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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

Numerous mandatory energy efficiency building standards and rating systems have been developed globally. The International 
Passive House Standard is a voluntary alternative, but there is little data on the performance of houses built to this standard in 
Australia.  One house in suburban Canberra demonstrates that the Passive House Standard can be used to build high-performance 
houses with predictable outcomes. Extreme energy efficiency and occupant comfort were key performance objectives in building 
the three-bedroom house.  Like most energy efficient housing projects in Australia, the building was designed to take advantage 
of solar gain, thermal mass and cross flow ventilation, but what set this project and all Passive House projects apart was the 
careful attention to airtightness, mechanical ventilation, avoidance of thermal bridging and the use of energy modelling tools at 
the design stage. 
 
The result was a house that required virtually no heating in winter despite frosty -2°C mornings; no artificial cooling in summer 
despite 37°C days and; overall consumed 64% less energy than similar households in the same city. Energy consumption, 
temperature and CO2 levels have been monitored and confirm exceptional levels of comfort and indoor air quality.  The total 
energy consumed was within 12% of predicted values thus supporting the effectiveness of the Passive House Standard.  
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 Introduction 1.

Numerous energy efficiency building standards and rating systems have been developed with the aim of 
improving the performance of new buildings [1]. These developments have several drivers, including reducing 
energy costs, reducing CO2 emissions and improving occupancy health and comfort.  The International Passive 
House Standard [2] is a voluntary alternative that addresses each of these drivers and is slowly gaining widespread 
acceptance. 

The measured performance of certified Passive Houses built overseas, particularly in Europe, is well documented 
[3]; however, there is little data on the performance of houses built to this standard in Australia. As the Australian 
climate differs from that in Europe, the demonstration of the performance of Passive Houses in Australia would 
build confidence in the applicability of the Standard to the Australian context. 

This paper presents energy efficiency and comfort outcomes of a three-bedroom single-storey detached Passive 
House located in the suburb of Chifley in Canberra, Australia.  The climate in Canberra has mild/warm summers 
and cold winters [4].    The house is home to a family of four including the owner/designer who is also one of the 
authors of this paper.  Performance data has been collected from the house since its completion two years ago and 
this paper discusses the measurement results for the 12 months after November 2015.    

 Background 2.

2.1. The Passive House Standard 

The Passive House Standard is one of the world’s leading comfort and energy efficiency building standards.  Use 
of this standard is well established in Europe and has spread to 37 countries around the world, with a total of 1037 
certified Passive House projects [5] and many thousands more that are not certified.  

Despite the broad use of the Standard, its use in Australia is a recent development with the first Passive House 
built in 2014.  The house in this case study is one of only seven certified Passive House buildings in Australia. 

To meet the voluntary standard, a project must demonstrate compliance with the criteria in Table 1.  This is 
achieved using the energy modelling tool called the Passive House Planning Package (PHPP) to model the design 
and demonstrate that its predicted performance is below the thresholds.  The second part of compliance is 
demonstrated in the finished building with a blower door test to measure the airtightness of the building envelope.  

Table 1 Passive House Standard design criteria 

Parameter Unit Maximum 

Heating demand 

or Heating load  

kWh/m2/a 

W/m2 

15 

10 

Cooling and dehumidification demand 

or Cooling load 

kWh/m2/a 

W/m2 

15 

10 

alternatively, Frequency of overheating % 10 

Airtightness (n50) ACH 0.6 

Primary energy demand kWh/m2/a 120 

 
The tabled criteria cover heating and cooling demand, primary energy demand and airtightness.  For houses 

without active cooling devices the alternative criterion for cooling is that the predicted portion of hours with 
temperatures above 25°C in a given year must be no more than 10%.   

The Passive House Standard is challenging to meet.  The heating demand is equivalent to an 8.5 star rating under 
the Australian National Home Energy Rating Scheme (NatHERS) for the Canberra Climate.  This is a 66% 
reduction in the heating demand permissible in a new minimum-standard house (6 stars).   

The Passive House Standard is also rigorous in its application.  Thermal bridges are individually modelled and 
accounted for, the measured airtightness is used in PHPP, and third party verification is relied on for the building 
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component performance data.  More importantly, certified Passive House projects undergo an independent 
verification process including assessment of photographic evidence of construction details aimed at closing the gap 
between designed and actual performance.  

A strength of the Passive House Standard lies in the modelling tool PHPP that is both a compliance tool and a 
design tool.  The PHPP is in the form of an Excel spreadsheet and its assumptions and equations are available to the 
designer.  Calculation results are produced almost instantaneously and design variants can be readily explored. 
During the design process of the case study house, the following parameters were individually varied to optimise 
performance and cost: insulation thickness, window frame type, glass insulation value, glass solar factors, window 
sizes and orientation, eave depth, shading devices and ventilation heat recovery efficiency.   

 

2.2. Floor plan 

The floor plan of Chifley Passive House (Figure 1) is the result of applying solar passive design principles (e.g. 
[6]) and exploring building performance using PHPP at the design stage.  The internal area is 127m2 and the narrow 
rectangular shape allows the low northern winter sun to penetrate deep into all living areas and bedrooms.  Figure 2 
shows the northern elevation.  Eighty-one percent of the window area faces north and provides ample free solar heat 
gains in winter.  The uncomplicated shape also avoids self-shadowing which blocks much-needed winter sun.  The 
siting was chosen to avoid shadowing from other buildings and trees.  Only a single window faces west and no 
windows face east in order to minimise unwanted summer heat gains late and early in the day in summer. 

 

 
 

Figure 1 Chifley Passive House floor plan. Figure 2 Front view of the house. 

2.3. Insulation 

The building fabric was highly insulated, continuous and protected from air movement since a reduction of any 
of these elements reduces the overall performance.  Thermal bridging of the insulating layer was reduced by careful 
detailing aided with thermal bridge modelling software THERM.  The insulation was protected from air movement 
using vapour permeable wind-tight building wraps externally and airtight building wraps internally. 

Rigid foam in prefabricated wall and roof panels was selected for insulation in preference to the more commonly 
used glasswool because of its higher R-value per unit thickness. Table 2 presents average insulation values of the 
building envelope and shows that they were only slightly higher than the minimum standards for the Canberra 
climate.  The design process using PHPP indicated it was appropriate to use 150mm of extruded polystyrene (XPS) 
foam insulation under the slab.  

Table 2 Average insulation values of building fabric  

Component Case Study House 
R-Value (m2K/W) 

Australian Building Code minimum 
R-Value (m2K/W) 

Floor 4.8 none specified 
Roof 5.1 5.1 
Walls 3.5 2.8 
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2.4. Windows and shading 

The standard of glazing and framing used in the windows was high compared to more commonly used windows 
in Australia.  European style UPVC window frames were used to provide a frame U-value of 1.45 W/m2K. Equally 
important, the frames were airtight by design and of the highest level, Class 4, according to European standard EN 
12207:1999.  Airtight window frames have been demonstrated to provide 33% better overall insulation than 
ordinary frames [7].  

Double glazed windows designed for cool climates were used. Their characteristics included 16mm argon filled 
cavities, low emissivity coatings and warm edge spacers.   The solar factor (g-value) was 0.61 (EN 410) and was 
chosen to be as high as possible to allow the entry of winter solar gains.  The use of dark or tinted glass to block 
summer heat gains was investigated in PHPP and discounted in favour of operable external shading devices that 
allowed for higher heat gains in winter as well as lower heat gains in summer. 

Shading of the windows was provided by a combination of fixed eaves of 900mm depth that provided full 
shading in summer, and external motorised roller blinds with an 83% block-out fabric. The fixed eaves provided 
protection from direct radiation, and the blinds reduced the diffuse radiation, often accounting for 36% of the overall 
solar radiation in summer in Canberra [8].  The blinds were installed on all north-facing windows.   

2.5. Airtightness 

Airtightness is emphasised in the Passive House Standard because of its importance in maintaining comfort and 
reducing energy use.  There are standards that describe the impact of draughts on comfort [9] and studies that 
quantify the impact of air leakage on home energy consumption [10].   

Airtightness of the building envelope was achieved through careful design of all surfaces and junctions using 
airtight membranes, tapes and grommets (Figure 3).   

The house was tested for airtightness during and after construction using a blower door test in accordance with 
EN 13829:2001.  The measurement was 0.1 air changes per hour at 50 Pa (ACH50).  This measurement was 6 times 
better than the 0.6 ACH50 limit for the Passive House Standard and 150 times better than the average new 
Australian house, at 15 ACH50 [11].  

2.6. Ventilation, heating and cooling 

Due the airtightness of Passive Houses mechanical ventilation with heat recovery (MVHR) is included to provide 
fresh filtered air and extract water vapour and pollutants without losing or gaining significant amounts of heat to or 
from the outside.  In Australia, MVHR systems are rare in residential houses. 

The heat exchanger in an MVHR reduces the energy required to maintain comfortable indoor temperatures. 
During winter, heat from the extracted air is transferred to the supply air and is retained in the house.  During 
summer, heat from the inlet is transferred to the exhaust air and thereby prevented from entering the house. A 
Zehnder ComfoAir 200 MVHR unit rated at 92% efficiency was used in the case study house.  An F7 fine 
particulate filter on the air inlet was integral to the MVHR unit and prevented pollen and dust entering the house 
(Figure 4). 

The only heaters in the house were a 1.2 kW electric heater installed in the MVHR ducting and a 100W towel rail 
heater in one of the bathrooms.  No cooling devices were installed. Domestic hot water was supplied by a Sanden 
heat pump with the storage tank located in the laundry. 
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During winter, heat from the extracted air is transferred to the supply air and is retained in the house.  During 
summer, heat from the inlet is transferred to the exhaust air and thereby prevented from entering the house. A 
Zehnder ComfoAir 200 MVHR unit rated at 92% efficiency was used in the case study house.  An F7 fine 
particulate filter on the air inlet was integral to the MVHR unit and prevented pollen and dust entering the house 
(Figure 4). 

The only heaters in the house were a 1.2 kW electric heater installed in the MVHR ducting and a 100W towel rail 
heater in one of the bathrooms.  No cooling devices were installed. Domestic hot water was supplied by a Sanden 
heat pump with the storage tank located in the laundry. 
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Figure 3 Membranes, tapes at wall and ceiling junctions, and 
cable penetrations. 

Figure 4 Schematic MVHR unit – winter operation. 

 Performance Monitoring 3.

Energy consumption and indoor air temperature were monitored to allow a comparison of predicted and actual 
building performance. The parameters measured are listed in Table 1.  Additionally, the following were measured to 
provide a more comprehensive building assessment: temperature variations between rooms, indoor temperatures on 
extreme days and indoor air quality.  

The house was fitted with wireless Aeotec temperature sensors, a Comet T6540 CO2 sensor, and battery operated 
Wireless Tag sensors for short term temperature measurements. The indoor sensors were located in the centre of the 
house, one meter above the ground and away from heat sources, direct sunlight and ventilation grilles.  Wireless Tag 
sensors were located in the bathroom, bedroom and on the slab surface of the living room.   

Electricity consumption was measured using an Aeotec Smart Switch 5 connected to the duct heater and the main 
electricity meter was used to measure total electricity usage. All household appliances and heating were electric 
except for a secondary outdoor kitchen that was powered by bottled liquid petroleum gas (LPG).  There was no 
mains gas supply and no solar PV panels to monitor. 

 Results and Discussion 4.

4.1. Energy Consumption 

The energy consumption of Chifley Passive House over the 12-month measurement period was low compared to 
other houses in the same city.  The average consumption was 13.0 kWh per day, representing a reduction of 64% 
compared to other four-person households in Canberra [12] and a 62% reduction compared to Melbourne houses 
with national energy ratings of five stars or better [13].   The Chifley Passive House was rated at 9 stars under the 
same rating scheme.  Figure 5 shows the comparisons. 

The energy consumption compared favourably with the PHPP predictions and was 12% less than predicted. 
(Figure 6).  Given that 2016 was warmer than the typical year used in the modelling, PHPP modelling was repeated 
using the actual ambient temperature data of the monitoring period. The agreement between predicted and actual 
energy consumption improved, with the energy consumed 6% lower than the predicted value. 

There was a disparity between the predicted and actual energy usage when broken down by appliance.  The total 
energy used by lighting, appliances and domestic hot water was 7.9 kWh/m2/year (28%) higher than predicted, but 
the heater energy usage was 13 kWh/m2/year (92%) less. This reduced heater energy use was partly due to higher 
than predicted internal heat gains from the lighting, appliances and domestic hot water offsetting the need for 
additional heating. It was not possible to establish which appliance consumed the most energy as they were not 
individually monitored. 
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Figure 5 Comparison of average daily electricity use. Figure 6 Comparison of predicted and measured energy use. 

4.2. Thermal Comfort 

Indoor temperatures stayed within the comfortable range most of the time despite the occupants not using the 
duct heater or any cooling devices. The results show that over the 12-month monitoring period, the indoor 
temperatures were in the comfortable range 96.1% of the time (Figure 7) with the comfort range defined as 20°C to 
25°C according the Passive House Institute.  The PHPP predicted overheating 7.1% of the time, which is greater 
than the measured value of 3.1%. 

Temperature variation from room to room was small and the floor surface temperatures were similar to the air 
temperature.  A 2°C room-to-room variation over a week was measured in spring (Figure 8) and the difference in the 
slab and air temperatures of less than 2°C was consistent with little air temperature stratification.   

 

  
Figure 7 Temperature distributions over a 12 month period. Figure 8 Temperature variations between rooms. 

 
In July 2016 there was a cold week that demonstrated the house performance in extreme winter weather.  During 

this week, outside temperatures dropped to -2°C whilst indoor temperatures remained in the comfort range (Figure 
9).  Temperature fluctuations during the clear-skied first half of the week were consistent with indoor heating by 
solar gain through the north facing windows. The indoor temperatures sometimes reached 25°C in the mid-
afternoon.  During the cloudy second half of the week, when solar gains were absent, the temperatures decreased 
slowly. This was consistent with a well-insulated building fabric coupled with gradual release of heat stored in the 
building mass.  The ducted heater did not influence the temperatures presented as it was not used in 2016. 

A sample of summer temperatures (Figure 10) shows the effectiveness of using night cooling and thermal mass to 
passively regulate indoor temperatures in the absence of cooling devices.  During the hot summer week illustrated 
the outdoor temperatures exceeded 30°C on 5 consecutive days and peaked at 37.3°C. The indoor temperatures, 
however, were in the range 17.5°C to 26.2°C.  The cooler indoor temperatures were a result of opening windows 
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Figure 5 Comparison of average daily electricity use. Figure 6 Comparison of predicted and measured energy use. 
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and doors overnight to cool the building mass and thereby limiting the maximum indoor temperature the following 
day. The occupants felt the indoor temperatures were comfortable despite experiencing mornings where the 
temperature was below the comfort thresholds. 

 

   
Figure 9 Temperatures during a cold winter week. Figure 10 Temperatures during a hot summer week. 

4.3. Indoor CO2 concentrations 

Carbon dioxide concentrations were measured to assess the effectiveness of regulating indoor air quality in an 
airtight house through use of an MVHR.  Carbon dioxide at moderate concentrations impairs cognitive abilities [14], 
and the concentration is commonly used as a surrogate for other indoor air pollutants [15].   

Measured CO2 concentrations are presented in Figure 11 and compared to classifications within the European 
standard EN 13779:2007. The CO2 concentrations measured in the living room stayed almost entirely in the "High" 
and "Good" Indoor Air Quality ranges.  This was also the case when the windows and doors were kept shut for 3 
days at a time. 

The windows were opened on the 11th and 12th of November for night cooling and again on the 14th November 
after many visitors.  Opening the windows rapidly reduced CO2 levels to below 500 ppm, but even without doing so, 
levels still dropped to below 600 ppm over several hours overnight when activity levels were reduced.  This 
indicates the effectiveness of the mechanical ventilation system in diluting and removing CO2. 

 

 
Figure 11 Indoor carbon dioxide concentrations.  

4.4. Summary 

Overall, the measured parameters show good agreement with design predictions (Table 3), except higher internal 
heat gains led to a drop in the heating requirements.  Heating demand, not heating load was used for certification. 
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Table 3 Summary of results 

Parameter Unit Passive House Standard 
(Maximum) 

PHPP prediction Measurement     
2016 

Heating demand 

or Heating load  

kWh/m2/a 

W/m2 

15 

10 

14.2 

14.6 

1.3 

 - 

Cooling and dehumidification demand 

or Cooling load 

kWh/m2/a 

W/m2 

15 

10 

 - 

 - 

 - 

 - 

alternatively, Frequency of overheating % 10  7.1 3.1 

Airtightness (n50) ACH 0.6  - 0.1 

Primary energy demand kWh/m2/a 120  110 97 

 Conclusions 5.

Chifley Passive House was significantly more energy efficient than the average comparable house in the same 
city during the 12-month monitoring period.  It used 64% less energy. 

The indoor temperatures were in the comfortable range for the vast majority of the time.  Temperatures were 
between 20°C and 25°C for 96.1% of the time during the 12-month period without the use of active heating and 
cooling. Temperature differences between rooms were about 2°C and the difference between the living room floor 
and the air temperature was also about 2°C during the week it was monitored.  

Carbon dioxide concentrations indicated that the outside air was adequately supplied by the mechanical 
ventilation heat recovery system even during extended periods when all windows were closed.  

The above outcomes are a result of incorporating the Passive House Standard, its principles, design tools and 
processes. The results demonstrate that the Passive House Standard can be successfully applied in the Australian 
context; however, more houses in more climatic conditions are required to be built and monitored to prove the 
breadth of the applicability. 
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