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Abstract 

Respiratory illness is a prevalent medical issue in New Zealand and interventions and initiatives regarding housing quality 

and health are necessary to reduce the concerning statistics. Future opportunities aiming to promote smart cities involves 

designing a smart housing model which is able to adapt to a changing climate, provide comfort, health benefits and consist 

of decentralised infrastructure services. Research into New Zealand housing is essential to examine significant factors 

triggering respiratory illness in housing occupants. The present study investigates thermal comfort specifically, by 

calibrating parameters which will provide the foundation to develop a smart housing model. This case study inspects 

human health and wellbeing in regards to attributes relating to household demographics, cultural homemaking 

significance, housing conditions, indoor environment and the outdoor climate. To explore thermal comfort, a strategy 

consisting of questionnaires, sensor installation, thermal comfort modelling and housing inspections was formulated. 

Results of this case study assessed the use of sensors for gathering measurements addressing the level of thermal comfort 

experienced by occupants within the household. Research findings confirmed the framework was competent in evaluating 

thermal comfort within an indoor environment. This analysis was supported by the compliance criteria addressed in 

international and American standards.

1. Introduction 

1.1. Background 

New Zealand has alarming respiratory illness statistics in 

comparison to other developed countries. A high 

percentage of hospitalisation in New Zealand is 

contributed by respiratory diseases (Trenholme, 2012). 

Specific housing parameters which align with such 

diseases are dampness, mould, overcrowding, indoor air 

pollutants and smoking within the household. The 

majority of New Zealanders’ time is spent within their 

homes, consequently, adequate housing quality is vital in 

ensuring occupant health and wellbeing requirements are 

achieved. Thermal comfort and indoor environmental 

factors have particular applicability to the health and 

wellbeing of occupants.  

1.2. Applications of Research 

Currently, New Zealand infrastructure is centralised and 

housing agencies are considering ‘smart housing’ as a 

future option. The results of this research can be applied 

for city planning, property development and for energy 

usage analysis. This research can also benefit the New 

Zealand housing sector, allowing them to monitor and 

assess housing conditions and implement interventions 

https://unidirectory.auckland.ac.nz/search#?filterOrganisation=ECE


which will improve housing quality nationwide. 

Vulnerable groups of people affected by respiratory 

illnesses will be able to identify links between certain 

factors aggravating their illness. The outcomes of this 

research will also assist MBIE (Ministry of Business, 

Innovation and Employment) in developing appropriate 

legislation in regards to bettering New Zealand’s housing 

sector, targeting rentals and state housing, specifically. 

Various health organisations such as DHBs (District 

Health Boards) can use these research findings to target 

certain areas of health care plans and to develop 

promotion programs which will support groups affected 

by respiratory illnesses. 

2. Literature Review 

This section summarises existing literature and previous 

research studies investigating factors which trigger 

respiratory illness and other health and wellbeing issues. 

The specific parameters analysed consist of housing 

quality, climate, environmental and socio-economic 

factors. Literature in New Zealand was closely reviewed 

in regards to thermal comfort, current housing quality, 

housing legislation and health initiatives. Other previous 

studies examined were undertaken in a range of countries 

to assess the varying negative impacts on health and 

wellbeing of house occupants. 

2.1. Current New Zealand Housing 

Quality  

Housing quality in New Zealand can be analysed by 

examining housing indicators such as home insulation, 

ventilation, heating systems, dampness and mould levels 

(White, 2017). A House Condition Survey (HCS) 

conducted every five years targets these specific housing 

factors and discovered that 25% of the 560 New Zealand 

homes investigated, have high dampness levels along 

with 20% of the homes revealing signs of mould. White 

(2017) analysed rentals and owner-occupied homes 

separately in this study during 2015 and 2016 using 

methods such as telephone interviews, questionnaires and 

house assessments. 

2.1.1. Insulation 

Adequate insulation limits the loss of heat through the 

roof, wall, windows and floor (Elkink, 2012). White 

(2017) discovered that 53% of the homes in the study 

could be further insulated to comply with more 

comfortable standards. White (2017) also claimed that 

owner-occupied homes were prevalently double glazed in 

comparison to 90% of the rentals in the study being single 

glazed. The double glazing feature improves home 

insulation and the statistics within this study reveal 

significant variations between rentals and owner-

occupied housing.  

2.1.2. Ventilation 

Based on New Zealand’s wet and humid climate, New 

Zealanders are exposed to moisture throughout their daily 

activities within the household. Activities such as drying 

clothes inside and cooking without the use of lids 

contributes to indoor moisture production (White, 2017). 

Housing designs should incorporate moisture controlling 

methods such as extractor fans and windows specifically 

in bathrooms, kitchens and laundry rooms. The study 

revealed 42% and 24% of rental main bathrooms and 

owner-occupied main bathrooms did not contain any 

form of heating or mechanical ventilation, respectively 

(White, 2017). 19% and 11% of rental and owner-

occupied kitchens had no means of ventilation via 

windows and mechanical extractors (White, 2017). The 

HCS discovered approximately half of the bathrooms 

within the samples extracted moist air outdoors while 7% 

extracted moist air into the roof space which is 

considered a detrimental ventilation practice, generating 

further moisture issues (White, 2017). Based on these 

statistics, ventilation requirements are to be enforced in 

building design and practices.  

2.1.3. Dampness & Mould 

Uncontrolled moisture levels within indoor spaces 

develop mould and damp conditions (Boulic et al., 2015). 

The HCS revealed a dampness level of 31% and 11% in 

rentals and owner-occupied households, respectively. 

The presence of mould is associated with poor ventilation 

and insulation systems (White, 2017). Half of New 

Zealand homes are considered damp, mouldy and have 

bedrooms without heating systems (Johnston & Knox, 

2017). Mould and dampness within homes is a prominent 

issue in New Zealand since 45% of New Zealand homes 

contain mould issues (Chebbi, 2011). Many New Zealand 

homes constructed between 1997 and 2003, were affected 

by the ‘leaky home’ crisis where timber-framed 

structures suffered detrimental defects due to poor design 

and construction practices (Harpur, 2011). Since then, 

weather tightness design features have been implemented 

into New Zealand building practices. 

2.2. New Zealand Housing 

Legislation & Policies 

The New Zealand housing sector is to further develop 

housing quality by upgrading building consents and 

legislation (Trenholme, 2012). A past government 

initiative, ‘The Warm up New Zealand’ programme used 

subsidies to insulate many New Zealand homes. This 

programme along with the housing warrant of fitness, 

adopts an insulation thickness benchmark of less than 

120mm to determine whether the house requires 

inspection for further improvement. These figures are not 

enforced strictly as only 39% of the households studied 

in the HCS complied with this insulation requirement 

(White, 2017). In 2007, the New Zealand building code 



addressed the necessity of double glazed windows to 

enhance home insulation (Chebbi, 2011). The 2016 

Residential Tenancies Act (RTA) claims that all rental 

properties must have a ceiling and underfloor insulation 

depth of at least 70 mm by July 2019 (White, 2017). In 

regards to ventilation, construction processes are 

developing their practices to build airtight homes (Garner 

et al., 2013). The New Zealand building code currently 

requires new buildings to incorporate reduction methods 

of fumes and moisture into their designs (White, 2017). 

Both Johnston & Knox, (2017) and Trenholme (2012), 

strain that housing regulations and frameworks should 

specifically target rentals and state housing where poor 

housing quality conditions are prominent. 

2.3. Parameters Triggering 

Respiratory Health Issues 

Mixed-method approaches were used in previous studies 

to assess potential attributes triggering respiratory 

illnesses and general health. Asthma is a prominent diver 

behind child hospitalisation in New Zealand and it has a 

major impact on New Zealand’s economy, costing New 

Zealand $825 million, annually (Chebbi, 2011).  

2.3.1. Socioeconomic Attributes 

Certain socioeconomic factors may have a strong 

correlation with health in New Zealand. When 

considering socioeconomic attributes, New Zealand is 

ranked 17th in relation to all 30 OECD (Organisation for 

Economic Co-operation and Development) countries and 

20th in relation to children residing in congested homes 

(OECD, 2009). Tobias (2010) established that people 

struggling to meet sufficient living standards faced an 

asthma risk which was double the risk of those achieving 

an improved quality of life. In previous studies, ethnicity 

can be linked to health issues within New Zealand. 

Prevalent trends reveal Maori and Pacifica child death 

rates double the rate of European child deaths during peak 

winter periods (Johnston & Knox, 2017). 

Economic factors can also be associated with 

health and wellbeing issues. Patterns reveal suburbs 

receiving low income such as Parrs Park, West Auckland, 

displayed high levels of diseases among children. This 

was contrasted to high end suburbs such as Remuera, 

displaying statistics six times lower than this figure 

(Johnston & Knox, 2017). 

2.4. Thermal comfort 

Thermal comfort is a measure of satisfaction the mind 

expresses in relation to the thermal environment (Fanger, 

2000). The state of each individual mind is subjective to 

personal evaluation and perception. Even a small 

percentage of dissatisfied occupants is unavoidable as 

thermal comfort levels vary between individuals. 

2.4.1. Importance of Thermal Comfort 

The World Health Organisation (WHO) further examines 

the impact of thermal comfort on occupant satisfaction 

and health. Ormandy & Ezratty (2012) reveals thermal 

comfort is based on both individual and environmental 

factors. Individual attributes consist of metabolic rate and 

clothing level, while operative temperature, air speed and 

relative humidity are attributes which contribute as 

environmental factors (Ormandy & Ezratty, 2012). 

Ormandy & Ezratty (2012) also states other influencing 

factors consist of household crowding, occupational 

status along with personal factors such as age, health 

status, gender and the ability to adapt to local 

environments. These parameters vary significantly 

within a household environment and certain assumptions 

were made in order for Ormandy & Ezratty (2012) to 

assess the threshold limits of ambient air temperature in 

relation to comfort and health. Ormandy & Ezratty 

(2012) measures thermal comfort perception through the 

practical means of a housing survey. This method takes 

into account the specific individual’s characteristics and 

health risks. Currently, thermal comfort requirements are 

not enforced in the New Zealand Building Code 

(Rosemeier, 2014). 

2.4.2. Association between Thermal Comfort & 

Respiratory Illnesses 

Excess winter mortality rates in New Zealand are high 

and a third of these incidences are attributed to by 

respiratory diseases (Rosemeier, 2014). Health and 

wellbeing are significantly affected by the implications of 

poor thermal comfort. New Zealand’s excess mortality 

statistics during the winter period are high due to the low 

indoor temperatures within this period, indicating there is 

a significant correlation between indoor temperature and 

health (Rosemeier, 2014). High relative humidity and 

reduced air change rates are induced based on cold indoor 

temperatures, resulting in further negative impacts on the 

inhabitants (Rosemeier, 2014). This suggests a potential 

correlation between relative humidity and winter 

mortality rates.  

2.5. The Gap in Current Research 

From the previous literature review, it is evident there is 

limited research related to New Zealand housing and 

meeting thermal comfort requirements. The findings of 

this research will address this gap by assessing a strategy 

with the intention of analysing thermal comfort in regards 

to New Zealand housing quality, specifically. This pilot 

study will assist decision makers in developing further 

initiatives and legislation with the intention of refining 

housing quality and providing health benefits. 

3. Objectives 

The purpose of this project is to assist in the development 

of a decision-support tool, named iCHHP (integrated 



climate, habitat and habitant profiling). This will link 

health indicators with house environmental conditions. 

Based on this research need, the current pilot study will 

examine thermal comfort in regards to housing quality, 

environmental conditions, and human factors. 

 

This objective was separated into specific goals: 

1) Observe how sensors are utilised to capture data 

and assess the thermal comfort of occupants 

within a household. 

2) Establish a framework strategy which processes 

and analyses information through the 

integration of temporal, spatial and human 

factors. 

3) Assess the reliability of the pilot study 

framework by comparing thermal comfort 

compliance criteria in accordance with 

ASHRAE Standard 55:2017 and ISO Standard 

7730:2005. 

 

4. Research Methodology 

This pilot, case study focused on a single house in 

Auckland, New Zealand. In order to meet the research 

objectives, the methodology involved comparing two 

international standards: ASHRAE Standard 55 and 

International Standard (ISO) 7730. The two respective 

tools, CBE (Center for the Built Environment) Thermal 

Comfort and ISO 7730 Analytical Tool analysed the data 

collected and provided results for the evaluation of 

occupant thermal comfort within the specified household. 

4.1. Selection of Attributes 

Prior to data collection, a number of attributes were 

selected based upon the relevancy to health and well-

being. Discussion took place within a multi-disciplinary 

group setting, consisting of members in Civil & 

Environmental Engineering, Mechanical Engineering 

and Public Health fields. Many of the team members had 

previously carried out a systematic review, analysing past 

literature which provided an understanding of established 

correlations between a range of factors and respiratory 

health. Discussion topics consisted of which significant 

parameters have an effect on health and how should these 

attributes be grouped under main categories. Each main 

category is a data layer within the GIS (Geographic 

Information Systems) platform as seen in Figure 4, 

Appendix A. The main category layers decided upon, 

consisted of: Household (1), Cultural Significance for 

Homemaking (2), Health of Occupants (3), Energy 

Consumption behavior (4), Housing Conditions (5), and 

Outdoor Climate (6). The main category, ‘Household’(1) 

covers demographic, socioeconomic and lifestyle factors. 

‘Cultural Significance for Homemaking’(2) evaluates 

values and the use of space while ‘Health’(3)  focuses on 

general health conditions of the house occupants. ‘Energy 

Consumption’ (4) assesses the use of infrastructure 

services. ‘Housing Conditions’(5) is separated into sub-

layers consisting of physical and indoor environmental 

factors. The final layer, ‘Outdoor Climate’ (6) considers 

environmental conditions such as rainfall levels and 

humidity outside the household. 

4.2. Ethics Approval 

This research project required the involvement of 

participants, consequently, data was collected in a 

professional and ethical manner. Participant 

confidentiality was respected in regards to identity within 

the questionnaire conducted. An ethics proposal was 

approved by UAHPEC (University of Auckland Human 

Participants Ethics Committee) on 08/07/18. The 

participants involved, were required to read a participant 

information sheet (PIS) which addressed the 

questionnaire survey purpose, how it would be conducted 

and depicted the ways in which confidentiality was 

addressed. The participants were also provided with a 

consent form. The house occupants and landlord were 

informed that the ethics forms were legal documents and 

the sensors were solely used for monitoring the following 

factors: temperature, humidity, luminance, ultraviolet 

radiation, motion and vibration. 

4.3. Data Collection 

The research methodology carried out consisted of a 

mixed-methods approach, where a range of data 

collection methods were used. These methods involved 

conducting an occupant questionnaire, a housing 

inspection, monitoring occupant activity, and measuring 

thermal environmental parameters by the means of sensor 

operation. Temperature, humidity, air speed, metabolic 

rate along with clothing level were used to assess thermal 

comfort.  

4.3.1. Occupant Questionnaire 

The occupant questionnaire assisted in determining 

whether lifestyle, cultural significance, socioeconomic, 

health, energy consumption and general household 

factors can be attributed to housing conditions. This 

methodology step covers many GIS layers shown in 

Figure 4. The questionnaire was constructed using 

Qualtrics, a web-based survey software tool. All three 

house occupants were provided with an online 

questionnaire which took approximately 30 minutes to 

answer. The occupants were given the opportunity to 

provide their answers independently, reducing any 

limitations based on biased responses. The survey 

consisted of 42 questions which included multiple choice, 

dichotomous, and open ended type questions. Questions 

regarding energy consumption, indoor environmental 

and household factors were multiple choice and could be 

simply answered by the respondent. The results of 

multiple choice questions are simple to compile and 

evaluate. Dichotomous questions provide the 

respondents with two alternatives and are simple to 



answer while limiting ambiguous results. Open-ended 

questions within the study revolved around the 

occupants’ central ideas based on cultural significance 

regarding homemaking. These open-ended questions 

encouraged respondents to express reasoning with their 

answers, allowing the research team to identify essential 

matters. The results of the questionnaire will be closely 

inspected under each layer and analysed as a case study. 

4.3.2. Sensor Installation 

Self-installed wireless sensors were borrowed from the 

University of Auckland, Faculty of Computer Science for 

the purpose of this pilot study. The choice between two 

protocols, Zigbee and Z-Wave were provided to manage 

the self-repairing mesh network of the sensor. The Z-

Wave protocol was selected since it primarily focuses on 

home automation over other commercial purposes. A Z-

wave controller is used to manage the communication of 

the sensors within the Z-wave network and enables the 

receiving of the Z-Waves (Fuchs Stefan, 2017). The 

associated open source software, OpenHAB2 was 

operated with the Z-wave controller to receive sensor 

data.  

AEOTEC MultiSensor 6, the sensor model utilised 

within this study, directly measured six parameters 

consisting of temperature, humidity, ultraviolet radiation, 

luminance, vibration and motion. The sensors were 

installed away from artificial lights, heaters and metallic 

objects since such devices affect the accuracy of the 

measurements. Initially, a total of 10 sensors were to be 

installed throughout the house, however sensor 7 was not 

operated due to privacy requests made by certain 

occupants. The majority of the rooms and living spaces 

occupied a sensor to inspect how the parameters 

fluctuated between the different spaces. Refer to Figure 1 

for a plan view of specific locations of the sensors.  

 

Figure 1: Sensor Installation Locations 

The measurements of the six parameters were recorded at 

8:00am, 10:00am, 12:00pm, 3:00pm, 5:00pm, 8:00pm, 

and 12:00 am, daily for a period of 14 days. The 

measurements compiled were classified as input 

variables for the function of investigating the indoor 

living comfort level through the CBE Thermal Comfort 

and ISO 7730 analytical tools. From the six parameters 

accumulated, two parameters, temperature and humidity 

were processed for thermal comfort analysis. 

4.3.2.1 Operative temperature (to ), Ambient Air 

Temperature (ta) & Mean Radiant 

Temperature (tr ) 

The temperature, measured in °C was recorded at the 

specific time points mentioned in Section 4.3.2. 

Operative temperature combines and simplifies the two 

parameters, air temperature and mean radiant 

temperature into one data value. The operative 

temperature is considered the uniform temperature in a 

black enclosure where an inhabitant exchanges the same 

amount of heat due to radiation and convection as in non-

uniform surroundings (ASHRAE, 2017; ISO, 2005). The 

operative temperature was used as an input variable into 

the CBE Thermal Comfort Tool. Both the ambient air 

temperature and the mean radiant temperature, measured 

in °C were used as input parameters in the ISO 7730 

Analytical Tool.  

4.3.2.2 Relative Humidity (rh) 

The relative humidity as a percentage was also measured 

and recorded using AEOTEC MultiSensors at the 

corresponding temperature measured time points. 

Relative humidity is calculated based on the size of the 

difference between wet-bulb and dry-bulb temperature 

readings (Fanger, 2000). Acceptable relative humidity 

values generally fit between 30% and 60%. Previous 

research suggests low relative humidity evoked a dry and 

itching sensation, resulting in low thermal comfort levels, 

consequently, this parameter should be specifically 

monitored in the bathroom (Fanger, 2000). 

4.3.3. Occupant Activity Monitoring 

The occupants within the house documented their daily 

activities through the course of two weeks. The range of 

seven activity categories which the inhabitants were 

involved in, consisted of being away from home, 

breakfast, lunch, dinner/cooking, leisure, shower, study, 

gym and waking up. Each occupant’s activity was 

recorded between the time periods of 8am and 12am 

daily. This information determines each individual’s 

metabolic rate, rate of mechanical work and clothing 

insulation level.  

4.3.3.1 Metabolic Rate (M) 

Metabolic rate measures the heat loss percentage and 

depicts the rate of chemical energy transferred into 

thermal and mechanical work through certain activities. 

The metabolic rate was selected based upon temporal 



and human elements as the activity at a specific point in 

time was considered. When complying with ASHRAE 

Standard 55, the metabolic rate values used for analysis 

were collected by selecting the activity from the 

categories: resting, walking, office activities, driving, 

miscellaneous occupational, and miscellaneous leisure 

activities. The metabolic rates selected according to the 

ASHRAE Standard 55 is shown in Table 1 with the 

respective ASHRAE activity.  

Table 1: Metabolic Rates Specified in ASHRAE Standard 55. 

ACTIVITY METABOLIC 

RATE 

ASHRAE 

EQUIVALENT 

ACTIVITY 
met W/m2 

AWAY a - - - 

BREAKFAST 1.0 60 Seated, quiet 

LUNCH 1.0 60 Seated, quiet 

DINNER 1.8 105 Cooking 

LEISURE 1.0 60 Seated, quiet 

SHOWER 1.2 70 Standing, relaxed 

STUDY 1.0 60 Writing 

GYM 3.5 205 Calisthenics 

GET UP 1.2 70 Standing, relaxed 

a. No metabolic rates are recorded when the occupants are 

away. 
 

According to the ISO Standard 8996, the metabolic rate 

is determined based on the level 1 approach, screening. 

Using Method 1B specifically, the metabolic rate was 

selected according to the particular activity type recorded 

at that specific time point for each occupant. The ISO 

8996 Standard classifies a range of metabolic rates into 

five activity classes: 0 - resting, 1 - low, 2 - moderate, 3 - 

high and 4 - very high. Each activity within the case study 

was classified into a class based on the movement types 

and speed required for that specific activity, as shown in 

Table 2 . 

Table 2: Metabolic Rates specified within ISO Standard 7730. 

ACTIVITY ISO ACTIVITY 

CLASS 

METABOLIC 

RATE SELECTED 

(W/m2) 

AWAY - - 

BREAKFAST 1-Low 70 

LUNCH 1-Low 70 

DINNER 1-Low 105 

LEISURE 0-Resting 60 

SHOWER 1-Low 70 

STUDY 1-Low 70 

GYM 4-Very high 290 

GET UP 1-Low 70 

4.3.3.2 Rate of Mechanical Work (W) 

The mechanical work rate measured in W/m2, is selected 

based on the muscular work mechanical efficiency. The 

rate of mechanical work is assumed to be zero since no 

industrial, high level work is occurring during the 

occupants’ activities. This parameter is only used in 

accordance with ISO Standard 7730 analysis using the 

ISO 7730 Analytical Tool software. 

4.3.3.3 Clothing Insulation (Icl) 

Thermal comfort is substantially affected by the 

insulation an individual uses due to impacts on thermal 

balance and heat loss. Factors such as clothing material, 

movement of air and relative humidity decrease the 

clothing insulating ability (Fanger, 2000). Equivalent 

clothing insulation values were used when complying 

with both ASHRAE standard 55 and ISO standard 7730. 

These values were designated based upon the occupant 

activity and associated clothing level information 

provided by the occupants as presented in Table 3. 

Table 3: Clothing Insulation Values used for Analysis. 

ACTIVITYa CLOTHING INSULATION (clo) 

Occupant 1 Occupant 2 Occupant 3 

GET UP 0.96  0.96 0.96 

BREAKFAST 0.96 0.96 0.89 

LUNCH 0.74 0.72 0.89 

DINNER 0.74 0.72 0.89 

GYM 0.36 0.36 0.36 

STUDY 0.74 0.72 0.89 

LEISURE 0.74 1.3 0.89 

SHOWER 0.04 0.04 0.04 

a When occupants are away, clothing insulation is not 

taken into account. 

4.3.4. Housing Inspection 

An inspection of the house was conducted for the 

purposes of this pilot study. The housing inspection 

involved the assessment of mould and other structural 

features. Following landlord consent, a Land Information 

Memorandum (LIM) Report of the house under 

inspection was requested and assessed. The LIM report 

provided outdoor environmental information in regards 

to site contamination, wind zones, soil issues, overland 

flowpath, flood risk and exposure zones. The house 

inspection also allowed the air velocity to be determined 

for thermal comfort investigation in accordance to both 

ASHRAE standard 55 and ISO Standard 7730. 

4.3.4.1 Air Velocity (v) 

Air speed describes the air movement rate which the 

human body is exposed to. This parameter affects the heat 

exchange between the environment and the individual 

which influences the state of general and local thermal 

discomfort (ISO, 2005). The air speed adopted for 

analysis was 0.1 m/s. This value complies with ASHRAE 

Standard 55 since it is below 0.2 m/s, the maximum 

average air speed limit associated with the analytical 

comfort zone method. While using ISO Standards 7730, 



the same air velocity, 0.1 m/s was implemented and kept 

constant for each specific time point assessed.  

4.4. Data Analysis 

The housing inspection results were reviewed by 

assessing the LIM report along with physical 

examination conducted by the research team. The 

occupant questionnaire answers were also analysed 

separately. For this case study, the two major, 

international standards: ASHRAE 55 and ISO 7730, were 

closely compared to verify whether the thermal comfort 

within the household was acceptable. The respective 

tools, CBE Thermal Comfort and ISO 7730 Analytical 

Tool will be used to process the sensor input 

measurements to assess the thermal comfort at each 

particular time point. Both software tools produce PMV 

(Predicted Mean Vote) and PPD (Predicted Percentage of 

Dissatisfied) output results which were then examined in 

accordance to both standards. To obtain results, temporal, 

spatial and human factors were integrated, since the time 

component, sensor location and occupant activity 

information were analysed collectively.  

4.4.1. CBE Thermal Comfort Tool 

The CBE Thermal Comfort Tool was used to perform the 

appropriate calculations and model the thermal indoor 

conditions of the household, in accordance with 

ASHRAE Standard 55. This modelling software provides 

the use of two methods: PMV method or Adaptive 

method. The PMV method is an accepted thermal 

comfort model (Fanger, 2000). The research team 

adopted the PMV method using the following five input 

parameters: operative temperature, air speed, humidity, 

metabolic rate and clothing level. The software 

application displayed a temperature-relative humidity 

chart which visually exhibited whether the parameters, 

PPD% and PMV are compliant with specific thresholds. 

4.4.2. ISO 7730 Analytical tool 

This software tool was used in accordance with ISO 

Standard 7730 and inspected the thermal comfort of the 

house within the case study. This software application 

used seven input parameters consisting of metabolic rate, 

rate of mechanical work, ambient air temperature, mean 

radiant temperature, relative air velocity, relative 

humidity, and basic clothing insulation levels. 

4.4.3. PMV (Predicted Mean Vote) & PPD (Predicted 

Percentage of Dissatisfied) 

The PMV is an indication of the thermal sensation 

condition voted by a large group of inhabitants. The PMV 

adopts a seven-point thermal sensation scale between -3 

and +3, to evaluate the sensation level experienced by the 

occupant as shown in Table 4. Thermally dissatisfied 

occupants are associated with ‘hot’, ‘warm’, ‘cool’ and 

‘cold’ on the sensation scale. 

Table 4: PMV Thermal Sensation Scale 

RATING DESCRIPTION 

+ 3 Hot 

+ 2 Warm 

+ 1 Slightly Warm 

0 Neutral 

-1 Slightly Cool 

-2 Cool 

-3 Cold 

 

The PPD index quantitatively estimates the amount of 

thermally dissatisfied people using the PMV value 

(ASHRAE, 2017). A lower PPD within a household 

space indicates low discomfort effects. PPD and PMV are 

related and can be used to evaluate the thermal discomfort 

effects collectively.  

4.4.4. ASHRAE Standard 55 Compliance 

The Analytical Comfort Zone Method was applied to 

determine whether the thermal environment in the 

household was acceptable. This specific method was 

applicable for the purposes of this case study since the 

metabolic rates based on the occupants’ activity levels 

range between 1.0 and 2.0 met. According to ASHRAE 

Standard 55, thermal comfort achieves the compliance 

criteria only when the PMV value lies within the comfort 

zone of -0.5 and +0.5. This standard considers PPD 

values below 20% as acceptable in regards to thermal 

comfort satisfaction. 

4.4.5. ISO Standard 7730 Compliance 

ISO Standard 7730 adopts a maximum PPD limit of 15%, 

as a requirement of thermal comfort. Each particular time 

point is assessed further based on the PPD% being below 

15%. A criteria category is selected from Table 5 based 

upon which PPD% caters for the thermal state at that 

specific point in time. The occupant’s thermal comfort is 

considered adequate when both the PPD% and PMV 

comply with at least one category. The corresponding 

PMV value must satisfy the criteria within the same 

category in order for the thermal state to be considered 

adequate. Category ‘A’ contains the most conservative 

benchmark, hence, when the PPD% and corresponding 

PMV satisfy category ‘A’, categories ‘B’ and ‘C’ are 

effectively fulfilled.  

Table 5: ISO Standard 7730 Category Compliance Criteria. 

Category 

Thermal State of the body as a whole 

PPD % PMV 

A < 6 - 0.2 < PMV < + 0.2 

B < 10 - 0.5 < PMV < + 0.5 

C < 15 - 0.7 < PMV < + 0.7 
 

5. Results & Discussion 



5.1. Occupant Questionnaire Results 

5.1.1. Household  

The occupant questionnaire conducted on Qualtrics 

provided information regarding the household, GIS 

Layer1.0. The house under investigation was reported as 

owner occupied with no children. All occupants within 

the case study had resided in the house for less than three 

years. The reported reasons for residency within the 

household are based on affordability, size, style of house, 

and proximity to motorways, work location and 

supermarkets. All occupants are Chinese speaking and 

originate from China being either migrants or 

international students. 

5.1.1.1 Socioeconomic Factors 

In regards to socio-economic factors, sublayer1.11, the 

average gross annual income is between $50,001 and 

$70,000. The house occupants consist of working 

individuals and a student. The highest qualification 

obtained by the occupants consists of a Master’s degree. 

5.1.1.2 Lifestyle 

Information regarding this GIS sublayer1.12, suggested 

that no smokers were living within the vicinity, and 

mixed methods of drying clothes inside and outside was 

adopted by the occupants. Drying clothes within the 

household is problematic due to the indoor moisture 

production which poses health risks on the occupants. 

The occupants have also stated they have a small pet.  

5.1.2. Cultural Significance for Homemaking 

Particular symbols making the household unique, 

consists of the exterior arc shape which contributes to the 

architectural design. A tropical tree is also located in the 

front garden, making the house unique within the 

neighborhood. The inhabitants stated that a home should 

feel safe and they are comfortable with their neighbors. 

They also stated their living satisfaction is based on a 

tidy, warm home and the other inhabitants they interact 

with, rather than the household itself. In regards to 

potential home improvements, the occupants suggested 

fencing off the front and back sections of the property and 

installing CCTV surveillance to ensure privacy and 

safety.  

5.1.3. Health  

No hospital admissions have occurred in the past two 

years. 0, or 1-2 general practitioner visits occurred within 

the last year for each of the occupants. No medical 

conditions were stated within the occupants’ family 

backgrounds. 

5.1.4. Energy Consumption 

The cooking utilities involve a stove top induction 

system. In terms of heating and cooling methods, two of 

the occupants use a portable air conditioning appliance. 

Electric heating blankets are used overnight which will 

influence the thermal comfort experienced by the 

individual to alter during period. No dehumidifying 

devices are adopted resulting in poor ventilated house 

conditions. The laundry machine is located in the garage 

where an openable window is able to provide ventilation. 

The kitchen consists of an extractor hood along with an 

openable window, providing additional means of 

ventilation. The bathroom consists of a fan heater and 

mechanical ventilation extracting air outdoors. 

5.1.5. Housing Conditions: Indoor Environment 

Information was provided in relation to sublayer5.2 and 

specks of mould in the kitchen and bathroom were 

reported. The occupants reported the household feels “a 

little damp”, providing insight into the thermal comfort 

which the occupants are experiencing.  

5.2. Housing Inspection Analysis 

The housing inspection allowed the research team to gain 

an understanding of the physical and structural conditions 

of the house under investigation. The majority of the 

physical characteristics of the household was found in the 

LIM report. The location of the house was classified as 

Residential-Mixed Housing Urban Zone. The building 

site is situated within a low wind speed area of 32 m/s. 

After detailed hydraulic analysis and stormwater system 

modelling of the site, the LIM report suggested the house 

was subjected to a potential risk of flooding during heavy 

rainfall periods. Other details are provided in Error! Not 

a valid bookmark self-reference.. 

Table 6: Housing Information 

Number of 

Occupants 

3 

Number of Rooms 3 

When built 1998 

Property Type Dwelling 

Total Floor Area 128 m2 

Land Area 678 m2 

Contour Easy to moderate fall 

Wall Construction Brick, including clay and 

concrete bricks 

Wall Condition Good 

Roof Construction Tiles, including all materials 

with a tile profile 

Roof Condition Good 

 

The house was built in 1998, during the New Zealand 

‘leaky’ home crisis as mentioned and explained in 

Section 2.1.3. This indicates potential defects associated 

with the household structural elements. 



5.3. Thermal Comfort Analysis 

134 data points with the corresponding PMV and PPD% 

results were gathered for all 3 occupants through the 

course of 14 days. Day 13 data was specifically selected 

for the purposes of assessing thermal comfort due to a 

high number of data points recorded across all three 

occupants. Table 7 displays the parameters used to 

analyse occupant 3’s thermal comfort in day 13.  

Table 7: Occupant 3's Data Input Values During Day 13. 

Time Activity Temp, 
°C 

Rel. 
Humidity, 
% 

Metabolic 
rate, 
met 

Clothing 
Insulation, 
clo 

12 
pm 

Wake 

up 

18.7 65 1.2 0.96 

3 pm Shower 20.5 65 1.2 0.04 

5 pm Leisure 22.4 56 1.0 0.89 

8 pm Leisure 20.7 59 1.0 0.89 

12 
am 

Leisure 18 61 1.0 0.89 

 

The thermal comfort at a specific time point is observed 

as adequate when the PPD% and corresponding PMV lie 

in the respective compliant zones. Figure 2 displays 

ASHRAE Standard 55 compliance criteria for the 

analysis of the PPD% and PMV results based on the 

processed input parameters for occupant 3 in Table 7. 

Figure 2 conveys the dataset at 5 pm achieves the thermal 

comfort criteria for this standard, suggesting that 

occupant 3 was satisfied in relation to the thermal 

environment at this specific time only.  

 

Figure 2: Occupant 3's Thermal Comfort Compliance 

According to ASHRAE 55. 

Figure 3 illustrates the compliance of the same datasets 

for occupant 3 in accordance with ISO Standard 7730. 

From comparing Figure 2 with Figure 3, ISO Standard 

7730 analysis shows an extra compliant dataset in 

comparison to the analysis conducted using ASHRAE 

Standard 55. This is due to the category C regulatory 

criteria within the ISO Standard 55 having a wider PMV 

compliance range in comparison to the ASHRAE PMV 

compliance criteria. 

 

 
Figure 3: Occupant 3's Thermal Comfort Compliance 

According to ISO 7730. 

 

Through the analysis against both standards, the dataset 

at 3:00 pm during day 13 depicts the indoor environment 

parameters and occupant 3’s individual factors resulted 

in adequate thermal comfort. The indoor temperature 

measured at this specific time point, 22.4°C was the 

highest recorded in that day while the relative humidity, 

56% was the lowest measurement. These values indicate 

the warmer housing conditions are associated with higher 

thermal comfort sensation due to a lower percentage of 

body heat loss. This indicates such factors impact the 

PPD% and PMV values, influencing thermal comfort 

levels experienced by occupants.  

12% of the datasets collected demonstrated the 

thermal comfort conditions complied with ASHRAE 

Standard 55. In accordance to ISO Standard 7730, 15% 

of the datasets showed adequacy of thermal comfort 

levels. The low percentages of thermal comfort abiding 

with the standard guidelines demonstrates the state of 

poor thermal comfort within this case study. 

Consequently, housing condition interventions are 

required to improve the thermal comfort levels 

experienced by house inhabitants. 

Table 8 compares the number of instances 

where the thermal comfort was adequate in regards to 

guidelines in each standard. The total compliance 

proportions from the standards, 12% and 15% do not vary 

greatly, portraying the reliability of the methodology and 

results acquired within this case study. 

 
Table 8: Comparison of Compliant Instances between ASHRAE 

55 & ISO 7730. 

 Number of Compliant Instances 

ASHRAE 55 ISO 7730 

Occupant 1 5 7% 7 10% 
Occupant 2 8 26% 10 32% 
Occupant 3 3 10% 3 10% 
Total 

Compliance 
16 (12%) 20 (15%) 

 

Figure 4 illustrates the correlation between PMV and four 

variables separately. Thermal comfort achieved points 

were marked in green, and other were marked in red. 
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Figure 4: Correlation between PMV and temperature, relative humidity, metabolic rate, and clothing 

insulation 

 

In the linear regression model, the association between 

thermal comfort and six variables were measured, and the 

highest association was recorded with metabolic rate and 

second highest with the clothing insulation. Since 

airspeed was equal at all the time and mean radiant 

temperature was similar to the air temperature, the model 

was not applicable to these two variables. The association 

was significant for metabolic rate, clothing insulation, 

and air temperature but not for relative humidity. Telejko 

and Zender-Świercz (2017) also found that the impact of 

relative humidity on thermal comfort was normally 

insignificant. However, relative humidity has a 

noteworthy impact on the heat stability of the human 

body in high temperature, high metabolic rates and under 

transient conditions (Parsons, 2003). The model had 

multiple R2 of 0.9445. That means the model is well fitted 

to the actual data.  

Health gains from the improved thermal comfort in the 

indoor living environment is a noteworthy outcome in 

energy efficiency advancement programs (Maidment et 

al., 2014). New Zealand initiates one program ‘Warm Up 

New Zealand: Heat Smart Programme’ that paid $8 for 

energy savings activity that produced $608 of health 

benefits (Grimes et al., 2012). The implementation of EU 

20-20-20 targets which focused; 20% reduction of CO2 

emission, 20% increase in energy efficiency and 20% 

increase of renewables in the year 2020 resulted to 

recession in the construction sector. However, the energy 

efficiency of the buildings has increased indicating the 

people understanding of the use of renewable energy 

(Papamanolis, 2015). In the UK fuel poverty strategy also 

provided funding to the vulnerable houses to enhance the 

energy efficiency as an effort to combat fuel poverty and 

to reduce the risk of health problems (Department of 

Energy and Climate Change, 2001).  

 

5.4. Limitations 

For further research to be conducted based on this pilot 

study, significant confidence is required to support the 

findings discussed. A primary limitation within this 

study revolves around the limited dataset collected due 

to the data collection duration period. A longer data 

collection period would ensure the iCHHP platform is 

developed confidently, based on the research findings.  

6. Conclusions 

This research project analyses how thermal comfort 

requirements within the case study were fulfilled in 

accordance to ASHRAE Standard 55 and ISO Standard 

7730 guidelines. From this pilot study, the following 

points can be concluded: 

 

1. The research team was able to successfully capture 

data regarding temperature and relative humidity 

using AEOTEC MultiSensors. 

2. The temporal, spatial and human integrated analysis 

within the case study are adequate for analysing 

thermal comfort within a household. 

3. After calibrating parameters, the findings verify the 

thermal comfort level experienced by occupants are 

based on both environmental and individual factors. 

Environmental factors consist of temperature, 

relative humidity and air speed, while individual 

attributes relate to clothing insulation and metabolic 

rate. 

4. The international standards, ASHRAE 55:2017 and 

ISO 7730:2005 show similar evaluations of thermal 



comfort with only a slight difference between the 

compliance criteria. The strong similarity between 

the standards assured the reliability of the research 

team’s protocol in evaluating thermal comfort. 

5. This study permits to develop a preliminary 

framework for climate smart housing using a thermal 

comfort approach. In relation to the analysis the 

thermal comfort was not achieved most of the time, 

and occupants feel cold even in the spring season. 

Metabolic rate, clothing insulation, and air 

temperature have a significant correlation with 

thermal comfort and the association between relative 

humidity is not significant. Thermal comfort is 

influenced by the heating method, building envelops, 

energy consumption, structural insulation, human 

behaviors as well as the environment. Nevetherless, 

poor thermal comfort lead to cause housing quality 

issues and many health problems to the building 

occupants.  

 

Future Research  

Following the completion of this pilot study, a framework 

has been established, forming a foundation for the 

development of a smart housing system. The future 

research approach is recommended: 

1. Further investigate the future development of a 

decentralised infrastructure system. 

2. Consider different data streams and use Big Data 

analytics to establish significant correlations 

between respiratory health and various parameters. 

3. Implement smart sensors and IoT (Internet of 

Things) technology within the New Zealand 

Building Code, housing management and health care 

practices. 

4. Establish a smart housing protocol which 

incorporates spatial, object and climate levels using 

GIS, BIM (Building Information Model) and an 

environmental model. 

Policy recommendations 

 Carry out planned consultation on Healthy 
Homes Standards (led by Ministry of Business, 

Innovation and Employment) and a framework 

for housing quality (led by Statistics New 

Zealand) and align the indicators and actions 

between these two policy frameworks. 

 Work together with Whānau, community 

groups, local authorities and other stakeholders 

to ensure that construction of new dwellings and 

upgrading of existing rental or owner-occupied 

housing will take place by providing financial 

incentives to meet the Healthy Homes Standards 

and quality housing requirements.  

 Promote a thermal comfort approach at the 

building scale (as shown in the decision making 

framework developed from this research), 

considering human behavioural factors and/or 

environmental disturbances (rather than just 

emphasising the role of building envelope and 

mechanical ventilation, heating and insulation 

measures). 

 Further encourage the development of solar 

heating and ventilation solutions to reduce the 

reliance on electrical appliances in order to 

prevent household energy bills and rents from 

rising significantly. 

 Initiate new energy efficiency programmes 

while providing some financial benefits to 

promote energy efficiency strategies. In addition 

to current energy efficiency measures such as 

subsides for insulation on the roof, the 

installation of double glazing windows and 

installation of solar panels should be also 

considered.   

 Re-visit the New Zealand building code to 

address the existing thermal comfort, dampness, 

and other related housing problems, so that the 

building code stipulates the optimal indoor 

thermal comfort of the occupants (rather than 

the status quo - minimum standards on energy 

efficiency provision for occupants).   
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Figure 4: GIS (Geographic Information System) Layers 

 


