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ABSTRACT 12 

This paper reviews the national house rating tools in the UK and Australia, evaluates the energy 13 

performance of eight different case study houses, and quantifies the magnitude of the 14 

performance gap between as-designed energy performance and as-occupied (actual) energy use. 15 

To identify contributing factors to the performance gap, post-occupancy evaluations were 16 

conducted, and all case study houses were monitored over two years. It was observed that there 17 

are performance gaps in all case study houses, however, the gap can be negative (i.e. more actual 18 

energy use than simulated) or positive (i.e. less actual energy use than simulated). Results show 19 

that the actual heating loads were less than simulated in 5 of the 8 houses (2 UK and 3 AU), and 20 

only 1 house (AU) had an actual cooling load more than simulated. The heating discrepancies 21 

ranged from 73% to 180% for the UK houses, and 19% to 172% for the AU houses. For the cooling 22 

loads, actual energy use in the AU house was up to 4.8 times higher than the simulated. 23 

To understand the underlying causes, several influencing factors (including internal temperature 24 

conditions, climate, house form and urban context, construction quality, and processes and 25 

assumptions of national house rating tools) were analysed. It was found that a key challenge relates 26 

to a limited definition of the energy system (household energy use), focusing on technical issues 27 

and largely ignoring or simplifying existing and changing socio-cultural issues. Additionally, the 28 

paper argues for the need for extending the system boundary beyond individual buildings to 29 

neighbourhood, community and city scales. At both a building scale and community scale, deeper 30 

understandings of socio-cultural issues that impact on, and are impacted by, energy metabolism, 31 

are required. 32 
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1 INTRODUCTION 36 

In developed countries, energy consumption of buildings accounts for more than a third of total 37 

energy use [1, 2]. The potential of reducing energy use in buildings and hence CO2 emissions has 38 

been widely identified by governments, for example, by the UK Department of Energy and Climate 39 

Change [3, 4], and by Australian, State and Territory Governments, as defined by the Nationwide 40 

House Energy Rating Scheme (NatHERS) and adopted into building regulations via the National 41 

Construction Code (NCC) [5]. To achieve national targets, buildings can be rated for energy 42 

performance of the fabric and services at the design stage and may also be rated by comparison of 43 

actual annual fuel consumption [6]. National energy codes and standards have created lively 44 

debates on their practicality which has resulted in a raised awareness within the building industry 45 

and academia about the actions required to tackle climate change at an international level [7-9].   46 

While many studies have explored the potential of new materials and methods [10-12] to design 47 

energy efficient buildings, there is extensive evidence worldwide [13-18] suggesting that buildings 48 

do not usually meet the energy efficiency targets set at the design stage, although it is inconclusive 49 

whether this applies to all building types and all jurisdictions or climate zones. In order to 50 

understand and address the performance gap between design targets and the actual performance 51 

of buildings, Post Occupancy Evaluations (POE) of buildings are becoming increasing important to 52 

measure and compare actual performance with design intents. POE of buildings however are not 53 

carried out widely due to the time and cost associated with the exercise.   54 

Simulation tools are used to predict the future performance of buildings when built.  55 

Internationally there are numerous assessment tools ranging from advanced dynamic computer 56 

simulation programs, capable of representing complex interactions in buildings, to more simplified 57 

and stationary calculation methods and tools. While dynamic programs require extensive and 58 

detailed value input data, simplified tools may be used with less data and hence with limited scopes 59 

and capabilities. Hensen and Lamberts [19] provide a general view of the background and current 60 

state of building performance simulation programs. In addition to the physical characteristics of 61 

buildings (e.g. their forms and shapes) and thermal properties of their envelopes (e.g. the level of 62 

thermal insulation and mass), the life style and behaviour of occupants have profound effects on 63 

the overall performance of dwellings [20]. These inputs rely considerably on assumptions, which 64 

are often unknown or uncertain at the design stages [21]. In the building rating tools, these 65 

assumptions (e.g. standardised occupant behaviour profiles) are pre-defined for regulatory 66 

purposes, to enable comparison of buildings within the same context. Inaccurate or unrealistic 67 

assumptions may lead to a significant discrepancy between design expectation of energy use and 68 

the actual operation and energy use of individual houses and the housing stock in general. It could 69 

be argued that this is due in part to the lack of feedback to building designers during the post-70 

occupancy stage, hindering improvements to future designs [14]. The same argument could be 71 

applied to regulators: that a lack of feedback about actual operation of housing can hinder 72 

improvements in the assumptions applied to the building rating tools. 73 

POE of buildings is also useful to understand users’ behavior with regards to regulating the internal 74 

environment of the building to enhance their comfort, wellbeing and satisfaction [22, 23]. In 75 

buildings where the occupants can play a role in changing the conditions, as suggested by Nicol 76 

and Humphreys [24], the users’ natural tendencies are expressed in their adaptive approach to 77 

thermal comfort. The adaptive approach, as explained by Nicol et al [25], is mainly based on 78 

empirical observations in which the adaptive mechanisms operated by individuals, for example 79 

opening and closing windows, may be predicted to achieve comfort. The adaptive approach to 80 
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thermal comfort also suggests that people can tolerate a wider range of environmental conditions, 81 

for example temperatures, compared with the case in fully controlled buildings [26].  82 

In the United Kingdom (UK), the Standard Assessment Procedure (SAP) [27] is used as proof of 83 

compliance of dwellings with Part L1A of the Building Regulations [28] to evaluate the consumption 84 

of fuel and power to determine the performance of dwellings as designed. Similarly, in Australia 85 

(AU), NatHERS is used for evaluating the thermal performance of dwellings in the form of a star 86 

rating. These star ratings can be used to show a design meets the mandatory energy efficiency 87 

requirements for homes and major renovations based on the NCC [29].  88 

This study brings together researchers from the UK and Australia to analyze and compare the 89 

methodologies and results of POE projects recently conducted in these two countries. The aim of 90 

this study was to evaluate the performance gap of newly constructed light-weight single-family 91 

homes in the United Kingdom and Australia. The objectives of the study were to determine 92 

whether performance gaps existed and to compare and evaluate influencing factors that could 93 

account for differences in consumption as well as differences in performance gaps between 94 

households and between the two countries.  95 

2 RESEARCH METHODOLOGY 96 

This research uses a cross-national comparative case study approach. Case studies enable the in-97 

depth and longitudinal examination of housing within a real-world context and the utilisation of 98 

multiple sources of data [30]. The cross-national approach enables comparison of data taking into 99 

account differences such as governance, climate and culture. UK and Australia were selected for 100 

comparison because each has a national house rating system that gives a standardised measure 101 

that enables the energy performance of individual dwellings to be compared against national 102 

targets and compared with each other in a relatively meaningful and systematic way. These 103 

countries also have many similarities in governance, building practices and general cultural 104 

practices. 105 

The next section will review and compare SAP and NatHERS building performance tools and detail 106 

how these tools evaluate thermal performance of residential buildings. Section 3.2 describes the 107 

eight case study houses followed with the data collection methods. Then, the performance tools 108 

will apply to these houses to assess their thermal performance. Finally, a comparison will be made 109 

between the simulated and measured data to quantify performance gaps and identify contributing 110 

factors to these gaps.  111 

2.1 COMPARISON OF BUILDING PERFORMANCE ASSESSMENT TOOLS 112 

In this section SAP and NatHERS building performance assessment tools are reviewed and 113 

compared in terms of protocols, climates, thermal energy calculations and internal load 114 

assumptions. Some research suggests that the tools themselves could also contribute to 115 

performance gaps [31, 32]. 116 

2.1.1 PROTOCOLS AND TOOLS 117 

In the UK, SAP provides a home energy rating assessment protocol, using a procedure consistent 118 

with BS EN ISO 13790 and calculations are based on the BRE Domestic Energy Model (BREDEM) 119 

which is used for research purposes such as stock modelling [33]. The energy performance 120 

indicators used by SAP include fabric energy efficiency, energy consumption per unit floor area, 121 
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energy cost rating, environmental impact rating and dwelling emission rate [34]. Assessors can 122 

follow the protocol using the provided calculations, or use approved dynamic simulation software 123 

(accredited by BRE). Similarly, Australia’s NatHERS establishes the protocols and validates and 124 

standardises software (i.e. the tools) utilised for assessing the thermal performance of dwellings 125 

(as designed) for the purpose of compliance with the energy efficiency requirements of the NCC. 126 

Accredited software (Accurate, BERS Pro and FirstRate5) all use the same underlying thermal 127 

simulation engine (“CHENATH”) for performing the heat flux calculations [5]. NatHERS supports 128 

efforts to ‘reduce the energy and greenhouse gas impact of residential buildings’ and provides ‘a 129 

reliable way to estimate and rank the potential thermal performance of residential buildings’[35]. 130 

The only energy performance indicator is space heating and cooling load per unit floor area 131 

(presented separately and as a total, on an annual basis). Despite angst amongst those in industry 132 

regarding the assumptions used by NatHERS, many recognise that the engine and its calculations 133 

are highly trusted and that the use of such a scheme allows house designs to be compared fairly. 134 

The result is that NatHERS appears to be less concerned about the actual energy performance of 135 

individual homes than about the collective energy efficiency of the housing stock in each climate 136 

zone (hence the focus on comparison with other houses). 137 

2.1.2 CLIMATE FILES 138 

SAP is based on Typical Meteorological Year (TMY) weather files that are a ‘composite year’ of 139 

individually ranked months computed according to the Finkelstein-Schafer statistic from a 140 

historical data set [36]. Weather data is available for 21 regions and consists of tables of monthly 141 

averages of ambient temperature, wind speed (for calculating infiltration rate), mean global solar 142 

irradiance on a horizontal plane, and solar declination (same for all regions). NatHERS uses 143 

Reference Meteorological Year (RMY) weather files presented in a fixed record format of the 144 

Australian Climatic Data Bank (ABCB) [36]. The RMY files for the 69 climate locations currently 145 

available, are derived from Australian Bureau of Meteorology weather data from 1976 – 2004, 146 

giving annual long term averages [37]. RMY files for 14 additional climate locations were created 147 

in 2011 and new RMY files reflecting recent climate were created in 2016/17 (derived from half-148 

hourly and synoptic data for the period 1990 – 2015) [38], yet these files are not yet approved for 149 

use in NatHERS.  150 

2.1.3 THERMAL ENERGY CALCULATIONS 151 

SAP calculates the mean monthly internal temperature separately for the living room and the rest 152 

of the dwelling. The ‘Space Heating Requirement’ is calculated from internal and external 153 

temperatures and the heat transfer coefficient, allowing for internal and solar gains (SAP 2012 154 

section 9). It then calculates the fuel / electricity requirements to meet this load, on a monthly 155 

basis, taking into account the efficiency of the heating system. It is assumed that the dwelling has 156 

heating systems capable of heating the entire dwelling. Assessors are required to enter an 157 

infiltration rate, either from a pressurisation test or from SAP worksheet calculations. SAP 2012 158 

can evaluate the likelihood of dwellings experiencing high temperature in hot weather, 159 

represented as a single calculation of the predicted average internal temperature each month for 160 

the three summer months (June – August) compared to a temperature threshold (Table 1). Cooling 161 

loads, however, are not calculated or included in the SAP rating or CO2 emissions. Dwellings with 162 

fixed air-conditioning systems can include cooling loads in the dwelling emissions rate and the 163 

cooling pattern is assumed to be 6 hours / day for a specific part of the dwelling (SAP 2012 164 

Appendix P, Tables 10a and 10b) 165 

TABLE 1. Overheating likelihood (from SAP2012, Appendix p) 166 
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Tthreshold Likelihood of high internal temperature during hot weather 

< 20.5°C Not significant 

≥20.5°C and < 22.9°C Slight 

≥22.0°C and <23.5°C Medium 

≥23.5°C High 

 167 

NatHERS’ underlying CHENATH engine couples a frequency response multi-zone thermal model 168 

[39] and a multi-zone infiltration and exfiltration air flow model [40]. Internal temperatures (for 169 

each zone) are calculated on an hourly basis, to derive the seasonal (heating or cooling) and annual 170 

total space heating and cooling loads. NatHERS requires all conditioned spaces to maintain a range 171 

of thermal comfort, based on an adaptive comfort model, assuming that occupants can adapt 172 

themselves to the outdoor environment and accept a wider range of indoor conditions [37]. The 173 

cooling thermostat for each climate zone is calculated using the following equation:  174 

𝑇𝑛 = 17.8 + 0.31 𝑇𝑚 175 

Where Tn is the neutral temperature for January (summer) and Tm is the mean January ambient air 176 

temperature for each climate zone. According to NatHERS, all conditioned spaces must not fall 177 

outside of thermal comfort range (i.e. 22.5-28.5°C). If Tn is greater than the upper limit of 28.5°C, 178 

the cooling thermostat is set to 28.5°C and if Tn is smaller than the low limit of 22.5°C, the cooling 179 

thermostat is set to 22.5°C [37]. For the heating thermostat, three different heating setpoints are 180 

defined by NatHERS in Australia to account for occupants’ expected clothing level, function of the 181 

space and time of day. For sleeping spaces, the heating thermostat setting is 18°C (7.00am to 182 

9.00am and 4.00pm to midnight) and 15°C from midnight to 7.00am. For living spaces, the heating 183 

thermostat setting is set to 20°C (as shown in Table 2). 184 
 185 

In summer it is assumed that indoor adjustable shades (e.g. blinds and curtains) are closed between 186 

18:00 and 07:00 and at other times (to restrict solar heat gain) if each of these three conditions 187 

are met: (i) outdoor temperature exceeds the cooling thermostat setting + 2.5°C; (ii) the incident 188 

solar irradiance on glazing exceeds 200 W/m2; and (iii) there is no outdoor blind / shade or it cannot 189 

be utilised. Any adjustable outdoor shading that has been drawn into the building geometry is 190 

assumed closed when the incident solar irradiance on glazing exceeds 75 W/m2 and when the 191 

outdoor temperature is higher than 26°C or the cooling thermostat setting (if cooling thermostat 192 

setting is <26°C.)[37]. The thermal calculations are then adjusted to incorporate a three stage 193 

approach to achieving thermal comfort for occupants: natural ventilation (i.e. occupants will 194 

operate doors and windows to manage thermal comfort) when the external conditions are better 195 

than those inside; cooling via mechanical air movement (e.g. ceiling fans will be used to provide a 196 

cooling effect in summer); and adding / extracting energy via heating and cooling appliances [5]. It 197 

is questionable whether these assumptions about the operation of the building by occupants are 198 

valid, although building automation theoretically would make these actions feasible. 199 

2.1.4 HOUSE ZONING, OCCUPANCY AND INTERNAL LOADS  200 

SAP divides dwellings into two zone models: living area with the 21°C heating set point, and the 201 

rest of the dwelling with the lower heating set points (refer to Table 2) [41]. Occupancy 202 

assumptions are based on the dwelling’s floor area but limited to a small range (1 - 3.5 persons per 203 

dwelling). The majority of homes in the UK are between 50-100m2, and the SAP formulae results 204 

in an average dwelling size of 90m2 having an average occupancy of 2.62 [42, 43]. SAP’s heating 205 
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and cooling regimes are shown in Table 2, with different regimes for weekdays and weekends, and 206 

between living and sleeping zones. Some sources of internal heat gains have established equations 207 

required by SAP, e.g. metabolic gains (50W per occupant), water heating, pumps and fans internal 208 

heat losses (warming associated with incoming cold water and evaporation). Other internal heat 209 

gains have baseline SAP equations (based on floor area) and discretionary values (e.g. actual known 210 

values) can be entered by the SAP assessor (e.g. lighting, appliances and cooking) [42]. These heat 211 

loads are calculated on an annual basis. Some adjustments to occupancy parameters can be 212 

applied if a SAP assessment relates to a particular household, such as using actual number of 213 

occupants rather than floor area to determine water heating energy, adjusting heating times and 214 

temperatures, and verifying calculated energy costs against actual energy bills [44]. 215 

NatHERS also has sleeping and living zones (considered conditioned) but assumes at least one 216 

unconditioned utility zone (e.g. a bathroom or laundry) in each house. The smallest utility room 217 

must be simulated as unconditioned, while other utility rooms should be simulated according to 218 

their expected use (e.g. en-suite bathrooms are typically modelled as conditioned). The ‘default’ 219 

number of occupants is 2 adults and 2 children, based on a total floor area of 160 m2 (80 m2 for 220 

living and 80 m2 for bedroom zones). An algorithm adjusts the number of occupants up or down 221 

for different sizes of dwellings; this is summarised below, where NBR is the number of bedrooms, 222 

A is the house floor area in m2. The number of occupants is not rounded off [45]. 223 

Number of Occupants = max (1+ 0.66 × NBR, A/ 50) 224 

Internal latent heat loads and the sensible heat loads of occupants, lighting, appliances and cooking 225 

activities, are allocated per zone per hour (based on a 160m2 dwelling with two adults and two 226 

children) [37]. No detail is given as to how (and when) these loads were calculated. Assumptions 227 

about thermal set points and occupancy patterns are shown Table 2 with no distinction made 228 

between weekdays and weekends. No adjustments to the occupancy parameters are possible (if 229 

using the software for regulatory purposes), however the accredited software does allow for a 230 

level of customisation (for non-regulatory purposes), known as non-rating mode. 231 

 232 
Table 2 . SAP and NatHERS fixed assumptions of occupancy hours, zones and thermal settings 233 

Assumptions SAP regulatory settings NatHERS regulatory settings 

Thermostat 
settings 

Heating 

≥21°C in living areas ≥ 20°C in living areas 07:00 – 24:00 
≥ 18°C in bedrooms 07:00 – 09:00 
and 16:00 – 24:00 
≥ 15°C in bedrooms 00:00 – 07:00 

≥18°C in bedrooms  

Cooling 24°C Ranges from 22.5-28 °C during 
hours of occupancy depending on 
climate zone 

Heating operation 
hours 

Weekdays in living areas 07:00 – 09:00 
and 16:00-23:00 

 

Weekends in living areas 07:00 – 23:00  
All days in bedrooms or elsewhere 
07:00 – 09:00 and 18:00-23:00a 

 

Cooling operation 
hoursb 

6 hours/day  

a Dwellings with the heating control type 3 (as defined in [46])  
b There were no cooling systems in the UK homes in this study 

 234 
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2.1.5 SIMULATION OUTPUT 235 

From a building regulation perspective, SAP generates an energy efficiency index, ranging from 1 236 

to 100, and estimates the annual primary energy (kWh), carbon emissions (CO2)and cost (£) for 237 

space heating, hot water and lighting of the dwelling [34, 47]. Building regulations in England 238 

require meeting a Target Emissions Rate (TER) and a Target Fabric Energy Efficiency (TFEE). Wales 239 

sets values for a Target Emissions Rate. NatHERS uses the predicted heating and cooling thermal 240 

energy (MJ/m2) to determine an energy star rating (0 to 10 stars), with a 10 star design assumed 241 

to need no or little space heating or cooling. An ‘area correction factor’ is applied to recognize that 242 

small dwellings may have a higher surface area to internal volume ratio, and higher window to 243 

floor area ratio, than otherwise equivalent larger dwellings. The correction factor acknowledges 244 

that while smaller dwellings can have higher MJ/m2 than their larger counterparts, their overall 245 

energy use (for space heating / cooling) will be lower, as heat transfer through the building fabric 246 

is proportional to the building surface area [6]. The default ‘neutral’ building size is 196m2 (the 247 

average size of new dwellings at the time the correction factor was first instigated), and the actual 248 

energy rating of a dwelling is adjusted up or down according to its deviation from this ‘neutral’ size 249 

[48]. Thermal energy requirements are communicated through ‘star ratings’ – a 10 band system 250 

where 1 star in any climate equates to a building with virtually no thermal resistance, and a 10 star 251 

house equates to a building requiring no or very little space heating or cooling. The relative 252 

construction challenges and costs associated with meeting thermal performance requirements in 253 

69 disparate climate zones is addressed by assigning different energy requirements (MJ/m2) to 254 

each star band, for each climate (i.e. the current minimum requirement for 6 stars is nationally 255 

consistent, but the MJ/m2 allowed to achieve 6 stars varies between climate zones). A NatHERS 256 

rating also does not include calculations on the energy consumption for lighting and hot water, 257 

total primary energy consumption nor energy costs. The main outputs of SAP and NatHERS are 258 

summarised in Table 3. Note that this analysis is based on the regulatory mode of the relative 259 

schemes.  260 

Table 3. Form and design standard of UK houses 261 

Scheme 
Space 

heating 
needs 

Space 
cooling 
needs 

Total space 
conditioning 

Lighting 
energy 

and cost 

Water 
heating 
energy 

and cost 

Primary 
energy 

Carbon 
emissions 

Photo-
voltaics 

(PV) 

SAP Y Na N Y Y Y Y Yb 

NatHERS Y Y Y Nc Nc Nc Nc Nc 
aCooling loads are not included in SAP2012 rating or CO2 emissions. Refer to section 3.1.3. 
bEmissions saved by energy generation technologies are used to calculate net CO2emissions attributable to 
the dwelling. This is indicated by an Environmental Impact Rating (EI) where EI 100 = zero net emissions. It 
can rise above 100 if the dwelling is a net exporter of energy. 
c Next generation software AccuRate Sustainability incorporate these performance indicators but it is not 
yet approved for NatHERS accreditation [49, 50]. 

 262 

In addition to the previously mentioned functions, SAP can also be used to for a number of other 263 

functions, such as calculating net energy / cost / emissions (Appendix M), rate existing dwellings 264 

using ‘reduced data SAP’ linked with other data sets (Appendix S) and provide ranked 265 

recommendations for building improvement for inclusion in an Energy Performance Certificate 266 

(Appendix T). NatHERS, on the other hand, is restricted at the current time to rating new dwellings 267 

(or dwelling with significant alterations) ‘as designed’.  268 

2.2 CASE STUDY SINGLE FAMILY HOMES 269 
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Four homes in the UK (City of Gainsborough) and 4 homes in 4 different regions in Australia (Perth, 270 

Broadford, Mount Gambier and Toowoomba) were used for this comparative analysis. These eight 271 

specific single-family homes were selected because they were all recently constructed (2012-272 

2015), were light-weight buildings utilising similar construction materials (structural insulated 273 

panels) and were each designed to perform higher than current minimum requirements in their 274 

respective country. (Note regarding Australian case studies: By 2011, all Australian states and 275 

Territories, except the Northern Territory, had adopted a minimum energy performance 276 

requirement of 6 stars. While Queensland regulations permit a lower standard of building thermal 277 

performance if a house has a grid connected PV system or outdoor living area, no such concessions 278 

were considered in this study). Also, all case study houses are in the same broad climate zone 279 

(temperate) as per KÖppen’s climate classifications [51]. Images of the homes are shown in Figure 280 

1 and Figure 2. The form, size and design intent of the homes are summarised in Table 4 and Table 281 

5 while Table 6 and Table 7 summarise the main construction elements of each house. Table 8 282 

shows the long-term summer and winter climatic conditions of each of the locations, based on 283 

meteorological data for each location.  284 

         285 
Figure 1  . UK houses Gainsborough (a) south elevation, UK_H1 in foreground; b) east elevation 286 

 287 

   288 
(a) AU_H1, Perth (b) AU_H2, Broadford 289 

   290 
(c) AU_H3, Mt Gambier (d) AU_H4, Toowoomba  291 

Figure 2. AU houses in a capital city (a), rural area (b) and regional cities (c, d) 292 
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Table 4 . Form and Design Standard of UK Houses 293 

 294 

Table 5 . Form and design standard of AU houses 295 

 AU_H1 AU_H2 AU_H3 AU_H4 

Environment 
(Terrain exposure 
category) 

Suburban 
terrain (capital 
city, pop. 1.7m) 

Exposed open 
terrain (rural, 
pop.  4,320) 

Suburban 
terrain 
(regional town, 
pop. 26,000) 

Suburban 
terrain 
(regional city, 
pop.  110,000) 

Form Detached single family homes (owner occupied) 

Storeys 1 1 1.5 1 

Internal floor area 296m2 232m2 278m2 323.2m2 

Internal volume 902.8m3 846.6m3 876.4m3 775.6m3 

Ceiling Height 2.5 - 4.1m 2.7 - 4.2m 2.7 - 4.0m 2.4 - 6.2m 

Glass: floor area 
ratio 

16% 35% 11.8% 15% 

Construction year 2015 2015 2015 2013 

Rooftop PV system Nil 4.5kWp 3kWp 3kWp 

Design standard 
(NatHERS)a  

6 Stars  
T: 70MJ/m2 

6.2 Stars 
T: 185.8 MJ/m2 

7.1 Stars 
T: 101.2 MJ/m2 

6.5 Stars 
T: 69 MJ/m2 

Design standard 
(NatHERS)b  

T:66.9MJ/m2 
C:39.5MJ/m2 
H:27.4MJ/m2 

T:185.1MJ/m2 
C:9.5MJ/m2 
H:176 MJ/m2 

T:99.2MJ/m2 
C:13.8MJ/m2 
H:85.4MJ/m2 

T:62.8 MJ/m2 
C:44.6 MJ/m2 
H:18.2 MJ/m2 

a = area-adjusted (discussed further in Section 3.5.5). 
b =area-unadjusted. 
T = Total space heating and cooling load; C = summer cooling load; H = winter heating load 
Design standard: applies only to assessment of the building envelope (as designed) in relation 
to space heating and cooling.  

 296 

 Table 6. Specification of main construction elements for 4 UK case study houses 297 

Elements Summary specific characteristics U-value 
(W/m2K) 

Ground Floor 
Proprietary suspended concrete beam and block with 20mm 
insulation 

0.12 

External Walls 
142mm Structural Insulated Panels (SIPs) finished in Brick or 
render clad 

0.14 

Party Walls Open panel timber frame  

 UK_H1 UK_H2 UK_H3 UK_H4 

Environment Dense urban environment in regional city (pop. 17,000) 

Form Attached single family homes (rented) 

Storeys 2 2 2 3 

Internal floor area 64.68m2 70.56m2 64.68m2 98.28m2 

Internal volume 161.7m3 176.4m3 161.7m3 252.25m3 

Ceiling height 2.4m ground floor, 2.6m other floors 

Glass: floor area ratio 25.8% 18.3% 18.6% 21.1% 

Construction year 2012 

Rooftop PV system 3kWp 3kWp 3kWp 3.5kWp 

Design standard Code for Sustainable Homes Level 5 (requires 100% reduction in 
emissions from regulated energy under SAP) 

All data as per the respective SAP 2009 reports created using SAP Calculator 3.57   
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Roof 
Single ply roofing membrane fixed to 142mm SIPs and 50mm 
rigid insulation 

0.12 

Door 
Munster EcoClad timber board effect with triple glazed side 
screen 

1.20a 

Windows Munster EcoClad triple glazed windows 1.15a 
aU-values as recorded on SAP report; U-values reported by manufacturer are slightly different 
from these figures 

 298 

Table 7 . Specification of main construction elements for 4 AU case study houses 299 

Dwelling AU_H1 AU_H2 AU_H3 AU_H4 

Ground Floor Concrete slab 
on ground 

(uninsulated) 

Concrete slab 
on ground 

(uninsulated) 

½ Concrete slab 
on ground 

(uninsulated);  
½ Suspended 

Timber 
(insulated U 0.2) 

Concrete slab on 
Waffle Pod (EPS 

insulation) 

External Walls 140mm Steel Structural Insulated Panels (140mm) of SL Grade FR Polystyrene 
(k = 0.038 W/mK) sandwiched between 0.6mm steel skins. Mass 12.5 kg/m2; 
R 3.69 at 20oC (U-value 0.27 W/m2K), external skin raw or with acrylic render 

Roof  Steel Structural Insulated Panels of SL Grade FR Polystyrene (k = 0.038 W/mK) 
sandwiched between 0.42 (flat) and 0.6mm (profiled) steel skins. Mass 

11.98kg/m2; R 4.1 at 20oC (U-value 0.24 W/m2K) 

Glazing 
Specifications  

U-value 6.57 
SHGC 0.74 

U-value 4.8 
SHGC 0.59 

U-value 2.05  
SHGC 0.38 

U-value 6.57   
SHGC 0.74 

NOTE: all material specifications (e.g. R, U, SHGC) as provided by the respective manufacturers,  
recorded on the approved building plans and incorporated into NatHERS simulation 

 300 

Table 8. Long Term Climate conditions of AU and UK case study houses  301 

Location AU_H1a AU_H2b AU_H3c AU_H4d UK_H1-4e 

Latitude   
Longitude 

31.92°S              
115.87°E 

37.2°S 
145.05°E 

37.75°S              
140.77°E 

27.54°S              
151.91°E 

53.4°N 
0.77°W 

Climate 
descriptionf  

Hot-summer 
Mediterranean  

 
Csa 

Temperate 
Oceanic  

 
Cfb 

Warm-
summer 

Mediterranean 
Csb 

Sub-
tropical 

Highland 
Cwb 

Temperate 
Oceanic  

 
Cfb 

Summer Conditions (Dec, Jan, Feb in AU; Jun, Jul, Aug in UK)  
Tmeanmax °C 30.7 23.9 24.5 27.6 20.4 
Tmeanmin °C 17.6 11.8 11 17.2 11.1 
RH 9ammean % 51.3 74.7 64.7 71.0 NA 
RH 3pmmean % 39.3 49.3 45.3 52.0 NA 
Rain mean total mm 38.4 142.9 88 307.1 173.7 

Winter Conditions (Jun, Jul, Aug in AU; Dec, Jan, Feb in UK) 
Tmeanmax °C 19 9.8 13.7 17.3 6.8 
Tmeanmin °C 8.2 4.4 5.5 7.2 0.8 
RH 9ammean % 77.7 90.3 86.3 71.0 NA 
RH 3pmmean % 55.7 78.7 70.7 48.7 NA 
Rain mean total mm 403.1 190.5 290.3 95.5 138.5 

Mean annual 
temperature(°C) 

18.3 12.5 13.9 17.6 9.6 

a Australian Bureau of Meteorology Station 009021 Perth Airport, WA 
b Australian Bureau of Meteorology Station 026021 Mount Gambier Aero SA 
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c Australian Bureau of Meteorology Station 088162 Wallan VIC 
d Australian Bureau of Meteorology Station 041529 Toowoomba Airport QLD 
e UK Met office Scampton 1981-2010 
f Köppen Climate Classification [51]  
NA = not available 

 302 

2.3 DATA COLLECTION AND ANALYSIS METHODOLOGY 303 

The simulation of AU and UK houses were conducted by using the relevant nationally accredited 304 

software, NatHERS (AccuRate) and SAP, respectively. Both SAP and NatHERS tools uses steady state 305 

principles to provide dynamic simulations of heat gains, losses and internal temperatures, 306 

assuming ‘standard’ occupancy and heating/cooling patterns to enable comparison with other 307 

dwellings independent of occupancy influenced variables [52]. Neither mechanism, without 308 

customisation, purports to give a prediction of the actual heating/cooling energy use of a specific 309 

dwelling when occupied by a specific family. The broad similarities of both mechanisms are 310 

summarised in  Table 9.  311 

 312 

Table 9. Similarities between UK and Australian dwelling thermal performance mechanisms 313 

 Broad similarities between SAP and NatHERS 

1 Require detailed input of spatial and construction components of the dwelling (as 
designed) 

2 Use weather data files as determined by the respective authority 
3 Calculate heat gains and losses through the building envelope  
4 Determine annual heating / cooling loads to meet established internal temperature 

setpoints 
5 Have a multi-zonal approach to indoor temperatures (i.e. bedrooms and living rooms)  
6 Adjust occupancy numbers based on area of the dwelling 
7 Make assumptions about occupancy patterns, latent heat loads and heating/cooling 

schedules 
8 Have been validated [5, 53, 54], but occupancy assumptions have been questioned [52, 

55]. 

 314 

Table 10 shows actual and assumed occupancy: SAP calculates occupants based on total floor area 315 

as follows [46]: 316 

𝐼𝑓 𝑇𝐹𝐴 ≤ 13.9:  𝑁 = 1 317 
𝐼𝑓 𝑇𝐹𝐴 > 13.9:  𝑁 = 1 + 1.76 × [1– 𝑒𝑥𝑝 (−0.000349 ×  (𝑇𝐹𝐴 − 13.9)2)] + 0.0013 × (𝑇𝐹𝐴 − 13.9) 318 

where N is the assumed number of occupants and TFA is the total area of dwelling. The NatHERS 319 

formulae (mentioned previously), however, includes floor area and number of bedrooms. While 320 

the SAP calculation shows good correlation with actual occupant numbers, the NatHERS formulae 321 

does not correlate with the actual occupancy of AU_H1, AU_H2 and AU_H4, raising questions 322 

about the validity of the algorithm.  323 

Table 10.  Comparison of simulated and actual number of occupants 324 

 UK_H1 UK_H2 UK_H3 UK_H4 AU_H1 AU_H2 AU_H3 AU_H4 

Actual 
Occupancy 

2 3 3 3 4 
(2A+2C) 

2 
(2A) 

5 
(2A+3C) 

2 
(2A) 

Assumed 
by model  

2.18 2.31 2.14 2.75 5.92 4.64 5.56 6.46 
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A = Adult 18 or over; C = Child (i.e. under 18) 

 325 

Each house was evaluated for energy performance at the design stage in accordance to each 326 

jurisdiction’s regulatory requirements: SAP2009 for the UK houses 327 

(https://www.bre.co.uk/sap2009/page.jsp?id=1642) and NatHERS for the AU houses 328 

(www.nathers.gov.au). Quantitative measurements and forensic investigations using 329 

environmental monitoring and diagnostic testing provided data about the technical performance 330 

of the case study houses. Energy use and internal and external temperatures of dwellings were 331 

monitored from July 2012 to September 2014 in UK, and from July 2014 to December 2016 in AU. 332 

In order to ensure that monitoring devices consistently take accurate measurements, 333 

commissioning tests, data cleansing and data reliability processes were implemented on a regular 334 

basis to identify and account for missing or erroneous data. Each of the houses was subject to an 335 

air leakage test in accordance with the procedures specified by the British Institute of Non-336 

Destructive Testing (BINDT) using an air pressurisation/depressurisation technique (ATTMA TS1) 337 

(for UK homes) and ASTM E779 (for Australian homes) incorporating the whole building envelope 338 

at an imposed pressure of 50 Pa.  Socio-technical methods such as structured interviews, 339 

observation, document examination and post-occupancy evaluation provided qualitative data 340 

about the houses, their occupants and the national rating systems with which they had to comply. 341 

Evaluation of these multiple data sets within the defined climatic and social contexts is a typical 342 

real-world approach to building evaluation [56] and enables comparison of building attributes 343 

(technical issues) with inhabitant’s perceptions (social issues) [57]. Data was evaluated to compare, 344 

for each house, measured energy consumption against ‘as designed’ performance. Data was then 345 

normalised to enable comparison between houses and countries. The following section discusses 346 

the results of comparisons of predicted versus actual consumption and possible influencing factors: 347 

internal temperature conditions and climate, house form and urban context, and construction 348 

quality. 349 

3 RESULTS AND DISCUSSION 350 

3.1 PREDICTED AND ACTUAL ENERGY CONSUMPTION AND GENERATION 351 

The annual predicted and measured energy performance for space heating/cooling, hot water and 352 

PV generation is compared in Table 11 . For normalisation between all case study houses: 353 

• energy for space heating/cooling is expressed in terms of energy consumption relative to 354 

floor area (total floor area for UK houses, conditioned floor area for AU houses); 355 

• water heating is relative to number of occupants; and 356 

• solar generation is gross measured output per kW peak of the installed PV systems. 357 

Note that the AU houses were all electric (i.e. no gas services) and all electrical circuits were 358 

monitored, enabling a breakdown of energy consumption per service. The monitoring systems for 359 

the AU houses include a Home Energy Management System (HEMS) – AuziMAX by Enopte.  The 360 

HEMS were customised for the four case study homes to collect data from all electrical circuits in 361 

one-minute intervals and store them in a cloud-based platform. Two temperature and humidity 362 

sensors (HS109) were installed in the main living room and main bedroom, and connected to the 363 

HEMS. For the UK houses, a Wi5 data hub GPRS wireless data logger was installed in House 3 to 364 

process data collected from all four houses. All data was continuously collected at 5 min intervals. 365 

https://www.bre.co.uk/sap2009/page.jsp?id=1642
http://www.nathers.gov.au/
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External air temperature and relative humidity were measured using an on-site weather station. 366 

Gas meters were used to measure the fuel, however, sub meters were not used to differentiate 367 

between the energy used for space heating and hot water heating separately. A detailed 368 

explanation of the measurement methodology for the UK houses is provided in [58].  369 

Table 11. Comparison of simulated and measured annual energy consumption of case study houses 370 

  UK_H1 UK_H2 UK_H3 UK_H4 AU_H1 AU_H2 AU_H3 AU_H4 

Heating  
(kWh/m2/yr) 

Simulated 27.71 a 32.78 a 30.39 a 28.87 a 7.61b 48.89 b 23.72 b 5.06 b 
Actual 49.98 a 23.88 a 22.88 a 35.78 a No  2.63d (11.52) 11.64d (52.38) 0 

Cooling load 
(kWh/m2/yr) 

Simulated No a No a Noa No a 10.97b 2.64 b 3.83 b 12.39 b 
Actual No  No  No  No  No  3.84d (17.13) No  0 

Water heating 
(kWh/pp/yr) 

Simulated 1121.8 770.1 738 854 NA NA NA NA 
Actual 976 2439 1131 1028.6 NA 1396 1106 421 

PV generation 
(kWh/yr) 

Simulated 862 862 862 862 No PV 1370c 1411c 1666c 

PV generation  
(kWh/kWp/yr) 

Actual 940 927.5 953.5 860.6 No PV 908 1466 1066 

NA = Not Available 
a SAP calculates cooling loads but only heating loads are used in the rating. As none of the UK homes had space cooling 
appliances, the very small simulated cooling load was ignored. These loads are presented as electrical loads, taking into 
consideration the type and efficiency of the space heating equipment to be installed. 
b Although NATHERS calculates both heating and cooling loads (Total in MJ/m2), which is then area adjusted used for 
regulatory purposes (refer to section 2.1.5), the values quoted here show area-unadjusted thermal energy in kWh/m2. 
c NatHERS does not simulate PV generation. AU figures provided here are expected PV output based on solar radiation 
and assumed installation practices (e.g. orientation, tilt etc)  
d These figures are measured electrical energy, whereas NatHERS simulations are thermal energy. The figures in brackets 
convert the measured electrical energy into equivalent thermal energy, taking into account the COP / EER of the heating 
/ cooling appliances. 

 371 

The simulated heating loads (presented as electrical loads) for the UK houses are similar. UK_H1 372 

and UK_H4 though being end terraced, have lower simulated heating demands per square meter 373 

of their total floor area as compared with the mid terraced ones (i.e. UK_H2 and UK_H3), believed 374 

to be due to combined effects of different characteristics of the houses. For example, there are 375 

differences in the ratios of total external envelope area (external walls, doors and windows, roof 376 

and ground floor) to total floor areas. The corresponding ratios are 2.39, 2.95, 3.07 and 2.22 for 377 

houses 1, 2, 3 and 4 respectively. Another factor contributing to the variations in calculated heating 378 

loads is the differences in the solar gain potentials. In the month of January for example, the 379 

estimated solar gains are of the order of 147.48W, 77.89W, 72.59W and 103.65W in UK houses 1, 380 

2, 3 and 4 respectively.  381 

The simulated heating and cooling loads of the AU houses (presented as thermal loads) differ as 382 

expected, given the different climate zones. AU_H2 and AU_H3 are in heating dominated climates 383 

(look at the difference between heating and cooling load), while AU_H1 and AU_H4 have a cooling 384 

demand that is slightly higher than the heating demand. Refer to section 3.2 for further comparison 385 

of the impact of climate.  386 

Figure 3 shows the simulated and actual electrical heating and cooling loads of the eight houses. 387 

The simulated thermal loads of the AU houses have been converted to electrical loads using an 388 

assumed COP of 3.5 for heating and EER of 3.3 for cooling. These are considered typical conversion 389 
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efficiencies for reverse-cycle air conditioners in Australia and were used by Goldsworthy for 390 

simulation of Australian heating and cooling loads [59]. Comparison of all eight houses show five 391 

of the houses (UK_H2, UK_H3, AU_H1, AU_H2, AU_H4) used less space heating energy than 392 

simulated. The actual heating loads of UK_H1 and UK_H4 were 180% and 124% of the simulated 393 

demands respectively, while UK_H2 and UK_H3 used 73% and 75% respectively of simulated 394 

demands. AU_H1 and AU_H4 used no mechanical space heating. AU_H2 and AU_H3 measured 395 

heating electrical energy use were 19% and 172% of their respective simulated heating demands. 396 

The discrepancy for AU_H2 is attributed to this house’s context (rural environment where wood 397 

heaters are permitted) and heating technology (a high efficiency wood heater using timber sourced 398 

on site is used by the occupants in preference to the reverse-cycle air conditioner). Neither the 399 

heating technology nor the energy source (onsite renewable biomass) are options for the 400 

simulation software or for urban environments. There is a large discrepancy between the 401 

simulated and actual heating load of AU_H3, despite the COP of the installed heat pump being 402 

considerably better than the assumed COP used in converting thermal load to electrical load (i.e. 403 

COP 4.5 actual compared to COP3.5 assumed). The performance discrepancy is partly due to this 404 

family’s indoor temperature preferences compared to simulation tool assumptions (refer to Figure 405 

6 and Figure 7 and Table 2).  The occupants sought to mitigate the carbon emissions impacts of 406 

their thermal comfort preferences by scheduling the heating system to only operate during solar 407 

hours (hence potentially maximising renewable energy utilisation for space heating). 408 

Only one house (AU_H2) used space cooling, even though all AU houses had a simulated (though 409 

small) thermal cooling load. AU_H1 did not have any fixed heating/cooling appliances installed and 410 

AU_H4 had not utilised the reverse cycle air-conditioner that was installed. The measured cooling 411 

load of AU_H2 was 480% of the simulated load (though both the simulated load and actual load 412 

are quite small). Despite this, the total measured space heating and cooling load for this house was 413 

only 55% of the total simulated load. With the exception of AU_H3, the Australian homes had 414 

significantly less measured space heating and cooling loads than the simulated ones. A potential 415 

reason is that these occupants tolerated a wider range of temperatures than those assumed by 416 

the adaptive comfort model (refer to Fig 6). Some other contributing factors are the tendency of 417 

Australians to heat or cool specific rooms for short periods of time, rather than all conditioned 418 

spaces all the time [59], and the ‘under occupation’ of Australian homes (e.g. more bedrooms than 419 

occupants). AU_H3, in contrast to other AU houses, had a thermal load more than double the 420 

simulated load. Some potential reasons for this high actual load are: the number of occupants (no 421 

unoccupied bedrooms in AH_H3), a centralised heating system (hydronic floor heating from a heat 422 

pump system) and a narrow indoor temperature band (refer to Figure 6 and Figure 7).  423 
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424 
Figure 3. Comparison of simulated and actual space heating and cooling (electrical) energy 425 

The estimated hot water demands for the UK houses are also shown in Table 11, revealing that 426 

UK_H2 consumed significantly more hot water than the three neighbouring properties.  The actual 427 

hot water energy consumption in the AU houses also varied widely, for example, AU_H2 consumed 428 

1396 (kWh/pp/yr), which is 3.3 times more than AU_H4. The climate could be a contributing factor 429 

to this discrepancy (refer to Table 8) between two houses with the same occupancy (2 adults). 430 

AU_H2 is in the coldest of the four Australian climates, has the highest number of heating degree 431 

days (HDD) and conceivably would have a lower cold water inlet temperature compared to other 432 

locations. This was seen for 12 monitored water heater systems scattered across Adelaide, by 433 

Whaley et al. (2014) [60], where the average monthly cold water inlet temperature varied by as 434 

much as 7°C for each month, when compared to those assumed by Australian Standards used to 435 

predict heated water system energy consumption. Interestingly SAP takes into consideration, from 436 

a national perspective, variations in cold water temperatures (SAP 2012 Table R1) and assumes a 437 

‘standard’ 125 l/pp/day.  438 

NatHERS does not consider water heating, although water efficiency and the efficiency of water 439 

heating are included in other sections of Australia’s NCC. Occupant water usage patterns are also 440 

implicated, for example, AU_H2 – a 2 person household – uses more hot water than AU_H3 – a 5 441 

person household. Possible explanations for the wide variation in hot water consumption figures 442 

across all eight houses include: occupants’ personal bathing habits (e.g. frequency of washing; 443 

preference for  showers or baths; duration of shower); clothes washing frequency and habits (e.g. 444 

nappies or heavily soiled work clothes that might require higher water temperatures); plumbing 445 

fixtures (e.g. flow rate of showers) and the energy efficiency of the type of hot water service (e.g. 446 

solar, gas, electric resistive element, heat pump).  447 

The simulated and actual electricity generated by the rooftop photovoltaic systems is also shown 448 

in Table 11. For the UK houses, actual electricity generated by PV panels varies from 860.6 449 

(kWh/kWp/yr) for UK_H4 to 953.5 (kWh/kWp/yr) for UK_H3, respectively. Appendix M in SAP gives 450 

the expected output of PVs in the range of 720 – 940 kWh/kWp/yr. This would indicate that these 451 

PV systems have been installed with due consideration to their orientation, tilt and possible 452 

shadowing, applicable for their climate. The approximately 10% difference in performance 453 
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between the 3.5 kWp system of UK_H4 and the other systems could be attributed to a difference 454 

in the matching of the inverter to PV configuration.  455 

Although NatHERS does not include PV generation in its simulations, Table 11 still compares the 456 

annual expected output for the AU houses. The same metric of kWh/kWp/yr is presented, and it 457 

shows that of the three AU houses fitted with a solar PV system, two appear to be 458 

underperforming, whilst the other (AU_H3) has generated slightly more solar energy than 459 

expected. The differences in normalised output of the PV systems could be attributed to several 460 

factors including: rooftop shading, the differences in irradiance levels, the inverter rating 461 

compared to PV system size, the types of inverters used (central vs. micro), cable lengths and 462 

inverter technologies. A previous study by Whaley et al. (2014) [61] showed that households with 463 

monitored solar PV systems can underperform due to shading, installation issues such as incorrect 464 

connections, blown fuses and offline systems (residents unaware of inverters that have tripped). 465 

Whaley et al. (2018) [62] also showed that almost every household with access to monitored data 466 

from their solar PV system (e.g. a smartphone app or web portal data) was unable to interact with 467 

the information to sufficiently determine if their PV system was operating at the correct level. 468 

Many householders were alerted to system issues only once bills arrived that were higher than 469 

expected, as their solar credits had vanished. This took about 12 months to notice and resulted in 470 

a large amount of missed solar energy generation. These findings are significant in light of policies 471 

promoting net zero energy buildings. 472 

The following section examines climatic conditions and measured indoor temperatures to 473 

determine to what extent these factors may influence actual space heating and cooling loads. 474 

3.2 INFLUENCE OF CLIMATE CONTEXT AND INTERNAL TEMPERATURE 475 

CONDITIONS 476 

The climatic contexts of the 2 sets of houses were shown previously in Table 8 , comparing the 477 

three summer months and winter months respectively (note the different calendar months). Two 478 

standout differences are that each of the four Australian climates has a much greater temperature 479 

range in both summer and winter than the UK climate, and that the annual average ambient 480 

temperature of the Australian climates is 50 - 100% greater than that of the UK climate. Rainfall is 481 

also significantly different, with clear delineation between summer and winter rainfall (as indicated 482 

by climate classifications). The respective climates can also be compared by heating and cooling 483 

degree days (HDD and CDD) ( Table 12). All five climates are heating dominated, but the Australian 484 

climates have significantly fewer heating degree days and varying ratios of HDD:CDD (3:1 AU_H1; 485 

30:1 AU_H2; 35:1 AU_H3; 4:1 AU_H4). The UK and Australia also have differences in their approach 486 

to base temperatures (on which HDD and CDD are determined). The UK has one common base 487 

temperature (15.5°C), whereas Australia has multiple base temperatures: Australia’s Bureau of 488 

Meteorology supplies data for HDD12, HDD18, CDD18 and CDD24 [63] while air-conditioning 489 

energy efficiency reports use HDD15 and CDD21. Please note that data provided in Table 12 are 490 

for comparison purposes only and the actual cooling and heating degree days might vary over the 491 

course of experiment. 492 

 Table 12. Comparison of heating degree and cooling degree days 493 

 Annual HDD15°Cc Annual HDD18°Cb Annual CDD24°Cb 

AU_H1 (Perth) 420  911  282 
AU_H2 (Ballarat) 1532 2366  77 
AU_H3 (Mt Gambier) 1223 2081  65 
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AU_H4 (Oakey) 585 1018  253 
UKa 2463 (HDD15.5°C) - 213 (CDD15.5°C) 
aUK uses 15.5°C as the base temperature for both heating and cooling. Data from 
www.vesma.com/ddd/std-year.htm 
bAustralia uses a range of base temperatures. HDD18 and CDD24 are the closest match to 
NatHERS protocols. Data from [63]. 
cData provided for comparison purposes.  

 494 

Figure 4 normalises the simulated and actual space heating demand for each house against HDD 495 

(HDD15.5 for the UK and HDD15 for AU). The normalised simulated heating load immediately 496 

highlights great disparity across the AU houses, reflecting NatHERS differentiation between 497 

climates and its attempt to not disadvantage the construction costs of houses in more severe 498 

climates compared to more moderate climates. 499 

 500 

Figure 4. Heating load normalised to HDD 501 

A comparison of space heating and cooling demand (simulated or actual) is somewhat meaningless 502 

without knowing the internal conditions of the respective houses. Figure  5 shows the actual and 503 

predicted monthly average external temperatures and the Mean Internal Temperatures (MIT) in 504 

the living rooms of the UK houses. As can be seen, the internal air temperatures predicted by SAP 505 

are close to each other in different houses without sharp lows and peaks. This is due to normalised 506 

patterns such as occupancy patterns used in the calculation method. As shown, the mean internal 507 

temperatures are higher during June to September with the peaks in July, which are consistent 508 

with the SAP calculations, showing that no heating is required during this period. There are also 509 

two significant drops in the MIT profiles for UK_H1 and UK_H3, which are related to the fact that 510 

House 1 during January and February 2013 and House 3 during December 2013, January and 511 

February 2014 were partially vacant, and therefore the heating systems were switched off (or not 512 

utilised). In addition, the external air temperature used in SAP is smoother than the measured 513 

temperatures. The reason is that SAP uses typical meteorological year (TMY) weather data which 514 

represents typical rather than extreme (worst-case) conditions.   515 
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 517 

Figure  5. Comparison of Actual TIN, predicted TIN and TEXT in UK_H1-4 [31] 518 

Figure 6 shows the measured average external temperature (as recorded at the nearest Bureau of 519 

Meteorology station) and average internal temperature (as measured in the living room) for the 520 

AU houses. While it is well known that there can be large discrepancies between climatic conditions 521 

recorded at meteorological stations compared with the microclimate of a specific building, 522 

simulation software uses weather station data to predict the internal temperatures of houses in 523 

order to calculate thermal loads. For this reason, weather station data, rather than site date, is 524 

used in this graph. The internal temperatures discussed below could be considered in the context 525 

of the thermostat settings assumed by the respective building codes (Table 2). Despite some 526 

missing data, Figure 6  shows that AU_H1 and AU_H4, with no space heating or cooling appliances, 527 

have a broader indoor temperature range than the other two AU houses. Occupants of all four 528 

houses report satisfaction with their indoor thermal environment. There was no correlation 529 

between indoor mean temperature and demographics, as AU_H2 and AU_H4 have the same 530 

occupancy profile and similar age demographic, as do AU_H1 and AU_H3. Comparison between 531 

Figure  5 and Figure 6 show that three houses: UK_H1, UK_H3 and AU_H1 (for AU_H1 only data in 532 

December are available) had summer mean internal temperatures >25°C, however, overall mean 533 

internal temperatures were in the range of 18-26°C (excluding a data anomaly for AU_H4 in 534 

February). 535 
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 536 

Figure 6. Comparison of actual TIN (Living Room) and TEXT in AU_H1-4 537 

Figure 7 gives an example of the correlation between mean internal and external temperature and 538 

actual space heating and cooling load for AU_H3. The measured outdoor mean temperature for 539 

winter (June – Aug) was 9.98°C, compared to the long term winter mean of 9.6°C. Peak heating 540 

energy use was in August, accounting for 25% of annual heating demand. The heating system 541 

(hydronic floor heating) was utilised to varying degrees from May through to September inclusive 542 

(5 months). This heating regime differs from the UK houses which were expected to require heating 543 

for 8 months of the year. No heating (or cooling) was used October – April inclusive. Summer 544 

comfort levels were achieved with no mechanical assistance, with 100% of summer hours within 545 

the temperature zone expected by the adaptive comfort model in NatHERS. Note the small 546 

variation in internal temperatures, a reflection of occupants’ preferences, as discussed previously. 547 

The ‘baseline’ energy consumption from the heat pump is due to the nature of heat pumps, 548 

requiring some continuous energy for lubrication purposes. 549 

 550 

Figure 7. Comparison of TIN, TOUT and heating load in AU_H3 551 
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NatHERS simulations for each of the Australian houses predicted that some cooling energy would 552 

be required (to varying degrees), however, Table 11 shows that three of the houses did not use 553 

any cooling energy. AU_4, for example, had a very high level of ‘natural comfort’ in summer 554 

without mechanical cooling: 100% of the time for the main bedroom and 98% of summer for the 555 

living room. This is despite this climate having the second highest CDD24 (refer to Table 12 ). The 556 

summer internal temperatures (living room and main bedroom) in AU_1 (with the highest CDD24) 557 

were within NatHERS adaptive comfort design parameters (18-28°C) for 77% and 68% of the time 558 

respectively, yet the occupants reported that their house was very comfortable and did not require 559 

air-conditioning. This indicates that a portion of the measured performance gap (lower than 560 

predicted) is attributable to occupant preferences for temperatures outside of those considered 561 

by the rating regimes. This is consistent with the adaptive comfort approach as discussed 562 

previously and with the multiple ways in which people perceive thermal comfort and can take 563 

action to achieve it [25, 26, 64]. 564 

3.3 COMPARISON OF HOUSE FORMS AND URBAN ENVIRONMENT 565 

The form, size and design intent of the UK and AU case study homes are shown in Table 4 and Table 566 

5 and Figure 1 and Figure 2.  Australian homes are much larger in floor area (3-4 times) and volume 567 

(4-5 times) than those in the UK. The ceiling heights of these modern Australian homes are also 568 

greater than their UK counterparts, reflecting modern Australian housing regulatory and market 569 

trends for higher ceilings as a means of enabling greater daylight penetration and for summer heat 570 

management (e.g. safe operation of ceiling fans and allowing stratification of hot air above the 571 

occupied zone). UK_H1 and UK_H4, being on either end of the row house structure, would have a 572 

higher exposure to the external environment than their neighbours, although this has not affected 573 

their simulated heating demands due to differences in the ratios of total external envelope area to 574 

total floor area (refer to 3.1). 575 

Building specifications that impact on the envelope thermal efficiency also vary between the 576 

houses. Although all homes were constructed utilising SIPs panels, the wall and roof U-values of 577 

the product used in the Australian homes were approximately twice those of the product used in 578 

the UK homes (refer to Table 6 and Table 7). The window U-values showed the greatest 579 

performance difference, however, with the Australian glazing 2 – 6 times the U-values of the UK 580 

glazing. On the other hand, however, NatHERS does take into account another attribute of glazing 581 

– the solar heat gain coefficient (SHGC) - in recognition of the importance of this indicator in 582 

limiting incoming solar radiation in summer. The ratio of window to floor area also varied (18-26% 583 

in UK houses and 12 – 35% in AU houses). Australia doesn’t set any limits to window area, but 584 

England and Wales set an upper limit of 25%. No correlation was found between measured space 585 

heating and cooling energy and the window to floor area ratio in the Australian houses, indicating 586 

that the impact of other factors is likely more dominant than window to floor ratio. For example, 587 

AU_H3, with the lowest ratio (11.8%) was the only AU house that had a measured space heating 588 

and cooling consumption higher than simulated. AU_H2 with the highest ratio (35%), had a 589 

measured thermal load approximately half that of the simulated load. Both houses had double 590 

glazing, although the technical specifications for glazing for AU-H3 were much higher (Table 7 ). 591 

An additional difference between the built form in the UK and AU was in the ground floor: two of 592 

the AU houses had uninsulated cement slabs. While this is common construction practice in 593 

Australia and is arguably acceptable in warm climate zones, one could question the adequacy of 594 

this practice in colder climate zones (e.g. for AU_H2), especially if the goal is for high energy 595 

efficiency and thermal comfort. A further point of difference between these UK and AU houses is 596 
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their physical context, as briefly described in Table 4 and Table 5 AU_H2 is the ‘odd one out’, being 597 

constructed on an exposed hilltop in a rural setting. The other AU houses are in typical Australian 598 

suburban settings, perhaps best described as medium density, while the UK houses could be 599 

considered to be in a dense urban environment. The urban context of houses could be an 600 

additional influencing factor on thermal performance, as density can restrict air flow and solar 601 

radiation, and can also increase urban albedo. None of these factors are included in SAP 602 

assessments. NatHERS does take into account the ‘terrain exposure’, as it impacts on air flow and 603 

wind speed. Assessors are also meant to input data relating to overshadowing (i.e. nearby 604 

obstacles, such as fences, that could impact on solar access). Neither national protocol accounts 605 

for urban albedo or reduced air movement related to urban density. 606 

3.4 CONSTRUCTION QUALITY 607 

The case study homes were compared for construction quality – in particular air and thermal 608 

leakage – as these are known to impact on actual space heating and cooling consumption. The 609 

results shown in Table 13 are for the air leakage tests (i.e. pressurisation / depressurisation tests)  610 

carried out before any of the houses was handed over to the respective client. The UK homes were 611 

all below the design value of 3 m3/h m2 and well below the England/Wales default air permeability 612 

rate of 5 m3/h m2 as specified in SAP. Two of the Australian homes would also meet the UK design 613 

value, while the remaining two would meet the England/Wales default rate. It is worth noting that 614 

while Australia’s NCC has set conditions for restricting air infiltration from external windows and 615 

doors, no air tightness requirements have been specified for a dwelling [65]. Testing by Australia’s 616 

Commonwealth Scientific and Industrial Research Organisation (CSIRO) suggests that new homes 617 

are quite leaky, with an average of 15 air changes per house (ACH50)[45]. Consideration is currently 618 

being given for the 2019 NCC to mandate a maximum of 10ACH. It is also worth noting that the 619 

infiltration rates used by NatHERS accredited software AccuRate are based on hourly wind speeds 620 

(from the climate files), building height (to modify the wind speed) and terrain category (exposed, 621 

open, suburban and urban) – which incorporates the stack infiltration factor and wind infiltration 622 

factor. A detailed explanation can be found in [66]. This is different to SAP which uses monthly 623 

mean wind speed and did not account for the effects of elevation until recently. Another difference 624 

is that SAP assumes a certain number of extract fans based on total floor area (2 for up to 70m2; 3 625 

for 70 - 100m2 and 4 for >100m2) whereas NatHERS requires assessors to enter the actual number 626 

of extraction fans (e.g. one in each wet area and one above the kitchen stove). Australian assessors 627 

also need to stipulate whether extraction ducts are permanently open or are closable.  628 

Table 13. Air tightness test results (permeability) for all case study houses 629 

Permeability at 50 Pa UK_H1 UK_H2 UK_H3 UK_H4 AU_H1 AU_H2 AU_H3 AU_H5 
m3/h m2 2.97 2.99 2.96 2.92 4.06 2.65 2.38 4.79 

 630 

A thermographic survey was also conducted in accordance with the simplified testing requirements 631 

of BS EN 13187:1998 (for the UK homes) and ASTM E1186-03 (for AU homes). The key findings for 632 

each set of homes are shown in  Table 14. Both sets of houses displayed evidence of possible 633 

thermal bridges at floor/wall junctions and openings and the Australian houses showed thermal 634 

bridges at the wall/roof junctions. Thermal breaks were also observed in three of the Australian 635 

houses (1, 2 and 4) – predominantly as air leaks from the window or door frames. The thermal 636 

bridging in the Australian homes can be explained by the construction method of these steel 637 

skinned SIPS, as explained in detail in [67]. From a regulatory perspective, SAP includes a protocol 638 

and calculation methodologies for determining linear thermal transmittances, with a default value 639 
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of Ψ = 0.05 W/m2K. NatHERS does not provide any information about calculating thermal 640 

transmittance, nor does accredited software reveal what default levels are assumed.   641 

 Table 14. Key findings of thermographic surveys 642 

 Common thermal issues 

UK houses 
Possible thermal bridges: rendered sections of walling between SIPs at floor 
junction; Ground floor / external wall junction; openings  

AU houses 
Thermal bridges: wall-roof junction; wall-floor junction; window and door 
frames (non-thermally broken aluminium) 
Thermal Breaks: openings (i.e. air leaks from window and door frames) 

 643 

4 CONCLUSION 644 

This study evaluated the performance of eight newly constructed single-family homes in the United 645 

Kingdom and Australia. The objectives of the study were to determine whether performance gaps 646 

existed and to compare and evaluate influencing factors that could account for differences in 647 

consumption as well as differences in performance gaps between households and between the 648 

two countries. Accordingly, the performance gaps between ‘as designed’ and ‘as operated’ for 649 

eight houses were measured. Results showed that the performance gap exist in all case study 650 

houses, however, the performance gap can be negative (houses use more energy than simulated) 651 

or positive (houses use less energy than simulated). Results for the heating loads showed positive 652 

performance gaps in 5 of the 8 houses (2 UK and 3 AU), and the heating discrepancies ranged from 653 

73% to 180% for the UK houses, and 19% to 172% for the AU houses. For the cooling loads, only 654 

one house (AU) had a negative performance gap in which the actual cooling load was 4.8 times 655 

higher than the simulated. It was also observed that despite the fact that cooling load was 656 

predicted for all AU houses, not all houses had actual cooling loads, and the post occupancy 657 

evaluation showed that occupants are satisfied with their indoor thermal environment, indicating 658 

that the performance gap is partly related to the fact that occupants can tolerate a wider range of 659 

indoor conditions than those considered by the NatHERS tool.  660 

A comparison of the rating tools showed that both national rating systems are very engineering 661 

and technology focused in both inputs and outputs. While same construction and energy efficiency 662 

characteristics have been used in the UK houses (and fairly similar construction in the AU houses), 663 

significant actual energy differences were observed between dwellings. This highlights the impact 664 

of occupants’ behaviour, and their lifestyle on the dwellings’ energy consumption. If rating 665 

certificates are to be used as an indicator for national moves towards more energy efficient 666 

housing, these results suggest that more attention should be given to POE in buildings to better 667 

quantify the socio-cultural indicators, and hence the assumptions written into the rating tools. If 668 

POE takes places widely, data can be employed to reduce the uncertainties associated with 669 

occupants’ behaviour in the inputs of building simulation tools. The information can be also used 670 

as a learning loop to provide designers and regulators with valuable feedback on lessons learnt to 671 

guide them to the better design of future buildings, and the better design of rating tools and 672 

regulations. 673 

This comparative study has shown a range of factors that may contribute to actual energy 674 

consumption and hence the effectiveness and usefulness of SAP and NatHERS. Issues covered in 675 

this comparison include: (i) socio-demographic characteristics (family typologies, demographics, 676 

home and zone occupancy patterns); (ii) approaches to thermal comfort (e.g. static or adaptive; 677 

whole house or zonal conditioning; continuous or periodic conditioning; with or without occupant 678 
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action to modify environment); (iii) building form / housing typology (e.g. area, volume, glazing 679 

area; detached or semi-attached); and (iv) construction industry (e.g. construction method and 680 

quality). The continued use of historical climate files and ‘average conditions’ is also problematic, 681 

given that occupants experience actual weather, with all of its extremes and dynamic changes, and 682 

that the buildings are influencing occupant comfort in the present and into the future (not in the 683 

past). A recent report also highlighted the problem of building regulations around the world using 684 

historic weather files [68]. Moreover, collections of buildings impact on the climatic conditions (e.g. 685 

urban heat island effect and changes to wind speed and ventilation) and on occupant options for 686 

managing their indoor environment (e.g. pollution, noise, security etc). Neither SAP nor NatHERS 687 

take these issues into account.  688 

There is no doubt that national rating protocols such as SAP and NatHERS serve a useful purpose, 689 

however this study demonstrates that substantial performance gaps exist between the actual and 690 

simulated energy demands and therefore suggests that their usefulness could be further enhanced 691 

by revisiting both technical and socio-cultural-technical assumptions on which the protocols are 692 

based, to ensure they are evidence based and relevant to the contexts to which they are applied. 693 

The findings support Shove’s premise [69] that we need to understand, and re-think, the way we 694 

define energy efficiency, establish energy efficiency objectives, and establish its temporal and 695 

spatial boundaries. 696 

Lastly, there was no evidence from either SAP or NatHERS that the data collected by these 697 

processes for individual dwellings was being utilised more broadly, such as contributing to the 698 

development of tools, processes or frameworks for understanding broader urban metabolism or 699 

planning precinct or city scale infrastructure. It would appear that these national ‘datasets’ have, 700 

to date, been severely underestimated and hence underutilised. 701 

5 ACKNOWLEDGEMENTS 702 

The UK study was carried out through two projects funded by Innovate UK (formerly the 703 

Technology Strategy Board) as part of the Building Performance Evaluation Programme. The AU 704 

study was conducted as part of Australian Research Council Linkage Project 130100650. This 705 

comparative study was assisted by seed funding from the Australian Technology Network of 706 

Universities (ATN) and the UK University Alliance. 707 

6 REFERENCES 708 

1. Molin, A., P. Rohdin, and B. Moshfegh, Investigation of energy performance of newly built 709 
low-energy buildings in Sweden. Energy and Buildings, 2011. 43(2011): p. 2822-2831. 710 

2. Li, D., et al., Numerical analysis on thermal performance of roof contained PCM of a single 711 
residential building. Energy Conversion and Management, 2015. 100: p. 147-156. 712 

3. DECC, Energy Efficiency Strategy 2013 Update. 2013. 713 
4. DECC, Heat and energy saving strategy consultation. 2009. 714 
5. NatHERS National Administrator, Nationwide House Energy Rating Scheme (NatHERS) - 715 

Software Accreditation Protocol. 2012, Commonwealth of Australia: Canberra. 716 
6. World Business Council for Sustainable Development (WBCSD), Energy efficiency in 717 

buildings - transforming the market. 2009. 718 
7. Sodagar, B. and R. Fieldson, Towards a low carbon construction practice. Construction 719 

Information Quarterly (CIQ) Journal, 2008. 10(3): p. 101-110. 720 
8. Fieldson, R., D. Rai, and B. Sodagar, Towards a framework for early estimation of lifecycle 721 

carbon footprinting of buildings in the UK. Construction Information Quarterly (CIQ) 722 
Journal, 2009. 11(2): p. 66-75. 723 



24 
 

9. Bamdad, K., et al., Future energy-optimised buildings — Addressing the impact of climate 724 
change on buildings. Energy and Buildings, 2021. 231: p. 110610. 725 

10. Li, D., et al., Optical and thermal performance of glazing units containing PCM in buildings: 726 
A review. Construction and Building Materials, 2020. 233: p. 117327. 727 

11. Li, D., et al., Influence of glazed roof containing phase change material on indoor thermal 728 
environment and energy consumption. Applied Energy, 2018. 222: p. 343-350. 729 

12. Bamdad, K., et al., Ant colony algorithm for building energy optimisation problems and 730 
comparison with benchmark algorithms. Energy and Buildings, 2017. 154: p. 404-414. 731 

13. Carbon Trust, Closing the Gap: Lessons Learned on Realising the Potential of Low Carbon 732 
Building Design. 2011, Carbon Trust: London. 733 

14. C, M., et al., Predicted vs. actual energy performance of non-domestic buildings: using 734 
post-occupancy evaluation data to reduce the performance gap. Applied Energy, 2012. 735 
97(2012): p. 355-364. 736 

15. De Wilde, P., The gap between predicted and measured energy performance of buildings: 737 
A gramework for investigation. Automation in Construction, 2014. 41(2014): p. 40-49. 738 

16. Good Home Alliance (GHA), Heat loss from new homes can be over twice that designed. 739 
2011. 740 

17. Williamson, B., The Gap between Design and Build: Construction Compliance towards 741 
2020 in Scotland. 2012, Edinburgh Napier University: Edinburgh. 742 

18. O’Leary, T., et al., Review and evaluation of using household metered energy data for 743 
rating of building thermal efficiency of existing buildings. Energy and Buildings, 2015. 108: 744 
p. 433-440. 745 

19. Hensen, J. and R. Lamberts, Building Performance Simulation for Design and Operation, 746 
ed. J. Hensen and R. Lamberts. 2011, London: Spon Press. 747 

20. Kima, M.J., M.E. Choa, and J.T. Kim, Energy use in households in apartment complexes with 748 
different service life. Energy and Buildings, 2013. 66(2013): p. 591-598. 749 

21. Bamdad, K., et al., Building energy optimisation under uncertainty using ACOMV 750 
algorithm. Energy and Buildings, 2018. 167: p. 322-333. 751 

22. Auliciems, A. and S. Szokolay, PLEA Note 3: Thermal comfort. 2007. 752 
23. Wagner, A., et al., Thermal comfort and workplace occupant satisfaction - Results of filed 753 

studies in German low energy office buildings. Energy and Buildings, 2007. 39(2007): p. 754 
758-769. 755 

24. Nicol, F. and M. Humphreys, Adaptive thermal comfort and sustainable thermal standards 756 
for buildings. Energy and Buildings, 2002. 2002(34): p. 563-572. 757 

25. Nicol, F., M. Humphreys, and S. Roaf, Adaptive Thermal Comfort - Principles and Practice. 758 
2012, Abingdon: Routledge. 759 

26. Humphreys, M., F. Nicol, and S. Roaf, Adaptive Thermal Comfort: Foundations and 760 
Analysis. 2016, Abingdon: Routledge. 761 

27. BRE, Standard Assessment Procedure for Energy Raing of Dwellings (SAP 2005), revision 3. 762 
2009. 763 

28. HM Government, Approved Document L1A: Conservation of Fuel and Power (New 764 
Dwellings). 2010. 765 

29. Nationwide House Energy Rating Scheme. 2018  13 November 2018]; Available from: 766 
http://nathers.gov.au/about. 767 

30. Yin, R.K., Case Study Research: Design and Methods - Fourth Edition. fourth Edition. 2009, 768 
California: Sage Publications. 769 

31. Allard, I., T. Olofsson, and G. Nair, Energy evaluation of residential buildings: performance 770 
gap analysis incorporating uncertainties in the evaluation methods. Building Simulation, 771 
2018. 11(4): p. 725-737. 772 

32. Rees, S.J., Closing the performance gap through better building physics. Building Services 773 
Engineering Research and Technology, 2017. 38(2): p. 125-132. 774 

33. J, H. and H. J, BREDEN 2012: A technical description of BRE domestice energy model 2012. 775 
London. 776 

34. BRE, The Government's Standard Assessment Procedure for Energy Rating of Dwellings 777 
2012 edition Version 9.92. 2014, BRE on behalf of DECC: Watford. 778 

http://nathers.gov.au/about


25 
 

35. NatHERS Administrative and Governance Arrangements. 2015, Nationwide House Energy 779 
Rating Scheme,: Canberra. 780 

36. Herrera, M., et al., A review of current and future weather data for building simulation. 781 
Building Services Engineering Research and Technology, 2017. 38(5): p. 602-627. 782 

37. Chen, D. AccuRate and the Chenath Engine for Residential House Energy Rating. 2016  783 
31/08/2018]; Available from: https://www.hstar.com.au/Home/Chenath. 784 

38. Liley, B., Creation of NatHERS 2016 Reference Meteorological Years. 2017, NIWA: 785 
Canberra. 786 

39. Walsh, P.J. and A. Delsante, Calculation of the thermal behaviour of multi-zone buildings. 787 
Energy and Buildings, 1983. 5: p. 231-242. 788 

40. Ren, Z.G. and Z.D. Chen, Enhanced air flow modelling for AccuRate - a nationwide house 789 
energy rating tool in Australia. Building and Environment, 2010. 2010(45): p. 1276-1297. 790 

41. Huebner, G.M., et al., Heating patterns in English homes: Comparing results from a 791 
national survey against common model assumptions. Building and Environment, 2013. 70: 792 
p. 298-305. 793 

42. Henderson, J., Review of auxiliary energy use and the internal heat gains assumptions in 794 
SAP, in Technical Papers supporting SAP 2009. 2009, SAP. 795 

43. Henderson, J., A reivew of the relationship between floor area and occupancy in SAP, in 796 
Technical Papers supporting SAP 2009. 2008. 797 

44. NA, RdSAP 2012 version 9.92: Occupancy Assessment version Mar 2014. Appendix V: 798 
Calculation of energy use and costs using actual occupancy parameters. 2014. 799 

45. Ambrose, M. and M. Syme, House energy efficiency inspections report - final report, C.E. 800 
Flagship, Editor. 2015, Department of Industry Innovation and Science: Australia. 801 

46. BRE, SAP 2012: The Government’s Standard Assessment Procedure for Energy Rating of 802 
Dwellings. 2012. 803 

47. Pout, C. and BRE, Proposed Carbon Emission Factors and Primary Energy Factors for SAP 804 
2012, T.P.S.S. 2012, Editor. 2011. 805 

48. Chen, D., Area Correction Factors in AccuRate V1.1.4.1, C.E. Sciences, Editor. 2012, CSIRO. 806 
49. Ren, Z., et al., A model for predicting household end-use energy consumption and 807 

greenhouse gas emissions in Australia. International Journal of Sustainable Building 808 
Technology and Urban Development, 2013. 4(3): p. 210-228. 809 

50. Berry, S. and T. Marker, Australia's Nationwide House Energy Rating Scheme: the scientific 810 
basis for the next generation of tools. International Journal of Sustainable Building 811 
Technology and Urban Development, 2015. 6(2): p. 90-102. 812 

51. Rubel, F. and M. Kottek, Comments on: “The thermal zones of the Earth” by Wladimir 813 
Koppen (1884). Meteorologische Zeitschrift, 2011. 20(3): p. 361-365. 814 

52. Murphy, G.B., et al., A comparison of the UK Standard Assessment Procedure and detailed 815 
simulation of solar energy systems for dwellings. Journal of Building Performance 816 
Simulation, 2011. 4(1): p. 75-90. 817 

53. Shorrock, L.D., B.R. Anderson, and B.R. Establishment, A Guide to the Development of 818 
BREDEM. 1995: Building Research Establishment. 819 

54. Delsante, A., A Validation of the 'Accurate' Simulation Engine Using Bestest, in Report for 820 
The Australian Greenhouse Office. 2004, CSIRO. 821 

55. Williamson, T., V. Soebarto, and A. Radford, Comfort and energy use in five Australian 822 
award-winning houses: regulated, measured and perceived. Building Research & 823 
Information, 2010. 38(5): p. 509-529. 824 

56. Leaman, A., F. Stevenson, and B. Bordass, Building evaluation: practice and principles. 825 
Building Research & Information, 2010. 38(5): p. 564-577. 826 

57. Hulme, J., Is it me, or is it getting hot in here? Perceptions of energy performance in English 827 
households, in ENHR 2007 International Conference 'Sustainable Urban Areas'. 2007: 828 
Rotterdam. 829 

58. Sodagar, B. and D. Starkey, The monitored performance of four social houses certified to 830 
the Code for Sustainable Homes Level 5. Energy and Buildings, 2016. 110: p. 245-256. 831 

https://www.hstar.com.au/Home/Chenath


26 
 

59. Goldsworthy, M., Comfort versus energy savings: the effect of building parameters on 832 
heating and cooling for Australian climates, in Australasian Building Simulation 2017 833 
Conference. 2017, AIRAH and IBPSA: Melbourne. 834 

60. Whaley, D.M., et al., In-situ evaluation of water consumption and energy use in Australian 835 
domestic water heaters, in World Renewable Energy Congress, August 2014. 2014: 836 
London. 837 

61. Whaley, D.M., et al., Performance of loiw-energy housing development PV systems: 838 
Theoretical vs Actual output, in Solar 2014 Conference (May 2014). 2014: Melbourne. 839 

62. Whaley, D.M., et al., Resident's issues and interactions with Grid-Connceted Photovoltaic 840 
Energy System in High Performing Low-Energy Dwellings: A User's Perspective, in 841 
International Conference on Sustainability in Energy and Buildings (SEB-18). 2018: Gold 842 
Coast, Australia. 843 

63. Peterson, E., Climate zone mapping for air conditioners and heat pump devices, 844 
Equipment Energy Efficiency Program, Editor. 2014, Australian Government Department 845 
of Industry: Canberra. 846 

64. Brager, G., H. Zhang, and E. Arens, Evolving opportunities for providing thermal comfort. 847 
Building Research & Information, 2015. 43(3): p. 274-287. 848 

65. Board, A.B.C., National Construction Code Volume Two - Building Code of Australia, in 849 
Section 3.12.3 2016. 850 

66. Chen, D., Infiltration Calculations in AccuRate V2.0.2.13, C.S. Ecosystems, Editor. 2013, 851 
CSIRO. 852 

67. Miller, W., Z. Amin, and S. Zedan, Steel SIPS for residential building construction: Lessons 853 
from air leakage and thermography analysis of Australian houses. Journal of Architectural 854 
Engineering, 2017. 23(3): p. Article number-04017012. 855 

68. Globalresiliency, The Use of Climate Data and assessment of Extreme Weather Event Risks 856 
in Building Codes Around the World: Survey Findings from the Global Resiliency Dialogue 857 
2021. 858 

69. Shove, E., What is wrong with energy efficiency? Building Research & Information, 2018. 859 
46(7): p. 779-789. 860 

 861 

 862 


