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Abstract

The growing need to save material and energy resouragsthés with the increasing
concern over the material impact on the built environnemanomy has led the need for
redesigning critical structural elements and systemsriRtpsystems are the top amongst the
list of the highest impact after the partition walls witemparing to other non-load bearing
construction elements. This paper fogsisn the advantages of lightweight flooring systems
and contributes towards the developmertrdvel prefabricated ultra-shallow and lightweight
flooring system. The used methodology comprises theammental (by applying the TRACI
method) and economic life cycle analysis (LCA). The emrinental and economic impacts of
three types of flooring systems are studied and comp@hexdfirst typds a prefabricated floor
(Cofradal 260mm), is a common solution in residentialdingjs in Francethe second type is
a hollow core precast floor with an-site concrete finishing layer, and the third typehe
proposed system. The assessment slaiwvat the embodied energy and embodied GHG
emissions of the proposed flooring system are 28.89% and%7dsver than the one using
Cofradal floor, and 20.18% and 35.09% lower the one using haltwes precast floor units
LCA showed that the proposed flooring system reduced 1%.@8 construction cost and
41.83% of end of life cost in comparison with the Cofradakléb, and 1.87% of construction
cost and 18.95% of end of life cost in comparison with tHiewaomposite precast slab.

Key words: Life Cycle Analysis (LCA); Composite FloayirBystems; Embodied Energy;
Embodied Emissions; GHG Emissions

1. Introduction

The rapid economic development consumes a lot otiress and degrades the environment.
One of the primary concerns of environmental impadfseislimate change and it is attributed
to the emissions of greenhouse gases (GHGs). The tempeayaiuté is connected with an
increased atmospheric concentration of GHGs, while cadimxide is the most important
anthropogenic GHG [1].

In recent years, assessing and controlling carbon emésk@ve become a basic strategy to
achieve sustainable developments. The European Commudity7aimdustrialised countries
through Kyoto Protocol committed to reducing greenhouse gases (&HiGgions by 18%
lower than the 1990’s level from 2013 to 2020 [2]. The UK has a legally compulsory target
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under the Kyoto Protocol to reduce its emissions of the baslset afajor greenhouse gases
[3] and has declared its intention to put itself on a patards a reduction in G&missions
of 80% by about 2050 [4]. GHG emissions have attracted theatiestion from researchers
and policy makers possibly because they can be more repdihtified than other impacts,
however, GHG emissions are just one of a range of paeasridat should be considered in
assessing environmental impacts. Others are ozone deplstter, consumption, toxicity,
eutrophication of lakes and rivers, and resource depl@&jaghand 7].

The current practices in architecture and constructemtoss are responsible for a high
percentage of the environmental impacts produced by the dedetmpmtries [8]. In the
European Union, the construction and building sectors aponsible for about 40% of the
overall environmental burden. The construction and occupatiohomes in the UK are
responsible for the consumption of 40% of primary energlge country [9]. In case the other
30% of the building stock (non-residential) is considetkd,impact of buildings is greater
[10].

Using large quantities of raw materials by the construatidastry also involves high energy
consumption. Choosing materials with a high contergnolbodied energy requires an initial
high level of energy consumption in the building producttage but also determines future
energy consumption in order to fulfil heating, ventilation and air conditioning demands [11].
Concrete is an essential reported construction raateith the global annual consumption of
1 ton per capita [12]t has been identified as a carbon intensive mateviale cement being
the key component of concrete as it is responsibl&{d% of the world’s carbon emissions
[11]. The on-site construction process is another sodrcabon emission, mostly contributed
from fuel consumption in material transportation anévyeequipment, waste treatment
management and embodied carbon in temporary matetls [

There are varioudactors that influence the impact of the building construction on the
environment and the responsibility is shared by owners, alemed, architects and engineers,
finance institutions, government authorities, contractoasenal suppliers, labourers, tenants,
building managers, operation and maintenance personneycleex salvagers, and
landfill/incinerator managers [14]. Designers (architects and engineers) have an impootan
the selection of materials and construction systems.

When it comes to flooring systems, Lopez-Mesa et al. fl&med that for the case of
residential buildings, the environmental impact of a stmgctvith precast hollow core concrete
floors is 12.2% lower than that with castsitu floors for the defined functional unit using the

life cycle analysis (LCA) methodology. Dong et al. [14hqmared the carbon emissions of
precast and traditional caistsitu construction methods based on a case study of ateriv
residential building in Hong Kong and performed an LCA studydaosider the system
processes from cradle to end of construction. The casgrawas conducted based on eight
scenarios at four levels, for example, cubic meteciaia, precast facade, a group of facade
elements, and an entire apartment. It was found that goagirconstruction method can lead
to 10% carbon reduction for one cubic meter concreteodaill al. [16] stated that the use of
precast method could lead to 52% of waste reduction and 70%bartformwork reduction.
Wong and Tang [17] compared the precast andigastu concrete with the system boundary
from ‘cradle to site’ and concluded that the precast method can reduce carbon emissions.
Dobbelsteen et al. [18ound that for the case of office buildings, energy consumption during
building operation accounts, on average, for 77.5% oétiveronmental impact, whereas the
use of building materials is responsible for 19.5%. It ais® found that the supporting
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structure is responsible for almost 60% of the environmdntphct caused by building
materials. Therefore, the supporting structure is resplenfr about 11.7% of the whole
environmental impact. Rezet al. [19] investigated three types of block joisted flogri
systems (concrete, clay, and expanded polystyrene (BEIB&s) using life cycle analysis
(LCA). The selection of three sustainable flooringteyns in Tehran (Iran) was based on the
triple-bottom-line (TBL) sustainability criteria. Analgal hierarchy process (AHP) is used as
a multi-criteria decision making technique that helps toeggge the impacts of proposed (sub)
criteria into a sustainability index (SI) through a fiexédl hierarchical structure. The detailed
analysis shows that the EPS block is the most sustaisahigon for block joisted flooring
system in Tehran.

Moreover, the use of lightweight materials in variapgplications adds great advantages when
compared to heavyweight construction, such as in parttais as it has been proven that
they constitute to the higher contribution of the olfenaterial inputs in the built environment
[20]. A new lightweight sandwich membrane (new lightweigéttition wall) was recently
developed and evaluated using the LCA methodology, which carspifie environmental,
functional and economic life cycle analysis. Two refieee partition walls were used to
compare wih new lightweight partition wall to identify the advantagéshe new lightweight
partition wall: (i) the traditional heavyweight partition Wétollow brick wall); and (ii) the
lightweight gypsum panels wall (plasterboard wall). Fromen ¢comparison, it was found that
the new lightweight solution could be more sustainable bwth standard solutions of hollow
brick partition walls (HCM), and plasterboard partition iw#@LRP).

In conclusion, the environmental impact of constructi@amals does not only depend on the
material itself but also the way the components arerppliaice, its maintenance requirements
and system’s longevity, the travel distance from purchasing to the site, etc. [21]. This means
that the selection of materials and the design o$thetural system requires a rigorous LCA
study. As Malin illustrates [22], this type of evaluation isagk for expert scientists and
consulting companies specialised in the environmental impewe calculation of the
environmental indicators (Life Cycle Impact AssessmeniCIA) requires the detailed
appreciation of the life cycle inventory databases, ésihgdheir composition and the critical
inclusion of the system boundary and allocation rule§ [23

When LCA is applied to study a building, the product studigtiasbuilding itself, and the
assessment is defined according to a certain level whivetitins all material processes. This
level is called ‘“whole process of building’” and there is a plethora of available tools to work
at this level, suclas BREEAM, (UK) [24. When the LCA is applied to study a part of the
building, a building component or a material, the levetadled ‘‘building material and
component combination’ (BMCC), and at this case, it is important to recognize ¢meponent
impact equivalent according to the functional unit of thédimg. The functional unit could be
one of many (e.g., fnn? internal space, fneach, number of occupants, etc.) in the cdise o
whole building LCAs. The most commonly used functional umihe life cycle assessment of
buildings is square meter floor area [24]. It is import@nnhote that all the environmental
impacts calculated within one LCA study should refer toctiwsen functional unit.

There are a few available life cycle inventory (LCI) datses such as ATHENA, Ecoinvent
version 3.4, and AusLCI [25]. The most recognised datalfasesaterial embodied energy
and carbon dioxide in the UK is the Inventory of Carbaoth Bnergy (ICE) Beta 2, developed
by University of Bath [26]. ATHENA is the most suitable fage in the USA and Canada, as
it contains the most comprehensive database of Amepicatucts and processes. Ecoinvent
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contains Swiss and European product and process data. Data qualiBA studies on
buildings is a major concern due to the high rate of chandehigh technical improvements
in the building industry. Therefore, the age, regionaliorgnd accuracy of the inventory data
influence the accuracy and validity of the studiesn&@or focus over the last two decades in
Europe, Canada, and the USA has been to produce region<p€tiiatabases.

2. Objectives

This paper studies the ecological impacts of three typ#saring systems used for internal
floors in buildings and they are evaluated using TRACI methdfirst type of the flooring
system, Cofradal 260mm floas a solution used with the Composite Slim Floor BeaoSFB)

in residential buildings. The second type, hollow coregseftoor, is used with slimflor beams
and ultra-shallow floor beams in residential buildings.e Tihird type is a proposed
prefabricated flooring systemwhich is developed along with the LCA methodology in terms
of the materials selection (i.e., lightweight comerand thin-walled steelfFigs. 1, 2 and 3
depict the sections of the examined flooring system2& 29, and 30]. The recently proposed
flooring system [2930] is also designed in a way to have an efficient tratespan and
installation capacity.

Reinforced

concrete
Metal deck

Insulation C30/37
material\ \

Ax

: &

AN IR

Figure 1: Cofradal 260mm floor section [27]

250

1200
Figure 2: Hollow core precast floor section [28]

30x76x26PFC  Lightweight concrete Reinforced lightweight Studs shear
r r finishes concrete ribbed slab /Gonneclors

2000

Figure 3: Prefabricated ultra-shallow flooring system (PU2$) 30]
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3. Integrated environmental-economic performance
3.1. Environmental performance (LCA)

A cradleto-grave approach was adopted for the LCA study to determmerthironmental
impact of the three aforementioned distinctive typesladring systems considering the
following stages; raw materials acquisition, product ufacture, transportation, installation
and eventually recycling and/or waste management. The usesamemance stage (operation
stage) is not included in this study due to lack of infoimna&bout this stagd.he framework
of the LCA study is shown in Figure dnd is consigd of four major steps:

e Step 1: Identify scope, define the boundaries and the functiomal u

e Step 22 Model the processes and resources involved in the product
system, collate the Life Cycle Inventories of thgsecesses and
resources and generate any new inventories required.

e Step 3. Analyse the life cycle impacts in terms of mid-gsiimpact
categories) and end-points (system categories).

e Step 4: Evaluate and interpret results as well as generagpatrfor
decision making.

Most LCA methods employ the principles of the InternaldStandards Organization (ISO)
series, which are known as the series 14040 within the moe¥ad8O 14000 series on

environmental management systems [9]. These documents@dsur general steps that have
to be carried out in any LCA:

(a) Initially, the researcher composes the aims, bowgjaaind limitations of the study, and
sets significant assumptions - generally definitions ystesn boundaries, such as the full
lifetime of the product or one phase of its manufacturiagctional units such asof floor
area,; quality of the data, etc. All these assumptions dhmukpecifiedt this early stage, as
they determine the direction of the study. The study willdsesseih the interpretation stage.

(b) Life cycle inventory is the second step of theAL@ includes the collection of the data and
calculation methods, and it is considered as the msiriant and time-consuming stage since
this data will be the basis for the study. It has k#em connected with the scoping exercise as
the data collection, and other cases may lead to nédmfi or refinement of the system
limitations. For instance, the lack of data may reisutthanging the objectives or the scope of
the study. Therefore, data completeness is pivotal. dyitde inventory phase (LCI) usually
uses databases of building materials and component ctiobis

(c) The impact assessment evaluates potential environmeaptacts. The purpose of this
phase is to estimate the importance of all environmentaelms obtained in the LCI by
analysing their influence on selected environmental loads.

Impact assessment is used by the ISO series 14040 [31-33] totehiaeaand normalize the
environmental impacts. The first stage of the life cycleaot assessment is to select the impact
categories, category indicators, and characterizafiognext stage is to assign the LCI results
to the selected impact categories and the last stagépleslthe inventory results by the
characterization factors. Impact categories are dividedwo types; the midpoint categories
and the endpoint categories. Midpoints are concernedemitlionmental problems whereas
endpoints are concerned with the damage that these eneintalmproblems can cause. In ISO
14042 standard, a distinction is made between obligatory etepsich as theassification

5
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and characterization, and optional elements, suchoasatisation, ranking, grouping, and

weighting. According to 1ISO 14042, the general framework of ayitde impact assessement
(LCIA) method is composed with obligatory elements &fasation and characterization) that

convert LCI results into an indicator for each impeategory that leads to a unique indicator
using numerical factors based on value-choices.

(d) The final stage in the LCA is the interpretatisjch aims to analyse the results and reach
the conclusions through explaining the boundaries and provigiogmmendations. These
recommendations are based on the outcomes of the gsgyiase of the LCA or LCI study.
Life cycle interpretation also intends to provide asily understandable, complete, and
harmonious presentation of the results of an LCA dt@Instudy, in agreement with the scope
definition of the study.

Environmental-

Economic
Performance
Environmental Economic
Performance Performance
Inventory Impact ; .
H Goal and Scope“[ Analysis M[ e M{ Interpretation M{ Life Cycle Cost}

I

Fossil Fuel _
Depletion First Cost Future Cost

Dioxide

Figure 4: Overall performance steps

2.1.1. Existing Standards for LCA

Life cycle assessment is standardised through a rdn§®©adocuments which include:

e |SO 14040: 2006 [J1Environmental management-life cycle assessment - iplesc
and framework. This standard outlines the major steps inGAeprocess but does not
describe the LCA technique in detail.

e |SO 14044 2006 [3ZEnvironmental management-life cycle assessment-Requiteme
and guidelines. This standard supports ISO 14040 with more détails @ach step of
the LCA.

e |SO/TR 14049: 2012 [33Environmental management - Life cycle assessment-
lllustrative examples on how to apply ISO 14044 to goal and scdpetida and
inventory analysis. This standard particularly shows theek&ayents of the inventory
analysis phase of LCA.
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2.1.2.Scope

The scope of this research is to evaluate a ney fuéifabricated proposed flooring system
and compare it with the current statiethe-art sustainable flooring systems.

2.1.2.1 Functional Unit

The functional unit is the unit of comparison in the LRIthis study, one square meter(m
of flooring systemfulfilling similar requirements regarding a live load of 2kN/m and a span
of 7.8m is chosen. This is chosen according to the maxispan of Cofradal slab which is
7.8m and can take a live load of 2kN/ritherefore, the same live load was applied for all
studied flooring systems and with the same span regarttiegscapacity. All emissions,
energy consumption and materials are based on thisdoatunit, e.g. MJ/rhy kg CQe/n?
etc.

2.1.2.2. System Boundaries

The system studied includes the entire life cycle ofltiwging systems listed above, including

manufacturing of building materials, construction, operatand demolition. Transportation

for each life cycle phase is also included. The impacgoais studied are Embodied Energy
and Global Warming Potential (GWP).

2.1.2.3. Definition of Impact Categories and Calculations Methodology

The scope step also includes the specification for which ingaéegories are to be covered in
the impact assessment step. This is typically done bgtegjeone of the available calculation
methodologies. Each methodology defines the impact cagsgthat are used to generate
results. Some methodologies also define a weightingneehey which different impact
categories are combined into more generic results. Tkeala@on methods are classified
according to the regions such as European and North Ame8&déan [

This study is focused on the environmental problems tletflooring systems will cause
during their entire life. Therefore, the LCIA resudi® calculated at midpoint level using the
TRACI method [35].

2.1.2.4. Characteristics of studied flooring systems

Shallow{loor construction is characterized by integrating the steel beam into the slab’s
thickness. The steel section consata hot rolled beam with a welded plate underneath it to
provide the bearing for incoming slabs. The width of thielagplate is larger than the bottom
flange of the hot rolled section, hence the slab elesreamt be easily placed. The shallow-floor
beam (SFB) can beacorporatednto any type of slab. Prefabricated or partially preéaed
concrete slabs can fit perfectly with the SFB; a kjaied safe erection is assured. By using this
type of construction systems the structural depth ofltlee is reduced and thus the overall
height of the building is effectively reduced while the toiainber of floors can be increased
within the predefined allowed building envelopéechanical and Electrical (M&E3ervices
such as cooling and heating devices are quickly installed due ab$lence of down stand steel
beams. However, due to the small beam height, the dekidhe GFB is governed by the
stiffness of the system and hence spans are limited.

A good example odlim-floor constructions the Composite Slim Floor Beam (CoSFB) which

has been based on the development of an advanced ceavgms#kection by using concrete
dowels. This flooring system has been used with the Cd2@@aslab (composite floor slab)

7
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which consistof a cold-rolled metal deck, a thermal insulation layed a concrete layer
which reduces the overall weight of the flooring syst@ris flooring system is fully
prefabricated, hence it reduces the energy consumpt@neRissions, construction cost and
potential site repair and maintenance costs are gfil. hi

Another type of flooring systems which is used with shienflor beams is the hollow core
precast units. This flooring system contains voids thataontinuously along their length,
which helps reduce dead weight and material cost. The oonstr of the hollow composite
precast slab in the site involves further work to completeconstruction, such as placing the
concrete topping layer on site, because it is not a fudyabricated flooring system, thus the
energy consumption, GOemissions, construction cost and potential site repatt an
maintenance costs are still high.

A new flooring system was recently proposed and it isldped at the University of Leeds
along with the methodology of Life Cycle Assessm&i@A) in terms of the selection of its
materials (i.e., lightweight concrete and lightweigtteel) while the benefits of full
prefabrication are exploited [1Z8].

The selected flooring systems include:
« Cofradal 260mm slab

It is constructed using galvanized profiled steel sheetingauiéimsile strength of 320 N/mm?
fitted with a mineral wool insulation layer and reinforcedaete top layer witlC30/37and
reinforcing bars welded on the steel sheeting. This weldingige® a connection point
between the tensioned steel and the compressed cooceatelg a composite behaviour
between the steel sheeting and the top concrete. Tineriwool layer with a density of 50
kg/m?is an effective shuttering bed for the concreting of tde of the slab. This layer is
provided for thermal insulation between levels if needenlist& resistance. The overall depth
of slab is 260mm with a width of 1200mm and maximum span8oh.7This system is a fully
prefabricated steel-concrete composite slab producedusetend ready to be fixed on site.

* Hollow composite precast slab

This is constructed from normal concrete C40/50 with vttids$ run continuously along its

length. The overall depth of the slab is 300mm includimgddncrete topping layer (50mm)
with a width of 12200mm and maximum span of 10.5m. The slfbigcated under controlled

factory conditions. The concrete topping layer is plamedite, on the top surface of hollow
core slabs to create a continuous level finished surfllcerefore, this system is a semi
prefabricated slab and ready to be fixed on site.

* Prefabricated Ultra-Shallow flooring System (PUSS)

The recently proposed flooring system is constructeu ffte concrete floor, which is in the
form of T ribbed slab sections using reinforced lightweight egmge concrete C25/30. The
actual floor system supports finishes layer and thernsailation pads connected with each
other [17 18]. The steel edge beams encapsulate the floor sidie imiddle and connected
with concrete slab using shear connections (studs and gjowhk overall depth of the floor
is 300mm with a width of 2000mm and a maximum span of.1Pns system isa fully
prefabricated steel-concrete composite slab prodimebduse and ready to be diston site.

The proposed flooring system exercises the sustainabpipyoach in the selection of its
components using sustainable materials such as lightiaighregate concrete (Lytag

8
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aggregate or Leca aggregate) and lightweight steel memAarsanalytical Life cycle
assessment of materials for the proposed flooringesystas developed and compared with
the Cofradal slab [17]. From the study it was found thatairoposed flooring system reduces
the embodied energy and embodied carbon by about 17.94% 3aB8&h, 9respectively
compared with the Cofradal slabhe structural performance of the proposed flooring syste
has been proven analytically using the stress block metha experimental campaign
regarding the psh-out tests were carried out in the Heavy Structures atdvgrof the

University of Leeds [1B

The depth for the three flooring systems for a 7.8 nm paax. for Cofradal slab) and an
imposed load of 2 kN/fmpresented in table 1. Figure 5 shofi@v chart of production

boundary for the case study.

Table 1: The characteristics of material inputs for therfhg systems

Thickness, | Overall floor Live load
Flooring systems Description width, span weight N
Dimensions KN/m?
Cofradal260 slab| 260mm
CofradaslligOmm (composite floor 1.2m 2.8 2.5
slab) 7.80m
Reinforced
. 200mmy
Hollow composite concrete floor
, 1.2m 5.1 2.5
slab slab with
o 7.8m
finishing
Composite flooring
system with
lightweight
reinforced
concrete T
: 230mm
PUSS ribbed slab L 2.0m 2.61 2.5
connected with
7.8m
two steel edge
C- channel
beams using
studs and
dowels
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Figure 5 A simplified lifecycle process flow chart showing production
boundary for the case study

2.1.3Life cycle inventory analysis

Inventory analysis is accuratedyantifying the inventory flows with inputs such as the raw
materials, water, and energy, as well as outputs, imgutthe air emissions, releases to land
and water effluents for a product system. In this study, carbon emissions coefficients and
embodied energy coefficients for materials, processas fuels were derived where possible
from the UK or relating to the country of production asveh in Table 2, 3 and 4. A number
of sources and databases were used including:

e The Inventory of Carbon and Energy [30

e Life cycle assessment of concrete, master thas§js [

e CO Emissions and energy consumption during the construztiéoncrete structures [B7

The last two references has been used due to providailed@formation about the embodied
energy and embodied carbon data for concrete demoktiwh operation of construction
equipment from the European counties.

2.1.3.1. Pre-use phase

The embodied energy and air emissions associated wittraction materials during their
extraction, processing, and manufacture representripestaportion of total embodied energy
and air emissions in buildings. Yohanis et al. [38] dematestirthat this is about 78% in a
residential building and about 92% in an office building. SEhégures have nearly a 15%
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discrepancy, mostly arising from a wide variety of bngdmaterials used, different building
size, and their different functions [340, 41, and 42.

2.1.3.2. Use and maintenance phase

Embodied energy and air emissions associated withm#iatenance of flooring system
activities (e.g., refurbishment) were ignored due to lackfofrmation about this particular
stage.

2.1.3.3. End of life phase

The last phase of the flooring system life involvesgynand emissions related to demolition,
recycling processes, and transportation. The emissiongffierstage are mainly owing to the
energy consumption of the mechanical demolition equipn#dl data on energy consumption
of demotion equipment was derived from source B

Table 2: Embodied carbon and embodied energy coefficients
for the production of materials [30]

Embodied Energy| Embodied Carbon
Material Coefficient Coefficient
(MJ/KQg) (kg COe/kg)
Cement 55 0.93
Sand 0.081 0.0048
Gravel 0.083 0.0052
Water 0.01 0.001
Reinforcing
concrete (25/30 0.86 0.132
MPa)
Precast concrete
(40/50 MPa) 0.45 0.029
Concrete (40/50
MPa)( 1.0 0.151
Relnfokr)(;pg steel 17.4 14
Stud/dowel 17.4 1.4
Metal Deck 22.6 1.54
Steel Section 21.50 1.42
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Table 3 Embodied carbon and embodied energy coefficients

for operation of construction equipment [37]

Embodied Ener Embodied Carbon
Equipment Coefficient (MJ ”?r))/ Coefficient
(kg CQeef/hr)
Tower crane of 10( 720 53 23
ton
Pumps 540 46.12
Embodied Energy| Embodied Carbon
Equipment Coefficient Coefficient
(MJI/nP) (kg COe/n?)
Concrete 118 0.2
compactor

Table 4 Embodied carbon and embodied energy coefficients
for the end of life of materials [30, 36]

Embodied Energy| Embodied Carbon
Material Coefficient Coefficient
(MJ/kg) (kg COre/kg)
Steel recycling 13.1 0.75
Relnforcmg.steel 11 0.74
bar recycling
Concrete 0.007 0.00054
demolition

2.1.3.4. Life cycle impact assessment

The LCIA results are calculated at midpoint level ustmg TRACI method [35]. The LCIA
phase was initially focused on the characterization stdphais the following indicators were
considered:

* EE: (Embodied Energy) as an indicator relevant to the total primary Energy resource
consumption;

* GWP: (Global Warming Potential) as an indicator relevant to the greenhouse effect;
Characterization factors for the embodied energy dwiohgwarming potential from TRACI
method are used in this study.

2.1.4Impact assessment of the LCAresults

2.1.4.1. Pre-use Phase
e Manufacturing:

Material embodied energy is related to the acquisitiormaf materials, their processing, and
manufacturing. Paradoxically, Figure 6 demonstrates thathilee flooring systems have
completely different embodied energy global warming paédtiring this stage; the proposed
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flooring system has 817.49 MJXrower than the precast flooring system which has 976.96
MJ/n? and lower than the Cofradal flooring system which has &842.)/n?.

Table 5 presented the embodied energy and global warming pbtdrie studied flooring
systems at each life cycle stage

Table 5 Embodied energy, global warming potential at each life cstelge

Embodied| Global
Energy Warming
Life cycle phase Flooring systems (MJ/n?) Potential
(kg CO
Eq/n¥)
Cofradal260 slab 1142.68 125.11
Hollow composite 976.96 120.56
Manufacture precast slab 817.49 70.40
Proposed flooring
system
Cofradal260 slab 164.11 10.25
Hollow composite 296.96 18.56

Transportation precast slab 138.07 8.7
Proposed flooring
system
Cofradal260 slab 1152 73.79
Hollow composite 1238.06 81.20
Onsite construction precast slab 720 46.12
Proposed flooring
system

Cofradal260 slab

. Hollow composite 3.67 0.28

Demolition precast slab Proposed 4.07 0.31

) 3.94 0.304

flooring system
Cofradal260 slab
Hollow composite -363.60 -22.68
Reusability precast slab -33.66 -2.26
Proposed flooring -329.96 -19.15
system
e Transportation:

Embodied energy and global warming potential of materiabprartation includes herein the
fuel combustion arising from the transportation of mate by diesel fuel truck 20 ton from
manufacturing plant to the construction site. The prariation distance considered for the
flooring systems was 100 km according to (ICE) Beta 2.[Bb¢ values for Cofradal slab
transportation impacts are 164.11 M3/@96.96 MJ/rf for the hollow composite precast slab
values and 138.07 MJAfor the proposed flooring system - representing approgin@es of
total embodied energy.

Vukotic et al. [43], reported that the value for transgantaof materials to the construction
site may vary between 7% and 10% of total embodied engadpalza [44], demonstrated that
this valueis approximately 6% of the total embodied energy. In this paperyalues for
material transportation is 7% of total embodied energy.
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¢ Onsite construction equipment:

The construction and erection of building assemblies rede use of a range of manual and
power operated tools and equipment such as compressorsyedaess, and drills [45]. The
values of embodied energy and air emissions of relg@gment are derived from source
[37].

Figures 6-9 depict the Embodied Energy, Global Warming Patesitithe studied flooring
systems.

1500

& Cofradal

1000 slab

m Hollow core

precast slak
500

Proposed
flooring
system

Embodied Energy (MJ/fh

|

o

-500
Manufacture Transportation  Onsite Demolition Reusability
construction

Life cycle phase

Figure 6: Embodied Energy by life cycle phase
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Figure 7: Embodied Energy by flooring systems

2.1.4.2. End-of-life

End-of-life embodied energy accounts for impacts associatéd bwilding demolition,
including waste transportation and reusability potential. ther paper, the ICEnventory
provides information about the reusability values of buildimaterials. For steel beam and
metal deck, approximately the 95% can be reused for fudifitemvhile the 5% is lost and goes
to landfill. Regarding the reinforcement bars, &% is reusable. Concrete has been only
considered at the demolition stage [37], as no informatms been provided by the ICE
inventory[30] with regards to its demolition and recycling method.

Energy consumed during demolition stage proved to be teeifeportant parameter of the
building’s life cycle. Any change in demolition practices does not have a dimgzadt on the
reduction of air emissions associated with it due to thegmal value of energy consumed
during the demolition of flooring systems.

As it was aforementioned, the recycling prodsssonsidered for the steel components only
due to uncertainties associated with the prediction ofretececycling. The embodied energy
was 363.60 MJ/f 33.66 MJ/m, and 329.96 MJ/M#Ator Cofradal260 slab, hollow composite
precast slab, and proposed flooring system, respectiviig. highlights that the endf-life
reusability can play a significant role in the embodiedrgy analysis and the reduction of air
emission. However, it is worth to note that the predictibfuture demolition seems to be one
of the major difficulties in the selection of thedb method for waste management.
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Figures 8 and 9 show a breakdown of Global Warming Potenteddiyphase of the life cycle
of flooring systems. Proposed flooring system emits tbsn 60% of the emission of the
Cofradal260 slab, and less than 65% of the hollow comppteast slab. This is due to the
energy intensity of reinforced concrete with high cenocemtent.
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Figure 8: Global Warming Potential by life cycle phase
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Figure 9: Global Warming Potential by flooring systems
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2.2.  Economic performance (LCC)
2.2.1lmportance of LCC

It is important that the fundamental arguments supportiagli€le costing, its core principles
and the restrictions on how it can be used, are understoedeyone involved in scoping,
designing, and delivering the project. For public sector procurgriee government has set
out a policy of making decisions on the basis of bdsievather than lowest initial cost, which
is the essence of life cycle costing. This is empkhkdsis the UK Construction 2025 strategy
document dated July 2013. By working in partnership, the constnuetidustry and
Government jointly aspire to achieve, by 2025, a 33% reduatidsoih the initial cost of
construction and the life cycle cost of asset§.[46

The economic analysis of building design solutions causbked in two different ways. When a
range of possible designs is still being considered, thercyi€le costing can be used as a
comparison tool to work out the life cycle costs of edesign as a part of the decision-making
process and select the best alternative. LCC carbalssed for predicting and assessing the
cost performance of constructed assets (ISO 15686-5:2008) [47]

2.2.2 Existing standards for LCC

An international code of practice for life cycle aogtis provided by ISO 15686-5 [48] in
relation to the built environment. This code is para gkries of standards covering service life
planning, the long-term understanding of building elememisiponents, and equipment.QS
15686-5 makes the distinction between life cycle costingnuade life costing, here explained
in Figure 10

According to the ISO definition, life cycle costing inclgdde initial construction and through-
life activities associated with a built asset while vehdife costing also includes non-
construction activities and income generation sucheaeiving rent from tenants. The
implication is that life cycle costing will be morelevant to designers, contractors, and facility
or asset managers, whereas whole life costing will bes rappropriate to owner-occupiers,
developers, and landlords.
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Figure 10: Definitions of whole life cost and life cycle thased on
ISO 15686-5 [43]

2.2.3Discount Rate selection

The discount rate is a fundamental characteristibefinalysis. The same discount rate must
be applied to all the models within the analysis sottieatomparison is valid-his rate reflects
the time value of money, which is used to evaluate futosts in relation to present costs,
accounting for the prevailing interest rate and (indirg¢tlg inflation rate.

Therefore, the discount rate is variable in timetHa UK, theTreasury (UK government
practice) rulespecified a discount rate to be used for a given yearasimates are established
in other countries [48J-or the life cycle costing on public sector projects, aalist rate of
3.5% per annum is stipulated by Treasury rules for alleptsjup to 30 years. For longer
timescale and public sector projects typically infrastructomédings, a series of lower
discounts rates are applied to different project years. Sibhdy used a 3.5% discount rate for
0-30 years, in line with the UK government practice.

2.2.4.Study period selection

The study period is another fundamental factor in the difcle cost analysis. The usual
situation is that a single study period is applied tohallaliternatives being assessed. There are
special circumstances when different study periods aréedppl different alternatives, but in
this study, the calculated results must be presenteguagalent annual costs. The study period
may be defined by the client or may be proposed by thegbriam. As shall be seen, the
outcomes of life cycle costing can be extremely semsit the study period, and the choice
should always be backed up with a strong argument. For nédvdsuefurbishment projects,
study periods of between 15 and 25 years are commonly used, et @mmshorter periods
can be used. Shorter periods may be used for projeatsroea with building services systems
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577  orinterior fit-out. For the life cycle costing béiilding services installation, the life expectancy
578 of the equipment is often used as the study period. Lopgdods may be used for
579 infrastructure works. In all casahe study period should be informed by the client’s business

580  plan.

581 2.2.5Costs data collection

582  The construction costs have been derived from a comnuustry reference which is the
583  SPON’s price books [49].

584

585 2.2.6Calculations of LCC

586  Similar to the environmental (LCA) studies, LCC studieslife cycle of a product to evaluate
587 its economic influence. It estimates all relevantstsoincluding construction, use (i.e.,
588  operation, maintenance, repair, and replacement) andfdifelwaste management (disposal)
589 throughout the life period at their present value (PVhdsj. (1). Future costs (i.e., operation,
590 maintenance, and disposal) are calculated using Eq. (Prdsent values at an estimate of
591 future inflation, and are then discounted using Eq. (3) to present value at &lsuitscount
592 rate. In this paper, the construction cost and @Hde costs were considered, the operation
593  cost was not considered due to the lack of informatiothi® operation stage.

594 LCC = Cc + CEOL (1)

595 Where LCC is the total life cycle costs of a flogyisystem, Cc is the construction costs, Cu is
596 the usage costsg6Eiis the end of life costs.

597 FC=PVx (1+ f)" (2)
598 DPV = FC/(1+ d)" (3)
599

600 Where FC = future cost, PV = present value, DPV = discdurgeesent value,
601 f= inflation rate, d = discount rate, and n = number of years.

602  The construction costSc include the costs of the production and transport oftoact®n
603 materials as well as the labour and energy costfiéocdnstruction of the flooring system and
604  developer’s profits:

605

606  Cc = Cemer + Crzon + Cur 4)

607

608 Where Gwmer costs of extraction, production, and transport of construenaterials Ceon
609 labour and overhead costwmiCfuel costs for the machinery used in the constructiothef
610 flooring systems.

611

612  2.2.7Ilmpact assessment of the LCC results

613 The economic performance was evaluated with the beginrfireg pyoduct purchase and
614 installation. The study period ends at a fixed date irfitthee when is the endf-life time for
615 flooring systems. The time value of money was accouintédCC method by considering a
616 real discount rate. This discount rate converted thedutosts to their equivalent present value.
617  The unit costs for flooring system, including installation costs, were extracted from SPON’s

618  price books [50]. The endflife costs were derived from sources [80, and 51]. A 3.5% real
619 discount rate was used to adjust cash flows to presentsvaltiea projection lifetime of 30
620 years [43. Table 6 shows the first and future costs for the analfleeding systems. The
621  construction cost and erad-life cost of proposed flooring system are less thatifeadal260
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slab costs by about 11% and 42%, and less than the comstraioti endbf-life costs of hollow
composite precast slab by about 13% and 19%, respectively. $ijliend 12 show the first
and future costs of the studied flooring systems.

Table 6: First and future costs of flooring systems

Hollow composite precast .

Cofradal slab slab with finishing Proposed flooring system
Construction| End of life Construction| End of life Construction End of life
phase phase phase phase phase phase
F('St Future F('St Future F('S't Future F('S't Future F(lg’t Future F(lg’t Future

(£) (£) (£) (£) (£) (£)
3079| 1097 | 294 | 104 | 2727 972 | 211 75 2676 | 953 171 61
3500
3000 B
2
2500 ¢ & Cofradal slab
@ 2000 %
= = m Hollow core
3 & precast slab
O 1500 ;5‘?
l:‘{'f Proposed flooring
1000 ;;é system
]
500 g
0 ﬁ'.'-. 5 e
Construction/ Construction/ End of life/ End of life/
First Cost Future Cost First cost Future cost

Life cycle phase

Figure 11: First and Future costs of life cycle phase
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Figure 12: First and Future costs by flooring systems

3. Discussion and concluding remarks

The building construction process emits substantial diestof GHG emissions. Various
construction methods generate different amounts of GHG ieméss the construction stage.
Prefabrication is an environmentally friendly alternatte traditional construction methods
(cast in situ construction methods). Its constructemhhologies and processes are different
from those of the conventional one, as well as its @r@sions. This study focuses on semi
and fully prefabrication methods for flooring systemse T®emi-prefabrication method is
represergd by a hollow core precast flooring system with casting in eléiaishing layer,
whereas the full prefabrication method is represghy the Cofradal flooring system and the
proposed prefabricated flooring system (PUSS). Specifjdaily study identifies a calculation
boundary and five energy consumptions and GHG emissiorcesodor semi and full
prefabrication. These include embodied energy and enmb&di€s emission of manufacturing,
transportation of building materials, transportation efstruction waste, transportation of
prefabricated components, and the operation of equipruedtconstruction techniques,
demolition and reusability. In addition, this study alsaestigates the life cycle cost of these
flooring systems including both the construction and @frlife phases. A comparison of these
flooring systems that adopt semi and fully prefabrasaiis employed to illustrate the
differences and characteristics of energy consumpt®HS; emissions, and cost.

The main contributors of embodied energy and embodied GHGiemare the manufacturing
and onsite construction of flooring systems, which actoodor 40.4%. The following
contributors are the transportation of building materéisl transportation of prefabricated
elements, accounting for 5.8%. Results indicate tieaptbhposed fully prefabricated flooring
system reduced 28.45% of embodied energy and 43.73% of embodiede®@id4Gons
compared with the Cofradal260 slab, 168@3af embodied energy and 41.60% of embodied
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GHG emissions compared with the hollow composite precdsiasidhe manufacturing phase.
For the onsite construction, the proposed fully pretabed flooring system reduced 37.5%
for both embodied energy and embodied GHG emissions cethp4th the Cofradal slab, and
53.50% for embodied energy and 53.12% for embodied GHG emissiomzared with the
hollow composite precast slab. For the transportatie@nproposed fully prefabricated flooring
system reduced 15.86% for embodied energy and 15.12% embodiedr@ibKbns compared
with the Cofradal slab, and 52.28% for embodied energy5dn@% for embodied GHG
emissions compared with the hollow composite precait. skegarding the reusability, the
proposed fully prefabricated flooring system has a red9c28% of embodied energy and
15.56% of embodied GHG emissions compared with the Cofradal2ab0 Bhe reduction
percentage in embodied energy and embodied GHG emissiahe fproposed flooring system
compared with the hollow composite precast slab was hipaerthe Cofradal slab for both
transportation and onsite construction phases basdusoteta analysis. This is related to the
fact that hollow composite precast slatas&mi prefabricated slab with a cassitu finishing
layer while the proposed flooring and Cofradal slabs alig prefabricated flooring systems
including the finishing layer; this raises the amountswaf@died energy and embodied GHG
emissions. In contrast, the reduction percentage in éietbcenergy and embodied GHG
emissions for proposed flooring system compared weghQbfradal slab was higher that the
hollow composite precast slab for both manufacturerandability phases. The reason is
based on the use of materials with high intensity obaied energy and embodied GHG
emissions such as rock wool insulation material and ebaevith high cement content.

The key approach to enhance embodied energy and embodied Bis§ioas reduction in
semi-prefabrication are reducing the amount of offsdigting work, making reasonable and
economically efficient proportions of concrete, andelg off-site factories that are near the
projects or material distribution centres. In the fu#fabrication, the main methods to enhance
the reduction in embodied energy and embodied GHG emis&dustion are by reducing the
amount of used concrete by optimising the design of reirdaroacrete through changing the
shape such as using ribbed slab in the proposed flooringrsystducing the use of high
intensity embodied energy, and embod@&HG emissions’ materials - for instance using
lightweight aggregate concrete with lower amounts of cerntent and recycled aggregate
as used in the proposed flooring system, increasing the @fithie prefabricated elements this
will reduce the amounts of embodied energy and embodied @m(Ssions of onsite
construction as in increase in the width of the predoooring from 1.2m to 2.0m. These
aspects will gain increased recognition by more governmedtslents as the competition in
the prefabrication market increases.

The life cycle cost of these three flooring systems also investigated in this study. Outcomes
show that the proposed flooring system reduced 23 ®8the construction cost and 41.83%
of the endef-life cost in comparison with the Cofradal260 slab, 1.87%oo6truction cost and
18.95% of endbf-life cost in comparison with the hollow composite précslab. The
reduction percentage of the cashot too high; this is related to the fact that the lifeleygost
study only covers two phases. Therefore, as a further, waskrecommended to extend the
life cycle cost of this study to cover the whole phases, wgpresents a challenging task in
finding the necessary data for the whole life cycle coaseh from the industry

In conclusion, this study has examined the embodied gaeidyembodied GHG emissions in
the semi and fully prefabrication flooring systems wefstages, the life cycle cost in two
phases. Analysisf the characteristics and differences of embodied graard embodied GHG
emissions between semi and full prefabrication prachiow/s the different sources and factors
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related to emissions. Full prefabrication practice, suchha PUSS system, induces lower
energy consumptions, lower emissions, and lower castpared with the semi and fully
prefabrication construction of other currently used sgstand makes it a good suggestion for
the European building market.
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