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Abstract 

Energy efficiency of houses in cities in the tropical savanna climate presents 

challenges for urban design. Urban and suburban environments prove that prevailing breeze 

access has the potential to improve thermal comfort in tropical houses and reduce the energy 

needed for cooling. In recent years, many countries, including Australia, have introduced 

more stringent requirements for energy efficiency of houses. However, a review of existing 

design practices for housing and subdivisions in Australia’s tropical savanna climate zone 

identified an inadequacy of the current residential energy rating methodology as a tool for 

assessing tropical housing performance, that there was a lack of research on the thermal 

performance of modern houses operating in dual mode (natural ventilation and cooling), and 

on occupant thermal comfort in modern houses built under recent energy efficiency 

regulations.  

This research aims to investigate pathways for optimal provision of thermal comfort 

and sustainability of residential housing in the tropical savanna climate based on the 

interrelationships between climatic conditions, urban design, and occupant behaviour. The 

research is based on the existing design practices applied to housing and subdivisions in the 

tropical savanna climate with reference to two suburbs in the city of Darwin in the Northern 

Territory, Australia.  

The thermal performance of tropical houses was investigated based on occupant 

adjustment strategies and urban design factors using simulation software, climatic condition 

measurements, an occupant thermal comfort survey, and an analysis of energy consumption 

across 40 households. The simulation demonstrated that unobstructed wind flow increases 

thermal comfort hours predominantly in the Dry Season and reduces the cooling energy 

required for an elevated lightweight construction house by 17%. The analysis of post-

occupancy electricity consumption of the average household confirmed wind speed and 



iv 

direction as significant impact factors. The survey results demonstrated that 70% of survey 

respondents were satisfied with indoor conditions in the Wet Season and 80% in the Build-

Up in naturally ventilated houses.  

This study filled gaps left by previous studies and made a significant contribution to 

the knowledge of the post-occupancy performance of modern tropical houses and can 

contribute to the design process of future tropical urban developments. 
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Chapter 1. Introduction  

1.1. Introduction 

A study, commissioned by the Australian Government in 2008, predicted a 56% 

increase in energy consumption for cooling between 1990 – 2020 and identified the 

reduction in energy consumption as a target for programs designed to improve the energy 

efficiency of building envelopes (DEWHA, 2008). The optimal provision of energy 

efficiency and thermal comfort for residential housing in the hot and humid tropics presents 

challenges and opportunities for housing and subdivision design. Climatic challenges come in 

the form of high ambient temperature and humidity, especially during the Wet Season and 

transition periods. On the other hand, climatic advantages come in the form of breezes, 

coupled with relatively dry air during the Dry Season, enabling thermal comfort attainment 

through natural ventilation that employs prevailing breezes (Safarova et al., 2018).  

The city of Darwin, Northern Territory (NT), is in Australia’s tropical region, with a 

climate characterised by distinct Dry and Wet Seasons of approximately equal length. Each is 

separated by a shorter transition period, with the transition from Dry to Wet seasons in 

October and November, locally termed ‘the Build-Up’, being particularly hot and humid. 

According to the Bureau of Meteorology, Darwin experiences around 150 to 200 days of 

discomfort a year due to the hot and humid weather (BOM, 1998; Safarova et al., 2018). This 

leads to an increase in energy usage. According to DEWHA (2008), cooling accounts for 

about 33% of the total household electricity consumption in the NT with the average annual 

electricity bill for low-income households in Darwin being about 14.4% higher than the 

national average during 2017–2018 (Utilities Commission of Northern Territory, 2018). 

Several interconnected factors may contribute to this, including the local microclimate, the 

city’s urban design, building design, the use of inefficient appliances, and human behaviour 

(Ratti et al., 2005). 
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In addition to the tropical climatic challenges, the Australian Bureau of Meteorology 

projected that temperatures will continue to rise and forecasts changes will be felt through an 

increase in the number of hot days and warm nights (CSIRO & BOM, 2015). The rapid 

growth of urban sprawl that replaces natural land surfaces with buildings and roads is directly 

connected to the projected changes that occur due to loss of vegetation, an increase in 

anthropogenic emissions and pollutants, a change in airflow, and water permeability 

(Landsberg, 1981).  

1.1.1. Urban Design and Building Energy Efficiency 

Population growth forces planners to increase the net residential density through 

changes in prescriptive codes for single-dwelling zones. The increase in residential density 

and a projected increase in the number of warm and hot days may affect the thermal 

performance of houses in urban tropical environments (Trihamdani, 2014). However, the 

effects of high temperatures in urban environments can be reduced through shading of built 

structures, providing breeze corridors, shorter street blocks and creating green open areas 

(Johansson & Emmanuel, 2006; Lin et al., 2010; Lin, 2016; Abreu et al., 2012; Ng, 2016). 

Some studies recommend having parallel streets aligned to prevailing breezes with lower 

buildings on the windward sides of the city in order to channel the wind into the city (Ng, 

2016). Other studies suggest that a staggered design of blocks of land (lots), with wider 

building setbacks to provide wind flow through residential developments (subdivisions), 

highlighting that narrow gaps prevent airflow and natural ventilation (Crawford et al., 2009; 

Hyde, 2008; Tantasavasdi et al., 2001; Hall, 2010). A ‘setback’, for a building, means the 

shortest distance, measured horizontally, between the outermost projection of the building to 

the vertical projection of the boundary of the lot where the building is situated (QDC, 2005). 

Several studies support the argument that the application of passive cooling building 

design techniques provides thermal comfort and improves the energy efficiency of buildings 
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(Olgyay, 1963; Baker, 1987; Givoni, 1994; Aynsley, 2014). The provision of cross-ventilation 

to the house is among the passive cooling methods applied in a hot and humid climate. 

Cross-ventilation can be achieved through the orientation of a building and window 

openings to capture prevailing breezes, the elevation of the house above the ground, and the 

smaller windward openings in a building compared to leeward openings in order to provide 

increased airflow speed in a room. In hot climates, open plan dwellings are more suitable for 

cooling through natural ventilation (Olgyay, 1963). 

On the other hand, efficient air-conditioning requires specific building design 

techniques that insulate indoor conditions from the impacts of the outdoor environment: air 

temperature, solar radiation, and humidity. Humid air entering the home adds additional 

dehumidification load to the total cooling load resulting in increased overall cooling energy 

consumption. The provision of thermal comfort using conventional air-conditioning 

generally requires airtightness of houses coupled with the high thermal mass of the building 

envelope, aimed at minimising the thermal interaction (exchanges) between indoor and 

outdoor (Wilhite, 2009; Safarova et al., 2018).  

The Australian Building Codes Board (ABCB) classifies hot and humid climates as 

Climate Zone 1. Houses in this climate are required to have a minimum ventilation opening 

area of 7.5% of the floor area for each habitable room and windows complying with the 

maximum air infiltration rates specified in Australian Standard 2047 (18 m3/h m2) to prevent 

hot and humid air from entering the dwelling (ABCB, 2010). 

Most modern Darwin houses have a high thermal mass envelope, and built on a slab 

on the ground, designed to withstand cyclones. Open plan living rooms have large openings 

and access to a private open space to allow for natural ventilation. Those houses operating in 

dual mode, provide thermal comfort employing both natural ventilation and air-conditioning. 
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Further studies are required to investigate how the modern house designed to 

operate in dual mode, and subdivisions designed to provide access to prevailing breezes, 

affect cooling energy consumption of households in Darwin.  

1.1.2. House Energy Efficiency Rating  

In 1993, the Australian Government introduced the Nationwide House Energy 

Rating Scheme (NatHERS) to encourage energy-efficient building design and construction 

and to become a reliable scheme to evaluate, estimate, and rate the potential thermal 

performance of residential buildings in Australia (Commonwealth of Australia, 2019). A 

building’s thermal performance and energy efficiency are predicted using simulation tools 

based on weather data, terrain exposure, building construction data, and human behaviour 

factors (DoEE, 2019). Energy consumption and thermal comfort, as predicted by any 

NatHERS software, are based on various inputs to the software, including weather data, 

terrain exposure, occupancy settings for a 'standard family', heat loads, and a star rating scale 

for the location (Department of Industry, 2015). However, NatHERS accredited software 

"does not consider … the behaviour of the actual household" (Berry & Marker, 2015). In 

other words, the rating outcome of the software is heavily influenced by the thermal 

performance of the envelope (i.e., external walls, windows, and doors) of the house.  

1.1.2.1. Thermal Comfort Indices 

Thermal comfort is an important factor in the design of urban spaces and the 

estimation of cooling/heating energy consumption of buildings. There are several indices 

adopted for the thermal performance of buildings. The American Society of Heating, 

Refrigerating and Air-Conditioning Engineers (ASHRAE) 55-2017 industry standard, which 

addresses thermal comfort conditions in occupied buildings, is based on the heat balance 

model (ASHRAE 54) and uses the Predicted Mean Vote (PMV) and the Predicted 

Percentage of Dissatisfied (PPD) indices (ASHRAE, 2017). According to this model, thermal 
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comfort depends on the following six factors: air temperature, air humidity, air velocity, 

mean radiant temperature, clothing insulation, and metabolic rate (Fanger, 1970).  

The adaptive model was developed for naturally ventilated buildings that were not 

covered by the heat balance model (de Dear & Brager, 1998; Humphreys & Nicol, 2002; 

Halawa & van Hoof, 2012). The adaptive model is based on a regression equation of indoor 

neutral temperatures that depends on the mean monthly outdoor temperature and does not 

consider personal variables and adaptive activities of the occupants in air-conditioned houses 

(Fanger & Toftum, 2002).  

The ET* thermal comfort index was developed in a laboratory environment and 

based on the fact that thermal comfort can be equally achieved through a different 

combination of air temperature and relative humidity in two environments that have the 

same air velocity (Szokolay, 2001). The ET* index calculation is based on operative 

temperature, skin wettedness, clothing permeation, the ratio of effective evaporative heat 

transfer coefficient, the partial pressure of dry air, and saturation vapour pressure at ET* 

(Szokolay, 2001). NatHERS accredited software uses an approximation of ET*, based on 

neutral temperature and the cooling effect of air movement (Delsante, 2005; Auliciems & 

Szokolay, 1997).  

The review of indoor thermal comfort research in Chapter 2 reveals the shift towards 

the adaptive model (de Dear et al., 2013). However, the introduction of mixed-mode (dual 

mode) houses brings up an issue of occupants "duality of comfort expectations" (de Dear et 

al., 2013). Therefore, there is a need for further research into thermal comfort and the 

development of thermal comfort indices specifically for hot and humid tropical climates. 

1.1.2.2. Natural ventilation simulation  

As mentioned (Section 1.1.2.1), thermal comfort depends on the air velocity that can 

be achieved through natural ventilation using passive design methods. NatHERS accredited 
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software uses terrain categories (surface roughness) in its wind pressure calculation to 

simulate the thermal performance of a naturally ventilated house (DoEE, 2019). Studies have 

revealed that the wind pressure coefficient depends on wind angle, the ratio of building 

parameters (length/width), and the space and geometric angles between the test building and 

surrounding obstructions, buildings, and objects (Swami & Chandra, 1988; Wiren, 1983; 

Sharag-Eldin 2007). The terrain category does not specifically account for building setbacks, 

and the ratio of building parameters. The application of the mathematical model suggested 

by Swami and Chandra in a simulation of natural ventilation would provide an accurate 

representation of the surrounding environment in a simulation of the natural ventilation and 

prediction of the thermal performance of houses in a hot and humid climate (Swami & 

Chandra, 1988).  

1.1.3. Thermal performance of houses in Darwin 

Studies on the thermal performance of houses in the Australian tropical regions of 

Darwin, Weipa, Nguiu, and Wadeye across the Northern Territory and Queensland, vary in 

depth and scope (Wyndham, 1963; Kane et al., 2009; Martel & Horne, 2011; Auliciems & de 

Dear, 1986; Williamson et al., 1991; Daniel et al., 2014; Miller, 2013). These studies can be 

divided into two groups: 1) those based on thermal comfort simulations and 2) those based 

on survey questionnaires and measurements of indoor conditions.  

Kane et al. (2009) and Tenorio (2001) carried out studies on the improvement of the 

thermal comfort of Darwin houses through passive design. Kane et al. (2009) used TRNSYS 

software to simulate the thermal performance of an elevated lightweight non-insulated free-

running house and a concrete house. The study by Kane et al. (2009) indicated that the 

maximum indoor temperature could reach over 36 °C, with relative humidity levels over 80% 

in both houses under natural ventilation. According to Kane et al. (2009), increased 
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ventilation can provide conditions where occupants may feel thermally comfortable based on 

the PMV/PPD index.  

Tenorio (2001) focused on the thermal performance simulation of a dual-mode 

house using the ESP-r software package. Tenorio (2001) indicated that heavyweight 

construction houses could provide comfort through natural ventilation, and fan and air-

conditioner use. However, the accumulated heat within the structure would require high 

cooling energy for the bedroom at night and, therefore, a lightweight construction house 

with insulated walls would be more energy efficient in Darwin’s climate.  

Williamson et al. (1991) and Daniel et al. (2014) carried out studies on thermal 

comfort and thermal adaptation in Darwin. Williamson et al. (1991) used the seven-point 

ASHRAE scale for thermal sensation and developed a discomfort scale to study the effects 

of humidity. The study conducted a survey and measured the indoor conditions in 31 houses 

in Darwin during six weeks in the Build-Up and Wet Season. According to this study, 50% 

of votes in air-conditioned and 48% in naturally ventilated houses were from people feeling 

slightly uncomfortable, uncomfortable, and very uncomfortable during Build-Up. The study concluded 

that PMV index values are greater than the Actual Mean Vote (AMV). This outcome reveals 

that neither indices consider such factors as the expectations and climate adaptation of 

occupants in tropical climates and cannot predict the thermal performance of tropical houses 

(Fanger & Toftum, 2002; de Dear et al., 2013; Williamson et al., 1991).  

Between June and December, 2013, Daniel et al. (2014) surveyed the thermal 

sensations, preferences, and comfort levels of what they called ‘Darwin’s thermal maverick' 

households (occupants ‘with higher levels of environmental concern than general 

population’). The measurement of indoor conditions during the survey in the Dry Season 

showed a wide range of indoor operative temperatures 22 °C–34 °C and relative humidity 

20%–94%. According to this study, those of Darwin 'thermal maverick' residents with high 
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levels of environmental concern living in partially or wholly naturally ventilated houses had 

comfort preferences at temperatures that are outside of the ASHRAE adaptive comfort 

limits. Despite the need to segregate the results for the distinct Dry and Wet Seasons, the 

findings of this research can be applied to people who live in naturally ventilated houses in 

places with similar climatic conditions. 

 The further review of these studies is presented in Chapter 2. This review 

demonstrates the discrepancy between the simulation and actual thermal comfort vote, 

which arrives at the conclusion that there is a need for further investigation of thermal 

comfort in modern houses operating in a dual mode.  

1.1.4. Issues and gaps  

Post-occupancy evaluation is an inevitable part of energy-efficient house design 

process. It gathers information on the actual thermal performance of houses and develops 

feedback for the further optimisation of the rating software (Meir et al., 2009). Recent studies 

on the accuracy of energy efficiency star ratings suggest that the energy efficiency and 

thermal performance predicted by NatHERS simulation software does not correlate well 

with actual residential thermal conditions and energy consumption (Ambrose et al., 2013; 

Williamson et al., 2010).  

This research proposes to fill in these gaps and set a new direction for future research 

to ameliorate these issues for the tropics (Safarova et al., 2018). 

1.1.5. Aim and objectives of this study  

This research aims to investigate pathways for optimal provision of thermal comfort 

and sustainability of residential housing in the hot and humid tropics based on an 

interrelationship between the climatic conditions, urban design, building design and 

occupant’s behaviour. The primary objectives of this research are:  
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1. To investigate the impact of urban design factors on the thermal performance of 

modern houses through simulation of the thermal performance and measurement 

of indoor climatic conditions;  

2. To investigate the thermal performance of modern houses under different 

occupant’s indoor environment adjustment strategies; 

3. To investigate the relationship between household electricity consumption and 

urban design factors; and 

4. To investigate the thermal comfort, preferences, and adjustment behaviour of 

occupants in modern houses.  

1.1.6. Thesis structure 

This thesis is organised into five chapters. Chapter 1 includes an introduction for this 

research. The introduction presents issues and gaps of the existing design practices for 

housing and subdivisions in cities with a tropical savanna climate, and outlines the aims and 

objectives of this study. Chapter 2 presents a literature review that was published as a journal 

paper (Safarova et al., 2018). 

Chapter 3 presents the results of the simulation of the thermal performance of 

tropical houses in connection with an occupant’s indoor environment adjustment strategies 

and urban design factors. The results of the simulation are presented and analysed in 

comparison with the thermal performance of case study houses. The thermal performance of 

four types of detached house was carried out in TRNSYS software using TRNBUILD and 

TRNFLOW tools. The four types of detached houses modelled were an elevated lightweight 

construction house with custom orb steel panels, two elevated and single-storey houses with 

weather panels (a lightweight construction material used for building houses), and a 

heavyweight construction single storey house. Optimisation of the natural ventilation hours 

and mechanical cooling was performed to receive an optimal outcome in the thermal 
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performance of the lightweight construction houses. The impact of a building setback on a 

house thermal performance was investigated and presented in this chapter. 

Chapter 4 is a published paper that examines the relationship between household 

electricity consumption and subdivision design. The paper presents the results of 

comparative analysis of household consumption by the size of the household, occupants’ 

behaviour, the ratio of building area to lot area, and house star rating in the Darwin suburbs 

of Muirhead and Lyons. The baseload is investigated through mathematical modelling. 

Multivariate regression analysis was applied to investigate the baseload and cooling energy 

consumption of the average household in each suburb (Appendix 2). 

Chapter 5 presents the results of a survey of thermal comfort and personal adaptive 

behaviour conducted among occupants of 38 modern houses in Darwin. This chapter 

investigates indoor environmental parameters in naturally ventilated and air-conditioned 

houses in case study suburbs. The study findings revealed that respondents felt comfortable 

in thermal conditions that were outside the recommendations for five-star rated houses in 

Darwin.  

Chapter 6 discusses the results of the simulation of the thermal performance, 

household survey and energy consumption, and then draws conclusions and 

recommendations from the previous chapters and comments on their limitations and future 

directions. 
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Chapter 2. Literature Review 

This work has been published in the following paper: 
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Pathways for Optimal Provision of Thermal Comfort and 

Sustainability of Residential Housing in Hot and Humid 

Tropics of Australia- A Critical Review 

 

Shokhida Safarova1, Edward Halawa1, Andrew Campbell2, Lisa 

Law3, Joost van Hoof4 

 
2.1. Abstract 

The optimal provision of thermal comfort and energy efficiency for residential housing 

in the hot and humid tropics presents challenges and opportunities for housing and subdivision 

designs. Climatic challenges come in the form of high ambient temperature and humidity, 

especially during the wet season and transition periods. On the other hand, climatic advantages 

come in the form of breezes coupled with relatively dry air during the dry season, enabling 

thermal comfort attainment through natural ventilation that employs prevailing breezes. This 

paper discusses existing design practices for housing and subdivisions in the hot and humid 

tropics with particular reference to the city of Darwin in Australia’s Northern Territory. This 

includes several research issues and gaps that have been identified and need to be addressed. 

The paper also critically assesses how air speed, air temperature and humidity - three of the 

thermal comfort parameters - play a key role in housing and subdivision design consideration in 

the hot and humid tropics. In doing so, the paper sheds light on the inadequacy of the current 
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residential energy rating methodology as a tool for assessing tropical housing performance and 

proposes a new direction for future research to ameliorate these issues for the tropics. 

Keywords: thermal comfort; urban design; building design; hot and humid tropics; 

residential energy rating 

2.2. Introduction 

The residential sector, one of the most energy-intensive amongst all economic sectors, 

accounted for 12% of Australia’s total energy consumption in 2007 [1]. Likewise, the energy 

consumption for heating and cooling of residential buildings amounts to approximately 40% of 

the total residential operational energy [2]. Growing greenhouse gas emissions and energy 

demands are correlated with population growth and an increase in the number of detached 

residential buildings with a larger floor area [3].  

In 2008 the Australian Government commissioned a study, which predicted a 56% 

increase in energy consumption over the period 1990 to 2020 [1]. One of the major issues 

identified in the study was a high space cooling load during summer (i.e., heat removal from air-

conditioned spaces during the hot months). The reduction in energy consumption per 

household has, therefore, been identified as a target for programs designed to improve energy 

efficiency of building envelopes [1]. According to this study, cooling accounts for about 33% of 

the total household electricity consumption in the Northern Territory (NT).  

The city of Darwin, NT, is in Australia’s tropical region and its climate is characterised 

by distinct wet and dry seasons of approximately equal length, each separated by a shorter 

transition period. According to the Bureau of Meteorology [4], Darwin experiences around 150 

to 200 discomfort days in a year due to the hot and humid weather. 

The average household in Darwin spent AUS$ 51.30 per week on electricity in 

2009/2010 - the highest among all other capital cities in Australia [5]; the difference ranges 

from AUS$ 1.06 to 22.63 per week. The average household in Miami, FL, USA, classified as 
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tropical monsoon climate zone in the Köppen–Geiger climate classification, spends around 

US$ 30 (AUS$ 40) on a weekly basis [6]. Darwin also came third in average household water 

expenditure after Adelaide, SA, and Canberra, ACT, despite having the lowest price of 

AU$ 2.19 per kilolitre compared to other states and territories [5, 6]. According to Australian 

Bureau of Statistics [7] household water consumption per capita for 2013-14 was 90% higher 

than the national per capita consumption. A number of interconnected factors may contribute 

to this, including the local microclimate, the city’s urban design, the overall building design, the 

use of appliances and human behaviour [8].  

Climate change projections and increase in energy costs and consumption led to the 

introduction of more stringent energy efficiency requirements to the building design [1, 9, 10], 

and in the tropics this led to houses operating in a dual mode: air-conditioned and naturally 

ventilated [11]. In the meantime, population growth forces planners to increase the net 

residential density through changes in prescriptive codes for single dwelling zones. The increase 

in residential density and projected increase in number of warm and hot days may affect the 

thermal performance of houses in urban tropical environments [12].  

This paper critically reviews the pathways for achieving optimum thermal comfort and 

energy sustainability for residential housing in the hot and humid tropical conditions of Darwin. 

The paper first describes the climatic conditions of Darwin, then provides an overview of 

building designs typically found in the region, and describes the role of subdivisions in attaining 

optimal energy use. A number of research issues and gaps related to housing and subdivision 

designs in the tropics are then discussed and critically examined. These include early studies on 

tropical housing, issues related to thermal comfort, and building rating and modelling software. 

The next section discusses the conflicting roles of air movement, temperature, and humidity in 

formulating sustainable tropical design principles that rely upon natural ventilation to exploit 
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prevailing breezes. The paper concludes by highlighting the need for addressing the identified 

research issues and gaps. 

2.3. The climate in Darwin 

Darwin is within tropical wet and dry or savannah climate zone (Aw in the Köppen–

Geiger climate classification) [13]. In other parts of the world cities with the same climatic 

conditions are Mumbai and Chennai in India, Bangkok in Thailand, Lagos in Nigeria, Ho Chi 

Minh City in Vietnam, Dar es Salaam in Tanzania and Dili in East-Timor.  

The climate of Darwin can be divided into (1) dry period from May to September, 

when skies are clear and the trades5 blow from the south-east, and (2) a hot-humid period from 

November to March, with variable winds mainly blowing from the west to north-west (Figure 

2.1) [16]. South-easterlies and easterlies affect Darwin for most of the year and only become 

weaker during the dry-wet transitional period with the increase of monsoonal winds from a 

west and north-west direction (Figure 2.2) [16]. April and October are transitional months. The 

position of the monsoon trough determines weather in the wet season. The monsoon trough 

starts with a prolonged inactive phase (locally referred to as the ‘build-up’) followed by 

active/inactive cycles. The inactive phase is characterised by light winds, isolated showers, and 

thunderstorm activity. The active phase is usually associated with broad areas of cloud and rain, 

with sustained moderate to fresh north-westerly winds on the north side of the trough. Tropical 

cyclones, characterised by heavy rain and high winds, can develop off the coast in the wet 

season [4]. 

                                                            
5 The trade winds are the east to south-easterly winds (in the Southern Hemisphere) which affect tropical and 
subtropical regions, including the northern areas of Australia. During the monsoon season in Northern Australia, 
the easterly trade winds are replaced by moist north-westerly (monsoonal) winds from the Indian Ocean and 
Southern Asian ocean waters [15]. 
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Figure 2.1. Map of Darwin [14]. 



23 

 

Figure 2.2. Wind wheel, Darwin Airport Weather Station: a) May-September, b) November-March. Created in 

Climate Consultant 6.0 Beta. 

The moderate variation in temperature is the result of the effects of warm tropical seas 

(Figure 2.3). November is a build-up period of the wet season and generally the hottest month 

of the year. The daily maximum temperature is 34 °C in November and may get over 30 °C in 

June and July. High humidity is a characteristic of coastal locations during the wet season, and 

annual mean humidity levels range from 54% for 15:00 to 71% for 09:00 readings. Darwin’s 

transitional and wet seasons are characterised by low wind speeds and high relative humidity 
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levels in mornings, while the afternoon observations show stronger winds and 10-15% lower 

relative humidity (RH). 

According to the report on climate change the average number of days per year with 

maximum temperature above 35 °C for Darwin may increase from 11 days at present to 43 

days in 2030 [10].  

 

Figure 2.3. Monthly mean daily temperatures and relative humidity for Darwin Airport [17]. 

2.4. Building designs and the role of subdivisions 

In the past shelters in hot and humid climates were characterised by large-gabled roofs 

covered with grass to insulate against the sun, protect from rain, and provide a large shadow 

area. To allow free air movement these shelters often did not have walls and the floors were 

raised above the ground to keep them dry and allow air circulation [18]. This design was 

consistent with the knowledge and resources of that time and the development of air-

conditioning reveal that people were searching for means of improvement of indoor 

conditions. 

The emergence of affordable air conditioning systems altered expectations of indoor 

thermal comfort and the design of homes. Despite air conditioning being considered as one of 

the tools involved in the ‘homogenization of people’, leading to ‘thermal monotony’ [19], it 

creates an opportunity to maintain the temperature, humidity, and circulation of air as desired 
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by the occupants. Efficient air conditioning requires specific building design techniques that 

insulate the indoor conditions from the impacts of the outdoor environment: air temperature, 

solar radiation, and humidity. This is normally achieved through building a shell with high 

thermal mass, with smaller opening areas to prevent air leakage, and with insulated roof and 

wall spaces to prevent heat gain. Thus, air-conditioning has had significant impacts on housing 

designs in regions that require cooling, including the tropics.  

2.5. Building Design  

Modern tropical architectures have to provide thermally comfortable shelter, but should 

also meet the requirements of energy efficient houses. A number of studies argued that the 

application of passive cooling design techniques provides thermal comfort and improves energy 

efficiency of buildings [18, 20- 22]. According several studies, the building solar orientation has a 

significant influence on energy efficiency [18, 20, 23]. The heat absorption of a surface depends 

on the capacity of the building material and orientation of the surface with respect to the sun’s 

azimuth in the sky. The important factor to energy efficiency is a capacity of ‘building materials’ 

to reflect, absorb, and store solar radiation. The heat storage capacity of building materials is 

expressed by the thermal mass, which is a function of material density and specific heat [23]. 

The thermal performance of building materials was studied in Hong Kong [24] and the 

experimental results showed that the light mass materials cool down faster during the night 

time, while high mass materials delayed the time of the peak internal temperatures and 

increased the minimum temperature in free-running houses. In an air-conditioned house high 

mass building materials work better by delaying the time of peak internal temperature in the day 

time and storing the cool temperatures from night air-conditioning for the next day. Therefore, 

Cheng et al. [24] argued that for free-running houses it is better to use light mass materials, and 

that air-conditioned houses should be built employing high thermal mass. However, the 

orientation of the building wall with the smaller area to the direct radiation of the sun and 
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shading, provided by wide eaves and vegetation, can be applied to reduce the heat gain [20]. In 

tropics, roof is the most exposed to solar radiation part of building structure. The heat flow 

through different roof and ceiling materials was investigated in Sri Lankan houses [25]. 

Different combinations of roof (clay tiles, corrugated fibre-cement sheet and clay tiles on 

corrugated fibre-cement sheet) and ceiling (no ceiling, fibre-cement, and timber) were used in 

this study. The study revealed that air temperature in the completely closed houses was lower 

than outside temperature under all three combinations of roof and ceiling during daytime, but 

higher at night. Houses with “tiles on fibre-cement” roof and no ceiling performed better in 

daytime, but were warmer at night [25]. This study only investigated thermal conditions in 

closed houses and did not apply night ventilation. 

The specification of cross ventilation to the house is another cooling method applied in 

hot and humid climate. One of the techniques used to achieve cross ventilation is to raise the 

house above the ground. Vegetation restricts wind flow and raising a building floor to a height 

of 2.5 meters above the ground allows for better cross ventilation [21, 22]. The smaller 

windward openings in a building compared to the leeward openings provide an increased speed 

of airflow in a room. The actual figure will be determined on case-by-case basis through 

building energy modelling package employed. Attention should also be given to internal walls 

and furniture layout, which create obstacles to airflow; in hot climates, open plan dwellings are 

more suitable for cooling through natural ventilation [18]. 

Some free-running houses initially rely on natural ventilation and have large windows 

with glass louvres, but later occupants install air conditioners and pay a high price for the 

cooling energy because free running buildings are not designed to operate efficiently with 

artificial cooling. Humid (and hot) air entering the home adds the dehumidification load to the 

cooling load resulting in increased overall cooling energy consumption. Another issue with the 
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"low thermal mass" home is the large heat flow from an uninsulated roof with the sol-air6 

temperature sometimes exceeding 60 °C during the daytime [26]. 

Free-running buildings in Darwin employ various passive cooling design techniques to 

provide thermal comfort. These techniques include reducing solar heat gain through proper 

orientation of the house, shading, selecting appropriate building fabric, and the provision of 

natural ventilation through building orientation with openings to capture prevailing breezes.  

Well-designed dwellings with high thermal mass coupled with highly efficient 

appliances, and renewable energy systems bring not only comfort, but also significant energy 

savings and reductions in greenhouse gas emissions to households in temperate climates [28, 

29]. The provision of thermal comfort using conventional air conditioning generally requires air 

tightness of houses coupled with high thermal mass of the building envelop aimed at 

minimising the thermal interaction (exchanges) between indoor and outdoor. In Climate Zone 

1 houses with air conditioning are required to have minimum 7.5% ventilation opening area as 

a percentage of the floor area for each habitable room and windows complying with the 

maximum air infiltration rates specified in AS 2047 (5 l/s m2) to prevent hot and humid air 

from entering the dwelling [30]. To reduce heat gain roof, external walls and floors have to 

meet Building Code of Australia requirements to thermal resistance characteristics through 

insulation and/or high thermal mass walls and floors.  

Debates around naturally ventilated versus air-conditioned have resulted in dual mode 

houses incorporating the design elements of both types of dwellings. Tenorio’s [31] simulation 

of thermal comfort in Darwin’s dual mode house showed that high thermal mass could provide 

comfort through natural ventilation and fan use, and efficiently operate in air-conditioned mode 

when required. However, the energy requirement for bedroom use (i.e., night-time) could be 

                                                            
6 ‘The sol-air temperature is defined as the outside air temperature which, in the absence of solar radiation, would 
give the same temperature distribution and rate of heat transfer through a wall (or roof) as exists due to the 
combined effects of the actual outdoor temperature distribution plus the incident solar radiation.’ [27, p. 307] 
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very high due the accumulated heat within the structure. Tenorio [31], therefore, also suggested 

that a more energy-efficient house with a lightweight construction could also be realised 

through external wall insulation that minimises heat gain. Tenorio's simulation work was based 

on built-in control settings of the software package she used (ESP-r), which apparently puts 

more stringent temperature and humidity requirements for the building being simulated than 

those used by NatHERS software packages for the tropics (Section 4.3.1) [32]. Uno et al. [33] 

investigated the air-tightness and ventilation strategy of tropical houses in Surabay city in 

Indonesia. The study based on simulated and measured data revealed that high air-tightness of 

air-conditioned room in combination with night natural ventilation of non-air-conditioned 

rooms have produced the best energy saving result. Thus, tropical houses operating in dual 

mode will benefit from airtight air-conditioned rooms and open for natural ventilation non-air 

conditioned rooms. However, authors concluded that daytime ventilation or no ventilation 

increase the cooling load. 

2.5.1. Building design classification 

The early research on tropical housing design describes 1953 middle class houses in 

Darwin as high raised lightweight constructions with ‘open elongated plan’ and ‘a single row of 

rooms to allow cross-ventilation’ [34, p. 212] (Figure 2.4). The rooms usually accessible from 

open shaded veranda and have large openings for free air movement.  
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Figure 2.4. A standard house in Darwin, 1953. Source: [34, p 214]. 

The majority of houses damaged during cyclone Tracy in 1974 were elevated 

lightweight construction houses [35]. The Department of Construction introduced single story 

houses with concrete or brick walls on concrete slab on ground that aimed to withstand strong 

winds and have air-conditioning units installed [36]. This type of houses has small openings.  

Darwin housing stock changed since cyclone Tracy due to changes to energy efficiency 

requirements. We classified houses in Darwin into free-running, air-conditioned and mix- 

mode, based on information gathered from research projects, personal experience and house 

plans: 

Free-running or naturally ventilated buildings designed to provide thermal comfort 

through open, elevated, low thermal mass construction (timber and corrugated steel panel 

cladding): 

Double storey houses with an open plan low thermal mass construction upper level and 

block-work base. Timber or metal cladding walls on the upper level of the house.  
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Naturally ventilated, high or low-set, open plan houses with large verandas, and high 

ceilings. Those houses are built with the minimal insulation to walls and roof. 

Naturally ventilated conventional houses low or high-set with closed rooms, low 

thermal mass construction, and plywood or pressed fibrous cement flooring, with and without 

awnings.  

Fully air-conditioned buildings designed to provide thermal comfort all year around 

through thermal coupling of the slab on ground, high thermal mass or insulated low thermal 

mass construction: 

Air-conditioned houses built on concrete slab on-ground with masonry block or 

monolithic wall construction and insulated colorbond steel roofing.  

Air-conditioned houses built on suspended concrete floor and metal-cladding walls, 

insulated by polyethylene foam.  

Dual mode buildings, also described in the literature as hybrid or mixed mode, employ 

the mix of low and high thermal mass construction, and provide thermal comfort employing 

both natural ventilation and air-conditioning: 

3.1. Low or high-set houses with low thermal mass construction, minimal insulation, 

aimed to provide thermal comfort through natural ventilation and air-conditioning to some 

rooms. 

3.2 Houses, using mix of high and insulated low thermal mass construction, are 

designed with open plan living areas and louvre windows for cross-ventilation, and air-

conditioning to all main rooms.  

2.6. The role of subdivision design 

While the design of a building is crucial in attaining indoor thermal comfort efficiently, 

lot layout and subdivision design play a significant role. The benefit of well-designed 
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subdivision is in mitigation of the effects of higher temperature in built-up areas. The effects of 

high temperature in urban environment can be reduced through shading construction 

structures, providing breeze corridors, and creating open green areas [37, 38, 39, 40, 41].  

The role of shading in reducing the heat gain from incident solar radiation in tropical 

climates was investigated in Sri Lanka and Taiwan. Study in Sri Lanka [37] investigated shading 

level in high, medium, and low-density areas of Colombo city. The results of surface 

temperature measurements showed 20K difference between open to sun and shaded 

pavements. Authors [37] concluded that deep urban canyons with tall buildings and narrow 

streets produce better shading, however may create an impediment to natural ventilation 

especially in residential buildings. According to study [38] in Taiwan, shading level and shading 

material is important for protection from short-wave and long-wave radiation. Mean radiant 

temperature had 15K difference between locations with 0.586 and 0.212 sky view factors (SVF). 

The location with lower SVF had lower mean radiant temperature. Another study investigated 

park designs in urban areas and concluded that parks with large canopy trees create more 

comfortable thermal environment compared to parks with large grassland areas [39]. Similar 

conclusion was made in the study of tree clusters in Brazil [40]. The recommendation for 

climate-responsive urban design is to employ trees and artificial structures for shading of built 

surfaces [39]. 

The movement of breezes through built-up areas flushes out the urban heat radiating 

from building surfaces and roads. An increase of urban population in tropics inevitably leads to 

growth of high-density areas in city and an expansion of urban fringe. This creates the challenge 

for urban planners and designers to provide natural ventilation in buildings [41]. An increase of 

tall buildings situated close to each other reduces the wind velocity at ground level. Ng [41] 

developed several design recommendations and criteria for city breezeways based on Hong-

Kong example. According to author, the waterfront areas and windward sites of the city should 
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be opened to provide channelling of the wind into the city. Those areas should be planned for 

smaller and lower buildings while tall buildings can be built further inland. Planners advised to 

design parallel streets aligned to prevailing breezes, parks and open space areas to create 

connected breezeways and air paths from windward to leeward sites of the city for 

unobstructed wind flow (Figure 2.5 a, b).  

 

Figure 2.5. Design for better ventilation: a) connected and extended breezeways and air paths; b) street 

orientation aligned to prevailing breezes [41]. 
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Study in Colombo, Sri Lanka [37] also recommended wide roads perpendicular to 

coastal strip, ‘irregular positioning of buildings, and creating variations in building height’, and 

positioning high-raised buildings further apart for better wind flow. Research on mitigation 

strategies of urban heat islands (UHI) in Hanoi, Vietnam, also points to the benefits of the 

equally distributed green areas. The application of this strategy in simulations carried out by 

Trihamdani et al. [12, p. 8] demonstrated ‘that the equally distributed green areas show a better 

performance in the reduction of UHI intensity, especially at night’.  

Several studies in Australia [42, 43, 44] suggested that suburban layouts with rigid rows 

of houses create a windshield. Therefore, a staggered design of lots with setbacks between 

buildings is preferred in order to provide a wind flow through residential developments (Figure 

2.6). Likewise, Hall [45] considered the importance of setbacks between buildings, suggesting 

that narrow gaps prevent airflow and natural ventilation.  

 

Figure 2.6. Staggered lot design providing wind flow. 

The study by Miller and Ambrose [46] indicated that lot orientation deviation from the 

optimum value may increase the annual total load (and decrease energy efficiency) by 10 to 

32%. This largely applies to small lots (18-25 m deep) which have very poor cross flow 

ventilation. Attaining thermal comfort through passive cooling in houses built on small lots 

without proper local microclimate considerations is challenging because of the small ratio of lot 
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area to building floor area. The provision of wider setbacks can allow cooling breezes to 

penetrate and improve the thermal performance of houses [46, 47]. This may be readily 

applicable to regions having relatively dry climate all year round. However, as discussed in 

Section 5, in the hot and humid tropics the reliance on breezes may not always be the best 

solution from thermal comfort viewpoint. 

In conclusion, it is a challenging task for planners to consider the provision of natural 

ventilation, green areas and optimal solar orientation for energy efficient subdivisions, due to 

increase of urban density in tropical cities. Urban planning policies can put requirements for 

wide lots with the longer axis orientation aligned to prevailing breezes, and wide setbacks to 

provide the airflow through the suburb. On the other hand, subdivision design should consider 

the future growth, local climate, and topology. So, increase in housing density increases an 

opportunity to plan for larger open parks and green areas. Therefore, standardising subdivision 

design may not prove effective as every area has a different microclimate [47]. This is where 

performance-based codes come to play a role allowing for flexibility in design approach [48]. In 

reality, Mead and Wales found that developers generally put more emphasis on factors such as 

yield, location, and topography during subdivision design, and rarely consider an energy 

efficient orientation [49, p. 427]. In addition, as discussed in Section 5, prescriptive guidelines 

need further scrutiny when applied to specific climate and locality. 

2.6.1. Examples of climate-responsive subdivision design in Darwin 

There are numerous examples of subdivision developments with climate sensitive 

design aimed at providing maximum opportunities for homeowners to build thermally 

comfortable and energy efficient dwellings in the hot and humid tropics. Breezes Muirhead and 

Lyons in Darwin are two subdivisions designed to enable maximum cross ventilation of each 

dwelling [50, 51]. Breezes Muirhead is designed to optimise the cooling impact of breezes, i.e., 

south-easterly trade winds in the dry season and westerly, north-westerly winds in the wet 
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season (Figure 2.7a). Lyons is designed in cul-de-sac style with green open space areas 

distributed throughout the development (Figure 2.7b). Aimed at mitigating the heat radiation 

build up during the day, both of these developments incorporate extensive open green spaces 

and parklands, staggered blocks to allow for the movement of prevailing cool breezes through 

the subdivision. In Breezes Muirhead, lots are specifically designed with wide 4m setbacks 

aimed at providing access to breezes for all houses in the development.  

 

Figure 2.7. Layout of Breezes Muirhead (a) and Lyons (b) [52]. 

Constructors for these two subdivisions have to comply with a set of requirements, and 

are advised to follow recommendations outlined by the subdivision's Design Guidelines [50, 51]. 
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These documents developed by Defence Housing Australia outline design requirements and 

recommendations for setbacks, fencing style, landscaping and open space area (Figure 2.8).  

 

Figure 2.8. Lot requirements for Breezes Muirhead breezeway [50]. 

Requirements for window locations and room spans are aimed at maximising indoor 

cross ventilation, and the Breezes Muirhead Design Guidelines, therefore, require the design of at 

least one room with windows situated parallel to each other and having 50% of louvres on the 

front facade out of total window area. The Design Guidelines also include requirements for the 

colours of roofs and walls in order to increase the effect of albedo and reduce heat radiation 

from the building surfaces [50, 51].  

2.7. Research issues and gaps 

This section discusses existing research issues and gaps that we identified in relation to 

the provision of thermal comfort and energy efficiency in the residential building in the hot and 

humid tropics of Darwin. These include lack of in depth studies on tropical housing and 

subdivisions, issues related to thermal comfort, building rating and modelling software. While 
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this discussion focuses on Darwin, it is also relevant to other regions with similar tropical 

climates.  

2.8. Thermal comfort in hot and humid tropics 

A proper assessment of thermal comfort is very important in the design of urban spaces 

and for the estimation of cooling/heating energy consumption of buildings. Thermal comfort is 

defined as "that condition of mind which expresses satisfaction with the thermal environment" [53, p. 4].  

There are two widely adopted thermal comfort models, namely: the heat balance model 

and the adaptive model. The heat balance model - developed by Fanger [54] - gave birth to the 

ASHRAE Predicted Mean Vote (PMV) and Predicted Percentage of Dissatisfied (PPD) indices. 

The heat balance model was developed specifically for air-conditioned spaces and was based on 

the data collected mainly from North American and Danish subjects. Fanger [55] compared the 

comfort equation with results of field studies in tropics and came to conclusion that the 

difference is very insignificant and model can be applied to predict human thermal comfort in 

tropical climate. According to this model, thermal comfort depends on the following six 

factors: air temperature, air humidity and air velocity, mean radiant temperature, clothing 

insulation, and metabolic rate [55]. The first four are the environmental parameters, and the last 

two, the personal parameters.  

The PMV/PPD index was developed in laboratory environment using six thermal 

comfort parameters mentioned above. It is only applicable for conditions of low air movement 

normally present in air-conditioned spaces. Therefore, the adaptive model was developed for 

naturally ventilated buildings that were not covered by the heat balance model [56, 57, 58]. 

However, adaptive model is based on regression equation of indoor neutral temperature that 

depends on mean monthly outdoor temperature and does not take into account personal 

variables and adaptive activities of occupants in air-conditioned houses [59]. Fanger and 

Toftum [59] reviewed the applicability of PMV to naturally ventilated buildings in warm 
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climates and came to conclusion that high discrepancy between actual thermal sensations and 

PMV is due to difference in expectations. They introduced an expectancy factor to the model 

and developed extended PMV index -- PMVe.  

Another thermal comfort index, developed in laboratory environment and widely used 

to measure thermal comfort, is Effective Temperature [ET] that can be equally achieved 

through a different combination of air temperature and relative humidity in two environments 

that have the same air velocity [60].  

The review of indoor thermal comfort research conducted over last 20 years revealed 

the shift towards adaptive model [61]. However, introduction of mixed mode houses, which we 

discussed in Section 3, brings up an issue of “duality of comfort expectations” of occupants 

[61, p. 31]. Therefore, there is a need in further research on thermal comfort and development 

of thermal comfort indices specifically for hot and humid tropical climate.  

 

2.9. Early research on thermal comfort in the hot and humid tropics 

Post-occupancy evaluation plays an important role in investigation of actual human 

thermal comfort and provides the ‘ground-truth’ data for improvement of thermal comfort 

models and verification of simulations. Several studies of thermal comfort in the hot and humid 

tropics were carried out. Early work on the thermal comfort study of stokers and seamen in a 

large aircraft-repair ship on the way from Singapore to Hong Kong was carried out by Ellis 

[62]. The results of annual observation showed that at an effective temperature [ET] of 27 °C 

more than 80% respondents voted outside of the comfort zone and were sweating. The study 

suggested that for fully dressed and active people the ET should be about 23 °C. In this study, 

respondents became less tolerant to warmth and humidity in a 12-month period, showing no 

adaptation to hot and humid weather conditions. Another study on heat stress suggests that the 

air movement at high temperature and high humidity conditions can have a cooling effect only 
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on physically fit people. Fit individuals perspire continually for a long period and have good 

respiratory systems to breathe out the warm air fully; the people with diseases and disabilities 

apparently fail to do [63]. Moreover, respiratory issues (asthma, respiratory infections, and 

allergy) in humans are known to be caused by microorganisms thriving under warm and high 

humidity conditions [64]. Tsutsumi et al. [65] and Wyndham [66] likewise indicated that high 

humidity levels have an adverse impact on human thermal comfort and work capacity. The 

results of above studies are supported by recent research that showed significant increase in 

hospital admission rates with maximum daytime temperature above 33 °C, night-time relative 

humidity above 94% and average daily humidity above 62.2% [67].  

Other studies show that people living in hot and humid tropical climates can adapt to 

the thermal conditions in buildings designed to take advantage of natural and mechanical 

ventilation such as ceiling fans [68, 69]. According to these studies, people can compensate for 

the heat and high humidity conditions in naturally ventilated buildings by drinking water, taking 

showers, changing clothes and using fans. Those studies, however, are largely qualitative in 

nature and do not provide details, for instance, on the humidity level, air speed, how frequently 

people took showers or drank water. These findings suggest that people’s adaptation to 

otherwise unbearable thermal environment comes at a cost. Drinking water and taking showers 

more often will certainly affect other activities, which in turn impact productivity. The role of 

water in bringing the cooling effect to people who rely on adaptive comfort also raises the new 

dimension in attaining thermal comfort (i.e. the energy-water nexus in bringing about 

acceptable thermal comfort, which to date is an uncharted research territory). Whilst the 

findings did not elaborate on the extent of use of such available adaptation mechanism or tools, 

such a mechanism would naturally have a limit of workability. 
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2.10. Early research on thermal comfort in Australian hot and humid tropics 

 There have been several studies on thermal performance of houses in the Australian 

tropical regions of Darwin, Weipa, Nguiu and Wadeye in the Northern Territory and 

Queensland, with a limited depth and scope [66, 70, 71, 72, 73, 74, 75]. These studies can be 

divided into two groups, i.e., those based on: (1) thermal comfort simulations and (2) survey 

questionnaires and measurements of indoor conditions. 

Kane et al. [70] carried out a study on improvement of thermal comfort of Darwin 

houses through passive design. The study focused on two types of houses: elevated lightweight 

non-insulated free running house and concrete house. The study used the temperature data 

recorded to validate the model developed using TRNSYS software. The simulation results 

showed that the maximum temperature in both houses reached over 36 °C and relative 

humidity levels over 90%. The fluctuations of internal conditions in free running house closely 

followed the pattern of outdoor conditions. The PMV/PPD index was used to rate the thermal 

comfort conditions in the houses. The study showed no significant reduction in indoor 

temperature or humidity levels can be achieved through passive design, although increased 

ventilation can provide conditions where occupants may feel thermally comfortable. The most 

comfortable conditions were simulated for well shaded and 24 hour ventilated free-running 

home at 28.9 °C, 80.7% relative humidity and 0.9 m/s air velocity with a PMV index of -0.05. 

The outcome of this research is supported by recent study on AccuRate simulations for 

lightweight construction house without insulation for climate zone 1 [71]. 

Wyndham [66] investigated the liveability conditions of houses in Weipa, Northern 

Queensland. He surveyed the day and the night thermal comfort of 16 male European 

descendants during the wet season. The study showed that night low value of discomfort 

occurred at effective temperature (ET) above 24.7 °C, while the day discomfort experienced by 

sedentary subjects at ET above 26.6 °C. According to the author, the ET index might have 
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insufficient weight to the impact of the air speed and high humidity levels on temperature in the 

given range. The sample size of this study was too small, and represented only by a group of 

male workers living in a mining accommodation.  

Auliciems and de Dear [72] and Williamson et al. [73] carried out studies on thermal 

comfort and thermal adaptation in Darwin. Both studies used the seven-point ASHRAE scale 

for thermal sensation, but Williamson et al. [73] developed a discomfort scale to study the 

effects of humidity. Auliciems and de Dear [62] used a sample size of 1,000 office workers 

during the three-day survey for each build-up and wet season whilst Williamson et al. [73] 

collected more than 4,300 votes from 31 households during 6 weeks in the build-up and wet 

seasons and measured the indoor conditions. Surveys by Auliciems and de Dear [72] indicated 

that 30% of home occupants voted for slightly warm and 40% voted warm on the 7-point 

ASHRAE scale of thermal sensation. Williamson et al. [73] revealed that 49.9% of votes in air-

conditioned and 47.5% in naturally ventilated houses were from people feeling slightly 

uncomfortable, uncomfortable and very uncomfortable during build-up season. The AMV, as 

expressed on the ASHRAE 7-point scale, for a mean air temperature above 29.4 °C, mean air 

velocity 2m/s and mean relative humidity above 60% ranged from 4.45 to 4.65 for sitting and 

active subjects wearing very light clothing, i.e., having a clo value of 0.35. This translates to an 

underestimation of the AMV by 0.95 points using PMV index and by 0.55-0.6 points using 

Gagge Discomfort index for tropical climate. This outcome reveals that both indices do not 

consider such factors as expectations and climate adaptation of house occupants in tropical 

climates and cannot predict thermal performance of houses in tropics [59, 61, 73].  

Daniel et al. [74] surveyed thermal sensations, preferences, and comfort levels of 

Darwin’s ‘maverick’7 residents between June and December 2013 living in partially or wholly 

naturally ventilated houses. According to results, 41.8% of participants voted neutral on seven-

                                                            
7 Residents of low energy houses with high tolerance of ‘extreme temperatures than predicted as acceptable 

by the widely used ASHRAE adaptive model of thermal comfort’ [64]. 
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point sensation scale and preferred no change, 18.4% recorded slightly warm and 11.9% slightly 

cool sensations with no change preferred. The measurement of indoor conditions during the 

survey in the dry season showed a wide range of indoor operative temperature 22 °C-34 °C and 

relative humidity 20%–94%. According to Daniel et al. [74], 10% of participants felt ‘slightly 

uncomfortable’ and preferred cooler conditions due to warm environment. Darwin ‘maverick’ 

residents with high levels of environmental concern living in partially or wholly naturally 

ventilated houses have comfort preferences at temperatures that are outside of the ASHRAE 

adaptive comfort limits. However, there is the need to segregate the results for the two distinct 

dry and wet seasons, which is useful in unveiling the thermal preferences of the respondents in 

those seasons. Nevertheless, the findings of this research can be applied to people who live in 

naturally ventilated houses in places with similar climatic conditions, especially in countries 

where the majority of population cannot afford air conditioning. 

Thermal performance simulation of free-running home based on PMV index showed 

that thermal comfort can be achieved at 28.9 °C air temperature [70] that is 0.5K lower than 

results of actual mean vote [73]. The simulation also produced slightly higher acceptance of 

relative humidity at 80.7% compared to mean relative humidity of 60%–72% in field study [70, 

73]. The discrepancy between the simulation and actual thermal comfort vote brings us to 

conclusion that there is a need in further investigation of factors that impact thermal comfort. 

It is also supports the call for development of thermal comfort indices specifically for tropical 

climates.  

2.11. Building Energy Rating - An Overview of NatHERS 

In 2009, the Coalition of Australian Governments (COAG) developed the National 

Strategy on Energy Efficiency with the aim of delivering a consistent approach to energy 

efficiency [9]. The document outlines provisions for energy efficiency of residential 

development. The important steps towards energy efficient houses outlined in the document 
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include an increased stringency in the energy rating of houses, raised to 5-star minimum rating 

for the Northern Territory and 6-star minimum rating for the rest of Australian states and 

territories. This requirement is effected through several options: deemed-to-satisfy, thermal 

modelling programs or peer review.  

The Australian government introduced the Nationwide House Energy Rating Scheme 

(NatHERS) to support its efforts in reducing the energy consumption and greenhouse gas 

impact of residential buildings. Its role is to encourage energy efficient building design and 

construction and to become a reliable scheme to evaluate, estimate, and rate the potential 

thermal performance of residential buildings in Australia [76]. There are three thermal 

modelling programs accredited by NatHERS and used for house energy efficiency rating: 

AccuRate; FirstRate; and BERS Pro. All use the same underlying calculation engine. Thermal 

modelling programs are required to model the annual cooling and heating load based on a 

multi-zone hourly thermal simulation. Thermal comfort of occupants is considered to be 

achieved through natural ventilation, mechanical cooling (fans) and air-conditioning.  

 

Figure 2.9. Assumed air flow distribution in deriving the apparent cooling effect of a ceiling fan [77]. 

Target area: 2800 mm diameter 
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The investigation of the cooling effect of higher air speeds in warm climate was based 

on research involving ceiling fans [77]. The study derived the horizontal air velocity from the 

vertical air movement coming from a ceiling fan, because of the assumption in the study that 

vertical air movement turns to horizontal radial flow just above the measurement level (Figure 

2.9). That would create cooling effect to a room occupant living in the “target area” of the 

room. The target area is defined as the area of a circle (Figure 2.9) whose circumference is twice 

the fan diameter.  

The study found that a respective horizontal velocity of 0.50 m/s, 0.66 m/s, and 0.77 

m/s from a ceiling fan having a respective diameter of 900 mm, 1200 mm and 1400 mm would 

create the cooling effect of 1.6 K, 2.4 K and 2.8 K in neutral temperature, respectively. 

NatHERS has adopted the new Effective Temperature (ET*) index for assessment of 

indoor thermal comfort. ET* is the dry bulb temperature of a uniform enclosed space at 50% 

relative humidity, “which would produce the same net heat exchange by radiation, convection and evaporation 

as the environment in question” [78, p. 36]. NatHERS software uses the approximation of ET*. 

Mathematically, ET* is calculated based on operative temperature, skin wittedness, permeation 

of clothing, the ratio of effective evaporative heat transfer coefficient, partial pressure of dry air, 

and saturation vapour pressure at ET* [60]. However, the approximation of ET* is based on 

neutral temperature and cooling effect of air movement [32, 78].  

2.11.1. The NatHERS methodology applied to the hot and humid tropics of 

Darwin 

The psychrometric chart in (Figure 2.10) shows the comfort zone boundaries for 

Darwin based on the ET* index. The dashed line boundary shows the comfort region for air 

movement below 0.2 m/s and the continuous line boundary shows comfort zone for 1 m/s air 

movement at a maximum humidity ratio of 23 g/kg. The right boundary of the comfort region 
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with no air movement is the ET* line corresponding to 26.5 °C of neutral temperature [32]. 

The cooling effect of 1 m/s air speed is 3.8 K [60].  

 

Figure 2.10. Thermal comfort zones for Darwin according to the Accurate software [32]: the dashed line 

boundary is for comfort zone at 0.2 m/s air movement and continued line boundary is for comfort zone at 

1 m/s air movement.  

The NatHERS software simulates zone temperature and humidity in natural ventilation 

mode on an hourly basis and compares the data to the values in the comfort zone. If the 

calculated temperature and humidity lie within the comfort area, no new control action is 

triggered. If the condition is outside the comfort area, the software activates the cooling mode. 

The software assumes that fans are switched off and openings are closed once the air-

conditioning is switched on. The calculations of the indoor conditions are based on such 

factors as the layout of the house; the construction of the roof, walls, windows, and floor; the 

orientation of windows and shading to the sun's path and local breezes; and the local climate 

[79]. NatHERS sets a ‘star band’ for each climate zone based on the maximum energy 
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consumption per unit area loads for each half-star level. According to NatHERS, a 10 star-rated 

home in Darwin will have the maximum annual cooling energy load of 33 kWh/m2, whereas a 

10 star-rated home in Cairns8, Queensland, will have a load of 13.3 kWh/m2 [80].  

The main issue with this methodology is its generous tolerance to humidity at high air 

speeds as shown in (Figure 2.10). While air speed of 1 m/s will certainly have some cooling 

effect, its impact will gradually diminish as the temperature and humidity of air increase. For 

example, study [81] revealed that at 1 m/s air speed and 50% relative humidity thermal 

sensation changes from 0 at air temperature of 26 °C to 0.5 points at 29 °C. This is the reason 

why the use of air-conditioning is unavoidable.  

Another key factor in attaining thermal comfort is mean radiant temperature. According 

to research in tropical climates [68, 82], mean radiant temperature higher than air temperature 

by 0.5–2 °C. The 2K difference between mean radiant temperature and air temperature was 

recorded at night-time in Malaysian houses [82]. As such, the use of natural ventilation as a 

means for attaining comfort in such conditions may not be appropriate. A more detailed 

discussion on this issue is given in Section 5.  

2.11.2. NatHERS rating and post-occupancy evaluation 

Post-occupancy evaluation is inevitable part of energy efficient house design process. It 

gathers information on actual thermal performance of houses and develops feedback for 

further optimisation of rating software [83]. Recent studies on the accuracy of energy efficiency 

star ratings suggest that the energy efficiency and thermal performance predicted by NatHERS 

simulation software does not correlate well with actual residential thermal conditions and 

energy consumption [84, 85]. According to these studies, the 5 and 6 star-rated houses 

underperform in summer. The authors express concern that an overestimation of the house 

                                                            
8 Köppen-Geiger Climate Zone Am 
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energy performance by simulation software can mislead architects and building designers to 

build houses unable to cope with extreme summer temperatures. However, a lack of training of 

energy efficiency certifiers in using software and flaws in construction process of houses could 

be among the reasons for discrepancies [75, 86]. 

It should be stressed that the energy consumption and thermal comfort predicted by 

any NatHERS software is based on various inputs to the software: weather data, occupancy 

settings for a 'standard family', heat loads, and star rating scale for the location [87]. NatHERS 

software such as AccuRate "calculates the energy requirement of a house based on its fabric and form alone. 

It currently does not include the effects of the cooling / heating system performance or other appliances used in the 

house" [28, p. 20]. Furthermore, NatHERS “does not consider the full range of household energy use 

activities… the behaviour of the actual household” and “does not recognise and reward the application of 

renewable energy, energy storage or energy efficient technologies” [88, p 2, 11]. In other words, the thermal 

performance of the envelope (i.e., external wall, windows and doors) of the house plays a very 

important role in the rating outcome of the software. The prevailing energy consumption of the 

house will of course depend largely on the type, quantity, energy performance (rating) and use 

pattern of the appliances used in the house, and close agreement between the information input 

to the software and the actual implementation in the design and construction stage. While there 

may be some limitations to the prediction capability of NatHERS software packages (including 

the suitability for rating tropical houses), the good practice of designing and construction of 

efficient houses is encouraged.  

In relation to the thermal comfort prediction capability of the NatHERS software (in 

this case, AccuRate), it is worth mentioning a past study that was "based on a very small sample" 

[89, p.26] of houses in Adelaide to adjust the AccuRate thermostat settings for the local climatic 

zone. The study introduced new cooling settings of 22 °C (the cooling is turned off when this 

temperature is reached), 27.5 °C (cooling is triggered if it was not on in the previous hours), and 
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22.5 °C (the temperature that triggers cooling, if cooling was on in the previous hour). The use 

of the new cooling settings and daily temperature improved the agreement between the 

predicted and measured results of cooling energy as well as total annual energy use for 

Adelaide. It is also worth noting that this setting point of 22 °C is already very close to the cold 

sensation boundary line in ASHRAE comfort zones for air conditioned and free-running 

buildings, the latter being the result of the adaptive approach formulation which normally 

advocates for higher temperature settings. Thus, until a study of more representative samples 

becomes available, "the results […] need to be viewed with caution" [89, p. 26]. Overall, the studies 

reviewed here point to the need for more experimental validation of NatHERS software, 

and/or a revision of the basic assumptions built into the scheme. A recent paper went even 

further by questioning the “scope, assumptions and algorithm” behind the Scheme and its 

appropriateness for rating "contemporary homes and digital lifestyles" [90, p. 1]. 

2.12. Anticipation of increased number of hot days 

Rapid growth of urban sprawl that replaces natural land surfaces by buildings and roads 

is directly connected to global warming. The changes occur due to loss of vegetation, increase 

in anthropogenic emissions and pollutants, change in airflow and water permeability [91]. In 

addition to the tropical challenges discussed above, the impact of global warming on energy 

efficiency of houses will arguably be further pronounced. The Australian Bureau of 

Meteorology [10] projected that temperatures will continue to warm and forecast changes will 

be felt through an increase in the number of hot days and warm nights. A 2K global rise in 

temperature may increase the energy consumption of five star houses built in the hot and 

humid areas of Australia by 70% [92]. According to studies of heat stress [92, 9394], the 

expected increase in average number of days with extreme temperatures and in average 

temperatures may have ‘drastic’ impact on Darwin residents, while current statistics already 



49 

show an increase in morbidity and mortality by 5% and 8% with an increase in maximum daily 

temperature to 36 °C and overnight minimum temperature to 28 °C.  

The development of mitigation strategies for urban heat island and global warming 

effects is required to prevent the increase of energy demand for cooling in tropics. The most 

important strategy is to increase density in cities instead of creating urban sprawl [95]. Other 

mitigation strategies in urban design are discussed in Section 3.2 of this paper.  

2.13. Conflicting Role of Air Speed, Air Temperature and Humidity in the Thermal 

Comfort Provision (in the Tropics) 

In the tropics, four environmental parameters play crucial role in the attainment of the 

thermal comfort in buildings: air speed, air temperature, humidity and mean radiant 

temperature. Moving air provides a cooling effect to the occupants through convective heat 

transfer mode occurring when human body (clothed or unclothed) exchanges heat with the 

surrounding air. The higher the temperature difference (∆T) between the skin and the air the 

more pronounced the cooling effect will be. This principle can be seen or experienced in a 

room with a ceiling fan or when someone uses a hand fan. It is also the very reason why in the 

ASHRAE Standard 55 released prior to the 2010 version9 the air speed range covered was 

limited to below 0.15 m/s. Higher air speed coupled with the already high ∆T results in a 

'chilling' effect which falls outside the comfort zone. Thus, in tropics, air speed plays a positive 

role in attaining thermal comfort. One of the approaches employing this is passive design 

whereby cooling provision is carried out through natural ventilation. An example of a house 

design based on this approach includes the "elevated house" studied by Kane et al. [70]. 

The effect of air speed on the optimum air temperature for comfort was clearly 

demonstrated by Fanger [94] and recently discussed again in Halawa and van Hoof [58]. 

                                                            
9 The ASHRAE Standard 55 released prior to 2010 version applied only to air-conditioned buildings. 
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Assuming no radiant effect (i.e., air temperature is equal to the mean temperature), the air 

temperature that gives optimum comfort increases as the air speed increases. However, the 

study in Malaysia showed that mean radiant temperature increased from 2 pm to 6 pm in 

daytime, night, and full-day natural ventilation conditions [82]. MRT was higher indoor 

temperature by up to 2 °C at night ventilation that in turn resulted in increase of operative 

temperature [82].  

This is of course viewed solely from thermal comfort (or more appropriately, thermal 

sensation preference) without a consideration of the unintended consequences of high speeds 

such as non-thermal discomfort or work related issues (for instance, high-speed air may blow 

away papers on table or cause draughts). It also does not consider the method of its provision 

(in the adaptive approach: operable windows are employed to realise this [95].  

It should also be stressed that the effect of air speed on the optimum air temperature 

for comfort was studied in laboratory environment and was based on the assumption that other 

factors are being held constant, i.e., at sedentary condition (1 met), at typical summer cloth 

condition (0.5 clo) and at an RH of 50%. RH has a negative impact on attaining thermal 

comfort; the higher the humidity the lower the air temperature preferred by the occupant (again 

other parameters being held constant) [78].  

In the tropics, this situation is particularly precarious given the fact that both the 

outdoor air temperature and humidity are already unacceptably high, especially during the wet 

season. In the tropics, we are faced with the very small margin between upper limit of thermal 

comfort and the “onset of the serious heat stress” [96, p. 168]. Higher air speed as the only tool to 

attain acceptable thermal comfort in such a situation should therefore be applied with some 

caution. This needs to be stressed since a temptation to rely on natural ventilation for comfort 

can have serious ramification in house design (see Section 3.1). 
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It is worth noting that in developing the adaptive comfort standard [53], and possibly, 

in the formulation of its mathematical foundation, the humidity factor was ignored10. In a 

mathematical formulation of comfort temperature for the adaptive model, the mean monthly 

outdoor air temperature replaced New Effective Temperature index (ET*) because ET* 

requires “specialised software and expertise” [98, p. 553]. The adaptive chart was based on the 

relationship between PMV and PPD. Hence, the 26-27 °C range of neutral temperatures 

calculated for naturally ventilated buildings (in Pakistan, Australia, Singapore, Indonesia, and 

Thailand) were not able to maintain thermal comfort defined by the adaptive comfort model 

for many hours of the day. 

2.14. Conclusions and Recommendations 

The paper has discussed several research issues and challenges that need to be 

addressed in relation to the optimal provision of thermal comfort in hot and humid tropics at 

the minimal energy requirements. These include the need for: in-depth research on subdivision 

design approach in the tropics, in-depth research on housing design approaches (passive, active 

or mixed mode) in the tropics, anticipation of climate change projections, post-occupancy 

research of houses built in hot and humid tropics, and the need of further research of 

NatHERS comfort zone for the tropics and research on conflicting role of hot air, humidity 

and air speed for thermal comfort in the tropics. Despite all these, more stringent requirements 

for thermal performance of houses were introduced in the tropical regions of Australia in line 

with the similar requirements for other Australian climatic zones. Therefore, additional in-depth 

research addressing the above gaps is needed. 

The adaptive approach to thermal comfort where humidity level is ignored in assessing 

the acceptable thermal comfort conditions needs to be carefully considered when applied to hot 

                                                            
10 Critical overview of the adaptive approach to thermal comfort can be found in Halawa & van Hoof [58] and 
Halawa et al. [97]. 
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and humid tropics. This is especially true for the case of the built up period and wet season as 

discussed in Section 5. The classical heat balance model with its PMV index seems more 

appropriate for the hot and humid tropics as it could properly quantify the combined effects of 

the air temperature, velocity and humidity. The application of the heat balance approach to the 

tropics needs to take into account the outcomes of recent research. 

The paper in particular highlights the need for a comprehensive research on 

interrelationship between local climate, subdivision design, and housing design considering the 

climate challenges of the tropics coupled with the future climate prognoses. The research 

currently being carried out - with a case study of the Breezes Muirhead Residential 

Development - is an attempt to address the above-mentioned issues for the tropics. The 

outcome of the research will fill the gaps left by previous studies and will make a significant 

contribution to the design process of the future tropical urban developments. Whilst the focus 

of this research is tropical city of Darwin, the outcome will likely to be useful for other regions 

with similar climates. In many parts of the world cities such as Mumbai, Chennai, Bangkok, 

Lagos, Ho Chi Minh City, Dar es Salaam and Dili - all having climatic conditions similar to 

Darwin - have large population and are experiencing an increase of urban built-up areas. 

Therefore, a valid translation of Australian findings to local contexts can be done with full 

consideration of differences in building cultures and national economic conditions.  
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Chapter 3. Simulation of the thermal performance of houses in the tropical 

savanna climate zone in Australia using TRNSYS coupled with 

TRNFLOW 

This work has been prepared for publication: 

Safarova S, Halawa E, Trombley J, Garnett S., van Hoof J. Simulation of thermal 

performance of houses in tropical savanna climate zone in Australia using TRNSYS coupled 

with TRNFLOW.  

Statement of the contribution of each author 

The candidate S. Safarova conducted all research activities and presented the results in 

this paper under the supervision of E. Halawa and J. Trombley.  

E. Halawa, J. Trombley and J. van Hoof guided and edited the manuscript 

3.1. Abstract 

Modern houses in the tropical savanna climate (Aw) should provide thermal comfort 

and meet the requirements for energy efficiency adopted in many countries, including Australia. 

This study aims to bridge the gap in research of the effect of urban design on the thermal 

performance of tropical houses operating in dual-mode, natural ventilation, and cooling 

(cooling in this work refers only to refrigerated cooling). The impact of urban design factors on 

the thermal performance of houses in the hot and humid tropics was investigated through 

simulation of the thermal performance of four house models using TRNSYS and TRNFLOW 

software and climate data for city of Darwin in Australia. The simulation of thermal comfort 

and cooling energy load was performed for different adjustment strategies used by occupants 

(cooling, fan, and natural ventilation). The results of simulated cooling energy demonstrated 

that house models with combined natural ventilation and cooling adjustment strategy require 

62% more cooling energy than houses in a closed mode. Among the four house models, the 
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lightweight construction model demonstrated the lowest energy consumption in cooling mode 

only, and the elevated lightweight construction house demonstrated best thermal performance 

in dual-mode operation. Though an increase of the building setback from 4 m – 6 m 

demonstrated an increase in hours when PMVe index was within -0.5 and 0.5, it did not have 

an impact on cooling energy. A reduction of 24% in annual cooling energy was achieved by 

elevating the lightweight construction house and providing unobstructed wind flow.  

Keywords: thermal performance, simulation, TRNSYS, thermal comfort  

3.2. Introduction 

The International Energy Agency (IEA) predicted that the number of air-conditioners 

installed may increase by two-thirds by 2030 as a result of ‘rising living standards, population 

growth, and more frequent and extreme heatwaves’ (IEA, 2020). In recent years, sales of air-

conditioners (AC) increased by 15% in 2018 compared to 2017, and energy consumption for 

cooling increased by 5% (IEA, 2019). The IE reports highlight the increase in cooling energy 

consumption in China, Brazil, Indonesia, and South-East Asia that include regions with the 

tropical savanna climate (Aw) characterised by an alteration of ‘longer Dry Season and a 

prominent Wet Season’ (McKnight & Hesse, 2004). The IEA states that more stringent policies 

could be adopted on the energy efficiency of cooling equipment and buildings to reduce future 

demand in cooling energy. 

Houses in the tropics should provide thermal comfort to their occupants and meet the 

requirements for energy efficiency. Several studies have argued that the application of passive 

cooling design techniques provides thermal comfort and improves the energy efficiency of 

buildings (Olgyay, 1963; Baker, 1987; Givoni, 1994; Aynsley, 2014). Among the important 

factors that improve energy efficiency are the heat storage capacity of building materials, 

shading, building orientation to the sun’s azimuth, and prevailing breezes for natural ventilation 

(Safarova et al., 2016; Gregory et al., 2008; Cheng et al., 2005; Emmanuel, 2002). Others assert 
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that the layout of internal walls and furniture should also be considered in hot climates, as 

open-plan dwellings are more suitable for cooling through natural ventilation (Olgyay, 1963). 

Land subdivision design is also identified as a significant factor for providing access to 

prevailing breezes, through open green spaces, parallel roads, and the orientation of land blocks 

(Johansson & Emmanuel, 2006; Lin et al., 2010; Ng, 2016). 

The preferences of home occupants for adjustment strategies of an indoor environment 

may vary for a variety of reasons: urban design, house design, financial constraints, 

environmental views, or other personal reasons. Home occupants in tropical countries use 

various adjustment strategies to make the indoor environment comfortable: natural ventilation, 

air-conditioning, fans, and personal adjustments (drinking water, taking a shower). A 

combination of adjustment strategies can vary through the day, for example, air-conditioning 

during the hottest time of the day or when sleeping but opening windows in the morning and 

evening. Previous research on thermal comfort revealed that most occupants in tropical 

countries (64% in Singapore and 78% in Indonesia), had a strong preference to change their 

thermal environment by opening windows (Feriadi et al., 2003; Feriadi & Wong, 2004). In 

Indonesia, only 3% of respondents indicated that air-conditioning was ‘always’ or ‘most likely’ 

their preferred method of cooling. The proportion was much higher in Singapore (42%), which 

was probably due to economic constraints rather than preference. The predicted economic 

growth in Indonesia is expected to increase the rate of air-conditioners owned by households to 

60% by 2030, by which time the preferences for cooling methods may also have changed 

(Feriadi & Wong, 2004; Feriadi et al., 2003; McNeil et al., 2019). Fan use is the most accessible 

adjustment strategy that can be used in combination with open windows or air-conditioning, 

and, therefore, the most preferred adjustment strategy according to various studies. For 

example, 80% of occupants in Singapore and 56% in Indonesia had a strong preference for 

operation of fans (Feriadi et al., 2003; Feriadi & Wong, 2004). Similarly, recent surveys in 

Australia report that 92%–99% of occupants of elevated lightweight construction houses in 
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Darwin, and the majority of older respondents in Adelaide, preferred to use fans (Soebarto et 

al., 2019; van Hoof et al., 2019; Daniel, 2018). 

Many countries have introduced minimum standards for thermal comfort and energy 

efficiency that must be met before a house is built (Ahmad et al. 2016). A building’s thermal 

performance and energy efficiency are predicted using simulation tools based on weather data, 

terrain exposure, building construction data and human behaviour factors (Safarova et al., 2016; 

DoEE, 2019). 

Australia introduced the Nationwide House Energy Rating Scheme (NatHERS) to 

ensure energy-efficient building design and construction through the evaluation and rating of 

the potential thermal performance of multizone residential buildings (Department of Industry, 

2015). NatHERS rates houses based on the maximum energy consumption per unit area 

(MJ/m2) loads (Appendix 1; Commonwealth of Australia, 2019). Under the Building Code of 

Australia (BCA) requirements, houses in the Northern Territory (NT) must meet a 5-star 

minimum rating while a 6-star minimum rating is required for the rest of Australia. According 

to BCA (2009, Part 2.6 Energy efficient performance provisions), a 5-star rated house must consume 

less than 413 MJ/m2 per year (ABCB, 2016). The NatHERS star band rating for the hot and 

humid summer and warm winter Climate Zone 1 (Darwin) is presented in Table 3.1. 

Table 3.1. Nationwide House Energy Rating Scheme (NatHERS) Star Band Criteria (Energy Loads [thermal] in 

MJ/m2 per annum). 

Climate 

Zone 

Location Energy Rating (stars)  

0.5 1 2 3 4 5 6 7 8 9 10 

1 Darwin 853 773 648 555 480 413 349 285 222 164 119 

The city of Darwin, the capital of the NT, is in the tropical savanna climate zone (Aw) 

with a climate characterised by distinct Wet and Dry Seasons separated by shorter transition 

periods (BOM, 2015; Safarova et al., 2016a). According to the climate change projections for 

the Northern Territory (NT), Australia, where households are facing increased air temperature, 
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cooling accounts for about 33% of the total household electricity consumption of poorer 

households (Bi et al., 2011; Loughnan et al., 2013; DEWHA, 2008).  

Previous studies on the thermal performance of houses were conducted for the climatic 

conditions of Darwin and Surabaya, a city in Indonesia (Kane et al., 2009; Tenorio, 2002; Uno 

et al., 2012). Kane et al. (2009) used TRNSYS software to simulate the thermal performance of 

two types of houses: an elevated, lightweight, non-insulated house and a concrete house. The 

results indicated that indoor conditions correlated with outdoor conditions and the maximum 

indoor temperature could reach over 36 °C, with a relative humidity level of over 80%, in both 

houses under natural ventilation. Thermal comfort in the house models was rated based on a 

PMV/PPD index. Clothing insulation levels were accepted as 0.29 clo in the daytime and 0.12 

clo at night. Metabolic rates of 1 met and 0.7 met were selected to represent relaxed and 

sleeping occupants, respectively. The simulation of 24-hour ventilation with an air velocity of 

0.9 m/s resulted in a reduction of average daytime temperatures by 1.6 K in the living room of 

the concrete house and by 1.4 K in the elevated house, when compared to a closed house. 

According to the study, the application of passive design techniques did not show a significant 

reduction in indoor temperature or humidity levels. However, the increase in air velocity 

resulted in the reduction of PPD from 87% to 17% in the living room of the concrete house 

and from 86% to 20% in the elevated house.  

Tenorio (2002) also focused on the thermal performance simulation of Darwin’s dual-

mode house using ESP-r software package. Tenorio (2002 indicated that heavyweight 

construction houses could provide comfort through natural ventilation, fan use, and air-

conditioning. However, the accumulated heat within the structure would require high cooling 

energy for bedrooms at night-time. Tenorio (2002) recommended that a lightweight 

construction house with insulated walls would be more energy efficient in Darwin’s climate, 

also reporting that an increase in the window area as a percentage of wall area from 5% to 50% 
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would result in cooling energy increase by 45%. However, the study reported that 60% of the 

windows need to be openable for optimal provision of natural ventilation in the free-running 

house. According to Tenorio (2002), the application of dual-mode with natural ventilation for 

49% of the time and, in closed mode, air-conditioning for 13% of the time would result in 51% 

improvement in thermal comfort and 87% reduction in cooling energy requirements compared 

to base case full air-conditioned mode.  

In Surabaya city, Indonesia, Uno et al. (2012) found that the best energy-savings were 

achieved in houses that had been designed with rooms open for natural ventilation separated 

from airtight rooms that were air-conditioned and that the night ventilation of the house 

reduced the sensible cooling load.  

Studies on airtight air-conditioned buildings concluded that lack of ventilation also 

creates favourable conditions for mould growth (Singh et al., 2010; Brambilla & Sangiorgio, 

2020) While, oversized cooling coils may create conditions that are thermally comfortable for 

house occupants, they compromise dehumidifying performance, and promote mould growth, 

particularly where the relative humidity is above 60% (Sekhar et al., 2018; AIRAH, 2016). 

A recent study by Safarova et al. (2018a) on the relationship between household 

electricity consumption and subdivision design in Darwin included an investigation of 

behavioural adjustment strategies to the indoor environment. Safarova et al. (2018a) reported 

that changes in cooling load correlate with wind speed and direction. While the impact of 

building design has been thoroughly investigated in previous studies through simulation of 

thermal performance and measurements (Kane et al., 2009; Tenorio, 2002; Uno et al., 2012), 

there is limited research on the effect of a building setback and geometry on the thermal 

performance of tropical houses operating in dual mode.  

This paper investigates the thermal performance of houses in the suburban built 

environment in Darwin using the building energy simulation tool TRNSYS coupled with the 



71 

airflow modelling tool TRNFLOW that includes the calculation of effects of surrounding 

buildings on wind pressure distributions. Simulations of the thermal performance of tropical 

houses in connection with occupants’ indoor environment adjustment strategy are presented 

and analysed in comparison with the thermal performance of case study houses. Four types of 

detached houses were modelled, namely: elevated lightweight construction house with custom 

orb steel panels, elevated and single-storey houses with weather panels, and heavyweight 

construction single storey house. The thermal performance was simulated for closed mode 

(airtight), natural ventilation and mechanical cooling combined adjustment strategies. The 

results of the thermal performance simulations were compared with measured values of thermal 

comfort in the living rooms of the study houses.  

3.3. Methodology 

3.3.1. Case study 

3.3.1.1. Darwin climate  

Darwin, located in the tropical savanna climate zone (Aw), has maximum daily 

temperatures with little seasonal variation ranging from 30 °C in June and July to 34 °C in 

November (Safarova et al., 2018b). The ‘Build-Up’, a period between the Dry and Wet Seasons, 

is considered particularly torrid with high temperatures and intermittent rain (Garnett & 

Williamson, 2010). In the Wet Season, the mean relative humidity ranges from 72% (at 15:00) 

to 83% (at 09:00) in February. Darwin breezes come predominantly from south-east and east all 

year, except the dry-wet transitional period when monsoonal winds come from the west and 

north-west (BOM, 2016).  

This research was undertaken between November 2015 and September 2016, until then 

one of the warmest Wet Seasons on record with a very dry Build-Up (BOM, 2016) and with the 

highest ever mean daily maximum temperature in November (36.9 °C).  
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3.3.1.2. Study area 

Case study houses were located in the northern Darwin suburbs of Muirhead and Lyons 

Figures 3.1 and 3.2. Houses in Muirhead (M) have been designed to meet a minimum 6-star 

rating under NatHERS (Table 3.1). M has been designed with north south street blocks that 

have a maximum of 200 m between roads, wide parallel roads oriented 30º north, small parks 

and large open green areas, lots oriented predominantly north-west to south-east and with 

design guidelines that require provision of a minimum building setback of 4 m to provide 

access to prevailing breezes Figure 3.2a.  

 

Figure 3.1. Map of Darwin, Northern Territory, Australia, with the study area marked in red. Source: NT Maps, 

2020. 

Houses in Lyons (L), designed and built before the BCA 2009 energy efficiency 

requirements were implemented in the NT, were used for comparison with those in Muirhead 

(Safarova et al., 2016). Lots in Lyons have been designed with a higher width to depth ratio 
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than in Muirhead and in a staggered pattern (Figure 3.2). There are small pocket parks in Lyons 

neighbourhoods and one large central park. The street blocks along the eastern side of Lyons 

are 550 m in length. Most houses built along the northern and eastern sides of the suburb are 

separated from the road by an impermeable concrete fence, which may impede the flow of 

breezes through the suburb. The minimum side building setbacks in Lyons are 1.5 m.  

 

Figure 3.2. The layout streets and lots in the case study suburbs in northern Darwin, NT, Australia: Muirhead 

and Lyons. 

3.3.2. Case study housing type 

Darwin houses are divided into four main types based on construction materials and 

design (Safarova et al., 2018b). The majority of homes are single storey detached houses on a 

concrete slab with concrete block walls. Some of the single-storey houses are built with low 

thermal mass construction material on a concrete slab. Most two-storey houses have a concrete 

block ground floor built on a concrete slab with a low thermal mass construction on the upper 

floor or are of open elevated lightweight construction (timber and corrugated steel panel 
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cladding) on a steel frame. Hip and valley, box gable, and skillion roofs are designed with a 20º 

– 25º pitch. Whirlybird and solar vents are installed in most houses to provide roof ventilation. 

Rooms in all study houses had been divided into three zones: a large open plan area that 

includes kitchen, dining, and living room, 3 to 4 bedrooms, and 1 to 2 bathrooms.  

Dwellings in Muirhead are required to be designed with louvers in 50% of the façade 

windows. Eaves and awnings with a minimum width of 900 mm, were designed to provide 

shading to walls and windows. Living areas have large openings to a private open space.  

All dwellings in Lyons were designed to meet the BCA Part 3.12.4 Air Movement that sets 

requirements for natural ventilation and ensures 12.5% of air movement. Therefore, most 

houses are designed with an open plan living area with large sliding or stackable doors onto a 

patio or veranda and have large louvred windows. The description of the houses participating in 

thermal performance study, house plans, and birds-eye-view images from Google Maps are 

presented in Appendix 2.  

3.3.3. Simulation of thermal comfort and cooling energy 

3.3.3.1. House models 

The following four types of houses were modelled using TRNBuild interface, namely:  

1. HW – a single-storey detached heavy-weight construction house with concrete 

block walls on a concrete slab; 

2. LW – a single-storey detached house (LW) built with the light-weight 

construction material on a concrete slab; 

3. ELW – an elevated light-weight construction house; and 

4. ELWS – an elevated light-weight construction house on a steel frame and with 

custom orb walls.  
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All four house models created in TRNSYS software had the same floor plan with a total 

area of 132 m2, 2.7 m room height, and five main thermal zones: a large open plan area 

including the dining room and kitchen, and three bedrooms (Figure 3.3). All house models had 

long axes in a north-south alignment and had 1 m eaves for all walls and 4 m patio shading on 

the east side of the living room. The construction characteristics of house models are presented 

in Table 3.2; an example of the simulation of lightweight construction house is presented in 

Appendix 3. 

 

Figure 3.3. Floor plan of house model. 

Table 3.2. Construction characteristics of house models. 

Building material U-value, 

W/m2K 

Construction applications 

HW LW Elevated LW Elevated LWS 

Concrete block 200 
1.779 

External 

wall 
- - - 

Stucco, insulation, 

plasterboard 
0.281 - External wall External wall - 

Steel, insulation, 

plasterboard 
0.629 - - - External wall 

Concrete block 100 2.732 Internal wall - - - 

Plasterboard, 

fibreglass, plasterboard 
0.450 - Internal wall Internal wall Internal wall 

Plasterboard, insulation 0.333 Ceiling Ceiling Ceiling Ceiling 

Steel, Sisalation 0.660 Roof Roof Roof Roof 

Concrete slab 3.869 Floor Floor - - 

Timber  4.167 - - Floor Floor 

WINDOWTROP 

Aluminium frame 

G=0.193 

5.38 Windows Windows Windows Windows 
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3.3.3.2. Simulation of natural ventilation and thermal performance of houses 

TRNSYS and TRNFLOW were used in this study to simulate the airflow and thermal 

performance of house models. TRNSYS is ‘a complete and extensible simulation environment 

for the transient simulation of systems, including multi-zone buildings’ (Madison Solar Energy 

Laboratory, 2016a). The multizone building details were specified in the TRNBuild interface, 

which allows selecting all the building structure details, windows optical properties, cooling 

schedules, and occupancy that is needed to simulate the thermal behaviour of the building. The 

natural ventilation was modelled using TRNFLOW, a tool that integrates the multizone airflow 

model COMIS (Conjunction of Multizone Infiltration Specialists) into TRNSYS’ thermal 

building module (Type 56) (Figure 3.4).  

 

Figure 3.4. Algorithm of the combined thermal airflow building module. Source:  TRANSSOLAR Energietechnik 

GmbH (2005). 



77 

The TRNSYS simulation of natural ventilation and thermal performance of houses 

consists of several main components: the weather file, the house (Type56), radiation and 

shading calculators, thermal comfort index calculator, and an output printer for results (Figure 

3.5; Appendix 3). The main input component in the simulation is weather data. The air 

temperature, relative humidity, wind speed, and wind direction data were logged by the weather 

station installed in the research location (Muirhead) and converted to Excel files. The Excel 

files that were then used as an input to multizone building Type56-TRNFLOW and control for 

cooling. The radiation, solar zenith, and azimuth angles data were not measured directly, and 

the files included in the TRNSYS software package for Darwin were used to represent those 

conditions in the simulation as an input to ‘Radiation’ and ‘Turn’ calculators that allow defining 

the hemisphere, orientation of the building, and calculate the radiation on building surfaces 

taking into consideration shading features. The main simulation outputs are PMVe index (will 

be discussed further in this paper), sensible and latent energy demands for thermal zones. 
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Figure  3.5. Simulation scheme of the house model thermal performance. 

3.3.4. TRNFLOW modelling 

The airflow network is created in TRNFLOW (Appendix 4). The airflows from outside 

(external nodes) into the building (thermal zones) and between zones are shown in Figure 3.6. 

TRNFLOW treats windows and doors as large openings based on the schedule scenarios for 

natural ventilation that model different occupant behavioural adjustment (Table 3.3). 
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Figure 3.6. Airflow network in TRNFLOW. 

Table 3.3. Natural ventilation schedule scenarios. 

Room Scenario 1 Scenario 2 Scenario 3 

Living open plan 

room 
24 hours 00.00-06.00, 19.00-24.00 0.00-16.00, 19.00-24.00 

Bedrooms 24 hours 19.00-20.30 06.00-08.00, 18.00-20.00 

The air velocity in the room depends on the wind pressure distribution that must be 

included in the thermal performance simulation to account for surrounding buildings.  

3.3.4.1. Mathematical model of wind pressure coefficient  

While the NatHERS accredited software uses terrain category for wind pressure 

calculation (DoEE, 2019), the calculation of the air velocity in the room in this study, was based 

on the wind pressure coefficient model. The studies of the effects of surrounding buildings on 

wind pressure distributions for single-family houses were investigated through parametric 

studies (Swami & Chandra, 1988) and wind tunnel tests (Wiren, 1983; Sharag-Eldin 2007). The 

main factors that impact the wind pressure coefficient – according to Swami and Chandra 

(1988), Grosso (1992) and Sharag-Eldin (2007) – are wind angle, the ratio of building 

parameters (length/width), and the space and geometric angles between the test building and 

surrounding obstructions, buildings, and objects (Figure 3.7).  
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Figure 3.7. Horizontal and vertical shielding angles. Source: Sharag-Eldin (2007). 

Wiren’s (1983) wind tunnel study of two-storey terrace houses showed that the row of 

surrounding buildings has a high impact on wind pressure distribution and reduction of spacing 

between buildings in a group also reduces the overpressure on the windward wall and under 

pressure on the leeward wall of the test building. Swami and Chandra (1988) obtained an 

equation for wind pressure coefficient (Cp) based on experimental data collected from different 

studies: 

�� � ��	 
 ��1.248 � 0.703 
 ��� ���
� � � 1.175 
 ����� ! " 0.131 
 ���#2 
 � 


�� !! " 0.769 
 &'� ���
� � " 0.071 
 �� !!� 
 ���� ���

� � " 0.717 
 &'����
� !! 3.1! 

where Cp0=0.6, AS is the wind angle, S is the side ratio (L/W), see Figure 3.7. Equation 

(3.2) presents the correction for Cp for building in the surrounding rectangular pattern based on 

Swami and Chandra (1988) as follows:  

�) � 1.26 
 �0.309 � 1.061 
 � ��
*+	� " 12.304 
 � ��

*+	�� � 20.49 
 � ��
*+	�# " 9.766 
  ��

*+	!, 

 3.2! 
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The correction of the wall Cp value with one building obstruction depends on the ratio 

of the distance of the neighbouring building to the length of the house under consideration 

(spacing factor): 

�) � 1.26 
 -./�3 
 �0! 
 1.039 
 ��� ��1,2
�3 � 0.0476 
 ���� � 47!/ 5!� �

0.684 
 ���� � 47!/ 5!#  3.3! 

where AR is the obstruction angle in radians, AS is the wind angle, and SF is the 

spacing factor. According to the authors, the Cp difference is negligible at obstruction angles 

greater than 45°. The calculated wind pressure coefficients are used as an input for TRNFLOW 

model. The output of TRNFLOW model is the outdoor air change rate of the air node and is 

used to calculate the average air velocity in the thermal zone using the equation: 

67 � ��8 
 6'9:;;</ =>? 
 3600! m/s!  3.4! 

This air velocity refers to an area close to the window because further from the window 

there are many other factors, such as geometry of furniture, location and dimensions of other 

openings etc. that affect air velocity.  

3.3.4.2. Simple Cooling Coil Model 

TRNSYS component Type 752 h was used to model a simple cooling coil that contains 

a cooler fluid and cools the air as it passes across (Madison Solar Energy Laboratory, 2016b). 

This model assumes that two flows are mixed to produce the required outlet air condition. The 

portion of the air cooled to the temperature equal to the coil fluid mixes with the air with an 

unchanged temperature. In this model, the outlet temperature and outlet relative humidity were 

controlled at specified conditions. The setpoint for outlet temperature in the living room and 

the kitchen was 26.5 ℃, and in bedrooms 26.0 ℃. The device was assumed to be off if the 

input control signal from the timer was less than 0.5. The coil was also assumed to be off if air 
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entering the room was already at or below the desired air outlet conditions, as shown in 

Table 3.4. 

Table 3.4. Cooling schedule scenarios. 

Air node Schedule scenario 1 Schedule scenario 2 Schedule scenario 2 

Living room, kitchen 24 hours 10.00-19.00 16.00-19.00 

Bedroom 1, 2, 3 24 hours 
21.00-24.00,  

00.00-06.00 

21.00-24.00,  

00.00-06.00 

3.3.4.3. Flow Condition (Temperature and Humidity Control)  

The algorithm of the temperature and humidity control is presented in Figure 3.8. The 

control is based on the Psychrometrics routine that determines the outlet temperature at a 

specified set of conditions and based on the assumption that the initial outlet air humidity ratio 

and enthalpy is equal to the respective inlet values. The simulation uses nested iterative 

processes. The iteration to find an appropriate coil humidity ratio is nested inside the iteration 

to find an appropriate coil temperature to meet the desired outlet dry bulb temperature and 

humidity ratio (Madison Solar Energy Laboratory, 2016b).  

Type 752 h assumes that a fraction of the inlet air reaches the average temperature of 

the liquid-filled coils, while the remaining fraction bypasses it. At the start, the temperature and 

humidity ratio of the air exiting the coil are equal to the respective inlet values and makes a call 

to the Psychrometrics subroutine to fully determine the coil air state, then mixes this coil air 

with the bypassed air to get desired air temperature and humidity ratio. The model calculates 

the amount of energy removed from the air to reduce the humidity to the desired level and the 

amount of reheat energy required to get the desired air temperature.  
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Figure 3.8. Algorithm of the temperature and humidity control in Type 752 h. 
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3.3.5. Thermal comfort index PMVe 

The thermal comfort performance of the simulated houses was assessed based on a mix 

of the PMV model developed by Fanger for an air-conditioned indoor environment and the 

PMVe model which had been extended to non-air-conditioned buildings in warm climates 

(Fanger & Toftum, 2002; Fanger, 1970). The PMVe value was calculated using the equation: 

/L6Q � Q 
 0.303Q1	.	#gh " 0.028!iL � C! � 3.05 
 101# 
 j5773 � 6.99L � C! �
R7k � 0.42 
 jL � C! � 58.15k � 1.7 
 101lL5867 � R7! � 0.0014L34 � P7! �

3.96 
 101+V?SjP?S " 273!, � P: " 273!,k � V?Sℎ?P?S � P7!n 3.5! 

where e is the expectancy factor for areas where warm periods are present in all seasons 

(set at 0.7; Fanger & Toftum, 2002), M is the metabolic heat generation rate (assumed as 1 met 

for seated occupants), W is the external work (assumed as equal to zero), ta is the ambient air 

temperature, tṝ is the mean radiant temperature, pa is the partial water vapour pressure, hc is the 

convective heat transfer coefficient, and tcl is the surface temperature of clothing. The clothing 

area factor fcl is the function of clothing insulation Icl (accepted 0.35 clo based on McCullough, 

et al., 1985) and calculated using Equation 3.6 (Fanger, 1970): 

V?S � o 1.0 " 0.2M?S   M?S < 0.5
1.05 " 0.1M?S  M?S X 0.5  3.6! 

P?S � 35.7 � 0.0275L � C! � 0?SiL � C! � 3.05j5.73 � 0.007L � C! � R7k �
0.42jL � C! � 58.15k � 0.0173L5.87 � R7! � 0.0014L34 � P7! 3.7! 

0?S � 0.155M?S   3.8! 

ℎ?S � 12.1q67  3.9! 

The vapour pressure of air was calculated based on dew temperature Td: 

Pa � 0.6108*EXP17.27*Td/237.3"Td!!  3.10! 

Td�T-100-RH!/5  3.11! 
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The PMV is a function of several factors, where the air temperature is only one of 

them, and considers ‘any air temperature between 10 and 35 °C as neutral, depending on the 

other five variables in the model’ (Funger & Taftum, 2002, p. 536). The PMV value equals zero 

with the Predicted Percentage of Dissatisfied (PPD) of 5% accepted as the optimal comfort 

condition, as shown in Figure 3.9. However, the thermal sensation of house occupants varies 

from one individual to another; therefore, the comfort region can range between ±0.5 with 

PPD equal to 10%. It also must be considered that the PMV index is limited to an indoor 

environment where conditions change slowly (Fanger, 1970). The outputs of indoor 

environmental conditions from Type56 thermal zone air temperature, relative humidity, and 

mean radiant temperature are taken as an input to the PMV index calculator. The interval 

between -0.5 and 0.5 points of the PMV index is accepted as thermally comfortable for 

occupants of the zone. 

 

Figure 3.9. Predicted Percentage of Dissatisfied as a function of PMV (Fanger, 1970, p. 131). 
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3.3.6. Monitoring of indoor environment in case study houses 

Monitoring of indoor air temperature, relative humidity, and air velocity using data 

loggers was conducted in the living rooms of 10 houses. HOBO UX100 data loggers were used 

for air temperature and relative humidity monitoring. Temperature, humidity, and air velocity 

data loggers were placed in the open space areas (living room) of participating houses. Data 

were recorded from December 11, 2015, to February 15, 2016.  

Hotwire anemometers were used for air velocity monitoring. Single-phase two-element 

Mk7A meters were installed to monitor half-hourly energy consumption. Specifications of the 

sensors used in this study are shown in Table 3.5.  

Table 3.5. Specification of the sensors placed in the living rooms of case-study houses. 

Parameter Instrument specification Accuracy ASHRAE 55-2017 

Air temperature and 

humidity  

HOBO UX100 Temp/RH Data 

Logger – UX100-003 

Temperature Sensor 

±0.21 K from 0 to 50 °C 

 

RH Sensor 

Range: 1% to 90% 

Accuracy: ±2% from 20% to 

80% typical at 25 °C 

±0.2 K 

±0.6 K (for dew point 

temp) or RH ±3% 

Air velocity Hot wire anemometer, K-J 

thermometer with SD card 

datalogger –ICAM4214SD 

Resolution 0.2-5 m/s 

Accuracy  

+/-1% of scale +0.1 m/s 

Elliptical and spherical 

omnidirectional 

±0.05 m/s 

3.4. Results  

3.4.1. Thermal comfort simulation  

3.4.1.1. Naturally ventilated indoor environment: simulated and measured  

The period between February 1-3, 2016 was chosen for investigating the thermal 

performance of simulated and study houses in the Wet Season so the results would be 

comparable with a study by Kane et al. (2009), who conducted measurements in February, 

2006. The minimum air temperature of 25.2 ℃ during this period was recorded at 06:30 on 

February 1, and the maximum of 33.2 ℃ was recorded at 14:00 on February 3. Relative 
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humidity fluctuated within 62%–98% range. The daily average solar radiation flux density was 

252 W/m², 162 W/m2 and 244 W/m2 on February 1, 2 and 3, respectively. In this period, an 

average wind speed fluctuated from a minimum of 0.45 m/s at 05:00 to a maximum of 3.61 

m/s at 15:00. Wind direction was predominantly from the west and north-west on February 1 

and 2 and from south-southeast and west on February 3. 

3.4.1.1.1. Indoor air temperature 

3.4.1.1.1.1. Simulated indoor air temperature 

The half-hourly simulations of the thermal environment in the naturally ventilated living 

rooms of four house models between February 1-3 on Figure 2.10 shows that indoor air 

temperature fluctuated between 25 ℃ at 06.00 and 33.3 ℃ at 15:00 over a 24-hour period. In 

the ELWS house, indoor air temperature correlated with the fluctuations of the outdoor air 

temperature. There was an approximately one-hour lag between outdoor temperature and 

simulated indoor temperature. The air temperature in the living room of the ELWS house was 

higher by about 2-3 K than in living rooms of the single-storey houses (HW and LW) between 

10:00 and 17:00 on February 1, and lower by about 2 K at night. A similar pattern was 

demonstrated for February 3. The simulated indoor temperatures for February 2 showed that 

indoor temperature in the living room of ELWS was lower by 1–4 K between 10:00 and 17:00.  



88 

 

Figure 3.10. Simulated air temperature in living rooms of house models, February 1-3. LW TAIR_LIVING: 

lightweight construction house model; ELWS TAIR_LIVING: elevated lightweight steel construction house 

model; HW TAIR_LIVING: heavyweight construction house model; ELW TAIR_LIVING: elevated lightweight 

construction house model. 

3.4.1.1.1.2. Measured indoor air temperature in case study houses 

Indoor air temperatures were recorded from February 1-3, 2016 in living rooms of the 

heavyweight construction houses: M1 (always closed, air-conditioner used from 12:00–23:00), 

M5 (open at night, air-conditioner used from 12:00–21:00); and the elevated lightweight 

construction house: L1 (louvres always open); results are shown in Figure 3.11. The air 

temperature in the living room of L1 varied from a minimum of 26.3 ℃ at 09:00 on February 1, 

to a maximum of 31.76 ℃ at 16:00 on February 3, and at 16:00 was higher by 1.3 K and 4.6 K 

than the indoor air temperature in the living room of M1 and in M5, respectively.  
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Figure 3.11. Measured air temperature in living rooms of study houses, February 1-3 2016. M1 and M5: 

heavyweight construction study houses in Muirhead; L1: elevated lightweight steel construction study house 

in Lyons; DBT_out: outdoor dry bulb temperature.  

The simulated air temperature in the house models was higher than the air temperature 

in the study houses by a maximum of 1.4 K for elevated lightweight construction house and 3.3 

K for heavyweight construction house between 15:00 and 17:00 (Figures 3.10 and 3.11). While 

between 00:00 and 06:00, the air temperature in L1 was higher by 1.3 K compared to the 

simulated air temperature in ELWS house. The discrepancy may be explained by the difference 

between solar radiation flux used as input in the TRNSYS weather file and actual solar radiation 

flux.  

3.4.1.1.2. Indoor relative humidity 

3.4.1.1.2.1. Simulated indoor relative humidity 

Simulated relative humidity in house models fluctuated between 65% at midday and 

97% at night in all houses. In the elevated ELWS house, indoor relative humidity correlated 

with outdoor air relative humidity. The simulation graph showed a one-hour lag between 

increases and decreased in outdoor and indoor relative humidity in ELWS (Figure 3.12). In the 

rest of the house models, the lag lasted from 1–4 hours.  
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Figure 3.12. Simulated relative humidity in living rooms of house models, February 1-3. LW RHliv: lightweight 

construction house model; ELWS RHliv: elevated lightweight steel construction house model; HW RHliv: 

heavyweight construction house model; ELW RHliv: elevated lightweight construction house model; RH_out: 

outdoor relative humidity. 

3.4.1.1.2.2. Measured indoor relative humidity 

Relative humidity measured in the living room of L1 also correlated with outdoor 

relative humidity and varied between 75% at midday and 90% at night, as demonstrated in 

Figure 2.13. The relative humidity measured in the closed living room of M1 varied from 59% 

at midday to 71% at night. In M5, the indoor relative humidity at night and in the early morning 

ranged from 80%–83% then reduced to 50% during mechanical cooling hours.  
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Figure 3.13. Measured indoor relative humidity in living rooms of study houses, February 1-3. M1 and M5: 

heavyweight construction study houses in Muirhead; L1: elevated lightweight steel construction study house 

in Lyons; RH_OUT: outdoor relative humidity.  

3.4.1.1.3. Simulated and measured indoor air velocity: single storey versus elevated 

The differences between the indoor air velocities in the single storey and elevated 

houses are shown in Figure 3.14. The simulated indoor air velocities correlated with outdoor 

wind velocity (Figure 3.14a). The simulated maximum indoor air velocity of 0.22 m/s in the 

elevated house was slightly higher than in the single storey house. The maximum measured 

indoor air velocity in the elevated L1 in the same period was 0.55 m/s compared to 0.3 m/s in 

the single-storey M5 (Figure 3.14b). The airspeed was below the measurement range of the 

anemometer in M1, which was always closed and air-conditioned between 12:00-23:00 in this 

study period.  
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Figure 3.14. Indoor air velocity in single-storey and elevated houses, February 1-3, 2016; a) simulated in LW 

and ELW; b) measured in M1, M5 and L1. LW: lightweight construction house model; ELW: elevated 

lightweight construction house model; M1 and M5: heavyweight construction study houses in Muirhead; L1: 

elevated lightweight steel construction study house in Lyons; Ws: wind speed. 

3.4.1.1.4. Thermal comfort index PMVe in simulated environment versus to case study houses 

The PMVe for the indoor environment of four house models is presented in Figure 

3.15a, which demonstrates that the PMVe index in ELWS is below 0.5 points for 12 hours 

compared to eight hours in ELW and four hours in both LW and HW between February 1-3. 

The PMVe index in ELWS varies between 2.5 and 3.5 points, compared to 2.5 and 2.8 in the 

other houses between 12:00 and 17:00. Among the house models, ELWS demonstrated better 

a) 

b) 
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thermal performance during the night, while the rest of the houses performed better during the 

day.  

The PMVe was calculated for the indoor environment in case study houses and an 

assumption that clothing insulation of 0.35 clo was applied similarly across the simulated 

houses. Figure 3.15b shows that the elevated L1 recorded its maximum PMVe value of 1.9–2.4 

between 14:00 and 18:00 from February 1-3 and its lowest value of -1 at 8:00 on February 1. 

The PMVe index in L1was below 0.5 during the 12 hours from 18:00 on February 1 and 5:00 in 

the early morning February 2. The PMVe index for M5 was below 0.5 between 18:00 and 21:00 

each day. While the PMVe index in the closed M1 was above one point from 12:00–23:00 

consistently, the elevated lightweight construction L1, like the ELWS, performed better at 

night.  
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Figure 3.15. The PMVe index in the living rooms of four house models (a) and case study houses (b). LW 

PMVe: lightweight construction house model; ELWS PMVe: elevated lightweight steel construction house 

model; HW PMVe: heavyweight construction house model; ELW PMVe: elevated lightweight construction 

house model; PMVe_M1 and PMVe_M5: heavyweight construction study houses in Muirhead; PMVe_L1: 

elevated lightweight steel construction study house in Lyons; RH_OUT: outdoor relative humidity.  

3.4.1.1.5. Annual and seasonal variation analysis of simulation results for thermal comfort and cooling 

energy  

3.4.1.1.5.1. Thermal comfort: natural ventilation versus mechanical cooling 

Thermal comfort was simulated for four house models using TRNSYS software for a 

closed mode, cooling in a closed mode, and natural ventilation in an open mode: closed mode, 

open mode, and 24-hour cooling with set 26.5 °C temperature and 60% relative humidity 

settings (NatHERS, 2019; ASHRAE, 2017). Figure 3.16 demonstrates that all four houses with 

24-hour cooling in a closed mode have a PMV index within the comfort zone (-0.5–0.5) for less 

a) 

b) 
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than 10% of the year. ELW and ELWS houses, open 24-hour, have a PMVe index within the 

comfort zone for 18% of the year in living rooms and for 6-12% in bedrooms. LW 24-hour 

open house had a PMVe index within the comfort zone for 16% and the HW house within the 

comfort zone for about 15% of the year.  

 

Figure 3.16. The per cent of hours per year simulated PMV index is within -0.5-0.5 range. 24HOP: 24-hour 

open mode (natural ventilation); 24HCool: 24-hour cooling in a closed mode; CL: closed mode or airtight 

without cooling or ventilation; Bed 1, Bed 2, Bed 3: bedrooms in house model; Living and Kitchen: living room 

and kitchen in house model.  

3.4.1.1.5.2. Thermal comfort: dual-mode adjustment strategies 

The thermal performance of houses was simulated with consideration of the occupancy 

schedule and preferences of occupants for different indoor environment adjustment strategies. 

The indoor environment in rooms was adjusted through mechanical cooling, use of fans and 

natural ventilation. The use of a fan in the room was simulated through an increase in the air 

velocity by 0.2 m/s when the indoor air temperature was ≥26 ℃. All internal doors and 

windows were open during natural ventilation of bedrooms between 19.00 and 20.00. Windows 
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in the living room and kitchen were open during the natural ventilation of the living room and 

kitchen overnight (Table 3.6).  

Table 3.6 Adjustment strategies for indoor environment 

Adjustment strategy/Zones LIVING/KITCHEN BEDROOMS 

AS1 Natural Ventilation No ventilation No ventilation 

Cooling  16.00 -19.00 Tset = 26.5 ℃ 0.00-6.00, 21.00 – 24.00 Tset=26 ℃ 

AS2 Natural Ventilation No ventilation No ventilation 

Cooling  16.00 -19.00 Tset = 26.5 ℃ 0.00-6.00, 21.00 – 24.00 Tset=26 ℃ 

Air velocity increase (fan) 
Va= 0.2 m/s if 

Tair,in >26 °C and tr> 26 °C 

Va= 0.2 m/s if 

Tair,in >26 °C and tr> 26 °C 

AS3 Natural Ventilation 00.00-06.00, 19.00-24.00 19:00-20:00 

Cooling  16.00 -19.00 Tset = 26.5 ℃ 00.00-06.00, 21.00 – 24.00 Tset=26 ℃ 

AS4 Natural Ventilation 00.00-16.00, 19.00-24.00 06.00-08.00, 18.00-20.00 

Cooling 16.00-19.00 Tset = 26.5 ℃ 00.00-06.00, 20.00 – 24.00 Tset=26 ℃ 

Air velocity increase (fan) 
Va= 0.2 m/s if 

Tair,in >26 °C and tr> 26 °C 

Va= 0.2 m/s if 

Tair,in >26 °C and tr> 26 °C 

AS5 Natural Ventilation 00.00-06.00, 19.00-24.00 19:00-20:00 

Cooling  10.00 -19.00 Tset = 26.5 ℃ 0.00-6.00, 21.00 – 24.00 Tset=26 ℃ 

Air velocity increase   

AS6 Natural Ventilation 00.00-06.00, 19.00-24.00 19:00-20:00 

Cooling  10.00 -19.00 Tset = 26.5 ℃ 0.00-6.00, 21.00 – 24.00 Tset=26 ℃ 

Air velocity increase  
Va= 0.2 m/s if 

Tair,in >26 °C and tr> 26 °C 

Va= 0.2 m/s if 

Tair,in >26 °C and tr> 26 °C 

AS7 Natural Ventilation 00.00-06.00, 19.00-24.00 06.00-08.00, 18.00-20.00 

Cooling 10.00-19.00 Tset = 26.5 ℃ 00.00-06.00, 20.00 – 24.00 Tset=26 ℃ 

Air velocity increase  
Va= 0.2 m/s if 

Tair,in >26 °C and tr> 26 °C 

Va= 0.2 m/s if 

Tair,in >26 °C and tr> 26 °C 

The natural ventilation of the living room and kitchen at night was simulated to analyse 

changes in the thermal performance of the house. Natural ventilation of bedrooms between 

19.00 and 20.00 was also applied to analyse the relationship of the indoor temperature to the 

outdoor temperature level before cooling the room.  

3.4.1.1.5.3. PMVe index 

The frequency of the simulated PMVe index values was analysed on an hourly basis 

with consideration of seasonal variation and day and night hours in the living room, kitchen, 
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and the bedrooms of LW, which requires the least cooling energy compared to HW and the 

other houses, as discussed further in Section 3.4.1.1.5.4.  

3.4.1.1.5.4. Living Room and Kitchen 

The frequency of the PMVe index graphs, presented in Figure 3.17, show that the night 

only natural ventilation of the living room provides thermal comfort for 12% of the year. 

Cooling the living room in a closed mode to 26.5 ℃ between 16:00 and 19:00 without natural 

ventilation or fan use under AS1 does not improve thermal comfort in the living room or 

kitchen. The combination of night only natural ventilation and fan use provides thermal 

comfort for 23% of the year compared to 1% when AS1 strategy is in use. The combination of 

cooling and fan air velocity of 0.2 m/s under AS2 strategy provides thermal comfort for 6% of 

the year and has PMVe index values in the -1 to -0.5 interval for 22% of the year. The 

combination of night natural ventilation, cooling, and fan use under AS4 strategy provides 

PMVe index values within -0.5 – 0.5 interval for 13% and in the -1 to -0.5 for 23% of the year. 

The AS6 strategy, with cooling hours between 10:00 and 19:00 has PMVe values within the -0.5 

to 0.5 interval only for 12% of the year but below – 0.5 for 40% of the year and the majority of 

the hours.  

The simulation of indoor thermal comfort in the kitchen demonstrates similar results to 

those of the living room. However, the frequency of PMVe values between -0.5 and 0.5 is 

lower when natural ventilation is in use. Several factors can explain this: 1) different shading 

factors for the living room (0.7) and kitchen (0.3), 2) a different window opening area between 

the kitchen (1.8 m2) and the living room (13.5 m2), and 3) the heat gain of 7,000 kW from the 

stove and oven in the kitchen.  
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Figure 3.17. Frequency of PMVe index values in the living room (LIV) and the kitchen (KIT) of LW house under 

adjustment strategies AS1-AS6, natural ventilation (NV) and combination of natural ventilation with fan use 

(NV_FAN).  
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The seasonal variation analysis of the PMVe index for natural ventilation between 19:00 

and 06:00 in combination with fan use is presented for living room in Table 3.7. The living 

room has PMVe index values within the -0.5-0.5 interval for 50% of the time in the Dry 

Season, for 13% in the Wet Season and transition period from the wet to Dry Season, and for 

16% in the transition period between Dry and Wet Seasons.  

Table 3.7. Frequency of the PMVe index in the living room of lightweight construction house model. 

PMVe  Wet Season  

(Dec, Jan, Feb) 

Dry Season  

(Jun, Jul, Aug) 

Wet to Dry Season 

transition  

(Mar, Apr, May) 

Dry to Wet Season 

transition  

(Sep, Oct, Nov) 

-3 to -2 0 21 0 0 

-2 to -1 1 92 3 2 

-1 to -0.5 4 124 3 5 

-0.5 to 0.5 287 1101 298 355 

0.5 to 1 287 483 300 315 

1 to 2 699 326 740 645 

2 to 3 547 61 564 548 

3+ 335 0 300 314 

Total hours 2160 2208 2208 2184 

The seasonal variation analysis of the PMVe index in the living room between the 

daytime hours of 07:00 and 20:00 shows that the combination of natural ventilation and fan use 

provides thermal comfort for 36% of the time in the Dry Season and only for 3% of the time in 

the Wet Season (Figure 3.18).  

The AS4 strategy provides thermal comfort for 23% of the time and has PMVe values 

below -0.5 for 40% of the time in the Dry Season compared to 35% in the Wet Season (Figure 

3.18).  
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 DRY SEASON (JUN, JUL, AUG) WET SEASON (DEC, JAN, FEB) 
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Figure 3.18. Frequency of PMVe index values in the living room between 7:00 and 20:00 (day hours only) in 

the dry and Wet Seasons. In total, 1288 hours in the Dry Season and 1260 hours in the Wet Season. LIV: living 

room; NV: natural ventilation between 19:00 and 06:00; NV_FAN: natural ventilation in combination with fan 

use; AS1, AS2 and AS4: adjustment strategies.  
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3.4.1.1.5.5. Bedrooms 

The frequency of PMVe index under adjustment strategies AS1–4 is presented in Figure 

3.19. The AS1 strategy provides thermal comfort for less than 3% of the year and has 97% of 

the PMVe index above 0.5. AS2 strategy provides thermal comfort for 6% of the year in 

bedroom B1 and for 11% in bedrooms B2 and B3. However, the AS2 strategy has PMVe index 

below 0.5 for 48% and AS4 strategy for 44% of the year. The best results are demonstrated for 

bedroom B3, located between the garage and bedroom B2. 

 

Figure 3.19. Frequency of PMVe index values in B1, B2, B3 (bedrooms), and AS1, AS2, AS3, AS4 (adjustment 

strategies)  

The seasonal variation analysis of the PMVe index between the night-time hours of 

20:00 and 06:00 is presented for bedroom B1 in Figure 3.20. Under the AS2 (cooling and fan 

use) and AS4 (a combination of natural ventilation, cooling, and fan use) strategies, PMVe 

index values are within the -0.5 to 0.5 interval for less than 2% of the time in the Wet and Dry 
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Seasons. However, the PMVe index values are below 0.5 for approximately 90% of the time in 

the Wet Season and 86% in the Dry Season. 

 DRY SEASON (JUN, JUL, AUG) WET SEASON (DEC, JAN, FEB) 

  

  

Figure 3.20. Frequency of PMVe index values in the bedroom B1 between 20:00 and 6:00 (night hours only) in 

the Dry and Wet Seasons (in total, 1012 hours in the Dry Season and 990 hours in the Wet Season). AS2 and 

AS4: adjustment strategies.  

3.4.2. Cooling energy and PMVe 

3.4.2.1. 24-hour cooling 

The sensible and latent energy output for the 24-hour cooling simulation is presented in 

Figure 3.21 for all four house models. HW house requires less sensible energy for cooling of 

the living room compared to all other houses (Figure 3.21a). The LW house requires 5% less 

sensible energy for bedrooms compared to the HW house, and 22% less latent cooling energy 

for the living room compared to HW and ELWS (Figure 3.21a, b). The ELWS house requires 

less latent energy than any of the other rooms. In total, among the single-storey houses, LW 

requires 5% less cooling energy p.a. than HW. The LW house requires the least cooling energy 
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among all house models. The simulated 24-hour cooling energy varies from 1,098 MJ/m2 p.a. 

for the closed LW house to 1,155 MJ/m2 p.a. for the HW house in the closed mode. 

 

Figure 3.21. The annual cooling energy required for 24-hour cooling of four house models: a) sensible cooling 

energy, b) latent cooling energy, c) total. 

a) 

b) 

c) 
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3.4.2.1.1. Living room 

Monthly sensible and latent energy required for living room under adjustment strategies 

AS1, AS3 and AS5 are presented in Figure 3.22. According to the simulation, the amount of 

sensible energy required to cool the living room in AS1 is 63 MJ/month higher than AS3 due 

to the use of natural ventilation. An increase in cooling time by six hours resulted in an increase 

of sensible energy by 50% (Figure 3.22a). Similar results were demonstrated for latent energy 

(Figure 3.22b). The amount of latent energy increased by 50% when natural ventilation was 

introduced (AS3) and increased by a further 50% with an increase in cooling time to a total of 

nine hours. Under the AS5 adjustment strategy, the highest total monthly sensible and latent 

energy of 3,249 MJ/month are required in March compared to 1,107 MJ/month in July. 

 

Figure 3.22. Sensible (a) and latent (b) cooling energy required for the living room in the lightweight 

construction house. QSENS_LIVING: sensible cooling energy; QLAT_LIVING: latent cooling energy; AS1, AS3, 

AS5: adjustment strategies outlined in Table 3.6.  

a) 

b) 
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3.4.2.1.2. Bedrooms 

Among the bedrooms, the least amount of cooling energy is required for bedroom B3. 

Annual cooling energy required for bedroom B3 under adjustment Strategy AS1 is 12,688 

MJ/annum compared to 14,295 MJ/annum for B1 and 13,066 MJ/annum for B2. Monthly 

sensible and latent energy estimates required for cooling bedroom B3 under control strategies 

AS1, AS3 and AS5 are presented in Figure 3.23. The amount of sensible energy needed to cool 

bedroom B3 increased in average by 346 MJ/month when natural ventilation is in use under 

AS3 and AS5. The amount of latent energy also increased by 1,573 MJ/month on average when 

natural ventilation was introduced (AS3 and AS5). The highest total monthly energy of 3,632 

MJ/month was required for cooling of bedroom B3 in March compared to 1,813 MJ/month in 

July under adjustment strategy AS5.  

 

Figure 3.23. Sensible Qsens (a) and latent Qlat (b) cooling energy required for bedroom B3 under adjustment 

strategies AS1, AS3, and AS5. 

a) 

b) 
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The total cooling energy of 57,119 MJ/annum was required for an LW house under 

adjustment strategy AS1 compared to 141,668 MJ/annum under AS3 and 170,283 MJ/annum 

under AS5, as shown in Figure 3.24.  

 

Figure 3.24. Monthly cooling energy required for lightweight construction house under adjustment strategies 

AS1, AS3 and AS5.  

3.4.2.2. Impact of a building setback on PMVe index 

The effect of a building setback on the PMVe index and cooling energy output was 

analysed for lightweight construction houses, LW and ELW. The simulation results for both 

houses without a wind obstruction (open), with wind obstruction (4 m and 6 m building 

setbacks) are presented in Table 3.8. The frequency with which the PMVe index values fell 

within the -0.5 and 0.5 interval increased by an average of 80 hours/year, when there was no 

wind obstruction simulated for living room and kitchen. There was an insignificant change 

indicated for bedrooms. The elevation of a house increased the frequency with which the 

PMVe index was within the thermal comfort interval in the living room by 354 hours/year.  
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Table 3.8. PMVe index for the single storey and elevated lightweight construction house models with and 

without wind obstructions. 

House type Setback PMVe_LIV PMVe_KIT PMVe_B1 PMVe_B2 PMVe_B3 

ELW 

Open 2311 2164 1087 1326 1356 

6 m 2220 2040 1023 1256 1329 

4 m 2240 2068 1061 1283 1328 

LW 

Open 1957 1848 387 636 828 

6 m 1872 1778 370 620 835 

4 m 1877 1784 369 620 835 

3.4.2.3. Impact of setback distance on cooling energy  

The results of the cooling energy simulation under adjustment strategy AS3 in ELW 

and LW without a wind obstruction and with wind obstruction (when building has a side 

setback of 4 m and 6 m) are presented in Table 3.9. The ELW house without the wind 

obstruction required 9,510 MJ/annum less than the house with a setback of 4 m and 9,554 

MJ/annum less cooling energy than the house with a setback of 6 m, an average difference of 

7.5% for the ELW house (Table 3.9). The simulation estimated that energy consumption when 

the setback is 6 m is likely to be 44 MJ/annum lower than when the setback is 4 m. Similar 

simulation results were obtained for the single storey house, LW. According to this simulation, 

ELW requires 24,041 MJ/annum (17.0%) less cooling energy than LW house under the AS3 

adjustment strategy in the open space environment.  

Table 3.9. Cooling energy (MJ/annum) simulation for single storey and elevated lightweight construction 

house models with and without wind obstructions. 

House type Setback LIVING KIT BED1 BED2 BED3 TOTAL 

ELW 

Open 13,257 12,829 30,839 29,999 30,655 117,578 

6 m 12,866 13,462 34,178 33,197 33,429 127,132 

4 m 12,817 13,455 34,143 33,005 33,669 127,088 

LW 

Open 15,851 16,559 37,831 35,594 35,784 141,619 

6 m 15,908 16,607 37,858 35,622 35,721 141,716 

4 m 15,852 16,616 37,860 35,621 35,719 141,668 
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3.5. Discussion 

3.5.1. Thermal house performance  

The analysis of PMVe index values in the closed house without cooling, the closed 

house with 24-hour cooling, and open the house adjustment strategies for four house models in 

Section 3.1 demonstrates that the 24-hour open ELW and ELWS houses are thermally 

comfortable for 10% of the year more compared to a house in a closed mode with 24-hour 

cooling setting at 26.5 °C and 60% relative humidity. The results of this simulation demonstrate 

that cooling the room to 26.5 °C and reducing the relative humidity to 60% is not sufficient and 

an increase in air velocity is required to provide thermal comfort (Safarova et al., 2018). The 

PMVe index values for ELW is within the thermal comfort range (-0.5 to 0.5) by 5% more 

hours than in the single storey LW. Those results can be explained by higher air velocity that 

can be achieved in the elevated houses through natural ventilation. Among all thermal zones in 

elevated houses ELW and ELWS, bedroom B3 performs better than other rooms in closed and 

cooled houses, while the living room performs better in fully open houses. Bedroom B3 has the 

lowest area of external walls, which explains its superior thermal performance. The poor 

performance of bedrooms under natural ventilation may be because window openings are 

predominantly located on the west and north and, therefore, do not get access to cooling 

breezes that predominantly come from the south-east. 

The simulation of thermal performance of four house models between February 1-3 

also indicated that among the naturally ventilated houses, ELWS provided thermal comfort for 

2.5 hours/day longer than the single-storey houses (LW and HW) in the Wet Season (Figure 

2.15a). However, the PMVe index in the ELWS house fluctuates from -0.5 in the early morning 

to 3.5 in the afternoon, while in the L1 case study house, the PMVe index value in the living 

room did not exceed a maximum of 2.4. This discrepancy between the measured and simulated 

PMVe index in house models can be explained by simulated indoor air temperature in house 
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models being higher and air velocity being lower than measured in case study houses. The 

higher measured air velocity could be explained using fans in the L1 and M5 houses. The 

measured air velocity in case study houses could also be higher because of wider building 

setbacks than the maximum of 6 m used in this simulation or house locations proximity to the 

open areas (parks, vegetated stormwater drainage areas; Appendix 2).  

The analysis of the measured indoor conditions demonstrates that modern case study 

houses had indoor air temperatures below the outdoor air temperature by a minimum of 1 K 

compared to houses investigated by Kane et al. (2009) that had maximum indoor air 

temperatures higher by 1.6 K. The simulated average daily PMVe index in the ELW house is 

above the 0.84 average PMV, as predicted by Kane et al. (2009) for the 24-hour ventilated 

house. This discrepancy is due to the constant air velocity of 0.9 m/s used by Kane et al. (2009) 

to simulate natural ventilation which is higher than a maximum air velocity of 0.2 m/s 

simulated in this study.  

3.5.2. Thermal performance of houses: dual-mode strategies  

The simulation of natural ventilation demonstrates that the frequency of the PMVe 

index values within the -0.5 to 0.5 interval predominantly increases with elevation in air velocity 

to 0.2 m/s during the Dry Season. In the Wet Season and transition periods the PMVe index 

values are within the range of ‘slightly warm’ and ‘hot’ (2-3) for about 70% of the time and a 

further elevation of air velocity or cooling is required to achieve thermal comfort.  

The analysis of adjustment strategies simulated for LW confirmed that the dual-mode 

operation of a house in tropical savanna climate increases thermal comfort hours. As discussed 

in Section 3.4.1.1.5.4 the night ventilation, in combination with cooling and fan use between 

10:00 and 19:00, provides PMVe index values below 0.5 in the LW living room for 53% of the 

year (Figure 2.17). For 40% of the time the PMVe index is within the (-1 to -0.5 range and this 

can be improved through changes to adjustment strategies or a slight increase in clothing 
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insulation. The results of simulations for adjustment strategies in the living room confirmed the 

results published by Tenorio (2002) regarding the benefits of dual-mode operation of the house 

for achieving thermal comfort.  

The simulation of thermal comfort in bedrooms indicates that a cooling strategy with a 

setting temperature of 26 ℃ and 60% relative humidity does not provide thermal comfort. 

Therefore, in order to provide thermal comfort in the bedroom, either the setting temperature 

should be lower than 26℃ or that a cooling strategy in combination with a fan should be used. 

The simulation of cooling strategy with a combination of the air velocity being increased to 

0.2 m/s demonstrated an increase in the frequency of PMVe index values between -2 and -1 to 

90% of the time in the Wet Season due to the cooling effect of moving air (Safarova et al., 

2018).  

3.5.2.1. The impact of a building setback on thermal comfort 

The impact of the building setback on thermal comfort in LW and ELW houses has 

been analysed based on frequency of PMVe index values within the -0.5 to 0.5 interval. An 

increase in a building setback only improves thermal comfort in houses when there is no wind 

obstruction. A living room and a kitchen benefit the most with an increase of 3% in hours 

when the PMVe is within the -0.5 to 0.5 range (Table 3.8). The increase in a building setback 

from 4 m to 6 m does not have a significant impact on the thermal performance of houses. 

3.5.2.2. Simulated Cooling Energy  

The results of the simulation indicate that the cooling energy, required for the modern 

heavyweight construction house, is higher by 5% than the energy needed for modern 

lightweight construction houses in a closed mode similar to simulation results reported by 

Tenorio (2002) (Figure 3.21). However, as discussed in the section above, cooling with a setting 

temperature of 26.5 °C in the living room and kitchen and 26 °C in the LW bedrooms in a 

closed mode provides thermal comfort for less than 10% of the year. An increase in air velocity 
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improves it by only 12%, which is not a desirable outcome (Figure 3.17). As a result, an increase 

in thermal comfort hours can be achieved either through setting the temperature at a lower 

level, a further increase in air velocity, or a combination of natural ventilation with fan use and 

cooling. The combination of natural ventilation and cooling (dual-mode) results in the 

increased hours of thermal comfort in the living room and kitchen, as discussed in 

Section 3.4.1.1.5.4. The simulation of adjustment strategies that are most likely to be used by 

occupants of tropical houses demonstrates that, when the evening and night natural ventilation 

is in use, the indoor relative humidity equilibrates with outdoor conditions that causes latent 

cooling energy to increase (Figures 3.12 and 3.22). The annual cooling energy required for a 

house where adjustment strategies include natural ventilation is higher by 84,549 MJ/annum 

than the 57,119 MJ/annum needed for a house simulated in a closed mode as shown in Section 

3.2.4 (Figure 2.24). According to the simulation, AS4 or AS6 strategies where the living room 

and the kitchen operate in dual-mode and bedrooms operate in closed mode would provide 

thermal comfort for the most time each year and would require cooling energy of 72,517 

MJ/annum. The difference between the dual-mode and closed mode can be explained by the 

ideal simulated indoor environment for a closed mode house with the infiltration rate of 0.6 

ACH and the assumption that occupants apply the same adjustment strategy and keep all 

rooms closed at all times. However, previous studies demonstrated that ventilation is needed to 

prevent mould growth in airtight buildings (Brambilla & Sangiorgio, 2020). As research by 

Daniel (2018) on preferential adjustment strategies shows, environmentally conscious house 

occupants in Darwin prefer to use natural ventilation and, therefore, the simulation of the 

thermal performance of houses in the closed mode would not represent the real-life situation. 

As such, the thermal performance rating of tropical houses should be based on the simulation 

of dual-mode strategies that reflect a real-life occupant behaviour and the PMVe index.  

The impact of a building setback on cooling energy was investigated for a single storey 

and elevated lightweight construction houses, LW and ELW. The elevated ELW requires 17% 
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less cooling energy than a single storey house under adjustment strategy AS3 in the open 

environment (no wind obstruction). An increase of a building setback results in a reduction of 

cooling energy for all rooms but a living room in ELW. The simulation of cooling energy for a 

single storey house demonstrates an insignificant effect of the building setback. However, the 

regression analysis of the actual household electricity consumption showed that harnessing 

wind speed and wind direction can significantly reduce cooling energy consumption (Safarova 

et al., 2018).  

3.6. Conclusion 

This paper presents the results of the simulation of thermal comfort and cooling energy 

load for four types of detached house in the tropical savanna climate (Aw) of Darwin. The 

simulation of thermal comfort and cooling energy load was performed for different 

combinations of adjustment strategies. 

The air velocity in houses during the natural ventilation was simulated based on a 

building setback and geometry. In this study, the thermal performance simulation was 

performed in TRNSYS software using TRNFLOW for simulation of natural ventilation. The 

mathematical model of wind pressure coefficient based on building geometry and distance to 

the neighbouring building was used to consider the suburban design factor. The thermal 

comfort evaluation was based on PMV and PMVe indices and PPD. The simulation results, in 

general, were similar to recent studies and demonstrated the following: 

1. twenty-four-hour natural ventilation of houses provided thermal comfort for less than 

20% of the year in the living rooms and less than 12% in bedrooms based on PMVe 

index and PPD; 

2. the combination of natural ventilation and fan use provided thermal comfort in the 

living room of a single-storey lightweight construction house for 36% of the time in the 

Dry Season but only for 3% of the time in the Wet Season;  
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3. the AS4 strategy provided thermal comfort in the living room and the kitchen for 23% 

of the time and has PMVe index values below -0.5 for 40% of the time in the Dry 

Season, and for 35% in the Wet Season; 

4. thermal comfort in the living room of a lightweight construction house was achieved 

for 53% of the year under adjustment strategy AS6; 

5. a single storey lightweight construction house required 5% less cooling energy per 

square meter per annum than a heavyweight construction house in a closed mode; 

6. the best thermal performance in bedrooms was achieved under adjustment strategy AS2 

when the room cooling was used in combination with a fan; 

7. the reduction of 24% in annual cooling energy was achieved in an elevated lightweight 

construction house that provided unobstructed wind flow. 

The investigation of the effect of a building setback on PMVe index values and cooling 

energy showed that elevation of a house provided longer hours of thermal comfort than a 

setback and that wind obstruction had a significant impact on the thermal performance of the 

elevated lightweight construction house.  

Further research on the incorporation of urban design factors and PMVe index into the 

simulation of the thermal performance of houses is required to enhance this model. 

Nonetheless, the study demonstrates that a building setback and elevation are two urban design 

factors that impact indoor air velocity considering a house is designed to provide natural 

ventilation, with elevation being the more effective adaptation. The simulation applied in this 

study can be used to predict the thermal performance of houses in other locations.  
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4.1. Abstract  

This paper examines the relationship between household electricity consumption and 

subdivision design. Thirty-six households in two suburbs completed a questionnaire on 

family structure and behavioural adjustment to the indoor environment. Electricity 

consumption was recorded with a 30-minute interval during Nov 2015-Aug 2016. Muirhead 

is designed with parallel streets, aimed to provide breezeways, has 16.9 lots per hectare in a 

dense area and a minimum lot area of 450 m2. Lyons has 14.4 lots per hectare and a 

minimum lot area of 525 m2. According to comparative analysis, the household size, 

behaviour, the ratio of building area to lot area, and house star rating have an impact on the 

electricity consumption of households. Households were divided by lot areas into three 

categories: category 1 (450-610 m2), category 2 (611-710 m2), and category 3 (>710 m2). In 
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Muirhead, the average half-hourly consumption of category one household was 

2.1 Wh/m2pp in the wet and 1 Wh/m2pp in the Dry Season. In Lyons, the average half-

hourly consumption of a household in the same category was 3.2 Wh/m2pp in the wet and 

1.9 Wh/m2pp in the Dry Season. The modelled cooling load showed that the main difference 

in energy consumption is in the base load. In conclusion, an increase in lot density in 

Muirhead did not have an impact on cooling energy consumption of households in the hot 

and humid climate of Darwin. These are preliminary results, and further investigation of the 

energy consumption of participating households is continuing.  

4.2. Introduction: Energy efficiency of households and urban density 

Increase of urban density and reduction of energy demand are two main challenging 

tasks that modern urban planners have to deal with in hot and humid tropical cities. There 

are many factors that have to be considered by urban planners in order to mitigate the effect 

of urban heat island as a result of increased built environment areas (Crawford et al., 2009). 

Previous research on urban heat island in hot and humid tropical cities shows that the 

important mitigation factors are shading of urban structures and provision of unobstructed 

wind flow through urban environments (Lin et al., 2010; Lin 2016; Ng 2016). An increase in 

air temperature due to urban heat island effect can result in an increase in cooling energy 

demand. The wind plays an important role in the dissipation of heat in the urban 

environment (Ng 2016). Therefore, tropical urban cities should be designed with parallel 

streets aligned to prevailing breezes, with parks and open spaces connected by breezeways 

that allow the unobstructed flow from the windward side to the leeward side of the city. The 

wind flow also provides natural ventilation in buildings designed for passive cooling and, 

therefore, might influence the cooling energy demand (Baker 1987; Givoni 1994).  

On the other hand, other factors have an impact on cooling energy demand such as 

adjustment behaviour and thermal preferences of occupants (Feriadi and Wong, 2004; 
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Hwang et al., 2009). This study is aimed to investigate the impact of hot and humid climate 

conditions on cooling energy consumption of households living in the suburbs with different 

densities and layout of streets and plots of land.  

4.2.1. Case study 

The impact of increased density and subdivision design on household energy 

consumption was investigated in the tropical city of Darwin, Northern Territory, Australia. 

In total, 36 households from two neighbouring suburbs (Muirhead and Lyons) participated 

in this study. Muirhead is designed with higher density neighbourhoods with 16.9 lots per 

hectare and a minimum lot area of 450 m2. The suburb is designed with parallel streets 

aligned to prevailing breezes (Figure 3.1). The design guidelines for Muirhead have 

requirements for 4.5 m building side setback between lot boundary and building to provide 

an unobstructed flow for breezes. Lyons has 14.4 lots per hectare with a 525 m2 minimum 

lot area. Lyons is designed with continues line of houses built along the main road on the 

east side (Figure 4.1).  

 

Figure 4.1. Cadastre map Muirhead and Lyons suburbs. 
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Participating households were divided into three categories by lot area: category 1 

(450-610 m2), category 2 (611-710 m2), and category 3 (>710 m2). The characteristics of 

participating households are presented in Table 4.1. There were only two participating 

households in Lyons in the first category.  

Table 4.1 Participating households characteristics. 

 Muirhead Lyons 

Total households 18 18 

Lot category 1 10 2 

Average conditioned area 114 m2 156 m2 

Average number of household members 3 2 

Lot category 2 7 9 

Average conditioned area 137 m2 145 m2 

Average number of household members 4 3 

Lot category 3 1 7 

Average conditioned area 149 m2 134.2 m2 

Average number of household members 4 4 

In Muirhead, 16 participating households lived in a single-storey, heavyweight 

construction houses, and two households in lightweight construction houses built on a 

concrete slab on the ground. In Lyons, 16 participating households lived in a single storey, 

heavyweight construction houses, one household in a two-storey house with heavyweight 

construction ground floor and lightweight construction first floor, and one household in 

elevated lightweight construction house. All habitable rooms in houses have air-conditioning 

installed. Most houses had split system air-conditioners. 

4.3. Methods 

A survey questionnaire was developed to investigate the preferred method of control 

of the indoor environment. The study was approved by the Charles Darwin University ethics 

committee. Surveys of participants in Build-Up, Wet and Dry Seasons were conducted in 

houses in Muirhead and Lyons. Participants were asked to choose the preferred adjustment, 

such as the operating frequency of air-conditioners, fans, windows, and doors.  
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A weather station was installed in Muirhead suburb to collect half-hourly air 

temperature, humidity, wind speed and wind direction data from January, 2016, to January, 

2017. Half-hourly energy consumption data for participating households was collected from 

Power and Water Corporation from December, 2015, to January, 2017. Half-hourly energy 

consumption of households in different lot categories was used for comparative analysis. The 

half-hourly data further was aggregated to daily average household consumption in each 

suburb. Multivariate regression analysis was applied to investigate the base load and cooling 

energy consumption of the average household in each suburb. 

4.4. Results and discussion 

4.4.1. Weather data 

The weather data collected from the weather station in Muirhead showed that 

minimum monthly mean temperature was recorded in July, 2016, at 24.73 °C (Figure 4.2a). 

The maximum mean temperature was recorded in March and November, 2016, at 29.9 °C. 

The maximum temperatures were around 35 °C from January to April and from October to 

December. Mean monthly relative humidity reached its maximum of 80% in the Wet Season: 

February and December, 2016 (Figure 4.2b). However, the mean relative humidity stayed 

above 60% throughout the whole year. The mean wind speed recorded was below 2 m/s 

during the whole year. The maximum wind speed range was 5-7 m/s (Figure 4.2c). The high 

percentage of the wind within 2-4 m/s speed range was between NWN and NEN directions.  



124 

 

Figure 4.2. Weather data collected from the reference station in Muirhead: a) air temperature; b) relative 

humidity; c) wind speed. 

 

4.4.2. Survey 

Survey analysis showed that the total percentage of votes for ‘always’ and ‘often’ 

open windows was the highest in the Dry Season with 94% votes in Lyons and 88% votes in 

Muirhead. In Muirhead, the percentage of respondents who preferred to open windows 

‘always’ decreased from 35% in the Build-Up to 21% in the wet, and increased to 44% in the 

Dry Season. In Lyons, the percentage of votes for ‘always’ open windows decreased from 

50% in the Build-Up to 45% in the wet and increased to 61% in the Dry Season. The overall 

a) 

b) 

c) 
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percentage of respondents who preferred to open doors ‘always’ or ‘often’ increased from 

60% in the Build-Up to 100% in the Dry Season in both suburbs. Operation of fans was the 

preferable adjustment methods in the Build-Up and Wet Season. In both suburbs, 80%-90% 

of respondents preferred to ‘always’ operate the fan in the Build-Up and Wet Seasons, and 

50%-61% in the Dry Season. The percentage of Muirhead respondents who preferred to 

operate air-conditioners ‘always’ or ‘often’ increased from 70% in the Build-Up to 83% in the 

wet, and decreased to 28% in the Dry Season. The percentage of Lyons respondents who 

preferred to operate air-conditioners ‘always’ or ‘often’ reduced to 17% in the Dry Season 

from 40% in the Wet. 

4.4.3. Energy consumption 

The daily profile of the half-hourly energy consumption of households was 

investigated in both suburbs. An increase in household energy consumption in both suburbs 

occurred at 07:00 in the morning and further increased in the afternoon from 12:00 to 23:30 

(Figure 4.3). The energy consumption across all hours in Muirhead was lower than in Lyons, 

except during afternoon hours (13.00-13.30) when the consumption was equal. The daily 

profile shows that in Muirhead half-hourly average household consumption was 0.4 kWh 

between 23:30 and 10:00. It increased to 0.9 kWh from 18:30 to 20:30. In Lyons, half-hourly 

average household consumption was 0.6 kWh between 23:30 and 10:00 and increased to 1.1 

kWh from 19:00 to 20:00.  
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Figure 4.3. Daily profile of half-hourly average energy consumption.  

The annual profile of half-hourly average consumption shows that the maximum 

energy was consumed during January-April, 2016, and October-December, 2016 (Build-Up 

and Wet Season) (Figure 4.4). The minimum energy was consumed in July-August, 2016 

(Dry Season). Half-hourly average consumption in Muirhead was lower than in Lyons across 

all months and ranged from 0.3 kWh in July, 2016, to 0.7 kWh in February, 2016. In Lyons, 

the half-hourly average consumption ranged from 0.5 kWh in July 2016 to 0.9 kWh in 

November 2016. The annual profile shows the connection between survey results for 

Muirhead participants (83% preferred to always operate air-conditioners in the Wet Season) 

and an increase in energy consumption in February-March, 2016. While survey results in 

Lyons did not have the connection with energy consumption in the Build-Up or Wet Season, 

there were only 40% of participants in Lyons who preferred to operate air-conditioners 

‘always’ or ‘often’ compared to 83% in Muirhead, but half-hourly average energy 

consumption ranged between 0.7-0.9 kWh in Lyons compared to 0.6-0.7 kWh in Muirhead 

during the Build-Up and Wet Season. The half-hourly average energy consumption in Lyons 

in Dry Season also was 0.2 kWh higher than in Muirhead.  
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Figure 4.4. Annual profile of half-hourly average energy consumption: M: Muirhead, L: Lyons.  

Annual profile of energy consumption of households in different lot area categories 

is presented in Figure 4.5. Muirhead households in the first category consumed more energy 

than Lyons households in the same category in January, February, and April 2016, but less 

energy for the rest of the year. The maximum half-hourly average consumption of 

2.1 Wh/m2pp was recorded in April, 2016 (Figure 4.5a). The Lyons household in the first 

category consumed a maximum of 3.2 Wh/m2pp in December, 2016. The maximum 

consumption in March and November 2016 recorded for households in the second category 

correlates with the maximum mean temperature recorded by each weather station across the 

same months (Figures 4.2a and b).  

In Muirhead, seven households in the second lot category consistently consumed less 

than Lyons households in the same category. The maximum half-hourly average 

consumption of 1.5 Wh/m2pp was recorded in March and November, 2016. In Lyons, nine 

households in the second category had the maximum half-hourly energy consumption of 

2.2 Wh/m2pp in November, 2016 (Figure 4.5b).  

In the third lot category, the Muirhead household consumed 0.1 Wh/m2pp more 

than the average Lyons household in the same category in the Wet Season and Build-Up. 

The maximum consumption of 1.7 Wh/m2pp was recorded in January in both 2016 and 
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2017. Data for September 2016 consumption of the Muirhead household in this category 

was not available; therefore, it is not presented in the graph. In Lyons, seven households in 

the third category had a maximum half-hourly average consumption of 1.8 Wh/m2pp in 

November 2016. 

 

Figure 4.5. Annual profile of half-hourly energy consumption of households: a) lot category 1; b) lot 

category 2; and c) lot category 3.  

The maximum average half-hourly energy consumption per square meter of 

conditioned area per person was consumed by households in the first lot category in both 

a) 

b) 

c) 
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suburbs. However, the annual average half-hourly consumption of Muirhead households in 

the first category was by 0.5 Wh/m2pp lower than Lyons households in the same category.  

4.4.3.1. Cooling energy consumption 

The difference between annual and daily profiles of household energy consumption 

in two suburbs showed the necessity to investigate cooling energy. The main weather 

variables that have an impact on energy consumption in the hot and humid tropical climate 

are temperature and humidity. Therefore, the cooling energy should include sensible and 

latent loads. Previous studies on cooling energy are based on cooling degree days (CDD) or 

cooling degree hours (CDH) that quantify how outside temperature is warmer than the base 

temperature indoors and the duration of the cooling required (Durmayaz et al., 2000). Total 

cooling degree hours for a day can be expressed as:  

�)8 � ∑ I;FG � IT!}�,D~*  (3.1) 

where Tout is the outdoor temperature (Dry Bulb Temperature) and Tb is the base 

temperature indoors. In this study, the decision was made to use Wet Build Temperature 

(WBT) to take into account the impact of humidity and temperature (Krese et al., 2012). The 

correlation analysis of daily average energy consumption and CDHw was performed for 

15 °C, 17 °C, 18 °C, 18.5 °C, 19 °C, and 19.5 °C base WBT. The best correlation between 

18 °C WBT and daily energy consumption had Pearson coefficient 0.812 for Muirhead and 

0.802 for Lyons with p<0.001. Therefore, CDHw with the base 18 °C WBT, daily mean wind 

speed and mean wind direction were included as predictor parameters in multivariate 

regression analysis of average daily consumption. The results of the regression analysis are 

presented in Tables 4.2–4.4. 

  



130 

Table 4.2. Regression model for the daily average energy consumption of Muirhead households. 

Model Unstandardized 

Coefficients 

Standardized 

Coefficients 
t Sig. 

95.0% Confidence 

Interval for B 

B 
Std. 

Error 
Beta 

Lower 

Bound 

Upper 

Bound 

Baseload, kWh 14.93 0.783 
 

19.062 0.000 13.390 16.472 

Ws, m/s -0.513 0.179 -0.093 -2.870 0.004 -0.864 -0.161 

Wdr, rad. deg. -0.674 0.225 -0.111 -2.996 0.003 -1.117 -0.231 

CDHw,  0.108 0.004 0.875 24.030 0.000 0.099 0.117 

Table 4.3. Regression model for daily average energy consumption per square meter of Lyons household. 

Model Unstandardized 

Coefficients 

Standardized 

Coefficients 
t Sig. 

95.0% Confidence 

Interval for B 

B 
Std. 

Error 
Beta 

Lower 

Bound 

Upper 

Bound 

Baseload, kWh 22.13 0.697 
 

31.770 0.000 20.761 23.503 

Ws, m/s -0.333 0.159 -0.070 -2.093 0.037 -0.645 -0.020 

Wdr, rad. deg. -0.620 0.200 -0.118 -3.101 0.002 -1.014 -0.227 

CDHw 0.093 0.004 0.868 23.329 0.000 0.085 0.101 

Table 4.4 Regression model summary. 

Model R R2 Adjusted 

R2 

Std. error of 

the Estimate 

ANOVA 

F Change df1 df2 Sig. F Change 

Muirhead .816 0.67 0.663 3.6 209.168 3 315 0.000 

Lyons .825 0.68 0.677 4.1 223.661 3 315 0.000 

According to regression models, the average Muirhead household had a 14.9 kWh 

daily base load, and the average Lyons household had a 22.1 kWh base load. Wind speed and 

wind direction both have significant p-value and have a negative relationship with energy 

consumption in both suburbs. The cooling load calculated based on regression models is 

shown in Table 4.5. The cooling load of the average household in Muirhead is higher by 

2 kWh in most months, but this difference is within the standard error of both models.  
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Table 4.5. Cooling load based on models. 

Months Daily cooling load, kWh 

Muirhead 

±3.6 kWh std error 

Lyons 

±4.1 kWh std error 

January 16.1 14 

February 17.15 14.80 

March 18.34 15.81 

April 15.33 13.27 

May 13.72 11.91 

June 8.95 7.79 

July 2.30 2.08 

August 3.91 3.46 

September 13.15 11.37 

October 13.63 11.81 

November 15.78 13.59 

December 16.48 14.25 

The Muirhead model describes 67% of the variation in daily energy consumption of 

the average household. The Lyons model describes 68%. The outputs of the models and 

observed energy consumption are presented in Figure 4.6. The days with high residuals are 

mainly weekends, and public and school holidays. 

 

Figure 4.6. Modelled and observed daily energy consumption of the average household in Muirhead (a) 

and Lyons (b). 

b) 

a) 
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4.5. Conclusion 

This study investigated the energy consumption of an average household in two 

suburbs of Darwin. The survey results of this study showed that most participating 

households in both suburbs prefer to use open windows and doors during the Dry Seasons. 

This survey response correlates well with low energy consumption in July and August, 2016. 

During the Build-Up and Wet Season, the majority of Muirhead households prefer to use air-

conditioners which correlates well with an increase in energy consumption during these 

seasons. However, the preferences of Lyons households for the Build-Up and Wet Seasons 

did not correlate with energy consumption results for those seasons. The energy 

consumption of the average household in Lyons was consistently higher than in Muirhead. 

The regression analysis of average household energy consumption in Muirhead and Lyons 

showed that the difference in energy consumption is due to the base load. Hence, Lyons 

households consume more energy for purposes other than cooling.  

In conclusion, according to this study, an increase in lot density in Muirhead did not 

have an impact on cooling energy consumption. These are preliminary results, and further 

investigation of the energy consumption of participating households is continuing.  
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5.1. Abstract 

There has been limited research carried out on the thermal performance of houses 

built between 2009 and 2014 in Darwin, Northern Territory, Australia. In this study, the 

thermal comfort and personal adaptive behaviour were compared among occupants of 38 

houses in the hot and humid tropical savanna climate of Darwin. Case study houses located 

in the two northern Darwin suburbs of Lyons and Muirhead were built to meet the 

requirements of the Building Code of Australia (BCA). Case study houses in Muirhead were 

built to a minimum of the 6-star rating requirements of the Nationwide House Energy 

Rating Scheme in accordance with Building Code Australia 2009, those in Lyons were built 

before code took effect and are rated as 5-star houses. Indoor environmental parameters 

were monitored while participants were asked to complete a questionnaire. The thermal 

comfort of occupants based on the ASHRAE scale were compared to a calculated PMV 

index, as used in ISO7730 and ASHRAE 55-2017. Indoor air temperatures in naturally 

ventilated houses ranged between 28.3 °C and 31.9 °C over the study period. Lyons house 

occupants were less satisfied with the thermal indoor environment than those in the 
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Muirhead 6-star rated houses. The findings also revealed that respondents felt comfortable in 

thermal conditions that were outside the recommendations for 5-star rated houses in Darwin 

and ASHRAE 55-2017. The respondents experiencing thermal discomfort were more likely 

to change the indoor environment conditions than use personal adaptation strategies. The 

majority of respondents were more likely to turn on fans or air-conditioning when they felt 

uncomfortable than to drink, shower more, or change their clothing, while respondents 

living closer to parks or larger open spaces were more likely to open windows or doors than 

to turn on air-conditioning. The findings of this study may be used to inform urban design 

and the design of houses in the hot and humid tropics. 

5.2. Introduction 

Increased stringency in energy efficiency ratings is among the many improvements to 

the building standards over recent decades. (Ionescu et al. 2015; Coalition of Australian 

Government, 2011; ACIL Allen Consulting, 2016). Many countries now set minimum 

standards for energy efficiency and comfort, which must be met before a new building can 

be occupied or dwelt in (Ahmad et al. 2016). Predicting whether houses will meet these 

standards is an important component of urban design. Substantial savings in construction 

and operating costs may potentially be achieved if houses are designed to meet local 

expectations of thermal comfort and comply with building codes (Reddy et al., 2016). The 

Australian government introduced the Nationwide House Energy Rating Scheme 

(NatHERS) to encourage energy-efficient building design and construction and to become a 

reliable scheme to evaluate, estimate, and rate the potential thermal performance of 

residential buildings in Australia (NatHERS, 2019a). 

Parameters that affect human thermal comfort, a ‘condition of mind that expresses 

satisfaction with the thermal environment and is assessed by subjective evaluation’ 

(ANSI/ASHRAE, 2010), include environmental conditions (air temperature, relative 
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humidity, radiant temperature, and air velocity) and personal factors (clothing, activity; 

Fanger, 1970). Other personal factors that may affect human thermal comfort include age, 

gender, and health. The environmental conditions of a built environment that affect thermal 

comfort include the microclimate, urban design (orientation of streets, lot area, lot 

orientation, proximity to large green open spaces, breezeways) and building design (shading, 

building materials, orientation, ventilation; Johansson & Emmanuel, 2006).  

According to the Köppen–Geiger climate classification, Darwin, the capital city of 

the Northern Territory, Australia, in the equatorial savanna climate zone with a dry winter 

(Aw; Kottek et al., 2006) and has similar climatic conditions to Mumbai and Chennai in 

India, Bangkok in Thailand, Lagos in Nigeria, Ho Chi Minh City in Vietnam, Dar es Salaam 

in Tanzania, and Dili in Timor-Leste. May to September tends to be dry with trade winds 

from the south-east, and November to March are usually hot and humid with monsoonal 

winds mainly from the west to north-west. April and October are transitional months 

between the dry and hot-humid periods with the latter period, termed locally the ‘Build-Up’, 

characterised by light winds, isolated showers, and thunderstorm activity, usually followed by 

moderate to fresh north-westerly winds (active phase) and a cycle of active/inactive phases.  

In recent years Darwin housing stock has changed to comply with energy efficiency 

requirements. Based on information gathered from research projects, personal experience 

and house plans, and described in Safarova et al. (2018), modern houses in Darwin are 

classified into free-running, air-conditioned and dual-mode buildings. Free-running or 

naturally ventilated buildings are designed to provide thermal comfort through open, 

elevated, low thermal mass construction (timber and corrugated steel panel cladding). Fully 

air-conditioned buildings are designed to provide thermal comfort all year round through the 

thermal coupling of the slab on the ground and high thermal mass or insulated low thermal 
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mass construction, while dual-mode buildings mix low and high thermal mass construction 

and provide thermal comfort by alternating natural ventilation and air-conditioning.  

A typical modern Australian house is single storey, with an open plan living room, 

dining and kitchen, access to a private open space, a garage, and three or four bedrooms. 

Modern houses in the hot and humid tropics usually provide natural ventilation, mechanical 

ventilation, and air-conditioning for occupants to adjust indoor climatic conditions. The 

occupants of the built environment can change their thermal comfort either by changing 

their individual behaviour (changing clothes, taking a shower, drinking water, changing an 

activity) or their environment (opening or closing windows or doors, or switching on a fan or 

an air-conditioner; Humphrey & Nicols, 2002; Halawa & van Hoof, 2012) or both. The most 

important factors that affect comfort are thermal heat load and the occupants' expectations, 

with personal, financial, and environmental beliefs and preferences also influencing decision-

making. Darwin residents have the median income of $1,052 per week (ABS, 2017), while 

the relative cost of electricity for air-conditioning is 26.01 c/kWh plus the fixed daily charge 

of 51.03 cents GST (Jacana Energy, 2018). This means that some people may tolerate 

uncomfortable thermal conditions for financial reasons or because of environmental 

concerns (Tiwari et al., 2010).  

Occupant variation makes predicting the thermal performance of a house and its 

energy efficiency challenging and a major field of research, because variation in occupant 

behaviour may also cause variation in energy consumption between similarly designed houses 

(Yan et al. 2015). Understanding occupant behaviour in modern houses in the hot and humid 

tropics that are rated as energy-efficient and designed to provide thermal comfort through 

passive cooling, natural ventilation, and air-conditioning can help overcome these difficulties. 

There are three main standards for thermal conditions applied in modelling of urban 

spaces and in predicting the energy efficiency of buildings in Australia: the internationally 
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used ANSI/ASHRAE Standard 55 and ISO 7730, and NatHERS. The ASHRAE 55 2017 

assumes that a standard operating temperature range acceptable to 80% of people can be 

increased to 30.1 °C in naturally conditioned spaces for people wearing 0.5 clo clothing 

during sedentary activity (≥1.1 met) if the air velocity is above 0.3 m/s and air temperature is 

equal to mean radiant temperature (ASHRAE, 2017).  

The ISO 7730 and ASHRAE Standard 55 use Fanger’s heat balance approach, based 

on the Predicted Mean Vote (PMV) scale (Fanger, 1986), for predicting thermal comfort in 

air-conditioned buildings, and assume that Standard Effective Temperature values of 22.0–

25.6 °C are equivalent to a neutral sensation on Fanger’s PMV scale (Auliciems & Szokolay, 

1997). According to the design guide for Humid Tropical Air Conditioning, developed by the 

Australian Institute of Refrigeration, Air Conditioning and Heating (AIRAH), the thermally 

comfortable conditions identified by ASHRAE 55-2017 are also favourable for mould 

growth at a relative humidity above 60% (AIRAH, 2016).  

The NatHERS aims to provide accreditation through cost-effective and reliable 

thermal modelling programs (ACIL Allen Consulting, 2016). There are currently three 

thermal modelling programs accredited by the NatHERS that are used for house energy 

efficiency rating by Australian states and territories and based on the building simulation tool, 

the Chenath engine: AccuRate; FirstRate; and BERS Pro.  

Since 2009, the stringency of NatHERS in rating the energy efficiency of houses 

before permission to build is granted has increased. Australia is divided by NatHERS into 69 

climate zones each of which has a ‘star band’ based on the maximum energy consumption 

per unit area (MJ/m2; NatHERS, 2019b). A 5-star minimum rating is applied for the 

Northern Territory and a 6-star minimum rating for the other Australian states and 

territories. A comparison of energy load requirements for homes across the NatHERS star 
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band ratings for the hot, humid summer and warm winter Climate Zone 1 (Darwin) and for 

the temperate Climate Zone 16 (Adelaide, South Australia) is presented in Table 5.1.  

Table 5.1 NatHERS Star Band Criteria (Energy Loads [thermal] in MJ/m2 .annum), a comparison between 

Darwin, Northern Territory and Adelaide, South Australia.  

Climate 

Zone 

Location Energy Rating (stars)  

0.5 1 2 3 4 5 6 7 8 9 10 

1 Darwin 853 773 648 555 480 413 349 285 222 164 119 

16 Adelaide 584 480 325 227 165 125 96 70 46 22 3 

The NatHERS website has a reference to an 8.2-star rated house located in Darwin 

as an example of a good energy-efficient design (Figure 5.1). It is an elevated lightweight 

construction house built with steel, shaded by the high-pitched roof and wide eaves. The 

long axis is oriented west-south-west/east-north-east to provide breezes to the one room 

wide home (Mclean, 2013). According to NatHERS, this home requires only 211.8 MJ of 

cooling energy p.a. 

 

Figure 5.1. An 8.2-star rated house in Darwin. Photo Mclean, 2013.  

An understanding of how people behave in response to thermal discomfort is 

required for the NatHERS in order to be valid. Such data are particularly scarce in the 

tropical regions of Australia, where the combination of heat and humidity can create 

conditions that many people find extremely uncomfortable. However, studies of 
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environmental adjustment and personal adaptive behaviour of house occupants in hot and 

humid tropical climates suggest that the current standards being applied assume people wish 

to be cooler than is actually the case. Instead, many people in such climates tolerate higher 

temperatures than prescribed by standards. While such tolerance is sometimes forced on 

people for financial reasons, others are motivated by their environmental values or simply do 

not find warm, humid weather particularly uncomfortable.  

A study of the thermal sensation, preferences, and comfort levels of Darwin’s 

residents living in partially or wholly naturally ventilated houses conducted between June and 

December, 2013 (Daniel et al. 2014), found that, while indoor operative temperatures ranged 

from 22 °C to 34 °C and relative humidity from 20% to 94%, only 28% felt uncomfortable 

to the extent that these residents would have preferred to change (42% of participants 

reported 'neutral' sensation, 18% 'slightly warm', 12% 'slightly cool'). This is contrary to the 

standards specified as an acceptable thermal environment.  

In another study, Williamson et al. (1991) conducted research in Darwin on the 

thermal comfort of 31 households during the Build-Up and Wet Season, using the seven-

point ASHRAE scale for thermal sensation and a discomfort scale to study the effects of 

humidity, and found that the PMV-index underestimate the AMV by 0.95 points.  

Elsewhere, 74% of occupants of naturally ventilated houses in Indonesia preferred a 

temperature range of 26.0–32.6 °C, a relative humidity of 51%–87% and a wind speed of 0-

1.2 m/s (Feriadi and Wong, 2004). Most occupants (78%) preferred changing their thermal 

environment by opening windows, while 70% preferred drinking more and 60% changing 

their clothes. Only 3% of respondents preferred to use an air-conditioner to cool down, but 

this may have been from lack of access or financial constraints rather than a thermal 

preference (Feriadi & Wong, 2004).  
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A high percentage of respondents in Singapore’s naturally ventilated housing (80%) 

preferred to manage their thermal environment by operating fans, 64% by opening windows, 

and 42% by operating an air-conditioner. About 50% of respondents preferred to drink 

more water or change clothing, and 45% preferred to take a bath more frequently.  

Soebarto et al. (2019) and van Hoof et al. (2019) recently conducted research in 

Adelaide showing older people’s behaviours are similar to home occupants in Singapore. 

Feriadi (2003) showed that occupants prefer technological over personal adjustment, 

depending on the availability and affordability of the technology.  

Finally, Candido et al. (2010) conducted a study of thermal comfort among students 

in naturally ventilated rooms of a university building in Maceo, Brazil. According this study, 

around 90% of occupants found a temperature range of 25–31 °C acceptable. However, 74% 

of occupants in the hot Wet Season and 86% in the cooler Dry Season preferred ‘more air 

movement’ than the 0-0.4 m/s air velocity range provided. When occupants could control 

their fans, the fan operation percentage increased from 37% at an indoor operative 

temperature of 29 °C to above 90% at a temperature range 30–31 °C.  

In this study, the following issues were investigated: i) how indoor climatic 

conditions affected thermal sensation, air humidity and sensations of the air movement of 

occupants in modern tropical houses in the hot and humid tropics of northern Australia 

(Tropical Savanna Climate Aw); and ii) the adaptation strategies preferred by house 

occupants. The study also examines the factors that influenced occupants’ preferences.  

5.3. Case study  

5.3.1. Climate 

Darwin is in the tropical savanna climate zone (Aw) and is characterised by the 

alternation of a long dry season with a pronounced wet season (McKnight & Hesse, 2004). 

Darwin residents experience high temperatures with little variation either seasonally or 
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diurnally all year round; the daily maximum temperature ranges from 30 °C in June and July 

to 34 °C in November (Safarova e al., 2018). The mean relative humidity levels in the Wet 

Season range from 72% (15:00 hours) to 83% (09:00 hours). South-easterly and easterly 

winds affect Darwin for most of the year, weakening during the dry-wet transitional period 

when monsoonal winds from the west and north-west increase in frequency Figure 5.2.  

Observation 

time/Season 
09:00 hours 15:00 hours 

Wet Season 

  

Transitional (wet-

dry) 

  

Dry Season 

  

Transitional (dry-

wet) 

  

  

Figure 5.2. Wind roses for Darwin Airport. Source: BOM, 2016. 

The beginning of the Wet Season, known locally as the ‘Build-Up’, is considered 

particularly torrid with temperatures high but rain intermittent (Garnett & Williamson, 2010). 

The research undertaken by the Bureau of Meteorology, (2016) between November 2015 and 

September 2016, coincided with what was then the warmest Wet Season on record with a 

very dry Build-Up and a Wet Season with temperatures well above average. This includes the 

highest mean daily maximum temperatures in November (36.9 °C) and several climate 

records from January to April: the lowest rainfall (482.4 mm, compared with the average of 



144 

1220 mm), highest mean daily maximum (35.5 °C in January) and highest mean daily 

minimum (29.2 °C in March) temperatures, and the highest mean temperatures (34.5 °C in 

April). March was the hottest month of the 2016 Wet Season (BOM, 2016). 

5.3.2. Study area 

This study was conducted in the northern Darwin suburbs of Muirhead and Lyons 

Figure 5.3 and 5.4.  

 

Figure 5.3. Map of Darwin with study area marked in red. Source: Department of Natural Resources Maps, 

(2020).  

The Muirhead (M) suburban area was chosen for this study because the developer 

required all houses to be designed to a minimum 6-star rating under NatHERS. An example 

of a NatHERS certificate for one of the study houses is presented in Appendix 1. All houses 

had been designed with a minimum of 900 mm eaves, large window openings on opposite 
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walls for cross ventilation and roof insulation. Thirteen out of the 20 study houses in 

Muirhead had living rooms located on the north-eastern or eastern side. All air-conditioned 

rooms had ceiling fans. The subdivision was designed to provide access to prevailing breezes 

through parallel roads oriented 30 degrees to the west of north, long axes lots oriented 

northwest to southeast and provision of 4 m wide setbacks (Figure 5.4). At the recruitment 

stage of this study, there were 80 occupied houses in Muirhead, where the minimum lot size 

was 449 m2.  

Houses in Lyons (L) were used for comparison with those in Muirhead because they 

were designed and built before the Building Code of Australia 2009 energy efficiency 

requirements were implemented in the Northern Territory (Safarova et al., 2018). The houses 

without NatHERS certificates were considered to meet 4-star rating requirements if the roof 

and ceiling insulation type were unknown and 5-star if roof Sisalation and ceiling insulation 

had been installed. There were 715 private dwellings in Lyons at the time of the study (ABS, 

2018). According to the master plan, Lyons was designed with wide lots that have large 

frontages and shallow depths Figure 5.4. The minimum lot size in L is 550 m2. Lots are 

staggered to create breeze corridors throughout the suburb. There is also a large central park 

and smaller pocket parks in neighbourhoods. Houses built along the northern and eastern 

sides of the suburb are backed by an impermeable concrete wall (fence), which may impede 

the flow of breezes through the suburb. There are also houses built on long narrow lots, and 

some have side setbacks as small as 1.5 m. 
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Figure 5.4. The layout streets and lots in the case study suburbs in northern Darwin, Northern Territory, 

Australia: Muirhead and Lyons.  

5.4. Methods  

5.4.1. Thermal comfort and adjustment strategies surveys 

Invitations to participate in the survey were distributed among residents of both 

suburbs. Among the 40 households that signed up to participate in the study, 20 resided in 

6–7.5-star rated houses in Muirhead and 20 in Lyons. Among the survey participants, 40% 

had lived in Darwin less than five years, 16% from six to ten years, 13% from 11 to 26 years, 

and 30% from 30 to 43 years. Only eight participants identified themselves as local. The 

Charles Darwin University ethics committee approved the study (Permit No. H15054).  

Surveys of participants were undertaken during the Wet and Dry Seasons as well as 

the Build-Up. At the same time, spot measurements of indoor and outdoor climatic 

conditions were taken using a Testo 435-2 multi-function data logger with thermal velocity 

probe with built-in temperature and humidity measurement (Table 5.2). The indoor mean 
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radiant temperature in this study was accepted as equal to air temperature (Halawa et al., 

2014, Indraganti et al., 2014). Records were taken at the time of each survey of the 

contemporaneous use of fans, air-conditioners, windows, and doors. 

Table 5.2. Technical specification of sensors in the Testo 435-2 multi-function data logger with thermal 

velocity probe. 

 Measuring range Accuracy 

Temperature – NTC -20 to +70 °C ±0.3 K 

Humidity – Capacitive 0 to +100% RH ±2% RH (+2 to +98% RH) 

Velocity – Hot wire 

anemometer 
0 to +20 m/s ±(0.03 m/s + 4% of mv) 

Surveys were carried out between 09:00 and 18:00 hours at a time convenient to 

participants: in the Build-Up (November 11–December 7, 2015); in the Wet Season 

(February 10–29, 2016); and in the Dry Season (June 23 –September 9, 2016). Participants 

were given questionnaires consisting of two parts (Appendix 5). The first part of the 

questionnaire collected demographic and personal data (clothing worn and activities 

undertaken in the previous 30 min), thermal sensation based on the ASHRAE scale, and the 

air humidity and air movement sensations (Table 5.3; Williamson et al., 1991; Wong et al., 

2002; Tablada et al., 2005). Participants were also asked if they were satisfied with thermal 

conditions, air humidity, and air velocity based on a yes/no choice and their preferred 

conditions (Table 5.3; Humphreys & Nicol, 2004).  
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Table 5.3. Thermal sensation, air humidity and velocity sensation scales based on a scale developed by 

ASHRAE. 

Scale ASHRAE Air humidity Air velocity 

-3 Cold Very dry Too still 

-2 Cool Dry Still 

-1 Slightly cool Slightly dry Slightly still 

0 Neither cool nor warm Neither dry nor humid Neither still nor breezy 

1 Slightly warm Slightly humid Slightly breezy 

2 Warm Humid Breezy 

3 Hot Very humid Too breezy 

Table 5.4. Preference scale for thermal conditions, air humidity, and air velocity used in this study. 

Scale Thermal sensation Air humidity Air movement 

0 No change No change No change 

-1 Cooler Less dryer Less air movement 

1 Warmer Less humid More air movement 

 

The second part of the questionnaire collected information on the occupants' 

preferred environmental adjustment. The occupants were asked to answer the following 

questions: 1) how frequently they used air-conditioners and fans, or open windows and doors 

on a five-point scale for frequency (Never = 0, Rarely = 1, Sometimes = 2, Often = 3, 

Always = 4); 2) the likelihood of personal adjustment (drinking water, changing clothes, or 

showering more often than usual) on a six-point scale (Very unlikely = 0, Unlikely = 1, 

Somewhat unlikely = 2, Somewhat likely = 3, Likely = 4, Very likely = 5) (Safarova S., 2017; 

Feriadi & Wong, 2004; Hwang et al., 2009). The metabolic rate was assessed based on the 

occupants’ descriptions of their physical activity in the 30 minutes before the survey, with 

values expressed in MET units. For instance, an occupant sitting and reading or writing was 

judged to have a metabolic rate of 1.0 met, equivalent to 60 W/m2 in ASHRAE Standard 55-

2017 Table 5.2.1.2. Clothing insulation values were assessed based on the description of the 

clothes the participant was wearing at the time of the survey and expressed in clo-value. For 

example, a short-sleeve knit sport shirt has a clo-value of 0.08 in ASHRAE Standard 55-2017 

Table 5.2.2.2A.  
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5.4.2. Comparison of perceived comfort, NatHERS comfort zones and 

ISO7730 

Readings of ambient conditions during interviews and comfort measures were 

compared with published psychrometric charts for two Darwin comfort zones (Delsante, 

2005) that are based on the new Effective Temperature index (ET*) that is a function of 

operative temperature, skin wettedness, permeation of clothing, the ratio of effective 

evaporative heat transfer coefficient, the partial pressure of dry air, and saturation vapour 

pressure. The NatHERS software uses an approximation of ET* based on neutral 

temperature and cooling effect of air movement (Delsante, 2005; Auliciems & Szokolay, 

1997).  

The psychrometric chart in Figure 5.5 shows the comfort zone boundaries for 

Darwin based on the ET* index. The dashed line boundary shows the comfort region for air 

movement below 0.2 m/s and the continuous line boundary shows the comfort zone for 1 

m/s air movement at a maximum humidity ratio of 23 g/kg. The right boundary of the 

comfort region with no air movement is the ET* line corresponding to 26.5 °C of neutral 

temperature (Delsante, 2005).  

The comfort zones assume that a neutral temperature is consistent with the 

Auliciems’ (1981) expression: 

Tn � 17.6 " 0.31Tm 5.1! 

where Tn is the neutral temperature and Tm is the mean monthly outdoor air 

temperature using the January value of Tm to establish the neutral temperature for all months 

(for cooling purposes). In this study, the mathematical model proposed by Missenard (1937) 

for hot and humid climates with wind velocity less than 2 m/s and applied by Makokha 

(1998) was used to calculate ET* for each survey: 

ET*� Ta – 0.4Ta-1!1-RH/100! 5.2! 
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The cooling effect of 1 m/s airspeed is 3.8 K taken from Szokolay (2000). 

 

Figure 5.5. Thermal comfort zones for Darwin according to the Accurate software: the dashed line 

boundary is for comfort zone at 0.2 m/s air movement and continuous line boundary is for comfort zone at 

1.0 m/s air movement. 

Results of the survey were also compared to the PMV model developed by Fanger 

for an air-conditioned indoor environment and the PMVe model, which was extended to 

non-air-conditioned buildings in warm climates. The PMVe value is calculated using the 

equation: 

/L6Q � Q 
 0.303Q1	.	#gh " 0.028!iL � C! � 3.05 
 101# 
 j5773 � 6.99L � C! �
R7k � 0.42 
 jL � C! � 58.15k � 1.7 
 101lL5867 � R7! � 0.0014L34 � P7! �

3.96 
 101+V?SjP?S " 273!, � P: " 273!,k � V?Sℎ?P?S � P7!n 5.3! 

where e=0.7 is expectancy factor for areas where warm periods are present in all 

seasons (Fanger and Toftum, 2002), M is the metabolic heat generation rate (accepted as 

1 met for seated occupants), W is the external work (accepted as equal to zero), ta is the 

ambient air temperature, tr is the mean radiant temperature, pa is the partial water vapour 
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pressure, hc is the convective heat transfer coefficient, and tcl is the surface temperature of 

clothing. The clothing area factor fcl is the function of clothing insulation Icl (ASHRAE, 2013; 

Fanger, 1970).Thus, the PMV is a function of several factors with air temperature only one 

of them; it ‘predicts any air temperature between 10 and 35 °C as neutral, depending on the 

other five variables in the model’ (Funger & Taftum, 2002, p536).  

5.4.3. Statistical methods 

The multilevel longitudinal data from the three surveys were analysed using a Linear 

Mixed Model analysis with Maximum Likelihood method in SPSS (Filed, 2009). This method 

has the advantage of investigating responses of the same participants over three seasons and 

allows the creation of a model that considers the relationship between the respondents 

within the same house. The model was applied to identify factors that influence occupants’ 

indoor environment adjustment strategies. Dependent variables were investigated in relation 

to the following independent variables:  

i. Outdoor climatic condition factors: air temperature, relative humidity, and air 

velocity; 

ii. Personal factors: clothing insulation, metabolic rate;  

iii. Suburban design factors: lot area, lot orientation, and proximity to large open green 

spaces; and 

iv. House design factor: living room orientation.  

5.5. Results 

5.5.1. Demographic characteristics of participants  

Most of the 69 participants were aged between 25 and 44, with equal numbers from 

the two study sites. There was a slight bias towards women, and over two-thirds were 

homeowners (Table 5.5).  
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Table 5.5. Demographic distribution of study participants during the three seasons of study and conditions 

during the interviews. 

 Build-Up season Wet Season Dry Season 

Number of participants  61 44 36 

Muirhead  31 24 18 

Lyons  30 20 18 

Age group (no. participants) 

25-34 18 16 11 

35-44 21 16 12 

45-54 7 6 6 

55-64 10 2 5 

65+ 5 4 2 

Sex (no. participants) 

Female 34 25 23 

Male 27 19 13 

Tenure (no. households) 

Own 25 23 27 

Rent 13 9 9 

Conditions during interview (no. participants) 

Air-conditioned 

Muirhead  14 16 0 

Lyons  17 8 0 

Naturally ventilated 

Muirhead  8 8 18 

Lyons  22 12 18 

5.5.2. Indoor climatic conditions and personal factors  

Respondents using air-conditioning in Muirhead maintained their houses at slightly 

lower temperatures than those in Lyons during the Build-Up, but there was little other 

difference in any of the parameters between either the Build-Up and the Wet Season, or 

between suburbs (Table 5.6). Non-air-conditioned houses, however, were both warmer and 

more humid in both the Build-Up and the Wet Season than houses using air-conditioning, 

although there was also no difference between the two seasons or between suburbs. 

Conditions during the Dry Season interviews resembled those of the air-conditioned houses 

during the other two seasons. 
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Table 5.6 Indoor climatic conditions and personal factors of occupants in houses (M: Muirhead, L: Lyons). 

 Build-Up  Wet Season  Dry Season 

Air 

conditioning 
On Off  On Off  Off 

Suburb M L M L  M L M L  M L 

Indoor temperature (°C)  

Mean 28.4 30.0 31.7 31.9  29.7 29.5 30.7 31.6  28.5 28.3 

Min 27.0 28.0 29.8 28.8  27.6 27.1 30.2 29.1  25.6 25.4 

Max 32.1 31.0 34.0 34.4  32.4 31.3 31.4 33.2  30.6 31.0 

SD 1.5 1.1 1.5 1.8  1.4 1.7 0.5 1.3  1.3 1.2 

Relative Humidity (%) 

Mean 51 51 64 62  50 57 73 70  54 50 

Min 38 47 52 47  39 49 59 63  26 40 

Max 60 60 79 73  57 70 78 75  72 72 

SD 7 4 7 10  6 9 6 4  16 9 

Air movement (m/s)  

Mean 0.38 0.39 0.36 0.33  0.23 0.33 0.35 0.36  0.32 0.18 

Min 0.06 0.08 0.13 0.13  0.04 0.11 0.04 0.12  0.10 0.03 

Max 0.70 0.75 1.00 0.77  0.72 0.78 0.63 1.13  1.19 0.39 

SD 0.17 0.23 0.27 0.16  0.23 0.26 0.18 0.27  0.25 0.97 

Metabolic rate/vigour of activity in previous 30 mins (met) 

Mean 1.4 1.5 1.8 1.6  1.3 1.3 1.6 1.7  1.5 1.5 

Min 0.7 1.0 0.7 1.0  1.0 1.0 0.7 1.0  1.0 1.0 

Max 2.0 2.0 3.0 2.0  2.0 2.0 2.0 3.0  2.0 3.0 

SD 0.5 0.5 0.6 0.4  0.4 0.4 0.5 0.6  0.5 0. 6 

Clothing/insulation of clothing (clo) 

Mean 0.26 0.22 0.22 0.27  0.30 0.29 0.27 0.29  0.37 0.37 

Min 0.18 0.18 0.15 0.15  0.24 0.24 0.24 0.24  0.25 0.3 

Max 0.54 0.38 0.40 0.54  0.38 0.35 0.30 0.41  0.60 0.50 

SD 0.10 0.07 0.06 0.14  0.04 0.04 0.02 0.05  0.09 0.06 
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5.5.3. Mean thermal sensation, satisfaction, and preferences 

In the Build-Up, the mean thermal sensation in Muirhead houses was between 

‘slightly cool’ and ‘neither cool nor warm’ in air-conditioned rooms, with 80% of votes 

‘satisfied’ with thermal conditions, and 100% ‘satisfied’ with air movement (Table 5.7). The 

mean thermal sensation in naturally ventilated rooms was between ‘neither cool nor warm’ 

and ‘slightly warm’ with only 80% ‘satisfied’ with thermal conditions and 70% ‘satisfied’ with 

air humidity. In Lyons, with slightly higher air temperatures in air-conditioned rooms, the 

mean thermal sensation vote was still between ‘slightly cool’ and ‘neither cool nor warm’ 

with 90% ‘satisfied’ with thermal conditions, and 90% ‘satisfied’ with air movement 

(Safarova, 2017). The mean thermal sensation in naturally ventilated rooms was closer to 

‘slightly warm’ with 60% of votes ‘satisfied’ with thermal conditions, 50% ‘satisfied’ with air 

humidity, and 70% ‘satisfied’ with air movement. In the Wet Season, the fewest respondents 

satisfied with thermal conditions in Muirhead (70%) were in air-conditioned rooms and in 

Lyons, they were naturally ventilated rooms (70%).  

In the Wet Season, the number of respondents satisfied with air relative humidity in 

naturally ventilated rooms was down to 30% in Muirhead and 40% in Lyons. In the Dry 

Season, 90% of respondents were satisfied with thermal conditions and air humidity in 

Muirhead and Lyons. However, only 70% of Lyons respondents were satisfied with air 

movement, compared to 90% of Muirhead participants. Overall, the preferences of 

occupants in naturally ventilated rooms during Build-Up and Wet Season surveys were for 

‘cooler’ thermal conditions with less humid air. The preferences for air movement during the 

Dry Season were closest to ‘no change’.  
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Table 5.7. Summary of mean indoor climatic conditions and responses of occupants to thermal comfort 

survey. 

 Build-Up  Wet  Dry 

Air-

conditioning 
On Off  On Off  Off 

Suburb M L M L  M L M L  M L 

Indoor climatic environment 

Ta (˚C) 28.4 30 31.7 31.9  29.7 29.4 30.7 31.6  28.5 28.3 

RH (%) 51 51 64 62  50 57 73 70  54 50 

Vm (m/s) 0.4 0.4 0.4 0.3  0.2 0.3 0.3 0.4  0.3 0.2 

Thermal sensation (Actual Mean Vote) 

Sensation -0.6 -0.1 0.6 0.8  -0.5 -0.3 0.5 1  -0.5 -0.6 

Satisfied (%) 80 90 80 60  70 100 90 70  90 90 

Preference -0.4 -0.5 -0.6 -0.7  -0.5 -0.5 -0.8 -0.8  -0.2 -0.3 

Humidity 

Sensation 0.4 0.3 1 1.5  0.3 0.5 1.6 1.5  -0.6 -0.1 

Satisfied (%) 90 80 70 50  60 80 30 40  90 90 

Preference -0.4 0.3 -0.6 -0.6  -0.5 -0.4 -0.9 -0.8  -0.2 -0.4 

Air movement 

Sensation 0.2 0.3 0.4 0.8  0 0 0.8 0.5  0.3 -0.3 

Satisfied (%) 100 90 100 70  90 80 80 90  90 70 

Preference 0.1 0 0.2 0.4  0.4 0.5 0.4 0.4  0.2 0.4 

 

5.5.4. Indoor climatic conditions and comfort zones 

In air-conditioned houses, nearly all measurements were within comfort zone 2 

(Table 5.8; Figure 5.5a), while in naturally ventilated rooms around 50% of the measurements 

were warmer and more humid than either comfort zone (Table 5.8; Figure 5.5b). Mean air 

velocity in naturally ventilated rooms in comfort zone 1 was 0.26 m/s (air-conditioned 

rooms 0.29 m/s), so slightly higher than in the NatHERS comfort zone. In comfort zone 2 it 

was 0.32 m/s (air-conditioned rooms 0.32 m/s), well below the estimate of 1.0 m/s in the 

NatHERS comfort zone, and outside either comfort zone it was 0.36 m/s. The average ET* 

index of 22.6 ℃ in air-conditioned rooms is below the accepted ASHRAE Standard 55 

summer comfort range of 23 ℃ and 26 ℃ and overestimates the thermal comfort as most 

respondents in those houses voted for ‘neither cool nor warm’, zero on ASHRAE scale. In 

naturally ventilated rooms, the average ET* of 24.6 was close to comfortable, while most 
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respondents voted for ‘slightly warm’, one on the ASHRAE scale. Overall AMV values for 

air-conditioned rooms and naturally ventilated rooms were below the calculated PMV values. 

The difference between AMV and PMV in air-conditioned rooms varied from 0.5 in the 

Build-Up to 0.9 in the Wet Season, and in naturally ventilated rooms from 0.2 in the Wet 

Season to 1.0 in the Build-Up and 1.2 in the Dry Season.  

Table 5.8. NatHERS comfort zones, based on Delsante (2005), and the comfort levels of home occupants. 

 ASHRAE Actual Mean Vote 

NatHERScomfort zone -3 -2 -1 0 1 2 3 Total 

Air-conditioned houses 

(Mean ET*=22.6℃) 
 9 9 20 8   46 

Cooler/less humid than comfort zones         

Comfort Zone 1 (wind speed <0.2 m/s) 

(Mean ET*av=22.8℃)  
 3 2 0 2   7 

Comfort Zone 2 (wind speed 1.0 m/s) 

(Mean ET*av=22.1℃ 
 6 6 19 6   37 

Warmer/more humid than comfort 

zones (Mean ET*av=26.6℃) 
  1 1    2 

Naturally-ventilated houses (Mean 

ET*av=24.6℃) 
 13 17 15 36 11 3 95 

Cooler/less humid than comfort zones         

Comfort Zone 1 (wind speed <0.2 m/s) 

(Mean ET*av=23.5℃) 
 5 4 2 3 1  15 

Comfort Zone 2 (wind speed 1.0 m/s) 

(Mean ET*av=24.3℃) 
 6 8 10 17 5  46 

Warmer/more humid than comfort 

zones (Mean ET*av=26.8℃) 
 2 5 3 16 5 3 34 

Total  21 26 35 44 11 3 141 

Table 5.9. Comparison of the Actual Mean Vote (AMV) and Predicted Mean Vote (PMV) values in air-

conditioned and naturally ventilated houses in Darwin, Northern Territory. AMV is the average vote for the 

Build-Up and the Wet Seasons. The independent variables in the PMV calculation – air temperature, 

relative humidity, air velocity, clothing insulation factor, and metabolic rate – were measured during the 

survey. PMV for naturally ventilated houses was multiplied by expectancy factors e1 (0.7) and e2 (0.4). 

 Air-conditioned houses  Naturally- ventilated houses 

Survey Season AMV PMV  AMV PMV PMVe1 PMVe2 

Build-Up -0.4 0.1  0.7 1.7 1.2 0.7 

Wet -0.4 0.5  0.8 1 0.7 0.4 

Dry - -  -0.6 0.8 0.6 0.3 

In response to the issue of adaptation to local conditions, Fanger & Toftum (2002) 

introduced expectancy factors for areas where warm periods are present in all seasons. 
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Therefore, we calculated the expectancy factor for our respondents in naturally ventilated 

rooms based on AMV and PMV values. The expectancy factor of 0.7 suggested by Fanger & 

Toftum (2002) for areas with a warm climate was too high for the respondents in this 

research. A comparison of AMV and calculated PMV with expectancy factors 0.7 (PMVe1) 

and 0.4 (PMVe2) in Figure 5.5b show that a PMV with an expectancy factor of 0.4 is close to 

AMV in the built-up and Dry Seasons, while a PMV with an expectancy factor of 0.7 is close 

to AMV in the Wet Season.  
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Thermal Comfort Scale 

 

Figure 5.6. Distribution of indoor climatic measurements in air-conditioned rooms (a) and in naturally 

ventilated rooms (b) overlaid on the psychrometric chart for Darwin of Delsante (2005) at 101 hPa: the 

dashed line boundary is for comfort zone 1 at <0.2 m/s air movement, and unbroken line boundary is for 

comfort zone 2 (1 m/s air movement). 
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5.5.5. Indoor climate adaptation strategies 

In the Build-Up, 57% of respondents ‘always’ or ‘often’ (summarised as ‘usually’) 

preferred to open windows or doors to improve their thermal environment (Figure 5.7; 

Muirhead 52%; Lyons 63%). Based on verbal communication between the researcher and 

study participants, some respondents cooled rooms at night through natural ventilation and 

then kept windows closed to keep hot and humid air from entering the house during the day, 

but several respondents in Muirhead complained about dust and noise coming through open 

windows and doors from nearby construction works (Dry Season: Muirhead 89%; Lyons 

94%).  

The percentage of respondents who usually preferred to use air-conditioning was 

highest in the Wet Season (64%), slightly lower in the Build-Up (56%) and just 2% in the 

Dry Season (Build-Up and Wet Seasons: Muirhead 76%; Lyons 40%). Fans were the most 

preferred method of cooling in both suburbs in all three seasons with 90% of respondents 

’always’ using fans in the Build-Up, 84% in the wet and 56% in the Dry Season (Dry Season: 

Muirhead 83%; Lyons 94%). 

The Linear Mixed Model analysis of indoor climate adaptation strategies showed that 

outdoor climatic conditions and proximity to green spaces were independent factors most 

likely to be affecting adaptation strategies (Table 5.10). For example, proximity to open green 

spaces was correlated with a higher probability of opening windows and doors and a lower 

probability of operating air-conditioners less. Respondents with larger lots tended to open 

windows and doors more frequently. Fan operation was only affected by the outdoor air 

temperature. 
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Figure 5.7. The frequency with which different strategies were employed to improve indoor thermal 

comfort in the Build-Up, Wet and Dry Seasons in the suburbs of Muirhead (M) and Lyons (L), Darwin, 

Northern Territory. 

Table 5.10. Factors significantly affecting strategies adopted to improve thermal comfort in Darwin, 

Northern Territory, Australia. 

Parameter Estimate 
Std. 

Error 
Df t Sig. 

95%  

Lower 

Bound 

Upper 

Bound 

Open windows 

Proximity to green space 

(sq.rt) 
-0.05 0.03 135 -1.97 0.05 -0.11 0.00 

Temperature outside -0.12 0.04 135 -2.78 0.01 -0.21 -0.04 

Open door 

Proximity to green space 

(sq.rt) 
-0.05 0.02 135 -2.53 0.01 -0.09 -0.01 

Lot area (sq.rt) 0.11 0.04 135 2.62 0.01 0.03 0.20 

Temperature outside -0.08 0.03 135 -2.47 0.02 -0.15 -0.02 

Operate fan 

Temperature outside 0.07 0.02 135 3.65 0.00 0.03 0.10 

Operate air-conditioner 

Temperature outside 0.17 0.03 135 5.04 0.00 0.11 0.24 

Proximity to green space 

(sq.rt) 
0.05 0.05 135 2.52 0.01 0.01 0.09 
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5.5.6. Personal adaptation strategies 

The number of respondents who were ‘very likely’/‘likely’/‘somewhat likely’ 

(summarised as likely) to use personal adaptation strategies more than usual was higher in the 

Build-Up than in the wet or Dry Seasons (Figure 5.8). The number of respondents who 

would be likely to ‘drink water more than usual’ more than halved from 84% in the Build-Up 

to 39% in the Dry Season in Muirhead, and from 70% to 33% in Lyons. In Muirhead, 58% 

of respondents were likely to take a shower more than usual’ during the Build-Up compared 

to 40% in Lyons. In the Dry Season, this number was just 11% in Muirhead and 28% in 

Lyons. In Muirhead, 48% of respondents were likely to ‘change clothes more often than 

usual’ during the Build-Up compared to 40% in Lyons, with just 17% in Muirhead and 28% 

in Lyons likely to do so in the Dry Season. 

 

Figure 5.8. The frequency with which different strategies were used to improve personal thermal comfort 

in the Build-Up, wet and Dry Seasons in the suburbs of Muirhead (M) and Lyons (L), Darwin, Northern 

Territory.  

5.6. Discussion  

This research has two key findings. The first is that the occupants of houses in 

Muirhead and Lyons felt comfortable in thermal conditions that were outside the ASHRAE-

55 2017 and NatHERS recommendations for 5-star rated houses in Darwin. This was 

particularly true for those living near parks or gardens. The second finding was that the 

respondents were more likely to change the indoor environment to deal with thermal 

discomfort than use personal adaptation strategies. People were more likely to turn on ceiling 
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fans or air-conditioning when they felt uncomfortable than drink or shower more or change 

their clothing. Fans were home occupants' most preferred adaptation strategy; older South 

Australians also prefer to use fans (Soebarto et al., 2019; van Hoof et al., 2019).  

The first finding is not unexpected because people adjust both physically and 

psychologically to thermal conditions, and so develop different perceptions of thermal 

discomfort (Hori, 1995; Sawka et al., 2001; Garrett et al. 2005; Périard et al. 2015; Horowitz 

2016; Zander et al. 2018, 2019). As residents in Darwin, rather than itinerant visitors, the 

respondents were very likely to have undergone the physiological adaptations that then make 

the psychological acceptance of higher temperatures and humidity more likely. Even in the 

relatively heavily-built housing of Muirhead and Lyons, 14% were comfortable without air-

conditioning in the Build-Up and Wet Season, as did 42% of those living in lightweight 

houses, and so had different expectations of comfort to those anticipated by national 

standards, as did those in another recent study in Darwin (Daniel et al. 2014).  

While the ET* index overestimates thermal comfort by relying on air movement, 

PMV underestimates the role of climate adaptation. Fanger and Toftum (2002) recognised 

that PMV overestimates the thermal sensation of occupants in naturally ventilated buildings 

in warm climates when they introduced expectancy factors. While national codes work 

perfectly well in the Dry Season, when non-air-conditioned houses met the ASHRAE-55 

2017 standard threshold in both suburbs, existing standards do not make allowance for local 

adaptation in the two warmer seasons. Based on the results of this study, it is recommended 

to use an expectancy factor in the calculation of PMV index developed specifically for areas 

with an Aw climate.  

The second finding is probably a reflection on weekly median income of $1,052 

(ABS, 2017) and the relative cost of electricity for air-conditioning (Jacana Energy, 2018). 
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The average electricity consumption per household per day increased from 20.1 kWh in July 

to 36.85 kWh in November.  

The personal adaptation measures identified here are largely consistent with 

observations elsewhere in Australia and globally, with people more likely to drink than take 

showers or change their clothing (Nitschke et al., 2013; Xiang et al., 2015, 2016; Hatvani-

Kovacs, 2016; Zander et al., 2018). However, there was a greater readiness to turn on fans or 

air-conditioning than appears to have been the case in Singapore or Indonesia (Feriadi et al., 

2003; Feriadi & Wong, 2004) in keeping with the rapid saturation of air-conditioning demand 

above relatively low-income levels (Davis & Gertler, 2015). This implies that, while heat-

adapted residents in Darwin have a high tolerance for conditions that might be considered 

mildly thermally uncomfortable by people living in more temperate climates, they will usually 

seek technological solutions to improve thermal comfort as soon as conditions move beyond 

those limits.  

This study does show that houses built recently in Muirhead and Lyons under the 

requirements of BCA to meet 5-star energy efficiency perform better in air-conditioned 

mode than dwellings studied in 1991 (Williamson et al. 1991). The mean indoor relative 

humidity in air-conditioned rooms was 10% lower in the recently built houses and the mean 

thermal sensation was (-0.4) ‘slightly cool’ and ‘neither cool nor warm’ whereas, in the earlier 

study, it was ‘slightly warm’ (0.5-0.65).  

Air-conditioned houses in Muirhead, built to meet minimum 6-star energy efficiency, 

maintained at slightly lower indoor temperatures than were houses in Lyons. The other 

important finding was that the relative humidity in one air-conditioned house in Lyons was at 

a maximum of 70%, demonstrating that air-conditioning in this house does not dehumidify 

the air, thereby creating favourable conditions for the mould growth that occurs if houses are 

not properly ventilated (AIRAH, 2016).  
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The findings of this study demonstrate that modern houses have a better thermal 

performance in a subdivision designed to provide access to prevailing breezes. Thus, to 

improve the thermal performance of homes in the Aw climate, it is important to incorporate 

large open park areas and access to prevailing breezes through the orientation of roads and 

lots, and planning for the setback of buildings at the subdivision design stage.  

Though this study reflects occupants’ behaviour particular to Darwin, the findings 

can be implemented in other areas with an Aw climate. Low-income households in countries 

with a similar climate would benefit from the incorporation of ceiling fans into the design of 

houses, single-room-width buildings, the orientation of living rooms to prevailing breezes, 

and the provision of window openings on the windward and leeward walls for cross 

ventilation.  

The results of this thermal comfort survey demonstrate that occupants of homes in 

the Aw climate displayed a high level of adaptation to the climate, and were comfortable with 

a large range of indoor conditions (air temperature: 26– 28 ℃, relative humidity: 50%–60%; 

air velocity: 0.3–0.4 m/s. The temperature range is within the ASHRAE 55-2017 standard 

operating temperature range. The outcomes of this study demonstrate that the PMV index 

with consideration of occupants’ expectancy factor is the thermal comfort index that should 

be applied for prediction of thermal comfort in modern tropical houses. 

5.7. Conclusion 

This study investigated key factors that affect thermal comfort and adaptation 

strategies of occupants in recently built houses in the hot and humid tropical climate of 

Darwin. The results of the study showed that: 

1. The seasonal variation in air temperature and humidity, proximity to parks, and lot 

area have an impact on occupants’ preferential adaptation strategies, such that 
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participants living close to parks or on larger lots preferred to open windows and 

doors more frequently than did other participants. 

2. Most occupants preferred to change their indoor environment by employing air-

conditioning and fans when conditions were particularly hot and humid. All 

participants preferred natural ventilation in the cooler Dry Season. 

3. The average thermal sensation of occupants in naturally ventilated 6-star houses 

was between ‘neither cold nor warm’ and ‘slightly warm’, while occupants in lower-

rated houses were more likely to choose ‘slightly warm’ and tended to be less 

satisfied with their indoor environment.  

4. Though the mean indoor environment was above the NatHERS acceptable level, 

the level of thermal comfort of occupants of naturally ventilated 6-star houses was 

relatively high, possibly because the occupants had adapted to the local thermal 

environment.  

Overall, a more stringent approach to the thermal performance of houses in Darwin 

has improved the comfort of the indoor environment, particularly for those close to parks or 

with large lots.  
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Chapter 6. Conclusions and Recommendations 

6.1. Conclusion 

The literature review in Chapter 2 identified the need for comprehensive research 

regarding the interrelationship between local climate, subdivision design, and a housing 

design that take into consideration the climate challenges of the tropics coupled with the 

future climatic prognoses. Several research issues and challenges concerning the optimal 

provision of thermal comfort in the hot and humid tropics with minimal energy 

requirements were highlighted. Among them was a lack of in-depth research on subdivision 

design approaches, research on housing design approaches (passive, active or mixed mode), 

post-occupancy research on houses built in the hot and humid tropics, and the need of 

further research on the conflicting roles of hot air, humidity and air velocity for thermal 

comfort in the tropics. An approximation of ET*, currently adopted by NatHERS thermal 

comfort index, is based on the neutral temperature and cooling effects of air movement and 

demonstrates tolerance to humidity at high air velocities. Therefore, it was argued that the 

classical heat balance model with its PMV index was the most appropriate for the hot and 

humid tropics as it could properly quantify the combined effects of the air temperature, 

velocity, and humidity. On this basis, various pathways were investigated to achieve the 

optimal provision of thermal comfort and sustainability of houses in the hot and humid 

tropics based on an interrelationship between the climatic conditions, urban design, building 

design and occupant behaviour. The scope of this study was Darwin, Australia, located in the 

tropical savanna climate (Aw). Data was collected from a locally installed weather station in 

the case study area over a 12-month period. In total, 40 households from two northern 

Darwin suburbs, Muirhead and Lyons, participated in this research. Muirhead had a higher 

housing density and smaller lots than Lyons, but it was designed to provide access of 
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prevailing breezes for each dwelling through the orientation of streets, block and lot design, 

as well as having building setbacks.  

The main objectives of this research were investigated through the thermal 

performance simulation of four types of house model, home occupant surveys, 

measurements of indoor conditions for 11 case study houses over 12 months, and the 

analysis of half-hourly data for electricity consumption of the 36 participating households.  

6.1.1. Thermal simulation  

The impact of urban design factors on the thermal performance of houses in the 

tropical savanna climate was first investigated through simulations of four house models 

using TRNSYS and TRNFLOW software. The simulation of thermal comfort and cooling 

energy load was performed for different adjustment strategies used by occupants (cooling, 

fan, and natural ventilation). The models were based on modern houses that were built under 

current NatHERS requirements. The simulation of air velocity under natural ventilation of 

house models was based on the wind pressure coefficient model. The effect of building 

geometry and wind direction on the wind pressure coefficient in the open (unshielded) 

environment, as well as a reduction in spacing between buildings, was used to investigate the 

impact of building setbacks on the thermal performance of houses. The north to south 

orientation of a house model was chosen, in order to take advantage of the prevailing breezes 

at the study location, which come from the east, southeast, and west.  

While the findings from the literature review emphasised the PMV index during the 

investigation, it became apparent that occupant’s expectancy factor played an important role 

in thermal comfort in the hot and humid climatic conditions. As such, the PMVe index was 

used for the thermal performance of naturally ventilated houses. The natural ventilation 

simulation demonstrated that the frequency with which the PMVe index value fell within the 

-0.5 to 0.5 interval increased with increasing air velocity up to 0.2 m/s during the Dry 
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Season. In the Wet Season and transition periods, the PMVe index values were within the 

range of ‘slightly warm’ and ‘hot’ (2-3) for about 70% of the time and a further increase in air 

velocity or cooling is required to achieve PMVe index values within the range considered 

comfortable.  

The results of the cooling energy simulation, which demonstrated that the house 

models operating in dual-mode required 62% more cooling energy than houses in a closed 

mode, were close to real-life situation as houses require natural ventilation in humid 

conditions to prevent mould growth. The elevation of the lightweight construction house 

and the provision of open access to prevailing breezes reduced the total cooling energy by 

24% when compared to single storey lightweight construction house with a setback of 4 m.  

6.1.2. Post-occupancy energy consumption 

Post-occupancy energy consumption in Muirhead and Lyons was investigated by 

recording electricity consumption was recorded at 30 min intervals from November, 2015, to 

August, 2016. The resulting daily profile revealed that the average consumption was highest 

between the hours of 15:30 and 24:00, while the annual profile demonstrated that least 

energy was consumed in July and August (Dry Season). The energy consumption of the 

average household in Muirhead was 2.1 Wh/m2 per person in the Wet Season compared 

with 3.2 Wh/m2 in Lyons. Consumption in Muirhead in the Dry Season was 52% less than in 

the Wet Season, but only 40% less in the Dry Season in Lyons. Similar results were 

demonstrated by simulation of the cooling energy required for houses operated in a dual-

mode during the Dry Season (Chapter 3).  

The cooling energy consumption of the average household in Muirhead and Lyons 

was analysed based on cooling degree hours, which quantify how much time the outside Wet 

Bulb Temperature (WBT) is warmer than the base indoor temperature, in order to determine 

the duration of cooling required. Using correlation analysis, it was found that daily energy 
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consumption had a positive linear relationship with a WBT of 18 °C, and a Pearson 

coefficient of 0.8 and p<0.001. The other predictive factors included in the multivariate 

regression analysis were mean daily wind speed and wind direction, which showed a 

significant negative impact on the energy consumption in both suburbs. The regression 

model described 67% of the variation in daily energy consumption of the average household 

in Muirhead and 68% in Lyons.  

According to regression models, the daily baseload of the average household, 

excluding cooling, was 14.9 kWh in Muirhead and 22.1 kWh in Lyons. In March, the hottest 

period, the daily cooling load of the average house in Muirhead was 18.3 kWh (std error = 

3.6 kWh) compared to 15.8 kWh (std error = 4.1 kWh) in Lyons. The differences in daily 

cooling load of an average house in Muirhead and Lyons were within the standard error. As 

such, the cooling energy consumption by households in Muirhead was similar to Lyons 

despite the increased housing density and smaller lot area.  

The regression model, unlike the simulation results, showed that both wind speed 

and wind direction had a negative relationship, significantly affecting energy consumption of 

single-storey houses in both suburbs (Safarova et al., 2018).  

6.1.3. Thermal comfort survey 

The thermal comfort of home occupants and their adjustment methods were 

investigated through the thermal comfort survey. In the Build-Up and Wet Season, the living 

rooms of air-conditioned houses had the following mean conditions: an air temperature of 

28.4– 30.0 ℃, a relative humidity of 50%–57%, and an air velocity of 0.38–0.39 m/s. The 

living rooms of naturally ventilated houses had a mean air temperature 30.7– 31.9 ℃, a 

relative humidity of 62%–73%, and an air velocity of 0.33–0.36 m/s. Regarding respondents’ 

satisfaction, 70% were satisfied with indoor conditions during the Wet Season and 80% 

during the Build-Up. The actual mean AMV vote in naturally ventilated rooms was between 
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‘neither warm nor cool’ and ‘slightly warm’ (0.5-1) on the thermal comfort scale (Section 

5.5.2). It should be noted that 90% of respondents preferred to use fans as their primary 

adjustment strategy in the Wet Season and Build-Up, which supports the results of the 

simulation in Section 3.4.1.1.5.4 that showed an increase in air velocity improves thermal 

comfort.  

In the Dry Season, the living rooms of all houses were naturally ventilated and had 

the following mean conditions: an air temperature of 28.3–28.5 ℃, a relative humidity of 

50%–73%, and an air velocity of 0.2-0.3 m/s. The AMV results demonstrate that most 

occupants felt ‘neither cool nor warm’ or ‘slightly cool’, with 90% of respondents satisfied 

with those conditions.  

The survey results indicated that 57% of home occupants ‘always/often’ preferred to 

open windows and doors, while 56% preferred air-conditioning in the Build-Up compared to 

2% in the Dry Season. According to the survey, the level of satisfaction with indoor 

conditions of naturally ventilated houses during the Build-Up and the Wet Season was 20% 

higher than predicted by PMV index in Lyons and 40% higher in Muirhead. The expectancy 

factors 0.4 and 0.7 suggested by Fanger & Toftum (2002) approximate the relationship 

between the PMVe index and the AMV.  

6.2. Recommendations of this study  

The results from the survey and energy consumption analyses demonstrated that the 

simulation of thermal performance closely reflected the thermal performance of modern 

houses in Aw climatic conditions. The lightweight construction model had better thermal 

performance in the cooling mode and dual-modes compared to heavyweight construction. 

The elevated lightweight construction model had the best outcome in terms of thermal 

comfort and energy efficiency for all tested models.  
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As air-conditioning may fail to dehumidify air due to fast cooling in humid 

conditions, resulting in mould growth (discussed in Chapters 3 and 5), natural ventilation 

combined with fans are better for thermal comfort if humidity build ups to be avoided. 

Outdoor air movement had a significant impact on the thermal performance of the houses 

studied. Evaluation rating tools for calculating the energy efficiency of houses should 

incorporate a wind pressure coefficient model in order to provide more reliable predictions 

of the thermal performance of houses operating in dual mode. The results of the energy 

efficiency rating should include the cooling energy required for houses operating in dual 

mode.  

It is clear from the results of this study that wind speed and direction have an impact 

on cooling energy in the tropical savanna climate. The subdivision design for low and low-

medium density residential development in cities with a tropical savanna climate should 

incorporate open parks and green spaces, rectangular street blocks with a length of less than 

100 m, an orientation of streets to prevailing breezes, and provision of wide building 

setbacks, in order to provide longer hours of thermal comfort. The provision of minimum 

building setbacks and a maximum street block size of 100 m included in the residential 

subdivision design and planning regulatory tools would facilitate a good urban design 

outcome and improve the thermal performance of houses in tropical cities.  

This study filled gaps left by previous research and made a significant contribution to 

the design process of future tropical urban developments. While the scope of this research 

was constrained to the city of Darwin, Australia, a valid translation of these findings to other 

local contexts can be made with full consideration of the differences in building cultures and 

national economic conditions.  
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6.3. Limitations and future work 

This research was limited to four house types that had been designed and built in the 

city of Darwin, Australia. Future research can be extended to the investigation of house 

designs in the many other cities with a tropical savanna climate, such as Mumbai and 

Chennai in India, Bangkok in Thailand, Lagos in Nigeria, Ho Chi Minh City in Vietnam, Dar 

es Salaam in Tanzania and Dili in Timor-Leste.  

The simulation results for single-storey dwellings have demonstrated that increasing 

the building setback from 4 m to 6 m does not have a significant impact on the thermal 

performance of the house. While a cooling energy model based on actual recorded energy 

consumption showed that wind speed and direction were significant factors, the application 

of various wind flow models in the thermal performance simulation of buildings should be 

investigated further to better understand the interrelationship between the energy efficiency 

of houses and the urban environment. 

The simulated maximum values of PMV and PMVe indices were above the PMV and 

PMVe calculated for the living rooms of case study houses and greater than the AMV. While 

the expectancy factors were found to approximate the PMV index to AMV in this study, 

further investigation is required on thermal comfort indices that are used in the thermal 

performance simulations of tropical houses. 
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Appendix 1. Example of the NatHERS Certificate 
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Appendix 2. Google images and Site plans (the red arrow shows the 

location of data loggers) 

House L1  

 

Not to scale 
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House M1 
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House M5 
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Appendix 3. Example of the thermal performance simulation 

*******************************************************************************

*******************************************************************************

*******************************************************************************

*******************************************************************************

*******************************************************************************

****** 

* TRNBuild 2.0.208 

*******************************************************************************

*******************************************************************************

*******************************************************************************

*******************************************************************************

*******************************************************************************

****** 

* BUILDING DESCRIPTIONS FILE TRNSYS 

* FOR BUILDING: C:\TRNSYS17\MyProjects\COPEN_LW\No 

ventilation\ELW\BC_LW_FNL_V3_lw_elevated.b17 

* GET BY WORKING WITH TRNBuild 1.0 for Windows 

*******************************************************************************

*******************************************************************************

*******************************************************************************

*******************************************************************************

*******************************************************************************

****** 

* 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

* C o m m e n t s 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

*#C 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

* P r o j e c t 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 
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*+++ PROJECT 

*+++ TITLE=HOUSE_ELW 

*+++ DESCRIPTION=LIGHTWEIGHT ELEVATED 

*+++ CREATED=SHOKHIDA SAFAROVA 

*+++ ADDRESS=ELLENGOVAN DRIVE 

*+++ CITY=DARWIN 

*+++ SWITCH=UNDEFINED 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

* P r o p e r t i e s 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

PROPERTIES 

 DENSITY=1.204 : CAPACITY=1.012 : PRESSURE=101325.000 : HVAPOR=2454.0 : SIGMA=2.041e-

007 : RTEMP=293.15 

*--- alpha calculation ------------------- 

 KFLOORUP=7.2 : EFLOORUP=0.31 : KFLOORDOWN=3.888 : EFLOORDOWN=0.31 

 KCEILUP=7.2 : ECEILUP=0.31 : KCEILDOWN=3.888 : ECEILDOWN=0.31 

 KVERTICAL=5.76 : EVERTICAL=0.3 

* 

*++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

++++++ 

TYPES 

*++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

++++++ 

* 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

* L a y e r s 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------
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--------------------------------------------------------------------------------------------------------------------------------

----------------- 

LAYER PLSTRGPS20 

 CONDUCTIVITY= 2.6172 : CAPACITY= 0.84 : DENSITY= 1602 

LAYER AIRSPACE 

 RESISTANCE= 0.044 

LAYER HWCONC200 

 CONDUCTIVITY= 6.2316 : CAPACITY= 0.84 : DENSITY= 2243 

LAYER STUCCO25 

 CONDUCTIVITY= 2.4912 : CAPACITY= 0.84 : DENSITY= 1858 

LAYER HWCOBLK100 

 CONDUCTIVITY= 2.9268 : CAPACITY= 0.84 : DENSITY= 977 

LAYER HWCOBLK200 

 CONDUCTIVITY= 3.7368 : CAPACITY= 0.84 : DENSITY= 977 

LAYER PLASTERBRD 

 CONDUCTIVITY= 0.576 : CAPACITY= 0.84 : DENSITY= 950 

LAYER FIBREGLASS 

 CONDUCTIVITY= 0.144 : CAPACITY= 0.84 : DENSITY= 12 

LAYER WOODSIDING 

 CONDUCTIVITY= 0.504 : CAPACITY= 0.9 : DENSITY= 530 

LAYER ROOFDECK 

 CONDUCTIVITY= 0.504 : CAPACITY= 0.9 : DENSITY= 530 

LAYER ALUMINIUM 

 CONDUCTIVITY= 720 : CAPACITY= 0.86 : DENSITY= 2700 

LAYER REFLECTA_FOAM 

 RESISTANCE= 0.11 

LAYER STEEL 

 CONDUCTIVITY= 54 : CAPACITY= 1.8 : DENSITY= 7800 

LAYER HORIZONTAL 

 RESISTANCE= 0.047 

LAYER PLASTERBOA 

 CONDUCTIVITY= 0.576 : CAPACITY= 0.84 : DENSITY= 950 

LAYER INSULATION 

 RESISTANCE= 6.9653 

LAYER FINISH 

 CONDUCTIVITY= 1.494 : CAPACITY= 1.09 : DENSITY= 1249 

LAYER INSUL50 

 CONDUCTIVITY= 0.1548 : CAPACITY= 0.84 : DENSITY= 91 

LAYER STEELSIDE 

 CONDUCTIVITY= 161.96 : CAPACITY= 0.42 : DENSITY= 7689 

LAYER INSUL25 

 CONDUCTIVITY= 0.1548 : CAPACITY= 0.84 : DENSITY= 91 

LAYER INSUL125 

 CONDUCTIVITY= 0.1548 : CAPACITY= 0.84 : DENSITY= 91 

LAYER CONCSLAB 



192 

 CONDUCTIVITY= 4.068 : CAPACITY= 1 : DENSITY= 1400 

LAYER TESTLAYER001 

 CONDUCTIVITY= 1000 : CAPACITY= 400 : DENSITY= 56 

LAYER TESTLAYER002 

 CONDUCTIVITY= 2.4912 : CAPACITY= 0.84 : DENSITY= 977 

LAYER MINERAL_WO 

 CONDUCTIVITY= 0.13 : CAPACITY= 0.9 : DENSITY= 80 

LAYER SISALBUBLE100 

 RESISTANCE= 0.2 

LAYER CONCRETESL 

 CONDUCTIVITY= 4.068 : CAPACITY= 1 : DENSITY= 1400 

LAYER BEECH_OAK 

 CONDUCTIVITY= 0.72 : CAPACITY= 2 : DENSITY= 800 

LAYER POLYSTYREN 

 CONDUCTIVITY= 0.09 : CAPACITY= 1.25 : DENSITY= 15 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

* I n p u t s 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

INPUTS BRIGHT INFILTRATION WINDVEL WINDDIR PAMB_ABS CONAMB_1 CONAMB_2 

CONAMB_3 CONAMB_4 CONAMB_5 TRNFLOW TOUT HOUT IT_SHADN_180_90 

IT_SHADE_270_90 IT_SHADW_90_90 IT_SHADS_0_90 IB_SHADN_180_90 IB_SHADE_270_90 

IB_SHADS_0_90 IB_SHADW_90_90 AI_SHADN_180_90 AI_SHADE_270_90 AI_SHADS_0_90 

AI_SHADW_90_90 AIRVEL_LIV ACLIVFLOW ACTEMPLIV ACRHLIV ACFLOWKIT ACTEMPKIT 

ACRHKIT ACFLOWB1 ACTEMPB1 ACRHB1 ACFLOWB2 ; 

 ACTEMPB2 ACRHB2 ACFLOWB3 ACTEMPB3 ACRHB3 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

* S c h e d u l e s 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

SCHEDULE WORKDAY 

 HOURS =0.000 8.000 18.000 24.0 

 VALUES=0 1. 0 0  

SCHEDULE WEEKEND 

 HOURS =0.000 1.000 24.0 
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 VALUES=0 0 0  

SCHEDULE WORKINGDAY 

 HOURS =0.000 6.000 8.000 17.000 21.000 24.0 

 VALUES=0 1. 0 1. 0 0  

SCHEDULE RESTDAY 

 HOURS =0.000 7.000 21.000 24.0 

 VALUES=0 2. 0 0  

SCHEDULE BEDSCHED 

 HOURS =0.000 6.000 22.000 24.0 

 VALUES=2. 0 2. 2.  

SCHEDULE BEDSCHED2 

 HOURS =0.000 6.000 21.000 24.0 

 VALUES=1. 0 1. 1.  

SCHEDULE DAYNIGHT 

 HOURS =0.000 6.000 18.000 24.0 

 VALUES=0 1. 0 0  

SCHEDULE NIGHT 

 HOURS =0.000 6.000 19.000 24.0 

 VALUES=1. 0 1. 1.  

SCHEDULE EVENING 

 HOURS =0.000 6.000 19.000 22.000 24.0 

 VALUES=0 0 1. 0 0  

SCHEDULE EVEN_MON 

 HOURS =0.000 6.000 8.000 18.000 22.000 24.0 

 VALUES=0 1. 0 1. 0 0  

SCHEDULE 24H 

 HOURS =0.000 24.0 

 VALUES=1. 1.  

SCHEDULE LIV 

 HOURS =0.000 6.000 8.000 17.000 22.000 24.0 

 VALUES=0 1. 0 1. 0 0  

SCHEDULE KIT 

 HOURS =0.000 6.000 8.000 17.000 19.000 24.0 

 VALUES=0 1. 0 1. 0 0  

SCHEDULE KIT_LIGHT 

 HOURS =0.000 6.000 7.000 18.000 19.000 24.0 

 VALUES=0 1. 0 1. 0 0  

SCHEDULE LIV_LIGHT 

 HOURS =0.000 18.000 22.000 24.0 

 VALUES=0 1. 0 0  

SCHEDULE BED1 

 HOURS =0.000 6.000 22.000 24.0 

 VALUES=1. 0 1. 1.  

SCHEDULE BED1_LIGHT 

 HOURS =0.000 22.000 23.000 24.0 



194 

 VALUES=0 1. 0 0  

SCHEDULE B2_LIGHT 

 HOURS =0.000 21.000 22.000 24.0 

 VALUES=0 1. 0 0  

SCHEDULE STOVE 

 HOURS =0.000 17.000 19.000 24.0 

 VALUES=0 1. 0 0  

SCHEDULE BED_EVN 

 HOURS =0.000 19.017 20.983 24.0 

 VALUES=0 1. 0 0  

SCHEDULE USE 

 DAYS=1 2 3 4 5 6 7 

 HOURLY=WORKDAY WORKDAY WORKDAY WORKDAY WORKDAY WEEKEND WEEKEND 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

* W a l l s 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

WALL WTYPE115 

 LAYERS = PLSTRGPS20 AIRSPACE HWCONC200 STUCCO25  

 THICKNESS= 0.02 0 0.2 0.025  

 ABS-FRONT= 0.6 : ABS-BACK= 0.6  

 EPS-FRONT= 0.9 : EPS-BACK= 0.9  

 HFRONT = 11 : HBACK= 60 

WALL WTYPE81 

 LAYERS = PLSTRGPS20 HWCOBLK100 STUCCO25  

 THICKNESS= 0.02 0.1 0.025  

 ABS-FRONT= 0.6 : ABS-BACK= 0.6  

 EPS-FRONT= 0.9 : EPS-BACK= 0.9  

 HFRONT = 11 : HBACK= 64 

WALL WTYPE64 

 LAYERS = PLSTRGPS20 HWCOBLK200 STUCCO25  

 THICKNESS= 0.02 0.2 0.025  

 ABS-FRONT= 0.6 : ABS-BACK= 0.6  

 EPS-FRONT= 0.9 : EPS-BACK= 0.9  

 HFRONT = 11 : HBACK= 64 

WALL BST_L_EXT 

 LAYERS = PLASTERBRD FIBREGLASS WOODSIDING  

 THICKNESS= 0.012 0.066 0.009  

 ABS-FRONT= 0.6 : ABS-BACK= 0.6  

 EPS-FRONT= 0.9 : EPS-BACK= 0.9  
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 HFRONT = 11.376 : HBACK= 88.812 

WALL BST_L_ROO 

 LAYERS = PLASTERBRD FIBREGLASS ROOFDECK  

 THICKNESS= 0.01 0.112 0.019  

 ABS-FRONT= 0.6 : ABS-BACK= 0.6  

 EPS-FRONT= 0.9 : EPS-BACK= 0.9  

 HFRONT = 11.376 : HBACK= 88.812 

WALL ROOF 

 LAYERS = ALUMINIUM REFLECTA_FOAM  

 THICKNESS= 0.001 0  

 ABS-FRONT= 0.6 : ABS-BACK= 0.6  

 EPS-FRONT= 0.9 : EPS-BACK= 0.9  

 HFRONT = 11 : HBACK= 64 

WALL ROOF_COLORBOND 

 LAYERS = STEEL HORIZONTAL REFLECTA_FOAM  

 THICKNESS= 0.003 0 0  

 ABS-FRONT= 0.6 : ABS-BACK= 0.6  

 EPS-FRONT= 0.9 : EPS-BACK= 0.9  

 HFRONT = 11 : HBACK= 64 

WALL CEILING 

 LAYERS = INSUL50 PLASTERBRD  

 THICKNESS= 0.005 0.002  

 ABS-FRONT= 0.6 : ABS-BACK= 0.6  

 EPS-FRONT= 0.9 : EPS-BACK= 0.9  

 HFRONT = 11 : HBACK= 60 

WALL WTYPE26 

 LAYERS = FINISH INSUL50 FINISH  

 THICKNESS= 0.013 0.051 0.013  

 ABS-FRONT= 0.6 : ABS-BACK= 0.6  

 EPS-FRONT= 0.9 : EPS-BACK= 0.9  

 HFRONT = 11 : HBACK= 64 

WALL PLASTERB 

 LAYERS = PLASTERBRD  

 THICKNESS= 0.002  

 ABS-FRONT= 0.6 : ABS-BACK= 0.6  

 EPS-FRONT= 0.9 : EPS-BACK= 0.9  

 HFRONT = 11 : HBACK= 60 

WALL WTYPE29 

 LAYERS = STEELSIDE INSUL25 STEELSIDE  

 THICKNESS= 0.002 0.025 0.002  

 ABS-FRONT= 0.6 : ABS-BACK= 0.6  

 EPS-FRONT= 0.9 : EPS-BACK= 0.9  

 HFRONT = 11 : HBACK= 64 

WALL WTYPE94 

 LAYERS = STEELSIDE INSUL25 AIRSPACE STEELSIDE  
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 THICKNESS= 0.002 0.025 0 0.002  

 ABS-FRONT= 0.6 : ABS-BACK= 0.6  

 EPS-FRONT= 0.9 : EPS-BACK= 0.9  

 HFRONT = 11 : HBACK= 64 

WALL WTYPE98 

 LAYERS = STUCCO25 POLYSTYREN PLSTRGPS20  

 THICKNESS= 0.025 0.08 0.02  

 ABS-FRONT= 0.6 : ABS-BACK= 0.6  

 EPS-FRONT= 0.9 : EPS-BACK= 0.9  

 HFRONT = 11 : HBACK= 64 

WALL WTYPE39 

 LAYERS = PLSTRGPS20 AIRSPACE STUCCO25  

 THICKNESS= 0.02 0 0.025  

 ABS-FRONT= 0.6 : ABS-BACK= 0.6  

 EPS-FRONT= 0.9 : EPS-BACK= 0.9  

 HFRONT = 11 : HBACK= 64 

WALL WTYPE95 

 LAYERS = STEELSIDE AIRSPACE INSUL50 STEELSIDE  

 THICKNESS= 0.002 0 0.051 0.002  

 ABS-FRONT= 0.6 : ABS-BACK= 0.6  

 EPS-FRONT= 0.9 : EPS-BACK= 0.9  

 HFRONT = 11 : HBACK= 60 

WALL BST_H_FLO 

 LAYERS = CONCSLAB INSULATION  

 THICKNESS= 0.08 0  

 ABS-FRONT= 0.6 : ABS-BACK= 0.6  

 EPS-FRONT= 0.9 : EPS-BACK= 0.9  

 HFRONT = 11.376 : HBACK= 64 

WALL TESTWALL 

 LAYERS = TESTLAYER001  

 THICKNESS= 0.025  

 ABS-FRONT= 0.6 : ABS-BACK= 0.6  

 EPS-FRONT= 0.9 : EPS-BACK= 0.9  

 HFRONT = 11 : HBACK= 64 

WALL TESTWALL002 

 LAYERS = TESTLAYER002  

 THICKNESS= 0.2  

 ABS-FRONT= 0.6 : ABS-BACK= 0.6  

 EPS-FRONT= 0.9 : EPS-BACK= 0.9  

 HFRONT = 11 : HBACK= 64 

WALL TESTWALL002100 

 LAYERS = TESTLAYER002  

 THICKNESS= 0.1  

 ABS-FRONT= 0.6 : ABS-BACK= 0.6  

 EPS-FRONT= 0.9 : EPS-BACK= 0.9  
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 HFRONT = 11 : HBACK= 64 

WALL TESTWALLCEIL 

 LAYERS = PLASTERBOA MINERAL_WO  

 THICKNESS= 0.01 0.1  

 ABS-FRONT= 0.6 : ABS-BACK= 0.6  

 EPS-FRONT= 0.9 : EPS-BACK= 0.9  

 HFRONT = 11 : HBACK= 11 

WALL TESTWALLMET 

 LAYERS = STEEL SISALBUBLE100  

 THICKNESS= 0.002 0  

 ABS-FRONT= 0.6 : ABS-BACK= 0.6  

 EPS-FRONT= 0.9 : EPS-BACK= 0.9  

 HFRONT = 11 : HBACK= 11 

WALL ROOFSHEET 

 LAYERS = STEELSIDE SISALBUBLE100  

 THICKNESS= 0.002 0  

 ABS-FRONT= 0.6 : ABS-BACK= 0.6  

 EPS-FRONT= 0.9 : EPS-BACK= 0.9  

 HFRONT = 11 : HBACK= 64 

WALL LWROOF 

 LAYERS = STEEL AIRSPACE SISALBUBLE100 AIRSPACE INSUL25  

 THICKNESS= 0.002 0 0 0 0.004  

 ABS-FRONT= 0.6 : ABS-BACK= 0.6  

 EPS-FRONT= 0.9 : EPS-BACK= 0.9  

 HFRONT = 11 : HBACK= 64 

WALL CONCRSL_FLO 

 LAYERS = CONCRETESL  

 THICKNESS= 0.1  

 ABS-FRONT= 0.6 : ABS-BACK= 0.6  

 EPS-FRONT= 0.9 : EPS-BACK= 0.9  

 HFRONT = 11 : HBACK= 11 

WALL INTWALL_LW 

 LAYERS = PLASTERBRD FIBREGLASS PLASTERBRD  

 THICKNESS= 0.012 0.076 0.012  

 ABS-FRONT= 0.6 : ABS-BACK= 0.6  

 EPS-FRONT= 0.9 : EPS-BACK= 0.9  

 HFRONT = 11 : HBACK= 64 

WALL TIMBER_FLOOR 

 LAYERS = BEECH_OAK  

 THICKNESS= 0.014  

 ABS-FRONT= 0.6 : ABS-BACK= 0.6  

 EPS-FRONT= 0.9 : EPS-BACK= 0.9  

 HFRONT = 11 : HBACK= 64 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------
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--------------------------------------------------------------------------------------------------------------------------------

----------------- 

* W i n d o w s 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

WINDOW SINGLE 

 WINID=1001 : HINSIDE=11 : HOUTSIDE=64 : SLOPE=90 : SPACID=0 : WWID=0 : WHEIG=0 : 

FFRAME=0.15 : UFRAME=8.17 : ABSFRAME=0.6 : RISHADE=0 : RESHADE=0 : REFLISHADE=0.5 : 

REFLOSHADE=0.1 : CCISHADE=0.5 : EPSFRAME=0.9 : EPSISHADE=0.9 : ITSHADECLOSE=648 : 

ITSHADEOPEN=576 

WINDOW WINDOWTROP 

 WINID=6104 : HINSIDE=11 : HOUTSIDE=64 : SLOPE=90 : SPACID=0 : WWID=0 : WHEIG=0 : 

FFRAME=0.15 : UFRAME=8.17 : ABSFRAME=0.6 : RISHADE=0 : RESHADE=0 : REFLISHADE=0.5 : 

REFLOSHADE=0.5 : CCISHADE=0.5 : EPSFRAME=0.9 : EPSISHADE=0.9 : ITSHADECLOSE=648 : 

ITSHADEOPEN=576 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

* D e f a u l t G a i n s 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

GAIN PERS_ISO01 

 CONVECTIVE=144 : RADIATIVE=72 : HUMIDITY=0.059 

GAIN COMPUTER04 

 CONVECTIVE=690 : RADIATIVE=138 : HUMIDITY=0 

GAIN LIGHT01_01 

 CONVECTIVE=SCHEDULE 0*LIV_LIGHT : RADIATIVE=SCHEDULE 18*LIV_LIGHT : HUMIDITY=0 

GAIN LIGHT01_02 

 CONVECTIVE=SCHEDULE 0*KIT_LIGHT : RADIATIVE=SCHEDULE 18*KIT_LIGHT : HUMIDITY=0 

GAIN LIGHT01_03 

 CONVECTIVE=SCHEDULE 0*BED1_LIGHT : RADIATIVE=SCHEDULE 18*BED1_LIGHT : HUMIDITY=0 

GAIN LIGHT01_07 

 CONVECTIVE=SCHEDULE 0*B2_LIGHT : RADIATIVE=SCHEDULE 18*B2_LIGHT : HUMIDITY=0 

GAIN LIGHT01_09 

 CONVECTIVE=SCHEDULE 0*B2_LIGHT : RADIATIVE=SCHEDULE 18*B2_LIGHT : HUMIDITY=0 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

* O t h e r G a i n s 
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*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

GAIN STOVE_OVEN 

 CONVECTIVE=792 : RADIATIVE=2050 : HUMIDITY=0.008 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

* C o m f o r t 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

COMFORT COMF001 

 CLOTHING=0.5 : MET=1 : WORK=0 : VELOCITY=INPUT 1*AIRVEL_LIV 

COMFORT COMFBED 

 CLOTHING=0.2 : MET=1 : WORK=0 : VELOCITY=0.2 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

* I n f i l t r a t i o n 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

INFILTRATION INFIL001 

 AIRCHANGE=0.6 

INFILTRATION INFIL002 

 AIRCHANGE=1 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

* V e n t i l a t i o n 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

VENTILATION CNATBED 

 TEMPERATURE=OUTSIDE 

 AIRCHANGE=SCHEDULE 10*BEDSCHED 

 HUMIDITY=OUTSIDE 
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VENTILATION CNATLIV 

 TEMPERATURE=OUTSIDE 

 AIRCHANGE=SCHEDULE 15*USE 

 HUMIDITY=OUTSIDE 

VENTILATION AC_LIV 

 TEMPERATURE=INPUT 1*ACTEMPLIV 

 AIRFLOW=INPUT 1*ACLIVFLOW 

 HUMIDITY=INPUT 1*ACRHLIV 

VENTILATION AC_KIT 

 TEMPERATURE=INPUT 1*ACTEMPKIT 

 AIRFLOW=INPUT 1*ACFLOWKIT 

 HUMIDITY=INPUT 1*ACRHKIT 

VENTILATION AC_B1 

 TEMPERATURE=INPUT 1*ACTEMPB1 

 AIRFLOW=INPUT 1*ACFLOWB1 

 HUMIDITY=INPUT 1*ACRHB1 

VENTILATION AC_B2 

 TEMPERATURE=INPUT 1*ACTEMPB2 

 AIRFLOW=INPUT 1*ACFLOWB2 

 HUMIDITY=INPUT 1*ACRHB2 

VENTILATION AC_B3 

 TEMPERATURE=INPUT 1*ACTEMPB3 

 AIRFLOW=INPUT 1*ACFLOWB3 

 HUMIDITY=INPUT 1*ACRHB3 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

* C o o l i n g 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

COOLING COOL001 

 ON=26.5 

 POWER=999999999 

 HUMIDITY=60 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

* H e a t i n g 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------
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--------------------------------------------------------------------------------------------------------------------------------

----------------- 

* 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

* Z o n e s 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

ZONES OPEN_SPACE KITCHEN BED1 WET ENTRY STUDY BED2 WET2 BED3 ROOF_SPACE 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

* O r i e n t a t i o n s 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

HEMISPHERE SOUTHERN 

ORIENTATIONS E_270_90 N_0_90 S_180_90 W_90_90 N_0_22 E_270_22 S_180_22 W_90_22 

* 

*++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

++++++ 

BUILDING 

*++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

++++++ 

* 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

* Z o n e OPEN_SPACE / A i r n o d e LIVING 
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*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

ZONE OPEN_SPACE 

RADIATIONMODE 

 BEAM=STANDARD : DIFFUSE=STANDARD : LONGWAVE=STANDARD : GEOMODE=MANUAL : 

FSOLAIR=0 

AIRNODE LIVING 

WALL =WTYPE98 : SURF= 1 : AREA= 12.015 : EXTERNAL : ORI=S_180_90 : FSKY=0.5 

WALL =WTYPE98 : SURF= 2 : AREA= 10.827 : EXTERNAL : ORI=E_270_90 : FSKY=0.5 : ESHADE=0.7 

WINDOW=WINDOWTROP : SURF= 3 : AREA= 13.5 : EXTERNAL : ORI=E_270_90 : FSKY=0.5 : 

ESHADE=0.7 

WALL =WTYPE98 : SURF= 4 : AREA= 2.025 : EXTERNAL : ORI=W_90_90 : FSKY=0.5 

WINDOW=WINDOWTROP : SURF= 5 : AREA= 2.16 : EXTERNAL : ORI=W_90_90 : FSKY=0.5 

WALL =INTWALL_LW : SURF= 47 : AREA= 8.1 : ADJACENT=BATH : ADJ_SURF=46 : FRONT 

WALL =INTWALL_LW : SURF= 50 : AREA= 8.1 : ADJACENT=BED3 : ADJ_SURF=49 : FRONT 

WALL =TESTWALLCEIL : SURF= 58 : AREA= 46.95 : ADJACENT=ROOF_SPACE : ADJ_SURF=53 : 

FRONT 

WALL =INTWALL_LW : SURF= 73 : AREA= 8.1 : ADJACENT=BED2 : ADJ_SURF=40 : FRONT 

WALL =TIMBER_FLOOR : SURF= 41 : AREA= 46.95 : BOUNDARY=INPUT 1*TOUT : 

COUPL_HUMI=INPUT 1*HOUT : GEOSURF=0.7 

WALL =INTWALL_LW : SURF= 28 : AREA= 5.13 : ADJACENT=KITCHEN : ADJ_SURF=35 : FRONT 

WALL =INTWALL_LW : SURF= 81 : AREA= 3.78 : ADJACENT=ENTRY : ADJ_SURF=83 : FRONT : 

COUPL=1 

WALL =INTWALL_LW : SURF= 94 : AREA= 4.86 : ADJACENT=STUDY : ADJ_SURF=93 : BACK 

 REGIME 

 GAIN = PERS_ISO01 : SCALE= SCHEDULE 4*LIV : GEOPOS= 0 

 GAIN = COMPUTER04 : SCALE= 1 : GEOPOS= 0 

 GAIN = LIGHT01_01 : SCALE= 1 : GEOPOS= 0 

 COMFORT = COMF001 : COMFID= 1 : MRT= INTERNAL : GEOPOS= 0 

 INFILTRATION= INFIL001 

 VENTILATION = AC_LIV 

 CAPACITANCE = 152.12 : VOLUME= 126.765 : TINITIAL= 25 : PHINITIAL= 70 : WCAPR= 8 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

* Z o n e KITCHEN / A i r n o d e KITCHEN 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

ZONE KITCHEN 

RADIATIONMODE 
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 BEAM=STANDARD : DIFFUSE=STANDARD : LONGWAVE=STANDARD : GEOMODE=MANUAL : 

FSOLAIR=0 

AIRNODE KITCHEN 

WALL =WTYPE98 : SURF= 8 : AREA= 6.165 : EXTERNAL : ORI=S_180_90 : FSKY=0.5 

WINDOW=WINDOWTROP : SURF= 9 : AREA= 1.8 : EXTERNAL : ORI=S_180_90 : FSKY=0.5 

WALL =WTYPE98 : SURF= 10 : AREA= 5.247 : EXTERNAL : ORI=E_270_90 : FSKY=0.5 : ESHADE=0.3 

WINDOW=SINGLE : SURF= 12 : AREA= 1.8 : EXTERNAL : ORI=E_270_90 : FSKY=0.5 : ESHADE=0.5 

WALL =INTWALL_LW : SURF= 22 : AREA= 11.745 : ADJACENT=ENSUIT : ADJ_SURF=21 : FRONT 

WALL =TESTWALLCEIL : SURF= 55 : AREA= 7.7 : ADJACENT=ROOF_SPACE : ADJ_SURF=54 : FRONT 

WALL =TIMBER_FLOOR : SURF= 72 : AREA= 7.7 : BOUNDARY=INPUT 1*TOUT : 

COUPL_HUMI=INPUT 1*HOUT 

WALL =INTWALL_LW : SURF= 35 : AREA= 5.13 : ADJACENT=LIVING : ADJ_SURF=28 : BACK 

 REGIME 

 GAIN = PERS_ISO01 : SCALE= SCHEDULE 1*KIT : GEOPOS= 0 

 GAIN = LIGHT01_02 : SCALE= 1 : GEOPOS= 0 

 GAIN = STOVE_OVEN : SCALE= SCHEDULE 1*STOVE : GEOPOS= 0 

 COMFORT = COMF001 : COMFID= 2 : MRT= INTERNAL : GEOPOS= 0 

 INFILTRATION= INFIL001 

 VENTILATION = AC_KIT 

 CAPACITANCE = 24.95 : VOLUME= 20.79 : TINITIAL= 25 : PHINITIAL= 70 : WCAPR= 8 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

* Z o n e BED1 / A i r n o d e BED1 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

ZONE BED1 

RADIATIONMODE 

 BEAM=STANDARD : DIFFUSE=STANDARD : LONGWAVE=STANDARD : GEOMODE=MANUAL : 

FSOLAIR=0 

AIRNODE BED1 

WALL =WTYPE98 : SURF= 13 : AREA= 8.16 : EXTERNAL : ORI=N_0_90 : FSKY=0.5 

WINDOW=WINDOWTROP : SURF= 14 : AREA= 3.24 : EXTERNAL : ORI=N_0_90 : FSKY=0.5 

WALL =WTYPE98 : SURF= 15 : AREA= 10.125 : EXTERNAL : ORI=E_270_90 : FSKY=0.5 

WALL =WTYPE98 : SURF= 16 : AREA= 2.7 : EXTERNAL : ORI=W_90_90 : FSKY=0.5 

WALL =INTWALL_LW : SURF= 24 : AREA= 11.4 : ADJACENT=ENSUIT : ADJ_SURF=23 : FRONT 

WALL =INTWALL_LW : SURF= 30 : AREA= 7.425 : ADJACENT=ENTRY : ADJ_SURF=29 : BACK 

WALL =TESTWALLCEIL : SURF= 57 : AREA= 15.825 : ADJACENT=ROOF_SPACE : ADJ_SURF=56 : 

FRONT 

WALL =TIMBER_FLOOR : SURF= 74 : AREA= 15.825 : BOUNDARY=INPUT 1*TOUT : 

COUPL_HUMI=INPUT 1*HOUT 

 REGIME 
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 GAIN = PERS_ISO01 : SCALE= SCHEDULE 2*BED1 : GEOPOS= 0 

 GAIN = LIGHT01_03 : SCALE= 1 : GEOPOS= 0 

 COMFORT = COMFBED : COMFID= 3 : MRT= INTERNAL : GEOPOS= 0 

 INFILTRATION= INFIL001 

 VENTILATION = AC_B1 

 CAPACITANCE = 51.26 : VOLUME= 42.72 : TINITIAL= 25 : PHINITIAL= 70 : WCAPR= 8 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

* Z o n e WET / A i r n o d e ENSUIT 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

ZONE WET 

RADIATIONMODE 

 BEAM=STANDARD : DIFFUSE=STANDARD : LONGWAVE=STANDARD : GEOMODE=MANUAL : 

FSOLAIR=0 

AIRNODE ENSUIT 

WALL =WTYPE98 : SURF= 19 : AREA= 3.24 : EXTERNAL : ORI=E_270_90 : FSKY=0.5 : ESHADE=0.3 

WINDOW=WINDOWTROP : SURF= 20 : AREA= 0.81 : EXTERNAL : ORI=E_270_90 : FSKY=0.5 : 

ESHADE=0.7 

WALL =INTWALL_LW : SURF= 21 : AREA= 11.745 : ADJACENT=KITCHEN : ADJ_SURF=22 : BACK 

WALL =INTWALL_LW : SURF= 23 : AREA= 11.4 : ADJACENT=BED1 : ADJ_SURF=24 : BACK 

WALL =TESTWALLCEIL : SURF= 60 : AREA= 6.33 : ADJACENT=ROOF_SPACE : ADJ_SURF=59 : 

FRONT 

WALL =TIMBER_FLOOR : SURF= 75 : AREA= 6.33 : BOUNDARY=IDENTICAL 

WALL =INTWALL_LW : SURF= 26 : AREA= 4.05 : ADJACENT=ENTRY : ADJ_SURF=76 : BACK 

 REGIME 

 INFILTRATION= INFIL001 

 CAPACITANCE = 20.4 : VOLUME= 17 : TINITIAL= 25 : PHINITIAL= 70 : WCAPR= 8 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

* Z o n e ENTRY / A i r n o d e ENTRY 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

ZONE ENTRY 

RADIATIONMODE 

 BEAM=STANDARD : DIFFUSE=STANDARD : LONGWAVE=STANDARD : GEOMODE=MANUAL : 

FSOLAIR=0 
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AIRNODE ENTRY 

WALL =TIMBER_FLOOR : SURF= 27 : AREA= 8 : BOUNDARY=INPUT 1*TOUT : 

COUPL_HUMI=INPUT 1*HOUT 

WALL =INTWALL_LW : SURF= 29 : AREA= 7.425 : ADJACENT=BED1 : ADJ_SURF=30 : FRONT 

WALL =WTYPE98 : SURF= 31 : AREA= 3.78 : EXTERNAL : ORI=N_0_90 : FSKY=0.5 : ESHADE=0.3 

WALL =TESTWALLCEIL : SURF= 62 : AREA= 8 : ADJACENT=ROOF_SPACE : ADJ_SURF=61 : FRONT 

WALL =INTWALL_LW : SURF= 76 : AREA= 4.05 : ADJACENT=ENSUIT : ADJ_SURF=26 : FRONT 

WALL =INTWALL_LW : SURF= 83 : AREA= 3.78 : ADJACENT=LIVING : ADJ_SURF=81 : BACK 

WALL =INTWALL_LW : SURF= 92 : AREA= 15.4 : ADJACENT=STUDY : ADJ_SURF=89 : BACK 

 REGIME 

 INFILTRATION= INFIL001 

 CAPACITANCE = 25.92 : VOLUME= 21.6 : TINITIAL= 25 : PHINITIAL= 70 : WCAPR= 8 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

* Z o n e STUDY / A i r n o d e STUDY 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

ZONE STUDY 

RADIATIONMODE 

 BEAM=STANDARD : DIFFUSE=STANDARD : LONGWAVE=STANDARD : GEOMODE=MANUAL : 

FSOLAIR=0 

AIRNODE STUDY 

WALL =WTYPE98 : SURF= 85 : AREA= 11.93 : EXTERNAL : ORI=N_0_90 : FSKY=0.5 

WINDOW=WINDOWTROP : SURF= 90 : AREA= 3.24 : EXTERNAL : ORI=N_0_90 : FSKY=0.5 

WALL =WTYPE98 : SURF= 86 : AREA= 15.42 : EXTERNAL : ORI=W_90_90 : FSKY=0.5 : ESHADE=0.3 

WALL =TIMBER_FLOOR : SURF= 87 : AREA= 32.09 : BOUNDARY=INPUT 1*TOUT : COUPL=0.6 : 

COUPL_HUMI=INPUT 1*HOUT 

WALL =TESTWALLCEIL : SURF= 88 : AREA= 32.09 : ADJACENT=ROOF_SPACE : ADJ_SURF=91 : 

FRONT 

WALL =INTWALL_LW : SURF= 89 : AREA= 15.4 : ADJACENT=ENTRY : ADJ_SURF=92 : FRONT 

WALL =INTWALL_LW : SURF= 93 : AREA= 4.86 : ADJACENT=LIVING : ADJ_SURF=94 : FRONT 

WALL =INTWALL_LW : SURF= 95 : AREA= 10.3 : ADJACENT=BED2 : ADJ_SURF=96 : FRONT 

 REGIME 

 CAPACITANCE = 103.97 : VOLUME= 86.64 : TINITIAL= 20 : PHINITIAL= 50 : WCAPR= 8 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

* Z o n e BED2 / A i r n o d e BED2 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------
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--------------------------------------------------------------------------------------------------------------------------------

----------------- 

ZONE BED2 

RADIATIONMODE 

 BEAM=STANDARD : DIFFUSE=STANDARD : LONGWAVE=STANDARD : GEOMODE=MANUAL : 

FSOLAIR=0 

AIRNODE BED2 

WALL =TIMBER_FLOOR : SURF= 33 : AREA= 11.43 : BOUNDARY=INPUT 1*TOUT : 

COUPL_HUMI=INPUT 1*HOUT : ESHADE=0.3 

WALL =INTWALL_LW : SURF= 38 : AREA= 10.3 : ADJACENT=BATH : ADJ_SURF=39 : FRONT 

WALL =INTWALL_LW : SURF= 40 : AREA= 8.1 : ADJACENT=LIVING : ADJ_SURF=73 : BACK 

WALL =TESTWALLCEIL : SURF= 66 : AREA= 11.43 : ADJACENT=ROOF_SPACE : ADJ_SURF=65 : 

BACK 

WALL =WTYPE98 : SURF= 78 : AREA= 8.1 : EXTERNAL : ORI=W_90_90 : FSKY=0.5 

WALL =INTWALL_LW : SURF= 96 : AREA= 10.3 : ADJACENT=STUDY : ADJ_SURF=95 : BACK 

 REGIME 

 GAIN = PERS_ISO01 : SCALE= SCHEDULE 1*BEDSCHED2 : GEOPOS= 0 

 GAIN = LIGHT01_07 : SCALE= 1 : GEOPOS= 0 

 COMFORT = COMFBED : COMFID= 4 : MRT= INTERNAL : GEOPOS= 0 

 INFILTRATION= INFIL001 

 VENTILATION = AC_B2 

 CAPACITANCE = 37.2 : VOLUME= 31 : TINITIAL= 25 : PHINITIAL= 70 : WCAPR= 8 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

* Z o n e WET2 / A i r n o d e BATH 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

ZONE WET2 

RADIATIONMODE 

 BEAM=STANDARD : DIFFUSE=STANDARD : LONGWAVE=STANDARD : GEOMODE=MANUAL : 

FSOLAIR=0 

AIRNODE BATH 

WALL =INTWALL_LW : SURF= 39 : AREA= 10.3 : ADJACENT=BED2 : ADJ_SURF=38 : BACK 

WALL =WTYPE98 : SURF= 42 : AREA= 7.02 : EXTERNAL : ORI=W_90_90 : FSKY=0.5 : ESHADE=0.3 

WINDOW=SINGLE : SURF= 43 : AREA= 1.08 : EXTERNAL : ORI=W_90_90 : FSKY=0.5 : ESHADE=0.6 

WALL =INTWALL_LW : SURF= 44 : AREA= 10.3 : ADJACENT=BED3 : ADJ_SURF=45 : FRONT 

WALL =INTWALL_LW : SURF= 46 : AREA= 8.1 : ADJACENT=LIVING : ADJ_SURF=47 : BACK 

WALL =TESTWALLCEIL : SURF= 70 : AREA= 11.43 : ADJACENT=ROOF_SPACE : ADJ_SURF=69 : 

BACK 

WALL =TIMBER_FLOOR : SURF= 79 : AREA= 11.43 : BOUNDARY=INPUT 1*TOUT : 

COUPL_HUMI=INPUT 1*HOUT 
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 REGIME 

 INFILTRATION= INFIL001 

 CAPACITANCE = 37.2 : VOLUME= 31 : TINITIAL= 25 : PHINITIAL= 70 : WCAPR= 8 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

* Z o n e BED3 / A i r n o d e BED3 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

ZONE BED3 

RADIATIONMODE 

 BEAM=STANDARD : DIFFUSE=STANDARD : LONGWAVE=STANDARD : GEOMODE=MANUAL : 

FSOLAIR=0 

AIRNODE BED3 

WALL =INTWALL_LW : SURF= 45 : AREA= 10.3 : ADJACENT=BATH : ADJ_SURF=44 : BACK 

WALL =WTYPE98 : SURF= 48 : AREA= 8.1 : EXTERNAL : ORI=W_90_90 : FSKY=0.5 

WALL =INTWALL_LW : SURF= 49 : AREA= 8.1 : ADJACENT=LIVING : ADJ_SURF=50 : BACK 

WALL =WTYPE98 : SURF= 51 : AREA= 7.83 : EXTERNAL : ORI=S_180_90 : FSKY=0.5 : ESHADE=0.3 

WINDOW=WINDOWTROP : SURF= 52 : AREA= 3.24 : EXTERNAL : ORI=S_180_90 : FSKY=0.5 : 

ISHADE=1 : ESHADE=0.4 

WALL =TESTWALLCEIL : SURF= 68 : AREA= 11.43 : ADJACENT=ROOF_SPACE : ADJ_SURF=67 : 

BACK 

WALL =TIMBER_FLOOR : SURF= 80 : AREA= 11.43 : BOUNDARY=INPUT 1*TOUT : 

COUPL_HUMI=INPUT 1*HOUT 

 REGIME 

 GAIN = PERS_ISO01 : SCALE= SCHEDULE 1*BEDSCHED2 : GEOPOS= 0 

 GAIN = LIGHT01_09 : SCALE= 1 : GEOPOS= 0 

 COMFORT = COMFBED : COMFID= 5 : MRT= INTERNAL : GEOPOS= 0 

 INFILTRATION= INFIL001 

 VENTILATION = AC_B3 

 CAPACITANCE = 32.4 : VOLUME= 27 : TINITIAL= 25 : PHINITIAL= 70 : WCAPR= 8 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

* Z o n e ROOF_SPACE / A i r n o d e ROOF_SPACE 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

ZONE ROOF_SPACE 

RADIATIONMODE 
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 BEAM=STANDARD : DIFFUSE=STANDARD : LONGWAVE=STANDARD : GEOMODE=MANUAL : 

FSOLAIR=0 

AIRNODE ROOF_SPACE 

WALL =WTYPE95 : SURF= 6 : AREA= 19.8 : EXTERNAL : ORI=N_0_90 : FSKY=0.5 

WALL =WTYPE95 : SURF= 17 : AREA= 148.5 : EXTERNAL : ORI=E_270_22 : FSKY=0.5 

WALL =WTYPE95 : SURF= 18 : AREA= 148.5 : EXTERNAL : ORI=W_90_22 : FSKY=0.5 

WALL =WTYPE95 : SURF= 25 : AREA= 19.8 : EXTERNAL : ORI=S_180_90 : FSKY=0.5 

WALL =TESTWALLCEIL : SURF= 53 : AREA= 46.95 : ADJACENT=LIVING : ADJ_SURF=58 : BACK 

WALL =TESTWALLCEIL : SURF= 54 : AREA= 7.7 : ADJACENT=KITCHEN : ADJ_SURF=55 : BACK 

WALL =TESTWALLCEIL : SURF= 56 : AREA= 15.825 : ADJACENT=BED1 : ADJ_SURF=57 : BACK 

WALL =TESTWALLCEIL : SURF= 59 : AREA= 6.33 : ADJACENT=ENSUIT : ADJ_SURF=60 : BACK 

WALL =TESTWALLCEIL : SURF= 61 : AREA= 8 : ADJACENT=ENTRY : ADJ_SURF=62 : BACK 

WALL =TESTWALLCEIL : SURF= 65 : AREA= 11.43 : ADJACENT=BED2 : ADJ_SURF=66 : FRONT 

WALL =TESTWALLCEIL : SURF= 67 : AREA= 11.43 : ADJACENT=BED3 : ADJ_SURF=68 : FRONT 

WALL =TESTWALLCEIL : SURF= 69 : AREA= 11.43 : ADJACENT=BATH : ADJ_SURF=70 : FRONT 

WALL =TESTWALLCEIL : SURF= 91 : AREA= 32.09 : ADJACENT=STUDY : ADJ_SURF=88 : BACK 

 REGIME 

 INFILTRATION= INFIL001 

 CAPACITANCE = 494.4 : VOLUME= 412 : TINITIAL= 25 : PHINITIAL= 70 : WCAPR= 8 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

* O u t p u t s 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

OUTPUTS 

 TRANSFER : TIMEBASE=1.000 

 AIRNODES = LIVING KITCHEN BED1 BED2 BED3  

 NTYPES = 9 : RELHUM – relativ humidity of airnode air 

 = 24 : TMSURF – weighted mean surface temperature of airnode 

 = 118 : VOLUME – Airnode volume [m³] 

 = 210 : ACHZ – outdoor air change rate per airnode [1/h] 

 AIRNODES = LIVING KITCHEN BED1 BED2 BED3  

 NTYPES = 1 : TAIR – air temperature of airnode 

 AIRNODES = LIVING  

 NTYPES = 113 : SURF = 3, : AREA – surface area 

 = 118 : VOLUME – Airnode volume [m³] 

 AIRNODES = LIVING  

 NTYPES = 207 : FLTOZ – total outdoor air flow into airnode [kg/h] 

 = 210 : ACHZ – outdoor air change rate per airnode [1/h] 

 = 219 : WVSZ – average humidity of ventilation supply air [kgwater/kgdry_air] 

 = 218 : TVSZ – average temperature of ventilation supply air [°C] 
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 AIRNODES = LIVING BED1 BED2 BED3 KITCHEN  

 NTYPES = 2 : QSENS – sensible energy demand of airnode, heating(-), cooling(+) 

 = 10 : QLATD – latent energy demand of airnode, humidification(-), dehumidifcation 

(+) 

* 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

* T R N S F L O W Multizone Airflow Network (Model COMIS 3.1) 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

* 

*++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

++++++ 

MULTIZONE_AIRFLOW_NETWORK 

*++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

++++++ 

* 
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CALCFLOWS=1 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

* A d d T R N S F L O W C o m m a n d s 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

* 

*++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

++++++ 

POLLUTANTS 

*++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

++++++ 

* 

* 

*++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

++++++ 

LINKTYPES 

*++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

++++++ 

* 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

* C r a c k s 
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*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

CRACK CR_001 

 DESC= - 

 CS= 0.001 : EXPN= 0.65  

 FILTER1= 0 : FILTER2= 0 : FILTER3= 0 : FILTER4= 0 : FILTER5= 0  

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

* F a n s 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

* S t r a i g h t D u c t s 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

DUCT DS_001 

 DESC= - 

 DIAM1= 0.1 : DIAM2= 0.1 : ROUGHNESS = 0.1 : LENGTH= 0.2 

 ZETADEF= 0 : ZETAINV= 0 : FITTING= 2 : PARAM1= 80 : PARAM2= 0 

 FILTER1= 0 : FILTER2= 0 : FILTER3= 0 : FILTER4= 0 : FILTER5= 0  

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

* F l o w C o n t r o l l e r s 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

* L a r g e V e r t i c a l Openings (Windows+Doors) 
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*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

LOPENING WI_LIV 

 DESC= - 

 LOTYPE= 1 : LO1TYPE= 1 : LOWIDTH= 1.2 : LOHEIGHT= 1.8 : LOEXTRA= 0 

 CDCLOSE= 0.6 : CDOPEN= 0.6 

 CSCL= 0.0001 : EXPNCL= 0.7 

 FILTER1= 0 : FILTER2= 0 : FILTER3= 0 : FILTER4= 0 : FILTER5= 0  

LOPENING WI_LIVDOOR 

 DESC= - 

 LOTYPE= 1 : LO1TYPE= 4 : LOWIDTH= 2.7 : LOHEIGHT= 2.1 : LOEXTRA= 0 

 CDCLOSE= 0.6 : CDOPEN= 0.6 

 CSCL= 0.003 : EXPNCL= 0.7 

 FILTER1= 0 : FILTER2= 0 : FILTER3= 0 : FILTER4= 0 : FILTER5= 0  

LOPENING WI_LIVKITDOOR 

 DESC= - 

 LOTYPE= 1 : LO1TYPE= 4 : LOWIDTH= 1.9 : LOHEIGHT= 2.7 : LOEXTRA= 0 

 CDCLOSE= 0.6 : CDOPEN= 0.6 

 CSCL= 0.0001 : EXPNCL= 0.7 

 FILTER1= 0 : FILTER2= 0 : FILTER3= 0 : FILTER4= 0 : FILTER5= 0  

LOPENING WI_KIT 

 DESC= - 

 LOTYPE= 1 : LO1TYPE= 4 : LOWIDTH= 0.75 : LOHEIGHT= 1.2 : LOEXTRA= 0 

 CDCLOSE= 0.6 : CDOPEN= 0.6 

 CSCL= 0.0001 : EXPNCL= 0.7 

 FILTER1= 0 : FILTER2= 0 : FILTER3= 0 : FILTER4= 0 : FILTER5= 0  

LOPENING WI_B1 

 DESC= - 

 LOTYPE= 1 : LO1TYPE= 1 : LOWIDTH= 1.2 : LOHEIGHT= 1.8 : LOEXTRA= 0 

 CDCLOSE= 0.6 : CDOPEN= 0.6 

 CSCL= 0.0001 : EXPNCL= 0.7 

 FILTER1= 0 : FILTER2= 0 : FILTER3= 0 : FILTER4= 0 : FILTER5= 0  

LOPENING WI_DOOR 

 DESC= - 

 LOTYPE= 1 : LO1TYPE= 4 : LOWIDTH= 0.82 : LOHEIGHT= 2.04 : LOEXTRA= 0 

 CDCLOSE= 0.6 : CDOPEN= 0.6 

 CSCL= 0.0001 : EXPNCL= 0.7 

 FILTER1= 0 : FILTER2= 0 : FILTER3= 0 : FILTER4= 0 : FILTER5= 0  

LOPENING WI_LIV_ENT 

 DESC= - 

 LOTYPE= 1 : LO1TYPE= 4 : LOWIDTH= 1.4 : LOHEIGHT= 2.7 : LOEXTRA= 0 

 CDCLOSE= 0.6 : CDOPEN= 0.6 

 CSCL= 0.0001 : EXPNCL= 0.7 
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 FILTER1= 0 : FILTER2= 0 : FILTER3= 0 : FILTER4= 0 : FILTER5= 0  

LOPENING WI_B2 

 DESC= - 

 LOTYPE= 1 : LO1TYPE= 4 : LOWIDTH= 0.9 : LOHEIGHT= 1.8 : LOEXTRA= 0 

 CDCLOSE= 0.6 : CDOPEN= 0.6 

 CSCL= 0.0001 : EXPNCL= 0.7 

 FILTER1= 0 : FILTER2= 0 : FILTER3= 0 : FILTER4= 0 : FILTER5= 0  

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

* T e s t D a t a C o m p o n e n t s 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

* 

*++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

++++++ 

NODETYPES 

*++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

++++++ 

* 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

* E x t e r n a l N o d e s (CP VALUES) 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

*REFHEIGHT= 6 : WINDDIR= 0 45 90 135 180 225 270 315 

ENODE EN_003 : CONCENTRATION= 1 : CP= -0.31 0.33 0.6 0.33 -0.31 -0.38 -0.33 -0.38 

ENODE EN_002 : CONCENTRATION= 1 : CP= -0.43 -0.75 -0.57 0.32 0.6 0.32 -0.57 -0.75 

ENODE EN_004 : CONCENTRATION= 1 : CP= -0.31 -0.38 -0.33 -0.38 -0.31 0.33 0.6 0.33 

ENODE EN_001 : CONCENTRATION= 1 : CP= 0.6 0.32 -0.57 -0.75 -0.43 -0.75 -0.57 0.32 
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REFHEIGHT= 6 : WINDDIR= 0 45 90 135 180 225 270 315 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

* A u x i l i a r y N o d e s 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

ANODE AN_001 : REFHEIGHT= 3 : DEFCOND= ON : TEMP= INPUT 1*TOUT : HUMIDITY= INPUT 

1*HOUT 

ANODE AN_002 : REFHEIGHT= 3 : DEFCOND= ON : TEMP= INPUT 1*TOUT : HUMIDITY= INPUT 

1*HOUT 

ANODE AN_003 : REFHEIGHT= 3 : DEFCOND= ON : TEMP= INPUT 1*TOUT : HUMIDITY= INPUT 

1*HOUT 

ANODE AN_004 : REFHEIGHT= 3 : DEFCOND= ON : TEMP= INPUT 1*TOUT : HUMIDITY= INPUT 

1*HOUT 

ANODE AN_005 : REFHEIGHT= 3 : DEFCOND= ON : TEMP= INPUT 1*TOUT : HUMIDITY= INPUT 

1*HOUT 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

* T h e r m a l Z o n e N o d e s 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

TNODE LIVING : REFHEIGHT= 3 : THEIGHT= 2.7 : TDEPTH= 4 

TNODE KITCHEN : REFHEIGHT= 3 : THEIGHT= 2.7 : TDEPTH= 4 

TNODE BED1 : REFHEIGHT= 3 : THEIGHT= 2.7 : TDEPTH= 4 

TNODE ENTRY : REFHEIGHT= 3 : THEIGHT= 2.7 : TDEPTH= 4 

TNODE BED2 : REFHEIGHT= 3 : THEIGHT= 2.7 : TDEPTH= 4 

TNODE BED3 : REFHEIGHT= 3 : THEIGHT= 2.7 : TDEPTH= 4 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

* W i n d v e l o c i t y p r o f i l e 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

* 
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*++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

++++++ 

WIND_VELOPROF 

*++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

++++++ 

* 

WINDDIR= 0 45 90 135 180 225 270 315 

VELOEXP= 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

* A i r l i n k N e t w o r k 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

* 

*++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

++++++ 

AIRLINK_NETWORK 

*++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

++++++ 

* 

LINK CR_001 : ID= 1 : FRNODE= EN_003 : TONODE= LIVING : FRHEIGHT= 3 : TOHEIGHT= 0 : 

WIOWNHF= 1 : FSCALE= 1 

LINK CR_001 : ID= 2 : FRNODE= EN_002 : TONODE= LIVING : FRHEIGHT= 3 : TOHEIGHT= 0 : 

WIOWNHF= 1 : FSCALE= 1 
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LINK CR_001 : ID= 3 : FRNODE= EN_003 : TONODE= KITCHEN : FRHEIGHT= 3 : TOHEIGHT= 0 : 

WIOWNHF= 1 : FSCALE= 1 

LINK WI_LIV : ID= 4 : FRNODE= EN_003 : TONODE= LIVING : FRHEIGHT= 3 : TOHEIGHT= 0 : 

WIOWNHF= 1 : FSCALE= SCHEDULE 1*24H 

LINK WI_LIV : ID= 5 : FRNODE= EN_004 : TONODE= LIVING : FRHEIGHT= 3 : TOHEIGHT= 0 : 

WIOWNHF= 1 : FSCALE= SCHEDULE 1*24H 

LINK WI_LIVDOOR : ID= 6 : FRNODE= EN_003 : TONODE= LIVING : FRHEIGHT= 3 : TOHEIGHT= 0 : 

WIOWNHF= 1 : FSCALE= SCHEDULE 1*24H 

LINK WI_LIVKITDOOR : ID= 7 : FRNODE= LIVING : TONODE= KITCHEN : FRHEIGHT= 0 : TOHEIGHT= 

0 : WIOWNHF= 1 : FSCALE= SCHEDULE 1*24H 

LINK CR_001 : ID= 8 : FRNODE= EN_002 : TONODE= KITCHEN : FRHEIGHT= 3 : TOHEIGHT= 0 : 

WIOWNHF= 1 : FSCALE= 1 

LINK WI_KIT : ID= 9 : FRNODE= KITCHEN : TONODE= EN_003 : FRHEIGHT= 0 : TOHEIGHT= 3 : 

WIOWNHF= 1 : FSCALE= SCHEDULE 1*24H 

LINK DS_001 : ID= 10 : FRNODE= EN_003 : TONODE= AN_001 : FRHEIGHT= 3 : TOHEIGHT= 0 : 

WIOWNHF= 1 : FSCALE= SCHEDULE 1*24H 

LINK DS_001 : ID= 11 : FRNODE= AN_001 : TONODE= LIVING : FRHEIGHT= 0 : TOHEIGHT= 0 : 

WIOWNHF= 1 : FSCALE= SCHEDULE 1*24H 

LINK DS_001 : ID= 12 : FRNODE= EN_003 : TONODE= AN_002 : FRHEIGHT= 3 : TOHEIGHT= 0 : 

WIOWNHF= 1 : FSCALE= SCHEDULE 1*24H 

LINK DS_001 : ID= 13 : FRNODE= AN_002 : TONODE= KITCHEN : FRHEIGHT= 0 : TOHEIGHT= 0 : 

WIOWNHF= 1 : FSCALE= SCHEDULE 1*24H 

LINK CR_001 : ID= 14 : FRNODE= EN_001 : TONODE= BED1 : FRHEIGHT= 3 : TOHEIGHT= 0 : 

WIOWNHF= 1 : FSCALE= 1 

LINK CR_001 : ID= 15 : FRNODE= EN_004 : TONODE= BED2 : FRHEIGHT= 3 : TOHEIGHT= 0 : 

WIOWNHF= 1 : FSCALE= 1 

LINK CR_001 : ID= 16 : FRNODE= EN_004 : TONODE= BED3 : FRHEIGHT= 3 : TOHEIGHT= 0 : 

WIOWNHF= 1 : FSCALE= 1 

LINK WI_B1 : ID= 17 : FRNODE= EN_001 : TONODE= BED1 : FRHEIGHT= 3 : TOHEIGHT= 0 : 

WIOWNHF= 1 : FSCALE= SCHEDULE 1*24H 

LINK WI_B1 : ID= 18 : FRNODE= EN_001 : TONODE= BED1 : FRHEIGHT= 3 : TOHEIGHT= 0 : 

WIOWNHF= 1 : FSCALE= SCHEDULE 0*24H 

LINK WI_B1 : ID= 19 : FRNODE= EN_001 : TONODE= BED1 : FRHEIGHT= 3 : TOHEIGHT= 0 : 

WIOWNHF= 1 : FSCALE= SCHEDULE 0*24H 

LINK DS_001 : ID= 20 : FRNODE= EN_001 : TONODE= AN_003 : FRHEIGHT= 3 : TOHEIGHT= 0 : 

WIOWNHF= 1 : FSCALE= SCHEDULE 1*24H 

LINK DS_001 : ID= 21 : FRNODE= AN_003 : TONODE= BED1 : FRHEIGHT= 0 : TOHEIGHT= 0 : 

WIOWNHF= 1 : FSCALE= SCHEDULE 1*BED_EVN 

LINK WI_DOOR : ID= 22 : FRNODE= BED1 : TONODE= ENTRY : FRHEIGHT= 0 : TOHEIGHT= 0 : 

WIOWNHF= 1 : FSCALE= SCHEDULE 0.5*BED_EVN 

LINK WI_LIV_ENT : ID= 23 : FRNODE= ENTRY : TONODE= LIVING : FRHEIGHT= 0 : TOHEIGHT= 0 : 

WIOWNHF= 1 : FSCALE= SCHEDULE 1*BED_EVN 

LINK WI_LIV : ID= 24 : FRNODE= LIVING : TONODE= EN_004 : FRHEIGHT= 0 : TOHEIGHT= 3 : 

WIOWNHF= 1 : FSCALE= SCHEDULE 1*NIGHT 
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LINK WI_B2 : ID= 25 : FRNODE= EN_004 : TONODE= BED2 : FRHEIGHT= 3 : TOHEIGHT= 0 : 

WIOWNHF= 1 : FSCALE= SCHEDULE 1*BED_EVN 

LINK WI_DOOR : ID= 26 : FRNODE= BED2 : TONODE= LIVING : FRHEIGHT= 0 : TOHEIGHT= 0 : 

WIOWNHF= 1 : FSCALE= SCHEDULE 0.5*BED_EVN 

LINK DS_001 : ID= 27 : FRNODE= EN_004 : TONODE= AN_004 : FRHEIGHT= 3 : TOHEIGHT= 0 : 

WIOWNHF= 1 : FSCALE= SCHEDULE 1*BED_EVN 

LINK DS_001 : ID= 28 : FRNODE= AN_004 : TONODE= BED2 : FRHEIGHT= 0 : TOHEIGHT= 0 : 

WIOWNHF= 1 : FSCALE= SCHEDULE 1*BED_EVN 

LINK DS_001 : ID= 29 : FRNODE= EN_002 : TONODE= AN_005 : FRHEIGHT= 3 : TOHEIGHT= 0 : 

WIOWNHF= 1 : FSCALE= SCHEDULE 1*BED_EVN 

LINK DS_001 : ID= 30 : FRNODE= AN_005 : TONODE= BED3 : FRHEIGHT= 0 : TOHEIGHT= 0 : 

WIOWNHF= 1 : FSCALE= SCHEDULE 1*BED_EVN 

LINK WI_B2 : ID= 31 : FRNODE= EN_002 : TONODE= BED3 : FRHEIGHT= 3 : TOHEIGHT= 0 : 

WIOWNHF= 1 : FSCALE= SCHEDULE 1*BED_EVN 

LINK WI_DOOR : ID= 32 : FRNODE= BED3 : TONODE= LIVING : FRHEIGHT= 0 : TOHEIGHT= 0 : 

WIOWNHF= 1 : FSCALE= SCHEDULE 0.5*BED_EVN 

LINK WI_LIVDOOR : ID= 33 : FRNODE= LIVING : TONODE= EN_003 : FRHEIGHT= 0 : TOHEIGHT= 3 : 

WIOWNHF= 1 : FSCALE= SCHEDULE 1*BED_EVN 

LINK CR_001 : ID= 34 : FRNODE= EN_001 : TONODE= ENTRY : FRHEIGHT= 3 : TOHEIGHT= 0 : 

WIOWNHF= 1 : FSCALE= 1 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

* E n d 

*-------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------

----------------- 

END 

 

_EXTENSION_WINPOOL_START_ 

WINDOW 4.1 DOE-2 Data File : Multi Band Calculation 

Unit System : SI 

Name : TRNSYS 15 WINDOW LIB 

Desc : Single, 5.8 

Window ID : 1001 

Tilt : 90.0 

Glazings : 1 

Frame : 11 2.270 

Spacer : 5 Class5 0.000 1.000 0.000 

Total Height: 1219.2 mm 

Total Width : 914.4 mm 

Glass Height: 1079.5 mm 

Glass Width : 774.7 mm 
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Mullion : None 

Gap Thick Cond dCond Vis dVis Dens dDens Pr dPr 

1 0 0 0 0 0 0 0 0 0 

2 0 0 0 0 0 0 0 0 0 

3 0 0 0 0 0 0 0 0 0 

4 0 0 0 0 0 0 0 0 0 

5 0 0 0 0 0 0 0 0 0 

Angle 0 10 20 30 40 50 60 70 80 90 Hemis 

Tsol 0.830 0.829 0.827 0.823 0.813 0.792 0.744 0.632 0.384 0.000 0.749 

Abs1 0.095 0.096 0.098 0.101 0.105 0.109 0.114 0.117 0.114 0.000 0.106 

Abs2 0 0 0 0 0 0 0 0 0 0 0 

Abs3 0 0 0 0 0 0 0 0 0 0 0 

Abs4 0 0 0 0 0 0 0 0 0 0 0 

Abs5 0 0 0 0 0 0 0 0 0 0 0 

Abs6 0 0 0 0 0 0 0 0 0 0 0 

Rfsol 0.075 0.074 0.075 0.076 0.082 0.099 0.142 0.251 0.502 1.000 0.135 

Rbsol 0.075 0.074 0.075 0.076 0.082 0.099 0.142 0.251 0.502 1.000 0.135 

Tvis 0.901 0.901 0.900 0.897 0.890 0.871 0.824 0.706 0.441 0.000 0.823 

Rfvis 0.081 0.081 0.082 0.083 0.090 0.108 0.155 0.271 0.536 1.000 0.146 

Rbvis 0.081 0.081 0.082 0.083 0.090 0.108 0.155 0.271 0.536 1.000 0.146 

SHGC 0.855 0.855 0.853 0.849 0.841 0.821 0.774 0.663 0.414 0.000 0.777 

SC: 0.78 

Layer ID# 9052 0 0 0 0 0 

Tir 0.000 0 0 0 0 0 

Emis F 0.840 0 0 0 0 0 

Emis B 0.840 0 0 0 0 0 

Thickness(mm) 4.0 0 0 0 0 0 

Cond(W/m2-C ) 225.0 0 0 0 0 0 

Spectral File None None None None None None 

Overall and Center of Glass Ig U-values (W/m2-C) 

Outdoor Temperature -17.8 C 15.6 C 26.7 C 37.8 C 

Solar WdSpd hcout hrout hin 

(W/m2) (m/s) (W/m2-C) 

0 0.00 12.25 3.42 8.23 5.27 5.27 4.95 4.95 4.94 4.94 5.53 5.53 

0 6.71 25.47 3.33 8.29 6.26 6.26 5.73 5.73 5.68 5.68 6.46 6.46 

783 0.00 12.25 3.49 8.17 5.25 5.25 4.58 4.58 5.24 5.24 5.66 5.66 

783 6.71 25.47 3.37 8.27 6.25 6.25 5.53 5.53 5.95 5.95 6.57 6.57 

WINDOW 4.1 DOE-2 Data File : Multi Band Calculation 

Unit System : SI 

Name : TRNSYS 14.2 WINDOW LIB 

Desc : No glazing = open 

Window ID : 10001 

Tilt : 90.0 

Glazings : 1 

Frame : 11 2.270 
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Spacer : 1 Class1 2.330 -0.010 0.138 

Total Height: 1219.2 mm 

Total Width : 914.4 mm 

Glass Height: 1079.5 mm 

Glass Width : 774.7 mm 

Mullion : None 

Gap Thick Cond dCond Vis dVis Dens dDens Pr dPr 

1 0 0 0 0 0 0 0 0 0 

2 0 0 0 0 0 0 0 0 0 

3 0 0 0 0 0 0 0 0 0 

4 0 0 0 0 0 0 0 0 0 

5 0 0 0 0 0 0 0 0 0 

Angle 0 10 20 30 40 50 60 70 80 90 Hemis 

Tsol 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.999 

Abs1 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.001 

Abs2 0 0 0 0 0 0 0 0 0 0 0 

Abs3 0 0 0 0 0 0 0 0 0 0 0 

Abs4 0 0 0 0 0 0 0 0 0 0 0 

Abs5 0 0 0 0 0 0 0 0 0 0 0 

Abs6 0 0 0 0 0 0 0 0 0 0 0 

Rfsol 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

Rbsol 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

Tvis 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.999 

Rfvis 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

Rbvis 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

SHGC 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.000 1.000 

SC: 1.0 

Layer ID# 9052 0 0 0 0 0 

Tir 0.000 0 0 0 0 0 

Emis F 1.000 0 0 0 0 0 

Emis B 1.000 0 0 0 0 0 

Thickness(mm) 0.001 0 0 0 0 0 

Cond(W/m2-C ) 999.0 0 0 0 0 0 

Spectral File None None None None None None 

Overall and Center of Glass Ig U-values (W/m2-C) 

Outdoor Temperature -17.8 C 15.6 C 26.7 C 37.8 C 

Solar WdSpd hcout hrout hin 

(W/m2) (m/s) (W/m2-C) 

0 0.00 12.25 3.42 8.23 5.27 5.27 4.95 4.95 4.94 4.94 5.53 5.53 

0 6.71 25.47 3.33 8.29 6.26 6.26 5.73 5.73 5.68 5.68 6.46 6.46 

783 0.00 12.25 3.49 8.17 5.25 5.25 4.58 4.58 5.24 5.24 5.66 5.66 

783 6.71 25.47 3.37 8.27 6.25 6.25 5.53 5.53 5.95 5.95 6.57 6.57 

WINDOW 4.1 DOE-2 Data File : Multi Band Calculation 

Unit System : SI 

Name : TRNSYS 15 WINDOW LIB 
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Desc : LowSHGC,Ar, gold 1.3 24/22 

Window ID : 3103 

Tilt : 90.0 

Glazings : 2 

Frame : 11 2.270 

Spacer : 1 Class1 2.330 -0.010 0.138 

Total Height: 1639.7 mm 

Total Width : 1239.3 mm 

Glass Height: 1500.0 mm 

Glass Width : 1100.0 mm 

Mullion : None 

Gap Thick Cond dCond Vis dVis Dens dDens Pr dPr 

1 Argon 16.0 0.01620 5.000 2.110 6.300 1.780 -0.0060 0.680 0.00066 

2 0 0 0 0 0 0 0 0 0 

3 0 0 0 0 0 0 0 0 0 

4 0 0 0 0 0 0 0 0 0 

5 0 0 0 0 0 0 0 0 0 

Angle 0 10 20 30 40 50 60 70 80 90 Hemis 

Tsol 0.138 0.139 0.136 0.133 0.129 0.121 0.106 0.077 0.034 0.000 0.113 

Abs1 0.714 0.720 0.724 0.724 0.717 0.708 0.691 0.638 0.461 0.001 0.682 

Abs2 0.028 0.028 0.028 0.029 0.029 0.029 0.028 0.025 0.017 0.000 0.027 

Abs3 0 0 0 0 0 0 0 0 0 0 0 

Abs4 0 0 0 0 0 0 0 0 0 0 0 

Abs5 0 0 0 0 0 0 0 0 0 0 0 

Abs6 0 0 0 0 0 0 0 0 0 0 0 

Rfsol 0.120 0.113 0.111 0.114 0.124 0.142 0.175 0.261 0.487 0.999 0.167 

Rbsol 0.226 0.220 0.219 0.220 0.226 0.242 0.280 0.375 0.575 1.000 0.270 

Tvis 0.238 0.240 0.236 0.232 0.226 0.214 0.187 0.136 0.063 0.000 0.199 

Rfvis 0.092 0.085 0.083 0.086 0.097 0.115 0.150 0.240 0.474 0.999 0.142 

Rbvis 0.146 0.140 0.139 0.143 0.156 0.184 0.246 0.385 0.645 1.000 0.223 

SHGC 0.212 0.213 0.211 0.208 0.204 0.196 0.178 0.141 0.079 0.000 0.184 

SC: 0.22 

Layer ID# 9027 9026 0 0 0 0 

Tir 0.000 0.000 0 0 0 0 

Emis F 0.840 0.838 0 0 0 0 

Emis B 0.100 0.838 0 0 0 0 

Thickness(mm) 6.0 6.0 0 0 0 0 

Cond(W/m2-C ) 150.0 150.0 0 0 0 0 

Spectral File None None None None None None 

Overall and Center of Glass Ig U-values (W/m2-C) 

Outdoor Temperature -17.8 C 15.6 C 26.7 C 37.8 C 

Solar WdSpd hcout hrout hin 

(W/m2) (m/s) (W/m2-C) 

0 0.00 12.25 3.24 7.59 1.45 1.45 1.19 1.19 1.22 1.22 1.34 1.34 

0 6.71 25.47 3.21 7.61 1.52 1.52 1.23 1.23 1.26 1.26 1.39 1.39 
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783 0.00 12.25 3.89 7.03 1.21 1.21 1.52 1.52 1.64 1.64 1.77 1.77 

783 6.71 25.47 3.57 6.60 1.35 1.35 1.37 1.37 1.52 1.52 1.70 1.70 

Window 5.2 v5.2.17 DOE-2 Data File : Multi Band Calculation 

Unit System : SI 

Name : DOE-2 WINDOW LIB 

Desc : U1.27,SHGC0.25 

Window ID : 6104 

Tilt : 90.0 

Glazings : 1 

Frame : 1 Al no break 10.790 

Spacer : 1 Class1 2.330 -0.010 0.138 

Total Height: 1500.0 mm 

Total Width : 1200.0 mm 

Glass Height: 1385.7 mm 

Glass Width : 1085.7 mm 

Mullion : None 

Gap Thick Cond dCond Vis dVis Dens dDens Pr dPr 

1 0 0 0 0 0 0 0 0 0 

2 0 0 0 0 0 0 0 0 0 

3 0 0 0 0 0 0 0 0 0 

4 0 0 0 0 0 0 0 0 0 

5 0 0 0 0 0 0 0 0 0 

Angle 0 10 20 30 40 50 60 70 80 90 Hemis 

Tsol 0.031 0.031 0.031 0.030 0.030 0.029 0.026 0.021 0.013 0.000 0.027 

Abs1 0.504 0.508 0.509 0.508 0.503 0.493 0.476 0.429 0.300 0.001 0.474 

Abs2 0 0 0 0 0 0 0 0 0 0 0 

Abs3 0 0 0 0 0 0 0 0 0 0 0 

Abs4 0 0 0 0 0 0 0 0 0 0 0 

Abs5 0 0 0 0 0 0 0 0 0 0 0 

Abs6 0 0 0 0 0 0 0 0 0 0 0 

Rfsol 0.465 0.461 0.460 0.462 0.468 0.478 0.498 0.549 0.687 0.999 0.489 

Rbsol 0.116 0.109 0.107 0.110 0.120 0.137 0.169 0.255 0.482 0.999 0.162 

Tvis 0.067 0.068 0.067 0.066 0.064 0.062 0.057 0.046 0.028 0.000 0.059 

Rfvis 0.323 0.318 0.317 0.319 0.327 0.340 0.364 0.430 0.604 0.999 0.357 

Rbvis 0.241 0.235 0.234 0.236 0.245 0.259 0.287 0.361 0.556 0.999 0.280 

SHGC 0.193 0.195 0.195 0.194 0.191 0.187 0.179 0.158 0.107 0.000 0.179 

SC: 0.30 

Layer ID# 880 0 0 0 0 0 

Tir 0.000 0 0 0 0 0 

Emis F 0.406 0 0 0 0 0 

Emis B 0.840 0 0 0 0 0 

Thickness(mm) 5.6 0 0 0 0 0 

Cond(W/m2-K ) 178.1 0 0 0 0 0 

Spectral File S808.AFG None None None None None 

Overall and Center of Glass Ig U-values (W/m2-K) 
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Outdoor Temperature -17.8 C 15.6 C 26.7 C 37.8 C 

Solar WdSpd hcout hrout hin 

(W/m2) (m/s) (W/m2-K) 

0 0.00 4.00 1.73 2.67 3.12 3.12 3.12 3.12 3.17 3.17 3.41 3.41 

0 6.71 30.84 1.60 3.11 5.74 5.74 5.37 5.37 5.38 5.38 6.02 6.02 

783 0.00 4.00 2.05 2.43 3.12 3.12 3.12 3.12 3.17 3.17 3.41 3.41 

783 6.71 30.84 1.69 2.80 5.74 5.74 5.37 5.37 5.38 5.38 6.02 6.02 

*** END OF LIBRARY *** 

*******************************************************************************

******************** 

*WinID Description Design U-Value g-value T-sol Rf-sol T-vis 

*******************************************************************************

******************** 

 1001 Single, 5.8 4 5.68 0.855 0.83 0.075 0.901 

 10001 No glazing = open 0.001 5.68 1 1 0 1 

 3103 LowSHGC,Ar, gold 1.3 24/22 6/16/6 1.26 0.212 0.138 0.12 0.238 

 6104 U1.27,SHGC0.25 5.6 5.38 0.193 0.031 0.465 0.067 

_EXTENSION_WINPOOL_END_ 

_EXTENSION_BuildingGeometry_START_ 

_EXTENSION_BuildingGeometry_END_ 

_EXTENSION_VirtualSurfaceGeometry_START_ 

_EXTENSION_VirtualSurfaceGeometry_END_ 

_EXTENSION_ExternalShadingGeometry_START_ 

_EXTENSION_ExternalShadingGeometry_END_ 

_EXTENSION_GeoPositionGeometry_START_ 

_EXTENSION_GeoPositionGeometry_END_ 

_EXTENSION_VAMPARAMS_START_ 

_EXTENSION_VAMPARAMS_END_ 
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Appendix 4. TRNFLOW Multizone Airflow Network (Model 

COMIS 3.1) 

________________  

 |1.|Problem Name |  

 |__| |  

 |________________|  

 ________________  

 |2.|Version Name |  

 |__| |  

 |________________|  

  

 CIF File created from TRNSYS building input 

file:C:\TRNSYS17\MYPROJECTS\COPEN_LW\VENTILATION 

COOLING\ELW\BC_LW_FNL_V3_LW_ELEVATED.cif 

  

& -PR-SIMUlation options  

 ____________________________________________________________  

 | Simulation Option Keywords: One keyword per line |  

 | Keywords may be preceded by NO |  

 |____________________________________________________________|  

 | VENTilation CHECKCondensation |  

 | 2VENT INPUT |  

 | POLutants <no> DEFAULT <no> |  

 | POLSTEP <step> [<time> <step2>] SET |  

 | UNIT |  

 | ECHOSCHedule |  

 | ONSCREEN [time|progress |  

 | SCHEDtime <time> |niter|pol<n>| error]|  

 | HISTOtime <time> STEADY |  

 | STARTtime <time> [CONT|REUSE] DEBUG <no> |  

 | STOPtime <time> [KEEP] LOOPRHO |  

 |____________________________________________________________|  

  

 START 1990jan01_01:00 

 STOP 1990JAN01_01:00 

 VENTILATION 

  

&-PR-UNITS  

 _______________________________  

 | Unit Conversion Definitions |  

 | Name | Input | Output |  

 |_________|__________|__________|  

  



224 

 FLOW kg/h kg/h  

 HUM kg/kg kg/kg 

 SOUR kg/s kg/h  

 SINK kg/s kg/h  

 CFLO m3/h m3/h  

  

&-CR CRACK  

 __________________________________  

 |1.| Prefix and Name | Description |  

 |__| (-) | [-] |  

 |____________________|_____________|  

 ___________________________________________________  

 |2.| Cs |Exp n | Length | Wall Properties |  

 |__| | | |Thickness| U-value |  

 | (airl) | (-) | [m] | [m] | [W/m2/K]|  

 |____________|________|_________|_________|_________|  

 _________________________________________________________  

 |3.| Filter 1 | Filter 2 | Filter 3 | Filter 4 | Filter 5 |  

 |__| (-) | [-] | [-] | [-] | [-] |  

 |_____________|__________|__________|__________|__________|  

  

 *CR_001 - 

 0.001 0.65 

 0. 0. 0. 0. 0. 

  

&-DS duct straight  

# a duct fitting given here will result in an extra dynamic pressure  

# loss, Zeta  

 __________________________________  

 |1.| Prefix and Name | Description |  

 |__| (-) | [-] |  

 |____________________|_____________|  

 

_______________________________________________________________________________

___  

 |2.| Ducts straight part | one Fitting |Zeta for |  

 

|__|______________________________________________|______________________|negati

ve |  

 | Diam1 | Diam2 | Rough | Lduct | Zeta | Type |Param1 |Param2 |flow |  

 | (m) | (m) | (mm) | (m) | [-] | [-] | [?] | [?] | [-] |  

 

|_________|_________|_________|_________|_________|______|_______|_______|_____

____|  

 _________________________________________________________  
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 |3.| Filter 1 | Filter 2 | Filter 3 | Filter 4 | Filter 5 |  

 |__| (-) | [-] | [-] | [-] | [-] |  

 |_____________|__________|__________|__________|__________|  

  

 *DS_001 - 

 0.1 0.1 0.1 0.2 0. 2. 80. 0. 0. 

 0. 0. 0. 0. 0. 

  

&-WI Window / Door  

 __________________________________  

 |1.| Prefix and Name | Description |  

 |__| (-) | [-] |  

 |____________________|_____________|  

 __________________________________________________________________  

 |2.| Closed: | Expn | LVO Type | Lwmax | Lhmax |Type 1: |  

 |__| Cs | | 1=rectang | | | Lextra |  

 | | | 2=horizontal | | |Type 2: |  

 | | | pivoting axis| | | Axisheight|  

 | (airl/m) | (-) | (-) | [m] | [m] | [m] |  

 |______________|______|______________|________|________|___________|  

 ________________________________________________  

 |3.| Open. | Cd | Width | Height | Start Height|  

 |__| Fact. | | Factor | Factor | Factor |  

 | | | LVO 1 | LVO 1 | LVO 1 |  

 | (-) | [-] | [-] | [-] | [-] |  

 |__________|_____|________|________|_____________|  

 _________________________________________________________  

 |4.| Filter 1 | Filter 2 | Filter 3 | Filter 4 | Filter 5 |  

 |__| (-) | [-] | [-] | [-] | [-] |  

 |_____________|__________|__________|__________|__________|  

  

 *WI_LIV - 

 0.0001 0.7 1. 1.2 1.8 0. 

 0. 0.6 1. 0. 1.  

 1. 0.6 1. 1. 0.  

 0. 0. 0. 0. 0. 

 *WI_LIVDOOR - 

 0.003 0.7 1. 2.7 2.1 0. 

 0. 0.6 0. 1. 0.  

 1. 0.6 1. 1. 0.  

 0. 0. 0. 0. 0. 

 *WI_LIVKITDOOR - 

 0.0001 0.7 1. 1.9 2.7 0. 

 0. 0.6 0. 1. 0.  

 1. 0.6 1. 1. 0.  
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 0. 0. 0. 0. 0. 

 *WI_KIT - 

 0.0001 0.7 1. 0.75 1.2 0. 

 0. 0.6 0. 1. 0.  

 1. 0.6 1. 1. 0.  

 0. 0. 0. 0. 0. 

 *WI_B1 - 

 0.0001 0.7 1. 1.2 1.8 0. 

 0. 0.6 1. 0. 1.  

 1. 0.6 1. 1. 0.  

 0. 0. 0. 0. 0. 

 *WI_DOOR - 

 0.0001 0.7 1. 0.82 2.04 0. 

 0. 0.6 0. 1. 0.  

 1. 0.6 1. 1. 0.  

 0. 0. 0. 0. 0. 

 *WI_LIV_ENT - 

 0.0001 0.7 1. 1.4 2.7 0. 

 0. 0.6 0. 1. 0.  

 1. 0.6 1. 1. 0.  

 0. 0. 0. 0. 0. 

 *WI_B2 - 

 0.0001 0.7 1. 0.9 1.8 0. 

 0. 0.6 0. 1. 0.  

 1. 0.6 1. 1. 0.  

 0. 0. 0. 0. 0. 

  

&-NET-ZONes  

 

_______________________________________________________________________________

__________  

 |Zone| Name | Temp |Ref. | Volume | Humid.| Schedule | Temp. | Hum. |  

 | ID | | | Height| [m3] | | Name | Reference| Reference|  

 | | | | | H/D/W | | | to BUI | to BUI |  

 | | | | | | | | Variable | Variable |  

 | (-)| [-] |[temp]| [m] | [m/m/m] |[humi] | [-] |[°C]/[-] |[humi]/[-]|  

 

|____|______________|______|_______|_____________|_______|__________|__________

|__________|  

  

 LIVING LIVING d 3. 2.7/4./11.7375 d d  

 KITCHEN KITCHEN d 3. 2.7/4./1.925 d d  

 BED1 BED1 d 3. 2.7/4./3.95556 d d  

 ENTRY ENTRY d 3. 2.7/4./2. d d  

 BED2 BED2 d 3. 2.7/4./2.87037 d d  
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 BED3 BED3 d 3. 2.7/4./2.5 d d  

 AN_001 AN_001 d 3. 0.01 d d -2055. -2054. 

 AN_002 AN_002 d 3. 0.01 d d -2057. -2056. 

 AN_003 AN_003 d 3. 0.01 d d -2059. -2058. 

 AN_004 AN_004 d 3. 0.01 d d -2061. -2060. 

 AN_005 AN_005 d 3. 0.01 d d -2063. -2062. 

  

&-NET-ZP zone-pollutants  

 

_______________________________________________________________________________

_____  

 | Zone | Pollutant |  

 | |___________________________________________________________________________|  

 | | | | | |Source |Sink |  

 | *ID | Initial | Source | Sink | Decay |Ref. to BUI |Ref. to BUI |  

 | | Concentration| | | |Variable |Variable |  

 | (-) | (conc?) | [sour?] | [sink?] | [1/s] |[kg/s] / [-] | [kg/s] / [-]|  

 

|________|______________|__________|__________|__________|_____________|_______

______|  

  

  

&-NET-EXTernal node data  

 _______________________________________  

 | External | Facade | Outside |  

 | Node Name | Elem Name | Conc Factor |  

 | (-) | (-) | [-] |  

 |____________|____________|_____________|  

  

 EN_003 EN_003 1. 

 EN_002 EN_002 1. 

 EN_004 EN_004 1. 

 EN_001 EN_001 1. 

  

&-NET-LINks  

 

_______________________________________________________________________________

___  

 |Link|Type | Zone ID | Height | Own | Act. | 3Dflow | Schedule Name |Act.Val. |  

 | | |_________|________| Height | Val. | or | (10char) |Reference|  

 | | | | | | | Factor | | Press. |_________________|to BUI |  

 | ID |Name |From|To |From|To | | | | Ref Link |Variable |  

 |(-) |(-) |(-) |(-) |[m] |[m]| [-] | [-] | [pre] | Name[-]|Angle[°]| [-] |  
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|____|_____|____|____|____|___|________|______|________|________|________|______

___|  

  

 L1 CR_001 -EN_003 LIVING 3. 0. 1. d d d d 1. 

 L2 CR_001 -EN_002 LIVING 3. 0. 1. d d d d 1. 

 L3 CR_001 -EN_003 KITCHEN 3. 0. 1. d d d d 1. 

 L4 WI_LIV -EN_003 LIVING 3. 0. 1. d d d d -1064. 

 L5 WI_LIV -EN_004 LIVING 3. 0. 1. d d d d -1065. 

 L6 WI_LIVDOOR -EN_003 LIVING 3. 0. 1. d d d d -1066. 

 L7 WI_LIVKITDOOR LIVING KITCHEN 0. 0. 1. d d d d -1067. 

 L8 CR_001 -EN_002 KITCHEN 3. 0. 1. d d d d 1. 

 L9 WI_KIT KITCHEN -EN_003 0. 3. 1. d d d d -1068. 

 L10 DS_001 -EN_003 AN_001 3. 0. 1. d d d d -1069. 

 L11 DS_001 AN_001 LIVING 0. 0. 1. d d d d -1070. 

 L12 DS_001 -EN_003 AN_002 3. 0. 1. d d d d -1071. 

 L13 DS_001 AN_002 KITCHEN 0. 0. 1. d d d d -1072. 

 L14 CR_001 -EN_001 BED1 3. 0. 1. d d d d 1. 

 L15 CR_001 -EN_004 BED2 3. 0. 1. d d d d 1. 

 L16 CR_001 -EN_004 BED3 3. 0. 1. d d d d 1. 

 L17 WI_B1 -EN_001 BED1 3. 0. 1. d d d d -1073. 

 L18 WI_B1 -EN_001 BED1 3. 0. 1. d d d d -1074. 

 L19 WI_B1 -EN_001 BED1 3. 0. 1. d d d d -1075. 

 L20 DS_001 -EN_001 AN_003 3. 0. 1. d d d d -1076. 

 L21 DS_001 AN_003 BED1 0. 0. 1. d d d d -1077. 

 L22 WI_DOOR BED1 ENTRY 0. 0. 1. d d d d -1078. 

 L23 WI_LIV_ENT ENTRY LIVING 0. 0. 1. d d d d -1079. 

 L24 WI_LIV LIVING -EN_004 0. 3. 1. d d d d -1080. 

 L25 WI_B2 -EN_004 BED2 3. 0. 1. d d d d -1081. 

 L26 WI_DOOR BED2 LIVING 0. 0. 1. d d d d -1082. 

 L27 DS_001 -EN_004 AN_004 3. 0. 1. d d d d -1083. 

 L28 DS_001 AN_004 BED2 0. 0. 1. d d d d -1084. 

 L29 DS_001 -EN_002 AN_005 3. 0. 1. d d d d -1085. 

 L30 DS_001 AN_005 BED3 0. 0. 1. d d d d -1086. 

 L31 WI_B2 -EN_002 BED3 3. 0. 1. d d d d -1087. 

 L32 WI_DOOR BED3 LIVING 0. 0. 1. d d d d -1088. 

 L33 WI_LIVDOOR LIVING -EN_003 0. 3. 1. d d d d -1089. 

 L34 CR_001 -EN_001 ENTRY 3. 0. 1. d d d d 1. 

  

&-CP-BUILding reference height for Cp data  

 __________  

 | Height |  

 | (m) |  

 |__________|  
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 6. 

  

&-CP-VALUes  

 _________________  

 |1.|Dataset Name |  

 |__|______________|  

 __________________________________________________________________________  

 |2.| * | Wind Direction with respect to Building Axis (first line ) |  

 |__| Facade | Cp Values (second and following lines) |  

 | Elem.Name | | | | | | | | | |  

 | |(deg) |[deg] |[deg] |[deg] |[deg] |[deg] |[deg] |[deg] |[deg] |  

 | (-) | (-) | [-] | [-] | [-] | [-] | [-] | [-] | [-] | [-] |  

 |___________|______|______|______|______|______|______|______|______|______|  

  

 cpvalues 

 * 0. 45. 90. 135. 180. 225. 270. 315.  

 EN_003 -0.31 0.33 0.6 0.33 -0.31 -0.38 -0.33 -0.38  

 EN_002 -0.43 -0.75 -0.57 0.32 0.6 0.32 -0.57 -0.75  

 EN_004 -0.31 -0.38 -0.33 -0.38 -0.31 0.33 0.6 0.33  

 EN_001 0.6 0.32 -0.57 -0.75 -0.43 -0.75 -0.57 0.32  

  

&-ENV-WINd and meteo related parameters  

 _____________________________________________________  

 |1.| Ref. Height | Altitude | Wind Velocity |  

 |__| for Wind Speed| Meteo Station | Profile Exponent |  

 | | | Meteo Station |  

 | (m) | (m) | (prof) |  

 |__________________|_______________|__________________|  

 _______________________________________  

 |2.| Wind Direction | Wind Velocity |  

 |__| Angle | Profile Exponent |  

 | | Building Location |  

 | (deg) | (prof) |  

 |___________________|___________________|  

  

 d d d  

 0. 0.25  

 45. 0.25  

 90. 0.25  

 135. 0.25  

 180. 0.25  

 225. 0.25  

 270. 0.25  

 315. 0.25  
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&-SCH-METeo data  

 _________________  

 |1.| Dataset Name |  

 |__|______________|  

 _______________________________________________________________________  

 |2.| Time | Wind |Temperature |Humidity |Barometric |  

 |__| |__________________| | |Pressure |  

 | | Speed |Direction| | |Absolute |  

 |(-) |(velo) | (deg) | (temp) |[humi] | [kPa] |  

 |_________________|________|_________|____________|_________|___________|  
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Appendix 5. Survey Questionnaire 

Please seal questionnaire in the envelope provided and return to the 

researcher, to keep your response confidential. By returning the 

questionnaire, you will give us consent to use information given in 

questionnaire for research purposes.  

1. Which of the following age groups do you belong? 

 14-18 

  18-24 

  25-34 

  35-44 

  45-54 

  55-64 

  65 and + 

2. What is your gender? 

  Male 

  Female  

 

3. How long have you been living in Darwin? __________ 

 

If less than two years  

3.1. Where have you lived during the past five years? ___________________________  

4. What are you wearing now?  

 
Shirt 

T-

shirt 
Blouse Dress Skirt Shorts Leggings Pants Jacket/Blazer 

            

Sleeve type          

Long            

Short            

Sleeveless           

Fabric:          

Light 

(cotton)  
           

Heavy 

(denim) 
          

Other            

Length:          

Short            

Medium             

Long            
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Footwear:  

 Thongs/Sandals  

 Shoes  

 Boots  

 Socks  

 Tights 

 

5. What type of activity you were involved in for the last thirty minutes? 

1. Walking 

2. Running 

3. Standing 

4. Sitting 

5. Sleeping 

6. Thermal indoor conditions  

a) Thinking about the thermal environment in this room, please rate, how do you feel? 

1. Cold 

2. Cool 

3. Slightly cool 

4. Neither cool nor warm 

5. Slightly warm 

6. Warm 

7. Hot 

 

b) Are you satisfied with current thermal environment?  

1. Yes  

2. No  

c) How would you prefer to feel?  

1. Warmer 

2. No change 

3. Cooler 

6.2 Air movement 

a) Thinking about the air movement now in this room, please rate, how do you feel? 

1. Too still 

2. Still 

3. Slightly still 

4. Neither still nor breezy 

5. Slightly breezy 

6. Breezy 

7. Too breezy 
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b) Are you satisfied with air movement now?  

1. Yes 

2. No  

c) How would you prefer to feel?  

1. Less air movement 

2. No change 

3. More air movement 

6.3 Air humidity  

a) Thinking about the air humidity now in this room, please rate, how do you feel? 

1. Very dry 

2. Dry 

3. Slightly dry 

4. Neither dry nor humid 

5. Slightly humid 

6. Humid 

7. Very humid 

b) Are you satisfied with air humidity now?  

1. Yes 

2. No  

c) How would you prefer to feel?  

1. Less dryer 

2. No change 

3. Less humid 

7. Thinking about thermal environment in this room, how frequently do you? 

a) Open a window  

 Never  

 Rarely  

 Sometimes 

 Often  

 Always 

b) Open a door connecting to outdoor area 

 Never  

 Rarely  

 Sometimes 

 Often  

 Always 
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c) Switch on a fan 

 Never  

 Rarely  

 Sometimes 

 Often  

 Always 

d) Switch on air-conditioning  

 Never  

 Rarely  

 Sometimes 

 Often  

 Always 

8. Thinking about thermal environment in this room, how likely that you? 

a) Drink water more often than usual 

 Very unlikely 

 Unlikely  

 Somewhat unlikely  

 Somewhat likely  

 Likely  

 Very likely 

b) Take a shower more often than usual  

 Very unlikely 

 Unlikely  

 Somewhat unlikely  

 Somewhat likely  

 Likely  

 Very likely 

d) Change clothes more often than usual 

 Very unlikely 

 Unlikely  

 Somewhat unlikely  

 Somewhat likely  

 Likely  

 Very likely 

9. Do you own the house you live in or rent? 

 Own 

 Rent  
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10. How many household members live in this house?  

0-5 years old __________ 

6-10 years old__________ 

11-18 years old_________ 

18-24 years old_________ 

25-34 years old_________ 

35-44 years old__________ 

45-54 years old__________ 

55-64 years old__________ 

65 and + years old________ 

11. How many members of household are usually in the house?  

a) Weekdays: From 6am to 12 pm ____ 

 From 12 pm to 5pm ____ 

 From 5pm to 9pm ______ 

 From 9pm to 6am ______ 

b) Weekend: From 6am to 12 pm ____ 

 From 12 pm to 5pm ____ 

 From 5pm to 9pm ______ 

 From 9pm to 6am ______ 

 

12. Which room in your house is occupied the most from 6am to 12pm?  

Weekdays  

a) Living room 

b) Bedroom 1, Bedroom 2, Bedroom 3 

c) Study room 

d)  Other_________ 

Weekend  

a) Living room 

b) Bedroom 1, Bedroom 2, Bedroom 3 

c) Study room 

d)  Other_________  

 

13. Which room in your house is occupied the most from 12pm to 5pm?  

Weekdays  

a) Living room 

b) Bedroom 1, Bedroom 2, Bedroom 3 

c) Study room 

d)  Other_________  

Weekend  
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a) Living room 

b) Bedroom 1, Bedroom 2, Bedroom 3 

c) Study room 

d)  Other_________  

 

14. Which room in your house is occupied the most from 5pm to 9pm? 

Weekdays  

a) Living room 

b) Bedroom 1, Bedroom 2, Bedroom 3 

c) Study room 

d)  Other_________ 

Weekend  

a) Living room 

b) Bedroom 1, Bedroom 2, Bedroom 3 

c) Study room 

d)  Other_________  

 

15. Which room in your house is occupied the most from 9pm to 6am? 

Weekdays  

a) Living room 

b) Bedroom 1, Bedroom 2, Bedroom 3 

c) Study room 

d)  Other_________ 

Weekend  

a) Living room 

b) Bedroom 1, Bedroom 2, Bedroom 3 

c) Study room 

d)  Other_________ 
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Appendix 6. Ethics Final Report Approval 
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Appendix 7. Letter of Invitation to Residents 

 

Register for $100 voucher and assist CDU Research 

 

Dear residents of Lyons and Breezes Muirhead 

Defence Housing Australia (DHA) is supporting a PhD research project on housing 

energy efficiency and urban design in the Top End, focused on Lyons and Breezes 

Muirhead.  We would like to invite you to help us with this research. Your participation 

will help to ensure that defence housing in the tropics (and housing generally) becomes 

more comfortable and affordable. 

 

What’s in it for me? 

If you choose to participate in the study, you will receive an upfront $100 shopping 

voucher.  As the project develops you will also receive an analysis of energy 

consumption and personalised suggestions for reducing your electricity bills.  We will 

seek permission to install electricity usage meters (‘smart meters’) in some homes and 

these will remain in the property after the study ends. Participants can be tenants 

(including Defence families) or owner-occupiers.  

 

What is the research about? 

Supervised by the Centre for Renewable Energy at Charles Darwin University (CDU), the 

PhD project being undertaken by Ms Shokhida Safarova will investigate how to optimise 

thermal comfort and sustainability of residential housing in the tropics, and to reduce 

household energy use. DHA is partnering with Investa Land and Power and Water 

Corporation (PWC) to support this initiative. 

 

The project has been cleared by the Human Research Ethics Committee at Charles 

Darwin University (reference numberH15054) and by the Defence Low Risk Ethics 

Panel (reference number DPR-LREP 044-15). All personal information will be stored 

securely at CDU and will go through a strict de-identification process to protect the 

privacy of participants prior to publication of any findings. If you do decide to participate, 

you can withdraw your participation at any time. 

 

How long will it take? 

The first stage of the research project will be conducted inside participants’ homes. This 

will take approximately 30 minutes, and will involve a questionnaire on how you use 

energy and space in your house and how comfortable you feel under various weather 

conditions. Surveys will be conducted on several occasions in different seasons between 

October 2015 and January 2017.  
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Who do I contact? 

If you would like to participate in this study, or if you have any questions, please contact 

Shokhida Safarova, PhD student at CDU on shokhida.safarova@cdu.edu.au or 

ResearchServices@dha.gov.au. 

We hope that you can participate in this exciting research project, and encourage you to 

do so. 

 

Kind Regards, 

 

Professor Andrew Campbell 

Director 

 


