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Abstract: Two important factors that have been putin the limelight in the current age are environmental
concerns and sustainable future. The building sector has emerged as an important player in this
matter due to their contribution into the large share of resources and energy consumption as well as
harmful greenhouse gas emission. This paper discusses the percentage of embodied energy (EE) in
two common building wall materials in Malaysia: steel and concrete. Concrete is used in concrete
non-load bearing walls and steel is used to manufacture curtain walls. Although there are more
materials used in the selected case studies, steel and concrete possess the high amount of embodied
energy. Thus, the concrete wall and curtain wall in the lifecycle analysis (LCA) pre-use phase in
high-rise office buildings in Malaysia are considered in this research. GaBi software is used to
evaluate and calculate embodied energy in the case studies. The functional unit for this LCA study
is determined as one cubic meter of concrete non-load bearing wall and curtain wall. In order to
determine the components included in the analysis, input-output flowcharts are created for each
process. The comparison of these walls shows that curtain wall has more embodied energy than
concrete. The highest amount of embodied energy in curtain wall construction for case B is 4873.89 M],
and for the case A is 4851.09 M] approximately. The amount of EE in the concrete non-load bearing
wall for both case studies are the lowest amount, with 278.85 MJ for case A and 280.66 M]J for case B.
Results also show that the manufacturing of materials is the biggest contribution to the amount of EE
at more than 50%, whereas transportation is between 1.83% and 3.77% only.

Keywords: embodied energys; life cycle assessment; pre-use phase; curtain wall; concrete wall

1. Introduction

The construction industry is one of the main contributors to the world’s total greenhouse gas
emissions and it consumes 16% of the world’s freshwater, 25% of the harvested timber and 40% of
produced energy. In addition, this industry also contributes to 40% of global carbon dioxide emission
and nearly the same amount of primary energy use (30-40%), resulting in half of the global greenhouse
emissions (40-50%) [1-4].

Energy consumption is also considered a major concern in the construction sector and it has
been put under the spotlight to tackle global environmental issues. The consumption of energy in the
building sector has been categorized into embodied energy (EE) and operational energy (OE) [5-8].
EE is measured as the total energy that is used to mine raw resources, transport raw materials to the
factory, manufacture new materials, transport new materials to building sites and conserve, overhaul
and demolish buildings [5,9]. Meanwhile, OE is the energy that is primarily used in regulating the
indoor environment of a building through heating and cooling [5,6,10,11].

A number of case studies revealed that there are different fractions and ratios in the amount of EE
and OE. An investigation in Sweden revealed that EE is responsible for 40% of the total energy in the
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lifecycle of building materials and it could be reduced to only 17% [5,11]. The Energy Performance
Building Directive (2002/91/EC-EPBD) provides a clear guideline that supports the efforts of reducing
the emission of operational energy. However, it is prudent to note that the efforts of limiting the
increased emission of EE are an upward challenge since much energy is utilized during the process of
manufacturing of building materials.

As mentioned earlier, the building industry largely contributes to the global greenhouse emission.
In previous studies, researchers focused on the OE and they succeeded in reducing it. Other researchers
focused on EE that contributes largely to the total energy consumption in the life cycle of buildings.
Most researchers measured and compared EE in main building materials and building components
such as reinforced concrete. However, there is no specific study for evaluating and comparing EE
specifically for non-load bearing walls. Research presented in this paper concerns the amount of EE in
concrete non-load bearing walls and curtain walls in Malaysia. The result of this study is consistent
with findings of another research done by Ramesh, T. et al. in 2010 [4]. Their study shows that the
amount of EE in steel frames are much higher when compared to concrete [4]. The outcome of this
research on the other hand, shows that the amount of EE in curtain wall is higher than in concrete wall.
Results of both case studies through this research indicate that the manufacturing of materials has the
highest amount of EE. In addition, the life cycle analysis methodology used could be implemented in
other studies to estimate EE in different building materials.

This research utilizes LCA and focuses on the pre-use phase that are discussed in
Sections 1.2 and 1.3 in this paper. Related works to embodied energy are reviewed in Section 1.1.
Materials and Methods of this study are covered in Section 2. Results and discussions are presented in
Sections 3 and 4. Then, conclusions are provided in Section 5, where some recommendations to reduce
the amount of EE are suggested.

1.1. Embodied Energy in Materials and Building Type

EE in buildings is defined by eleven parameters [9]. These parameters include materials, system
boundaries, the method of EE analysis, geographical position of the study, primary and delivered
energy, the age of data sources, the source of data, data completeness, the technology of manufacturing
processes, feedstock energy consideration and temporal representativeness [9]. Utama, A. et al. [12]
presented how material selection influences EE. Cabeza, L.E. et al. and Dixit, M.K. et al. [5,9] surmised
that there is an increase in EE because of the materials used in the construction of buildings. It should
be noted that materials chosen in the erection of a structure play a crucial role in the calculation of the
total amount of EE. There is no doubt that different ways to manufacture building materials and type
of fossil fuel used lead to a different level of EE in those materials [8,9,13,14]. With that being said,
the most prudent step in the efforts of decreasing building energy consumption is to utilize building
materials that encompass a low EE. As a result, choosing building materials must be considered as an
important factor [14].

The construction of buildings demands the use of various materials. This is parallel to the fact
that the total amount of EE in different materials is not the same as one another. This deduces that
each material comes with their own set of properties and life spans that sets them apart from each
other [4,12]. The analysis of various case studies revealed that despite the fact that some materials
embody a small amount of EE, it does not translate to having a low life cycle energy [12]. In research
carried out in India, the amount of EE in adobe-made houses was calculated. The sum of EE in these
houses was reduced by 50% when they were compared to typical concrete-made domiciles. The adobe
residences were constructed with locally available materials such as soil, sand and low energy-intensive
materials. As stated earlier, the materials and the transportation of materials contribute to the emission
of EE. By using locally available materials, the EE emission could be easily reduced [4,15].

It is an undeniable fact that the selection of materials used in the construction of buildings is a
contributing factor to the amount of EE [11]. Utama, A. et al. [12] discussed the impact of material
selection on the total amount of EE. Cabeza, L.F. et al. and Dixit, M.K. et al. [5,9] deduced that due to
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the effect of building materials on EE, there is an increase in EE against OE in the life cycle of a building.
Thormark, C. [11] also highlighted the amount of EE that can be manipulated with prudent selection of
appropriate materials. Concrete is one of ubiquitous materials in the building industry [16-18]. There is
a high demand in the use of concrete due to its low cost [16,17,19]. Recent reports show more than
26.8 billion tons of normal concrete are manufactured yearly [17,20]. However, the energy consumption
and greenhouse gas emissions are high during the manufacturing and transporting of concrete [16].
Previous reports show that 7% of the CO, emission is related to cement production [16,21]. A study in
Hong Kong by Chen, et al. [22] presented that steel and aluminum have the highest amount of EE in
residential buildings. Their results showed that more than three-quarters of EE used in residential
buildings is related to steel and aluminum [22]. It has been calculated that the percentage of EE
emission could be reduced between 6% and 17% with smarter or greener choices of materials [5,11].
With that being said, a good method in reducing the energy consumption is to use building materials
that have low EE [14]. One way to reduce EE in building materials is to decrease the level of energy for
material’s construction [8,13]. Furthermore, the durability of materials and local availability are two
significant factors in the account of EE [23]. The analyzed data of a case study in Sweden concluded
that EE has a share of 40% of LCA and the choices of suitable materials could pivot in the reduction
or the increment of EE from 6% to 17% [5,11]. The calculated sum of the manufacturing energy from
building materials makes up one-third of the total energy consumption in a 50 year building life
span [24,25]. Therefore, the choices of building materials should and must be considered as a pivotal
factor [5].

A significant proportion of building materials in residential buildings is related to building
envelopes. Take walls for example, it has 46% of this proportion and it is the highest fraction, when
compared to other elements of a building [12]. The range of life cycle energy that is generally found
in conventional residential building is quantified at 150-400 kWh/m? each year and the range for an
office building is quantified at 250-550 kWh/m? each year. The life cycle energy consumption in office
buildings are documented to be higher than housing buildings [4]. Numerous preceding investigations
deduced that EE in residential and office buildings are 78% and 92%, respectively [1,26-29]. The choice
of building materials, the size of buildings and the functions of buildings affect the difference of EE
consumption between office and residential buildings [4]. Ramesh, T et al. [4] claimed that in the
construction of office buildings materials such as concrete and steel are frequently used, whereas
in the residential structures, timber are more often used. This difference in the use of materials
leads to the variance in the amount of life cycle energy consumption between an office building and
residential building.

Considering high EE emission in office buildings, this research aimed to determine the amount
of EE for main building materials such as concrete and steel in high-rise offices. After case studies
were selected, the EE from cradle to gate through LCA was evaluated using the GaBi Education
version software.

1.2. Life Cycle Assessment (LCA) Method

LCA is a decision support and modelling tool that is used to measure and evaluate the
environmental effects of products, construction activities and the manufacturing process [27]. LCA is
an operative tool that evaluates varieties of the environmental effects from energy utilization to
materials [27,30]. Itis also used in the building industry to optimize the manufacturing and construction
processes [31,32]. Life cycle studies are important as they place an emphasis on energy and materials
utilization and their environmental impact [33]. LCA is a practical tool that researchers apply to compare
and estimate building materials [27,34]. It is evaluated upstream involving the extraction of raw
materials, the manufacturing and producing materials as well as their transportation, and downstream
involving demolition and destruction of a component, materials and product [4,35].

In terms of methodology, there is a variety of LCA tools, which are determined and developed to
calculate environmental evaluation. These tools are divided into three levels. The first level is made up
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of comparison tools. The second level is the Whole Building Design Decision or Decision Support
Tools. Last but not least, Level 3 is the Whole Building Assessment Framework or System. Software
such as GaBi, SimaPro, TEAM and LCAIit are often used in Level 1. As for the Level 2 calculations,
tools like LISA, Ecoquantum, Envest, ATHENA, BEE are utilized. For Level 3, BREEAM, LED, SEDA
are considered instead. There are some databases which are used for environmental assessment such
as CML, DEAM TM, Ecoinvent Data, GaBi 4 Professional, IO-database for Denmark 1999, Simapro
database, the Boustead Model 5.0 and US Life cycle inventory database [36-39]. There are different
tools and databases that consider the facets of users, applications, data, geographical location and
scope [36].

Previous studies and literature considered and utilized LCA methods in the calculation for
fully built buildings’ life cycle. One previous investigation picked a dwelling in Michigan as a case
study and the energy and environmental impacts of this home was calculated [36,40]. In addition,
one research in Sweden measured life cycle of four residences using LCA [36,41]. Another study
compared and contrasted three types of houses in different geographical sites in France [36,42]. Another
study [43] utilized the LCA method for a new varsity building campus in which the area was 7300 m?.
The inventory analysis for this building revealed that nearly 60 building materials were used in its
construction phase. The conclusion of this study showed the total primary energy of the material
phase is 51-106M] over the building life cycle [36].

Primary and secondary data collection and modelling are included in LCA calculations. Primary
data is measured and modelled for catching a product or service in LCA. Secondary data is collected from
literature, open sources, data base in software and national and international sources [44,45]. One of the
software that is used in the evaluation and the modelling of LCA is the GaBi software [32]. One previous
study [44—46] used the GaBi software as the main basis for evaluating and calculating probable
environmental impacts as well as the maintenance of traditional ballasted and bitumen-stabilized
ballast (BSB) track-bed. In another study using GaBi, the values of each impact group were evaluated at
the mid-point level and derived conclusions through the application of the ReCiPe impact assessment
method [25,44,47]. It should be duly noted that climate change, fossil fuel depletion, freshwater
ecotoxicity, freshwater eutrophication, human toxicity, marine ecotoxicity, marine eutrophication,
metal depletion, ozone layer depletion, particulate matter formation, terrestrial acidification, terrestrial
ecotoxicity, water depletion and primary energy demand are considered as the impacted categories.
Different results are presented after evaluating and calculating the value obtained from LCA by
considering each above-mentioned category [44].

In matters of calculations and measuring the products’ life cycle, there must be a standard that
sets precedents and used worldwide [48]. The International Standard Organization (ISO) [49] is a
unique standard used world-wide for many investigations containing LCA [48].

The life cycle of a building is divided into three phases which are the pre-use phase, use phase and
post-use phase (end-use phase) [35,50,51]. Categories of raw materials, the process and products of new
materials make up a large fraction of EE. The pre-use phase includes the extraction of raw materials,
material transportation to the factories and site and the manufacturing process [35]. Refurbishment,
maintenance, repairing and repainting are related to the second phase or the use phase [27]. Building
destruction, transportation of waste materials and reusability potential are calculated for the end of life
phase of LCA [27]. Figure 1 shows pre-use, use and end-of-use phases in LCA.



Buildings 2020, 10, 79 50f 16
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Extracthn Produce' new Manufacturing Maintenance, Demc?lltllon of
raw materials materials replacement building
Transportation Transportation
raw materials new materials
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Figure 1. Pre-use, use and end-of-use phases in life cycle assessment (LCA).

LCA method was used in this research with a focus on the pre-use phase which includes
transportation of raw materials to factories, making new materials and transportation of the new
materials to the construction site. The pre-use phase is made up of factors such as diesel for
transportation of raw materials and new materials, energy for making new materials, energy
consumption and type of materials. The energy consumption in the production of concrete and
curtain walls in factories are covered in this phase. For this study, GaBi Education version was used to
calculate and evaluate EE. The GaBi database was used as secondary data set in this phase. This is
because the calculation of energy consumption during the production of new materials in factories is
not possible. Therefore, based on previous research done by others, the authors conducted LCA that
involved many steps as detailed in the next section.

1.3. Goal and Scope of Life Cycle Assessment

Purpose, limitation, system boundaries, the basis of information, audience, functional unit and
characteristic are matters that are related to the goal and scope phase of LCA [27,52]. The goal of this
study is to compare the amount of EE in concrete non-load bearing walls and curtain walls in two tall
office buildings in Kuala Lumpur which has not been done before. The significance of this study is to
show the importance of material selections on the total amount of EE involved in building construction.

2. Materials and Methods

There are four significant stages for the LCA method: Firstly, goal and scope definition, the second
stage is life cycle inventory, the third stage is life cycle impact analysis and the last stage is the
interpretation of results [27,35,48,52]. The third stage, life cycle impact analysis is beyond the scope of
this study. Figure 2 shows the LCA phases and stages.
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Figure 2. Life cycle assessment (LCA) phases and stages. * Is beyond the scope of this study.

In order to carry out the calculations, GaBi Education version software (GaBi from now on) was
used to calculate the amount of EE in the pre-use phase involving the definition of scenarios, input and
output of materials, material manufacturing processes and transportation of materials. A partial
amount of the information was procured from the GaBi database while the remaining information was
collected through interviews. The transportation of raw materials from the factories to the construction
sites are dependent variables in the scenario manipulations using the GaBi software. Table 1 displays
the primary and secondary data in this study.

Table 1. Primary and secondary data.

Data Item Source
n Distance between the mines and factories
] Distance between the factories and site . . .
. Interview with architects,
m  Type of material .
. . . contractors, internal control
Primary data ] Amount of each material that are mixed

managers, project managers and

together to manufacture new material . .
managers in factories

n Amount of each materials to have 1 m? of
specific walls (construction)

Embodied energy of all materials in

. . GaBi database
material manufacturing

Secondary data

2.1. System Boundaries

System boundaries play a pivotal role and are usually dependent on the scope of the study.
All LCA phases are included in the system boundaries in some studies while used materials could also
be considered as system boundaries for all or just one of the phases [32]. In this study, emphasis was
given to the pre-use phase that covers the transportation of raw materials and new materials to the site
as well as the construction of new materials. GaBi has the ability to compare EE in the case studies
that have different distances and type of materials as well as use different transportation methods.
Figures 3 and 4 display plans for concrete non-load bearing wall and curtain wall in GaBi, respectively.
In this research, the pre-use phase is considered as system boundaries. Raw material extraction and
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gate to the gate (as shown in Figure 1) are exempted because human power is used for this purpose
and that it is not something that could be measured justifiably.
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The functional unit in this research is defined as comparing 1 m® of each concrete and curtain wall
construction in the two tall office buildings in Kuala Lumpur, Malaysia.

2.3. Case Studies

There are some important deciding factors in selecting the case studies such as the office buildings
must be high-rise and built using concrete and curtain walls, as well as being under construction.
This is because after construction, obtaining information such as building material manufacturers and
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suppliers becomes challenging and restricted. In a preliminary selection of case studies, some buildings
were removed because they did not meet these requirements. After that, random sampling was used,
and the two case studies were chosen.

Both chosen office buildings were built with curtain and concrete non-load bearing walls among
other building materials. Case study A has 26 office floors, two ground floors and six parking floors;
all office units have the same interior design. Case study B has 28 office floors and six parking floors;
all office units have different interior designs. Information and data for primary data set in LCA
were collected through interviews involving architects, contractors, internal control managers, project
managers and managers in factories. Construction drawings and bill of quantities were some of the
references for information. Since the policy of companies and factories do not allow the publishing
of some information, GaBi database was used as secondary data in LCA and few assumptions were
made. The building material specification of both curtain wall and concrete non-load bearing wall
constructions were identified from architectural drawing obtained for the two case studies. Then the
same building materials were chosen from GaBi database to quantify their EE in order to complete
the LCA.

2.4. Inventory of Materials Stage in Pre-Use Phase

As earlier mentioned, the pre-use phase has a several influencing factors such as fuel for
transporting of raw materials and new materials, type of energy for making new materials, energy
consumption and type of materials. The calculation of energy consumption in the production of
new materials in factories are not possible, so the GaBi database was used as secondary data instead.
Other information was collected from interviews such as how much of each material is needed to
be mixed together in the making of new compounds, materials used in the construction stage and
the distances between locations (in the transport of materials from factories to the construction site).
The main difference between these two case studies are the various distances travelled which is also
considered a dependent variable. Waste produced throughout the manufacturing of materials was not
considered due to the lack of information. Tables 2 and 3 list the amount of each material used in the
construction of concrete and curtain walls respectively.

Table 2. Input and output materials of the concrete non-load-bearing wall.

Set ! No Input Materials Weight Output Materials

1 Limestone 15.2 KG
2 Iron ore 1.64 KG

1 3 Silica sand 515 KG Cement—234KG
4 Aluminum foil 0.23 KG
1 Cement 234 KG
2 Water 34.1 KG

2 3 Gravel 88.1 KG Ready mix concrete—213 KG
4 Sand 55.4 KG
5 Crude oil 3.1 KG
1 Carbon black 0.088 KG

3 2 Iron 3.78 KG Steel rebar—2.4 KG
3 Hard coal 1.98 KG
1 Ready-mix concrete 213 KG 3

4 2 Steel-frame construction 24 KG Concrete wall—1 m

1 Each set indicated raw materials that were mixed to manufacture new materials.
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Table 3. Input and output materials of the curtain wall.

Set No. Input Materials Weight Output Materials
1 Lime 2.04KG
2 Electricity 17.6 M]
1 3 Bauxite 118 KG Alumina—44 KG
4 Sodium hydroxide 3.3KG
5 Bituminous coal 0.23 KG
1 Alumina 44 KG .
2 2 Electricity 989 MJ Aluminum—13.8 KG
1 Lime 0.00015 KG
2 Natural gas 2.72KG .
Al —13.8K
3 3 Aluminum sheet 138 KG uminum part—13.8 KG
4 Electricity 110 MJ
1 Steel cold rolled 62.9 KG
2 Lubricants 0.007 KG
4 3 Compressed air 454 KG Steel sheet—60 KG
4 Electricity 10.5 M]
1 Steel sheet 60 KG .
5 2 Electricity 2 4KG Steel section—60 KG
6 1 Steel section 60 KG . 3
2 Aluminum part 13.8 KG Curtain wall—1 m

The chosen concrete non-load bearing walls for this research are interior walls at the case studies.
Whereas, the chosen curtain wall has steel frames and steel infill panels that performs similar function
to the opaque concrete non-load bearing walls and surrounds the building services and circulation
areas at both case studies. The amount of EE was computed for each material in GaBi. Twelve elements
that were considered as input materials for concrete are limestone, iron ore, silica sand, aluminum
foil, cement, water, gravel, sand, crude oil, carbon black, iron and hard coal. Meanwhile, there were
also twelve elements that were considered as input materials for curtain wall like lime, electricity,
bauxite, sodium hydroxide, bituminous coal, alumina, natural gas, aluminum sheet, steel cold rolled,
lubricants, compressed air and steel sheet. The input-output of materials are shown in Tables 2 and 3.
The GaBi database was used for manufacturing part due to lack of information in this part.

All results are presented in the next section. In this study each set indicated raw materials that
there were mixed to manufacture new materials. For example, 15.2 kg of limestone, 1.64 kg of iron ore,
5.15 kg of silica sand and 0.23 kg of aluminum foil is mixed together to manufacture 23.4 kg of cement.

3. Results—Final Interpretation

The location of the factory, distance between the factories and the site, the number of materials,
the kind and the amount of fuel used for vehicles and methods of shipping were evaluated and
calculated for materials and component transportation [27]. The transportation of inventories for
concrete and curtain wall from mines to factories and factories to the site are presented in Tables 4 and 5,
respectively. Distance between mines to factories and the factories to the site is explained in these
tables. The distances were collected through interviews and GaBi was used to calculate the amount of
fuel for each process. For example, distance between limestone, iron ore, silica sand and aluminum foil
in cases A and B are collected through interview and GaBi database is used for amount of fossil fuel for
transportation. Undeniably, the distance between mines, factories and sites as well as fossil fuel which
were used for transportation influence the amount of EE. The amount of EE in concrete is recorded
to be high, the factors which have influenced these numbers are not only the quarrying of sand and
limestone for cement production, transportation of raw materials, cement transportation but also the
materials in transportation during delivery of materials to the site [12].
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Table 4. Distance and amount of fossil fuel in cases A and B in the concrete non-load bearing wall.

Case A Case B
Set No. Input Materials Distance  Fossil Fuel  Distance  Fossil Fuel
(KM) MjJ) (KM) M))
1 Limestone 47 1.11 193 451
1 2 Iron ore 59 0.12 218 0.44
3 Silica sand 82 0.37 153 0.7
4 Aluminum foil 259 0.017 33 0.0021
1 Cement - - - -
2 Water - - - -
2 3 Gravel - - - -
4 Sand - - - -
5 Crude oil - - - -
1 Carbon black 170 0.02 165 0.02
3 2 Iron 105 0.65 24 0.14
3 Hard coal 170 0.52 165 0.51
1 Ready-mix concrete 46 19 47 19.41
4 2 Steel-frame construction 286 0.19 228 0.19
Table 5. Distance and amount of fossil fuel in cases A and B in the curtain wall.
Case A Case B
Set No Input Materials Distance  Fossil Fuel  Distance  Fossil Fuel
(KM) ™MJ) (KM) MJ)
1 Lime 67 0.225 54 0.181
1 2 Bauxite 24.6 4.772 35 6.79
3 Sodium hydroxide 89 293 96 3.168
4 Bituminous coal 8 0.030 194 0.0074
2 1 Alumina - - - -
1 Lime - - - -
3 2 Natural gas - - - -
3 Aluminum sheet - - - -
1 Steel cold rolled - - - -
4 2 Lubricants - - - -
3 Compressed air - - - -
5 1 Steel sheet 59 0.05 72 0.07
6 1 Steel section 7.6 0.017 17 0.039
2 Aluminum part 246 5.658 412 9.476

The collected information was applied in GaBi. A plan was created involving the process and flow
of materials. The concrete non-load bearing wall plan is shown in Figure 3 and the curtain wall plan is
shown in Figure 4. Process is defined as steps from extraction of raw materials to the construction site
and connected by the flow. A scenario was then written and dependent variables applied, followed
by analysis and reporting. In the report, results of calculations were compared, and the lowest and
highest amount of EE were identified.

Then the final interpretation was conducted by identifying the problem, investigating, extracting
and interpreting results [27]. It is the final step of the LCA method [32]. Tables 6 and 7 illustrate
the amount of EE in concrete non-load bearing walls and curtain walls, respectively. The data was
analyzed, and the results clearly indicate that curtain walls have a higher amount of EE than concrete
non-load bearing walls.
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Table 6. Amount of embodied energy (EE) in the concrete non-load bearing wall in case A and B.

Case A Case B
No. Material
M]j Percentage M]j Percentage
1 Silica sand 19.04 6.82% 19.04 6.78%
2 Aluminum foil 30.31 10.86% 30.31 10.79%
3 Crude oil 142.3 51.03% 142.3 50.70%
4 Diesel. mix 10.36 3.71% 10.59 3.77%
5 Hard coal mix 58.91 21.12% 58.91 20.98%
6 Rest 17.92 6.46% 19.51 6.98%
Total 278.85 100% 280.66 100%

Table 7. The amount of EE and the percentage in each material in the curtain wall in cases A and B.

Case A Case B
No. Material
M]j Percentage M]j Percentage
1 Sodium hydroxide 63.28 1.30% 63.28 1.29%
2 Steel cold rolled 1439.3 29.66% 1439.3 29.52%
3 Electricity 321.67 6.63% 321.67 6.59%
4 Electricity 2888.12 59.53% 2888.12 59.25%
5 Electricity 51.29 1.05% 51.29 1.05%
6 Rest 87.44 1.83% 110.24 2.30%
Total 4851.09 100% 4873.89 100%

3.1. Embodied Energy in Concrete Non-Load Bearing Wall

Table 6 shows the amount and the percentage of EE for materials used for concrete non-load
bearing walls. In this table, crude oil in every 1 m3 of concrete wall constitutes 51.03% and 50.70% the
amount of EE in cases A and B, respectively, which are the highest amount of EE in comparison to
other elements. In addition, diesel mix is a further 3.71% to 3.77% of the whole amount of EE in these
case studies.

Results from this study are consistent with previous study by Ramesh, T et al. [4], where they
claimed that EE in concrete is high because of materials that are used to produce it. According to
Jia Wen, T. et al. and Chang, Y. et al. [35,53], 90% of EE is estimated for the manufacturing of building
materials, 4% for transportation and 6% for the construction. A different study with an amalgamation
of 18 case studies in Sweden and Denmark indicates that 91% of EE is for manufacturing materials,
whereas transportation and construction is 3% and 6%, respectively [10,35,53].

3.2. Embodied Energy in Curtain Wall

Table 7 describes the percentages and the amounts of EE in each material for curtain walls.
Electricity has the highest amount of EE, which is recorded at 59.53% and 59.25%, respectively, in cases
A and B, due to electricity used to manufacture new materials. Transportation makes up the rest
amounting to 1.83% to 2.30% of the whole EE in cases A and B, respectively.

Results of this study are also consistent with results of another study [4] where it was stated
that steel has the highest amount of EE. One of the factors that impact the amount of EE is the
manufacturing of materials and it uses different levels of energy. This leads to the suggestion in which
some measures can be taken to save energy consumed during the stage of material manufacturing.
Two studies conducted simultaneously by Dixit, M. K. et al. and Pears, A. [8,13] with varying locations
and construction technology yielded results that proved the theory that EE could be reduced by using
efficient steps.
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3.3. Comparison between Concrete Non-Load Bearing Wall and Curtain Wall

Results of this study are also in parallel with Kofoworola, O.F and Gheewala, S. H [54] who
claimed that concrete and steel are two materials with high initial EE. However, Ramesh, T. et al. [4]
highlighted that EE in steel frames are much higher when compared to concrete. Nevertheless, in China,
concrete and steel are still the dominant materials that are used in the construction of office buildings.

As shown in Tables 6 and 7, the highest amount of EE is related to curtain walls with a total of
4851.09 MJ in case A and 4873.89 M] in case B. The amount of EE in the concrete non-load bearing wall
in case A is 278.85 MJ and in case B it is 280.66 M]. This is a staggering 1738% difference between the
two types of wall constructions. Figure 5 compares the amount of EE in the curtain wall and concrete
non-load bearing wall in cases A and B. In light of these findings, the main materials in each studied
wall construction should be replaced with other materials to further reduce EE.
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Figure 5. Comparison of EE percentages in curtain wall and concrete non-load bearing wall in cases A
and B.

4. Discussion—Substitute Recycle and Reuse Materials

As mentioned earlier and shown in Tables 6 and 7, concrete and steel have the highest amount of
EE. The comparison of these materials shows that curtain walls have more EE than concrete non-load
bearing walls. More than 50% of this EE is related to the manufacturing of materials and the lowest
amount of accounted EE is related to transportation. Used materials for concrete and curtain walls,
concrete and steel have the highest amount of EE, and choosing other appropriate materials can help
to reduce EE. One of the ways to decrease the amount of EE is by using recycled and reused materials.
It is important to argue that using recycled and reused materials can save resources and reduce energy
consumption [11]. Primary analysis displayed that 8.9% of energy in LCA can be saved by recycling
building materials [54]. Thormark, C. et al. [11] highlighted a few studies that investigated the potential
of recycling in building constructions. The result of a study in Japan, which considered three buildings
with maximum recycling potential, displayed a reduction of up to 25% of EE in comparison to buildings
without recycled materials [5,55,56]. Consequently, the process of choosing building materials must
be considered as an important factor in modern buildings due to the utilization of raw materials and
natural sources, the capacity of recycling and the impact on the environment [5].

Reused materials are defined as materials which can be used for the same purpose. Recycled
materials are determined as materials that can be used but not in the same purpose [11]. After the
process of demolition of buildings, materials can be passed out and reused in different places such as
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concrete. It can be reused for building roads and highways [54]. Get-back building materials at the
end of life span can also have reduced amount of EE [5,9,11]. To reiterate, materials are the biggest
contributors to the amount of EE, but it can be reduced by using recycled and reused materials [5,9,11].

5. Conclusions

In this work, a comparative study of curtain walls and concrete non-load walls in two high-rise office
buildings in Malaysia was conducted to show the significant impact of building materials in the total
percentage of EE in pre-use phase of an LCA using GaBi Education version software. Results showed
that the manufacturing of materials contributed to the highest amount of EE. Our evaluations indicated
that curtain walls have more EE than concrete walls because steel used in curtain walls has a higher
level of EE. We also noticed that electricity used to manufacture steel resulted in the highest amount
of EE in curtain wall and crude oil used to make concrete has the highest amount of EE in concrete
non-load bearing wall in comparison to all other materials.

Based on the observations, the effect of transportation on EE is between 1.83% and 3.77%, whereas
the significant share of EE, which is more than 50%, is due to the manufacturing of building materials.
EE in curtain walls is 1738% higher than in concrete non-load bearing walls, thus building designers
should consider concrete non-load bearing walls for exterior walls at building services and circulation
areas to drastically reduce the overall building EE. Another way to reduce EE in manufacturing
building materials is to use recycled and reused materials and to employ manufacturers closest to the
building site. In a future study, we will propose a new green material to lessen the amount of EE for
concrete non-load bearing walls.
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