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Abstract

Josh’s House consists of two 10-star energy efficient dwellings located in Hilton, Western
Australia (WA). The houses are part of a ‘living laboratory’ research project supported by the
Cooperative Research Centre for Low Carbon Living. To analyse the performance of Josh’s
House one of the houses has been simulated using AccuRate and the results compared against
measured indoor air temperatures from 2015. The simulation achieved a star rating of 9.8
stars, with a thermal requirement of 4.7 MJ/m?/year, differing from the 2 MJ/m?%/year reported
on the Association of Building Sustainability Assessors (ABSA) certificate. After replacing
the default Typical Meteorological Year (TMY) weather data within AccuRate with real-time
measured climate data from 2015, the thermal requirement increased to 10.3 MJ/m?/year. A
statistical analysis of the differences between the measured and simulated air temperatures
indicated hourly normalised mean bias deviation (NMBD) and normalised root mean square
deviation (NRMSD) of + 2.4% and 5.7%, respectively. Approximately 90% of the residual
errors were within a range of + 2°C for all the major zones. These results indicate that the
simulated indoor temperatures were reflective of the measured indoor temperatures,
highlighting that a house rated 10 stars in the climate of Hilton, WA should be able to operate
as designed with little need for auxiliary heating and cooling.

1. Introduction

In Australia, the electricity consumption of the residential sector is 11.1% of total final energy
consumption (Ball, et al., 2015). The building sector is also responsible for 23% of Australia’s
carbon dioxide emission (Beyond Zero Emission, 2013). Low-energy residential buildings are
a useful pathway to reduce electricity usage and greenhouse gas emissions in the residential
sector. According to the Building Code of Australia, residential dwellings in Australia need to
achieve a rating of at least 6-stars out of 10-stars under the Nationwide House Energy Rating
Scheme (NatHERS). Currently, NatHERS is the primary method to determine the energy
efficiency of a house in most States and Territories (Dong, Soebarto and Griffith, 2014).

Josh’s House consists of two dwellings which achieved 10-star energy ratings under
NatHERS. AccuRate is one of the accredited software tools for NatHERS and it has been
widely applied in Australia (NatHERS, 2012; Ren and Chen, 2014). Most studies related to
the validation of AccuRate’s simulation engine were completed by using inter-program
comparisons instead of comparing with the real performance. In 1992, simulated temperatures
from AccuRate’s original engine (Cheetah) and a further 24 simulation programs, were
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compared against measured temperatures for three single-zone test rooms at Cranfield
airfield, United Kingdom over a 10 day period in order to validate the dynamic thermal
simulation programs. The testing showed that less than half the predications from the Cheetah
engine were within the estimated error bands. The Cheetah engine was also found to
outperform only seven of the twenty-four simulation programs tested (Lomas, et al., 1997).
After that, a validation of a new version of the Chenath engine was undertaken using inter-
program comparison (Delsante, 1995). It showed that the improvement from Cheetah to
Chenath increased the confidence in its use. Another validation study of the AccuRate
simulation engine was carried out using the IEA building energy simulation test and
diagnostic method (IEA BESTEST) (Delsante, 2004). It was concluded that AccuRate’s
simulation engine showed good agreement with the reference programs, with minor
overestimation of the thermal demands because of the temperature calculations and control
algorithms.

Besides inter-program comparisons, comparisons between measured and simulated data
provide the ultimate test of the real performance of a house and the simulation program.
According to Kreider & Haberl (1994) and Bou-saada & Harberl (1995), the maximum
acceptable RMSD for empirical models on an hourly basis is 20%. In the study of Daniel, et
al. (2012), the differences between the simulated air temperatures from the Chenath engine
and the measured air temperatures indicated hourly nRMSD and MBD of 10.8% and 1.5°C,
respectively. From the study of Royapoor and Roskilly (2015), a calibrated EnergyPlus model
demonstrated hourly indoor air temperature prediction with accuracy of + 1°C for 93.2% of
the measurements.

It is of interest to quantify whether the simulated performance of a low energy house, using
the accredited software, AccuRate, reflects the real performance. Therefore, the aim of this
study is to test whether a 10-star rated dwelling, Josh’s House, is able to operate as designed,
whilst providing an additional point of validation of AccuRate. The performance of Josh’s
House in different climates will also be explored. The following sections discuss the climate
in Hilton, WA and provide details of Josh’s House including its construction and material.

1.1. Hilton Climate

Hilton has a warm temperate climate. All climate data comes from the BoM Automatic
Weather Station (AWS) at Jandakot Aero which is 9.9 km away from Hilton, WA. The
average annual temperature is 18°C* with average maximum temperatures reaching 31.6°C in
February and average minimum temperatures reaching 6.8°C in July. In this study, the
analyses are based on data collected in 2015, hence by comparison the average temperature
for 2015 was 18.4°C and the maximum outdoor air temperature observed was 31.5°C in
January with a minimum of 7.5°C in June. (Bureau of Meteorology, 2017).

In this study, heating degree days (HDD) and cooling degree days (CDD)? are used to assess
the heating and cooling needs for Hilton by using the data from the BoM Jandakot Aero
weather station. AccuRate’s thermostat settings for heating are between 15°C and 20 °C, and

! The average annual temperature was calculated as the average of the ‘Annual Mean Minimum Temperature’
and ‘Annual Mean Maximum Temperature’ reported by the BoM (Bureau of Meteorology, 2017).

2 Heating degree days are a measure of how much (in degrees), and for how long (in days), outside air
temperature was lower than a specific "base temperature. Similar for cooling degree days. (Degree Days, 2017)
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25°C for cooling. These settings were used as base temperatures for the calculation of HDD
and CDD for Hilton in 2015 (17.5°C was used as base temperature for HDD), as per Figure 1.
Based on Figure 1, the climate in Hilton has a higher requirement for heating than cooling.
The heating degree days are 801 and the cooling degree days are 229 (Degree Days, 2017).
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Figure 1 Frequency histogram of HDD and CDD for 2015

1.2.  Details of Josh’s House

Josh’s House consists of two 10-star energy efficient dwellings labelled the front and back
houses built in 2013, which are part of a ‘living laboratory’ research project through the Low
Carbon Living Cooperative Research Centre. The house located in Hilton, Western Australia
has been setup to measure and collect a range of data including, electricity, gas, soil moisture
content, water usage, weather, solar hot water as well as air temperatures for all rooms. The
first available data is from 3rd March 2014 (Byrne, 2014). A simple site and floor plan of
Josh’s houses are shown in Figure 2. In this study, the back house will be the focus. The total
area of the back house is 209.49 m?including the carport and veranda, with an internal floor
area of 157.7 m?. The orientation of the house is North.

Figure 2 Josh’s House plan (left is the back house, right is the front house) (Byrne, 2012)

A summary of materials used in Josh’s house are shown in Table 1. The double brick
construction has been applied to the northern walls and sections of the western walls, the stud
wall construction has been applied to the southern walls and sections of the western walls,
while the other two constructions have been applied to the eastern walls. This means the
northern walls have high thermal mass, while the southern and eastern walls have high
insulation. A large fraction of the north facing walls are glazed (window to wall ratio of 55%),
enabling maximum winter solar gain. Brick internal walls and concrete floors provide high
internal thermal mass, whilst R4.0 m.K/W insulated ceilings reduce undesirable heat transfer.
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Table 1 Summary of building envelope

Building . Total U value

Envelope Material (WIM.K) SHGC
Stud wall with batt and permicav insulation 0.29 /

External wall Rendered Double Brick 0.59 /
Reverse BWK/W'Board Cladding 0.28 /
Face Double Brick Wall 0.56 /
Single Brick Wall 3.26 /

Internal Wall "5 0. ble Brick Wall 1.62 /

Window Single Glazed Low-E Window 4.7 0.63
Double Glazed Window 4.27 0.67
Concrete 4.39 /

External Floor Cork Tile/Concrete 3.05 /
Ceramic Tile/Concrete 4.25 /

Ceiling Plasterboard R4 Bulk Insulation 0.24 /

Roof Iron R1.3 Bulk, Reflective Side Down 0.61 /

2. Resources and Methodology

To validate the performance of Josh’s 10-star rated house, hourly measured indoor
temperatures from 2015 were analysed and compared against hourly simulated air
temperatures using AccuRate (version 2.3.3.13).

Initially, the default TMY weather data in AccuRate was replaced by measured weather data
from 2015. Hourly measured weather data for 2015 was calculated using half-hourly
Automatic Weather Station (AWS) data from the BoM prior to September 2015, whilst hourly
measured data was accessed from the National Oceanic and Atmospheric Administration
(NOAA, 2015) for time periods after September 2015. Both sources of weather data were
measured by the Australian BoM for the Jandakot Aero station, which is 9.9 km away from
Hilton, WA.

The measured indoor temperatures were measured every 10 minutes using TCKPP120
20AWG thermocouple wires (Temperature Shop, 2012) which are located on internal walls
within the different zones of Josh’s house. The accuracy of the temperature sensors was not
stated within the specifications of Josh’s house. However, the accuracy of similar
thermocouple wires from other suppliers with the same thermocouple type and AWG wire
dimension are + 1.1°C (OMEGA, n.d.). The hourly measured indoor temperatures were
calculated as the average of the 10 minutes measured data.

The hourly measured and simulated temperatures were compared by analyzing the frequency
distributions of the hourly indoor temperatures for the five major zones. In addition, statistical
metrics exploring the differences between the hourly measured and simulated temperatures
were calculated and analysed, including NMBD, NRMSD and the Pearson correlation
coefficient.

Finally, the performances of Josh’s House in different climates were explored and the cases
with the worst performance were improved by changing the design and material.
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3. Thermal Performance of Josh’s House

In this section, the measured indoor temperatures from 2015 are compared against simulated
air temperatures of Josh’s house.

3.1.  Outliers of measured indoor temperatures in 2015

The average daily measured temperatures for the five major zones in the house are shown in
Figure 3. The indoor temperatures range from 17°C to 27°C, which are close to the thermal
comfort temperature range used in AccuRate for the location of Hilton.
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Figure 3 Measured average daily indoor temperatures for 5 major areas in 2015

Based on the thermostat setting in AccuRate, if the indoor hourly temperature is above 25 °C,
cooling will be required. In addition, if indoor hourly temperatures are lower than the heat
setting, heating will be required. The simulated number of hours that required heating/cooling
in each day (hr/day) in the living/kitchen zones are shown in Figure 4. The number of hours
where auxiliary heating and cooling was required were 182 (2%) and 780 hours (9%)
respectively for the living/kitchen zone. In other words, heating and cooling was required for
approximately 11% of the time in 2015, on these occasions the measured air temperatures
were only 2°C beyond the thermal comfort temperature range.
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Figure 4 Heating and Cooling hours per day in Living/Kitchen Zone

3.2.  Simulation results of Josh’s House in the AccuRate

The assessor certificate of Josh’s House indicates that it is a 10-star energy efficient dwelling
with thermal requirements of 2 MJ/m?/year. In this study, AccuRate’s default assumptions
have been used for all occupancy and load profiles in the simulation. The simulation result
indicated that the star rating was 9.8 and the thermal requirement was 4.7 MJ/m?/year. The
software used in this study was AccuRate version 2.3.3.13 which differed from the software
used for the assessor certificate (BERS Pro 42 Plus).
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One potential cause for these observed differences was the choice of window glazing used in
the simulations. The most similar window materials found in AccuRate was low-e glass (U-
value 5.4 W/m2.K, SHGC 0.58) and double-glazed glass (U-value 4.3 W/m?.K, SHGC 0.53).
However, the materials used for the assessor certificate was low-e glass (U-value 4.7 W/m*.K,
SHGC 0.63) and double-glazed glass (U-value 4.27 W/m?.K, SHGC 0.67).

After replacing the default TMY weather data in AccuRate with the real-time measured
climate data from 2015, the thermal requirements increased to 10.3 MJ/m?/year. The driver of
the increase was differences observed between the TMY and the 2015 outdoor air
temperatures. The measured monthly air temperatures in 2015 were calculated using
measured temperature data from the BoM (2017) and NOAA (2015).

The comparison of the default TMY weather data and measured average monthly air
temperatures in 2015 are shown in Figure 5. The measured summer temperatures in 2015 are
higher than the default summer temperatures in the TMY weather file, similarly the measured
winter temperatures are lower than default TMY winter temperatures, which leads to the
higher observed heating and cooling loads.
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Figure 5 Comparison of measured average monthly air temperature in 2015 and
monthly average air temperature in TMY

3.3.  Comparison between measured and simulated temperature

The distribution plots of the measured and simulated indoor temperatures for the five major
zones are presented in Figure 6. The simulation results were generated using AccuRate in
non-rating mode, meaning heating and cooling was switched off in the simulation. The
distribution plots indicate that the simulated indoor temperatures are similar to the measured
indoor temperature profiles for all zones. Nearly 90% of the measured temperatures fall
within the range of 18°C to 26°C, with the peak frequency (20%) occurring at 22°C.
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Figure 6 Frequency plots of Tair_measured and Tair_simulated for five major zones

There are 8756 available hourly measurements of temperature for the five major zones in
2015. Approximately 90% of the residual errors fall within the range of + 2°C for all the
major zones. Table 2 shows the results of the different statistical metrics calculated comparing
the measured and simulated air temperatures. The average NRMSD and MBD are 5.7% and
0.1°C, respectively, which are significantly smaller than the 10.8% and 1.5°C shown in the
study of Daniel, et al. (2012). These results also fall within the maximum acceptable RMSD
for empirical models of 20% as defined in (Kreider & Haberl, 1994; Bou-saada & Harberl,
1995). Hence, the residual errors in this study can be considered acceptable.

Table 2 Statistical metrics related to the indoor temperatures for the five major zones

Zone Type Living | Activity Master Suite | Bed 3 Bed 2

Average Temperature (°C) 22.08 22.09 21.53 21.78 21.73
MBD -0.08 0.00 0.48 -0.35 -0.53
RMSD 1.22 1.24 1.33 1.11 1.31
MAD 0.95 0.96 1.04 0.84 0.97
NMBD -0.4% 0.02% 2.2% -1.6% -2.4%
NRMSD 5.5% 5.6% 6.2% 5.1% 6.0%
Pearson 0.85 0.85 0.87 0.90 0.89

The residual errors between the measured and simulated indoor air temperatures for the five
major zones are shown in Figure 7. The large fluctuation of the residual errors in the living,
activity and master bedroom zones may be related to the levels of simulated irradiance and
solar heat gains, as these zones all have windows facing north. The causes of the mismatch
between measured and simulated performance are related to three stages which are the design
stage, the construction stage and the operational stage (Wilde, 2014). Moreover, occupancy
activity also impacts the thermal loads and indoor temperature (Wall, 2006). The internal heat
gains from electrical appliances are shown in Figure 8. The actual internal heat gains differ
from the default settings used within AccuRate, potentially contributing to the deviations



N
A Y 4

ASIA-PACIFIC
SOLAR RESEARCH
CONFERENCE

observed between the actual and simulated air temperatures. Due to AccuRate’s limitations as
an analysis software, the exact causes of the residual errors will be investigated in more detail
in a later study using the building energy simulation platform of EnergyPlus (U.S.
Department of Energy, 2015).
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Figure 7 Residual errors between hourly measured and modelled indoor temperature
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4. Josh’s House in different climate zones

Previous sections illustrated that Josh's house could operate with minimal auxiliary heating
and cooling in a temperate climate, but that does not necessarily mean this house would
perform well in other climates. To explore the performance of Josh’s House in different
climates, 7 locations are selected. The performance of Josh’s House in the 7 locations will be
compared, and the cases with the worst performance will be improved by changing the design
and material.

4.1.  Thermal performance of Josh’s House in 7 climate zones

According to the Building Code of Australia (2016), there are eight primary climate zones in
Australia. As shown in Table 3, seven cities are selected to represent each of the climate
zones, except for alpine zone (Dong, et al., 2014). The performance of Josh’s House in
different climate zones are presented in the Table 3. Josh’s House achieves a good level of
performance in the warm humid/temperate and hot dry climate zones, but requires
significantly higher levels of heating and cooling in the hot humid and cool temperate climate
zones. The worst cases presented in Table 3 will be analysed and improved by modifying
design and materials of Josh’s House to deal with the more extreme climate conditions.

Table 3 Performance of Josh’s house in 7 climate zones

) . Mean Temperature | Related | Wind Total
Climate . Climate : o
Zone Location Max | Min [humidity|Speed |Star| Energy
Summer | Winter (°C) % km/h MJ/m2/yr

1 Darwin,NT Hot humid | Warm 33.3 19.3 62.5 144 | 63| 3271
2 Brisbane,QLD |Warm humid| Mild 30.3 10.2 58 11.5 | 9.8 11.2
3 Longreach,QLD Hot dry Warm 37.4 7.4 33.5 15.8 | 8.5 57.4
4 Griffith, NSW Hot dry Cool 33 3.5 40 15 8.2 47.1
5 Adelaide,SA Warm temperate 28.1 7 57 17.7 | 8.4 34.8
5 Sydney Warm temperate 26.5 8.7 30 11 | 9.8 7.3
6 Melbourne,VIC Mild temperate 26.6 5.4 62.5 20.5 | 6.9 85.4
7 Ballarat,VIC Cool temperate 25.2 3.2 67.5 19.2 | 5.9 204.5

4.2.  Improvement of Josh’s House in hot humid climate

Darwin is in a cooling dominant climate zone which has a hot humid summer and warm
winter. The windows to wall ratio (WWR) in the north facing wall of Josh’s house are 55%.
This large window area on the north side of the house results in undesirable heat gains in a
cooling dominated climate. Optimising the WWR would provide significant benefits related
to energy savings (Yang, et al., 2015). In addition, the 3 metre pergola at Josh’s house is
designed to be removed during winter, which also leads to large undesirable solar heat gain in
winter. Moreover, another way to reduce the thermal loads is via the use of energy efficient
window material (Bambrook, et al., 2011), (Florides, 2002); the primary form of glazing in
Josh’s house are single glazed windows.

Therefore, to reduce the cooling load, six methods were applied which focused on increasing
shading (adding pergola in winter, extending the eaves from 600mm to 1500mm); reducing
window size; changing the external colour of the building; using double glazed low-E
windows; adding weather-stripping (smaller size of gaps around window frame); and adding a
layer of cork tile on the concrete floor. From Figure 9, the most effective method was the
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reduction in window area and the use of double glazed low-E windows. The final
performance achieved an 8.4-star rating requiring 193.6 MJ/m?/year of cooling.
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Figure 9 Improvements of Josh’s House in Darwin, NT

After these improvements, Josh’s house achieves an approximate star rating of 8.2 across the
various hot humid climates. In addition to the methods mentioned above, increasing the
airtightness of the house is another potential way to improve the performance of Josh’s house.
It is unproductive to increase the thermal performance of houses which suffer from the
problem of non-tight airtightness (i.e. air infiltration) (Leardini and Raamsdonk, 2010). As air
infiltration cannot be easily adjusted within AccuRate, further investigations into this issue
will be undertaken in future work using EnergyPlus.

5. Conclusion

This study analysed the performance of a 10-star rated house located in Hilton, Western
Australia, using the AccuRate simulation platform. The house achieved a star rating of 9.8
stars, with a thermal requirement of 4.7 MJ/m?/year which differed from the 2 MJ/m*/year
reported on the ABSA Assessor Certificate. The difference between the two simulations was
potentially caused by the use of different window materials. After using measured climate
data from 2015 in AccuRate, the thermal requirement increased to 10.3 MJ/m?/year. The
increasing thermal loads in 2015 were primarily driven by differences in outdoor air
temperatures in 2015 in comparison to the TMY weather data. Over 90% of the residual
errors were within a range of £ 2°C for all the major zones. A statistical analysis of the
differences between the measured and simulated air temperatures indicated hourly NMBD
and NRMSD of + 2.4% and 5.7%, respectively, which are within previously defined
acceptable ranges. These results indicate that the simulated indoor temperatures were
reflective of the measured indoor temperatures, highlighting that a house rated 10 stars in the
climate of Hilton, WA should be able to operate as designed with little need for auxiliary
heating and cooling. The major causes of the observed residuals are hypothesized to be caused
by the levels of simulated irradiance and solar heat gains and different internal heat gains
related to the occupant behaviours. However, due to AccuRate’s limitations as an analysis
software, further investigations using EnergyPlus will be undertaken to further explore the
observed differences in the simulated and measured indoor temperatures. Moreover, Josh’s
House achieves a good level of performance in the warm humid/temperate and hot dry
climate zones, but requires significantly higher levels of heating and cooling in the hot humid
and cool temperate climate zones.
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