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Abstract: Since existing residential buildings are a significant global contributor to energy consump-
tion and greenhouse gas (GHG) emissions, any serious effort to reduce the actual energy and carbon
emissions of the building sector should explicitly address the carbon mitigation challenges and
opportunities in the building stock. This research investigates environmentally and economically
sustainable retrofit methods to reduce the carbon footprint of existing residential buildings in the
City of Greater Dandenong as a case study in Metropolitan Melbourne, Australia. By categorizing
energy use into various building age brackets and dwelling types that align with changes in energy
regulations, we identified various retrofit prototypes to achieve a targeted 6.5-star and 8-star energy
efficiency rating (out of a maximum 10-star rating system). The corresponding operational energy
savings through different retrofit options are examined while also considering the quantity of materi-
als required for each option, along with their embodied energy and GHG emissions, thus allowing a
more comprehensive lifecycle carbon analysis and exploration of their financial and environmental
payback times. Results show that when buildings are upgraded with a combination of insulation
and double-glazed windows, the environmental benefits rise faster than the financial benefits over a
dwelling’s lifecycle. The size or percentage of a particular dwelling type within the building stock
and the remaining lifecycle period are found to be the most important factors influencing the payback
periods. Retrofitting the older single detached dwellings shows the greatest potential for lifecycle
energy and carbon savings in the case suburb. These findings provide households, industry and
governments some guidance on how to contribute most effectively to reduce the carbon footprint of
the residential building sector.

Keywords: embodied energy; embodied GHG emissions; lifecycle carbon; LCA; building stocks; retrofit

1. Introduction

Since 38% of the world’s greenhouse gas (GHG) emissions come from buildings [1],
government and industry groups around the world have been spending considerable
efforts to reduce their carbon footprint. The European Commission [2], for example,
proposed a near-complete decarbonization of the building sector as a long-term strategy for
2050. The United Kingdom government has announced for all new houses a ‘zero carbon
ready’ by 2025 goal [3]. This is a plan to apply the most energy efficient measures for new
houses, reducing their carbon footprint by about 80% by 2025.

The net zero carbon building commission, launched at the 2018 Global Climate Action
Summit in San Francisco, CA, USA, currently has 98 businesses and organizations and
28 municipalities that have committed to reduce carbon emissions from buildings related
to their business or municipality by 2030. Calculating the operating portfolio emissions
of these signatory organizations can save about 3.4 million t of carbon dioxide equivalent,
(tCO2e), which corresponds to the amount of energy used to power 400,000 households
per year [4].
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However, most of these are focused on new construction. Half of European residen-
tial buildings were built before 1970, i.e., before thermal regulation was introduced in
Europe [5], and nearly 90% of these are expected to be used by 2050 [6]. In the United
States, residential buildings that are more than 30 years old account for more than 60% of
the total [7], and energy consumption is reported to account for 41% of the total [8]. Many
of these existing buildings will likely still be in operation in 2050 and beyond. In other
words, it would not be easy to achieve the building sector’s zero carbon emission goal in
2050 without also improving the energy performance and reducing the carbon emissions
of the existing building stock.

This has naturally led to interests in not only building new net-zero emissions houses
but also in converting or retrofitting existing houses towards net-zero emissions. The
WorldGBC [9] has joined the push to retrofit existing buildings to achieve the sector’s net-
zero carbon goals by 2050 in order to maintain global warming below 2 degrees. This means
that the current 1% renovation rate must be increased to 3% from 2017 onwards. Many
studies have been conducted to increase the energy efficiency and reduce the GHG emis-
sions of existing buildings. Many are related to the upgrade of space conditioning [10–14],
hotwater systems [15–17], lighting systems [18–21], electronic appliances [22–24] or plug
load [25–27]. These studies have analyzed the overall energy consumption reduction effect
by upgrading major building systems using representative residential buildings by region.
In addition, research on the development of computer modelling tools for building retrofit
also followed. Seyedzadeh et al. [28] developed a decision support model that predicts
the energy performance of old buildings to help deep energy renovation of buildings
using machine learning, which evaluates 3000 retrofit variants for the case study building,
searching for the “best” option. Piselli et al. [29] developed Historical Building Information
Modeling (HBIM) for energy retrofit of historic buildings and analyzed the application
effect of new and renewable energy (e.g., geothermal HVAC system) to historic buildings in
Italy. These studies show, for each case building, which retrofit options can reduce energy
or carbon more effectively under given conditions. These retrofit studies were not focused
only on the case analysis of each building but also on the retrofit effect on the entire existing
building stock in a region or city. Pallonetto et al. [30] analyzed the energy reduction effect
of retrofit for existing residential building stocks in Ireland (Dublin County subdivided into
Fingal and Dublin). They found that the introduction of solar PV, geothermal heat pumps
and fabric upgrades in existing buildings could reduce the total energy consumption by
about 45% compared to other buildings that did not. Krarti et. al. [31] analyzed the energy
retrofit effect on residential building stocks in the Kingdom of Saudi Arabia. After dividing
the entire residential building stock into 54 prototypes, they found a retrofit option suitable
for each prototype and applied it to the entire building stock in reverse to analyze the
energy saving effect of the retrofit in the entire KSA area.

While these studies show the significant reduction in energy consumption and GHG
emissions by targeting entire building stocks (instead of one building at a time), most
of these have only accounted for the impacts of retrofit on the building operation stage
(B6 in EN15978 [32]). The building product manufacturing (A1–A3 in EN15978 [32]),
transportation and installation or the building renovation process (A4–A5 in EN15978 [32])
for these energy retrofits and the impact of replacement (B4, B5 in EN15978 [32]) over
the life of the building were not considered. The increased energy efficiency through
retrofit may be neutralized by the impact of embodied energy and embodied carbon from
the other stages (i.e., product manufacturing, transportation, installation, replacement,
etc.) of the building’s life cycle. In new buildings, improved guidance towards a more
systematic approach to explicitly account for embodied energy and embodied carbon
together with those associated with operational building use has become more accessible
(e.g., [33]), especially through the efforts of two successive International Energy Agency
(IEA) Annexes 57 and 72 (e.g., [34–36]).

Shirazi and Ashuri [37] analyzed the impact of the building’s energy retrofit through
the entire process for single family houses in Atlanta, USA. They evaluated tentative retrofit
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options to increase energy efficiency for existing buildings and analyzed their effects by
calculating the embodied impacts. Shadram et al. [38] compared the effects of each of the
two scenarios in terms of the life cycle, taking the case of a general multi-family residential
building in the 1980s in Sweden. One is the case of applying the optimal retrofit option to
satisfy new building standard and the other is the case of meeting a nearly zero emissions
objective. As a result, there was a difference of about 1862 GJ between the two options,
with the retrofit to reduce this gap somewhat limited due to the increase in embodied
energy. This result is consistent with the study of O’Hegarty et al. [39], which compared the
operational energy reduction and the increase of embodied energy by applying deep retrofit
to existing residential buildings to satisfy Ireland’s nearly zero energy building standard.

In addition, there are studies that analyze the embodied effects that occur when the
existing buildings are retrofitted to achieve net zero emissions [40–43], and studies that
analyze life cycle costs and energy [44–47].

However, most of these studies have focused on only one representative building in
a specific area [38,40,41,47,48] or the entire city [42,43]. Although the building stock in a
city or region was included, there are studies [44–46] that did not properly consider the
replacement of systems or products required in the life cycle of the building.

The present work aims to analyze the environmental and economic efficiency of
an ambitious energy retrofit program of existing residential building stocks in a local
government area to significantly reduce their carbon footprint, considering both operating
energy and carbon (B6 in EN15978 [32]) and the embodied energy and carbon associated
with the retrofit options (A1–A4 and B5 in EN15978 [32]). For residential buildings in
Australia, the current building code requirement for energy efficiency of new housing is
6 stars (out of a maximum of 10), while the older existing houses, depending on age and
construction type, have a 1-star to 5-star rating. A retrofit target performance of 6.5-star and
8-star energy rating for existing houses will be higher than the current 6-star requirement
for new houses. The case suburb is the City of Greater Dandenong, which is a typical but
growing city in the south-eastern area of Metropolitan Melbourne in Victoria, Australia.

This paper has been divided into four sections. Section 2 describes the energy efficiency
of existing buildings in Australia, Section 3 is the methodology, which explains boundary
of this study, classification of building stocks and energy and GHG modeling of building
retrofits, Section 4, the results and discussion, provide preliminary results of this study and
a discussion of its implications and the conclusion summarizes the findings of this study
and provides recommendations for future work.

2. Energy Efficiency of Existing Buildings
2.1. Building Energy Demand in Australia

Building energy consumption is responsible for 25% of national GHG emissions in
Australia and half of these emissions are from residential buildings [49–51]. The Australian
government introduced energy efficiency regulations in 2005 requiring energy efficiency
compliance to at least a 5-star energy rating–out of a possible 10-star rating based on
the Nationwide House Energy Rating Scheme (NatHERS) [52]. Since 2011, this has been
increased to 6-star energy efficiency [53]. As a result, there has been a 29% drop in energy
demand for residential buildings (280 MJ/m2/year in 1986 to 200 MJ/m2/year of floor area
in 2010), which continues to steadily improve [54]. Although the current building energy
efficiency regulations do not cover the existing buildings, there are renewed initiatives to
address both existing buildings and raise the minimum energy efficiency rating of new
houses to 7-star by 2022 [55]. More than 71% of residential buildings were built before
1990 [56], and most have not upgraded their energy performance. The main sources of resi-
dential building energy consumption are heating and/or cooling, lighting, hot water and
appliances. Out of these, heating/cooling is the highest energy contributor in residential
buildings in Australia, comprising more than 40% of the total energy consumption [57].
According to Sustainability Victoria [58,59], existing residential buildings have poor energy
efficiency with an average 1.5 energy star rating, which require 348 MJ/m2 more heating
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and cooling energy every year compared to current mandatory regulations for new houses
(114 MJ/m2 per year for a 6-star house in Melbourne). Considering the current annual
production of new housing stock in Australia (≈1%, [60]), roughly more than 70% of the
current residential building stocks will still be in use by 2050.

For the above reasons, building retrofit is a key focus of a number of energy retrofit
programs that are underway across the country with governmental support (Victorian
Energy Upgrades, Environmental Upgrade Finance, Small Scale Technology Certificate,
etc.). In the State of Victoria, more than 241,800 residential households have undertaken
energy efficiency upgrades [61]. Out of these retrofit activities, 75% occurred in the Mel-
bourne Metropolitan region. The total housing stock in the Melbourne Metropolitan region
comprises 17% of the whole Victorian housing stock. Unfortunately, most of these retrofit
activities are lighting upgrades, accounting for more than 90% of total retrofit activities
in Victoria [61]. By energy end-use, lighting accounts for only 7% of the total energy in
Australian residential buildings [62]. Other major residential energy efficiency upgrades
include space heating and/or cooling (40%), water heating (23%), electric appliances (25%),
etc. Moreover, the energy and carbon reduction in existing building retrofits only account
for the operating phase of building. Even though a retrofit option can reduce energy
and carbon during their building operation, this may be neutralized if the retrofit work
consumes lot of energy and releases GHGs during their manufacturing and transport;
further, some materials may require frequent replacement during a building’s operation.

2.2. Upgrading the Existing Housing Stock

Whilst much research has been completed to show how new houses can be built to
achieve net zero emissions [63–68] or at least reduce their energy demand significantly [69,70],
less has been undertaken related to retrofitting and upgrading the existing housing stock,
which makes up 95% of the residential housing stock in Australia [51] and a large majority
of the housing stocks overseas. Given the major proportion of houses being built before
advancements in energy efficiency technologies and the relatively short timeline in which
nations across the world have set for themselves to reduce their GHG emissions, it is
necessary to determine ways in which the energy demand of the existing housing stocks can
be significantly reduced.

Much of the literature written about near-zero energy or ultra-energy efficient housing
in Australia references the development at Lochiel Park Green in Lochiel Park, South
Australia, where the houses have an average energy rating of 7.5 stars (<58 MJ/m2 per
annum of the thermal energy load) and minimum solar panel installation requirements
based on the floor area of each of the houses in the development [71]. Whilst Lochiel Park
Green proves as a good case study for the application of ultra-energy-efficient housing
in Australia, the houses were all built new. Many studies that reference the Lochiel Park
Green development also fail to consider the embodied energy of the houses and instead
consider only the operational energy requirements [71]. The first net-zero emissions house
from a mainstream volume builder (i.e., built new) and the first net-zero emission house
retrofit of a 40-year-old existing house in Australia, as part of the CSIRO Australian Zero
Emissions House (AusZEH) research program, considered life cycle carbon emissions; that
is, accounting for both embodied and operating emissions from the energy consumed over
its expected life cycle [63,64,72].

2.3. Energy Efficiency in Victoria and the City of Greater Dandenong

In Australia, the State of Victoria has the highest population growth rate of 2.3%
in recent years [73]. The rise in the national population has also led to a rise in energy
consumption. From 2017 to 2018, Australia’s total energy consumption increased by 1% [74].
As part of the Paris Agreement, brokered by the United Nations Framework Convention
on Climate Change [75], all parties declare their target emissions reductions and report
their progress towards reducing the risks and impacts of climate change.
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The Victorian Government [59] has recognized that the majority of Victorian houses
built before energy efficiency regulations were introduced in 1991 have very low thermal
efficiency and determined that houses built before 2005 have an average energy efficiency
rating of 1.81 stars. The residential building thermal performance in Australia is measured
using NatHERS [52], which has been adopted in the Building Code of Australia and has
an energy-star band (from 1-star to 10-star) shown in Table 1 for the major capital cities in
Australia. In 2005, a minimum 5-star rating for new houses was introduced, and in 2011,
the minimum requirement was raised to a 6-star rating [52,53]. The star-band is set for 69
climate zones across the country. The current 6-star minimum standard for new houses
will likely increase to 7 stars.

Table 1. Australian housing’s NatHERS energy efficiency star band criteria (thermal load in MJ/m2/year).

Location
(Key Capital Cities)

Energy Rating (Stars)

1 2 3 4 5 6 * 7 8 ** 9 10

Melbourne 559 384 271 198 149 114 83 54 25 2
Sydney East 230 148 98 68 50 39 30 22 13 6

Brisbane 203 139 97 71 55 43 34 25 17 10
Adelaide 480 325 227 165 125 96 70 46 22 3

Perth 387 251 167 118 89 70 52 34 17 4

Source: DEE [52]. * Current standard for new houses, based on the building code (since 2000). ** Targeted for retrofitting existing houses in
this study.

Seo et al. [51] incorporated NatHERS-graduated ratings for dwellings built prior to
2005 by local government areas in Victoria by categorizing the residential building stock
according to the construction date and dwelling type. This study highlighted that there is
a proportionally low replacement rate of existing buildings. As in commercial buildings,
less than 1% of existing buildings are demolished each year [76]. Similarly, the Victorian
Government [59] argues that Victorians are more likely to renovate houses than build
brand-new. Moving forward, it is expected that a large proportion of the current building
stock will remain in Victoria. As a result, a substantial amount of modern research is aimed
at retrofitting options targeting existing building stocks.

The need for energy reductions is a valid and widespread issue. However, to make
efficient improvements, it is equally important to understand where these developments
should best be targeted.

The Victorian Government [77] found that the residential sector contributes 16% of
Victoria’s GHG emissions, and the Australian Energy Update found that 60% of energy
consumption within building operations are attributed to the residential sector [74]. Seo
et al. [51] built on these facts, noting that 95% of residential buildings were built prior to
the introduction of energy efficiency regulations. Therefore, it is justified to target existing
residential dwellings, as there is large potential for energy improvements.

Understanding the primary dwelling types in the existing residential stock will indi-
cate the scope of opportunities for energy improvements and carbon footprint reductions.
The City of Greater Dandenong is one of the local governments within Metropolitan Mel-
bourne in Victoria, Australia. The Australian Bureau of Statistics (ABS) census data show
that the most abundant private dwelling types in the City of Greater Dandenong are stand-
alone (detached) houses and semi-detached houses, making up 71.5% and 16.7% of the
building stock, respectively, or 88.2% (combined) of the total building stock [78]. Further,
46.9% of occupied private dwellings in the city have three bedrooms. Thus, it will be
reasonable to consider a 3-bedroom stand-alone or semi-detached house as a prototypical
house type in the city.

2.4. Retrofit Options to Improve the Thermal Performance of Buildings

The State of Victoria is divided into three major climatic conditions (hot dry summer
and warm winter, mild temperate and cool temperate), and the capital city, Melbourne, has
mild summers and cold winters [79]. This means that heating during the winter season
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accounts for most of the energy consumption in existing dwellings in Melbourne. Seo
et al. [76] explored two methods of reducing building emissions by changing end-use
behaviors and/or installing on-site renewable energy. Similarly, a key goal of Sustainability
Victoria is to incorporate energy efficient improvements into house retrofit upgrades and
renovations [59]. A range of retrofit options at different price points are currently on the
market, with varied success in reducing GHG emissions and energy consumption.

Retrofitting options can be incorporated into the building shell as a whole or into
standalone appliances, with each displaying varied effectiveness in terms of financial
and energy savings. Sustainability Victoria’s Pilot Project [58] organized these various
retrofitting preferences into three ‘basic upgrade options’ and five ‘advanced upgrade
options’, which include insulation on the ceiling, wall and floor or window upgrades (e.g.,
double glaze). Whitehouse et al. [80] reported various retrofit options of existing residential
buildings considering building types and climate conditions across Australia. Table 2
shows the retrofit options considering Victorian climate conditions and the age brackets of
residential building archetypes to improve building thermal energy performance.

Table 2. Potential retrofit options to reduce energy and GHG emissions in residential buildings in Victoria.

Pre 1920 1920–1970 1970–2000 Post 2000

Characteristics of
building conditions

Poor air tightness,
insulation and low

window performance.
Limited retrofitting due
to heritage restrictions.

Poor airtightness and
insulation and low

window performance,
etc.

Less insulated
buildings and low

window performance,
etc.

Following minimum
building energy

regulations, which
have insulation and
window efficiency

requirements.
Improved airtightness v v v v
Roof/ceiling insulation v v v -

Wall insulation v v v -
Internal window

covering v v v v

Addition on exposure
of thermal mass v - - -

Deciduous planting v v v v
Window upgrade v - - -

Under floor insulation - v - -

Source: Whitehouse et al. [80].

The priority order of these upgrades is based on an assumed cost effectiveness and
provides a useful starting point for further studies that predict the expected return and
efficiency. However, in reality, due to the nature of the building stock, not all options could
be readily installed. Sustainability Victoria’s report [59] found that draught sealing, wall
insulation and double-glazing are the most influential upgrade options as “low hanging
fruits”. Together, they account for around 70% of the increase in ‘House Energy Rating’
across Victorian dwellings [59].

2.5. Embodied Impacts of Retrofitting

Previous research predominantly focused on specific retrofit options rather than ex-
amining a more comprehensive set of options that can be considered for different building
types across the building stock. Anastaselos et al. [81] developed an assessment tool
for the energy, environmental and economic evaluation of thermal insulation solutions.
However, this framework favors product scale solutions and lacks building scale analysis
capability, which is required for larger scale studies involving building stock. Past research
also focused mostly on a bottom-up approach that uses individual components to repre-
sent a whole, where several prototypes are developed to represent a local government
area [51,76,82].
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Sustainability Victoria’s [59] report on the potential of house retrofit upgrades and
renovations built upon its previous pilot study from 2010. The pilot project’s methodology
involved estimating the energy savings based on data collected from sixty houses and
estimating the effects of retrofitting with eleven different building shell upgrade options
through modelling. Subsequently, a cost-benefit analysis was conducted on these various
energy efficiency upgrades. The methodology successfully analyzed the impacts of consid-
ering an entire building stock rather than an individual house. However, the study did
not associate the value of energy use with the life cycle embodied energy and embodied
carbon components. Furthermore, a local government area can be examined even more
closely if the energy consumption is broken up at a block-by-block level (e.g., [76]).

To address the gaps in the above report, two different approaches were used in
Seo et al.’s study [51], which initially used the input–output method to quantify the
embodied energy and GHG impacts from retrofitting. Subsequently, the study was based
on quantifying the unit energy and GHG emissions based on economic and national energy
performance data for different energy star ratings. This methodology was limited to only
the heating and cooling, rather than analyzing all types of energy uses in the residential
domain. However, they found retrofit upgrades that focused on heating and cooling energy
consumption as the most effective method of increasing the overall energy efficiency.
In addition, this approach was highly effective in taking the service life and embodied
energy into consideration. A similar recapitulated integrated framework is described by
Schmidt and Crawford [82] that draws particular focus to the significant embodied and
lifecycle components.

The present research addresses the key gaps and findings found in previous studies on
incorporating more ambitious energy efficiency improvements to existing stand-alone and
semi-detached dwellings in the residential building stock in the City of Greater Dandenong
as a case study, with an explicit consideration of lifecycle operational and embodied impacts
and their financial implications.

3. Methodology

We adopt herein a bottom-up modelling approach to allow for a more granular
investigation of retrofit options for different dwelling types in a building stock. Although
this approach is highly dependent on the availability and accuracy of data, it is used in
preference over a top-down approach that predominantly focuses on broader econometric
impacts [76].

Both the operational and embodied energy and GHG emissions are considered for
a lifecycle investigation (cradle to use) of the targeted residential buildings in the City of
Greater Dandenong. This process reflects a bottom-up approach using energy modelling of
buildings and stocks in the City of Greater Dandenong. For energy modelling (building
operation phase), we used the energy efficiency rating software known as AccuRate [83,84],
which is a national rating and benchmark tool in NatHERS [52,85]. This software tool
enables dwellings to be modelled with a fine level of detail and various energy efficiency
measures to be assessed without undertaking the actual physical retrofit.

Figure 1 shows the boundary considered for evaluating the impact of energy and GHG
emissions due to the retrofit of existing residential building stocks in the City of Greater
Dandenong. The “carbon footprint” in the present study consists of the GHG emissions
embodied in building product manufacturing (A1–A3 in EN15978 [32]), transportation
(A4) and product replacement (B5) over the life of the building together with the GHG
emissions associated with the operating energy (B6). GHG emissions associated with
retrofit installation (A5) are not considered because the use of equipment is relatively
insignificant in this study.
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Figure 1. Overview of the system boundary in this study. The carbon footprint in the energy retrofit
program consists of the GHG emissions embodied in building product manufacturing (A1–A3 in
EN15978 [32]), transportation associated with the building renovation process (A4) and product
replacement (B5) over the life of the building together with the GHG emissions associated with the
energy used during the building operation stage (B6). (A5 is not included in this system).

The methodology is described in four sub-sections: (a) Building stocks and prototypes,
(b) Operational energy and GHGs for building stocks, (c) Retrofits/upgrade of existing
stocks, and (d) Net lifecycle energy, GHG and cost analysis. We compare two cases (with
retrofits and no retrofit) of the existing residential building stocks in the selected local
government area.

3.1. Existing Residential Building Stocks and Prototypes in the Greater Dandenong Area
3.1.1. Existing Building Stock

The City of Greater Dandenong is a typical local government area in the south-eastern
suburbs of Melbourne in Victoria, Australia. This city had about 152,000 residents in
2016 [73]. Figure 2 shows the building stock (as total floor area, m2) proportions in the
City of Greater Dandenong based on the National Exposure Information System (NEXIS)
database [86]. The existing residential building stock number was about 46,460 (or 98% of
the total) in 2017, mostly a combination of stand-alone (86%) and semi-detached dwellings
(12%). Many of these were built in the 1970s and 1980s [86] before the introduction of
building thermal energy regulation in Australia. This was about 10% higher than the
proportion of dwelling numbers (stand-alone and unit) based on the 2016 census survey
(88.2% in total, shown in chapter 2.3). There is small number of apartments (1066) with less
than 2% of the total floor area (m2) of the whole residential building stocks. Thus, this was
not considered in this study.

The first-level categories of the building stock are stand-alone and semi-detached
residential dwellings. The next level is categories by age-band to match the historical
changes in energy regulations in Victoria [59]. This leads to five different ‘dwelling brackets’
as shown in Table 3. Each age-band is assumed to begin on 1 January, so that the label ‘Post’
is inclusive of that given year whilst the label ‘Pre’ is not inclusive.
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Table 3. Categorised dwelling prototypes of the residential building stock.

Type Prototype Note

Detached (Standalone)
dwelling

Type 1 Stand-alone Pre-1990 (Stand-alone detached
house built prior to 1990)

Type 2 Stand-alone 1991-2005 (Stand-alone detached
house built between 1991 and 2005)

Type 3 Stand-alone Post-2006 (Stand-alone detached
house built after 2006)

Semi-detached
dwelling

Type 4 Semi-detached Pre-2005 (Semi-detached
house built prior to 2005)

Type 5 Semi-detached Post 2005 (Semi-detached
house built post 2005)

The NEXIS database was used to find the number of stand-alone and semi-detached
dwellings in Greater Dandenong. Subsequently, the building stocks from the Greater
Melbourne Area were used to show the percentages of all buildings erected in propor-
tion to their age-bracket [73]. From this, the proportions of each age-bracket were ap-
plied to the building stock in Greater Dandenong to determine the number of houses
per dwelling-bracket.

3.1.2. Prototypes of the Existing Building Stock

Since the 1990s, many countries have begun to develop building performance energy
rating systems. In addition, the Australian government began to pay attention to the
national energy rating system in the 1990s [87]. In 2003, the Australian Building Code intro-
duced minimum energy efficiency standards for new houses and these became mandatory
for new houses since 2006 (5-energy star); after 2010, it has become more strict (6 stars) [88].
Therefore, the energy efficiency of building is closely related to the year in which the
building was built, which can also affect the building materials (elements) used to meet
energy efficiency regulations. The results of a Victorian government survey of the energy
efficiency of existing homes support this well. According to the SV report [58], in the case of
houses that were not retrofitted to increase energy efficiency, the average energy efficiency
of houses built prior to 1990 was 1.5 stars, whereas those built after 1990 increased to about
3 stars [89]. This shows that residential buildings built before the 1990s, which did not
implement energy retrofitting, are relatively less energy efficient, and the energy efficiency
of buildings started to increase due to the increasing interest in energy since the 1990s.
After 2005, due to the mandatory thermal energy efficiency, residential buildings have an
energy efficiency of at least 5-stars.
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In this study, the prototypes of the existing building stock in Greater Dandenong are
divided into five dwelling types based on the construction year considering the building
energy efficiency. Table 3 shows the five dwelling prototypes matched to the main five
dwelling brackets considering building energy efficiency, and Table 4 shows the related
building type, floor area and energy efficiency for each prototype. In this study, the
historical/heritage buildings are not considered. This is because the historical/heritage
buildings are low in number relative to the total housing stock (2400 across the whole of
Victoria [90]) and the number is considered to be insignificant when considering actual
residential purposes.

Table 4. Prototype buildings in the City of Greater Dandenong.

External Wall Window Floor Ceiling

Star Rating
(MJ/m2/yr)

Description Area (m2) Description Area (m2) Description Area (m2) Description Area
(m2)

D
et

ac
he

d

Type 1 1.6
(501)

Brick
veneer 139

Clear
single
glazed

20
concrete

slab
(100 mm)

113 (85) * plaster
board 113

Type 2 2.9
(316)

Brick
veneer 136

double
glazed
(clear)

26
concrete

slab
(100 mm)

161 (149) * plaster
board 161

Type 3 6.0
(123)

Brick
veneer 179

Clear
single
glazed

40
concrete

slab
(100 mm)

263 (207) *

plaster
board

(13 mm, R6
insulation)

263

Se
m

i-
de

ta
ch

ed Type 4 3.0
(269)

Brick
veneer

(uninsu-
lated)

54
Clear
single
glazed

10
concrete

slab
(100 mm)

68 (57) *

plaster
board

(13 mm, R6
insulation)

68

Type 5 6.0
(123)

Brick
veneer

(reflective
foil)

126
double
glazed
(clear)

13
concrete

slab
(100 mm)

168 (124) * Cellular
insulation 168

Type 1: Stand-alone built Pre 1990; Type 2: Stand-alone built 1991–2005; Type 3: Stand-alone built Post 2006; Type 4: Semi-detached built
Pre 2005; Type 5: Semi-detached built post 2005. * Conditioned floor area.

‘Type 1’ represents the largest proportion of houses, representing the 35,665 detached
houses built up to 1990 [86]. Buildings built before 1990 are houses before energy regula-
tions were implemented in Victoria. These houses have an average energy efficiency rating
of 1.5 energy stars (501 MJ/m2/year for heating and cooling) [59]. Some of the building
stock that were built prior to 1990 might have some upgrades but these are, for the most
part, focused on kitchen and bathroom updates and minor extensions, and are not usually
motivated by improving their thermal efficiency. Besides, there are no accurate data for
prior renovations. Thus, in the present study, we assumed that this cohort of dwellings has
a 1.6-star energy efficiency rating.

‘Type 2’ represents detached houses built between 1991 and 2005 after insulation was
made mandatory for new houses in 1990. According to the NEXIS database [86], there are
about 1814 Type 2 houses in the City of Greater Dandenong. The average energy efficiency
of houses built during this period is about 3.0 energy stars (316 MJ/m2/year for heating
and cooling). In the present study, we adopted an average 3-star energy efficiency rating
for Type 2.

‘Type 3’ represents detached houses built after 2006, which number around 2299 in
Greater Dandenong [86]. This is the time when 6-star energy efficiency regulation was
introduced, so the energy efficiency of Type 3 is set at 6 stars (123 MJ/m2/year).

‘Type 4’ represents semi-detached houses built before 2005. There are 4979 semi-
detached houses in Greater Dandenong [86]. According to Sustainability Victoria [59], Type
4 houses have an energy efficiency of 3 stars (269 MJ/m2/year).

‘Type 5’ represents semi-detached houses built after 2005. There are about 637 semi-
detached houses in Greater Dandenong [86]. Type 5 is also set at 6 stars (123 MJ/m2/year).
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3.2. Energy and GHG Modelling of Existing Buildings

Since the energy efficiency building code requirements for residential buildings in
Australia regulate heating and cooling energy only, in the present study, we also considered
only the heating and cooling components of the buildings’ operating energy (B6 in Figure 1).
These are modelled using AccuRate software [83,84].

Table 4 shows the energy star ratings for Type 1 to Type 5 houses before retrofitting
and the corresponding characteristics of the building envelopes (exterior wall, window,
floor area and ceiling dimensions typical for each type).

AccuRate was used to evaluate the reduction in the annual cooling and heating operat-
ing energy of the dwellings obtained by improving the annual operating energy efficiency
of existing building stocks in Greater Dandenong to 8 energy stars (nearly zero; see Table 1).
AccuRate assesses the energy requirements and determines an energy load and energy
rating (between 0 to 10 stars) for both new and existing dwellings, taking into account
factors such as climate zones, total cooling and heating energy load, construction types,
window types and glazing, insulation details, etc. [52,91].

We assumed that the living and bedroom spaces have to be maintained within a
certain range of thermal comfort by using an artificial heating or cooling appliance, if
needed. Based on NatHERS [74], the required conditioned time and thermostat setting for
space heating and cooling for each location are shown in Table 5.

Table 5. Required condition time and thermostat setting.

Living Space Bedroom Space

Heating
Greater Dandenong

20 ◦C 15 ◦C (0:00–7:00)

Cooling 24 ◦C

Conditioned time 7:00–9:00 and
16:00–24:00

16:00–9:00 a.m.
(following day)

3.3. Upgrade of Existing Buildings

Effective retrofit measures to reduce the energy consumption and the corresponding
GHG emissions include upgrading the energy performance of building dwelling by in-
creasing ceiling insulation, replacing single-glazed windows with double-glazed windows
and the installation of thermal curtains [92]. At the same time, improving wall insulation
and the heating system can also effectively reduce energy consumption, along with other
potential retrofit options listed in Table 2. While draught sealing is one of the most efficient
ways of improving the efficiency of a building shell, it is already common across the ma-
jority of the building stock; drapes and pelmets did not make significant impacts and are
difficult to model. Therefore wall, ceiling and floor insulation and double-glazed windows
were the only retrofits modelled across the prototypes. These retrofits were added to the
‘building prototype modelling’ to achieve the target NatHERS ratings of 8 stars for the
different prototypes. The exception is a target of 6.5 stars for the pre-1990 stand-alone
dwelling bracket (Type 1) because it will not be economically worthwhile to improve this
building stock from 1.5 stars to 8 stars.

The target energy star ratings and upgrade options for each prototype are summarised
in Table 6.

Table 6. Prototype energy efficiency star rating and applied upgrade options.

Type 1:
Pre-1990

Stand-Alone

Type 2:
1991-2005

Stand-Alone

Type 3:
Post-2006

Stand-Alone

Type 4:
Pre-2005

Semi-Detached

Type 5:
Post-2005

Semi-Detached

Typical
Rating (Star) 1.6 2.9 6.0 3.0 6.0

Energy demand
(MJ/m2/year) 501 316 123 299 123
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Table 6. Cont.

Type 1:
Pre-1990

Stand-Alone

Type 2:
1991-2005

Stand-Alone

Type 3:
Post-2006

Stand-Alone

Type 4:
Pre-2005

Semi-Detached

Type 5:
Post-2005

Semi-Detached

Upgraded
Rating (Star) 6.5 8.0 8.0 8.0 8.0

Energy demand
(MJ/m2/year) 97 57 55 54 53

Upgrade
options

Insulation-Wall v v v v v
Insulation-

Floor/ceiling v v v v v

Double glazed v v v v v

3.4. Lifecycle Analysis of Upgrading the Existing Building Stock
3.4.1. Lifecycle Energy and GHG Emissions of Upgrading Existing Buildings

In analysing the lifecycle energy and GHG emissions of the retrofitted building stocks
in Greater Dandenong, the operating energy reductions and avoided GHG emissions that
result from the retrofits and the embodied energy and GHG emissions associated with
the retrofits needed to be calculated and balanced. Lifecycle energy can be obtained by
summation of embodied energy, which is consumed for manufacturing material (A1–A3),
transportation to site (A4) and any product replacement during the whole life of the
building (B5) and the upgraded operational energy (B6). Energy savings are calculated
for each prototype as the difference between operational energy requirements before
and after the installation of retrofits, which included embodied components as shown in
Equation (2). Therefore, the total energy savings resulting from the retrofit of buildings
in a local government area can be obtained by multiplying the energy savings for each
prototype obtained by Equation (2) by the total building stock for each prototype in the
area, as shown in Equation (3).

Li f ecycle energy = embodied energy + operational energy (1)

Energy Savingi = Energybase,i − (Energyret,i + Embodied energyi) (2)

Total Energy SavingCity j =
i

∑(BuildingStocki × Energy savingi) (3)

GHG Savingyi = GHGbase,i − (GHGret,i + Embodied GHGi) (4)

Total GHG SavingCity j =
i

∑(Building Stocki × GHG Savingi) (5)

where Energy Saving,i is the annual energy saving due to the upgrade of building Type
i (MJ/m2/year), Building Stocki is the existing residential building stock of Type i (m2),
Energybase,i and Energyret,i are the annual energy use before and after retrofits of building
Type i (MJ/ m2/year for Type i). Embodied energyi is the energy associated with the building
products due to the upgrade of Type i during the life cycle (production (A1–A3), transport
to site (A4)) and use stage (replacement, B5 in Figure 1). Total Energy SavingCity j is the total
energy savings due to the upgrade of the whole residential building stocks in a given area j.

The avoided GHG emissions are quantified in a similar way (as shown in Equations (4)
and (5)) except for the needed separation in operational heating and cooling requirements to
account for gas and electricity savings. Percentages of gas and electricity use for heating and
cooling are determined from information in the Victorian Households Energy Report [59]
and the total amount of gas and electricity savings per year summed for each prototype.
The quantity of GHG emission reductions per year as a result of the retrofits are then
measured for each prototype as the product of the gas/electricity savings in MJ and the
GHG emission factors. The sum of these gives the total GHG emission savings per year in
kg-CO2eq emissions saved per year. As mentioned previously, the GHG reductions per
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year are summed for each prototype, multiplied by the number of each prototype in the
City of Greater Dandenong and then summed to give a total weight of potential CO2eq
savings per year.

To quantify the embodied energy of the retrofits and their installation, the total
quantities of each of the different retrofits used are obtained for each of the five prototypes.
The embodied energy, embodied GHG emissions and installation costs of each material
used for building retrofit are shown in Table 7. The densities of the cellulose fibre and glass
fibre batt insulations used are 30 kg/m3 [93] and 20 kg/m3 [94], respectively, irrespective
of insulation R-values (which define the insulation thickness). The product of the densities
and the corresponding insulation volume gives the weight of insulation used which is then
multiplied by an embodied energy factor ([95,96] as shown in Table 7) to calculate the total
amount of embodied energy in MJ. The embodied energy of retrofit construction materials
is calculated by Equation (6).

Embodied Energy =
n

∑
i
(EFn ×Qi,n); , i = 1, 2, 3, 4, 5 (6)

where

EFn: embodied energy factor for material n in MJ/quantity of construction material
Qi,n: material consumption for upgrading of building Type i,
i: building Type (1–5 as shown in Table 6)

Table 7. Embodied energy, GHG and cost of the retrofit material.

Material * Embodied Energy
(MJ/kg)

Embodied GHG
(kg CO2eq/m3)

Cost
(AUD/m2)

Service Life
(Year)

Wall insulation (R3,
cellulose fibre) 8.39 a 76.4 b 12.4 c lifetime +

Wall insulation (R3,
glass fibre bat) 27.5 a 38.3 b 4.5 c lifetime +

Ceiling insulation (R5,
cellulose fibre) 8.39 a 76.4 b 12.4 c lifetime +

Ceiling insulation (R5,
glass fibre bat) 27.5 a 38.3 b 4.5 c lifetime +

uPVC double glazed 478.4 d

(MJ/m2)
21.1 d

(CO2eq /m2)
262 c 20 e

Source: a Grant, T. [95]. b FWPA [97]. c Rawlinson [98]. d ecoinvent [96]. e MDG [99]. * material is assumed to be supplied within 50 km.
AUD: Australian dollar; + Assumed.

The total embodied energy due to retrofitting was obtained by multiplying the total
floor area (m2) of existing residential buildings for each prototype in the City of Greater
Dandenong by the embodied energy (MJ/m2) of the retrofit per unit floor area applied
to each prototype. The total embodied GHG was calculated in similar way as the total
embodied energy but as the product of the volumes of the retrofit construction materials
and their respective embodied GHG factors for Australian building products [96,97] from
the ecoinvent LCI database (v. 3.0).

In addition, this study quantified the energy recovery period (payback time, year),
i.e., the time it takes to recover the total energy used in retrofits as saved energy. This was
quantified using Equation (7).

Paybackperiodenergy(years) =
Embodied Energy
Energyannualsavings

(7)

The lifecycle GHG emission analysis mirrors this method by using the embodied GHG
requirements and the avoided operational GHG emissions, followed by determination of
the time taken to balance the two.
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3.4.2. Lifecycle Cost Analysis of Retrofitting Existing Buildings

In addition to the energy and carbon savings due to the retrofits, the payback period
(i.e., how long it will take to financially recoup the entire retrofit investment) is one of the
key factors that determines whether a retrofit is implemented. Retrofit costs are quantified
using rates in $/m2 for construction work [98] multiplied by the area of the corresponding
retrofit in m2. Then, the total costs for each prototype are summed for all retrofits. Savings
per year due to reduced gas and electricity requirements for heating and cooling are
quantified according to the change in operational gas and electricity usage per year (as
found when quantifying operational GHG emissions) using the conversion factors in
Table 8 and their respective tariffs from the most recent local energy bills.

Table 8. GHG emission factor and price for electricity and gas in Victoria.

Electricity Gas

GHG emission factor + 1.17 kg CO2eq/KWh 0.05133 kg CO2eq/MJ
Cost ($) ++ $0.319/KWh $0.02/MJ

+: Cool Australia [100] ++: Iselect, [101].

A payback period (the number of years required to balance the capital expenditure
and the annual savings) is calculated as the capital costs of installing the retrofits, divided
by the net operational energy savings per year, similar to the previous payback periods [in
the form of Equation (7)] calculated for energy and GHG emissions.

4. Results and Discussion
4.1. Lifecycle Energy Impacts
4.1.1. Individual Prototype Energy Reduction

Figure 3 shows the energy consumption (operational and embodied, including A1–A3,
A4, B5 and B6) before and after retrofitting for each prototype. The left side (denoted
‘Typical’) for each prototype shows the annual heating and cooling energy demand before
the retrofit, and the right bar (denoted ‘Upgraded’) shows the annual cooling and heating
energy reduced through the retrofit and the sum of embodied energy used for the retrofit
(A1–A3, A4 and B5).

Energies 2021, 14, x FOR PEER REVIEW 15 of 29 
 

 

  

Figure 3. Comparison of lifecycle energy impacts of prototype buildings. 

Recall that a Type 1 stand-alone house built pre 1990 consumes 501 MJ/m2/year (1.5 

stars). Due to cold and dry weather in the City of Greater Dandenong, more than 96% of 

this energy consumption is used for heating energy. 

Some building stocks in this group are much older (even more than 50 years) but 

most are probably at least 30 years old. An average age of 44 years was assumed (i.e., built 

in 1977). To upgrade a Type 1 dwelling’s energy efficiency rating to 8 stars was not going 

to be cost-effective, so the target performance was adjusted to 6.5 stars, as shown in Table 

6, which is slightly higher than the current 6-star building energy regulation for new 

dwellings. This retrofit means an operating energy consumption reduction that is 80% less 

than that for the original case (and a savings of 404 MJ/m2/year). However, the retrofit 

effort accounts for 570 MJ of the embodied energy consumed for the wall and ceiling in-

sulation and double glazing of windows. Residential buildings have different life spans 

depending on their usage, climatic conditions and user behaviour. However, it is gener-

ally accepted in Australia that they last at least 60 years [103]. Therefore, the average life 

span of residential buildings was assumed to be 60 years. This means that the residual life 

of a Type 1 dwelling in the existing stock is 14 years (obtained by subtracting the service 

life from the average life to the present year 2021). Dividing the embodied energy (570 

MJ/m2) by the residual life (14 years) yields the annual embodied energy per year for Type 

1 (40.7 MJ/m2/year). This annual embodied energy includes initial (33.3 MJ/m2/year for 

A1–A3) and transportation energy (7.4 MJ/m2/year for A4) to the site (Figure 3). Since the 

average life of the materials (insulation and double glazing) used for retrofitting is longer 

than the residual life of Type 1, the embodied energy due to replacement (B5) in the use 

stage was not included. The total annual energy of the upgraded Type 1 is 138 MJ/m2/year, 

which is 40.7 MJ/m2/year of embodied energy plus the annual operational energy of 97 

MJ/m2/year (Figure 3). Thus, considering the annual embodied energy, the net lifecycle 

energy reduction due to the upgrade of a Type 1 dwelling from 1.5 stars to 6.5 stars in the 

Greater Dandenong suburb is 363 MJ/m2/year. 

A Type 2 stand-alone house built between 1990 and 2005, originally rated 2.9 stars on 

average, consumes 316 MJ/m2 for heating and cooling per year. The energy reduction of 

Type 2 when retrofitted to 8 stars is 259 MJ/m2 per year, which is 82% less before the up-

grade (Figure 3). However, the retrofit consumes 306 MJ/m2 of embodied energy (254 

MJ/m2 for A1–A3 and 52 MJ/m2 of transportation to the site, A4). A Type 2 house has been 

assumed to be on average built in 1990. Thus, the residual life of this building is 29 years. 

Since the service life of double-glazed windows is assumed to be 20 years (Table 7), they 

require one replacement after the upgrade during the life span of a Type 2 dwelling. The 

embodied energy from the replacement of the double glaze is 93 MJ/m2 (including 50 km 

of transport distance). Thus, the total embodied energy is 398 MJ/m2, and the annual em-

bodied energy for the retrofit is 13.7 MJ/m2/year (64% for A1–A3, 13% for A4, and 23% for 

501

138

316

70

123

60

299

64

123

62

0

100

200

300

400

500

600

Typical Upgraded Typical Upgraded Typical Upgraded Typical Upgraded Typical Upgraded

Type 1 Type 2 Type 3 Type 4 Type 5

M
J
/m

2
/y

e
a

r

Life cycle energy of prototypes Operational (B6)

Embodied (A1–A3)

Transportation (A4)

Replacement (B5)

Figure 3. Comparison of lifecycle energy impacts of prototype buildings.

Recall that a Type 1 stand-alone house built pre 1990 consumes 501 MJ/m2/year
(1.5 stars). Due to cold and dry weather in the City of Greater Dandenong, more than 96%
of this energy consumption is used for heating energy.

Some building stocks in this group are much older (even more than 50 years) but
most are probably at least 30 years old. An average age of 44 years was assumed (i.e.,
built in 1977). To upgrade a Type 1 dwelling’s energy efficiency rating to 8 stars was not
going to be cost-effective, so the target performance was adjusted to 6.5 stars, as shown
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in Table 6, which is slightly higher than the current 6-star building energy regulation for
new dwellings. This retrofit means an operating energy consumption reduction that is
80% less than that for the original case (and a savings of 404 MJ/m2/year). However,
the retrofit effort accounts for 570 MJ of the embodied energy consumed for the wall and
ceiling insulation and double glazing of windows. Residential buildings have different
life spans depending on their usage, climatic conditions and user behaviour. However,
it is generally accepted in Australia that they last at least 60 years [102]. Therefore, the
average life span of residential buildings was assumed to be 60 years. This means that the
residual life of a Type 1 dwelling in the existing stock is 14 years (obtained by subtracting
the service life from the average life to the present year 2021). Dividing the embodied
energy (570 MJ/m2) by the residual life (14 years) yields the annual embodied energy
per year for Type 1 (40.7 MJ/m2/year). This annual embodied energy includes initial
(33.3 MJ/m2/year for A1–A3) and transportation energy (7.4 MJ/m2/year for A4) to the
site (Figure 3). Since the average life of the materials (insulation and double glazing)
used for retrofitting is longer than the residual life of Type 1, the embodied energy due
to replacement (B5) in the use stage was not included. The total annual energy of the
upgraded Type 1 is 138 MJ/m2/year, which is 40.7 MJ/m2/year of embodied energy plus
the annual operational energy of 97 MJ/m2/year (Figure 3). Thus, considering the annual
embodied energy, the net lifecycle energy reduction due to the upgrade of a Type 1 dwelling
from 1.5 stars to 6.5 stars in the Greater Dandenong suburb is 363 MJ/m2/year.

A Type 2 stand-alone house built between 1990 and 2005, originally rated 2.9 stars
on average, consumes 316 MJ/m2 for heating and cooling per year. The energy reduction
of Type 2 when retrofitted to 8 stars is 259 MJ/m2 per year, which is 82% less before
the upgrade (Figure 3). However, the retrofit consumes 306 MJ/m2 of embodied energy
(254 MJ/m2 for A1–A3 and 52 MJ/m2 of transportation to the site, A4). A Type 2 house
has been assumed to be on average built in 1990. Thus, the residual life of this building
is 29 years. Since the service life of double-glazed windows is assumed to be 20 years
(Table 7), they require one replacement after the upgrade during the life span of a Type 2
dwelling. The embodied energy from the replacement of the double glaze is 93 MJ/m2

(including 50 km of transport distance). Thus, the total embodied energy is 398 MJ/m2,
and the annual embodied energy for the retrofit is 13.7 MJ/m2/year (64% for A1–A3, 13%
for A4, and 23% for B5 to replace the windows). Thus, the net life cycle energy reduction is
246 MJ/m2/year (Figure 3).

A Type 3 stand-alone house built after 2005, with a minimum 6-star energy efficiency
rating, consumes 123 MJ/m2 for heating and cooling a year. The upgrade to 8-star efficiency
attained by increasing the insulation in the ceilings and walls and replacing current glazing
with double glazing results in 55 MJ/m2 of heating and cooling per year (Table 6). This
means an energy savings of 55 MJ/m2 per year through retrofitting, or 56% of energy
savings without retrofit. This is relatively less effective than for Type 1 (72% reduction)
and Type 2 (78% reduction) dwellings because the latter had poor energy efficiency ratings
originally before the upgrade. The retrofit of Type 3, assumed to have been built in 2006 on
average, also shows less embodied energy, which is 232 MJ/m2 in total or 5.2 MJ/m2/year.
Deducting this annual embodied energy from the total annual energy reduction, the net
life cycle energy saving is 63 MJ/m2/year.

A Type 4 semi-detached house built pre-2005, with a 3-star rating (Tables 4 and 6, [59]
SV, 2015), consumes 299 MJ/m2/year for heating and cooling. When retrofitted to 8-star,
the energy consumption is reduced to 54 MJ/m2 per year (i.e., 82% less). The retrofit’s (see
Table 6) total embodied energy is 330 MJ/m2 (for A1–A3, A4 and B5). Assuming 29 years
of residual life, the annual embodied energy is 10.3 MJ/m2/year. Thus, the life cycle net
energy saving is 235 MJ/m2/year (Figure 3).

A Type 5 semi-detached house built after the introduction of mandatory energy
efficiency regulation (6 stars), assumed to be built in 2005 and with a residual life of
44 years, requires 123 MJ/m2/year. By applying the retrofit options in Table 6, the heating
and cooling energy is reduced by 53 MJ/m2/year (53% less than that for the original house).
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The total embodied energy associated with the retrofit is 363 MJ/m2. The annual embodied
energy is 8.2 MJ/m2/year, which is 20% less than that for Type 4 but 60% higher than that
for Type 3. The total life cycle net energy saving by upgrading the energy efficiency to
8 stars is 61 MJ/m2/year (Figure 3).

4.1.2. Building Stock Energy Reduction

The sum of the embodied energies of each prototype is shown in Table 9 (Part A).
The second column shows the sum of the annual embodied energy consumed to upgrade
each prototype as described earlier. This shows that 77 MJ/m2/year of embodied energy
is required to improve the energy efficiency of 1 m2 of prototype buildings. Since Type 1
has the lowest original energy efficiency of 1.6 stars (Tables 4 and 6), it requires the most
effort to retrofit and thus also the highest embodied energy (53% of the total, 2nd column
in Table 9, Part A).

Table 9. Embodied energy and net energy reductions of building stocks in the City of Greater Dandenong.

Type *

Part A: Total Embodied Energy (A1–A3, A4, B5) by: Part B **: Net Energy Reduction Considering
Embodied Energy by:

Prototype Whole Stocks Lifespan of Whole
Building Stocks Prototypes Whole

Stocks
Lifespan of Whole

Building Stocks

MJ/m2/Year TJ/Year TJ/Lifespan MJ/m2/Year TJ/Year TJ/Lifespan

Type 1 41 (53%) 28.6 (98%) 401 (95%) 363 (38%) 3571 (91%) 57,133 (82%)
Type 2 14 (18%) 0.2 (1%) 7 (2%) 246 (26%) 123 (3%) 3811 (6%)
Type 3 5 (7%) 0.1 (0.2%) 3 (0.8%) 63 (7%) 40 (1%) 1842(3%)
Type 4 10 (13%) 0.3 (1%) 9 (2%) 228 (24%) 190 (5%) 5882 (8%)
Type 5 7 (9%) 0.04 (0.1%) 2 (0.4%) 61 (6%) 13 (0.3%) 618 (1%)
Sum 77 (100%) 29.2 (100%) 421 (100%) 961 (100%) 3937 (100%) 69,287 (100%)

* Type 1: Stand-alone built pre-1990; Type 2: Stand-alone built between 1991–2005; Type 3: Stand-alone built after 2005; Type 4: Semi-
detached built pre-2005; Type 5: Semi-detached built post 2005. ** Net energy reduction = operational energy saving due to upgrade-
embodied energy for the upgrade.

The third column of Table 9 (Part A) is the embodied energy per unit floor area
multiplied by the total floor area of each type in the City of Greater Dandenong. Given
the current building stocks, a total embodied energy of 29 TJ/year is required to improve
the energy efficiency of all existing housing stocks to 6.5 or 8 stars (3rd column, Table 9).
In particular, 98% of this relates to the retrofit of Type 1 dwellings. The share of other
dwelling types individually only accounts for 1% or less of the total annual embodied
energy. By multiplying the annual embodied energy by the remaining residual life of each
type, the total embodied energy during the lifespan of whole residential building stocks in
the City of Greater Dandenong is obtained as 421 TJ (4th column, Table 9). Similar to the
annual embodied energy (2nd column), most of the embodied energy is attributed to Type
1 (95% of the total), while the annual embodied energy for all other types accounts for a
significantly lower share of the total.

The net energy savings are obtained by subtracting the embodied energy required
to improve energy efficiency from the operational energy reduction due to retrofitting
for each type. The second column in Part B, Table 9, shows a pronounced pattern for the
energy reduction effects. The net energy saving effects in the City of Greater Dandenong
are obtained by multiplying the annual net energy saving per unit floor area of a prototype
(MJ/m2/year, 1st column of Part B in Table 9) by the total residential building stocks in
Greater Dandenong. By upgrading the existing housing stock, 3937 TJ of heating and
cooling energy could be saved every year. Although the energy efficiency improvement of
Type 1 is relatively low compared to the other dwelling types (only up to 6.5 stars for Type
1 compared to 8 stars for the others), most of the annual energy saving are attributed to
Type 1. When we consider the residual life of the existing building stocks, the total energy
savings increase to 69,287 TJ, again with the net energy savings from Type 1 dwellings
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dominating, accounting for 82% of the total energy reduction (3rd column of Part B in
Table 9).

4.2. Lifecycle GHG Emission Impacts
4.2.1. Individual Prototype Carbon Reduction

The GHG impacts from upgrading each dwelling type considering the emissions from
both the operational (B6) and embodied components (A1–A3, A4 and B5 for replacement)
over their lifecycle are shown in Figure 4.
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Figure 4. Comparison of lifecycle GHG emissions of prototype buildings.

A Type 1 dwelling’s annual carbon emissions due to heating and cooling are significantly
reduced to 10.5 kg CO2eq/m2/year due to the retrofit. However, 6.5 kg CO2eq/m2/year of
embodied carbon is emitted in the retrofitting process. With an average remaining residual
life of 14 years (out of an assumed 60-year service life), the replacement of materials used in
the retrofit is not considered during the remaining period of Type 1. Thus, a Type 1 dwelling
has 6.8 kg of CO2eq/m2/year of embodied and 10.5 kg of CO2eq/m2/year of operational
GHG emissions. Considering the carbon emissions of these two components (embodied and
operational), the total carbon emissions after retrofit is 34 kg CO2eq/m2, a 66% net reduction.

In the case of Type 2 and Type 4 dwellings, the difference in GHG emissions before and
after retrofit is significant even when considering the embodied carbon emissions due to
the retrofit. The annual carbon reductions for Type 2 and Type 4 are 23 kg CO2eq/m2/year
and 22 kg CO2eq/m2/year, respectively. In absolute terms, the carbon reduction figures
are less than those in Type 1, but the reduction rates of 74% and 75% before and after
retrofitting, respectively, are better compared to Type 1′s 66% reduction rate.

On the other hand, for Type 3 or Type 5 dwellings, the carbon reduction effects are
much smaller compared to the other types (Figure 4). This is explained by the fact that the
energy retrofit upgrade to 8 stars is based on the starting energy rating of these dwelling
types of 6 stars.

Table 10 shows the relative contributions of each dwelling type to the total embodied
GHG emissions (1st column under Part A) and the net GHG emissions reduction (1st
column under Part B) by upgrading each type as summarised in Table 6. In both Part A
and Part B, Type 1 reductions account for the largest percentage of the total of the five
dwelling types: 61% of the total embodied GHG emissions per unit of floor area and 34%
of the total net GHG emissions reduction. Types 2, 4 and 5 show higher total embodied
GHG emissions per unit floor area while Type 3 accounts for the minimum embodied GHG
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emissions with 0.3 kg CO2/m2/year (3% of the total embodied GHG emissions). Types 3
and 5 show the lowest net GHG emissions reduction of 6% and 4%, respectively.

Table 10. Embodied GHG and net GHG emissions reduction of building stocks in the City of Greater Dandenong.

Type *

Part A: Total Embodied GHG (A1–A3, A4, B5) by: Part B **: Net GHG Reduction Considering
Embodied GHG by:

Prototype Whole Stocks Lifespan of Whole
Building Stocks Prototypes Whole

Stocks
Lifespan of Whole

Building Stocks

kg
CO2eq/m2/Year

X103 t
CO2eq/Year

X 103 t
CO2eq/Lifespan

kg
CO2eq/m2/Year

X103 t
CO2eq/Year

X 103 t
CO2eq/Year

Type 1 6.8 (61%) 4.20 (98%) 67.3 (97%) 34.4 (39%) 338.3 (91%) 5412.3 (83%)

Type 2 1.8 (16%) 0.03 (0.7%) 0.9 (1.3%) 23.0 (26%) 11.5 (3.1%) 357.5 (5%)

Type 3 0.3 (3%) 0.01 (0.1%) 0.2 (0.3%) 5.6 (6%) 3.5 (1%) 162.4 (2%)

Type 4 1.1 (9%) 0.03 (0.7%) 0.9 (1.3%) 22.3 (25%) 18.5 (5%) 573.9 (9%)

Type 5 1.2 (11%) 0.01 (0.1%) 0.3 (0.4%) 3.5 (4%) 0.8 (0.2%) 35.3 (1%)

Sum 11.2 (100%) 4.27 (100%) 69.5 (100%) 88.8 (100%) 372.6 (100%) 6541.3 (100%)

* Type 1: Stand-alone built pre-1990; Type 2: Stand-alone built between 1991–2005; Type 3: Stand-alone built after 2005; Type 4: Semi-
detached built pre-2005; Type 5: Semi-detached built post 2005. ** Net GHG reduction = operational GHG saving due to upgrade-embodied
GHGs for upgrade.

4.2.2. Building Stock Carbon Reduction

The total embodied GHG emissions in the City of Greater Dandenong, obtained by
multiplying the total embodied GHG emissions of a prototype (2nd column under Part
A in Table 10) by the total building stocks (Figure 2), are 4272 t CO2eq/year. Similar to
the embodied energy in the previous sub-section, Type 1 dwellings contribute most to the
overall embodied GHG emissions, accounting for 98% (4204 t CO2eq/year) of the total.
This is because, similar to most other established cities in Australia, Type 1 dwellings
account for the largest slice of the total residential building stock (Figure 2).

The net GHG emissions reductions resulting from the retrofit of the residential build-
ing stock in Greater Dandenong are shown in Part B of Table 10. The city could avoid
0.372 million t of GHG emissions every year through the retrofitting of the existing resi-
dential building stocks, and a total of 6.541 million t of GHG emissions can be avoided
when the remaining life of each dwelling type is taken into account. Since the dwelling
stocks of Type 3 and Type 5 have at least a 6-star energy efficiency rating, even if their
efficiency is improved to 8 stars, their collective impacts are not significant. On the other
hand, the retrofitting of Type 1 dwellings leads to a significant amount of avoided net GHG
emissions: 91% of the GHG emissions avoided every year and 83% of GHG emissions
considering their lifespans.

4.3. Financial Impacts
4.3.1. Lifecycle Cost

The costs of retrofitting each typical prototype include the upfront, operational and
maintenance costs across each dwelling’s lifecycle, indicating the financial impact experi-
enced by the house owner. Figure 5a shows the lifecycle costs considering the residual life
for each dwelling type; Figure 5b shows the lifecycle costs considering the total residential
building stock in Greater Dandenong. The insulation or double-glazing considered in this
study does not require maintenance costs. Thus, the maintenance costs were not considered
in this study. However, due to the retrofitting of the existing facility, the cost of facility
replacement was included for double-glazed windows.



Energies 2021, 14, 6550 19 of 28Energies 2021, 14, x FOR PEER REVIEW 20 of 29 
 

 

 
(a) 

  
(b) 

Figure 5. Lifecycle costs of dwelling types with different age brackets (AUD$). (a) Lifecycle cost of each prototype 

(AUD$/m2); (b) Lifecycle cost of the whole stocks in the City of Greater Dandenong. 

The first column of each prototype in Figure 5a shows the lifecycle cost before the 

retrofit (annual heating and cooling energy cost [$/m2/year × remaining life in years]), and 

the second column is the cooling and heating cost after the retrofit plus the retrofit cost. 

In all cases (and each dwelling type), the overall lifecycle costs are reduced after the ret-

rofit. 

Looking at cost savings by dwelling type, Type 4 (semi-detached built pre-2005) has 

the largest lifecycle cost reduction due to the retrofit. In particular, $448/m2 of heating and 

cooling energy will be consumed in the remaining period of 31 years. With improved 8-

star energy efficiency after the retrofit, the cost of cooling and heating energy during the 

same period will be reduced to $86.2/m2, while the cost of the retrofit itself is $72/m2. Thus, 

393 

78 

472 

89 

273 

126 

448 

86.2 

250.7 

127.9 

116 
131 

108 

72.0 

95.3 

$0

$50

$100

$150

$200

$250

$300

$350

$400

$450

$500

Typical Upgraded Typical Upgraded Typical Upgraded Typical Upgraded Typical Upgraded

Type 1
(Stand-alone Pre 90)

Type 2
(Stand-alone 91-05)

Type 3
(Stand-alone Post 2006)

Type 4
(Semi-detached Pre 05)

Type 5
(Semi-detached Post 06)

Li
fe

cy
cl

e 
C

o
st

 (
$

/m
2

)

Lifecyle Financial Cost per Dwelling

Operational

Retrofit cost

3872
1137

$500

$1,000

$1,500

$2,000

$2,500

$3,000

$3,500

$4,000

Typical Upgraded Typical Upgraded Typical Upgraded Typical Upgraded Typical Upgraded

Type 1
(Stand-alone Pre 90)

Type 2
(Stand-alone 91-05)

Type 3
(Stand-alone Post

2006)

Type 4
(Semi-detached Pre

05)

Type 5
(Semi-detached Post

06)

L
if
e

c
y
c
le

 C
o

s
t 
($

/m
2

)

Lifecyle Cost of City of residential building stokcs
in City of Greater Dandenong Operational

Retrofit cost

764 

236 

44 

173 
80 

372 

72 55 28 

65 
68 60 

21 

$0

$100

$200

$300

$400

$500

$600

$700

$800

$900

Typical Upgraded Typical Upgraded Typical Upgraded Typical Upgraded Typical Upgraded

Type 1
(Stand-alone Pre 90)

Type 2
(Stand-alone 91-05)

Type 3
(Stand-alone Post

2006)

Type 4
(Semi-detached Pre

05)

Type 5
(Semi-detached Post

06)

L
if
e

c
y
c
le

 C
o

s
t 
($

/m
2

)

Lifecyle Financial Cost per Dwelling

L
if
e
c
y
c
le

 c
o
s
t 
($

m
/s

to
c
k
)

Figure 5. Lifecycle costs of dwelling types with different age brackets (AUD$). (a) Lifecycle cost of each prototype
(AUD$/m2); (b) Lifecycle cost of the whole stocks in the City of Greater Dandenong.

The first column of each prototype in Figure 5a shows the lifecycle cost before the
retrofit (annual heating and cooling energy cost [$/m2/year × remaining life in years]),
and the second column is the cooling and heating cost after the retrofit plus the retrofit cost.
In all cases (and each dwelling type), the overall lifecycle costs are reduced after the retrofit.

Looking at cost savings by dwelling type, Type 4 (semi-detached built pre-2005) has
the largest lifecycle cost reduction due to the retrofit. In particular, $448/m2 of heating
and cooling energy will be consumed in the remaining period of 31 years. With improved
8-star energy efficiency after the retrofit, the cost of cooling and heating energy during
the same period will be reduced to $86.2/m2, while the cost of the retrofit itself is $72/m2.
Thus, the total lifecycle energy cost of the Type 4 retrofit is $158/m2, which is a savings of
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$289 compared to the lifecycle cost without the retrofit. Type 2 follows this by a savings of
$253/m2, then Type 1 with a saving of $200/m2. On the other hand, Type 3 and Type 5
showed relatively little reduction in the lifecycle energy cost.

Figure 5b shows the results obtained by applying the above lifecycle cost reductions
for each dwelling type to the entire existing residential building stock in the Greater
Dandenong suburb. The lifecycle cost reduction for retrofitting all Type 1 dwellings is 51%
of the original heating and cooling energy costs, with an absolute amount of $834 million
saved. The retrofit of all Type 4 and Type 2 dwellings shows 65% and 54% cost savings,
respectively. This means absolute savings of $241 million and $127 million, respectively.

Retrofitting the residential building stocks in the City of Greater Dandenong will save
$2368 million in heating and cooling energy costs. Retrofitting Type 1 building stocks from
an average energy efficiency rating of 1.5 stars to 6.5 stars accounts for more than 83% of
these savings. Retrofitting Type 2 and Type 4 building stocks to 8-star energy efficiency
will contribute about 5% to 10% of the total lifecycle cost savings. However, retrofitting
Type 3 and Type 5 building stocks accounts for less than 1% of the overall life cycle energy
cost savings.

4.3.2. Payback Period

A key factor in the feasibility of retrofitting residential buildings is the time taken to
financially break even on the investment. A shorter payback period will make it more attrac-
tive to many householders. Table 11 presents the total energy consumption, GHG emissions
and upfront cost to upgrade each dwelling type in the City of Greater Dandenong.

Table 11. Energy, GHG emissions and financial payback time considering the whole residential building stock in the City of
Greater Dandenong.

Residential Building Stocks in City of Greater Dandenong
by Type Sum

Type 1 Type 2 Type 3 Type 4 Type 5

Remaining residual life * (year) 14 29 44 29 44 -

Energy
Embodied Energy ** (TJ) 5609 169 147 274 79 6279

Annual energy saving *** (TJ) 3971 130 43 204 15 4363
Energy payback time (year) 1.4 1.5 3.4 1.3 5.2 1.4

GHG
Embodied GHG ** (103 t CO2eq) 9418 258 97 283 117 10,172

Annual GHG reduction *** (103 t CO2eq) 4055 124 37 194 10 4421
GHG payback time (year) 2.3 2.1 2.6 1.5 11.3 2.3

Cost
Retrofit cost ($million) 1137 65 68 60 21 1352

Annual energy bill saving + ($million) 194 6 2 10 1 213
Financial payback time (year) 5.9 10.6 33.8 6.2 35.7 6.4

* Average life span (60 years)–current age of building (2021-construction year of prototype). ** Included A1–A3, A4, B5 of building type.
*** annual operational heating and cooling energy only for whole residential building stocks in the City of Greater Dandenong. + Energy
cost after the retrofit–(energy cost before the retrofit + retrofit cost).

Table 11 shows the environmental and financial balance for each dwelling type in
Greater Dandenong. The first row from the top indicates the residual life for each type
in the City of Greater Dandenong. For example, Type 1, assumed to have been built in
1975 on average, has a remaining life of 14 years obtained by subtracting the current age
of Type 1 (1975–2021) from the average lifespan of 60 years. The following set of three
rows from the top shows how much energy was consumed (embodied energy) and saved
(operating energy) as buildings are upgraded and how long the energy payback is due to
this balance. The middle set of three rows shows the GHG balance emitted and avoided by
upgrading the existing residential buildings and the corresponding payback time for each
type of residential building stock. The last set of three rows shows the retrofit cost, energy
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cost savings obtained through the retrofit and the breakeven year when the retrofit cost is
compensated by the energy savings.

The energy payback time shows that all of the energy used for the retrofit (embodied
energy) of Type 1, Type 2 and Type 4 building stocks could be recovered within 1.5 years.
However, Type 3 and Type 5 building stocks will take 3.4 and 5.2 years longer than these
three types. Altogether, if the whole residential building stock is retrofitted based on
Table 6, the energy payback time will only be 1.4 years.

The carbon period time for all dwelling types, with the exception of Type 5, to offset
all GHG emissions from the retrofit is three years or less. Type 5 buildings will need more
than 11 years of avoided emissions to offset the embodied GHG emissions for the retrofit.

The financial payback time is different from the energy and carbon payback times.
The stock of Type 1 and Type 4 dwellings shows a similar pattern of short payback periods
in energy and carbon. However, it will take 33.8 to 35 years to recover the cost invested
in upgrading Type 3 and Type 5 dwellings built after 2005. As previously noted, the
environmental impacts of the upgrade of these dwelling types from 6 stars to 8 stars
through retrofitting is relatively insignificant, and the costs are significant. Moreover, as
shown in Figure 2, these two types of building stock are relatively small at 5% and 2% of
the citywide residential building stock, so the return on investment from these types of
upgrades will take much longer. However, even if all dwelling types in the residential
stock are upgraded, the financial payback period for the whole effort will only be 6.4 years.

4.4. Implications

The City of Greater Dandenong in the Metropolitan Melbourne suburbs in Australia
has the potential to save around 4363 TJ/year of operational heating and cooling energy if
the entire residential building stock in the city is retrofitted to upgrade the primary dwelling
types in Tables 3 and 4 as indicated in Table 6. This translates to avoided operational GHG
emissions of nearly 442.1 kt CO2eq per year. Since the embodied carbon associated with
the retrofit process is relatively small (4.27 kt CO2eq per year as shown Table 10), when
this is taken into account, the lifecycle (net) GHG emissions that can be avoided amount to
372.6 kt CO2eq per year (Table 10). Considering the remaining life of the current dwellings,
the overall carbon footprint reduction from retrofitting the existing dwellings in Greater
Dandenong, compared to the default non-retrofitted dwellings, will be about 6541.3 kt
of CO2eq (Table 10). Considering that Australia’s annual GHG emissions per household
are about 15 t CO2eq per year [103], this is equivalent to about 24,800 households being
carbon-free each year in Victoria.

Reducing the actual GHG emissions from the building and construction sector into
the atmosphere requires the explicit consideration of embodied energy and embodied
GHG emissions in carbon calculations and reporting. Compared to the more common
practice of demolishing old dwellings and building new ones, extending the life of existing
dwellings and improving their energy efficiency contribute to climate mitigation efforts
through avoided GHG emissions and also minimise the adverse impacts of construction
waste and the use of natural resources that would otherwise be needed for new products
and house construction.

The total energy reduction and the avoided GHG emissions for the entire residential
building stock are significant, and the environmental breakeven point is relatively low
for all dwelling types. However, this can be attributed primarily to the energy efficiency
upgrade of the stand-alone pre-1990 Type 1 dwellings–which account for 91% of the
avoided GHG emissions–because of (a) the massive energy performance improvements
from their original 1.5-star to 6.5-star rating and (b) the proportionately large quantity
of Type 1 dwellings in Greater Dandenong (82% of the existing housing stock, Figure 2).
These have also been observed in past studies [51,76].

The other dwelling types account for a much smaller proportion of the existing housing
stock (between 2% to 7%, Figure 2). Thus, their overall impacts are small even though, for
example, Type 2 (standalone house built between 1991–2005) and Type 4 (semi-detached
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house built pre-2005) show the largest avoided GHG emissions per unit floor area, which
are 74% and 75%, respectively, less than before the upgrade (Figure 4).

This means that from a government or industry perspective, they can develop and
implement a highly targeted and very cost-effective policy and/or program initiative that
could have widespread and significant impacts. For example, they can address the mass
Type 1 dwelling decarbonisation opportunities as demonstrated in the present study. At
the same time, they can also initiate, on their own or in partnership with other stakeholders
including the community or eligible householders themselves, programs that incentivise
or support individual households to undertake effective energy retrofitting of their own
dwellings (e.g., those in Type 2 and Type 4 dwellings). Meanwhile, the program (s) to
support the households in Type 3 and Type 5 dwellings may be more focused on low- or
zero-emissions energy supply systems rather than energy efficiency upgrades. Of course,
any programs focused on the uptake of cleaner and renewable energy supply and storage
systems should or could also be accessible to the households in other dwelling types.

Costs associated with energy saving retrofits play a major role in determining the
feasibility of upgrading existing houses. While insulation costs are not significantly large,
the cost of installing double-glazed windows may be prohibitive, if not downright outside
the feasible options, for most householders. Despite this, the financial payback period
for Type 1, Type 2 and Type 4 dwelling retrofits are 5.9 years, 6.2 years and 10.6 years,
respectively. Many individual householders may find the lower range of these to be
reasonable. However, as Table 11 shows, despite the very long unreasonable payback
period of greater than 30 years for Type 3 and Type 5 dwellings, especially from the
perspective of an individual household, the payback period for the retrofit of the entire
housing stock in Greater Dandenong is only 6.4 years. For a state government body, this
may look like a very reasonable investment in decarbonisation.

The outcomes of these types of city-wide retrofit programs will not only have broad
community and significant environmental benefits, but will also contribute to state and/or
federal government efforts and commitments towards their “net zero” goals.

Despite the present study’s various limitations, simplifications and assumptions,
we can already use these observations and findings to consider potentially cost-effective
approaches to reduce the carbon footprint of the residential building sector and to explore
the roles of a selected number of actors or stakeholders. More detailed and comprehensive
research that deals with a broader set of factors at a more granular level including those
from both sides of the energy supply and demand equation (e.g., more retrofit package
options alone and with renewable supply and storage packages) and that considers the
types and range of uncertainties will lead to even more tailored and cost-effective programs.

5. Conclusions

Carbon footprint assessment and reporting in the building sector should explicitly
include and account for embodied impacts–and not just focus on operating energy and
related GHG emissions–and should especially explore the climate mitigation contributions
of, and opportunities in, the existing building stock. The latter’s environmental and climate
impacts overwhelmingly dominate the overall contributions of the sector to these impacts–
compared to those from new house construction–and will last as long as their remaining
service life.

Considering the case of the City of Greater Dandenong, a typical middle-class suburb
within Metropolitan Melbourne in Australia, we showed that implementing a suite of basic
energy retrofitting of the housing stock can be cost-effective in significantly reducing the
stock’s energy and carbon footprints. The city has the potential to save lifecycle energy of
around 3937 TJ per year and achieve lifecycle avoided GHG emissions of 372.6 kt CO2eq
per year. Across the total remaining life of the current dwelling stock, the overall carbon
footprint reduction from retrofitting the existing dwellings in the city–compared to the
default non-retrofitted dwellings–is about 4421 kt of CO2eq.
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The components of the carbon footprint considered herein included the operating
carbon (B6 in EN15978 [32]) and the embodied carbon associated with the retrofit options
(A1-A4 and B5). The energy use reduction and carbon mitigation opportunities of the
entire residential building stock in the Greater Dandenong suburb were analysed based
on five primary dwelling types through an energy retrofit program that targeted a 6.5-star
energy efficiency rating for the oldest dwelling type (Type 1) and an 8-star energy rating
for the other dwellings (Type 2, Type 3, Type 4 and Type 5). Both of these retrofit targets are
higher than the current 6-star energy efficiency requirement for new houses in Australia.

We highlight the following findings:

• Because Type 1 dwellings (stand-alone built pre-1990) comprise 82% of the existing
housing stock in Greater Dandenong, when retrofitted from their original 1.5 stars
to 6.5 stars energy rating, they account for 91% of the total avoided GHG emissions
every year if all dwelling types in the existing stock are also upgraded and 83% of the
total avoided GHG emissions considering their remaining lifespans.

• The embodied energy associated with the retrofits remained within acceptable limits
for all the five prototypical dwellings analysed and was balanced with operational
energy savings resulting from the retrofits in a short period of time (ranging from 1.4
to 5.2 years).

• The embodied GHG emissions associated with the retrofits also balanced the avoided
operational GHG emissions resulting from the retrofits within a short period of time
(between 1.5 and 2.6. years) except for the Type 5 semi-detached house (built after
2005), which achieved the balance in 11.3 years.

• The financial payback periods for the Type 1, Type 2 and the Type 4 dwelling retrofits
are 5.9 years, 10.6 years and 6.2 years, respectively. However, the payback periods for
the retrofit of the more recently built Type 3 and Type 5 dwellings (built after 2005) are
more than 30 years. Their starting energy efficiency rating is high at 6 stars, and these
dwellings have relatively larger floor areas than the older ones.

These and the other findings discussed in the paper provide valuable information and
guidance for key stakeholders in developing and implementing cost-effective and carefully
targeted policy and/or program initiatives that could have widespread and significant
impacts. For example, the retrofit of Type 1 dwellings at the city level can be prioritised for
decarbonisation efforts through government policy and financial investments. To comple-
ment this, the community and/or eligible householders can be incentivised and supported
to undertake effective energy retrofit of their own dwellings (e.g., especially those in Type
2 and Type 4 dwellings). Meanwhile, the program (s) to support the households in Type
3 and Type 5 dwellings may be focused more on low- or zero-emissions energy supply
systems rather than energy efficiency upgrades.

The approach demonstrated in the paper can be undertaken for other Australian cities
and/or for other jurisdictions such as at the state, province or territory level. Depending
on the analysis objectives and desired level of granularity and details, the representative
existing dwelling typologies can be expanded, say from five to twenty-five, and the retrofit
package options for different representative dwelling types can also be expanded. Be-
cause of the nature of the NatHERS system, in this study, the retrofit of the dwellings
focused only on improvements in the thermal envelope that directly affects the cooling and
heating energy.

Future work should expand on the simplifications and assumptions in the present pa-
per and consider the impacts of various other factors that might influence one or both sides
of the energy supply and demand equation, including household or occupant behaviours,
role of technology, low-or zero-carbon energy supply and storage systems, standards and
regulations, impacts of climate change on energy demand and system resilience, etc. Build-
ings built before 1990, which account for a significant portion (92%) of all building stocks,
were grouped into a single category. However, it is necessary to analyze the energy retrofit
effect for each by dividing them in more detail. It will also be important to take into account
the types and range of uncertainties around these factors with respect to potential outcomes
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(e.g., [104]). Additional in-depth research and better data will be needed to inform future
scenarios analysis, especially in the estimates of the remaining life of different dwelling
prototypes representative of the residential stock in the study city and the inclusion of more
lifecycle stages in the calculation of carbon footprints such as construction for retrofitting
(A5) and disposal of waste generated during construction and replacement. Furthermore,
the critical roles and contributions of key actors or stakeholders to influence outcomes
(e.g., [105]) need to be further investigated.
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