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Abstract: Globally, buildings account for nearly 40% of the total primary energy consumption and
are responsible for 20% of the total greenhouse gas emissions. Energy consumption in buildings is
increasing with the increasing world population and improving standards of living. Current global
warming conditions will inevitably impact building energy consumption. To address this issue, this
report conducted a comprehensive study of the impact of climate change on residential building
energy consumption. Using the methodology of morphing, the weather files were constructed based
on the typical meteorological year (TMY) data and predicted data generated from eight typical
global climate models (GCMs) for three representative concentration pathways (RCP2.6, RCP4.5,
and RCP8.5) from 2020 to 2100. It was found that the most severe situation would occur in scenario
RCP8.5, where the increase in temperature will reach 4.5 °C in eastern Australia from 2080-2099,
which is 1 °C higher than that in other climate zones. With the construction of predicted weather files
in 83 climate zones all across Australia, ten climate zones (cities)—ranging from heating-dominated
to cooling-dominated regions—were selected as representative climate zones to illustrate the impact
of climate change on heating and cooling energy consumption. The quantitative change in the energy
requirements for space heating and cooling, along with the star rating, was simulated for two repre-
sentative detached houses using the AccuRate software. It could be concluded that the RCP scenarios
significantly affect the energy loads, which is consistent with changes in the ambient temperature.
The heating load decreases for all climate zones, while the cooling load increases. Most regions in
Australia will increase their energy consumption due to rising temperatures; however, the energy
requirements of Adelaide and Perth would not change significantly, where the space heating and
cooling loads are balanced due to decreasing heating and increasing cooling costs in most scenarios.
The energy load in bigger houses will change more than that in smaller houses. Furthermore, Bris-
bane is the most sensitive region in terms of relative space energy changes, and Townsville appears
to be the most sensitive area in terms of star rating change in this study. The impact of climate change
on space building energy consumption in different climate zones should be considered in future
design strategies due to the decades-long lifespans of Australian residential houses.

Keywords: future weather file; selection of GCMs; RCPs; building energy simulation

1. Introduction

Global warming has become a significant issue in recent years. With the changing
climate, mitigation and adaptive measures should be developed for building design and
operation. In Australia, the Council of Australian Governments (COAG) Energy Coun-
cil proposed the National Energy Productivity Plan [1] in 2015, which stated that the
Australian energy productivity should be improved by 40%. A goal for targeting low
energy buildings was proposed based on the Paris Agreement, which stated that the rising
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temperatures should be controlled to under 2 °C by 2100 [2]. Considering that building
energy consumption accounts for 32% of total energy consumption, and the fact that resi-
dential house lifespans are required to be at least 50 years [3,4], the design and operation of
residential buildings must consider the effects of climate change.

Future greenhouse emission scenarios have been defined in the Intergovernmental
Panel for Climate Change (IPCC) Fifth Assessment Report (AR5), published in 2014 [5].
A new series of representative concentration pathways (RCPs), covering the emission
scenarios with and without climate mitigation policies, have been defined to illustrate the
emission trajectory and subsequent radiative forcing, which are utilised as input data to
provide the initial conditions for general circulation models (GCMs), the most advanced
tools currently available for climate forecasting [6].

Building energy consumption varies according to the requirements of residential
thermal comfort and changing climate. A number of studies have been carried out to
estimate space heating and cooling (H/C) energy consumptions in the future, subject to
climate change [7-11]. Xu et al. [7] determined the building heating and cooling energy
demand patterns in California under the impact of climate change in three carbon scenarios
(A1F1, A2, and B1), defined by the IPCC in their fourth assessment report. With the
projected statistically downscaled weather data generated from the high-temperature
sensitivity (HadCM3) and low-temperature sensitivity parallel climate model (PCM) for
the high emission scenario (A1F1) and low emission scenario (B1), the building energy
usage was quantitatively projected for the years 2040, 2070, and 2100. Shen [8] studied the
residential and office building energy use with the downscaled weather data from HadCM3
in four representative U.S. cities in the period of 2040-2069, concluding that the annual
building energy use would change from —1.64% to 14.07% for residential buildings and
from —3.27% to —0.12% for office buildings in the A2 scenario. Invidiata and Ghisi [9] chose
three cities in Brazil to investigate the space building energy load under the conditions of
global warming. Using the MIROC3.2-H GCM, Wan et al. [10] investigated the impact of
global warming on building energy use for five climate zones in China under two scenarios:
B1 (low forcing) and A1B (high forcing) from 2001 to 2100. The increase in cooling energy
was estimated to be about 11.4-24.2%, and the reduction in heating was estimated to be
13.8-55.7% for B1. Wang et al. [11] analysed the heating and cooling energy consumption
of Australian residential buildings for five typical climate zones (Alice Springs, Darwin,
Hobart, Melbourne, and Sydney) under A1B, A1F1, and 550 ppm scenarios. Using the
morphing method [12], the future weather files were developed based on TMY weather
data and predicted data from nine GCMs. For a typical 5-star (i.e., 5-star out of 10) house,
the average increase in space energy requirements has been projected to be about —48%
to 350% by 2100. It has been pointed out that Sydney would be the most sensitive to
global warming, and higher star rating houses would experience fewer changes in energy
usage [13-15]. Similar research has been conducted in other countries and regions such as
Tokyo, Europe, and Singapore, which found consistent results [15-21].

Some studies have also been conducted on commercial buildings. After reviewing
case studies on other countries and regions [22-34], energy demands for commercial
buildings in Salt Lake County, Utah, USA were estimated by Mendoza et al. [35] by climate
projections through to the year 2040 using the EnergyPlus building energy simulation
model. It was found that a weighted average decrease in heating energy of 25% and an
increase of 15% in cooling energy in 2040 are expected. Bianchi et al. [36] investigated the
energy consumption of individual model buildings and a group of actual buildings in Salt
Lake City using current weather data and climate projections through to the year 2040.
Their results show that direct and indirect emissions tend to increase as the climate warms
and temperature variability increases.

The aforementioned studies were conducted under the carbon emission scenarios
defined in the IPCC report, and one or two GCMs were selected to generate the projected
weather data [16,37,38]. Clark et al. [39,40] suggested that certain climate zones should
be assigned to certain GCMs for projecting the weather files. With the RCPs defined in
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the relatively recent IPCC AR5, detailed research on residential H/C energy requirements
using proper GCM selection has not been investigated in sufficient detail.

Unlike previous research on the prediction of weather files for calculating building
energy requirements, this study used every climate zone for a certain period, and each
RCP scenario was matched for the data from one proposed GCM with the climate-futures
tool of Climate Framework [41]. This study aims to evaluate residential building energy
performance under different RCP scenarios for four periods (the 2030s, 2050s, 2070s,
and 2090s).

2. Methodology

To evaluate the energy performance of residential buildings under global warming,
future weather files must be constructed, the process for which is described below.

2.1. Prediction of Future Weather Files

For residential building thermal (energy) simulation, air temperature, humidity, solar
radiation, and wind speed are crucial variables. Typical meteorological year (TMY) weather
files are widely used for building energy performance simulation. In this study, the

‘morphing’ methodology, developed by Belcher et al. [12], was adopted to construct future

weather files, where the hourly data of the current weather (TMY) were adjusted with
the predicted monthly mean changes from GCMs, downscaled to each region. The future
hourly values can be estimated using Equations (1)—(5), as described below.

T =Ty + ATy +ary (TO_ <T0>m) @D
ATMAX,, — ATMIN,,

Here ap;,, = 2

T <T0max>m - <T0min>m ( )

RH = RHo(1 + agm) 3)

U= Uy(1+aym) (4)

I'=1o(1+ Irm) ®)

where T, RH, U, and [ are the future hourly dry-bulb temperature (°C), relative humidity
(%), wind speed (m/s), and solar radiation (W/ mz), respectively. The Ty, RHy, Uy, and
Iy are the corresponding TMY hourly weather data. apy,, iy, and apy, are the fractional
monthly mean change in the relative humidity, wind speed, and solar radiation, respectively.
ATy, ATMAX,,, and ATMIN,, are the projected changes in the monthly mean of the ambient
dry-bulb temperature, maximum temperature, and minimum temperature, respectively.
(To)m, {Tomax)m, and (Touin)m are the monthly mean temperature, maximum temperature,
and minimum temperature of the TMY weather data, respectively. In this study, the 2016
TMY weather data were applied, which was developed by Liley [42] for the NatHERS,
based the climate data of the period 1990-2015.

For future weather projections, greenhouse emission scenarios (RCPs) and GCMs
need to be determined.

2.1.1. RCP Scenarios

Recent updates to the definitions of carbon emission scenarios (RCPs) were released
in IPCC AR5, necessitating more research into this field [5]. The fifth IPCC AR5 proposed
different scenarios of RCPs to illustrate the future carbon emissions related to social and
economic factors including population growth, economic circumstances, and land use. The
RCP scenarios superseded the Special Report on Emission Scenario projections published
in the IPCC report in 2000 [43]. The numbers in each RCP refer to the amount of radiative
forcing produced by greenhouse gases in 2100. For example, in RCP8.5, the radiative
forcing will be 8.5 W/ m? in 2100. In this study, RCP8.5, RCP4.5, and RCP2.6 were chosen
to represent high, intermediate, and low emissions, and future weather data were repre-
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sented in four averaged time periods (2020-2039, 2040-2059, 2060-2079, and 2080-2099),
hereinafter referred to as the 2030s, 2050s, 2070s, and 2090s, respectively.

2.1.2. Climate Zones

Due to the differing geographical features and economic factors, Australia has complex
and diverse terrain conditions. According to the Nationwide House Energy Rating Scheme
(NatHERS) [44], there are 69 climate zones across Australia. Recently, another 14 zones
have been added, leading to a total of 83 climate zones, which have been defined to have
an NCC 2022 residential building energy efficiency [4].

The Koppen climate classification system is one of the most widely used climate
systems [45], which divides climates into five groups (A—tropical, B—dry, C—temperate,
D—continental, and E—polar), with each group being divided based on seasonal precip-
itation and temperature patterns. Each group and subgroup are represented by a letter.
In this study;, ten cities (Darwin, Townsville, Alice Springs, Brisbane, Sydney, Melbourne,
Canberra, Perth, Adelaide, and Hobart) were selected as representative regions for 83 cli-
mate zones. The climate features of the ten climate zones are listed in Table 1, which vary
from cooling-dominated and heating and cooling balanced, to heating-dominated regions.
The future weather data are represented with the four averaged time periods of the 2030s,
2050s, 2070s, and 2090s.

Table 1. Climate features of the ten cities.

Locations Climate Features Koppel'l 'Chfnate
Classification
Darwin Tropical savanna climate with distinct wet and dry seasons Aw
Townsville Tropical savanna climate Aw
. . ical h li ith ly hot,
Alice Springs Subtropical hot desert climate with extremely hot dry BWi
summers and short, mild winters
. Humid subtropical climate with hot, wet summers and
Brisbane ) Cfa
moderately dry, warm winters
Humid subtropical climate with warm, sometimes hot
Sydney . Cfa
summers and cool winters
Perth Hot-summer Mediterranean climate Csa
Adelaide Mediterranean climate w1fch hot, dry summers and Csa
cool winters
Melbourne Temperate oceanic Climat.e with warm to hot summers and o
mild winters
Canberra Oceanic climate Cfv
Hobart Mild temperate oceanic climate with cool summers and o)

warm winters

2.1.3. GCM Model Selections

In 2015, the Commonwealth Scientific and Industrial Research Organisation (CSIRO)
and the Australian Bureau of Meteorology released the latest set of national climate pro-
jections for Australia. The Future Climate Change in Australia website [46] was also set
up to allow registered users to access and download data regarding these projections.
Since 2015, additional and updated information has been appended, as required. An-
nual, seasonal, and monthly data are available at 20-year intervals, centred on the 2030s,
2050s, 2070s, and 2090s for the four RCPs. The predictive weather data for this study
were generated by downscaling the results of the eight GCMs [41] that were selected to
provide application-ready data. The specifications of the eight GCMs are listed in Table 2.
The monthly mean temperature, maximum temperature, minimum temperature, relative
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humidity, solar radiation, and wind speed can be obtained from the eight GCMs in a grid
square of 50 km x 50 km.

Table 2. Characteristics of the eight GCMs.

Selected Models Developer
ACCESS1.0 CSIRO and the Australian Bureau of Meteorology
CESM1-CAM5 The Canadian Centre for Climate Modelling and Analysis
CNRM-CM5 National Science Foundation (NSF) and National Centre for

Atmospheric Research, USA

National Centre for Meteorological Research—Centre of Basic

GFDL-ESM2M and Applied Research, France
National Oceanic and Atmospheric Administration, Geophysical
HadGEM2-CC Fluid Dynamics Laboratory, USA
CanESM2 Met Office Hadley Centre, the UK
MIROC5 Japan Agency for Marine-Earth Science and Technology
NorESM1-M Nordic Construction Company, Norway

At present, there are 83 climate zones across Australia for use in residential building
energy performance simulation. GCM model selections for each climate zone are required
for each period under the RCPs. Therefore, there would be 996 (83 x 4 x 3) results in terms
of model selections for the 83 climate zones under the three RCPs for the four time periods.
In 2010, a method for model selection from a subset of climate models was developed by
the CSIRO Marine and Atmosphere Research [40]. When using this approach, the most
representative model in the specific climate zone will be recommended in accordance with
the major variables and the future climate in the region (scenario and period) by ranking
multiple variables. To illustrate this approach to model selection, we take Melbourne—
under RCP8.5 in the 2090s—as an example. First, the future climate should be estimated
after the key variables of temperature and humidity are identified through the Climate
Future Framework [41]. The results are shown in Figure 1, which suggest that there is
likely to be dryer and hotter weather according to the projections of 20/34 GCMs. Second,
the multi-variable ranking method is used to identify the representative model for the case
study. Third, temperature and humidity play a key role in the building energy performance
simulation; therefore, the mean surface temperature and humidity are defined as the
first-order parameters, the maximum daily temperature and minimum daily temperature
are ranked as second-order parameters, and wind speed and solar radiation are rated as
third-order parameters, as shown in Figure 2. Finally, the suitable models are selected
(with lower scores and inherent concessions), which are listed on the website and used for
dynamic downscaling to construct future weather data. The HadGEM2-CC GCM was a
representative projection model for 2090s RCP8.5 in Melbourne.

Using this methodology, the model selections for the regions of the case study are listed
in Table 3. The results of model selection in adjacent or similar-climate areas were almost
equal in the same RCP scenarios, which was the case in Adelaide, Perth, Canberra, Mel-
bourne, and Hobart. However, the selection models obviously differ in heating-dominant
regions such as Darwin, Alice Springs, and Townsville. This implies that there is a border
in the Australian territory where the model selection would be the same in the cooling-
dominated regions.
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Annual Mean Surface Temperature (C)
Slightly Warmer Warmer Hotter Much Hotter
<050 05010 150 15010 3.00 >3.00
Large Increase
>10.00
Small Increase
1.0010 10.00
+ +
No Change
-1.00t0 1.00
10134 (3%) 1.0f 34 (3%)
Annual
Humidity (%) + o
Small Decrease
-10.00 to -1.00 ,
11 of 34 (32%) 20 of 34 (59%)
+
Large Decrease
<-10.00
10f 34 (3%)
Figure 1. Climate future ‘matrices’ for Melbourne in RCP8.5 2090 [46].
Mo spsed "M‘
Tarparisel
Temperature
Terraie
Temperature
e
Temperature
Figure 2. Ranking of multi-variate variables.
Table 3. Selection of GCMs for representative climate zones under the three RCPs.
. RCP2.6 RCP4.5 RCPS8.5
Climate
Zone 2030s 2050s 2070s 2090s 2030s 20508 2070s 2090s 2030s 20508 2070s 2090s
) CNRM- CNRM- CESM1- GFDL- CESM1- CESM1-
Darwin MIROC5  MIROC5 OMS OMe MIROC5 A Evpn  CanESM  MIROC5 — CanESM CAN AN
. CNRM- CNRM-  HadGEM2- CESMI- CESM1- CESM1-
Townsville ~ MIROC5 MIROC5 CM5 M5 cC CAM5 MIROC5 CanESM MIROC5 CanESM CAMS CAMS
Alice CESM1- CESM1- CESMI1- CESM1-  ACCESSl-  CESMI- CNRM- CESM1-  HadGEM2- ACCESS1- ACCESSl-  CESMI-
Springs CAM> CAM5 CAM5 CAM> 0 CAM5 CM5 CAM> cC 0 0 CAMS5
) CNRM- CNRM- CESM1- CESMI1- CESM1- CESM1- CESM1- CESM1- CESM1-
Brisbane  MIROC5 ~ MIROCS CM5 CMs CAM5 CAM5 CanESM CAM5 CAM5 CAM5 CAM5 CAM5
Perth CNRM- CNRM- CNRM-  \peocs CESMI-  ACCESSI-  HadGEM2- HadGEM2- CESMI-  ACCESSI-  HadGEM2-  HadGEM2-
CM5 CM5 CM5 CAM5 0 cC cC CAM5 0 cC cC
Sydney ~ MIROC5 ~ CanESM ~ MIROC5 ~ MIROC5 ~ MIROC5 ~ MIROC5 ~ CanESM  CanBsM  EoMI- canpsm  EOMI- CESMI-
) CNRM- CNRM- ACCESSI-  CESM1-  HadGEM2- CESM1-  ACCESSl- HadGEM2- HadGEM2-
Adelaide M OMS MIROC5  MIROC5  MIROCS o CAND T AN o T e
CNRM- CNRM- ACCESS1- ACCESSl-  CESM1-  HadGEM2- CESMI1-  ACCESSl- HadGEM2- HadGEM2-
Melbourne "5 CM5 MIROGCS — MIROCS 0 0 CAMS5 cC CAMS5 0 cC cC
CNRM- CNRM-  ACCESSl- ACCESSl-  CESM1-  HadGEM2- CESM1-  ACCESSl- HadGEM2- HadGEM2-
Canberra CM5 MIROC5  MIROC5 CM5 0 0 CAMS5 cC CAM5 0 cC cC
CNRM- CNRM- CNRM- ACCESS1- CESM1-  HadGEM2- CESM1-  ACCESSl- HadGEM2- HadGEM2-
Hobart CMs CM5 M5 MIROCS 0 MIROCS  CAMs cC CAM5 0 cC cC
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2.2. Simulation of the Heating and Cooling Loads

In Australia, several tools are used to estimate the star ratings for new residential
buildings according to the Nationwide House Energy Rating Scheme [44]. Among these
tools, “AccuRate’ is a benchmark software, developed by the CSIRO [3,47,48].

In this study, AccuRate was used to simulate the heating and cooling (H/C) loads of
residential buildings. The hourly weather data over a period of one year are required to
calculate the H/C loads. Using the calculated loads (M]/m?.annum), the house energy
star rating was assigned (between 0 and 10 stars) based on the protocol defined by the
Australian Building Codes Board [49]. Table 4 shows the star-band criteria for six stars in
the ten climate zones considered in this study. The houses with lower star ratings indicate
a higher H/C loads required per household.

Table 4. Area-adjusted H/C energy requirement thresholds (MJ/m?-annum) for six stars.

Darwin Townsville

Alice Springs  Brisbane  Sydney Perth  Adelaide Melbourne Canberra  Hobart

349 127

113 43 70 39 96 114 165 155

3. Case Study

To illustrate the impacts of global warming on space heating and cooling energy
requirements, two detached houses—representing 80% of the residential housing stock in
Australia—were used in this study. The characteristics of the two houses are summarised
in Table 5. House 1 is a modern one-storey brick veneer house, which is one of eight
sample houses applied for the building energy rating platform by the Australian Building
Codes Board. It has a gross floor area of 314.7 m?, and the air-conditioned floor area is
207.4 m?. It has four bedrooms, a living/dining area, a family/kitchen area, a rumpus
room, a laundry room, a separate bathroom and toilet, a children’s TV room, and a double
garage. House 2 is a typical detached house for a middle-income Australian family, with a
gross floor area of 193 m? and an air-conditioned floor air of 127.1 m?. It has four bedrooms,
a kitchen/living /family area, a separate bathroom and toilet, a laundry, a theatre, and a
double garage.

Table 5. Basic specifications of Houses 1 and 2.

Specification

House 1 House 2

External walls

Steel cladding on 90 mm studs with 1R1.0bulk 230 mm brick veneer with bulk insulation fitted

insulation fitted between the studs and 10 mm  between a 40 mm vertical air gap and the 10 mm

plasterboard inner surface. plasterboard’s inner surface
Colour: Medium Colour: Medium
Floor Concrete slab on the ground Concrete slab on the ground
Ceilin 13 mm plasterboard. 13 mm plasterboard.
crngs R2.0 bulk insulation Bulk insulation
Roof Continuous surface. Continuous surface.
Steel deck, light colour Metal deck, light colour

Awning windows and

sliding doors

Timber frames with single glazing.
Medium gap size.
No weather strips or seals.
Internal Holland blinds.
No flywire screens or doors.
No external blinds.

Timber frames with double glazing.
Weather-stripped.
Internal Holland blinds.
No flywire screens or doors.
No external blinds.

1 R quantifies the temperature difference per unit of heat flow rate needed to sustain one unit of heat flow rate. For instance, R2.0 means
2 (K-m?/W). In this study, for House 1 and 2, the floor plan (Figure 3) was maintained, while different combinations of infiltration controls,
outdoor shading, ceiling insulation, window type, wall insulation, and floor insulation were used to achieve six stars for the TMY climate
data in the ten cities (Table 1). The houses with six stars represent new housing stock, built since June 2011, which satisfy current ABCB
energy efficiency standards [50].
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garage

master

kitchen

Figure 3. The floor plans of House 1 (a) and House 2 (b).
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3.1. Future Temperatures

The projected temperature differences for the ten climate zones are given in Figure 4a,b.
The temperature steadily rises with time under the RCP4.5 and RCP 8.5 conditions. For
RCP2.6, the peak temperatures appear in the 2050s and 2070s for all climate zones. The
projected temperatures were greater than 4 °C for RCP8.5 in the 2090s in Brisbane, Sydney,
Canberra, Melbourne, and Hobart, which are on the east coast. In contrast, slower temper-
ature rises were seen in most of the western cities, other than Alice Springs. This implies
that the east coast regions are significantly affected by the severe carbon emission scenario

of RCP8.5.
Darwin
2030 2050 2070 2090
mRCP2.6 ®mRCP4.5 mRCPS8.5
Perth
2030 2050 2070 2090
mRCP2.6 mRCP4.5 mRCPS8.5
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2030 2050 2070 2090

mRCP2.6 ®mRCP4.5 mRCP8.5

(a)

Figure 4. Cont.
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Figure 4. (a) Projections of the temperature change in degrees Celsius (°C) in six Australian cities under the three RCPs (2.6,

4.5, and 8.5). (b) Projections of the temperature change in degrees Celsius (°C) in the other four Australian cities under the
three RCPs (2.6, 4.5, and 8.5).

3.2. Space H/C Energy Requirements and Star Ratings in the Future (2030-2100)

Using the predicted future weather files, the H/C energy requirements of the two
6-star houses were calculated using AccuRate for the ten cities, under the three scenarios
(RCPs 2.6, 4.5, and 8.5), over the four periods (the 2030s, 2050s, 2070s, and 2090s); this gave
a total of 240 simulations in this study. The results for the space H/C requirements are
shown in Figures 5 and 6. As expected, the energy requirement will decrease for space
heating and increase for space cooling with climate change in all scenarios. For houses in
tropical regions such as Darwin and Townsville, space heating is not required in the current
and future climates. Under the low emission scenario of RCP2.6, the energy requirements
for space cooling in Darwin will increase by around 17% and 15% by the 2070s (with
around 50 years of the lifespan of housing) for Houses 1 and 2, respectively (Table 6). The
energy rating is predicted to drop by 0.9 stars (from 6 to 5.1 stars; see Table 7) for House
1 and 0.8 stars (from 6 to 5.2 stars; see Table 8) for House 2. For the same period under
RCP2.6 in Townsville, the space cooling requirement could increase by around 25% and
23% for Houses 1 and 2, respectively. The energy rating for House 1 is projected to drop
1.2 stars for House 1 and 1.1 stars for House 2. Under the highest emission scenario of
RCP8.5 by the 2070s, the energy requirements for space cooling in Darwin may increase
by around 67% and 59% for Houses 1 and 2, respectively. The energy rating is projected
to drop 3.3 stars for House 1 and 3 stars for House 2. For the same period under RCP8.5
in Townsville, the space cooling requirement is projected to increase by around 118% and
113% for Houses 1 and 2, respectively. The star rating could drop 4.3 stars for House 1 and
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4.2 stars for House 2. This is a significant challenge facing building design and operations
in this scenario.
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Figure 5. (a) H/C energy consumption and star ratings in TMY and the future weather for House 1 in five cities. (b) H/C
energy consumption and star ratings in TMY and the future weather for House 1 in the other five cities.
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Figure 6. (a) H/C energy consumption and star ratings in TMY and the future weather for House 2 in five cities. (b) H/C
energy consumption and star ratings in TMY and the future weather for House 1 in the other five cities.
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Table 6. The projected percentage change (%) relative to TMY in annual cooling energy requirements
for 6-star houses in ten climate zones.

House 1 House 2

Location Periods
RCP2.6 RCP45 RCP85 RCP2.6 RCP45 RCPS.5
2030s 10.7 15.3 15.6 9.6 13.5 14.4
, 2050s 17.2 31.8 498 15.3 28.6 433
Darwin 5570 16.6 29.0 66.9 148 265 59.1
2090s 16.8 50.8 88.2 14.8 445 77.5
2030s 28.4 44.6 24.1 235 37.4 221
Alice 2050s 429 50.1 99.8 38.0 432 83.5
Springs 2070s 472 68.6 151.2 40.6 43.1 130.6
2090s 46.2 79.4 179.9 39.5 68.0 158.4
2030s 19.1 223 31.3 17.7 20.0 28.6
, 2050s 30.2 457 93.9 314 424 88.2
Townsville 5470, 254 485 117.7 23.1 45.8 112.7
2090s 249 90.3 156.1 233 84.9 152.3
2030s 40.9 64.8 63.3 39.1 59.2 63.3
, 2050s 66.5 85.6 130.5 67.1 84.4 132.9
Brisbane 2070s 56.3 137.0 2414 53.6 134.6 254.0
2090s 49.6 159.1 361.3 484 161.9 385.1
2030s 77.0 71.6 77.9 81.6 75.5 77.6
Sydney 2050s 95.0 110.8 213.1 96.9 118.4 255.1
2070s 100.5 213.1 279.3 100.0 254.1 348.0
2090s 77.0 242 8 470.7 77.6 298.0 600.0
2030s 439 49.1 39.1 35.2 402 33.2
2050s 57.9 65.7 87.5 482 59.3 78.9
Perth 2070s 48.7 111.4 150.9 40.2 97.0 135.2
2090s 28.0 158.7 287.1 21.1 1412 2513
2030s 441 459 67.6 29.5 30.8 45.8
2050s 53.2 75.7 128.8 445 449 82.8
Canberra 570 53.2 1432 282.0 458 90.3 1643
2090s 69.4 127.0 436.9 498 91.2 2282
2030s 239 33.6 37.9 26.7 37.9 41.0
, 2050s 35.8 51.7 62.7 40.4 60.2 74.5
Adelaide 575 25.4 68.2 1153 29.8 80.1 144.1
2090s 226 71.9 186.2 26.1 87.0 228.6
2030s 34.4 46.7 54.4 26.1 36.7 422
2050 39.4 70.0 90.0 29.4 52.3 67.4
Melbourne 547 422 103.3 211.1 34.9 78.9 161.9
2090s 30.0 103.3 358.3 28.4 85.8 271.1
2030s 100.0 100.0 200.0 222 33.3 77.8
2050s 100.0 200.0 400.0 38.9 50.0 172.2
Hobart 2070s 50.0 550.0 1550.0 27.8 227.8 4111
2090s 50.0 450.0 3000.0 11.1 205.6 883.3

Table 7. Projected star ratings for 6-star House 1 in ten climate zones.

RCP2.6 RCP4.5 RCP8.5
2030s 2050s 2070s 2090s 2030s 2050s 2070s 2090s 2030s 2050s 2070s 2090s

Darwin 54 5.1 5.1 5.1 5.2 43 4.4 3.4 5.2 3.4 2.7 1.9

Alice 54 5 49 49 49 49 45 44 5.6 39 33 3

Springs

Townsville 5.1 4.6 4.8 4.8 49 3.9 3.9 2.4 4.6 2.3 1.7 0.7
Brisbane 4.8 4.2 44 4.6 4.2 3.8 3.1 2.8 4.3 3.1 2 1.2
Perth 6.2 6 6.3 6.2 6.2 6.3 6 5.4 6.6 6.2 5.6 4.3
Sydney 5.2 5.1 49 53 54 49 3.9 3.7 5.4 3.9 3.4 2.4
Adelaide 6.4 6.4 6.4 6.4 6.3 6.2 6.5 6.3 6.5 6.3 6.2 5.7
Melbourne 6.4 6.6 6.4 6.4 6.4 6.6 6.9 6.7 6.6 6.7 6.4 6.3
Canberra 6.3 6.4 6.4 6.3 6.3 6.6 6.6 6.6 6.4 6.6 6.7 6.9

Hobart 6.4 6.6 6.7 6.5 6.5 6.7 7.5 7.6 6.8 73 79 8.6
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Table 8. Projected star ratings for 6-star House 2 in ten climate zones.

RCP2.6 RCP4.5 RCP8.5
2030s 2050s 2070s 2090s 2030s 2050s 2070s 2090s 2030s 2050s 2070s 2090s
Darwin 55 52 52 52 53 45 4.6 3.7 53 3.8 3 2.3
Alice 56 53 52 52 53 52 5 48 5.8 44 39 35
Springs
Townsville 5.1 45 49 49 5 4.1 39 2.6 4.7 24 1.8 0.8
Brisbane 54 5.1 52 53 5.1 4.8 4 3.7 53 4.1 29 1.9
Perth 6.4 6.3 6.5 6.3 6.4 6.6 6.6 6.3 6.7 6.6 6.4 54
Sydney 6.4 6.7 6.6 6.7 6.8 6.6 6.8 5.6 6.9 5.8 53 3.9
Adelaide 6.6 6.7 6.6 6.6 6.6 6.6 6.9 6.7 6.6 6.7 6.9 6.9
Melbourne 6.4 6.6 6.4 6.4 6.4 6.6 6.9 6.7 6.6 6.7 6.4 6.3
Canberra 6.3 6.4 6.4 6.3 6.3 6.6 6.6 6.6 6.4 6.6 6.7 6.9
Hobart 6.4 6.5 6.6 6.4 6.4 6.6 7.3 7.3 6.7 7.1 7.7 8.1

In subtropical regions such as Alice Springs, which experiences a subtropical hot
desert climate (Koppen BWh), for both Houses 1 and 2, there were low energy requirements
(16.2 MJ /m?.annum for House 1 and 25.9 MJ/m?.annum for House 2) for space heating
under current (TMY) weather conditions (refer to Figures 4 and 5). Under RCP2.6, the
energy requirements for space cooling are projected to increase by around 47% and 41%
by 2070 for Houses 1 and 2, respectively. Under RCP8.5 conditions, the corresponding
increases will be around 151% and 131%. In terms of star ratings based on the total energy
requirement for space heating and cooling, the given star rating represents the energy
requirements for housing air conditioning to achieve thermal comfort in both winter and
summer. Under RCP2.6 conditions, by the 2070s, the energy rating is projected to drop by
1.1 stars and 1.8 stars for Houses 1 and 2, respectively. Under RCP8.5 conditions, by the
2070s, the energy rating is projected to drop by 2.7 stars and 2.1 stars for Houses 1 and 2,
respectively. There is a low energy requirement for space heating in both houses under the
three RCPs by the 2070s.

Under the K&ppen climate classification, both Brisbane and Sydney have a humid
subtropical climate (Cfa). For House 1 in Brisbane, there is a low energy requirement
(2.2 MJ/m?-annum) for space heating in the current (TMY) climate and no energy re-
quirements for space heating under RCP4.5 by the 2090s and under RCP8.5 by the 2050s.
The energy requirements for space cooling are projected to increase by around 56% and
241% by the 2070s under RCP2.6 and RCP8.5, respectively. This could cause a decrease
in star rating of 0.6 stars and 4 stars, respectively. For House 2 under the TMY climate,
the energy requirements for space heating are 13.6 MJ/m?.annum, and space heating will
not be required under RCP8.5 by the 2070s. The energy requirements for space cooling
are projected to increase by around 52% and 103% by the 2070s under RCP2.6 and RCP8.5
conditions, respectively. This causes an energy-rating decrease of 0.8 stars and 3.1 stars,
respectively. Under TMY weather conditions in Sydney, the energy requirement for space
H/C is balanced with that for space heating and cooling for House 1 and is dominated by
space heating (refer to Figures 5 and 6) for House 2. With the total energy requirements
for space heating and cooling, the energy rating will vary with the combined impacts of
global warming on space heating and cooling. Under RCP2.6 by the 2070s, the energy
requirements for space cooling are projected to increase by around 100% for both Houses
1 and 2 and decrease by 44.5% for space heating in House 1 and 19.6% in House 2. The
energy rating could drop by 1.1 stars for House 1 and increase by 0.6 stars for House 2.
Under RCP8.5, by the 2070s, space heating will not be required for House 1 and a small
amount of energy (2.8 MJ/m?.annum) will be required for space heating in House 2. The
energy requirements for space cooling are projected to increase by around 85% and 47% for
Houses 1 and 2, respectively. The corresponding energy star rating could drop by 2.6 stars
and 0.7 stars, respectively.

Both Perth and Adelaide have K&ppen climate classifications of Csa. For both Houses 1
and 2 under current (TMY) climates in the two cities, space heating requirements are greater
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than those for space cooling (Figures 5 and 6). Under RCP 2.6 and 4.5 conditions, by the
2070s, the energy rating is projected to benefit from global warming (i.e., become higher
than six stars for both Houses 1 and 2; refer to Tables 7 and 8, respectively). Under RCP8.5
conditions, by the 2070s in Perth, a low level of energy requirements will be required for
House 1’s space heating (9.2 MJ/m?-annum), and a decrease by 78%, and an increase of
151% for space cooling will be required, compared to current (TMY) climate conditions. The
energy rating could drop by 0.4 stars. Under RCP8.5 conditions, for House 2 in Perth—and
both Houses 1 and 2 in Adelaide—the energy rating will benefit from RCP8.5 conditions,
with an increase of up to 0.9 stars by 2070 for House 2 in Adelaide.

Canberra, Melbourne, and Hobart have an oceanic climate with a Képpen climate
classification Cfb. Melbourne has a temperate oceanic climate and Hobart has a mild
temperate oceanic climate. These cities are heating-dominated regions. Under current TMY
and future climates with the three RCPs, there are lower energy requirements for space
cooling in Houses 1 and 2 in Hobart. Under RCP8.5 conditions, by the 2090s in Hobart, the
energy rating will increase by 2.6 stars and 2.1 stars for Houses 1 and 2, respectively. Under
RCP2.6 conditions, by the 2070s, Melbourne and Canberra will still be heating-dominated
regions. The energy rating is projected to increase by around 0.5 stars and 0.6 stars for
Houses 1 and 2 in Melbourne and Canberra, respectively. Under RCP4.5 conditions, by the
2070s, Melbourne will become a space heating and cooling balanced region. The energy
rating is projected to increase by around one star in Melbourne for both Houses 1 and 2.
In Canberra, the increase in the energy rating will be 0.9 stars and 0.6 stars for Houses
1 and 2, respectively. Under RCP8.5 conditions, by the 2090s, Melbourne will become a
cooling-dominated region, and Canberra will become a space heating and cooling balanced
region. The energy rating is projected to increase by around 0.3 stars for both Houses 1 and
2 in Melbourne, and 2.6 stars for House 1 and 0.9 stars for House 2 in Canberra.

4. Discussion

This paper presents an approach to construct future weather files for building energy
performance simulation in Australia under three carbon emission scenarios—RCP2.6 (low),
4.5 (medium), and high (8.5)—in the 2030s, 2050s, 2070s, and 2090s. The critical parameters
affecting building thermal performance are air temperature, humidity, wind speed, and
solar radiation. Using the morphing method to construct the future weather files, the
hourly data of the critical variables were developed based on current (TMY) hourly data
plus monthly change values, which were derived from downscaling the results of the eight
GCMs that were selected based on ranking results from the Climate Framework.

Australia has complex and diverse terrain conditions. Ten cities (climate zones) were
selected for the case studies. As expected, the predicted temperature changes with the
trends of RCPs. For the ten cities under RCP2.6, the highest increase in temperature will
occur around 2050s (Figure 3a,b). Under RCPs 4.5 and 8.5, the temperature will increase
from now (baseline) to the 2090s. The temperature changes by 2090s are substantial under
RCP8.5 compared to the 2016 TMY baseline. The increase in temperature will be greater
than 4 °C in Alice Springs, Brisbane, Canberra, Hobart, Melbourne, and Sydney, and 34 °C
in the other four cities. The effects of the temperature increase will result in substantial
changes to space heating and cooling loads. RCP8.5 shows higher impact on space cooling
loads than the lower (RCP2.6) and medium (RCP4.5) scenarios (Table 6).

In this study, although two detached houses, representing around 80% of the housing
stock in Australia, were used to analyse the impact of climate change on space H/C loads,
not all building types were included in the analysis. Urban heat islands may have a
significant impact on building energy performance in urban areas. Unban heat islands
were not explicitly modelled in this study. Our future work will consider more residential
building types (such as townhouses, apartments, etc.) and urban heat islands for the other
regions of Australia.
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5. Conclusions

Using the methodology of morphing, the weather files were constructed based on the
2016 TMY data and predicted data generated from eight GCMs for three representative
concentration pathways (RCP2.6, RCP4.5, and RCP8.5) from 2020 to 2100. The future
temperature for the ten selected representative cities is projected to increase no more than
1.5°C, 3 °C, and 4.5 °C by the 2090s under the RCP2.6, 4.5, and 8.6 conditions, respectively.
The impact of climate change on building energy performance varies with climate region.
In this study, two typical houses (House 1—large size and House 2—medium size) were
selected to evaluate the impacts of climate change in different regions.

In tropical regions (such as Darwin and Townsville), space heating will not be required,
and space cooling will increase with global warming. Under RCP2.6 conditions, by the
2070s (around 50-year lifespan houses), space cooling is projected to increase by around
16% and 24% in Darwin and Townville, respectively. The energy rating will drop from
six stars to 5.2 stars and 4.9 stars, respectively. Under RCP8.5 conditions, by the 2070s,
space cooling is projected to increase by around 60% and 115% in Darwin and Townsville,
respectively. The star rating will drop from six stars to 2.7 stars and 1.7 stars, respectively.
This will significantly increase the energy required for space cooling. This is a considerable
challenge facing building design and operation.

In subtropical regions such as Alice Springs and Brisbane, under current (TMY)
climates, low energy requirements are placed on space heating. These energy ratings will
drop with global warming. Under RCP2.6 conditions, by the 2070s, the energy rating is
projected to drop from six stars to 4.9 stars and 4.2 stars for Houses 1 and 2 in Alice Springs,
respectively. The energy rating in Brisbane will drop from six stars to 4.4 stars and 5.2 stars,
respectively. Under RCP8.5 conditions, by the 2090s, the energy requirements for space
heating in Alice Springs will become negligible (at less than 1 MJ/ m?-annum). This will
occur in Brisbane—for House 1—under all three RCPs and for House 2 under RCP8.5
conditions by the 2070s. Under current (TMY) climates in Sydney, the energy requirement
for space H/C is balanced with space heating and cooling for House 1 and dominated by
space cooling for House 2. In Sydney, the energy requirements for space heating of House
1 can be ignored under RCP4.5 conditions by the 2090s and under RCP8.5 conditions by
the 2070s, and under RCP8.5 conditions by the 2090s for House 2.

In oceanic climate regions (Koppen Cfb) such as Melbourne, Canberra, and Hobart,
the energy requirements for thermal comfort under current (TMY) climates are dominated
by space heating. The case study herein shows that there is a very low energy demand for
space cooling in Hobart under current or future climates under all three RCPs. As global
warming is beneficial to space heating, under RCP8.5 conditions, by the 2090s, the energy
rating is projected to increase from six stars to 8.6 stars and 8.1 stars for Houses 1 and 2
in Hobart, respectively. Under RCP2.6 conditions, by the 2070s, Melbourne and Canberra
will still be heating-dominated regions. Under RCP4.5, conditions by the 2070s, Melbourne
will become a heating and cooling balanced region. Under RCP8.5 conditions, by the 2090s,
Melbourne will become a cooling-dominated region, and Canberra will become a heating
and cooling balanced region. The energy rating is projected to increase from six stars to
8.6 stars in Canberra.

Both Perth and Adelaide have Mediterranean climates (Koppen Csa). Under current
(TMY) climates in the two cities, the energy requirements for space heating are greater
than those for space cooling. For House 1, under RCP2.6 conditions, by the 2030s, both
Perth and Adelaide are projected to become space heating and cooling balanced. House
2 is projected to become space heating and cooling balanced in Perth by the 2050s under
RCP4.5 conditions, and in Adelaide by the 2070s under RCP8.6 conditions. In general, the
change in the energy rating will be smaller than one star for both Houses 1 and 2 in the
two cities under the three RCPs by the 2100s.
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