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ABSTRACT

Projecting the local climate for buildings based rone General Circulation Models
(GCMs) under three carbon emission scenarios, shidy investigated the potential
impact of climate change on the heating and coo{ld{) energy requirements of
modern houses in five regional climates varyingrfroold to hot humid in Australia.
The study is based on the detailed sensitivity scehario assessment with a unified
reference to the global warming temperature, toctvitihe local climate of buildings is
correlated. It was found that a significant climatieange impact on H/C energy
demands is envisaged within the lifespan of exgstiouses, especially in the regions
with either hot/warm, cold, or H/C balanced tempeidimates. The energy demand of
5 star houses is projected to vary significantlyha range of -30% to 100% by 2050
and -50% to 350% by 2100 for A1B, A1FI and 550ppab#gisation emission scenarios,
depending on the regional climates. It was alsamdothat the climate change impacts
depend on the energy efficiency of houses. Althoogite efficient or higher energy
star rating houses may experience less absoluteggeban energy requirement due to
changing climate, they appear to have greater ptxge changes in H/C energy
demand, especially in regions with a H/C balanesapierate climate such as in Sydney
where the increase is projected to be up to 120846580% for high star rating houses
when the global temperature increases 2°C and B%pectively, potentially posing

significant pressures on the capacity of local gnsupply.

Keywords: Residential building energy, climate change, inotpassessment, energy

ratings



1. INTRODUCTION

The residential building sector contributed arodr3do of the total Australia national
greenhouse gas (GHG) emissions in 2005-06 [1]s lanticipated that the projected
population growth, the trend of smaller family sizeand the desire for more
comfortable indoor environment and larger houseswill put more upward pressure
on the energy demands and increase the GHG ensskimm the residential building

sector.

While the residential building sector may contridogtgnificantly to the GHG emissions
and climate change, the energy demand of curretgbrgned buildings may also be
impacted by climate change due to the changingl Idoaate. Buildings, once built,
may last several decades. Data from the Austrdi@using survey in 1999 by the
Australian Bureau of Statistics (ABS) shows tharéhwere about 45% of the houses
between 20 and 50 years of age, and 18% olderSbamars. Over such a long period,
the local climate of buildings, such as the avedagmbient temperature, may undergo
considerable changes exacerbated by changing elingatce the energy demand of
residential houses is closely correlated to thall@timate [2, 3], the conventional
building energy demand calculation, which assunmeslbcal climate following the

historical patterns during the building’s life spamay no longer be valid.

It has been found [4] that regional electricity dem is closely correlated to Heating
Degree Days (HDD) as well as Cooling Degree DayB¥}; based on the analysis of
weekly demand data published by the National Em@ttr Management Marketing

Company (NEMCO) in Australia, and climate changeymsansiderably change the



demand, especially peak demand. Meanwhile, instiadlies carried out in UK [5] and
New Zealand [6] found that a mean temperature mgght lead to energy saving and
emission reduction. Simulation for Switzerland alsdicated that the warming climate
scenario would reduce the heating demand, and dernated a reduction of HDD in
relatively cool climates [7]. However, a warmingnthte will increase cooling demand,
which may offset or exceed the benefit from thetihgaenergy saving [8], and
compromise thermal comfort [9]. It may also affébe performance of building
insulation, adding more loads on cooling [10]. Timpact of climate change will pose

challenges in the design and renovation of residembuses.

Much progress in low-energy house development [12] and renewal energy
technology, especially distributed renewable enexpuld potentially be utilised to
counter the impacts of climate change [13-19]. Havgeit is important to understand in
detail the impacts of changing climate on the epelgmand of buildings, so targeted

adaptation technologies for residential buildings be developed.

BRANZ [20] conducted comprehensive investigatioos different building types on

the consequences of climate change in Australiargghconsumption was considered
to be one of the major issues under changing aintébwever, as far as we know, there
have been no detailed sensitivity assessmentseiidential houses, in terms of the
relationship of energy demand in response to cimangimate at different magnitudes,
especially considering the uncertainties of climptejection models as well as the
influence of factors such as regional climate andrgy efficiency of buildings. The

projected energy demand at any given emission 8oeinaa specified year, or scenario



assessment, can be located on the sensitivity casvghown in Figure 1, making the

sensitivity assessment a more useful method tactaise climate change impacts.

Also, it is questionable that the average climatgjgutions, particularly of multiple
climate variability, from multiple climate models General Circulation Models (GCMs)
were suitable for use in assessing the impact efggndemand. In fact, any sensitivity
and scenario assessment should be based on iraliwdimmate models or GCM to
maintain the consistency among the projected cémadriables of interest. Model
uncertainties are subsequently described by théatilmv of sensitivity and scenario

assessment using different GCMs.

(Insert Figure 1. Sensitivity, scenario and their relationship)

The investigation carried out in this paper is tlilr@ss those issues and elucidate the
impact of climate change on the heating and codi§) energy demand of residential
buildings in Australia on the basis of detailed stwvity and scenario assessment.
Following the introduction of climate change andcomes of GCMs that will be used
in the investigation, the sensitivity and scenassessment of house H/C demand in
response to climate change is to be carried out witinified reference to the global
warming temperature as well as a consideration ofleh uncertainties. It aims to
illustrate the extent to which changing climate maypact on the H/C energy
requirement for residential houses in Australigresj which represent diverse regional
climate conditions varying from cold, temperaténtd humid. In addition, the influence

of energy efficiency on the climate change impaititalso be considered.



2. CLIMATE CHANGE

2.1 Carbon Emission Scenarios and Global Warming Projections

Climate change is considered as the changes istdte of the climate that persists for
an extended period, typically in decades or ceasueither due to natural driving forces
and/or as a result of human activities. Currerttig, major concern is the change caused
by anthropogenic activities, especially relatedjteenhouse gas emissions. The fourth
assessment report — Climate Change 2007, by teegtnternmental Panel on Climate
Change (IPCC) [21], indicated a significant inceeasf CQ concentration in the
atmosphere from 280 ppm in 1750 to 380 ppm in 20@b an accelerated increasing
rate. In comparison with pre-industrial temperatutkee best estimation of the
temperature increase caused by increasing greeamlgass concentration is 2.1°C for
450 ppm CQ-eq, 2.9°C for 550 ppm, 3.6°C for 650ppm, 4.3°CT60Oppm and 5.5°C

for 1000 ppm C@eq.

To address the climate change due to increasirgpratioxide in the atmosphere from
anthropogenic activities, IPCC defined a set ofefdission scenarios in its Special
Report on Emission Scenarios (SRES) [22, 23], @aaking different assumptions for
future greenhouse gas emissions, land-use and dtivang forces. Among them, for

example, they are:

e AlFI considers a carbon emission scenario, whishrags very rapid economic

growth, a global population that peaks in mid-centand declines thereatter,



and the rapid introduction of new and more effitismchnologies, substantial
reduction in regional differences in per capitaome, intensive fossil energy
consumption;

* AlB has similar assumptions as AlFl except balarfosdil and non-fossil
energy consumption;

e AlT assumes emphasis on non-fossil energy consompti

AlFlI may be considered as the extreme high GHG somsscenario, A1B is the
medium, and AlT is the low emission scenario. Ildlitwh, the scenarios of GO
stabilisation at 450 and 550ppm etc were also dhited to incorporate the effect of
policy intervention [24]. Considering the uncertas in future global carbon emissions,
the scenario assessment in the current study istaboinvestigate the impacts of
climate change on the energy demand of buildingls three carbon emission scenarios,
i.e. A1B, A1FI and 550ppm stabilisation scenarrepresenting medium emission, high

emission and the emission under policy influenoespectively.

With A1B, A1FI and 550ppm stabilisation emissioesarios, the corresponding global
CO, concentration and global warming projections cambtained by the Model for the
Assessment of Greenhouse-gas Induced Climate Ch@ng&ICC), developed by

Wigley’s Group in USA [24], as shown in Figure Zhelfigure also includes the lower

and upper bounds of the global £€»ncentration and global warming projections.

(Insert Figure 2 Projections of atmospheric CO, concentration and global warming to

2100)



2.2 Climate Models and Regional Climate Change Projections

To project spatially dependent climates in the reitunder different emission scenarios,
various climate models or Atmosphere-Ocean Ger@rallation Models (AOGCMs)
have been developed based on physical principldgeatontinental scale. Selecting an
AOGCM to be used in an impact assessment is novial ttask, given the variety of
models. The IPCC suggested that due to the vasgtgyof strengths and weaknesses of
various AOGCMs, no single model can be considetssl lbest. Therefore, it is
necessary to use multiple models to take into aucine uncertainties of models in any
impact assessment. In the current study, climatgegtions from nine climate models,
as shown in Table 1, were used. More details otlineate models can be found in the

IPCC report [21].

(Insert Table 1. Atmospheric-Ocean General Circulation Models Applied in this study)

From the global C® concentration and global warming projections otsdi by
MAGICC for a given emission scenario, climate chesign Australia with different
GCMs can be simulated usi@yClim. OZClim s a climate change projection software
developed by CSIRO, which is based on the WCRP QMwikulti-model dataset
developed by the Program for Climate Model Diagsesid Intercomparison (PCMDI),
and the Working Group on Coupled Modelling (WGCM)World Climate Research

Programme (WCRP). As examples, Figure 3 showsrihjegied median changes in the



ambient temperature, relative humidity and soldrat@on by 2050 using CSIRO Mk3.5

GCM at given ALFI emission scenario across Australi

(Insert Figure 3 Projections of climate variability by 2050 by CSRO-Mk3.5 GCM,

given A1FI emission scenario)

For A1B, AlFI and 550ppm stabilisation scenariogjufFes 4, 5 and 6 show the
projections of changes in temperature, relativeiditynand solar radiation in five cities,
i.e., Hobart, Melbourne, Sydney, Alice Springs dbdrwin, representing different
regional climate conditions in Australia, rangirrgrh cool temperate, temperate with
cold winter, temperate, hot dry with cold winter hot humid climate, as shown in
Table 2. The projections in Figures 4, 5 and 6kbased on the nine GCMs as listed in
Table 1, with each of them plotted in light colamurves. The average value of all the
nine models is plotted by the dark curves in tigares. The changes in temperature,
relative humidity and solar radiation since 199@ aescribed in degree Celsius,
percentage and W/mrespectively. As seen in Figures 4-6, the avermged of
temperature and solar radiation increases in the dities, following the global
warming projection, while the average trend of re&ahumidity decreases. It was also
found that the increases in the air temperatueehot/warm regional climate are higher
than those in a cold climate. All the projectiorsséd on the nine climate models and
three emission scenarios will be used in the seer@sessment of the energy demand

of a modern residential house later on.

(Insert Table 2 Climate conditions in five Australian cities)



(Insert Figure 4 Projections of temperature change in degree Celsiusin Australian

citiesfor A1B, A1FI and 550ppm stabilisation scenarios)

(Insert Figure 5 Projections of relative humidity change in percentage in Australian

citiesfor A1B, A1FI and 550ppm stabilisation scenarios)

(Insert Figure 6 Projections of solar radiation change in W/n? in Australian cities for

A1B, A1FI and 550ppm stabilisation scenarios)

3. IMPACT OF CLIMATE CHANGE ON COOLING AND HEATING ENERGY

DEMAND OF RESIDENTIAL BUILDINGS

3.1 Energy Demand Assessment by AccuRate

Energy demand of residential buildings is modeligdAccuRate, a residential house
energy rating software used in Australia [25]. Takinto account the local climate and
building fabric, AccuRate calculates hourly H/C mjyedemands of a house to satisfy
occupant thermal comfort over a period of one y€he heating and cooling thermostat
settings used in AccuRate for house energy ratiagpased on the Protocol for House

Energy Rating Software published by Australian 8unidgf Codes Board [26]:

For living spaces (kitchens and other spaces tifpicaed during the waking hours), a

heating thermostat setting of ZD is used. For sleeping spaces (including bedrooms,

bathrooms and dressing rooms, or other spaceslyclassociated with bedrooms), a

10



heating thermostat setting of°I8from 7:00 to 9:00 and 16:00 to 24:00, ant_5from
24:00 to 7:00. The cooling thermostat setting \saaecording to the climate region,
which are 23.0 °C, 24.0°C, 25.5°C, 26.5°C and 26f6f Hobart, Melbourne, Sydney,

Alice Springs and Darwin respectively.

It is debatable whether these thermostat settinjdevappropriate for the five cities in
the future with the warming climate. Consideringpiive thermal comfort [27], it is
possible that the cooling thermostat settings alhigher for Hobart and Melbourne
when occupants adapt warming local climate. Howewvethis study, the same heating
and cooling thermostat settings as listed in thetdeol for House Energy Rating

Software [26] were used.

Based on the annual total H/C energy demand, Adeusssigns a star rating between 0
and 10 stars to the residential building for thecsiied climate zone. The more stars,
the less likely the occupants need cooling or hgatio stay comfortable. The
Nationwide House Energy Rating Scheme (NatHER®stralia specifies that:

- Zero stars means the building shell does pracjicaithing to reduce the

discomfort of hot or cold weather.
- A5 star rating indicates good, but not outstangdingrmal performance.
« Occupants of a 10 star home are unlikely to negdaaficial cooling or

heating.

Currently, most Australian states and territorieguire a minimum of 4 to 5 stars for
new house designs with this requirement scheduoledé to 6 stars in two years. It is a

common approach to use Typical Meteorological Y@avY) weather files for the

11



simulation of building energy demand [28]. AccuRedatains 69 TMY files with each
linked to a climate zone, covering all Australiatates and territories. In order to
achieve reasonable consistency in house energygragiach climate zone has its
specific star bands to map the total cooling aratihg demand to star rating as detailed
in the Protocol for House Energy Rating Softwaretly Australian Building Codes

Board [26].

3.2 Descriptions of the Residential House

To illustrate the impacts of global warming on #rergy demand of residential houses,
a modern single-storey brick veneer house was reatleh this study, which is
currently one of eight house examples used forgneating software accreditation
purposes in Australia. It has a gross floor are81f.7 ni and a net air-conditioned
floor area of 207.4 fa As shown in Figure 7, the house has four bedrooms
kitchen/family area, a living room, a laundry, @aete bathroom and toilet, a rumpus

room and a double garage.

In the study, the floor plan was maintained whistrious combinations of wall
insulation, ceiling insulation, window types, floorsulation, infiltration controls etc

were used to achieve ratings of 2 stars, 5 stat¥ atars in the five cities.
Table 3 shows the annual H/C demands of these Badosthe five cities with the

existing TMY weather files. The annual cooling dmehting demands and the annual

total H/C energy demand are expressed as MJ peodlitioned floor area, i.evJ/nt.

12



The house energy demands are found to correlate wil the local climate, i.e.
cooling dominated in Alice Springs and Darwin, egtdominated in Melbourne and

Hobart, and heating/cooling balanced in Sydney.

(Insert Table 3 Cooling and heating demands of the 2 star, 5 star and 7 star houses in

the five cities)

(Insert Figure 7 A floor plan of a conventional four bedroom housein Australia)

3.3 Cooling and Heating Energy Demand Patterns under the Changing Climate

The existing TMY weather files in AccuRate are assed to be the reference climate at
1990 considering that most of the data in the weraties were composed from the
weather data from 1970 to around 1990. Projectad@és in local ambient temperature,
relative humidity and solar radiation from 1990 2&00, in relation to the global
warming temperature and 9 GCMs, have been incomobri construct new weather
files, by a so-called ‘morphing’ approach [28], fure five Australian cities. The

approach will also later be applied for the sevisjtiand scenario assessment.

The H/C energy demands of the houses using the Wdather files (refer to Table 3)
are described as the reference H/C energy demiimise 8 shows the projected, daily
H/C energy demands in MJ in 2050 and 2100, in cois@a with the reference
demands, for the 5 star houses in Alice Spring$ dinp summer/cold winter climate,

cooling dominated) and Melbourne (temperate/colateviclimate, heating dominated),

13



when the A1FI scenario and CSIRO Mk3.5 GCM modelapplied. It is noted that the
daily H/C energy demands shown in Figure 8 shoelddnsidered as a projection at the
best estimation, in relation to the projected glat@ming, and it should not be viewed
as an exact prediction of real H/C demands on eifsge day in the future. In general,
there is a considerable increase in cooling endegiyand in Alice Springs due to its hot
summer, relatively with a large increase in air penature, and a small change in
heating demand, resulting in an overall increasenergy demand for heating and
cooling. In contrast, there is an obvious reductioheating demand in Melbourne due
to the improved climate condition from its currgmntklatively cold winter as a result of
an average temperature increase. Considering aratedecrease in the cooling energy
demand in summer, there is a possibility that erall energy demand for heating and

cooling in Melbourne may be reduced.

(Insert Figure 8 Daily H/C energy demand for a modern four bedroom house of five-
star energy rating in Alice Springs and Melbourne, in 2050 and 2100, in comparison

with the reference demand)

3.4. Sengitivity Assessment of Energy Demand to Climate Change

The sensitivity here is described by the variatbmeating, cooling and the total H/C

energy demand of a residential house in respongbetoncrease of global warming

temperature, which is correlated to the local ctamasuch as ambient temperature,

relative humidity and solar radiation change andrso

14



The existing TMY weather files in AccuRate are uasd reference climate. As before,
the files are then modified by the ‘morphing’ apgeb, based on the projection of nine
GCMs, to construct projected local climates théibfe the global warming temperature
increasing from 0 to 6°C with a 0.5°C interval. Timéck veneer houses applied in the
assessment are those described in section 3.2h&aensitivity study, the H/C energy
demands of 2 star, 5 star and 7 star houses irtities are investigated using AccuRate,

with the projected local climates. This resulte@ itotal of 1485 simulations.

For a 5 star house in the five cities, the sengjtof H/C energy demands to the global
warming temperature is illustrated in Figure 9. Hwerage H/C energy demand from
the nine GCMs is shown in a dark curve in eachrdiagof the figure. The H/C energy
demands based on individual GCMs are drawn in ftigat Icoloured curves,

demonstrating the scattering of the estimationstdilee uncertainties of GCMs.

(Insert Figure 9 Sensitivity of the changes in heating and cooling energy demand to the

global warming temperature for a 5 star house in five cities)

It can be found that the reduction in heating dednas well as the increase in cooling
demand at all locations shows a change proportionidle global warming temperature.
In a cooling dominated hot or warm regional climagach as in Darwin and Alice

Springs, or a cooling and heating balanced tempariahate such as in Sydney, the
increase in cooling energy demand is much more atiarthan the decrease in heating
energy demand, when responding to global warmingother words, the changes in
total H/C energy demand in these climates are dat@ihby the increase in cooling

demand. In contrast, the reduction of heating gnelgmand prevails in a relatively

15



cold temperate regional climate, such as in Holrargesponse to the global temperature
increase. Meanwhile, locations at a heating dorath&&mperate regional climate, such
as in Melbourne, show relatively balanced changd4/C energy demand in relation to

the global warming temperature.

The sensitivity of the total energy demand of afstar house in five cities to global
warming is shown in Figure 10. In terms of the patage changes in energy demand,
Sydney appears most sensitive to global warmingtduge rapid increase in cooling
demand and the negligible reduction in heating deméefer to Figure 9) on a
relatively small reference energy demand in 19@€e(rto Table 3), followed by Alice
Springs and then Darwin. It implies that global marg may potentially pose more
pressures to the capacity of local energy suppl$yidney. Moreover, there appears to
be an acceleration in the cooling demand. FromrEidQ0, the trend becomes significant

after reaching a global warming temperature of 2°Sydney.

(Insert Figure 10 Sensitivity of the total H/C energy demand (in percentage terms) to

global warming for a 5 star energy rating house in five cities)

Compared with the current H/C energy demand stétesiegions in cold climates may
benefit from global warming in terms of the redaoatin the energy demand. Melbourne,
where the climate is temperate with cold winteryraaehieve the most benefit when the
global warming temperature reaches 2.5°C. Howeivenay eventually lose all the
benefit when the global warming temperature rea&¥®%C. Hobart, where the climate
is relatively cold, may always benefit, representgdthe energy reduction within the

range of 6°C global warming investigated in thisdgt

16



The sensitivity of total H/C energy demand to glowarming differs for residential
housing, currently with different energy performanar energy ratings. Figure 11
demonstrates the difference of the sensitivity mersg 2, 5 and 7 star houses in the
five cities. The energy demand of houses with eelognergy rating appears to be more
sensitive to global warming in terms of the absokdlue of changes in energy demand.
However, on a percentage basis, the change inrteeyye demand of houses with a
higher energy rating generally appears more seasiid global warming. In H/C
balanced temperate climates, such as Sydney, tigtiggy to global warming (in
percentage) is more than doubled when energy smtithgnge from 2 to 5 stars. The
H/C energy demand was found to increase 120% fstai7 houses when the global
temperature increases 2°C and 530% with a 5°C aseremuch higher (in percentage
terms) than those for 2 star houses (though a lgds than those for 5 star houses when
the global temperature increase less than 1°C).higte sensitivity to global warming
may need to be considered in the planning of higtiopmance buildings in terms of

their future energy demand.

(Insert Figure 11 Sensitivity of total H/C energy demand to global warming for a house

with different energy ratingsin five cities)

It is also interesting to find that, houses, witl@ atar energy rating in a cold climate,
such as in Hobart, benefit more initially from ghblwarming, represented by greater
percentage reductions in energy demand. Howeversdkiing benefits level off as the
global warming temperature increases. The pattexcorbes even clearer for the

sensitivity curve of percentage change in Melbouifiiee energy demand reverses the

17



trend from energy reduction to greater energy demahen the global warming
temperature reaches 4.3°C. For comparison, theggrdgmand reversal happens at
5.4°C for 5 star houses, and it does not happail atithin the range of 6°C global

warming for 2 star houses.

3.5. Scenario Assessment of Energy Demand Response to Climate Change

The purpose of scenario assessment is to undergtarchange of energy demand over
time in response to global warming representedpegific emission scenarios, such as
Al1B, A1FI and 550ppm stabilisation. The existing YMveather files of AccuRate in
the five Australian cities were again used as #ierence climate. They were modified
with the projected changes in local ambient tentpeea relative humidity and solar
radiation under the three emission scenarios, em#sis of 9 GCMs from 1990 to 2100
in a five year interval. Under the modified weathkss, H/C energy demands of 2 star,
5 star and 7 star houses were simulated using AsteuRConsidering all the
combinations of house star ratings, locations, sjeamission scenarios and GCMs,

there are a total of 9315 simulations for the sgeressessment.

Figure 12 describes the projection of the totaluahitl/C energy demand variations of a
5 star house in the five cities given the threession scenarios and nine climate models.
The variation displays three trends within the ctgd time period up to 2100:
o0 Locations at a cooling dominated warm or H/C batahtemperate regional
climate: the total H/C energy demand consistemttyaases over time, and the
increase is more significant for a hot humid cliem@Darwin), followed by the

hot and dry summer climate (Alice Springs), anchthEC balanced temperate

18



climate (Sydney). In Darwin, there is an increa$e227MJ/nf by 2050 and
540MJ/nf by 2100 for the A1FI scenario. In Alice Springsette is an increase
of 80MJ/nf by 2050 and 305MJ/mby 2100. In Sydney, there is a smaller
increase of 49MJ/frby 2050 and 170MJ/mby 2100;

o Locations at a heating dominated temperate but wohder climate: the total
H/C energy demand declines initially, and theneases. In Melbourne, for the
A1F| scenario, there is a reduction of 29M3/by 2050, and the demand
continues to drop until 2065 when the reductioncihea the maximum at
33MJ/nf. The demand trend then reverses, and energy fedugbes back to
20MJ/nf by 2100;

0 Locations at a heating dominated cool temperataat8: the total H/C energy
demand declines over time. In Hobart, there is r@sistent decrease of energy
demand, dropping 51MJfmby 2050 and 95MJ/mby 2100 for the ALFI

scenario.

(Insert Figure 12 Projections of H/C energy demand variation in Australian cities for
A1B, ALFI and 550ppm stabilisation scenarios (light colour curves: projections based

on the nine GCMs; dark curves. average values of the nine GCMs))

The average percentage of changes in energy defrandhe nine climate models in
comparison with the reference energy demands ®fitie cities are described in Table
4. Although the assessment is carried out for aipdiouse type, it demonstrates that
both increase in cooling energy and decrease itingeanergy over the lifespan of
residential buildings can be significant due tobgllowarming. The energy demand of

five star houses is projected to vary in the ramigeg0% to 100% by 2050 and -50% to

19



350% by 2100 for the three emission scenarios, ri#pg on the regional climates. For
the A1FI scenario, the total H/C energy demandyidn®8y may increase 101% by 2050
and 350% by 2100, while the total energy deman#iabart may decrease 26% by
2050 and 48% by 2100. With the moderate emissienas A1B, the total annual H/C
energy demand in Sydney is projected to increag8é B§ 2050 and 193% by 2100,
while the total H/C energy demand in Hobart mayrease 23% by 2050 and 37% by

2100.

(Insert Table 4 The average percentage changes (%) in annual H/C energy demand for

5 star houses by 2050 and 2100 due to global warming)

It should be noted that the changes in energy reagnt for any emission scenario can
be described by the sensitivity curves (refer tguRes 9 and 10) that represent the
relationship between the changes in energy demaahdh@ global warming temperature,
as shown in Figure 13, for 5 star houses. In Fig3rehree different symbols were used
to indicate the percentage change in the energyademt 550ppm stabilisation, A1B

and A1FI scenarios, with the energy demand in Za0€he three scenarios highlighted.

(Insert Figure 13 The trajectories of energy demands for A1B, A1FI and 550ppm

stabilisation emission scenarios on sensitivity curves)

It should also be noted that the change in eneegyathd due to the changing climate
can also affect the energy rating of residentialisaes if the current energy rating
standard is maintained. As shown in Table 5, thergn rating of houses, which

currently have 5 star rating, will decline signdidly in a hot climate, such as in Alice

20



Springs and Darwin, if the same energy rating stethds used. The energy rating in the
two cities is projected to drop between 1.2 andsgags by 2050 and between 1.8 and 5
stars by 2100. With the moderate emission scenatiB, the drop in star rating is

around 0.4 stars per 10 years in Darwin. Even ftenaperate climate in Sydney, the

energy rating is projected to drop considerablybbeyween 1.5 and 2.1 stars by 2050
and between 2.2 and 3.9 stars in 2100. In contBastiar houses in a cool climate such
as in Hobart and Melbourne could increase theirggneating by between 1.1 stars by

2050 and 2.2 stars by 2100.

(Insert Table 5 Influence of climate change on the energy star rating of residential

houses that currently have an energy rating of 5 stars)

The changes in the energy star rating, either asa@eor decrease, are not the
consequence of the variations in building fabrid anergy efficiency, instead they are
the result of the changing climate. The changesngrgy star rating could occur during
the lifespan of the existing house stock in AusdraConsidering that the changes in star
rating are different in different climate zonesijltlmg regulators may need to take into

account the impact of climate change when revielegenergy rating scheme.

Similar to the findings in the sensitivity assesameurrent energy performance in
terms of energy rating may also affect the extdéntlimate change impact. Figure 14
shows the projected changes in the total annualdd&Zgy demand for 2 star, 5 star and
7 star houses in the five cities, estimated froenaherage demand projections based on
the nine GCMs considering the A1FI scenario. Tlaéspbn the left hand side show the

absolute changes in total annual H/C energy demahile the plots on the right hand

21



show the percentage changes in comparison to theenee energy demands. As found
in the sensitivity assessment, the changing clingateerally has more impact on the
houses with a lower energy rating over their lilaspn terms of the absolute amount of
change in the total annual H/C energy demand. Hewete houses with a higher

energy rating are more sensitive to the changimgaté in percentage terms.

(Insert Figure 14 Changesin the total annual H/C energy demand for a house with

different energy ratingsin five cities, under the emission scenario of A1FI)

In Alice Springs, the total annual energy demang marease 33%, 66% and 85% by
2050, and 109%, 212%, and 279% by 2100, for a haitkea 2, 5 and 7 star energy

rating, respectively.

In Hobart, the house with a 2 star energy ratirdyces the energy demand mostly, in
terms of the absolute change. However, the pergerthange in energy demand of 2, 5
and 7 star houses is -22%, -26% and -27% respgcbye2050, and -43%, -48% and -
49% respectively by 2100. In other words, the hougk a higher energy rating in a
cold climate condition may benefit more in termglod percentage reduction in energy

demand.

In Melbourne, where the climate condition will tsdnfrom temperate to warm
conditions due to climate change, the percentagect®n in energy demand of 7 star
houses is higher than 2 star and 5 star houseseb20®5, albeit marginally. However,
similar to the sensitivity study (refer to Figurd)lthe benefit of energy demand

reduction due to climate warming starts to dimineghckly after 2055. The saving
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benefit drops from a 20% reduction by 2055 — tingdsat reduction among the three star
ratings, to a 2% reduction by 2100 — the leastetdn among the three star ratings. For
other emission scenarios including A1B and 550pmbiksation, the trends of energy

demand variation due to global warming, in relatiorenergy rating, are similar. These

are not presented here.

4. CONCLUSIONS

The contribution of building energy consumption darbon emissions has attracted
significant attention. Many technology, policy aredjulation initiatives and have been
developed in order to reduce energy use as a dirnafnge mitigation measure.
However, climate change may also alter the logalate of buildings, which can in turn
affect the energy demand of buildings, especiailyteating and cooling (H/C). The
current study demonstrated that H/C energy demand®sidential houses may be

significantly impacted upon by changing climate.

OZClim is applied to project climate change in Austréinthe assessment of climate
change impact on H/C energy demand of residentidtibgs. Outcomes from nine
GCMs are used to simulate the local climates otdings, including temperature,
relative humidity and solar radiation, all of whiahe correlated to the global warming
temperature. Incorporating with current Typical Btablogical Year (TMY) weather
files by a so-called ‘morphing’ approach, new weatliles with hourly data are
developed in relation to the changing climate, eslg for the sensitivity and scenario
assessment with the aid AfcuRate, a residential house energy rating tool. A modern

Australian detached brick veneer four bedroom houas considered to demonstrate
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the impact of changing climate on the H/C energyaled of houses located in five
cities, i.e., Alice Springs, Darwin, Hobart, Melboe and Sydney in Australia,
representing a diverse regional climate environnresitiding hot dry, hot humid, cold,

temperate with cold winter, and temperate climates.

The sensitivity assessment illustrates the relatignbetween H/C energy demand and
global warming. It was found that the reductionheating demand as well as the
increase in cooling demand at all locations sholanges proportional to the global
warming temperature. In a cooling dominated hotvarm climate, such as in Darwin
and Alice Springs, or a cooling and heating baldntmmperate climate such as in
Sydney, the increase in the cooling energy demanghuch more dramatic than the
decrease in the heating energy demand when resgptalglobal warming. In contrast,
the reduction of heating energy demand prevaibs ialatively cold temperate climate,
such as in Hobart. It is interesting to note thad iheating dominated temperate climate,
such as in Melbourne, the increase in cooling dehmsrat a magnitude similar to the
reduction of heating demand for the majority ofreres. The total H/C energy demand
may therefore decrease initially and then riser lete¢he longer term with the increased
global warming. In terms of the percentage changd/C energy demand, houses in a
H/C balanced temperate climate are more sensiitke changing climate represented
by an increasing trend to meet more cooling demémd&ydney, the trend becomes
very significant after the global temperature ias® reaches 2°C. Meanwhile, the
energy performance or energy rating of currentdaogls may also considerably affect
the sensitivity of H/C energy demand to the chaggilhimate. In particular, in a H/C
balanced temperate climate, the sensitivity to glatarming (in percentage terms) is

more than doubled when energy ratings change frota 2 stars. The H/C energy
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demand is found to increase 120% for 7 star howden the global temperature

increases 2°C and 530% for an increase of 5°C.

In addition, scenario assessment shows the H/Cggrdgmand over the lifespan of
buildings in relation to the A1B, AL1FI and 550ppnatslisation emission scenarios,
which are considered to represent moderate, aggeesand policy-intervened
circumstances. In fact, results from the scenassessment can be displayed as a
trajectory along the specific sensitivity curvedaited in the sensitivity assessment. It
is found that a significant climate change impaot the H/C energy demand is
envisaged within the lifespan of existing housegpeeially in the regions either with
hot/warm, cold, or heating and cooling balanced perate. As expected in the
simulations by AccuRate, the heating energy wilkkrdase, and cooling energy will

increase over the service life of buildings, assult of global warming.

Whether the total energy demand would be reduceédcozased due to global warming
over the lifespan of existing houses will depend tba relative extent of energy

reduction in winter and increase in summer. Theg@neemand of 5 star houses is
projected to vary significantly in the range of 8@ 100% by 2050 and -50% to 350%
by 2100 for the A1B, A1FI and 550ppm stabilisatemission scenarios, depending on
the regional climates. For a hot, warm regionamale as well as a H/C balanced
temperate climate, such as in Alice Springs, Daraml Sydney, the variation in

cooling energy demand is larger than the heatirggn The total H/C energy demand
of a house with a 5-star energy rating may risaupyto 61% by 2050 and 112% by
2100 for the 550ppm stabilisation scenario, 81%20%0 and 193% by 2100 for the

A1B scenario, and by 101% by 2050 and 350% by Z&0@he AL1lFI scenario. For a
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cold climate, such as in Hobart, the variation @lcng energy demand is smaller than
heating energy demand. As a result, the total H¥& gy demand may be reduced by up
to 19% by 2050 and 27% by 2100 for the 550ppm ktakion scenario, 23% by 2050
and 37% by 2100 for the A1B scenario, and 26% ky02&nd 48% by 2100 for the

A1FI| scenario.

It should be mentioned that the energy rating mag ke significantly affected by the
changing climate. For 5 star houses in a hot omwaelimate, the rating may drop
considerably in accordance with the current eneagyg classification. In Darwin, it
declines to 2.4 stars by 2050 and 0.9 stars by fif0fhe A1B scenario, and to 2.1 stars
by 2050 and 0O stars by 2100 for the A1FI scendmi@ontrast, the rating may rise in a
cold climate. In Hobart, it goes up to 5.9 stars2p0 and 6.7 stars by 2100 for the
Al1B scenario, and 6.1 stars by 2050 and 7.2 star@1®0 for the ALFI scenario.
However, the change is not due to the deterioratioimprovement of building energy
efficiency. Instead, it is purely caused by thengeof local climates due to global
warming. It is arguable as to whether the energngaclassification should consider

the impact of changing climate in the future.

The current study demonstrated that a significdimate change impact may occur
within the service life of most new dwellings basmdthe simulations. Understanding
of energy demand of residential buildings under iimpact of climate change is
important for the selection of mitigation and adsijoin strategies in the design of new
houses as well as the renovation of existing omspecially linked to housing
typologies. While there is a general sense thabthleling attributes, such as building

envelop, orientation, and building materials arerenclosely related to H/C energy
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demand intensity (MJ/f)y it is necessary to assess the sensitivity ofggndemand to
those attributes that may also include the flo@esilt is also useful for further
assessment of energy demand at the residentiadlitogilstock level for planning

purposes. All will be discussed in our further stsd

It should be noted that the current study was edrout using the thermostat settings for
the five cities, which are currently listed in tiReotocol for House Energy Rating
Software [26]. Considering adaptive thermal comff#7], the cooling thermostat
settings may become higher when occupants staddpt to the future warmer climate.
Together with occupant behaviour, they may chahgeH/C energy demand. Further
study is required to address the possible occupdaptive behaviours under climate

change.
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Table 1. Atmospheric-Ocean General Circulation Medgplied in this study

Models Developers

CCCMA Canadian Centre for Climate Modelling and Ases, Canada

CNRM National de Researches Meteorologiques, France

CSIRO-Mk3.5 Commonwealth Scientific and IndustRasearch Organisation,
Australia

GISS-AOM National Aeronautics and Space Adminigirat Goddard
Institute for Space Studies, USA

GISS-EH Goddard Institute for Space Studies, Natigeronautics and
Space Administration, USA

IAP-FGOALS National Key laboratory of Numerical Matng for

Atmospheric Sciences and Geophysical Fluid Dynamics
Institute of Atmospheric Physics, China

IPSL-CM4 Institut Pierre Simon Laplace, France

MICRO-M Centre for Climate System Research, Natiometitute for
Environmental Studies, and Frontier Research Céatré&lobal
Change, Japan

MRI-GCM232 Meteorological Research Institute, Japan

Table 2. Regional climate conditions in five Ausaa cities

, Climate Conditions Heating and Cooling
L ocations

Requirement
Alice Springs Hot dry, cold winter Cooling dominated
Darwin Hot humid Cooling dominated
Hobart Cool Temperate Heating dominated
Melbourne Temperate/cold winter Heating dominated
Sydney Temperate Balanced

heating/cooling
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Table 3 Cooling and heating demands of 2 starabastd 7 star houses in the five cities.

Anngﬁggzolgr;%l;ﬁgtmg Sgrlllr(i(;s Darwin Hobart Melbourne Sydney
Heating (MJ/m) 103 - 480 326 66

2 Stars Cooling (MJ/nf) 270 628 7 48 78
Total (MJ/nf) 373 628 487 374 144

Heating (MJ/m) 27 - 194 124 10

5 Stars Cooling (MJ/n) 117 400 3 20 39
Total (MJ/nf) 143 400 197 144 49

Heating (MJ/m) 14 = 107 66 11

7 Stars Cooling (MJ/nf) 68 277 3 13 18
Total (MJ/nf) 82 277 110 79 29

Table 4. The average percentage changes (%) inahteating and cooling energy
demand for 5 star houses by 2050 and 2100 du@balgivarming

S'pb)\rlllr(f]s Darwin Hobart Melbourne Sydney

Heating -50 - -20 -30 -66

2050 Cooling 62 39 79 69 93

Total 41 39 -19 -16 61

550ppm Heating 68 ; -30 -44 83
2100 Cooling 106 61 153 123 161

Total 67 61 -27 -21 112

Heating -59 - -25 -36 -74

2050 Cooling 80 48 104 90 120

A1B Totgl 54 48 -23 -19 81
Heating -83 - -42 -60 -94

2100 Cooling 169 90 275 208 193

Total 122 90 -37 -22 193

Heating -65 - -28 -42 -81

2050 Cooling 84 57 133 111 146

ALE| Totr?d 56 57 -26 -20 101
Heating -94 - -58 -78 -99

2100 Cooling 283 135 572 380 462

Total 213 135 -43 -14 350
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Table 5. Influences of climate change on the enstgyrating of residential houses that
currently have an energy rating of 5 stars

AlB A1FI 550 ppm
2050 2100 2050 2100 2050 2100
Alice Springs 3.5 2.4 3.4 15 3.8 3.2
Darwin 2.4 0.9 2.1 0 2.8 1.9
Hobart 5.9 6.7 6.1 7.2 5.8 6.2
Melbourne 5.7 5.9 5.8 5.9 5.9 5.6
Sydney 3.5 2.8 3.2 2.1 2.9 1.1
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Figure 7. A floor plan of a conventional four bealno house in Australia
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Figure 9. Sensitivity of the changes in H/C enedgynand to the global warming
temperature for five star houses in five cities.
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warming for a 5 star energy rating house in fieesi
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Figure 11. Sensitivity of total H/C energy demaadjtobal warming for a house with
different energy ratings in five cities.
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Figure 12. Projections of H/C energy demand vammtn Australian cities for A1B, A1FI and
550ppm stabilisation scenarios (light colour cunmsejections based on the nine GCMs; dark
curves: average values of the nine GCMs)
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Figure 14. Changes in the total annual H/C energggahd for a house with different
energy ratings in five cities, under the emissicensirio of ALFI.
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