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Abstract. Shopping centres are an integral part and a critical component of
urban cities in most economies. Typically, the shorter refurbishment cycle and
frequent tenant replacements in shopping centres cause excessive use of build-
ing materials over its service life. This drastic use of resources, consequently,
increase life cycle embodied energy (LCEE) and life cycle material cost
(LCMC) of shopping centres. Therefore, careful selection of materials is vital to
reduce the negative environmental impacts and material costs. Current research
on the implications of material choices on LCEE and LCMC of shopping cen-
tres are insubstantial and decisions makers are left with limited information to
make better selections. Therefore, selection of energy efficient, cost-effective
and environmentally responsive materials and assemblies has been a critical
process for the professionals who are involved in decision-making. This paper
proposes the use of object-oriented programming (OOP) to develop a mathe-
matical model to develop combinations of building assemblies with minimum
LCEE and LCMC of shopping centres through material selection. The model is
based for sub-regional shopping centres in Australia, yet can be applied for any
similar property type with modifications to databases and model architecture.
However, scope of this paper is limited to the development of model architec-
ture with detailed explanations on databases and computing core development.
Even though, the detailed presentation of development of OOP structure pro-
vides proper insight to the mathematical core for future application.

Keywords: Life Cycle Embodied Energy (LCEE), Life Cycle Material Cost
(LCMC), Material Selection.

1 Introduction

Shopping centres are the largest component of the retail property sector and an im-
portant aspect of modern cities [1]. They are inevitably one of the major energy and
resource users in the built environment over the life cycle [2, 3]. The extended open-
ing hours, high ceilings and excessive use of illuminations and heating and cooling
cause the heaps in operational energy use over life cycle while shorter refurbishment
cycle and frequent tenant replacements cause the excessive embodied energy and
material use [3, 4] in shopping centres. The necessity to maintain trendy aesthetics in



shopping centres require incessant maintenance and upgrades [5]. Additionally, tenant
leases cause frequent material replacements depending on the lease periods and tenant
replacements [6, 7]. Hence, materials used in shopping centres serve a shorter life
before becoming obsolete [8] resulting in increased life cycle embodied energy
(LCEE) in shopping centres when compared to other residential and commercial
buildings [9]. Furthermore, this sustained use and disposal of building materials over
the life cycle ultimately result in an elevated life cycle material cost (LCMC) [10].
Therefore, material selection for shopping centres needs to be more thorough and
observant to mitigate negative environmental impacts of increased LCEE and to re-
duce LCMC. Hence, this paper aims to propose an approach to identify combinations
of building materials and assemblies with optimum LCEE and LCMC for shopping
centre development in Australia.

2 Literature review

Shopping centres are major energy and resource users over their life cycle [11]. Being
community places, shopping centres use large amounts of energy to maintain the good
and comfort visual [12]. They require continuous maintenance and refurbishments
over the years to attract and sustain foot traffic and tenants [13] (refurbishment: any
‘remodeling, refashioning and general renovation of a building, site, product or infra-
structure’[14]). Tenants of shopping centers are often required to refurbish the prem-
ises during or at the end of their leases [9, 15]. According to the Retail Leases Act
2003, a tenant entering a new lease for a retail shop has the right to a minimum tenan-
cy period of up to five years (which can be renewed at the end of lease). Hence refur-
bishments can occur during the five-year lease period and when it is terminated and
beginning of a new tenant. This is comparable to the findings by [9] who stated that
refurbishment frequency of retail shops is every 2 to 10 years. Empirical findings
through interviews with sub-regional shopping centre managers in Australia also so-
lidifies the findings of literature on refurbishment frequency.

The shorter refurbishment cycle and frequent tenant replacements inevitably cause
excessive building material usage in shopping centres [16]. Building materials are
replaced long before reaching the end of their expected service lives due to economic,
functional or social obsolescence during refurbishments [8]. Hence, the recurrent
embodied energy (the energy required for the maintenance and replacement of build-
ing materials or systems during the building useful life [17]) becomes vital in shop-
ping centres, notably compared to other commercial and residential building types [9].
Consequently, LCEE (combination of initial and recurrent embodied energy and
demolition energy [18]) of shopping centres become immense [9, 11]. Hence, careful
attention needs to be given to material selection process of shopping centres [19] to
reduce LCEE.

Since the evolving concern on sustainability in built environment has already made
a significant impact in shopping centre development and redevelopments in terms of
operation energy use, next is to address the embodied energy issue [16]. However, it
is important to maintain a trade-off between minimization of operational and embod-



ied energy since the extreme measures to minimize one can lead to a significant esca-
lation in the other. Therefore, selection of environmentally responsive building mate-
rials is challenging not only due to prior reasons but also due to financial constraints
[20]. Typically, initial cost of materials and assemblies can make up to 20% to 30% of
the total project cost [21]. Also, environmentally responsible, innovative building
materials are alleged to be more expensive than conventional building materials [8].
Additionally, frequent material replacements in shopping centres cause an enormous
cost over the life cycle [22]. Therefore, minimizing LCMC (total of capital, mainte-
nance and refurbishment and disposal or recycling costs) of shopping centres also
becomes vital.

Research has identified cost as one of the main barriers for the selection of materi-
als with improved environmental performances [23]. Also, literature has acknowl-
edged that material selection has a close relationship between embodied energy and
cost of buildings [14, 15, 24]. However, the findings of a few research can only be
used within a limited boundary due to the lack of comprehensiveness of the approach
used to generate life cycle inventory data used and the scope of research [25]. Fur-
thermore, many researches in the area of embodied energy analysis and cost of mate-
rials are concentrated around residential and commercial office buildings [23, 25].
Only a limited number of studies are engaged in retail property and embodied energy
[9, 12] but none of them are focused on LCEE and LCMC in shopping centres.
Hence, the knowledge on availability of building materials with lower embodied en-
ergy with minimum LCMC (with minimum negative impact to life cycle operational
energy use in the building) for shopping centre construction is lacking.

Several models have been developed to assist in the process of selection of build-
ing materials, engaging different optimization methods [15], analytic hierarchy pro-
cesses [24] and computer aided software tools [26]. However, the existing models are
not precisely focused on the unique nature of shopping centres, and their exceptional
material replacement frequencies. Hence, a mathematical model which incorporates
the unique features of shopping centres is required to facilitate the selection of combi-
nations of materials and assemblies with minimum LCEE and LCMC. This research
niche is therefore addressed in this paper.

Accordingly, the research problem identified can be expressed in the form of a
programming problem as follows;

Minimize f(x) ; subject to g(x) and h(x), where (x)is a vector of n real value de-
sign variables which will be alternative building material and assembly combinations
and f is the cost function also known as the objective function. g(x) and h(x) are the
inequality and equality constraints. The study aims to achieve three objective func-
tions as;

Minimize LCEE (x) 1)
Minimize LCMC (x) 2
Minimize LCEE & LCMC (x) 3)



The study follows a case study research method with a mathematical modelling
process to achieve set forth aim and objectives. The mathematical model is developed
for an archetypal single-story sub-regional shopping centre in Australia. Sub-regional
shopping centre is selected as the base type for the model since it dominates Australi-
an shopping centre industry in terms of investments [27], GLA (gross lettable area)
and with a three-year pipeline of planned developments and redevelopments till 2021
[21, 28]. Case studies are carried out to observe and identify the most representative
single story sub-regional shopping centre which is selected as the base case for arche-
typal centre design (Since more than 75% of sub-regional shopping centres in Aus-
tralia are single story buildings the archetypal is designed following the majority [21,
28]). Three different scenarios with different tenant mixes and GLAR (gross lettable
area retail) are tested. The results are analyzed to examine the relationships between
material selection and LCEE and LCMC and to identify combinations of building
materials and assemblies with optimum LCEE and LCMC for sub-regional shopping
centres in Australia.

This paper presents the knowledge on the development of mathematical model and
databases which can be used as an archetype to resolve similar problems in the built
environment.

3 Object-Oriented Programming (OOP) as a method

Development of any mathematical model require automation of complex systems and
rigorous calculation processes [29]. LCEE and LCMC calculation of sub-regional
shopping centres is a complex task since they are massive building projects with a
wide range of building elements and assemblies used. The process of calculations
requires different data sets of materials, assemblies, bills of quantities of different
types of shops and many other and demanding matrix calculations (further explained
in 2.1). Therefore, the model developed needs to accomplish the requirements and
specifications to achieve the set forth objectives. One of the main requirements of the
model is to assess and compare different scenarios of sub-regional shopping centres at
a reduced run time. Further, the model architecture needs to be resilient yet flexible.
OOP provides solutions to all these requirements.

OOP is a programming paradigm organized around “objects” and data [29, 30]. An
object includes a set of data with associated behaviors. Objects with different attrib-
utes and methods are classified under different classes. A “class” is basically a blue-
print of an object. In other words, the classes describe the objects with attributes,
methods and variables. Different types of objects can have different classes [30]. The
study defines four class modules as Materials, Assemblies, Shop, and ShoppingCen-
tre. Each class instance can have attributes attached to it for maintaining its state.
Class instances can also have methods (defined by its class) for modifying its state
[31]. For instance, Shop class has parameters as length, width, height, etc. and the
method get_quantity _gfa. Since OOP provides a flexible architecture, the attributes or
the parameters of classes can be modified without changing the calculation algo-
rithms. Hence, different instances of a class can be assessed based on their attributes.



Furthermore, additions of new methods to a class often does not affect other methods
in the class. Thus, updates can be performed with minor impact on the entire model,
because of the modular structure [32]. Consequently, OOP is selected as the pro-
gramming paradigm to develop the model architecture.

To develop the mathematical model, a software programming is required. This
study uses Python™ 3.7 as the programming language since it is free and opensource
[33]. It also provides a large array of libraries including classes and functions which
are designed specially to tackle specific aspects of programming [31]. Different Py-
thon based modules are available for free for database generation, to develop matrices
and other numerical operations and to generate graphs and charts. OOP in Python is
proven to be an efficient method for real-world applications [29]. Hence, the pro-
gramming language chosen to develop the model, is Python.

3.1  Model architecture

A general software tool consists of three main compartments as graphical user inter-
face (GUI), computing core and the databases. However, at this stage the research is
limited to developing the computing core and the databases only. The computing core
is the model architecture containing all the classes with defined attributes and meth-
ods for all related calculations to quantify LCEE and LCMC of the shopping centre
for different assembly combinations. The data required to execute the methods are
mostly extracted from the databases. The databases are the data sets of materials,
assemblies, shops and shopping centres which provide attribute values to the classes.

3.2 Classes and databases

To understand the development of classes, the reader should be familiar with the hier-
archy of different levels. Fig .1. demonstrates the sequence of classes in the compu-
ting core.

Materials | ! Assemblies ] Shop ] [ ShoppingCentre ]

Fig. 1. Sequence of levels of classes and databases

Materials class imports data from materials database. Materials database provides
material details under fields of material_id (unique for each material), material_name,
material_type, material_unit (m, m?, m3, t, etc.) material_eec, material_unit_price, etc.
Material instances are created at Materials class using the database. Assemblies data-
base is created to store different assemblies which can be constructed using the mate-
rials objects. Assemblies database delivers datasets of assemblies under different



fields such as assembly _id, assembly_type (assemblies are categorized under 13 as-
sembly_types as foundation, column, internal_wall, etc. based on AIQS building ele-
ments and sub-elements [34]), assembly_unit (m, m?, m®), etc. Further it contains
details of quantities of each material in a unit of assembly and respective material_id
which will be used to determine assembly embodied energy coefficient (eec) and unit
price. For instance, consider M7 and M30 are respective material_id of 12mm rebars
and 20Mpa concrete.

Table 1. Sample assembly

Assembly id  Assembly type Assembly name Assembly unit

BMO01 beam 300 * 300 concrete beam m

To build 1 m of assembly_id BMO1, following quantities of M7 and M30 are re-
quired.

M7 —0.001 (t) and M30 — 0.09 (m3)

Since materials instances delivers material_eec and material_unit_price, to deter-
mine assembly_eec and assembly_unit_price instances of Assemblies class access the
material objects created at Materials class. This process is methodologically formed
in Assemblies class to create assembly objects with required steps and calculations.
Shop class is the largest class in the model with several methods to perform required
calculations to gradually determine shop_lcee, shop_Icmc and develop shop_boqg.
Unlike previous classes Shop class import data from two different databases: shops
catalogue database and shops database. Shops catalogue database provides data on
different types of shops in the shopping centre under 16 categories (e.g. clothing,
food_supplies, health_& beauty, etc.[27, 35]). Each shop type is given a unique id
same as previous and characteristics are defined in different fields. Also, default as-
semblies for each assembly_type are defined for each shop_type.

Table 2. Sample shop_type

Shop_type id beam ceiling_finish column door

CL 01 RE 5 BMO04 CF01 CLO4 DRO1

Shops database defines the geometry of different shops in the archetypal shopping
centre. Every shop has a shop_type as defined in shops catalogue database and attrib-
ute values of length, width, height and span. This format of database allows the re-
searcher to develop parametric shop designs following the shoe-box concept. Work-
ing with parametric designs provide flexibility to the shopping centre design and thus
allow for future modifications to the model. The geometries defined for each shop are
used in Shop class to generate BOQ (bills of quantities) with automated calculations
of quantities of building assembly types. ShoppingCentre class defines the three dif-
ferent scenarios of archetypal shopping centre (with different tenant mixes).

Constraints to the model are also provided as databases. Assembly compatibility
matrix (assembly compatibility with each other is demonstrated with TRUE and
FALSE operators) and Assembly shop compatibility matrix (compatibility of assem-
blies with each shop type) are the two main constraint databases. The model uses



these classes and databases to gradually determine the combinations of assemblies for
each assembly type with minimum LCEE and LCMC for sub-regional shopping cen-
tres in Australia. The following section provides a demonstration of how these classes
are utilized to determine the combinations of assemblies with minimum LCEE.

3.3  Assessment of LCEE

Aim of this study is to identify combinations of building assemblies with minimum
LCEE and LCMC for sub-regional shopping centre construction in Australia using
OOP model. Fig. 2. demonstrates the flowchart to assess the LCEE.

I Assembly_shop_compatibility_matrix

Assembly_compatibility_matrix

Material_quantity

Material_embodied
_energy_coefficient

Materials_database

Assemblies_database

Shop_geometry (shop_length,
shop width, shop height. shop span)

Material_wastage_factor

Shops_database

Assembly_service_life

Shop_refurbishment_frequency

Fig. 2. LCEE assessment flow chart

In Fig. 2.,

EECA = Embodied energy coefficient of an assembly
IEEs = Initial embodied energy of a shop

REEs = Recurrent embodied energy of a shop

IEEsc = Initial embodied energy of shopping centre
REEsc = Recurrent embodied energy of shopping centre

LCEEsc= Life cycle embodied energy of shopping centre

At Shop level assembly combinations are generated for different shop types using
assemblies database, shop database, shops_catalogue and compatibility matrices.
Shops of different assembly combinations are then combined to develop alternatives
of the three shopping centre scenarios. The LCEE of every alternative shopping centre
is quantified following the above process. LCEE is defined as the combination of IEE
(initial embodied energy) and REE (recurrent embodied energy) of the shopping cen-
tre. The study neglects the impacts of demolition energy towards LCEE since litera-
ture analysis finds it negligible when life cycle approach is considered [3], [14], [19],
[30]. As shown in Fig. 2. the IEE of the centre is the sum of IEE of all the shops in the
centre which in turn, is the sum of the IEE of its assemblies, itself the sum of the IEE



of constituting materials. Following equations denote IEE calculation at different
levels.

IEE;. = YsXq Xm EECy, X Qm,a,s (4)

IEE,. = IEE of shopping centre

EEC,, =Embodied energy coefficient of material m

Qmas = Quantity of material m in assembly a in shop s

The non-material energy inputs at the construction stage are added as per Equation
5. This includes inputs associated with the financial, communication, marketing and
other service sectors, which are considered as further sideway inputs [25]. Qy 45 iS
also modified by incorporating the wastage factor of material.

IEESC = Zs Za Zm(EECm X Qm,a,s X WFm) + [TERREBS - Z%:l(TERm)] X Csc

©)
WE, = Material wastage factor
TERREBS = Total energy requirement of the retail building sector (GJ per curren-
Cy unit)
TER,, = Total energy requirement of the input-output pathway representing
material m (GJ per currency unit)
Cse = Total cost of the shopping centre

The REE of shopping centres can be calculated using the following Equation 6 de-
veloped by [36].

REEs = ¥ %0 Ym[RR X (EECy X Quas X WEy,) + (TERREBS — TER,,, —
NATER,, X Cpas) (6)

REE,. = Recurrent embodied energy of shopping centre

RR = Replacement rate

NATER,, = The total energy requirement of all input-output pathways not associ-
ated with the installation or production process of material m being replaced (GJ per
currency unit)

Cmas = Costof material min assembly a in shop s

In Equation 7, RR can be characterized in the following manner.

RR:H%—1]=>[%—1]SRFS};{RF@ %—1]212@} @
SLkm,a,s SLm,a,s SLkm,a,s

POA, s =Period of analysis of assembly a in shop s

SLimas = Service life of the material m in assembly a in shop s

RF, = Refurbishment frequency of shop s

However, RR can also be represented as the refurbishment frequency (RF) of the
shops in shopping centre.

A similar sequence of calculations is used to generate LCMC values of different
assembly combinations for archetypal shopping centre scenarios. However, unlike
recurrent embodied energy, recurrent material cost is discounted to present value to



account for time value of money. Once the calculations are fully performed, the com-
binations of assemblies responsible for minimum LCEE and minimum LCMC inde-
pendently are recorded achieving objective functions 1 and 2. Then the model exe-
cutes the optimization process to identify combinations which lead to minimum trade-
off of LCEE and LCMC achieving the third objective function. However, this paper
does not deliver particulars of the optimization process.

4 Discussion and conclusion

This paper aimed in discussing the process of developing a mathematical model using
OOP to investigate the combinations of building assemblies with optimal LCEE and
LCMC for sub-regional shopping centre construction in Australia. The research prob-
lem is detailed in the beginning to provide the reader a clear understanding of the
system and what is required of the model. Application of OOP to resolve the research
problem is demonstrated in section 3. Assessment of LCEE of the archetypal sub-
regional shopping centre is exhibited as a sample. The research by [36, 37] are pio-
neering in the area of life cycle energy assessments in residential buildings, which are
used as fundamentals for the model. The automated calculations of building elements
make preparation of bills of quantities (BOQ) of the shops an effortless process. De-
fining parametric shop designs based on basic building geometries (length, width,
height and span) to prepare BOQ allows future expansions to the model regarding
design upgrades (changes to shopping centre layout, shop designs). The developed
system is primarily focused on shopping centres which is currently an under-
researched area. Yet, it can be used to assess life cycle energy and cost impacts of
other property types with some modifications and alterations to databases and pro-
gramming. Furthermore, the model can be used in future scenarios of more advanced
materials and assemblies with updates to Materials and Assemblies databases.

However, the model developed, and the results are subject to limitations due to un-
certainty and variability in the data. Notably, the LCEE quantification process used in
the model experience several limitations due to use of hybrid embodied energy coef-
ficients [17], calculation of the non-material energy inputs (following the equations
developed by [25]) and the algorithms used to calculate material replacement rate.
Additionally, the model performs LCEE and LCMC calculations for materials and
assemblies in the databases developed based on empirical data and research data for
innovative materials and assemblies. Even though assembly-assembly compatibility
matrix and shop-assembly compatibility matrix are used to address design, structural
and material constraints the results are subject to limitations in reliability and uncer-
tainty for future scenarios. Nevertheless, the model is comparatively comprehensive
and provide reliable results, overcoming the drawbacks of previous life cycle energy
assessment models. Hence, this approach can be applied in similar optimization prob-
lems in the built environment. Even though this paper does not review the optimiza-
tion process, the detailed presentation of development of OOP structure provides
proper insight to the mathematical core for future applications.
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