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ABSTRACT
Surface temperatures increased rapidly in the last 100 years by 1 K (Kelvin), and could increase by a further
1.4 K in just 35 years, challenging building designers to provide comfort while minimizing carbon emis-
sions. Ways to do this are withmore effective indoor ventilation and lighter clothing for high temperatures
and humidity, but some thermal simulation and rating systems do not consider these aspects. This paper
reports on a novel simulation case study that estimated the heating and cooling energy used in a home in a
WarmTemperate climate under a changing climatewith a case-studymethod that used (1) CSIRO’s Climate
Futures online tool; (2) the Australian Nationwide House Energy Ratings Scheme (NatHERS) AccuRate sim-
ulation and ratings tool; (3) a special CSIRO humidity research engine and (4) alternative Standard Effective
Temperature (SET*) comfort approaches. The results showed that (A) one SET* approach with air move-
ment, changed clothing and occupant acclimatization saved over 95% of the NatHERS residential heating
and cooling energy, and should be included in NatHERS; and (B) residential retrofits or occupant education
is needed for warming temperatures.
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Introduction

Australia has an international obligation to reduce its car-
bon emissions to near zero by 2050 (ASBEC 2016, 22) and
the building sector accounts for around one-quarter of car-
bon emissions (ASBEC 2008, 8). Over half of those emissions
come from Australia’s existing residential stock, which has a
very poor thermal performance of less than 3 stars of the max-
imum rating of 10 of its Nationwide House Energy Ratings
Scheme (NatHERS) (Ren, Chen, and Wang 2011, 2400). Fur-
thermore, the ownership of residential air conditioning was
40% with a low growth rate around 1994, but is now almost
universal with an ownership rate of 94% in 2012 (DEWHA
2008a, 48; Ryan and Pavia 2016, 9–6). This rapid growth of
air conditioners coincided with the introduction of perfor-
mance regulations and the adoption of NatHERS in the early
1990s.

Many researchers have also reporteddifferencesbetween the
results of NatHERS simulations of homes andmonitored temper-
atures, energy used or occupant thermal comfort (Saman et al.
2008; Williamson, Soebarto, and Radford 2010; Dewsbury 2011;
Kordjamshidi 2011; Page et al. 2011; Copper 2012; Ambrose
et al. 2013; Saman, NCCARF, and UniSA 2013; Moore et al.
2016).

From a ventilation perspective, NatHERS underestimates the
cooling effect of air movement at high humidity levels (Shiel
et al. 2014; Daniel et al. 2015). Global warming and rising energy
prices provide the impetus to see if air movement can provide
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the key to affordable comfort and reduce NatHERS energy use
and carbon emissions.

The goal of this study is to understand the interactions
between internal building ventilation, comfort and energy use
as it relates to existing housing. The heating and cooling energy
of a case study was simulated with two additional comfort
approaches that could provide greater benefit of air movement,
for two climate change scenarios in 2050.

Energy used by Australian buildings

Figure 1 shows the annual energy per square metre for all
buildings in Australia in 2011 by category, against the annual
energy consumed for those categories (BZE 2013; ABS 2013a;
ABS 2013b), and this highlights thebuilding categories requiring
retrofit attention since it shows:

• Building categories consuming large amounts of energy with
the ‘All Residential’ category at 400PJ consuming around
twiceasmuchenergyas all other categoriesput together, and
correlatingwellwith other estimates (DEWHA2008a, 20; Ryan
and Pavia 2016, 9–5).

• Building categories with high energy intensities (per square
metre) higher on the vertical axis, where energy is consumed
greatly for some building categories, although theymay con-
tain fewer buildings for example, ‘Museums and Galleries’,
‘Hospitals’, ‘Aged Care’ and ‘Accommodation’.
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Figure 1. Average annual energy intensity by area (MJ/a.m2) for the total energy used per year (PJ/a), for Australian building categories (Source: Shiel with data from BZE
2013; ABS 2013a, 2013b).

So, the energy used in all residential buildings is very large,
and around 40% of that is consumed for heating and cooling
(DEWHA 2008a, 24).

Climate change in Australia

Australian surface temperatures have already warmed by
around 1.0 K (Kelvin) from the 1910 to 2010 average (CSIRO
and BoM 2015, 42), and are projected to rise by 1.4 K between
2010 and 2050 according to the mean temperature increase
of an extreme Representative Concentration Pathway (RCP),
RCP8.5 (CSIRO and BoM 2015, 92). A RCP is the current climate
scenario approach for future GHG concentrations (not emis-
sions) that was adopted by the Intergovernmental Panel on
Climate Change for its fifth Assessment Report (AR5) in 2014
(IPCC-AR5-WGI 2013, 19), and supersedes the Special Report
on Emissions Scenarios (SRES) approach. While these temper-
ature increases are not predictions, the GHG concentration of
the planet has historically been tracking close to the tempera-
tures projected by the extreme pathway RCP8.5 (IPCC-AR5-WGI
2013, 104).

Temperatures for some Warm Temperate climate cities like
Sydney in the East Coast South sub-cluster are projected to rise
by around 1.8 K for the 50th percentile of RCP8.5 from 1995
to 2050, which would mean that Sydney temperatures may
become more like those of Sub-tropical Brisbane (BoM 2016) if
RCP8.5 eventuated, although for a proper comparison, humidity
should be considered as well. Sydney has recently broken his-
torical temperature records including with extreme overnight
temperatures of 30°C (Blumer and Mayers 2017).

Occupant behaviour for comfort

Occupant behaviour often can have a very significant influence
that can be positive or negative on the energy used to maintain
comfort in a building (DEWHA 2008b, 25, 135–144; White 2009;
Candido 2011; Janda 2011).

Whenapplying the term ‘passive’ to abuilding, there couldbe
two dimensions considered to maintain thermal comfort (White
2009; Candido 2011):

• The degree of passive solar design of the buildings, that
minimizes the need for energy-consuming mechanical oper-
ations,

• The degree to which the occupants, consciously or subcon-
sciously, actively improve their comfort on a regular basis for
example, by
◦ Controlling vents and ceiling, extractor, wall or personal

fans;
◦ Operating doors, windows or window coverings and

shades such as curtains, blinds and shutters;
◦ Changing clothing and metabolic levels and
◦ Moving closer to windows for radiative solar warmth in

cold weather, or away from the windows in summer.

The bottom left segment of Figure 2 shows the ideal situa-
tion where as little energy as possible is consumed in a building

Figure 2. Indicative contours of energy needed tomaintain occupant comfort, for
‘Active’ and ‘Passive’ occupants and buildings (Source: Shiel).
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that has a passive solar design (a ‘Passive’ building), and the
occupants actively manage their comfort (‘Active’ occupants)
before resorting to using minimum mechanical energy. An
‘Active’ building could be defined as one where much mechan-
ical energy is primarily used for comfort. ‘Passive’ Occupants
could be defined as those who do not actively manage personal
or building controls to maintain comfort.

Towards a zero carbon 2050

The vast majority of Australia’s existing dwellings will last
another 40 years, but their carbon emissions are too high for
the zero carbon transition. This highlights the importance of
retrofitting Australian houses or occupant behaviour to adapt to
a potential step-change increase in temperature in the coming
decades, and to reduceenergyandcarbonemissions at the same
time.

Thermal comfort for building occupants

Thermal comfort is difficult to measure since it is highly subjec-
tive, but one widely accepted definition is:

. . . that condition of mind that expresses satisfaction with the ther-
mal environment. (ASHRAE-55 2010, 11)

The main thermal comfort approaches to the reporting and
evaluation of comfort as experienced and predicted for building
occupants are:

• The Effective Temperature (ET) index and its variants, includ-
ing the Standard Effective Temperature (SET*) index

• The Predictive Mean Vote (PMV)
• The adaptive thermal comfort (ATC) index

ET and variants including SET*

TheET scalewasdevelopedbyHoughtonandYagloglou in 1923,
and includes the impacts of temperature and some thermal sen-
sation humidity effects on perceived comfort in a standard envi-
ronment, with revisions culminating in the New Effective Tem-
perature (ET*) suitable formany environments in 1974 by Gagge
(Parsons 1993; Szokolay 2004, 21). ET* is defined as the temper-
ature of a standard environment where the relative humidity is
set at 50%, mean radiant temperature (MRT) equals air tempera-
ture and air speed, v, is set at 0.15m/s. It accounts for the comfort
experiences of personswith sedentary activity and light clothing
(Parsons 1993, 212–213).

The initial SET comfort approach for a standard environment
was developed by Gagge, Nishi and Gonzalez in 1972 as an
extension to ET* (Gagge, Fobelets, and Berglund 1986; Fountain
and Huizenga 1995; ASHRAE-55 2010). It was further extended
into the SET* suitable for many environments from the experi-
ments of Kansas State University on human temperature, cloth-
ingandactivity level that led to a ‘two-nodemodel’ of thehuman
core and skin (Aynsley 2008, 10). This took into account skin
set-points and thebody’s thermoregulatory physiology that reg-
ulate skin blood flow, sweat rate and increases ofmetabolic heat
by the shiveringofmuscles, andmodelledheat interactions from
the human core due to metabolic activity with respiration and

the skin’s convection, radiation and evaporation due to wetted-
ness. Skin wettedness is the degree to which the skin is covered
in sweat and this has a direct correlation with comfort sensation
under warm conditions and assists in determining the physio-
logical limit to heat stress, which has important implications for
climate change. The SET standard environment definition from
Parsons is

the temperature of an isothermal environment with air temperature
equal to mean radiant temperature, 50 per cent relative humidity,
and still air (v < 0.15ms−1) in which a person with a standard level
of clothing insulation would have the same heat loss at the same
mean skin temperature and the same skin wettedness as he does
in the actual environment and clothing insulation under considera-
tion . . . The ET* is therefore equivalent to the SET for sedentary activ-
ities (and light clothing). (Parsons 1993, 213) NB: Parson’s variable ‘v’
refers to air velocity

PredictiveMean Vote

Fanger’s PMV (Fanger 1972) evolved from climate chamber and
laboratory tests and surveys. The predicted percentage of occu-
pants dissatisfied gives a method of calculating comfortable
static indoor temperatures for the air-conditioning industry to
use in buildings.

There were moves to include humidity in PMV by using ET*
to replace operative temperature in the PMV equation and call
it PMV*, but Fanger felt that humidity was not a major concern
around neutrality conditions (Parsons 1993, 216).

Adaptive thermal comfort

The ATC index is based on the theory that people fundamen-
tally adapt to the climates and temperatures of the spaces they
occupy and if they are not comfortable, they alter either them-
selves or their surroundings to return to comfort. It is a robust
algorithm from which comfort temperatures for locally adapted
populations canbepredicted andwasproduced from the strong
correlation between outdoor temperatures and reported indoor
temperatures based on occupant surveys undertaken during
field studies in real buildings. The algorithm finds a ‘neutral
temperature’ which uses the running mean of the outdoor air
temperature (with several versions that use the mean of tem-
peratures calculated from 7 days up to a maximum of 30 days)
to reflect changing thermal conditions and for which occu-
pants feel no discomfort. It assumes an acceptable indoor air
temperature within a 7 K range, depending on the circum-
stances and preferences of individuals within particular build-
ings in a single climate (Auliciems et al. 1997; de Dear et al.
1998; Nicol, Humphreys, and Roaf 2012; Humphreys, Nicol, and
Roaf 2015).

The ATC index is traditionally seen as being applicable for
people in naturally conditioned, or free running, buildings with
little or no exposure to air conditioning (ASHRAE-55 2010, 23),
with all types of clothing for prevailing mean outdoor tem-
peratures between 10°C and 33.5°C. Any exposure to air con-
ditioning would decrease the climatic adaption of the occu-
pants and their perceived level of thermal comfort while occu-
pying the naturally conditioned building (Romm 2016). Users
of a school assembly hall designed with the ATC approach in
Rio de Janeiro after similar buildings in rural regions of Brazil
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were well received complained that the hall was ‘too hot’. An
hour-by-hour survey conducted of complainants’ location over
a period of weeks revealed that they spent 77% of their time in
air-conditioned spaces, causing them to lose their local climate
adaption (Grimme, Laar, and Moore 2003).

Themost comprehensive comfort approach

The PMV excludes humidity and is for air-conditioned build-
ings, while the ATC index is valid from 10°C and 33.5°C. The
ET* does not consider evaporative heat loss when the operative
temperature exceeds 30°C (Aynsley 2008, 10) and so the most
comprehensive thermal index is SET*, since it depends on all six
basic parameters air dry-bulb temperature (Ta); MRT; humidity;
air speed (v); the clothing level (CLO) and metabolic rate (MET);
is applicable over the complete range of cold to hot conditions
(Parsons 1993, 214–215; Aynsley 2008, 9); and caters for evapora-
tive heat loss at high temperatures. SET*was difficult to calculate
when it was first formulated, but the algorithm can be easily
implementednowonpresent-day computers,withprogrammes
readily available including online (Fountain and Huizenga
1995).

NatHERS

Australia’s Nationwide House Energy Rating Scheme (NatHERS)
is a thermal performance ratings system that calculates the
annual required energy per squaremetre of a dwelling to remain
comfortable. It gives a location-dependent rating from 0 stars
(a poor dwelling) to 10 stars (one requiring little energy for
comfort) for the building fabric’s thermal performance.

There are three accredited NatHERS software applications
that allow assessors to describe the house thermal characteris-
tics such as geometry,materials, zones (i.e. enclosed spaces such
as rooms) and location. These generate a file that is used by the
NatHERS CHENATH engine which uses a frequency–response
thermal model and a multi-zone airflow model (Walsh and Del-
sante 1983; Ren and Chen 2010) to perform the temperature,
energy and star rating calculations (Chen 2008; Baharun, Ooi,
and Chen 2009; Chen and CSIRO 2016).

NatHERS comfort

The comfort approach of NatHERS (‘ET*90%’) combines:

• The ET* to calculate the effective temperature;
• the ATC to define heating and cooling set-points for Aus-

tralian locations based on Auliciem’s neutral temperatures
with the narrow 90% acceptability of temperature comfort
band for occupants and

• Szokolay’s cooling algorithm for airmovement at 50%humid-
ity (Aynsley and Szokolay 1998).

NatHERS underestimates the cooling effect of air movement
at high humidities due to using simplifying assumptions in
the CHENATH engine (Aynsley 2012); Szokolay’s 50% humidity
model for the cooling effect of air movement; and a simpli-
fied psychrometric chart approach (Aynsley and Szokolay 1998;
Delsante 2005).

Energy and star rating calculations
The NatHERS CHENATH engine calculates the annual hourly
zone temperature, humidity and air movement for each zone
for the year, driven by the reference meteorological year (RMY)
weather file and zone type heating loads to determine any space
heating and cooling energy requirements of the conditioned
zone types. It begins the heating of a zone when the environ-
mental temperature is below the heating set-point at the end of
any hour.

For cooling, CHENATH calculates the hourly zone temper-
ature, humidity and air velocity calculations for an extended
comfort region of a psychrometric chart, including for any avail-
able natural and mechanical ventilation (Delsante 2005). If the
zone hourly temperature still rises above the cooling set-point
for the location (Ren, Wang, and Chen 2014), then the cooling
system is switched on. The energy to keep within the comfort
temperature bands is summed for all zones for the year, divided
by the conditioned area and adjusted for the area and climate to
correct for a bias against small homes, and this adjusted required
energy per squaremetre is used to find theNatHERS star for each
location.

Air movement
CHENATH did not take into account wind direction, opening
sizes and location in the façade and between zones, stack
effect, nor comfort from air ventilation, until an air network
model and the Szokolay cooling effect of air movement was
included in 2002 (Delsante 2005). Since then, it has incorpo-
rated assumptions of occupant behaviour and site characteris-
tics including that the home is occupied continually for venti-
lation and conditioning control operation; the local dwelling’s
wind speed, direction and gusting are often based on nearby
open terrain airports (Willrath 1998, 3.26; Ren and Chen 2015)
or coastal weather stations that can measure wind at 10 or
16mheights; and thatwell-sealed dwellings are energy-efficient
and healthy.

However, improvements continue to be added to CHENATH
regarding large permanent openings, cross-ventilation and an
improved stack effect (Ren and Chen 2010; Chen 2014). Also,
a more sophisticated natural ventilation model has now been
implemented in the 2014 CHENATH engine (Ren and Chen
2010), although it still suffers from the historical nearby airport
issues. Recently, therehasbeenmore researchunderway regard-
ing infiltration, particularlywith regard toexistingdwellings (Ren
and Chen 2015), and the third generation of NatHERS tools is
currently being developed (Byford, Hage, and CRC-LCL 2016).

Case study

A simulation study was conducted on a small house in Adelaide,
South Australia, currently in a Mediterranean climate (Köppen
climate classification Csa) as well as for two warmer climate sce-
narios in 2050. The purpose was to estimate the effect of air
movement on the predicted NatHERS required energy savings
for comfort with alternative comfort approaches.

House details

Figure 3 shows the small 77m2 one-bedroom case-study house,
with (a) the 3-dimensional view of the house; (b) the Plan;
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(a)

(b)

(c) (d)

Figure 3. Adelaide case-study house. (a) 3-d view. (b) Plan. (c) West elevation. (d) North elevation (Source: Shiel).

(c) the West elevation and (d) the North elevation. The house
had brick veneer walls, a concrete slab on ground floor and
metal roof, a construction type typical of modern houses in the
region. The case-study walls had an outer skin of 11 cm single
brick, an inner load-bearing timber frame with R2.5 Km²W−1

and reflective insulation, and were lined with plasterboard.
There were aluminium single-glazed windows and 60 cm wide
eaves; R1 Km²W−1 edge insulation for the concrete slab;
R4 Km²W−1 insulated ceilings; a light-coloured highly venti-
latedmetal roof and exposed internal single brickwalls between
the Kitchen/Living Room and the Bedroom, and between the
Kitchen/Living Room and the Laundry.

Infiltration and ventilation assumptions
Aluminium sliding windows and glass door had insect screens
and a small gap size into which paper would not fit. So, the

house was designed to be the highest sealed level by AccuRate
standards.

The Bedroom and Living/Kitchen had a 140 cm diameter ceil-
ing fan, with all rooms except the Bedroom having a sealed
exhaust fan. The long wall was facing due North and no study
was carried out on the wind data in AccuRate, but the NatHERS
protocol of modelling neighbours and fences was followed
which affected natural ventilation assumptions.

Method

Two SET* comfort approaches were researched:

• One with a narrow comfort band corresponding to the ET*
standard environment similar to that deployed in NatHERS
(and denoted here ‘SET*90%’) and with air speeds v = 0.1
and 1.5m/s and CLO = 0.8, and
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• Anotherwith awider comfort band and no restrictions on the
six parameterswithmore air speeds andCLOvalues (denoted
here ‘SET*80%’).

The comfort band for SET*80% came from Parsons ‘“Slightly
cool . . . ” to Slightly warm . . . ’ sensation ranges of 17.5–30°C
(Parsons 1993, 215) since his ‘neutrality’ range of 22.2–25.6°C
was judged to be too narrow, and in the absence of field studies
with SET* data. Thewider rangewhichwas called an 80%accept-
ability range for this study was adopted for SET*80% because
ASHRAE recommends the 80% comfort band for offices for the
adaptive comfort model, rather than the more restrictive 90%
band (ASHRAE-55 2010), and for home occupants:

• They are exposed to the outside temperatures more than
office workers by opening windows and going outside (Will-
rath 1998, 3.17);

• They occupy zones with more adaptive controls than in
offices for example, in bathrooms and bedrooms (Peeters
et al. 2009);

• Their comfort expectationsmay be different (Henriksen 2005,
3.16; Peeters et al. 2009) and

• Each comfort sensation vote is significantwith fewoccupants
in the dwelling compared to an office and so there could be
wider variability.

Figure 4 illustrates the overall concept of the method, where
the grey discomfort region of the alternative SET*80% comfort
approach is identified, and how this is transformed into a black
discomfort region for which NatHERS can calculate the con-
ditioned energy. The transformation is made by mapping the
SET*80% thermostats into corresponding naturally conditioned
temperatures.

Figure 5 shows a diagram of the steps involved in this inno-
vative method to estimate the house SET* heating and cooling
energy, for 1990 and the climate change scenarios. The steps
were:

(1) Determining the weather input files for 2050 from climate
change modelling (top right of Figure 5);

(2) Determining the conservative new climate 2050 thermostat
settings for the naturally conditioned temperatures corre-
sponding to the SET* approach (bottom centre of Figure 5)
and

Figure 4. The method concept, where the grey discomfort region of the alternative SET*80% comfort approach is identified, and how this is transformed into a black
discomfort region forwhichNatHERS can calculate the conditioned energy bymapping the SET*80% thermostats into corresponding free running or naturally conditioned
temperatures (Source: Shiel).
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Figure 5. Method for transforming theSET* thermostats intonaturally conditioned temperatures to estimate thehouseSET*heatingandcoolingenergy for three climates
(Source: Shiel).

(3) Calculating the energy and star ratings (bottom right of
Figure 5) where the heating and cooling is only switched
on when the temperatures are outside the SET* thermostat
settings (see Table 1).

(1) Weather input files for 2050

The hourly weather data for two new climate scenarios for the
year 2050 were developed from (A) the changes of the monthly
temperature and humidity from 1995 to 2050 for two scenarios;
(B) the modification of these monthly temperature and humid-
ityparametersusingBelcher’s ‘morphing’ technique toeliminate
bias (Belcher, Hacker, and Powell 2005) and (C) these hourly
‘morphed’ results were added to the NatHERS Adelaide 1990
RMY weather file. This gave a downscaling method which is

popular with building researchers (Hacker et al. 2008; Ren, Chen,
and Wang 2011; Chen, Wang, and Ren 2012). It should be noted
that the 1990 and 1995 base years are considered close enough
when modelling climate change over 50-year epochs.

The input fileswere found for twoclimate change scenarios in
2050 (with more details provided in the Discussion section) for:

• An Extreme Climate Change scenario corresponding to
RCP8.5, and

• A Scarce Resource scenario corresponding to RCP4.5.

The Australian Climate Futures (ACF) online tool from the
Commonwealth Scientific and Industrial Research Organisation
(CSIRO 2015) was used to find the monthly mean temper-
ature and rainfall (for humidity) parameters, which provided

Table 1. Thermostat settings (°C) for Adelaide house case study, for 1990 and the 2050 Extreme Climate Change scenario

Comfort Criteria For heating For cooling

Zone Living/ Kitchen Bedroom Living/ Kitchen Bedroom

08:00–09:00,
Period 07:00–24:00 01:00–07:00 16:00–24:00 07:00–24:00 16:00–09:00

NatHERS ET 90% acceptability (1990) 20 15 18 25 25
SET*90% relative humidity (%) 40 40
SET*90% naturally conditioned
AccuRate thermostat temperature (2050)

16.7 14.6 16.8 27.3 25.1

SET*80% acceptability 17.5 17.5 17.5 30 TBD
SET*80% assumed settings (2050) 18 16 18 28 26
SET*80% relative humidity (%) 38 40
SET*80% naturally conditioned
AccuRate thermostat temperature (2050)

15 13.7 14.2 34.8 30.4

Source: Shiel, with SET*80% acceptability from (Parsons, 1993, 215) (TBD – see Method section)
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sufficient accuracy to project the heating and cooling energy
requirements for 2050 for a Warm Temperate climate (Chen,
Wang, and Ren 2012, 232). The ACF ranked the HadGEM2-ES
general circulation model as one of the most suitable for both
scenarios for 2050 for the Adelaide region with high confidence
(Shiel et al. 2017). Only the ‘MaximumConsensus’ climate futures
were considered since the aim of the study is to compare among
adaptation techniques rather than explore the impacts of other
climate futures.

(2) New climate 2050 thermostat settings

There were three steps to estimate the thermostat settings of
the two new 2050 climates. Firstly, a naturally conditioned or
free-running analysis was performed to determine the internal
temperatures and humidities, using a CSIRO research relative
humidity CHENATH simulation engine for AccuRate v.2.0.2.13 (D.
Chen. 2015 “RE: Modified AccuRate engine with internal Ta, RH
and P.” Personal Correspondence, February 27).

Secondly, SET* and ET* indices were calculated for each zone
of the case study using ASHRAE’s Thermal Comfort Tool v1.07
(Fountain and Huizenga 1995) with the six inputs: the AccuRate
naturally conditioned (1) temperatures and (2) humidity, and
assuming (3) that the MET was sedentary that is, MET = 1; (4)
that the MRT was the same as the naturally conditioned tem-
perature; (5) that the air speed had the settings v = 0.1, 0.4
and 1.5m/s corresponding to off (for winter), low (for summer
nights), and high speed respectively and (6) that there were
three clothing levels with CLO = 0.3, 0.8 and 1.1 for correspond-
ing to summer, ET* default and winter.

Thirdly, SET* thermostat settings were required to define the
new 2050 climates of AccuBatch for NatHERS simulation. These
SET* comfort band values were found from the 840,000 records
of the SET* output (8 combinations of CLO and v; 3 climates;
4 rooms and 9000 temperature and humidity records) for the
2050 Scarce Resource scenario for the Kitchen/Living room and
Bedroom. For the SET*90%comfort approach, the search for nat-
urally conditioned temperatures was carried out for both rooms
with a wind speed of 1.5m/s and a CLO of 0.8 to match ET*,
whereas for the SET*80%, the CLO had values of 0.3 and 1.1, and
both searches selected moderate humidity values, as shown in
Table 1.

Table 1 shows all the results of that analysis with:

• The NatHERS 90% acceptability (ET*90%) thermostats for
1990 climate (in row 1),

• The relative humidity of the SET*90% cooling temperature
selection (row 2),

• The thermostat settings for SET*90% (row3) transformed into
naturally conditioned temperatures (not the effective values
felt by the occupants),

• Parson’s SET* comfort criteria of ‘slightly warm/slightly cool’
acceptability (SET*80%) temperatures in 2050 (row 4), with
the Bedroom cooling thermostat value to be determined
(TBD),

• The conservative SET*80% thermostat settings that were
assumed for this study (row 5) and

• The relative humidity of the SET*80% cooling temperature
selection (row 6)

• The thermostat settings for SET*80% (row7) transformed into
naturally conditioned temperatures.

(3) SET* energy and star rating calculation

To calculate the star ratings in a changing climate, it was nec-
essary to estimate the location of each scenario, since a house
in a slightly warmer climate to a heating-dominatedWarm Tem-
perate one having a similar humidity will use less energy for the
same star rating due to less heating required (DEWHA 2008a,
133). The location was also needed for the correct house area
adjustment factor that prevents small house bias and which
depends on home area and climate. Trial and error for sev-
eral towns found that Perth (PE) and Coffs Harbour (CH) pre-
sented sufficiently close annual increases inmeanmonthly tem-
peratures to that of Adelaide under the Scarce Resource and
Extreme Climate Change scenarios, respectively, and so these
were adopted for this study. Future research could consider the
humidity change as well.

Batch jobs of multiple standard AccuRate energy simulations
of the house for the Adelaide 1990 and 2050 climates were
run using AccuBatch program v2.2.0.0 dated 8th June 2016 (P.
Nagle. 2010. “FW: AccuBatch 2.0.0.0 trial.” Personal Correspon-
dence, August 11; D. Chen. 2016. RE: AccuBatch – Personal Cor-
respondence, August 6) for the three comfort approaches of
standard NatHERS (ET*90%), SET*90% and SET*80%. The com-
fort approaches used the thermostats as shown in Table 1 and
the comfort bands and six SET* details:

• NatHERS ET*90% has a comfort band of 15–25°C, air speeds
v = 0.1 and 1.5m/s and clothing level (CLO) = 0.8.

• SET*90% has a corresponding ‘transformed’ comfort band
14.6–27.3°C, air speeds v = 0.1 and 1.5m/s and CLO = 0.8.

• SET*80% has a corresponding ‘transformed’ comfort band
13.7–34.8°C, air speeds v = 0.1, 0.4 and1.5m/s andCLO = 0.3
and 1.1.

Results

Climate change
Table 2 summarizes the projected temperature increases for
both scenarios by the HadGEM2-ES climate model using the
CSIRO Climate Futures approach (Shiel et al. 2017), from 1995 to
2050 for the:

• Mean of the monthly maximum daily temperature and
• Mean of the monthly minimum daily temperature.

The Adelaide RCP8.5 projection of the mean monthly daily tem-
perature rise of 1.8 K from 1995 to 2050 is in general agreement
with other RCP8.5 projections including temperature rises for

Table 2. Mean changes in the monthly maximum and minimum daily tempera-
tures projected by HadGEM2-ES, from 1995 to 2050 for the Adelaide Sub-Cluster.

Scenario

Mean change in the
monthly maximum
daily temperature (K)

Mean change in the
monthly minimum
daily temperature (K)

Scarce Resource (RCP4.5) 1.35 1.12
Extreme Climate Change (RCP8.5) 1.85 1.73

Source: Shiel.
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Figure 6. Effective temperatures with different air speeds for a hot and humid day in a 2050 Scarce Resource scenario for Adelaide, showing greater cooling benefit with
increasing air speed for the living room of the case study (Source: Shiel).

Sydney’s East Coast South sub-cluster of 1.8 K from 1995 to 2050
for the 50th percentile (Dowdy et al. 2015), and for the Aus-
tralian median surface temperature rise of approximately 1.4 K
in a shorter epoch from 2010 to 2050 (CSIRO and BoM 2015, 92).

Effective temperatures, air movement and the cooling effect
Figure 6 shows the benefit of air movement in the Living Room
of the case study, for a hot and humid day in the 2050 Scarce
Resource scenario for Adelaide. It has the Living Room temper-
atures and effective occupant temperatures (e.g. with the air
speed of SET*90% increasing from v = 0.1–2.0m/s) all with a
clothing level of CLO = 0.8, except for SET*80% with v = 1.5
and a lower clothing level of CLO = 0.3, with ET* and SET*
calculated from the Fountain and Huizenga SET* program.

Simulated energy
Figure 7 shows the case study simulated required energy for
comfort and star ratings for three comfort approaches, for the
Adelaide climate of 1990 and two climate change scenarios in
2050. It shows for the case study that:

• For the short dashed line at the top (NatHERS) comfort
approach, the comfort and star ratings performance of 7 stars
deteriorated to 5.9 and then 4.2 stars for the Scarce Resource
and Extreme Climate Change scenarios in 2050, respectively.

• For the longer dashed line in the middle (SET*90%) comfort
approach, the comfort and star ratings performance starts
higher at 9.2 stars but also deteriorates to 8.7 and 7.9 stars for
the Scarce Resource and Extreme Climate Change scenarios
in 2050, respectively.

Figure 7. The star ratings and energy for comfort for the case study for three com-
fort approaches (the NatHERS ET*90%, SET*90% and SET*80%) for three climates:
Adelaide 1990, and for two climate change scenarios in 2050 (Scarce Resourceswith
Perth (PE) and Extreme Climate Change with Coffs Harbour (CH)) (Source: Shiel).

• For the full line at the bottom (SET*80%), the NatHERS
required energy for comfort is reduced by more than 95% in
the 1990 climate, and in the two 2050 climate scenarios. The
star rating also remains constant at 10 stars.
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Figure 8. Database design for the simulation results (Source: Shiel).

Database
A results databasewas created as part of the research tomanage
hourly temperatures, humidity and energy values for each zone
for naturally conditioned and conditioned NatHERS simulations,
for different houses and climates. This was accomplished after
designing a naming convention for the retrofits, and applying
it to AccuRate’s scratch and output files, designing and imple-
menting the database with the design shown in Figure 8. A
programmer was engaged to implement a database loading
program to load all the results files directly from one folder.

Discussion

Case study

Method
The success of the SET* comfort approach comes from its use
of all six parameters influencing thermal comfort, and including
a model of skin temperature and skin wettedness, the latter of
which is directly related to comfort during sweating. The SET∗
calculation can be performed for occupants, but an acceptable
comfort band is also required to know when comfortable or
safe health limits have been surpassed. These limits are uncer-
tain and need more research with the absence of long-term
acclimatization research (Hanna and Tait 2015, 27) by dwelling
field studies with comfort sensation votes, and measurements
of physiological heat stress and SET* parameters.

In row 4 of Table 1 for the Bedroom cooling thermostat, the
TBD (to be determined) was required because bedroom maxi-
mum temperatures required additional research. It was set to
26°C based on Peeters et al. (2009), although this was without
a fan, and Cunnington’s average of the upper level of the best
temperature sleeping range of 24°C and the 28°C that can be
tolerated if acclimatized in the Tropics, the maximum sleeping
temperature:

. . . people seem to sleep best when bedroom temperatures are
between 16–24 degrees Celsius. Those who are used to sleeping in

warmer temperatures such as when living in the tropics can acclima-
tise to a certain degree and sleep reasonably in bedroom tempera-
tures up to 28 degrees Celsius. (Cunnington 2016)

The selection of the naturally conditioned temperatures that
correspond to the SET* 2050 index values needs to be conserva-
tive because:

• the transformation is a novel approach and estimates the
SET* required energy based on transforming temperatures;

• The temperatures have different definitions (environmental
and operative),

• The CHENATH engine has many complexities that may be
more suited to the ET*90% approach, for example, the fan
on and off temperatures, which were changed in AccuBatch
from 24.5°C and 22°C, respectively, to 27°C and 24°C, respec-
tively, for this study for both SET*90% and SET*80%.

Climate change scenarios
Two climate change scenarios were developed for this research
programme. The Extreme Climate Change scenario was devel-
oped since it is similar to the current temperature trajectory,
and assumes large reserves of fossil fuels and expanding energy,
population and continued high consumption rates and emis-
sions (IPCC-AR5-WGI 2013, 104).

The Scarce Resource scenario was developed to take into
account slower economic growth patterns beginning to be evi-
dent today, as the consumptionpatternsof aburgeoningmiddle
class take effect on the planet’s finite resources. It models a
world of resource depletion, especially with regard to per capita
freshwater, soil, arable land, oil and certain minerals affecting
construction and energy materials and prices, leading to lower
economic growth, consumption and emissions. (Pfeiffer 2006;
Heinberg 2007; Kempf 2008; Victor 2008; Hall 2010; Larsson
2010; Bol 2011;McKinsey&Company2011;Hall 2012; Klare 2012;
Rubin2012; Turner 2012; Tverberg2014;Mohr et al. 2015; Steffen
et al. 2015; Biswas 2016; WEC 2016).
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Effective temperatures, air movement and the cooling effect
Figure 6 shows the case-study Living Room temperatures on a
hot and humid day in 2050 where:

• The naturally conditioned temperature reaches 36°C and the
relative humidity reaches a maximum of around 60%;

• Greater air movement lowers the effective temperatures of
the occupants as the SET*90% air speeds increase from
v = 0.4–2.0m/s, although SET*90% v = 2m/s has almost the
same benefit as SET*90% v = 1.5m/s.

• The NatHERS ET*90% temperature should be around the ET*
v = 1.5 and the SET*90% v = 1.5 values in Figure 6 (which
both do not use the Szokolay cooling effect) and would
require conditioning when it rises above the 27.3°C Adelaide
cooling thermostat, assuming the 2.8 K maximum Szokolay
effect for a 140 cm fan;

• The wider SET*80% comfort temperature band with the
CLO = 0.3 (e.g. shorts, shirt and shoes) keeps the tempera-
ture that the occupants feel lower than the thermostat trigger
of 28°C for most of day with little energy needed for condi-
tioning (see the grey shaded area of Figure 5) compared with
the Living Room temperature and the NatHERS thermostat
level from 7 am to midnight).

Around 8 am in Figure 6 the effective temperatures for
3 comfort approaches (SET*90% v = 0.1, ET* v = 1.5 and
SET*90% v = 0.4) exceed thenaturally conditioned temperature
Ta_LivRm. This is because the humidity is around 60% and these
effective temperatures do not provide as much cooling effect
as SET*90% v = 1.5 or SET*80% v = 1.5, the latter of which
includes a lower CLO.

Energy savings
Figure 7 shows that even dwellings well designed for the Ade-
laide climate of 1990 will be uncomfortable in 2050 using the
NatHERS ET*90% comfort approach, and this may encourage
more air-conditioning usage.

The SET*90% comfort approach provides better results with
the slightly wider comfort temperature band of 14.6–27.3°C
compared to 15–25°C for NatHERS since it takes thermoregula-
tion and skin wettedness into account at higher temperatures
and humidity, whereas NatHERS uses the cooling approach of
Szokolay.

The comfort approach for SET*80% showed exceptional
results with varied clothing levels and using an extra fan speed
allowing the wide comfort band of 13.7–34.8°C (which feels like
16–28°C for the appropriate air speed, humidity, light and heavy
clothing, and other parameters).

Existing stock of dwellings
Figure 7 suggests that deep retrofits would be required for
the existing low thermal performance housing stock for 2050
if the Extreme Climate Change scenario eventuated for the
NatHERS ET*90% and SET*90% comfort approaches, whereas
more urgent retrofits would be needed for the Scarce Resource
scenario. However, the results of the lowest two lines in Figure 7
suggest that well-designed homes may not require retrofits if
the occupants activelymanage the home, but this may require a

programme of education. This suggests that the SET*80% com-
fort approach could be the most effective one for global warm-
ing for adaptation, andmaintaining occupant comfort, aswell as
for mitigation and to reduce carbon emissions.

The case-study ventilation and IEQ
The case study has large ceiling fans in the Bedroom and Living
Room/Kitchen if natural ventilation is not available. It was also
designed as a tightly sealed house that included sealed exhaust
fans in the Kitchen, Laundry and Bathroom to assist with mois-
ture control. If this housewas built to theNatHERS assumed level
of weather-stripping, the air changes per hour (ACH) would be
too low at less than 0.5 ACH at natural pressure (ACHnat) for
a healthy environment without an Energy Recovery Ventilation
system (Lstiburek 2013). However, occupants can often manage
the air exchange rate manually by opening doors and windows
as required.

The future of NatHERS comfort

One of the main originators of the AccuRate program, Angelo
Delsante, felt that it was more realistic to rate houses on a nat-
urally conditioned basis, rather than cooling requirements, but
found that this needed a comfort index and a better ventilation
model (Delsante and CSIRO 1997, 11). The Degree Discomfort
Hours (DDH) approach has been addressed by various authors
(Aynsley and Szokolay 1998; Willrath 1998; Kordjamshidi 2011),
butwhenAynsley and Szokolaywere consideringNatHERS com-
fort approaches in 1998, they found that the SET* index was the
most suitable for residential comfort. It was not recommended,
however, since few Australians were living in the humid North,
SET* algorithms were not readily available, and it required addi-
tional computing effort (Aynsley and Szokolay 1998, 21). So
ET* was recommended as a subset of SET* and the next most
suitable index.

An expert NatHERS workshop group agreed that more exist-
ing houses should be monitored and results correlated with
AccuRate simulations to validate NatHERS tools, and recom-
mended changes to the cooling thermostats, including bed-
room temperatures similar to the one trialled here (Saman et al.
2008).

One recent approach proposed for NatHERS that could
improve the cooling effect of air movement (Daniel et al. 2015)
extends theATC approachwith awarmer linear indoor operative
temperature extension to a region of the outdoor air temper-
ature above 25.3°C. However, this relies on one parameter out
of six to calculate comfort and disregards the non-linear evap-
orative cooling effects of sweating (Chan 2017) and the degree
of skin wettedness (Parsons 1993, 167, 212), which limits human
thermoregulation and acclimatization capacity (Hanna and Tait
2015, 8038–8044), but is taken into account by SET* (Parsons
1993, 233–237; Aynsley 2008).

SET* could replace ET*, or be included as a dual comfort
approach, SET* and ET*, which could work like the dual city and
country car fuel economy ratings, and would provide a range of
ratings and allowoccupants to decide if they are in the ‘Active’ or
‘Passive’ category. Including SET* in NatHERS is consistent with
Delsante’s realistic way to rate houses, with the NatHERS work-
shop to modify thermostat levels, and the continued support of
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the two original authors of the NatHERS 1998 comfort approach
report (R. Aynsley, Szokolay – Personal Correspondence, January
22, 2017).

Prioritizing retrofits

A national Mandatory Residential Disclosure (MRD) scheme for
existing dwellings could help to identify the buildings where
retrofits are needed most. This should be subsidized by the
government since the results would help:

• To validate and improve NatHERS if both monitoring and
simulation were done

• Assist withmitigating and adapting to climate change, where
a retrofit programme could be designed after a performance
survey of the building stock and include educating occupants
about personal comfort controls. Themitigation would assist
Australia in meeting its international low carbon targets.

A detailed NatHERS results database

The opportunity was taken to design and develop a NatHERS
results database to store thedetailedNatHERShourly zone simu-
lated information, unlike the recently created national NatHERS
repository of summary dwelling rating information. It can use
SQL queries to retrieve and compare naturally conditioned and
rating results such as hourly temperatures, humidities or energy,
across houses, climates, zones (e.g. for the Living or Bedroom),
hottest and coldest days, summer and winter seasons, and cal-
culate energy savings or DDHs improvements for retrofits over
base cases. The database could be extended to include more
house attributes including images for plans, photos; monitored
climate data and results; Assessor details including education
and experience; NABERS ratings and SET temperature values for
various clothing and air speed levels for each temperature and
humidity to help determine regional human thermoregulatory
acclimatization limits.

Some possible database application examples are:

• NatHERS validation by comparing simulated and monitored
house results (Saman et al. 2008, 27).

• Colour temperature ‘contour’ diagrams of a house plan,
showing hottest or coldest zones at various times in the year,
which could assist in prioritizing building occupant evacua-
tions during heat waves (Roaf, Crichton, and Nicol 2005).

• Newdesign or retrofit advice for dwellings, from similar exist-
ing houses stored with good star ratings, for a particular
house construction and climate.

• Calculating DDHs with variable thresholds.
• Helping to determine SET* thermostat settings per location.

Conclusions

The conclusions are:

• An estimated saving of 95%of theNatHERS heating and cool-
ing energy for a house case study could be made with one
SET* comfort approach, deserving more research for inclu-
sion in NatHERS;

• Adelaide temperatures were projected to increase 1.2 and
1.8 K from 1995 to 2050 for the Scarce Resource and Extreme
Climate Change scenarios, respectively;

• Much of the Australian residential stock will require rapid
retrofits if a Scarce Resource scenario unfolds and prices rise,
or deep retrofits if an Extreme Climate Change scenario even-
tuates;

• A cost-effective education programme of ‘Active’ adaptive
behaviour for occupants of well-designed dwellings could
avoid the need for retrofits to these dwellings;

• A subsidized national MRD scheme should be implemented;
and

• A detailed NatHERS simulation results database has been cre-
ated which could be of value to assessors, other researchers
and NatHERS.

Further research areas could include field studies for SET*
acclimatization comfort bands incorporating thermoregulation
testing of subjects; maximum sleeping temperatures and the
database applications identified.
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