .112  
     Occupancy -.205  -.087  
     Household size .129  .164  
     Window to wall ratio -.121  -.279  
     Floor level .102  .040  
     Orientation facing 

East/West 
.069  .122  

20:00 .825 ** .764 ** Outdoor air temperature .757 ** .783 ** 
     Open front openings -.494 ** .179  
 

 
 

 
 Open front and back 

openings 
-.482 ** -.663 ** 

     Open back openings -.333 ** .112  
     Household size .203 * .195  
     Occupancy -.150  .094  
     Floor level .091  -.006  
         Window to wall ratio -.046   -.298 * 

21:00 .704 ** .601 ** Outdoor air temperature .602 ** .752 ** 
     Open front and back 

openings 
-.415 ** -.663 ** 

     Open back openings -.166  .093  
     Open front openings -.165  .161  
     Household size .150  .231  
     Window to wall ratio .042  -.307 * 
     Floor level .029  -.026  
     Occupancy -.021  .136  

22:00 .681 ** .570 ** Outdoor air temperature .515 ** .689 ** 
     Open front and back 

openings 
-.476 ** -.625 ** 

     Household size .207  .305 * 
     Open back openings -.186  .026  
     Window to wall ratio .099  -.296 * 
     Open front openings -.079  .047  
     Occupancy .032  .076  
         Floor level -.015   -.066   

23:00 .591 ** .449 ** Outdoor air temperature .572 ** .619 ** 
     Open back openings -.360 * -.349 * 
     Household size .279  .353 * 
 

 
 

 
 Open front and back 

openings 
-.120  -.174  

     Floor level -.104  -.125  
     Window to wall ratio .083  -.273  
     Open front openings .019  .116  
         Occupancy -.004   .111   
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2. Excluding outdoor air temperature (Out_AT) 

Time R2 Adj. R2 Independent variables β r 
0:00 .351   .125   Open back openings -.420   -.374 * 

     Open front and back 
openings 

-.341  -.233  

     Household size .218  .321 * 
     Occupancy .147  .089  
     Floor level -.133  -.139  
     Orientation facing 

East/West 
.067  .039  

     Window to wall ratio -.049  -.272  
     Open front openings -.036  .086  
1:00 .330   .096   Open back openings -.368   -.349 * 

     Open front and back 
openings 

-.340  -.252  

     Household size .219  .307 * 
     Occupancy .130  .074  
     Floor level -.112  -.131  
     Window to wall ratio -.084  -.297 * 
     Orientation facing 

East/West 
.040  .004  

          Open front openings -.008   .113   
2:00 .298  .054  Open front and back 

openings 
-.356  -.275  

     Open back openings -.296  -.277  
     Household size .260  .305 * 
     Floor level -.143  -.171  
     Occupancy .093  .037  
     Window to wall ratio -.052  -.268  
     Open front openings -.050  .058  
     Orientation facing 

East/West 
-.005  -.019  

3:00 .294   .048   Open front and back 
openings 

-.336   -.263   

     Open back openings -.283  -.279  
     Household size .246  .287  
     Floor level -.142  -.184  
     Window to wall ratio -.094  -.300 * 
     Occupancy .094  .025  
     Open front openings -.089  .021  

          Orientation facing 
East/West 

-.017   -.045   
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Time R2 Adj. R2 Independent variables β r 
4:00 0.262  0.005  Open front and back 

openings 
-.261  -.186  

     Open back openings -.232  -.269  
     Window to wall ratio -.228  -.337 * 
     Household size .224  .284  
     Open front openings -.093  .037  
     Floor level -.085  -.178  
     Orientation facing 

East/West 
.021  -.049  

     Occupancy -.011  .008  
5:00 .307   .066   Household size .291   .288   

     Window to wall ratio -.283  -.362 * 
     Open front openings .226  .223  
     Open front and back 

openings 
-.223  -.250  

     Floor level -.073  -.169  
     Orientation facing 

East/West 
.071  -.044  

     Occupancy .035  .121  
     Open back openings -.018  -.105  
6:00 .321   .084   Window to wall ratio -.299   -.339 * 

     Household size .184  .213  
     Floor level -.119  -.179  
     Open back openings -.111  -.100  
     Open front openings .092  .173  
     Orientation facing 

East/West 
.024  -.008  

     Occupancy -.001  .008  
7:00 .355   -.161   Window to wall ratio -.506   -.388 * 
     Solar radiation .434  .280  
     Orientation facing 

East/West 
.285  .015  

     Open front openings .139  .202  
     Occupancy -.107  -.007  
     Open back openings .069  -.132  
     Household size .059  .128  
          Floor level -.033   -.167   
8:00 .184  -.054  Window to wall ratio -.464  -.352 * 

     Orientation facing 
East/West 

.259  .083 * 

     Household size .036  .120  
     Open back openings .030  -.110  
     Occupancy .024  .029  
     Open front openings -.017  .102  
     Floor level .007  -.100  
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Time R2 Adj. R2 Independent variables β r 
9:00 .201   -.032   Orientation facing 

East/West 
.458   .188   

     Window to wall ratio -.457 * -.254  
     Occupancy -.112  .078  
     Floor level .110  .017  
     Open front openings -.108  .024  
     Open back openings .070  -.005  

          Household size .059   .146   
10:00 .339  -.082  Orientation facing 

East/West 
.523  .302 * 

     Window to wall ratio -.477  -.182  
     Open back openings .386  .155  
     Floor level .222  .097  
     Occupancy .106  .190  
     Household size -.073  .153  
     Open front openings .038  .097  
11:00 .335   .141   Orientation facing 

East/West 
.492 * .343 * 

     Window to wall ratio -.448 * -.174  
     Floor level .269  .193  
     Open back openings .224  .045  
     Occupancy .142  .217  
     Household size -.065  .184  

          Open front openings .044   .162   
12:00 .253  .074  Floor level .287  .289  
     Orientation facing 

East/West 
.243  .362 * 

     Open front openings .208  .236  
     Occupancy .111  .216  
     Household size .061  .165  
     Open back openings .003  -.164  
13:00 .328   .167   Floor level .298 ** .343 * 
     Open back openings -.216  -.375 * 
     Open front openings .208  .285  
     Orientation facing 

East/West 
.128  .333 * 

     Household size .112  .149  
          Occupancy .103   .258   

14:00 .475 * .322 * Floor level .395 * .368 * 
     Occupancy .309  .424 ** 
     Open front openings .251  .326 * 
     Window to wall ratio -.228  -.061  
     Orientation facing 

East/West 
.207  .358 * 

     Open back openings -.080  -.455 ** 
     Household size -.063  .114  
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Time R2 Adj. R2 Independent variables β r 
15:00 .419 * .250 * Floor level .344 * .366 * 
     Occupancy .195  .368 * 
     Orientation facing 

East/West 
.193  .397 * 

     Open back openings -.190  -.444 ** 
     Open front openings .183  .336 * 
     Window to wall ratio -.135  .028  

          Household size .025   .112   
16:00 .306  .103  Floor level .274  .301 * 
     Orientation facing 

East/West 
.230  .389 * 

     Open back openings -.207  -.407 ** 
     Occupancy .174  .314 * 
     Open front openings .127  .229  
     Window to wall ratio -.084  .063  
     Household size .022  .112  
17:00 .201   .009   Orientation facing 

East/West 
.265   .334 * 

     Floor level .224  .235  
     Open front openings .219  .228  
     Occupancy .094  .143  
     Household size .041  .112  

          Open back openings .039   -.213   
18:00 .406  .233  Open front and back 

openings 
-.506 ** -.505 ** 

     Orientation facing 
East/West 

.289  .212  

     Floor level .263  .134  
     Window to wall ratio -.233  -.195  
     Occupancy -.111  -.114  
     Household size .084  .139  

          Open front openings -.046   .320 * 
19:00 .591 ** .448 ** Open front and back 

openings 
-.800 ** -.692 ** 

     Open back openings -.269  .112  
     Window to wall ratio -.181  -.279  
     Household size .180  .164  
     Orientation facing 

East/West 
.159  .122  

     Open front openings -.146  .327 * 
     Occupancy -.130  -.087  
     Floor level .116  .040  
          
          
          
          
          
          



Complete results Multiple Regression Analysis using Enter-method 

271 
 

Time R2 Adj. R2 Independent variables β r 
20:00 .507 * .363 * Open front and back 

openings 
-.805 ** -.663 ** 

     Open back openings -.295  .112  
     Open front openings -.231  .179  
     Household size .157  .195  
     Window to wall ratio -.077  -.298 * 
     Occupancy -.073  .094  

          Floor level .018   -.006   
21:00 .471 * .317 * Open front and back 

openings 
-.673 ** -.663 ** 

     Open back openings -.135  .093  
     Household size .135  .231  
     Open front openings -.067  .161  
     Window to wall ratio -.044  -.307 * 
     Occupancy .026  .136  
     Floor level -.001  -.026  
22:00 .491 * .343 * Open front and back 

openings 
-.679 ** -.625 ** 

     Household size .233  .305 * 
     Open back openings -.160  .026  
     Open front openings -.110  .047  
     Occupancy .105  .076  
     Floor level -.049  -.066  

          Window to wall ratio .022   -.296 * 
23:00 .349  .159  Open back openings -.409 * -.349 * 
     Open front and back 

openings 
-.284  -.174  

     Household size .270  .353 * 
     Occupancy .191  .111  
     Floor level -.176  -.125  
     Window to wall ratio -.076  -.273  

          Open front openings -.017   .116   
 
 
 
 
 
 
 

 
 
 
 
 
 



 

272 
 



 

273 
 

 
 
 
 
Appendix F 
 

Detail of questionnaires for the classrooms 
in Dutch colonial buildings  
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Questionnaire 
 

Application of passive cooling techniques in Dutch colonial building to 
apartments for emerging middle classes in Indonesia 

 
 

A. Introduction 

Greetings,  
The purpose of this questionnaire survey is to understand comfort level of the occupants of Dutch 
colonial building in Indonesia. This questionnaire result will be confidentially use for research 
purpose only. It is guaranteed that no personal data will be delivered to public, in any condition. 
Therefore, please comfortably answer the questions.  
Thank you very much for your participation. 
 

B. Personal Identification 

1. Location  : Room 4 / Room 7  

2. Date   :  

3. Time  : 

4. Gender  :        Male         Female 

If you are female, are you wearing hijab (Moslem clothes for woman)? 

     Yes 

     No 

5. Age   : ________ years 

 

 

 

 

 

 

FOR STUDENT 
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6. Position of desk (put check (√) on the desk where you sit): 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

C. Thermal sensation and thermal preference 

Please put check (√) on the following scale to express what you feel in this room 

Morning  

1 How do you feel about the thermal condition in this room in the morning? 

 
 

 

2.  What kind of thermal condition do you prefer to have in this room in the morning? 

 

 

3. How would you rate your overall comfort when you are in this room in morning? 

 

 

 

Cold Cool  Slightly cool Neutral Slightly warm Warm Hot 

-3 -2 -1 0 1 2 3 

Door 

Window 

Whiteboard 

A B C
A 

B 
1 

2 

3 

4 

5 

6 

Cooler No change Warmer 

  

Very 
uncomfortable 

Uncomfortable Slightly 
uncomfortable 

Comfortable 

1 2 3 4 
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4. How do you feel about the relative humidity in this room in the morning? 

 

 

 
5. What kind of humidity do you prefer to have in this room in the morning? 

 

 

 

6. How do you feel about the wind flow in this room in the morning: 

 

 

 

7. What kind of wind flow do you prefer to have in this room in the morning? 

 

 

 

8. How do you feel about the lighting in this room in the morning? 
 

 

 

 
9. What kind of lighting do you prefer to have in this room in the morning? 

 

 

 

Afternoon 

10. How do you feel about the thermal condition in this room in the afternoon? 

 

 

 

-3 -2 -1 0 1 

Too dry Slightly dry Just right Slightly 
humid 

Too humid 

Lower 
humidity 

No change Higher 
humidity 

   

     

Too still Slightly still Just right Slightly 
breezy 

Too breezy 

Less air 
flow 

No change More air flow 

   

Dimmer No change Brighter 

   

Very dim Dim  Slightly dim Neutral Slightly bright Bright Too bright 

-3 -2 -1 0 1 2 3 

Cold Cool  Slightly cool Neutral Slightly warm Warm Hot 

-3 -2 -1 0 1 2 3 
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11. What kind of thermal condition do you prefer to have in this room in the afternoon? 

 

 

12. How would you rate your overall comfort when you are in this room in afternoon? 

 

 

 

13. How do you feel about the relative humidity in this room in the afternoon? 

 

 

14. What kind of humidity do you prefer to have in this room in the afternoon? 

 

 

 

15. How do you feel about the wind flow in this room in the afternoon? 

 

 

 

16. What kind of wind flow do you prefer to have in this room in the afternoon? 
 
 
 
 

17. How do you feel about the lighting in this room in the afternoon? 

 

 

18. What kind of lighting do you prefer to have in this room in the afternoon? 
 

 

 

Cooler No change Warmer 

     

Too dry Slightly dry Just right Slightly 
humid 

Too humid 

Lower 
humidity 

No change Higher 
humidity 

   

     

Too still Slightly still Just right Slightly 
breezy 

Too breezy 

Less air 
flow 

No change More air flow 

   

Dimmer No change Brighter 

   

Very 
uncomfortable 

Uncomfortable Slightly 
uncomfortable 

Comfortable 

1 2 3 4 

Very dim Dim  Slightly dim Neutral Slightly bright Bright Too bright 

-3 -2 -1 0 1 2 3 
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Questionnaire 
 

Application of passive cooling techniques in Dutch colonial building to 
apartments for emerging middle classes in Indonesia 

 
 

A. Introduction 

Greetings.  
The purpose of this questionnaire survey is to understand comfort level of occupants of Dutch 
colonial building in Indonesia. This questionnaire result will be confidentially use for research 
purpose only. It is guaranteed that no personal data will be delivered to public, in any condition. 
Therefore, please comfortably answer the questions.  
Thank you very much for your participation. 

 

B. Personal Identification 

1. Location   : Room 4 / Room 7  

2. Number of students : 

3. Date   :  

4. Time   : 

5. Gender   :       Male        Female 

If you are female, are you wearing hijab (Moslem clothes for woman)? 

     Yes 

     No 

6. Age   : ________ years 

 

 

 

 

FOR TEACHER 
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7. Teaching schedule : 

No Day Time 

1 Monday    

2 Tuesday    

3 Wednesday    

4 Thursday    

5 Friday    

 

C. Thermal sensation and thermal preference 

Please put check (√) on the following scale to express what you feel in this room 

Morning  

1. How do you feel about the thermal condition in this room in the morning? 

 
 

 

2. What kind of thermal condition do you prefer to have in this room in the morning? 
 

 

3. How would you rate your overall comfort when you are in this room in morning? 

 

 

 

4. How do you feel about the relative humidity in this room in the morning? 

 

 

 
5. What kind of humidity do you prefer to have in this room in the morning? 

 

 

Cold Cool  Slightly cool Neutral Slightly warm Warm Hot 

-3 -2 -1 0 1 2 3 

Cooler No change Warmer 

  

Very 
uncomfortable 

Uncomfortable Slightly 
uncomfortable 

Comfortable 

1 2 3 4 

-3 -2 -1 0 1 

Too dry Slightly dry Just right Slightly 
humid 

Too humid 

Lower 
humidity 

No change Higher 
humidity 
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6. How do you feel about the wind flow in this room in the morning: 

 

 

 

7. What kind of wind flow do you prefer to have in this room in the morning? 

 

 

 

8. How do you feel about the lighting in this room in the morning? 
 

 

 
9. What kind of lighting do you prefer to have in this room in the morning? 

 

 

 

Afternoon 

10. How do you feel about the thermal condition in this room in the afternoon? 

 

 

11. What kind of thermal condition do you prefer to have in this room in the afternoon? 

 

 

12. How would you rate your overall comfort when you are in this room in afternoon? 

 

 

 

 

 

Cooler No change Warmer 

Very 
uncomfortable 

Uncomfortable Slightly 
uncomfortable 

Comfortable 

1 2 3 4 

     

Too still Slightly still Just right Slightly 
breezy 

Too breezy 

Less air 
flow 

No change More air flow 

   

Dimmer No change Brighter 

   

Very dim Dim  Slightly dim Neutral Slightly bright Bright Too bright 

-3 -2 -1 0 1 2 3 

Cold Cool  Slightly cool Neutral Slightly warm Warm Hot 

-3 -2 -1 0 1 2 3 
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13. How do you feel about the relative humidity in this room in the afternoon? 

 

 

14. What kind of humidity do you prefer to have in this room in the afternoon? 

 

 

 

15. How do you feel about the wind flow in this room in the afternoon? 

 

 

 

16. What kind of wind flow do you prefer to have in this room in the afternoon? 
 
 
 
 

17. How do you feel about the lighting in this room in the afternoon? 

 

 

18. What kind of lighting do you prefer to have in this room in the afternoon? 
 

 

 

D. Additional comments 

Please write your thought about the thermal environment in this room freely 

 

 
 
 

     

Too dry Slightly dry Just right Slightly 
humid 

Too humid 

Lower 
humidity 

No change Higher 
humidity 

   

     

Too still Slightly still Just right Slightly 
breezy 

Too breezy 

Less air 
flow 

No change More air flow 

   

Dimmer No change Brighter 

   

Very dim Dim  Slightly dim Neutral Slightly bright Bright Too bright 

-3 -2 -1 0 1 2 3 
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Appendix G 
 

Complete results of questionnaires in Case 
Study 1: SMAN 3 Bandung 
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1. Thermal votes 

a. Overall samples 

 
 
 

b. Samples on the middle-area 

 
 
 

c. Samples on the edge-area (near windows/door) 
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2. Humidity votes 

a. Overall samples 

 
 

b. Samples on the middle-area 

 
 

c. Samples on the edge-area (near windows/door) 
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3. Wind speed votes 

a. Overall samples 

 
 

b. Samples on the middle-area 

 
 

c. Samples on the edge-area (near windows/door) 
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4. Lighting votes 

a. Overall samples 

 
 

b. Samples on the middle-area 

 
 

c. Samples on the edge-area (near windows/door) 
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