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With the accelerating pace of urbanisation around the world, the planning, development and operation
of buildings and precincts have become increasingly important with respect to energy use and the
associated carbon footprint of the modern built environment. Over recent decades, much effort, both in
research and in practice, has been devoted to building construction and urban planning for the
improvement of energy efficiency and greenhouse gas emissions. However, the accuracy of modelling
and evaluation of energy and carbon performance for buildings and urban precincts remains limited,
affected by inadequate energy intensity data and highly integrated building systems, as well as the
complex interactions between buildings and the urban eco-system. This paper presents a critical review
of current measures and models for representing and assessing life cycle energy as well as associated
emissions profiles at both the building and the precinct levels. It also identifies influential factors and
explores interactions among buildings, surrounding environment and user behaviours at the urban
precinct level by taking a systems perspective. Based on such a review, this study maps out some key
challenges for integrating energy and carbon metrics, and finally proposes a precinct-level system
boundary definition and an integrated model following systems thinking. The proposed model can
facilitate a critical thinking approach about the evaluations of global energy and emissions, and support
the quantification of energy consumption and associated emissions for building precinct systems.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

As a highly active sector in both developed and developing
countries, building and urban development holds great potential
for sustainable development in terms of reducing natural resource
consumption and greenhouse gas (GHG) emissions, as well as
delivering economic and social benefits to the community (Cabeza
et al., 2014; Tuominen et al., 2014). Current research and in-
vestigations indicate that nearly 40% of the raw materials con-
sumption, 40% of the global energy consumption, 25% of solid
waste, 25% of water use, 12% of land use and about 33% of GHG
emissions are attributed to the building sector (Fumo et al., 2010;
Monahan and Powell, 2011; Chang et al., 2012). In Australia,
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approximately 20% of energy is consumed within buildings, and
commercial buildings account for about 10% of Australia's total GHG
emissions (Australia Government Report, 2012). Buildings consume
energy and contribute to GHG emissions both directly and indi-
rectly throughout their life cycle phases. Direct energy use and
emissions are related to the processes of construction, operation,
renovation and demolition, whereas indirect energy consumption
and associated emissions are caused by production and trans-
portation of materials, as well as technical installations.

Although a building is often designed and assessed as a self-
contained system consisting of various materials and compo-
nents, it is inevitably dependent on and influenced by the sur-
rounding natural, built and socio-economic environments in which
it is established, occupied and operated. An urban form that in-
tegrates these environments with buildings to realise certain pre-
defined functions is often represented in forms of a precinct,
regarded as ‘a system of many interconnected systems’. Since the
1970s, greater attention has been devoted to the observation of
energy and emissions performance affected by land use, urban
planning and urban formation. Some early research work (e.g.
formance evaluation for buildings and urban precincts: review and a
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Fig. 1. Stages of life cycle assessment (adapted from Sharma et al., 2011).
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Kurtzweg, 1973; Arens and Williams, 1977; Taha et al., 1988) indi-
cated that the urban environment can have significant impacts on
the energy and emissions performance of individual buildings.
Therefore, it is worth devoting more effort to energy efficiency
improvement and emissions reduction through planning and
design optimisation, and material selection, as well as policies
formulation and implementation at both the building and the
precinct levels.

The energy intensity and carbon performance of a building are
quite complex phenomena, as they are influenced by many factors
such as building types, construction materials, built-in appliances,
urban precinct forms, local climate, user/occupant behaviours, en-
ergy sources, and retrofitting andmaintenance strategies (Zhao and
Magoul�es, 2012; Abanda et al., 2013). Accurate modelling and
estimation of energy consumption and associated emissions re-
quires detailed data input of building and environmental parame-
ters. A comprehensive understanding coupled with a systems-
based consideration of interactions among urban forms, buildings
and the environment are critical to the formulation of strategies
and policies for urban development to meet sustainable develop-
ment targets. Therefore, the main focus of this study is to present a
critical review of current research on energy and carbon perfor-
mance of buildings (Section 3) and of precincts (Section 4), which
leads to the identification of the main gaps and challenges in extant
modelling and evaluation approaches (Section 5). Then, a new in-
tegrated modelling concept based on the systems perspective is
proposed (Section 6). Finally, the paper concludes with a summary
of the review findings and an outline of the future research di-
rections (Section 7).

2. Life cycle assessment in environmental impacts evaluation

Life cycle assessment (LCA), also known as life cycle analysis, is
an important tool developed to identify and evaluate a range of, or
some specific environmental loads and impacts of a particular
product, process or service over its entire life ‘from cradle to grave’.
According to Crawford (2011), LCA approaches can be classified into
three types depending on the application in various cases: baseline
(or conventional) LCA, comparative LCA and streamlined LCA.
Generally, baseline LCA aims to identify the most significant areas;
those contributing the greatest to the overall environmental im-
pacts over a product's life cycle. Comparative LCA, however, is
employed for environmental performance optimisation of products
by selecting the best solution with the lowest environmental im-
pacts from a number of feasible solutions. In comparison to the
other two approaches, streamlined LCA is often applied in the
assessment of environmental impacts with a scope that is limited in
depth, breadth and detail. In the built environment, because
buildings are always related to energy consumption, a streamlined
LCA approach appears more appealing and also fit for use when the
focus of the assessment is largely on energy-related environmental
impacts.

Since the 1990s, a series of standards such as ISO 14040, ISO
14041, ISO/TR 14049, EN 15643-2 and EN 15978 have been pub-
lished by the International Organization for Standardization (ISO)
and the European Committee for Standardization (CEN) to support
environmental management and LCA development. In ISO
14040:2006, four phases are defined for a general LCA process (see
Fig. 1):1) Goal and scope definitiondfunctional units, system
boundary and quality criteria settings; 2) Life cycle inventory ana-
lysisdinformation integration and processing for various life cycle
stages; 3) Life cycle impact assessment; and 4) Life cycle interpreta-
tion for Phases 2 and 3.

As the first phase of an LCA, the goal and scope definition in-
volves the determination of research objectives, as well as the
Please cite this article in press as: Huang, B., et al., Energy and carbon per
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identification of life cycle stages and boundaries for the product
system. The standards released by ISO and CEN, along with current
LCA practices indicate that system boundary selection employed to
define the inputs, outputs and processes of a product system is a
complex and important issue in LCA implementation. The accuracy
and completeness of a system boundary is the major contributor to
the precision of modelling and evaluation. In addition, from the
systems perspective, a fair comparison between different systems
can only be guaranteed when similar completeness or the same
boundary is applied (Raynolds et al., 2000; Dixit et al., 2013).
Padgett et al. (2008) performed a comparative analysis on ten US-
based carbon calculators, concluding that estimates of carbon
footprints produced by different calculators can vary by as much as
several metric tons per annum per individual activity, due to a lack
of consistency and clear boundary setting. Kenny and Gray (2009)
supported this through a comparative study on six carbon foot-
print models used in Ireland.

Three types of methods have also been developed for life cycle
inventory analysis: inputeoutput (IO) analysis, process analysis and
hybrid analysis, with each having their own benefits and limita-
tions. IO analysis is an economic technique that uses sectoral
monetary transactions to describe and explain the complex in-
dependences of industrial activities within a given national or
regional economic system (Suh et al., 2004). Since all the physical
relationships among the analysed industrial sectors are linked
directly with capital expenditure, IO analysis can simplify model-
ling, and explain the spatial distribution and consumption in
complicated multi-regional and dynamic scenarios (Leontief, 1970).
Another benefit of IO analysis is that the data are regularly
compiled as part of national statistics (Suh et al., 2004). However,
this approach is often limited by uncertainties arising from basic
source data, proportionality, imports and homogeneity assump-
tions, as well as incompleteness of sectoral environmental statis-
tics. Such a notion is supported by some earlier studies (e.g. Treloar,
1997; Lenzen, 2000). In addition, IO analysis can distort the physical
flow relationships between industries, and fail to guide techno-
logical and consumer choices, because IO data are blind to indi-
vidual processes (Majeau-Bettez et al., 2011).

In comparison with IO analysis, process-based analysis can
provide more recent, accurate and detailed process information, as
well as a deeper understanding of the nature of construction and
consumption activities at the product level. This detail-oriented
bottom-up approach has attracted the growing attention of prac-
titioners and academia, and contributed significantly in some
recent research on the evaluation of building energy and carbon
performance over its lifespan (see Abanda et al., 2013; Karimpour
et al., 2014). Although giving more accuracy and relevance to the
product being analysed, as argued by Treloar et al. (2003) and Han
et al. (2013), the process-based analysis typically suffers from sys-
tem boundary incompleteness and truncation errors, depending on
formance evaluation for buildings and urban precincts: review and a
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data availability and/or significance, knowledge limitation and
modelling simplifications.

The development of hybrid analysis aims to combine the best of
both IO analysis and process analysis. As reported by Strømman
et al. (2009), Jeswani et al. (2010) and Crawford (2011), generally
in hybrid analysis, downstream and important lower-order up-
stream requirements are examined using a process analysis; while
the remaining higher-order requirements are assessed using IO
analysis. This approach can combine the benefits of process and IO
analyses to provide completeness and specificity. However, the
importance of processes involved in the product system still needs
to be addressed with the application of IO analysis. In addition,
truncation errors may not be eliminated completely.

3. Energy and carbon performance evaluation at the building
level

The fundamentals and application of LCA in the built environ-
ment are well established and discussed in the extant literature.
According to the definition of the LCA approach in ISO, the life span
of a building can be divided into three major phases:
manufacturing, use and demolition. The manufacturing stage
covers activities such as raw materials extraction and processing,
building materials production, relevant transportation, and on-site
assembly and construction. The use stage encompasses operational
activities, maintenance, repair and replacement processes, and
renovation. Activities such as demolition, recycle, reuse and waste
management are included in the demolition stage. As for the
related environmental impacts, two types of energy consumption/
emissions are often taken into account: embodied energy/emis-
sions and operational energy/emissions (Ramesh et al., 2010;
Pacheco et al., 2012; Azari, 2014). To obtain a more comprehen-
sive understanding of building energy consumption and associated
emissions, environmental factors such as climate, location and ur-
ban density have been considered in some previous research;
however, more effort is required to explore the interactions be-
tween buildings and the environment. In addition, as pointed out in
a recent study by Newton and Meyer (2012), human behaviour also
presents as a critical factor with significant impacts on the energy
consumption and associated emissions of buildings, which de-
serves to be further examined and incorporated into the evaluation
model.

3.1. System boundary definition

As defined in ISO 14040:2006, deciding on the system boundary
is the first step in the implementation of LCA. In the context of a
building and considering the characteristics of its life cycle, pro-
cesses such as raw material extraction, building component
manufacturing, delivery, construction, operations, maintenance/
refurbishment, and end-of-life demolition should be included in
the system boundary setting for a comprehensive total environ-
mental footprint assessment. Such scope may need to be broad-
ened to also cover the impacts of infrastructure- and transport-
related use caused by building occupants (Stephan and Crawford,
2014a).

As shown in Table 1, system boundary definitions in current
research differ mainly in four ways. First, extant studies often
exclude life cycle stages such as demolition, recycle, reuse and
waste management, because currently these components
contribute a negligible amount to the overall evaluation (see
Wallhagen et al., 2011; Bastos et al., 2014; Stephan and Crawford,
2014b). Second, the transport-related energy and emissions per-
formance are seldom considered due to the highly uncertain and
complex interactions in its modelling (e.g. Norman et al., 2006;
Please cite this article in press as: Huang, B., et al., Energy and carbon per
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Sinivuori and Saari, 2006; Tuominen et al., 2014). It is argued that
the distance between the upstream and downstream stages, the
transportation model selection and the traffic conditions play a
predominant role in transport energy and emissions assessment.
Third, in embodied energy calculations, many studies have failed to
consider all building materials and components (e.g. Thormark,
2006; Ding, 2005; Pacheco et al., 2012). Fourth, external effects
on building energy use imposed by the location and ambient
environment, such as the heat island effect, local climate and
sunlight application, are largely omitted from models and lifecycle
energy calculations (see Scheuer et al., 2003; Gustavsson and
Sathre, 2006; Gerilla et al., 2007). All these differences result in
variation and incompleteness in system boundary settings. Such
inconsistencies seriously affect the comparability of evaluation
results and their analysis among different studies.

3.2. Life cycle energy and measurement of carbon

All energy requirements and associated emissions during the
life span of a building from cradle to grave are called life cycle
energy and life cycle emissions. As shown in Fig. 2, the life cycle
energy of a building can be divided into embodied energy and
operational energy. Embodied energy is the energy required for the
construction and maintenance of a building, including materials
acquisition, construction components manufacturing, on-site as-
sembly and installation, maintenance, demolition and recycling, as
well as related transportation. Operational energy is the energy
consumed during the operational phase of a building; for example,
space heating and cooling, artificial lighting, domestic water heat-
ing, mechanical ventilation, and the running of other electrical or
electronic appliances (Dixit et al., 2010). Life cycle energy is usually
quoted in megajoule or gigajoule units of energy. Carbon emissions
associated with life cycle energy consumption are termed life cycle
carbon emissions, which can be further split into embodied carbon
emissions and operational carbon emissions according to different
sources. Life cycle carbon emissions depend on the primary energy
utilised in the building life cycle and the efficiency of energy con-
version. Given that the conversion efficiency of primary energy
generation responds with defined carbon emissions, energy con-
sumption can be converted into carbon emissions. In the following
sections, approaches to energymodelling andmeasurement for the
evaluation of building energy and carbon performance are
examined.

3.2.1. Embodied energy and carbon emissions
As presented in some LCA studies, embodied energy can

represent approximately 10e20% of the life cycle energy of a con-
ventional building (Dixit et al., 2010). This proportion may increase
with the application of other evaluation approaches due to the
systematic underestimation of process data. Apart from this,
research in this field also indicates that with the development of
energy saving technologies in building operations, the proportion
of operational energy has been significantly reduced. Correspond-
ingly, the importance of embodied energy has been increased. In
some low-energy buildings, embodied energy contributes to more
than 60% of life cycle energy (Sartori and Hestnes, 2007; Karimpour
et al., 2014). Embodied energy may be further split into initial
embodied energy and recurring embodied energy. Energy consumed
during the production of a buildingdincluding raw materials
extraction, processing and manufacturing, transportation, on-site
delivery, and assembly and constructiondare collectively known
as initial embodied energy (Yohanis and Norton, 2002); whereas
energy incurred for repair and replacement during the entire life
span of a building is termed recurring embodied energy (Cole and
Kernan, 1996; Ibn-Mohammed et al., 2013).
formance evaluation for buildings and urban precincts: review and a
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Table 1
Scope of building life-cycle energy analysis in extant literature.

Fig. 2. System boundaries for life cycle energy and emission measures at the building level.
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Construction materials make a significant contribution to the
overall environmental impact of a building. With the consideration
of components for initial construction and replacement, the energy
consumed for material processing and components manufacturing
accounts for 70e90% of embodied energy (Chen et al., 2001;
Scheuer et al., 2003). Previous studies (e.g. Harris, 1999; Gonz�alez
Please cite this article in press as: Huang, B., et al., Energy and carbon per
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and Navarro, 2006; Iddon and Firth, 2013) have indicated that
considerable energy savings (approximate 50%) and reduction of
carbon emissions (up to 30%) can be achieved with the careful se-
lection of low environmental impact building materials, extended
service life of building components, and the application of recycled
materials and reusable components. Separate from the effects on
formance evaluation for buildings and urban precincts: review and a
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embodied energy consumption, material selection also contributes
greatly to the reduction of operational energy and emissions.
Sartori and Hestnes (2007) investigated the energy performance of
both conventional and low-energy buildings, and found that the
‘green’ materials construction of low-energy buildings results in
their lower life cycle energy consumption even though their
embodied energy is somewhat higher. Therefore, consideration of
material selection and recycling aspects during the design phase of
new buildings is of great importance for a building's life cycle en-
ergy and emissions performance.

Transportation of raw materials to factories and of finished
components to distribution points and construction sites contrib-
utes a considerable amount to energy consumption and carbon
emissions (Reddy and Jagadish, 2003). Studies in this field indicate
that during the construction and demolition of dwellings, trans-
portation is responsible for about 10e40% of the embodied energy
demand and nearly 2% of the embodied carbon emissions (Ramesh
et al., 2010; Monahan and Powell, 2011; Chang et al., 2012). In terms
of transportation energy and emissions performance, variables
such as the physical properties of materials, transport distance,
transport model selection and traffic conditions (for ground
transportation) should be taken into account (Morel et al., 2001;
Gustavsson and Sathre, 2006; Chang et al., 2012). Cole (1998)
developed a model for transportation energy calculation that in-
cludes worker, materials and components, and heavy equipment
transportation. N€ass�en et al. (2007) performed IO analysis on
transport energy evaluation not only in freight and cargo sectors,
but also in other upstream sectors and within the construction
sector itself, reporting transport energy intensities as 0.2 GJ/m2 for
the building sector, 0.7 GJ/m2 in freight sectors and 0.3 GJ/m2 in
other upstream sectors. Chen et al. (2001) proposed a formula for
transportation energy calculation taking into account variables
such as material amount, average energy for material transport,
energy for demolished components transport, lifespan of materials,
and material waste and replacement ratios.

Construction and maintenance include burdens from electricity
for power tools and lighting, physical energy expended by labour
(which has very rarely been considered) and fuel for construction
machinery such as excavators, loaders, concrete mixers, tower
cranes and air compressors at the construction site. Recent studies
reveal that energy use for on-site construction makes only a mar-
ginal contribution to the building life cycle energy and emissions,
which is made up of about 6.5% of embodied energy, 8% of
embodied SO2, 12% of embodied NOx and 8% of embodied CO2
(Pullen, 2000; N€ass�en et al., 2007). Therefore, in some studies en-
ergy use and emissions during on-site construction were excluded
from modelling and measurements (Gustavsson and Sathre, 2006;
Monahan and Powell, 2011). However, Thormark's (2002) research
indicated that energy consumption for maintenance, which
accounted for approximately 12% of total embodied energy, should
not be neglected. This finding is supported by a recent study from
Rauf and Crawford (2015), which showed that overall embodied
energy can be reduced by up to 29% with the decrease of recurrent
energy through extending building life.

At the demolition stage, energy is required for waste handling
and sorting, recycling and reuse, as well as waste disposal to land
fill or incinerators, which is known as demolition energy (Dixit et al.,
2013). In some research, demolition energy is linked to initial
embodied energy. These studies often cover demolition energy,
especially recycling and reusing energy in the stage of material
handling and components manufacturing. Thormark (2006)
investigated the effect of material recycling on embodied energy
consumption. A mathematical model was developed to evaluate
the recycling potential of materials. This study revealed that nearly
17% of the embodied energy can be reduced through material
Please cite this article in press as: Huang, B., et al., Energy and carbon per
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substitution and recycling. Some studies eliminated demolition
energy from the life cycle energy, because by excluding the energy
saving arising from material recycling and components reuse, the
contribution of this energy component is negligible (Ramesh et al.,
2010). However, studies in entire life cycle energy indicate that
recycling and reuse of construction materials has the potential to
recover 35e40% of the embodied energy (Ibn-Mohammed et al.,
2013). Thus, demolition energy should also be taken into account
for a more holistic view of the energy consumption and environ-
mental impact.

3.2.2. Operational energy and carbon emission
Operational energy plays a dominant role in building life cycle

energy, ranging from 80% to 90% in conventional buildings and
40e60% in low-energy buildings (Karimpour et al., 2014). Consid-
erable research has been conducted into the improvement of
operational energy performance and the reduction of associated
environmental impacts. A review of previous studies indicates that
the operational energy and associated emissions performance of
dwellings are dependent on many factors including the shape and
orientation of buildings, thermal properties of construction mate-
rials, surrounding environment, climate and the behaviour of oc-
cupants. This complex nature means it is often very difficult to
develop precise interpretations and quantification procedures for
the modelling and assessment of operational energy and associated
GHG emissions.

Meanwhile, the shape, orientation and choice of construction
materials can also significantly affect the operational energy and
emissions of buildings. A comprehensive review conducted by
Pacheco et al. (2012) examined the effects of orientation, shape,
envelope, shading and glazing on operational energy consumption.
The study revealed that the greatest influences on building energy
demand include orientation, shape, and the ratio between external
surface and volume. Yohanis and Norton (2002) performed studies
on window size optimisation, concluding that the lowest opera-
tional energy can be achieved given a glazing ratio to wall of
approximate 15%. Iddon and Firth (2013) developed a building in-
formationmodel that considered parameters such as space heating,
domestic hot water, lighting and type of building envelope for the
simultaneous estimation of embodied and operational carbon.
Their case study suggested that operational carbon can account for
74e80% of carbon emissions over a 60-year lifespan of dwellings;
about 70% of the operational carbon is from the energy consump-
tion for space heating.

The development of optimal design and planning technologies
has promoted their application in building energy/emissions
assessment and performance improvement through applying op-
timisations to factors such as building structure design, energy-
efficient control and orientation selection. Currently, optimisation
approaches based on intelligent algorithms such as support vector
machines (SVM), genetic algorithms and artificial neural networks
(ANN) have been widely used for the prediction of operational
energy consumption and carbon emissions, as well as the
improvement of energy and emissions performance through
optimal building design. Zhao and Magoul�es (2012) investigated
the application of engineering, statistical and artificial intelligent
methods in building energy consumption predictions. Li et al.
(2009) established a SVM-based model to predict hourly building
cooling load for office buildings, and obtained better accuracy than
conventional back-propagation neural networks. To achieve higher
reliability in the modelling, Dong et al. (2005) applied a hybrid
approach based on SVM and ANN for the estimation of building
energy consumption in tropical regions. The results demonstrated
that the variance is nomore than 3% and the percentage error is less
than 4%. Ekici and Aksoy (2009) conducted an ANN-based study on
formance evaluation for buildings and urban precincts: review and a
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the prediction of building energy demand benefitting from orien-
tation, insulation thickness and transparency ratio. The outcome of
this study revealed that ANN gives satisfactory results with a de-
viation of 3.43% and successful prediction rate of 94.8e98.5%.
Griego et al. (2012) investigated interactions between energy effi-
ciency and thermal comfort measures, and implemented optimi-
sations for thermal insulation and water heating systems that
resulted in almost 52% annual energy savings for new homes.

It is understood that the behaviour of building occupants
directly influences the operational energy consumption and carbon
emissions during the use phase of buildings, which can lead to
significant variations in modelling and prediction of operational
energy and carbon performance. As end users of dwellings, occu-
pants interact with buildings in various ways to achieve desired
degrees of comfort for their living. Studies have shown energy
consumption and carbon emissions vary greatly across countries
based on their level of income and development (Al-mulali et al.,
2013). Due to the complex and highly uncertain interactions
among parameters, as well as individual differences, occupant
behaviour modelling has been a big challenge for researchers
working in this field. Recent studies have been undertaken to
model and simulate occupant presence. Page et al. (2008) inte-
grated the effect of occupant behaviour into building energy de-
mand simulations with inputs including use of windows, lighting
appliances and other electrical and water services. The study
established a generalised model based on a heterogeneous Markov
chain to simulate occupant presence. Bourgeois et al. (2006) per-
formed studies on manual and automated control of artificial
lighting with consideration of their effects on cooling and heating
loads. Behaviour models were developed in a whole-building en-
ergy simulation, revealing that occupants that actively seek natural
daylight rather than relying on artificial lighting can savemore than
40% on their overall primary energy expenditure. However, auto-
mated control of lighting may not result in primary energy savings
for indoor climate control.

4. Energy and carbon performance evaluation at the urban
precinct level

In addition to the effects of physical structure, construction
materials and behaviour of occupants, energy-efficient technolo-
gies and urban morphological forms play an important role in the
energy consumption and carbon emissions of buildings. Research
has shown that the global energy and carbon performance of
dwellings are impacted by factors such as urban density, land use
patterns, greenery and pavement, location and the average height
of surrounding buildings (Wong et al., 2011; Howard et al., 2012;
Mindali et al., 2014). Similar findings were reported by Fuller and
Crawford (2011) in their studies on residential housing in Mel-
bourne. It was found that in addition to the style, the size and the
location factors play dominant roles in determining the energy use
and emissions of the housing development. This highlighted im-
pacts of occupancy, commuting distance, and transport mode,
which need to be modelled and assessed in a broader context than
just the level of an individual building. As a building is not a totally
isolated entity but a basic constituent of an urban precinct, a more
realistic, holistic and accurate evaluation of building energy and
carbon performance can only be achieved in the precinct context by
examining and modelling the impacts of the interplays between
buildings and surrounding elements in a precinct system.

4.1. System boundary definition

Unlike the life cycle energy and emissions of isolated buildings,
precinct- or urban-level energy and emissions (hereafter: global
Please cite this article in press as: Huang, B., et al., Energy and carbon per
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energy and emissions) should be formulated and evaluated at both
temporal and spatial scales. Therefore, the system boundary for
global energy and emissions assessment should be described for
relevant scales. With respect to the time scale, operational energy
and emissions change over the lifespan of buildings, whereas
recurring embodied energy and associated carbon emissions are
affected by the service life of construction components. At the
spatial scale, morphology, location and urban density are major
influences on the transportation energy consumption and GHG
emissions, as is the application of passive technologies, which
correspondingly affects the operational energy and associated
emissions. In addition, travel energy and emissions consumed by
commuting and leisure activities should be included in the evalu-
ation of global energy and emissions performance. It is obvious that
travel energy and emissions are mainly affected by the spatial
distribution of school zones, workplaces and activity sites, as well
as user behaviour.

Based on such notions, at the precinct level, building energy
consumption and emissions can be roughly divided into three
components: embodied energy and emissions, operational energy
and emissions, and travel energy and emissions (as shown in Fig. 3).
Here, the embodied energy and emissions include energy con-
sumption and emissions required for the construction and main-
tenance of buildings and surrounding infrastructures. Unlike
building-level evaluations, precinct-level operational energy and
emissions, which take into account both buildings and infrastruc-
ture, are measured with consideration of impacts from the sur-
rounding environment. Travel energy and emissions cover energy
demand and associated emissions from work commuting and
school, entertainment or lifestyle travel.

The complexity of the system boundary significantly increases
with the number of variables, interactions among variables and
constraints. The presence of complex relationships between vari-
ables significantly affects the implementation of modelling and
evaluation. The following section explores some features that are
likely to influence the evaluation of global energy and emissions
performance.

4.2. Modelling approaches for precinct energy and carbon
assessment

Energy demand and carbon emissions from daily commuting
(e.g. for school or work), business trips and personal travel repre-
sent a major contributor to worldwide energy consumption and
GHG emissions. A census conducted by the World Resource Insti-
tute indicates that travel accounts for about 14% of GHG emissions
worldwide, which is projected to increase by 50% by 2020 (World
Resource Institute, 2009). In Australia, travel-related energy con-
sumption, which is responsible for over 38% of the national energy
consumption, has increased by almost 20% in the past decade, with
a further 15% increase predicted by 2020 (Australia Government
Report, 2014). Research has shown that travel energy and emis-
sions measured by travel distance, mode choice and travel fre-
quency are significantly influenced by urban form, infrastructure
development, land use pattern, urban density and human behav-
iours (Dujardin et al., 2012; Marique et al., 2013).

Much effort has been devoted to the identification and mea-
surement of the influence on travel energy and emissions perfor-
mance of environmental indicators such as urban form, density and
land use patterns. Newman and Kenworthy (1989) first studied the
effect of urban consolidation on travel energy consumption and
GHG emissions. In that research, a range of large cities from around
the world were analysed in terms of features such as urban form,
activity intensity, employment density, land use mix and street
layout, with the conclusion that there is a strong negative
formance evaluation for buildings and urban precincts: review and a
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correlation between urban density and per capita travel energy
consumption. Zhou et al. (2013) employed a case study on China's
Xiamen Island to explore the relationship between travel energy
consumption and urban morphology, considering influential fac-
tors such as urban planning, economic costs, population, employ-
ment type, road network and land use. For a more holistic and
complementary understanding of global energy consumption and
carbon emission, Perkins et al. (2009) and Pullen (2009) conducted
comparison studies on global energy and emissions performance
among central business district (CBD) apartments, inner suburban
buildings and outer suburban dwellings in Australia. Their research
indicates that when compared with inner and outer suburban
householders, CBD apartment dwellers use less vehicle fuel
resulting from shorter trip length; however, they have the highest
level of embodied emissions in vehicles due to the highest per
capita ownership of private vehicles. According to Dujardin et al.
(2012), opportunities for potential travel energy savings can be
identified and captured at two different scales: urban type and
urban settlement. A case study based on full-scale home-to-work
commuting data in Wallonia (Belgium) indicated that a short dis-
tance (2.1 km) between urban settlements and an efficient neigh-
bour may result in actual work commuting energy savings without
re-urbanisation. Marique et al. (2013) found that urban form is an
influential factor in school commuting and travel behaviour. They
showed that energy consumption for school commuting is signifi-
cantly affected by school level: the higher the school level, the
higher the energy consumption. In addition, a high-density pre-
cinct with mixed land use and good public transportation system
resulted in lower travel energy for school commuting.

Despite their influence on travel energy and emissions, envi-
ronmental factors play a dominant role in the application of passive
technologies, which accordingly affects the embodied and opera-
tional energy consumption of buildings. Steemers (2003) explored
the environmental influence on daylight availability, space heating,
heat loss and mechanical ventilation, taking into account variables
such as obstruction angle, glazing ratio, compactness and building
shape. Gray et al. (2010) implemented a practice review to identify
Please cite this article in press as: Huang, B., et al., Energy and carbon per
new modelling concept, Journal of Cleaner Production (2015), http://dx.d
the role of urban planning on household GHG emissions,
concluding that well-designed and well-located higher density
dwellings offer the potential for petrol and electricity savings,
leading to a reduction in GHG emissions. Wong et al. (2011)
developed empirical models to explore the impact of the sur-
rounding environment on building energy consumption, taking
into account the green plot ratio (GnPR) and the density and height
of surrounding buildings. The study reported a negative correlation
between air temperature and surrounding environmental in-
dicators such as GnPR, density and height due to shading effects.
GnPR, which can reduce the urban air temperature by up to 2 �C,
has the greatest impact on building energy consumption. Futcher
and Mills (2013) examined the cooling loads of office buildings
within an urban context to identify the effects of the environment
on building operational energy consumption. Their research
demonstrated that urban form can directly affect the solar gains
and thermal transmission of dwellings, which has the potential to
reduce building cooling load by 3e6%. However, the form or
orientation of individual stand-alone buildings is of little conse-
quence to overall energy consumption. In addition, the (re)devel-
opment and maintenance of infrastructure also contribute to the
embodied and operational energy as well as associated emissions of
buildings in the urban context. However, few research projects
have been conducted to address the measure of infrastructure en-
ergy consumption and carbon emissions.

5. Challenges in practice and research

The assessment of building lifecycle energy and emissions plays
a crucial role in delivering solutions for urban sustainability. By
examining current approaches for building and precinct energy and
emission evaluations, this critical review has explored issues
related to system boundary definition, modelling and measure-
ment methods, and the identification of key environmental factors.
From the analysis, some main challenges in the modelling and
evaluation of building global energy and carbon performances are
further identified and discussed in this section.
formance evaluation for buildings and urban precincts: review and a
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5.1. Challenges for system boundary definition

As discussed in previous sections, system boundary definition,
which directly affects the accuracy of modelling and measurement,
remains unclear in current models and exercises undertaking
building energy and emissions evaluation. In addition, the imple-
mentation of comparative analysis is greatly limited by different
system boundary settings applied in different studies, whichmakes
it more difficult to develop a comprehensive understanding of
building energy consumption and emissions. The review of extant
studies reveals that at the building level system boundary settings
differ in three ways: a) not all studies cover all life cycle stages of a
building; b) transport energy consumption and emissions suffer
from the unclear distance between upstream and downstream
stages, as well as the selection of transport models; and c)
embodied energy and emissions calculations do not include all
building components. At the precinct or urban level, there are still
some hidden environmental factors to be identified and to have
their impacts quantitatively examined. In addition, the quantitative
assessment of energy and emissions from infrastructure (re)
development and operation needs to be further improved.

Meanwhile, it is widely accepted that striving for a compre-
hensive and precise system boundary definition, although it can
significantly improve the accuracy of modelling and evaluation is
often at the expense of model complexity and computational
burden. Therefore, how to balance complexity and computing costs
with the required accuracy is a real challenge faced by engineers
and researchers.

5.2. Challenges for integrated model development

Essentially, any building is not an isolated system, but an
evolving subsystem closely linked to the behaviour of its occupants
and the dynamics of the surrounding precinct environment in
which it is situated and operated. Failing to consider buildings,
occupants and the precinct environment as a whole integrated
system risks reaching biased or over-simplified solutions that have
very limited effects on energy efficiency improvement and emis-
sions reduction. The desired integrated energy and emissions
metric should be able to capture and measure the influences of the
construction and operation of buildings, infrastructure (transport,
energy, water, etc.), occupant behaviour, precinct formations and
other features of the urban environment (landscape, climate, etc.).
However, integrated modelling faces great challenges due to the
large scale and variety of data required, highly uncertain variables,
and non-linear and complex interactions among heterogeneous
variables.

Fortunately, latest developments such as big data technology,
systems thinking and artificial intelligence have created new
technical means to address such challenges. Whereas big data
technology can help to explore the interactions among variables
and quantify their effects, the systems thinking is able to support a
holistic understanding and modelling of global energy consump-
tion and emissions in a building precinct system. On this basis,
artificial intelligence can enable multi-criteria assessment and
optimal solutions for building precinct system configurations with
minimum lifecycle energy and carbon footprints.

5.3. Gaps in building life span definition

Variation in identifying reasonable building life span and the
service life of building components can result in inconsistencies
and difficulties in comparing studies. The review of extant studies
indicates that they mostly make certain assumptions about the
lifespan of a building and its components for lifecycle energy and
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emissions evaluation. However, it is commonly understood that the
identification of actual building lifespan is a complex issue, which is
affected by urban planning, government policy, location and
climate, as well as construction and maintenance factors. The ser-
vice life of building components, generally determined by their
design, manufacturing and operating environments, can directly
influence the recurring embodied energy and associated emissions.
However, this review identifies a lack of research on service life
measurement for building components.

6. A new modelling concept based on systems thinking

The critical review of system boundary settings in extant
research indicates that building-level energy and emissions eval-
uation that does not adequately consider contextual implications
(e.g. occupant behaviours, infrastructure, transport and travel pat-
terns, and conditions of the surrounding environment) is incom-
plete and often inaccurate. This is inherently consistent with the
view that buildings are constructed and operated as an integral part
of a larger urban formdthat is, a precinctdwhereas their functions
and performance measures are either constrained or fostered by
their interactions with other precinct elements. That is to say, the
energy and carbon measures of individual buildings cannot be
simply aggregated to represent the precinct-level performance
without having the effects of precinct environment and precinct
configuration at the building level also factored in for the energy
and emission evaluation modelling. Based on such a systems
perspective and the analysis in the previous sections, the concept
for an integrated building precinct system energy performance
assessment model is proposed, with its construct illustrated in
Fig. 4.

The scope of this modelling concept captures key elements that
shape the form and functions of an urban precinct system, which
include different buildings, infrastructure (for transport, energy,
water and waste), and occupants. Although these elements define
the morphological configuration of a precinct, the lifecycle energy
and associated carbon emission performance of the precinct system
are determined by their characteristics (e.g. building products and
appliances, building and infrastructure operations, occupant pro-
files and behaviour) and their interplays with the natural and built
environments of the precinct (e.g. climate zone, location, landscape
and site layout), interfaced with the planning strategies applied to
the design and lifecycle management at both the building and
precinct levels.

As discussed, the precinct-level energy consumption and
emissions fall into three categories: embodied, operational and
travel related. The energy required for the (re)development and
maintenance of infrastructure, and the associated emissions are
included in embodied energy and emissions, whereas the energy
demand for infrastructure operations and the associated emissions
are considered as operational energy and emissions. Travel-related
energy use and emissions are attributed to daily commuting, as
well as commercial and lifestyle-related vehicle travel by precinct
occupants. According to the literature review, travel energy con-
sumption and associated emissions are subject to user behaviour
and precinct formwith the influence from four key variables: travel
distance and traffic conditions mainly affected by precinct form;
travel frequency affected by occupant behaviours; and travel model
choice influenced by precinct layout, infrastructure and occupants.
Within the precinct, the operational energy and emissions of
buildings are largely dependent on occupant behaviours and the
surrounding environment, which determine the level of energy
consumption required for desired thermal comfort and lighting
needs. Meanwhile, the embodied energy and emissions are
significantly affected by building and infrastructure design,
formance evaluation for buildings and urban precincts: review and a
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material processing and manufacturing for building and infra-
structure components, construction methods, and occupant
behaviour and ambient environmental factors, which influence
maintenance and refurbishment cycles.

To encompass these characteristics, as shown in Fig. 5, five types
of parameters are involved in five matrices employed to support
precinct-level energy/emissions evaluation in the proposed model:

� A building parameters matrix includes information about
building components and lifecycle characteristics. This matrix is
employed to identify the embodied energy and emission in-
tensities of buildings including construction and transportation.
In addition, parameters involved in this matrix, such as insu-
lation thickness and glazing ratio, might contribute to opera-
tional energy and emissions through affecting thermal
resistance, solar gain and natural lighting;

� An environmental parameters (e.g. location, micro-climate and
precinct density) matrix is a weighted matrix employed to
modify the building baseline global energy and emissions with
Fig. 5. Impacts on precinct energ
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the consideration of environmental impacts. The surrounding
environment is a major contributor to the precinct operational
energy/emissions, because residents' requirements with respect
to thermal comfort and lighting depend largely on local envi-
ronment. Environment also plays a critical role in the service life
of building components (which correspondingly affects the
consumptions of recurring energy and emissions);

� A precinct form matrix is also a weighted matrix covering pa-
rameters for the description of precinct layout. The precinct
layout makes a significant contribution to transportation and
travel-related energy/emissions through affecting travel dis-
tance within the precinct;

� An infrastructure (re)development matrix including parameters
related to the infrastructure life cycle energy and associated
emissions (street lights, road, stormwater, utilities supply, etc.);
and

� A user behaviour matrix is another weighted matrix employed
to add impacts resulting from user behaviour on precinct global
energy/emissions performance. User behaviours contribute
y and emissions evaluation.

formance evaluation for buildings and urban precincts: review and a
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considerable amounts to the energy and emissions consumed by
travel and building/infrastructure operations through affecting
operation hours and travel distances. The components included
in all the three weighted matrices can be obtained from existing
numerical models, simulations and experimental validations.

The implementation of this integrated modelling concept con-
sists of four phases (see Fig. 6). First, user data and simple testing
are conducted for the establishment of the environmental impacts,
precinct form and user behaviour matrices. Then, experiments and
simulations using existing energy/emissions calculators (e.g. Eco-
tect, IES Virtual Environment and EnergyPlus) are employed to
identify the embodied, operational and travel energy/emissions
intensities (hereafter: intensities) at the precinct level. After that,
the baseline embodied and operational energy/emissions are
evaluated by the intensities, as well as operational hours and
required building and infrastructure areas, which are determined
by user behaviours, precinct population profile and morphology. In
the final stage, travel energy/emissions are assessed with the
consideration of travel intensities and required annual travel dis-
tances, which are determined by precinct layout and population
profile. The environmental impacts matrix is used to modify the
embodied and operational baseline energy/emissions. Following
this modification, the precinct energy/emissions are obtained
through the addition of embodied, operational and travel energy/
emissions.

7. Conclusions and future work

This paper presents a critical review of current lifecycle energy
and emissions evaluation approaches for buildings and urban
precincts, with a particular focus on how each approach contributes
to the development of system boundaries, models and measure-
ments. Some key challenges for the energy and emissions model-
ling and assessment are discussed. A newmodelling concept based
on the systems perspective is then proposed, which can lead to an
integrated energy and emissions evaluation of building precinct
systems.

Over recent years, a large body of research has been conducted
to identify environmental factors and study their effects on build-
ing energy consumption and emissions. However, obtaining a
comprehensive understanding of the influence of surrounding ur-
ban environments on the lifecycle energy and carbon performances
of buildings remains a major challenge. Although current studies
have demonstrated some efficacies as highlighted in the review, the
completeness of their modelling, the accuracy of evaluation, and
the feasibility of comparative analysis among studies are greatly
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limited by lack of a clear and consistent system boundary defini-
tion. In addition, human behaviour is an important contributing
factor in the lifecycle energy consumption of buildings. However, in
the current approaches for building global energy and emissions
assessment few studies have focused on analysing the implications
of different building occupation modes and occupant behaviours
for the energy performance of a building precinct system. Further, it
is apparent that little research has focused on how to determine the
lifespan of a building and the related service life of its components,
despite the fact that they have a significant impact on building
lifecycle management strategies, recurring embodied energy and
emissions, and the outcomes of global energy and emissions
assessments.

As for further research directions, an important focus should be
on improving the system boundary definition for a building pre-
cinct system to enhance the completeness of analysis, and the ac-
curacy of modelling and evaluation results. A desired system
boundary can simplify modelling and evaluation without reducing
accuracy. Thus, more effort needs to be devoted to the development
of an executable system boundary for building global energy and
emissions evaluation by adopting big data technology and systems
thinking. In addition, to improve the quality of data resources,
systematic surveys and literature reviews are required to collect
building and occupancy data, including energy and material con-
sumption during the building life cycle, energy bills, travel bills,
commuting model and costs, employment and income status, age
groups, and so on, to enable more accurate modelling of interplays
between behaviour and consumption patterns and building pre-
cinct energy performance.

It is widely accepted that buildings consume energy and release
GHG directly or indirectly throughout their life cycles. Therefore it
is essential to identify hidden influential factors and explore the
interactions among variables. At the urban precinct level, building
energy and emission performance needs to be assessed with a
consideration of environmental impacts; thus, analysing layouts of
typical urban or precinct forms to study the influence of sur-
rounding environment on building energy consumption and
emissions is necessary.

Approaches and tools for ‘global’ system boundary selection, as
well as precinct energy and emission evaluations are topics that
need further development, although a significant amount of
modelling and operational experience has accumulated over the
years. The system boundary and new modelling concept proposed
in this research can lead to a critical thinking approach about the
evaluation of global energy and emissions, and can support the
quantification of precinct energy consumption and associated
emissions. In future research, further effort need to be made
formance evaluation for buildings and urban precincts: review and a
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towards the improvement and integration of existing models, se-
lection of system boundaries, and validation and improvement of
proposed precinct-level models. The model formulation will be
substantiated with more case studies on different precinct mor-
phologies (e.g. transport-oriented development, urban densifica-
tion, urban renewal, etc.) and scenario analysis, particularly on
building-integrated renewable energy systems, inter-building ef-
fects, building and infrastructure life-cycle management strategies
and occupant behaviour and choices.
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