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The  building  sector  is the  largest  contributor  to global  greenhouse  gas  (GHG)  emissions.  Over  the  years,
sound  tools  have  been  developed  to  support  the  life-cycle  assessment  of  building  carbon  emissions  per-
formance.  However,  most  of  these  tools  have  been primarily  focused  on  building-scale  modelling  and
evaluation,  leaving  the  emissions  related  to  infrastructure  and  occupant  activities  as  well as  the  carbon
offsetting  from  implementing  district-scale  renewable  energy  systems,  often  neglected.  The  uptake  of
macro  perspective  carbon  evaluations  at  the urban  precinct  level  has been  slow  due  to  various  barri-
ers  such  as  system  boundary  definition,  quantification  of  complex  inter-building  effects,  availability  of
comparable  data, integrated  modelling  and  uncertainties  related  to occupants’  life styles.  This  research
developed  an  integrated  life-cycle  model  to  support  the  precinct-scale  evaluation  of carbon  footprint  for
a comprehensive  understanding  of  the  emission  profile.  This  is  expected  to further  support  low  carbon
planning  and  (re)development  of urban  precincts.  The  model  structure  is underpinned  by four  major

components  at the  precinct  level,  i.e.  embodied,  operational  and  travelling  associated  carbon  emissions,
as  well  as  the  carbon  offsetting  from  solar  energy  harvesting.  The  utility  of  the proposed  methodology  is
demonstrated  through  preliminary  case  studies  on  representative  suburban  precincts  in  Adelaide,  South
Australia.  Comparative  studies  and  scenario  analysis  are  also  involved  to  identify  the  critical  elements
affecting  the  overall  carbon  performance  of  urban  precincts.
. Introduction

Taking up around 2.5% of the planet’s landmass, cities contribute
ignificantly to natural resource consumption and discharge con-
iderable volumes of waste [1] and to study these phenomenon,
ities and urban areas can be subdivided into precincts. Since
here are many definitions of a precinct, a planning perspective is
dopted where a precinct is taken to be an urban area with clearly
efined geographical boundaries and a subdivision of the city with
pecific functional features (e.g. business, administrative, medi-
al, residential, etc.). The (re)development and operation of objects
ithin a precinct including different buildings and infrastructure,

onsume significant natural resources and produce large environ-

ental burdens. As a significant part of such burdens, greenhouse

missions (or carbon dioxide equivalent, hereafter: carbon) asso-
iated with the use of fossil fuels and non-renewable energy in
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exploiting natural resources as well as consuming goods and ser-
vices for socio-economic needs, are commonly accepted as the main
contributor to global climate change. Statistics compiled by the
International Energy Agency indicate that more than one third of
global carbon emissions can be attributed, both directly and indi-
rectly, to the construction, operation and maintenance of precinct
objects [2]. In Australia, the building sector accounts for about 36%
of the overall carbon balance [3]. With respect to human activi-
ties, transportation is found to be the largest contributor to global
carbon emissions [4]; [5]. In light of a growing awareness towards
the sustainability of urban development, greater attention has been
drawn to the carbon performance evaluation of built environments
and urban transport activities.

Previous studies in this field have been primarily focused on
building-scale evaluation with the consideration of embodied and
operational carbon performances over various stages of a build-
ing life-cycle, leaving other contributors within urban precincts
such as infrastructure and occupant activities, largely missed [6]. In

addition to precinct objects and occupant activities, inter-building
effects and urban morphologies are also acknowledged as essential
factors on urban carbon balance and sustainability [7]; [8]. In addi-
tion, small-scale solar harvest units (SHUs) such as roof-top thermal
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ater heating (STW) and photovoltaic (PV) systems have also found
 wide application for carbon offsetting in the urban environment
9]. Instigated by the emphasis on improving the overall carbon per-
ormance of cities to avoid benefiting one component at the cost of
nother, there has been growing interest in research on precinct-
cale assessment in recent years. This is expected to lead urban
esign and planning with carbon assessment and decision support
t the early stage [10]; [11].

There are many advantages of moving beyond the building-scale
o a precinct-scale assessment when attempting to improve the
verall carbon performance of the urban environment. Firstly, the
verall carbon performance of an urban precinct can be estimated
t the planning stage of a development cycle with a precinct-scale
ssessment tool. Optimal planning at a macro-level such as the
recinct-scale has the potential to decarbonise the urban envi-
onment in a systematic way. Secondly, with the involvement of
dditional precinct elements such as transportation and renewable
nergy harvesting, the carbon performance of the urban environ-
ent can be assessed within a more comprehensive and holistic

oundary. Thirdly, precincts are a microcosm of cities, therefore
arbon assessment at the precinct level can lead to mapping and
educing the carbon signature of the entire urban system, as well
s support government policy-making. However, several barri-
rs are hindering the uptake of precinct-scale evaluations, which
nclude system boundary definition, data availability, dynamic
nter-building effects contributed by urban morphologies, uncer-
ain preferences for occupants’ life-style, integrated modelling and
ess standardized production process of precinct objects caused by
heir unique characteristics [12].

Bearing in mind these methodological difficulties, this research
s the first to develop an integrated model for precinct carbon
ssessment which takes into account morphological factors and
ccupants’ life styles. These factors embrace four aspects which are
mbodied, operational and travelling carbon emissions, as well as
arbon offsetting contributed by renewable energy harvesting. The
roposed model is expected to provide a more contrasted picture
f precinct emission profile, which will consequently contribute
o the planning and (re)development of low carbon precincts. In
ddition, the utility of the proposed methodology is demonstrated
hrough preliminary case studies. Comparison and scenario anal-
sis are also conducted to identify the key elements affecting the
arbon performance of urban precincts. The rest of this paper is
tructured to first include a literature review of carbon assessment
n the urban environment (Section 2). This is followed by the dis-
ussion on key conditions for precinct-scale assessment (Section 3).
hen, an integrated model is presented (Section 4), together with
omparative case studies and scenario analysis (Section 5). Finally
he paper draws conclusions and describes future research work
Section 6).

. Life-cycle carbon assessment in the urban environment:
iterature review

Since buildings contribute to the carbon balance directly and
ndirectly over their lives, life cycle analysis (LCA) is commonly
mployed for evaluating their energy and carbon performance.
ccording to the definition of life-cycle analysis (LCA) published in

SO 14040, building life-cycle emissions can be broadly classified
nto embodied emissions, the amount of emissions contributed by
he construction and maintenance of a building, and operational
missions, which are associated with the operations of a building

as for: heating, cooling, ventilation, hot water, lighting etc) [13].
ecent studies indicate that the operational carbon plays a domi-
ant role on building life-cycle carbon emissions, ranging from 65
o 80% [14]; [15]. With respect to the embodied carbon, up to 82% of
ings 153 (2017) 111–125

the total amount is found embodied in construction materials [16].
Studies conducted in references [9] and [17] indicate that optimal
design schemes and material selections might benefit the reduction
of embodied carbon by 14–30% in the building sector. While other
studies claim that there is a potential carbon saving of up to 40% in
the operational stage of buildings by applying automated control
strategies [18]; [19]. Existing studies in this field have primarily
focused on the building-scale assessment of carbon performance,
leaving the emissions related to infrastructure, occupants’ activi-
ties and carbon offsetting contributed by implementing renewable
energy systems at the district scale, largely uncovered.

A review of current studies found that transportation facilities
and activities also have significant impacts on the carbon balance
of urban precincts. A census conducted by the World Resource
Institute indicates that travel accounts for about 14% of carbon
emissions worldwide, which is projected to increase by 50% by 2020
[20]. In Australia, transportation is found to be the third largest and
second fastest growing source of carbon emissions, contributing
90 Mt  CO2 - equivalent (CO2-e) annually or 16% of Australia’s total
carbon balance [5]; [21]. Within the different modes of travel, road
transportation accounts for 87% of Australia’s transport emissions
with the majority attributed to passenger vehicles [22]. From the
perspective of LCA, carbon derived from travelling can be further
split into direct and indirect elements: the direct part is associated
with the combustion of fuel in vehicles, while the indirect require-
ment is the amount embodied in the manufacturing of vehicles and
fuels, as well as the service and infrastructure supports. Studies
in this field found that the indirect component might contribute
25–65% of the total travelling emissions [23], and the emissions
embodied in the manufacturing of vehicles might contribute up
to 4.5 t CO2-e per annum per household, or up to 2.8 t CO2-e per
annum per capita [24]. Further discussion on the research con-
ducted by Lenzen [23] showed that construction and maintenance
of infrastructure for transportation might account for 11- 29% of
the overall carbon emissions. While the operational carbon of pas-
senger road transport (or travelling in this research) is commonly
derived from travel distance, travel mode choice, fuel type and
travel frequency. A study carried out by Beer et al. [25] indicates
that biodiesel has a potential to reduce 41–51% of carbon emissions,
and gaseous fuels might contribute as much as 88–92% of carbon
emissions compared with diesel. It is well understood that this part
of overall emissions is significantly influenced by urban morphol-
ogy, infrastructure development, urban density and occupants’ life
styles [7]; [26].

While the above studies analysed the carbon performance of
precinct objects and transport activities, some studies have focused
on carbon offsetting contributed by the harvesting of renewable
energy [27]. In the urban precinct environment, solar energy con-
version through STW and PV systems are expected to be reliable
and sustainable methods to support the decarbonisation of the
urban environment, although they are unable to benefit the overall
energy consumption of urban precincts (e.g. improve energy effi-
ciency, reduce energy demand etc.) [28]. Previous studies indicate
that STW systems can offset 79% of the carbon associated with hot
water supply, while the integration of PV systems can achieve an
annual carbon reduction up to 18–160 kg per m2 of PV panel area
[29]; [30]. Similar research conducted by Gerilla et al. [9] found
that a reduction of up to 73% of the total life-cycle carbon can be
achieved by using solar energy at the operation phase of dwellings.

Further to the physical factors affecting the carbon balance of
precinct objects, a knowledge of the inter-building effects is essen-
tial for the planning, (re)development and management of low

carbon precincts. Pioneering research conducted in reference [31]
indicated that the influence on travelling energy (which conse-
quently affects travelling emissions) from urban density is likely
to be very significant. Similar findings were reported by Steemers
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32]. Another study explored the impact of urban form on travel-
ing emissions, and found that high job and retail densities were
wo critical factors for low carbon travelling [33]. Zhang et al.
34] investigated the influence on building sky exposure resulting
rom urban density and block typology, which might consequently
ffect the energy-related carbon emissions and the potential carbon
ffsetting contributed by SHUs. In a comparative study of car-
on performances between city centre and suburban households,
erkins et al. [24] found that high density dwellings often offer
ower environmental impacts, while the total per capita carbon of
ouseholds from high density precincts exceeded those of house-
olds from low density precincts. Although previous studies have
nriched our understanding of the environmental impacts on build-
ng carbon performance, they have concurrently failed to quantify
ow much those impacts would be in a systematic manner.

In attempting to understand the carbon performance at a macro
erspective, a focus on the integrated modelling and assessment of
recinct carbon with the considerations of embodied, operational
nd travelling carbon emissions, as well as the carbon offsetting
ontributed by renewable energy harvesting, is clearly more logical.
ndeed, there has been an increase in studies on precinct informa-
ion modelling (PIM) and management over an expected precinct
ifespan [10]. However, several barriers are hindering the quan-
ification of precinct carbon balance: firstly, inconsistent system
oundaries applied in different studies make it difficult to develop

 comprehensive understanding of precinct carbon profiles. The per
nit life-cycle carbon contents of construction materials, precinct
bjects and relevant services often suffer from accuracy issues
aused by the inconsistent and incomprehensive system boundary
efinitions. Moreover, from the systems perspective, a fair com-
arison between different systems can only be guaranteed when
imilar completeness or the same boundary is applied [35]; [36].
dditionally, any precinct object is not an isolated system, but an
volving subsystem closely linked to the life styles of its occu-
ants and the dynamics of the surrounding environment. However,

t is difficult to predict and quantify the influence of occupants
nd the dynamic inter-building effects determined by specific
rban morphology. By examining the above studies in building and
recinct carbon measures, this research is primarily focused on the

ntegrated modelling of precinct carbon within a defined system
oundary, considering the quantified morphological impacts.

. Modelling methodology

As discussed in previous sections, precinct-scale assessment
ools are expected to measure the overall carbon emissions con-
ributed by the main objects and occupants’ activities within the
rban precincts. This section presents the methodology, the def-

nition of the modelling rationale, the system boundary, the data
erivation method and the key factors for morphological impacts,
o underpin the development of an integrated model for assessing
recinct life-cycle carbon emissions.

.1. Modelling rationale

Since an urban precinct is ‘a system of many interconnected sub-
ystems’, a realistic, holistic and accurate evaluation of its overall
arbon performance can be achieved by integrating the life-cycle
arbon balances of precinct projects with emissions contributed
y residents’ activities. The literature review in the previous sec-
ion indicates that occupant travel is by far the major contributor of

ctivities related to carbon emissions within urban precincts, while
olar energy harvesting with STW and PV systems is considered
s an important source for precinct carbon offsetting. Consider-
ng these inputs here, it is therefore quite reasonable to evaluate
ings 153 (2017) 111–125 113

the carbon performance of urban precincts with four distinct but
inter-linked components: 1) the life-cycle carbon embodied in
the construction/manufacturing, maintenance, demolition, recy-
cle/reuse of precinct objects, vehicles, as well as STW and PV
systems. The travelling embodied carbon is measured based on
a previous study conducted in South Australia [24]; and 2) the
carbon emissions associated with the operational energy consump-
tion of precinct objects; and 3) the carbon emissions contributed
by occupants’ travelling. Since the carbon associated with build-
ing material transport and construction related transport activities
has been integrated into the embodied carbon of precinct objects,
therefore travelling carbon is employed in this research to differ-
entiate from the commonly used transport carbon. Passenger road
transport emissions associated with commuting and entertainment
related travels are termed as the occupants’ travelling carbon in this
paper; and 4) total carbon offsetting benefits from the harvesting
of solar energy.

Based on these inputs, the modelling of precinct carbon
emissions can be implemented in two  phases. The downstream
evaluation is focused on the baseline life-cycle embodied carbon
of precinct objects, travelling vehicles and SHUs, the operational
emissions of precinct objects, the baseline carbon offsetting con-
tributed by SHUs, and the baseline carbon associated with occupant
travels. Here the baseline carbon means the carbon emissions con-
tributed by precinct objects, occupant travelling and SHUs carbon
offsetting within the precinct context under ideal conditions. In
this paper, a travelling energy model developed at the early stage
of this research is adapted to the travelling baseline carbon eval-
uation through applying an energy-to-carbon factor determined
by local energy production [8]. Conversely, the upstream research
aims to improve the evaluation accuracy through applying mor-
phological factors determined by precinct environmental features.
This is different from the life-cycle carbon evaluation of buildings
where a great deal of detailed building design, building materials
and construction features are emphasized. Hence, a precinct level
evaluation would devote more effort to the influence from urban
morphology, occupant activities, and socioeconomic environment,
since the evaluations are conducted from a systems perspective.

3.2. System boundary

Fig. 1 illustrates the boundary selected for this research.
Extended beyond the building-level to the precinct-level, car-
bon assessment can be conducted with a greater consideration
of the influences from the natural, built and socio-economic
environments. Therefore, more effort is devoted to explore the
macro-effects such as urban morphology, occupants’ life-style pref-
erence and carbon offsetting potential, rather than detailed design,
construction and operation information of precinct objects. The
carbon performance of the precinct system is highly coupled with
life-cycle characteristics of precinct objects, which are moderated
by planning and management strategies applied over their life
cycles. Therefore, a holistic system boundary needs to be defined to
capture the interplays among different precinct objects in both the
time and the spatial dimensions to assess the embodied, the opera-
tional and the travelling carbon profiles of a precinct, as well as the
carbon offsetting performance of SHUs. Carbon variations derived
from technology improvements during the predefined assessment
period are neglected at the current stage of this research. In terms
of spatial scale, operation and travelling associated carbon, as well
as the potential and efficiency of solar harvesting, are signifi-

cantly affected by urban form, location and density of precinct
objects. Therefore the boundary of precinct-scale carbon evalua-
tion is expanded with the inclusion of morphological factors and
occupant life styles at both time and spatial scales.
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Fig. 1. System boundary for ca

.3. Carbon data method

The quality, currency and availability of the life-cycle inventory
ata relevant to the measurement of precinct carbon emissions is

 challenge for all assessment tools. There is a variety of meth-
ds such as input-output (IO) analysis, process analysis and hybrid
nalysis, which have been developed and used to compile life-
ycle inventories, each having their own benefits and limitations.
O analysis is known as a top-down economic technique that uses
ectoral monetary transactions to describe and explain the complex
nterdependences of industrial activities within a given national or
egional economic system [37]. Therefore, the data identified by
O which is regularly compiled as part of national statistics, can
implify modelling, and explain the spatial distribution and con-
umption in complicated multi-regional and dynamic scenarios
37]; [38]. However, this approach is often limited by uncertain-
ies arising from basic source data, proportionality, imports and
omogeneity assumptions, as well as incompleteness of sectoral
nvironmental statistics (e.g. Treloar [39] and Lenzen [40]). More-
ver, since blind to individual processes, IO analysis can distort
he physical flows between industries, and fail to guide techno-
ogical and consumer choices [41]. As a detail-oriented bottom-up
pproach, process analysis can provide more recent, accurate and
etailed process information, as well as a deeper understanding
f the construction and consumption nature at the product level.
owever, it typically suffers from system boundary constraints and

runcation errors, as it is impossible to exhaustively assess the

upply chain of any given product due mainly to cost and time
onstraints, data availability and/or significance, modelling sim-
lifications and knowledge limitation [37]; [42]. Previous research
n the built environment indicates that some energy intensities
evaluation of urban precincts.

derived from IO data may  differ substantially (by as much as four
times greater) from those derived from process based data [43].
Considering the advantages and disadvantages associated with IO
and process based data, hybrid analysis is postulated as an approach
to overcome the limitations such as data availability, physical
flow distortion, and boundary constraints [61]. However, this data
method still suffers from uncertainty and inconsistency to some
extent, causing implications akin to ‘mix five apples with two apple
trees to make seven sources of fruit’ [62].

To address such issues, this research adopts an integrative
approach for the precinct carbon assessment to balance the quality
and availability of data. Instead of using hybrid LCI data, data gener-
ated with single-disciplinary approaches, i.e. IO and process-based
LCA, are adopted, but applied for different precinct objects and life-
cycle aspects of precinct carbon modelling. Process-based data is
applied where physical flows can be identified quantitatively and
volumetric values are possible to specify for precinct objects and
their components. This is particular suitable for calculating embod-
ied carbon of a precinct object from the component/material level
in a ‘bottom up’ manner, applicable to objects such as various res-
idential and commercial buildings, roads and SHUs. For precinct
objects that represent complex systems whose life-cycle carbon is
hard to assess from the component/material level, IO-based data
can be adopted to determine the embodied carbon profile by using
non-physical measures, e.g. economic values, following a ‘top-
down’ approach. In this model, the embodied carbon assessment for
those services and utility infrastructures (e.g. water, waste, power

and transport), which are established in a precinct, but managed
and utilised for public access beyond the precinct boundary. The
allocation of embodied carbon to the precinct level is on the basis
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Table 1
Australian emission factors of different energy types.
(Based on references [51] and [52])

Energy Type Emission Factor (kg CO2-e/MJ)

Electricity 0.0746
Natural gas 0.0600
Petrol 0.0693
Petrol (E95, wood) 0.0360
LPG 0.0700
Diesel 0.0800
Diesel (Low sulfur diesel) 0.0810
Diesel (ultra-low sulfur diesel) 0.0820
Diesel (BD20, Biodiesel) 0.0870
B. Huang et al. / Energy an

f consumption or occupant access within the precinct in relation
o the entire urban scale.

.4. Morphological factors and impacts

As mentioned in the previous discussion, precinct objects are
volving subsystems closely linked to the dynamic surrounding
nvironment. With respect to solar harvesting, the uptake and
fficiency of SHUs are significantly affected by the local climate
s well as shading effects of the neighbourhood. Therefore, mor-
hological factors referring to urban form, residential density and

nter-building effects take a predominant role in precinct carbon
missions and carbon offsetting. Previous studies indicate that
orphological factors can greatly and directly affect operational

nd travelling associated emissions [7]; [26]; [44]. A review of the
elevant literature indicates that effective use of daylight can save
0–40% of lighting energy consumption [45]; [46]. Previous stud-

es even provide an approach for the approximate quantification of
he environmental influence on lighting energy consumption [47];
48]; [49]. A common finding of studies conducted by Steemers
32] and Pacheco et al. [50] is that morphological factors such as
rientation and obstruction angle have potential to change the
nergy consumption on HVAC up to 15% and 50%, respectively.
hese studies also recognise the influence on mechanical venti-
ation and air conditioning (HVAC) on energy expenditure with
iagrams reflecting the interactions between orientation, obstruc-
ion angle and HVAC energy consumption. As to the travelling
nergy consumption, early research completed by Newman and
enworthy indicates that urban density is likely to be the most
ignificant factor [31]. A diagram demonstrating the relationship
etween urban density and changes in travelling energy consump-
ion is also published in this study.

Despite the above studies being focused on the interactions
etween morphological factors and energy consumption, it is
easonable to use them to identify the morphological factors
l (lighting coefficient), �hvac (HVAC coefficient), �t (travelling

oefficient) and �sp (solar potential coefficient) employed in the
ntegrated model of this research. As discussed in the previous sec-
ion, since the operational and travelling carbon is converted from
nergy consumption according to the local energy production and
uel types, respectively, it is reasonable to interpret the interac-
ions between morphological factors and energy consumption into
elationships between these factors and carbon emissions.

. An integrated model for precinct carbon assessment

In this section, a framework with the mathematical formu-
ation of models is introduced for the integrated assessment of
recinct carbon performance in accordance with the system bound-
ry defined in Section 3. The model is based on carbon intensity
er unit of material or activity, and structured in such a way that
lternative carbon intensities can be adopted as more refined data
ecome available.

.1. A framework for integrated modelling

Developing an integrated framework to measure the precinct
arbon emissions is, in essence, a complex endeavour. With the
xpansion of the system boundary and consideration of mor-
hological factors and occupants’ life styles, a great number of
arameters and variables are involved. The complexity of mod-
lling and evaluation is therefore remarkably increased, which

orrespondingly makes many existing tools and methods less
uited to the precinct-level assessment. In this research, an inte-
rated model is developed which strives to model and assess the
recinct carbon at a macro level. As shown in Fig. 2, the modelling
Diesel (BD100) 0.0480
Aircraft fuel 0.0715

of precinct carbon represents baseline emissions, which are mod-
erated by morphological factors reflecting the ambient natural and
built environment. At the current stage, the occupants’ life-style
preferences are considered and integrated into the baseline carbon
measurement by affecting operating hours of appliances, mainte-
nance and refurbishment cycles of precinct objects and travelling
mode selections. The morphological impacts are focused on the
influence of precinct global carbon emissions, which then involves
more than the single aggregation of individual assessments.

Since the number of variables, complexity of interactions and
constraints significantly increase with the expansion of system
boundaries, it is necessary to satisfy some assumptions for the
simplification of modelling and evaluation. Referring to the ear-
lier work in this research, the assumptions established for precinct
energy modelling and assessment were adopted in the integrated
carbon modelling and evaluation processes [8]. Corresponding to
the features presented, the developed framework can be conducted
in three stages. At Phase 1, carbon intensities for embodied, opera-
tional and travelling emissions are identified. The embodied carbon
intensity of each precinct object type (measured as kg CO2-e/m2

floor area) is determined by the life-cycle carbon intensities of
main construction materials, the amount of each material required
for construction, replacement and waste ratios of building com-
ponents, as well as the carbon embodied in construction activities
(e.g. material and equipment transportation, equipment use, onsite
assembly, etc.). A study conducted by Junnila et al. indicated that
the recurrent embodied carbon might be significant amounting
to about 5% of the overall office building carbon balance [63]. In
this research, the recurrent embodied carbon is measured as the
replacement ratios of major building components over the lifespan
of precinct objects. Since the operational carbon is associated with
energy consumption, operational energy intensities were firstly
measured with the model developed at the early stage of this
research, then emission factors (with the unit of kg CO2-e/MJ),
which are determined by local energy production (as shown in
Table 1), are used to convert operational energy intensities into
operational carbon intensities. Travelling carbon intensities were
calculated from the fuel consumption considering multiple fuel
types, measured as kg CO2-e/km/passenger.

Phase 2 is designed for the evaluation of precinct baseline emis-
sions. In this stage, parameters inter-linked with the environment,
local climate, and occupant life-style preference (e.g. total floor area
of each building type, operation schedule of appliances, travelling
frequency and distance, etc.) are identified to support the calcula-
tion of precinct baseline emissions. It is necessary to keep in mind
that since the embodied carbon intensities of vehicles and SHUs are
measured as per capita, per unit or per kW capability, this amount

of embodied carbon is assessed with the parameters of population
size, installation ratios, as well as the carbon intensities provided
by references [24]; [28]; [53]. The carbon offsetting contributed by
SHUs is included with the consideration that STW units only offset
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hat amount of household carbon associated with water heating
nergy consumption (up to 100%) due to lack of a hot water grid or
nergy conversion equipment for uploading and sharing.

Phase 3 is developed to improve the accuracy of precinct car-
on evaluation. At this stage, the real precinct morphology or
aster plan of an urban precinct is transformed into a notional

rid using models proposed in previous studies [54]. Character-
stic parameters such as urban density, obstruction angles and
olar potential are then identified. With the morphological impacts
dentified by existing studies, which are mainly focused on the
elationships between obstruction angles and operational energy
onsumption, daylight ability and solar energy harvest, popula-
ion density and travelling energy consumption, the morphological
actors of precincts are then determined. Finally, those factors are
pplied to adjust the baseline carbon balance to improve the assess-
ent results.

.2. Model formulation
As discussed in previous sections, the precinct-scale model pro-
osed in this paper measures emissions generated by precinct
bjects and occupant travelling, as well as the offsetting amount
 evaluation of urban precincts.

contributed by SHUs. The precinct baseline carbon (BPC ) composed
of embodied (BEC ), operational (BOC) and travelling (BTC ) emissions
then can be measured as:

BPC = BEC + BOC + BTC = (
n∑

i=1

(Ai × ECIi × Lpc

Lbi
) + ECstw + ECpv

+(ECIt × Lpc × popsize)) + (
n∑

i=1

OEIi × Ai × ε − OEoff −stw

×ε − OEoff −pv × εe) + TOC (1)

In this equation, ECIi is the life-cycle embodied carbon intensity
of precinct object type i and TOC is the occupants travelling carbon
expenditure over the expected lifespan of the urban precinct. Refer-
ring to the models developed at the early stage of this research,
these parameters can be obtained by replacing the energy inten-
sities of components with the relevant carbon contents [12]. OEIi

which is the operational energy intensity of precinct object type
i, can also be measured using the model proposed in the above
reference. Ai and Lbi denote the total floor area and lifespan of
precinct object type i. ECIt and popsize are the annual per capita
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ravelling embodied carbon intensity and precinct population size.
pc , ε and εe represent the lifespan of precinct, energy-to-carbon
nd electricity-to-carbon conversion coefficients (kg CO2-e/MJ),
espectively. Since mixed energy types are consumed and multi-
le sources are employed for electricity production, ε and εe are
ean values determined by the local energy production.
ECstw and ECpv are the carbon embodied in the manufacturing,

nstallation and maintenance of STW and PV systems, which can be
dentified with the model in Eq. (2) and 3.

ECstw = Qph × �stw × (� Lpc

Lstw
� × (

4∑

i=1

ECstwc−i + ECIns + ECstwd

+ECstwt) − � Lpc

Cy−m
� × ECstwm) (2)

Hereby, Qph and �stw denote the amount of households in
recincts and the installation ratio expressed as percent of house-
old. Factors ECstwc−i,ECIns,ECstwd, ECstwt and ECstwm represent
arbon embodied in components, as well as activities such as instal-
ation, disposal and recycle, transportation and maintenance. Lstw

s the lifespan of STW system, while Cy−m is the service cycle.

ECpv = ASp × (ECISp × � Lpc

LSp
� + ECIBoS × � Lpc

LBos
� + ECIIns

×� Lpc

Cy−Ins
� + ECIO&M × � Lpc

Cy−O&M
�) (3)

Subscripts Sp,  BoS, Ins and O&M refer to solar panel, balance of
ystem, installation, as well as operation and maintenance, respec-
ively. L and Cy− stand for lifespan and service cycle. ASp is the
otal PV panel area installed at precinct (m2), while ECI denotes
he embodied energy content expressed as per m2 of solar panel.
etails about embodied carbon of STW and PV systems, as well as

heir system features can be found in Appendix A and B.
OEoff −stw and OEoff −pv are the amount of energy generated by

TW and PV systems, which are further explained in Eq. (4) and (5).

Eoff −stw = Qph × �stw × Lpc × EIwh × qr × �stw (4)

In this equation, EIwh is the water heating energy content (MJ/L),
r indicates the annual household hot water demand (L/year), while
stw stands for the energy efficiency of STW systems.

Eoff −pv = ASp × EISr × �Sc ×
(

1 − �Sys × �Net
)

× Lpc (5)

Hereby, EISr is the annual solar radiation per m2 (MJ/m2), �Sc ,
Sys and �Net stand for the energy efficiency of solar cells, as well as
he energy loss (%) of PV systems and local electricity grid.

The emissions of urban precincts (Cpc) with the consideration of
orphological factors can then be expressed as:

Cpc =
n∑

i=1

Ai × (ECIi + [OCIi−lOCIi−hvac][�l �hvac]T + OCIi−ap

+OCIi−infr) + (ECIt × Lpc × popsize) + ECstw + ECpv

+TOC × �t − (OEoff −stw × ε + OEoff −pv × εe) × �sp (6)

In this equation, OCIi−l , OCIi−hvac , OCIi−ap and OCIi−infr represent
he emission intensities associated with the operation of artifi-
ial lighting. �l , �hvac , �t and �sp are the morphological factors
f precinct.�sp denotes the solar potential of the precinct and can

e either identified using the solar potential map  developed by the
ustralian PV Institute (APVI) [55] or by simulations.

In order to support the evaluation of precinct carbon perfor-
ance at the planning stage when information is normally scarce,
Fig. 3. The case study precincts.

for precinct object type (i), the required floor area of each residen-
tial dwelling type (Ai) can be estimated based on parameters such
as age group, income and family size of occupants, as well as the
average per capita occupant floor area of each dwelling type. While
the required floor area of non-residential buildings and infrastruc-
ture is predicted based on their functions, occupants’ employment
profile, local land use regulations and precinct density.

5. Case studies and comparative analysis

In order to demonstrate applications of the precinct carbon
assessment model and to highlight which inputs most significantly
affect the precinct carbon balance, case studies considering an inner
suburb and an outer suburb in Adelaide, South Australia are con-
ducted in this research. Comparative analysis between these two
studied precincts is carried out to explore the significance of differ-
ent parameters, especially urban morphological factors on precinct
carbon emissions.

5.1. Case contexts

The selection of precincts for case studies and model demonstra-
tion is guided by factors such as precinct morphology, employment
profile, location and dwelling types. As an established inner city
suburb in South Australia, Bowden appears to be a representative
option for the carbon assessment of inner precincts with its geo-
graphical, morphological and demographical features. Founded in
1839, Bowden is part of Hindmarsh Ward in the City of Charles

Sturt, located about 5 km northwest to the city centre of Adelaide
− the capital city of South Australia (as shown in Fig. 3). Being an
early-developed suburb, Bowden has been undergoing an urban
renewal for transit-oriented development (TOD) and has a very
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Table 2
Dwelling and infrastructure types and amounts in precincts.

Precinct dwelling and infrastructure types Bowden Andrews Farm

Amount Total area/length Amount Total area/length

Detached house 948 147,888.00 m2 2073 472,644.00 m2

Townhouse 940 136,582.00 m2 32 6,208.00 m2

Apartment 23 7,388.00 m2 0 0.00 m2

Dwellings 1911 291,858.00 m2 2105 478,852.00 m2

Hospital (estimated) – 3,026.00 m2 – 4,736.00 m2

Office (estimated) – 16,604.00 m2 – 24,053.00 m2

Commercial (estimated) – 27,594.00 m2 – 43,182.00 m2

Schools (estimated) – 7,004.00 m2 – 18,345.00 m2

Roads network – 194,874.50 m2 – 370,237.20 m2

Pipe network – 51,730.00 m – 66,635.00 m
Electrical network – 51,730.00 m – 66,635.00 m
Driveway – 102,416.00 m2 – 74,908.80 m2
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Amount of solar water heater 200 

Amount of solar PV (Pieces) 4426 

fficient access to various public transport links, including trains,
rams and buses. In addition, its rectangular shaped land area makes
he precinct very convenient for carbon intensity and land-size
ased carbon measurement. Despite the majority of the dwellings

n Australia being separate houses (around 70.0%), Bowden is pro-
led with high–density townhouses and apartments [56].

The other precinct examined in this study is Andrews Farm.
ounded in 1991, Andrews Farm is an outer northern suburb in
delaide (approximately 30 km away from the CBD area) and a sub-
ivision in the Munno Para Council with a rectangular shaped land
rea. This suburb predominantly consists of dwellings, which are
ostly detached single-storey houses, and has the population pro-

les highly representative of typical Australian outer-metropolitan
uburbs, according to the data from the Australian census in 2011.
urthermore, this particular residential area situates within the
delaide Northern Rail Corridor and has local bus services to a
earby major rail station (about 3.5 km). Whilst the majority of the
ouseholds still travel by private cars, the suburb has the poten-
ial for an improved access to use public transport facilities for low
arbon commuting, which forms an essential part of TOD for future
rban planning.

.2. Profiles of the selected precincts

The selected area for study is the inner suburb Bowden which
as an overall land area of 255 ha, with its geographical bound-
ry defined by Torrens Road in the east, Wood Avenue and Blight
treet in the north, Port Road and a railway line in the west, and
ark Terrace in the south. As for Andrews Farm, it has the Northern
xpressway, Curtis Road, Stebonheath Road and Petherton Road
round its borders and has an overall land size of 273 ha. The avail-
ble census data shows 4217 residents with 2140 private dwellings
1911 of them were occupied, 49.2% of the dwellings are medium-
r high-density types) and a labour force of 2294 (2106 of whom
ere employed) in Bowden, whilst Andrews Farm has 6244 res-

dents, 2311 private dwellings (2105 of them are occupied, 1.5%
f the dwellings are medium- or high-density types) and a labour
orce of 3062 (2862 of whom are employed) [56]. More detailed pro-
les of these precincts with respect to object types and amounts,
ge groups, household structure, car ownership, employment sta-
us and mode of commuting are depicted in Tables 2 and 3 and
igs. 4–7. Compared with Bowden, Andrews Farm is much bigger in
oth land and population sizes, as well as much younger in demog-

aphy. Around 35% of the local residents in Andrews Farms were
nder 18 years old, whilst only 14% of Bowden’s population were

n the same age group. Bowden, however, has a higher percent-
ge of people aged 50 years or above. In terms of household size,
44,902.00 m – 95,755.00 m
238

7,303.00 m2 9810 16,187.00 m2

Bowden is overrepresented with smaller households of 3 people or
less (i.e. 86% of the total), whilst Andrew Farms only has 67% of its
households in the same categories. Having younger families in low-
density housing also sees Andrew Farms being high in private car
ownership, with 91.4% of the households owning at least one motor
vehicle and 57.5% having two or more vehicles. In comparison, the
residents in Bowden tend to use more public transport (particularly
buses and trams) as well as bicycles and walking for commuting,
due to its higher-density housing style, TOD features and vicinity to
the CBD. The contrasts between these two  precincts well suit a com-
parative analysis on how such geographical, demographical, and
morphological differences affect their life-cycle carbon balances.

5.3. Results and discussion

As discussed in previous sections, the precinct carbon balance is
derived from combining the baseline carbon emissions (embodied,
operational and travelling) and the carbon offsetting contributed
by solar harvesting, which are adjusted with the impacts of mor-
phological and occupant life-style factors. The integrated model
developed in this research uses carbon intensities in conjunction
with morphological factors and occupant choices to measure the
embodied and operational carbon emissions at precinct level. In
addition, the carbon associated with occupant travelling is assessed
based on vehicle embodied carbon and operational emissions con-
cerning fuel type combusted and the efficiency of local traffic
network (e.g. speed limits, maximum and minimum speeds). The
census data from ABS and APVI [55]; [56] is applied to identify
parameters such as amounts and operating schedules of differ-
ent appliance types, frequencies and travelling distances of various
travel modes, installation ratios of SHUs, average working hours of
artificial lighting and HVAC systems, as well as population densities.
Meanwhile, with density and orientation data obtained, the actual
precinct morphologies are converted and analysed as notional grids
using the model proposed by reference [54]. Obstruction angles and
morphological factors are then identified (as shown in Table 2).

Fig. 7 illustrates the overall embodied, operational and travelling
carbon amounts, as well as the total carbon offsetting contributed
by SHUs in the studied precincts, amortized over an estimated
60-year lifespan. According to the assessment results, Andrews
Farm has a modestly higher life-cycle carbon than that of Bowden
due to its size and location. By looking into different carbon mea-
sure components, operational carbon clearly represents the largest

portion of the total life-cycle carbon balance for both precincts.
However, the results also highlight the significance of embodied
(including both initial and recurrent) carbon and travelling carbon,
which together account for 49.9% and 58% of the overall precinct
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Table  3
Morphological profiles and factors.

Parameters and factors Bowden Andrews Farm

Precinct land size (ha) 255.00 273.00
Orientation of buildings About 25% on each direction East: 24.5%, West:

23.25%
South: 25.85%, North:
26.4%

Total  perimeter on main orientation (North-south, m)  13,257.20 27,553.75
Total  perimeter on second orientation (East-west, m)  31,324.65 66,360.73
Average height of buildings (m)  House: 4.5, Townhouse: 6.60,

Apartment: 20.34, non-residential:
11.00

House: 4.5, Townhouse: 6.60,
Apartment: 9.30, non-residential: 5.50

Obstruction angle on the N-S axis 5.31◦ 3.28◦

Obstruction angle on the E-W axis 8.04◦ 4.36◦

Population density (persons/acre) 6.69 9.26
Average lighting factors 1.14 1.09
Average heating factors 1.10 1.08
Average cooling factors 0.98 0.99
Average travelling factors 1.89 1.35
Average SHU factors 0.97 0.98

Fig. 4. Precinct age structures.
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Fig. 5. Precinct household st

arbon in Bowden and Andrews Farm, respectively. Meanwhile,

ndrews Farm is considerably higher than Bowden in travelling
ssociated carbon due to the carbon intensive travelling mode
f its occupants, compounded with its geographical location and
ow-density morphology. The limited access to and use of public
res and employment status.

transport makes the occupants in Andrews Farm highly depen-

dent on private-car commuting, which is evidenced by a much
higher private vehicle ownership in Andrews Farm compared with
that in Bowden (about 1.50 vehicles per household in Andrews
Farm and 1.18 vehicles per household in Bowden). However, the
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Fig. 6. Car ownership of households and commuting methods.

rbon p

i
a
m
e
b
c
s
a
t
b
t
a
s
c
h
o

a
p
c
j
s
b
o
s
r

Fig. 7. Life-cycle ca

nner-suburban occupants in Bowden produce more overall oper-
tional carbon from artificial lighting, HVACs and appliances. This
ay  be attributed to the demographical and morphological differ-

nces (e.g. more elderly residents, more medium- and high-rise
uildings, higher density). Solar access and natural ventilation are
ommonly affected by high-rise high-density dwellings in inner
uburbs, which consequently results in higher emissions associ-
ted with artificial lighting and HVACs. This can be supported by
he morphological factors listed in Table 2. With respect to car-
on offsetting, the amount in Andrews Farm is slightly higher
han that in Bowden because of more efficient solar harvesting
nd higher household take-up of SHUs, commonly seen in outer
uburbs. According to the Australian national PV market analysis
onducted by APVI [55], about 32% of households in Andrews Farm
ave installed solar PV systems, while the take-up in Bowden is
nly 20%.

In order to eliminate the influence of precinct population size
nd household size, comparisons on a per capita basis are also
erformed. As demonstrated in Fig. 8, the total annual per capita
arbon contributed by an inner-suburban occupant in Bowden is
ust slightly (about 3.0%) lower than that generated by the outer-
uburban occupant in Andrews Farm. Differences are also signified

y less embodied and travelling carbon accounts, lower carbon
ffsetting, but higher operational carbon per capita in the inner
uburb. This may  be attributed to the higher occupancy of high-
ise-high-density semi-detached townhouses and apartments (as
rofiles of precincts.

shown in Table 2) that are less intensive in embodied carbon, the
lower ownership of private vehicles (as seen in Fig. 6), relatively
more significant inter-buildings effects, as well as shorter travelling
distance required and efficient access to public transport.

Based on an estimated lifespan of 60 years and current building
standards, the operational carbon associated with the operations
of buildings and infrastructure is a main contributor to the total
life-cycle carbon, although this amount has been reduced with the
improvements of optimal planning, design and control techniques,
as well as the application of energy efficient appliances. As shown in
Fig. 9, carbon emissions contributed by HVACs are by far the largest
component in the operational carbon balances of both precincts.
This carbon measure is much affected by precinct morphology and
density. The analysis suggests that a high-density precinct produces
more HVAC associated emissions than a low-density one under
the local climate of South Australia. For non-residential build-
ings, lighting and hot water supply are major contributors to their
operational carbon balances. Correspondingly, solar harvesting and
natural light access, which are affected by local climate and urban
morphological form, play predominant roles.

Apart from precinct morphology and local climate, employment
status is also considered as a critical factor in operational emission

assessment. As discussed in the previous section, Bowden is pro-
filed as a high-employment inner suburb. Compared with Andrews
Farm, Bowden’s lighting and HVAC associated emissions per capita
is lower in residential buildings, but higher in offices (as shown in
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Fig. 8. Per capita annual emissions of precincts.

Fig. 9. Breakdown of precincts operational emissions.
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Fig. 10. Per capita annual operatio

ig. 10). However, there is only a marginal difference between the

verall per capita operational emissions of dwellings and offices in
hese two precincts, i.e. Bowden is about 4.1% higher than Andrews
arm. This may  be attributed to the fact that on average inner-
rbon in residential and office use.

suburban dwellings have less occupied hours during a day due

to higher employment and therefore lower operational carbon in
total, although such dwellings are normally more carbon intensive
to operate. With respect to the carbon associated with office oper-
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Fig. 11. Breakdown of prec

tions, it is indicated that inner-suburban occupants apparently
ontribute more because of a higher occupancy of office buildings.

Occupants’ travelling is another major contributor to precinct
ife-cycle carbon, especially for an outer suburb like Andrews Farm.
espite this suburb having a potential for TOD, the inefficient

ocal access to the public transport system makes the occupants
n Andrews Farm highly dependent on travelling in their cars and
hus produce a significant amount of travelling carbon (as shown
n Fig. 11). Fig. 11 also illustrates that, with a more efficient use of
ublic transport system, Bowden has less than 68.3% of the travel-

ing carbon related to private car use (the annual per capita carbon
ontributed by private car use in Andrews Farm is 1.87 t CO2-e,
hile that in Bowden is just 0.59 t CO2-e). In addition, it is worth

cknowledging that Bowden also has lower travelling embodied
arbon than Andrews Farm due to the lower ownership of private
ars. Therefore, both availability and utilization of public transport
re of great importance in affecting the carbon performance of a
recinct.

1.10 Scenario analysis
In this study, it is noted that occupants’ travelling carbon,

ffected by travel mode choices, contributes a significant amount to
he precinct carbon balance for both inner and outer suburbs, while
enewable energy usage such as solar harvesting has the potential
o offset precinct emissions by a significant amount. Therefore, sce-
ario analysis is applied to examine how significantly results and
ubsequent recommendations of the assessment respond to the fol-
owing changes in the assumptions and the parameters applied to
ravel mode choices and coverage of residential PV installations for
uture planning purposes:.

Private car users switching to public transport is increased by 35%:
At present, public transport (bus, tram, train and ferries) carries
about 12% of motorised trips in South Australia, which is pre-
dicted to experience an average annual growth of 0.55% by 2030
[57]. Therefore a 35% shift to public transport is applied consid-
ering a 60-year precinct lifespan.
A growth of 90% residential PV installation within the expected
precinct lifespan: A National survey conducted by Australian PV
Institute indicates that between 2001 and 2010 the growth in
the Australian market for solar PV is around 15% [58]. A period of
extremely rapid growth occurred between 2010 and 2013. There-
fore a conservative estimation of 90% increase is employed in this
scenario analysis.
Based on the assumed scenarios, the model suggests that
hifting 35% of travelling from using private cars to using pub-
ic/alternative transport modes and increasing residential PV
nnual travelling emissions.

installation ratio to 90% could lead to an overall annual carbon
reduction up to 9.0% in Andrews Farm and 2.2% in Bowden (see
Fig. 12). Increasing the use of public transport to 35% would con-
tribute about 15.1% reduction to travelling carbon in Bowden, while
in Andrews Farm such a reduction would be as significant as 30.4%
(15.3% higher than that of Bowden). Meanwhile, a growth of 90% in
residential PV installation would contribute to the carbon offsetting
of up to 81.7% in Andrews Farm and 75.7% in Bowden, despite that
this would cause 1.1% and 0.7% increase in embodied carbon for
the respective precincts. This could be attributed to the relatively
lower solar potential in a high-density inner suburb. The overall
results also indicate that outer-suburban living can be potentially
more carbon efficient, with the increase of renewable energy use
and the decrease of car dependence.

6. Conclusions and future research

This paper presents a model for the integrated assessment of
precinct carbon performance which takes into account carbon
offsetting as well as interplays among precinct objects, precinct
morphology, and resident life-styles. The application of the model is
demonstrated through comparative case studies and scenario anal-
ysis to examine the carbon performance of urban precincts under
various contexts. The following indicative results summarised from
this study can serve to inform and provide a basis for further stud-
ies in precinct carbon assessment and future planning for precinct
development:

• The advantage of having predetermined carbon intensity data
is that it enables a quick assessment and does not require a
user to possess expert knowledge. Furthermore, the process-
based intensity data can also represent carbon profiles of precinct
objects in a straightforward manner. However, the use of inten-
sities in modelling is limited by their availabilities, especially for
those service related data which is difficult to be measured and
represented by processes. In addition, the overall carbon inten-
sities of precinct objects are often affected by the accumulative
errors from the substantial variations in demand/quantity and
intensity data of building materials. Therefore, in future studies
an improved data strategy and statistical analysis are suggested
to enhance the quality of intensity data as well as the evaluation
of results.

• The findings from case studies indicate that occupants’ travelling

remains a major contributor of outer suburban carbon emissions.
Despite being planned with a potential for TOD, Andrews Farm is
still largely characterised as a highly car-dependent precinct. This
may  be related to both the life styles of the occupants preferring
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Fig. 12. Precincts per capita annual emiss

to drive and the inefficient access to public transport systems
for mobility. Therefore, significant effort and investments for
behavioural changes and improved local public transport infras-
tructure and services are crucial for an outer suburb like Andrews
Farm to achieve carbon reduction.
On a per capita basis, the case studies extrapolate that outer-
suburban occupants have higher embodied and travelling carbon
but lower operational carbon than inner-suburb counterparts.
While improving efficiency and coverage of public transport sys-
tems is critical for low carbon living in outer suburbs, for inner
suburbs an optimal plan to moderate inter-building effects for
abating the energy use for artificial lighting and HVACs and
increasing solar harvesting is of great importance to carbon
reduction. Also, the preliminary results indicate only a slight
increase in total per capita emissions for the outer compared
with inner suburban case studies. Given that highly densified
inner suburbs are generally believed to be more sustainable than
low-density outer suburbs, this tentative finding suggests some
further research to validate the results is required, including a
sensitivity analysis when different data methods and data sources
are applied.
The scenario analysis suggests that solar harvesting using solar
water heating systems and PVs can offset precinct carbon emis-
sions by a significant amount. Optimal planning on precinct
morphology can support an increased efficiency of solar harvest-
ing as well as deployment of renewable energy systems. A further
point raised from the scenario analysis is that changes in travel
modes and PV installations disproportionately benefit outer low-
density suburbs in lowering their carbon emissions (per capita).
This suggests that the carbon performance of these suburbs can be
significantly improved without major redevelopment and densi-
fication. In addition, outer suburbs have the potential to be more
carbon efficient with a more extensive adoption of renewable
energy and a stronger shift to public transport utilisation.

With the development of energy storage technologies, off-grid
nergy storage systems such as batteries and phase change material
PCM) based systems, there is potential application in renewable
nergy storage for households. Energy storage at a precinct scale
an contribute to the cost reduction of grid upgrade and mainte-

ance, which would correspondingly boost the installation of SHUs.
uture studies will focus on the carbon performance evaluation of
ff-grid energy storage systems. Moreover, the proposed model can
e applied to compare precinct scenarios in different studies and
with changes in travel and SHU profiles).

reduce the overall carbon emissions by supporting optimal rede-
velopment of urban precincts. Therefore, further scenarios will be
examined for a comprehensive understanding of precinct carbon
performance, which might contribute to the optimal planning of
urban precincts. Meanwhile, due to the lack of in-detail and suffi-
cient data, the operational carbon of infrastructure (such as water
and waste) as well as the influence of occupant behaviours on
infrastructure deployment and operations at the precinct level are
not covered in depth at the current stage. These aspects also remain
as part of the focus for further research and model refinement.
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Appendix A. Embodied carbon contents and features of
rooftop STW systems

(Based on references [53] and [59])
Description Embodied carbon

(kg CO2-e)
System features

Solar thermal collector 143.59 Two-panel system with the
solar collector area of 2.13 m2

and the water tank capacity of
160L for a four-people family.

Insulation 24.52
Glass 7.35
Copper pipes 41.42
Galvanized steel sheet 13.88
Rubber sealant 2.67 Lifespan of the STW system:
Black paint 0.64 15 years
Casing paint 1.94 Maintenance cycle:
Screws 0.00 4–5 years
Copper absorber 12.38 Overall system efficiency:
Add 10% contingencies 10.48 30–40%
Waste rate (about 27%) 28.3
Water tank (160 L) 289.08
Copper pipe 17.63
Steel frame 68.59

Transport 45.99
Installation 20.21
Maintenance 87.38
Disposal 1.55
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ppendix B. Embodied carbon content of rooftop PV
ystems

(Based on references [28] and [60])
Description Embodied carbon

(kg CO2-e/m2)
Lifespan (years)

PV panel production 151.01 30
Extraction and refining 0.80 30
Silicon purification & processing 83.57 30
Casting & wafer production 25.93 30
Chemical attack & texturing 2.14 30
Film formation 5.77 30
Electrical contacts, passivation & arc 5.23 30
Panel assembling 27.57 30

BoS system (no battery) 92.49 60
Support structure 47.30 60
Inverter & transformer 7.81 30
Battery 10.88 5–7
Overall waste, cables etc. 29.57 60

Installation 47.30 60
System operation and maintenance 29.57 4–5
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