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ABSTRACT

The main goal of this study is to undertake the three methods of life cycle assessment
(LCA), the environmental performance (EP), and the building information modeling
(BIM) to determine the environmental performance and impacts of two window frame
materials: aluminum and wood. This study has been carried out in a proposed project
at the Assiut University campus. The LCA has been conducted by assessing materials
and processes involved in manufacturing the two window frame types using the
SimaPro. The LCA scope of this research covers from cradle to the gate with a
designated system boundary. The network flow has been drawn to produce one
kilogram of aluminum and wood; the quantities data were gathered from the BIM
(using Autodesk Revit). Selecting the database is carefully picked from the Ecoinvent
dataset to be closer to Egypt's manufacturing processes. Afterwards, the IMPACT
2002+ with midpoint and endpoint calculations has been used. Finally, the LCA
results have been compared with the EP results (using DesignBuilder) to determine
the best choice between the two materials.
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The integration analysis shows that the aluminum industry has higher negative
environmental impacts and environmental performance than the wood industry. The
total midpoint results of the two materials are found to be 29.6 Pt for aluminum, and
7.57 Pt for the wood. Turning to the endpoint results, human health and resource
depletion impacts are the most significant results. The human health scored the highest
value, with 13.9 Pt for aluminum and 3.51 Pt for wood.

A novel framework for integrating LCA, BIM, and EP for a proposed building during
the early phases of a project has been conducted in this study. The presented study
can be used as a model for integrating comparative analysis on other proposed projects
as the LCA applications in Egypt are scarce due to the absence of a reliable database.
This study has introduced a value applying an approach to select the appropriate life
cycle inventory database from the Ecoinvent dataset. The research findings contribute
to choosing the most suitable window frame materials with the most energy-efficient
effect and the least environmental burden. Moreover, it can help the concerned
legislative bodies and the decision-makers.

KEYWORDS
Life Cycle Assessment (LCA), Environmental Impact Assessment (EIA), Building
information modeling (BIM), Environmental Performance
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co, Carbon dioxide S0, Sulfur dioxide
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CH, Methane NO, Nitrogen oxide

N,0 Nitrous oxide NH; Ammonia

PM Particulate per matter C,H, Ethylene

Measurement units

Pt Eco-points kg Kilogram

m3 Cubic meter kg/m3 Density

m? Square meter kg CO,eq Kilogram carbon dioxide
equivalent

Abbreviations

LCA Life Cycle Assessment LCI
BIM Building Information Modeling LCIA
EP Environmental performance HH
ISO International Standards GHG

Organization
AUHC Assiut University Hospital Clinic GWP
CED cumulative energy demand AU
DFP Depletion-fossil fuel potential PVC

1. Introduction

Life cycle Inventory

Life cycle Impact Assessment
Human Health

Greenhouse Gas

Global Warming Potential
Assiut University campus
Polyvinyl chloride

Buildings play a significant role in the global energy and environmental
strategies since they have a remarkable share of the world's energy consumed.
This share is around 40 % and more than one-third of greenhouse gas (GHG)
emissions [1]. According to Egypt's first BIENNIAL report [2], the building
industries and materials have 23% of all fuel combustion activities and 22% of

all GHG emissions, as shown in Figure 1.

23%

W Transport

Other Sectors

B Energy Industries _—

B Manufacturing Industries and Construcion Fuel

Combustion
Activities

Fugitive

B Oil and Natural Gas Emissions

from Fuels

Figure 1 Emissions per category in the energy sector [3]

Previously, a brief was given regarding raw material extraction, energy
emissions, and GHG emissions. As for emissions such as C0,, CH,, and N, 0,
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Figure 2 shows the contribution of the main categories to the total emissions.
Fuel combustion pursuits make up 97% of total emission with the CO, as the
main contributor.

W Total Energy
208,075 @ Fuel
Combustion
Activities

CO; 202,587

5,488 B Fugitive
emissions from
fuels
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CH 360
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912
N.O | 927
" 97%
Y-axis

0 60,000 120,000 180,000

Figure 2 Main energy categories contributing to energy emissions [3]

Figure 3 describes the contribution of the fuel consumption subcategories to
total CO,, CH,, and N, 0 emissions. The C0O, emissions are ranked third for
the manufacturing industries and construction.
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Figure 3 Fuel combustion activities contribution [3]
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As shown in previous statistics, many natural raw materials are consumed by
physical industries. Also, the fuel combustion used in manufacturing emits
enormous hazardous emissions. On the other hand, the window opening has a
considerable function in all buildings. Depending on the designers, there are
enormous designs and various frame materials. The windows building has a
prominent role in providing daylighting and preserving environmental
performance inside the spaces/rooms.

Consequently, when the indoor thermal comfort is under control, energy
consumption and environmental emissions will be reduced. Fagcade openings
consist of two main parts: (1) glass and (2) window frames. This study will
introduce an integrated comparative analysis of windows frame material,
which are aluminum and wood. Three methods will be introduced and applied,
Life Cycle Assessment (LCA), Building Information Modeling (BIM), and
Environmental Performance (EP). The study's primary goal is to investigate
the environmental emissions from the aluminum and wood manufacturing
process (LCA method), afterwards, compared to the indoor environmental
performance results (EP method). The two scenarios' quantities will be
calculated using the BIM model and considered as inputs in the PRe SimaPro
(LCA results) and DesignBuilder (EP results). This methodology will be
applied to a proposed project at the Assiut University campus.

This study will carry value to the scientific research community. Moreover,
the findings can help the building and construction industry choose the most
suitable window frame materials that are more energy-efficient and less
environmentally harmful and help the concerned legislative bodies and the
decision-makers.

2. Literature review

Santos et al. [4] have introduced methods of integrating the LCA, BIM, and
life cycle cost analysis for the high-rise projects. This research has introduced
an analysis for a building in the design stage to conduct the LCA and LCC
analysis. Also, in the design stage, Soust-Verdaguer et al. [5] have presented
the LCA method to compare the timber and concrete family house. Their
methods were the integration of BIM and LCA to assess the environmental
impacts of the material industry. Using various environmental categories such
as Global Warming Potential (GWP), Human Toxicity, and Resources
Depletion, the study has presented its cradle-to-grave results.

Another study was carried out in Ghana by Ansah et al. [6], in which a
comparative analysis has been done on four types of different facade materials,
and an analysis integrating the BIM and LCA has been introduced. This study
has measured the cumulative energy demand (CED) and GWP, as they are
critical environmental parameters in this field, consistent with Owsianiak et al.



1029
Ahmed AbdelMonteleb M. Ali, An Integrated Analysis with Life Cycle Assessment, Building ........

[7]. Ultimately, this study has offered useful guidelines for choosing facade
systems. Santos et al. [4] have reported the integration of BIM and LCA; the
outcome was mainly a developed model.

Xue et al. [8] selected the Campus buildings as a case study; this study has
assessed abiotic depletion-fossil fuel potential (DFP) and GWP of the whole
building materials. Finally, the research has introduced suggestions for future
proposed buildings. DFP and GWP are the life cycle impact assessment
(LCIA) results using the SimaPro and Ecoinvent database, focusing on the
environmental assessment based on the input material and embodied
emissions.

Adams and Pomada [9] have focused on the EP of windows materials with
changing the thermal insulation. Also, the LCA of these materials has been
carried out using the SimaPro and Ecoinvent database. The primary goal was
decreasing ambient temperature and humidity. Souvirona et al. [10] have
studied the indoor thermal comfort of window glazing and frame types
regarding energy consumption.

The LCA of double-glazed aluminum-clad timber windows was carried out by
Asif [1] to estimate the environmental impacts using the SimaPro and
Ecoinvent databases. The study scope is a cradle-to-grave method by
considering over a 30-year life span. Studying the production of window types
and LCA of the manufacturing process have been implemented to calculate the
embodied energy and the CO, emissions of the selected materials.

Applying the LCA, but for the renovation of existing buildings, Hasik et al.
[11] have identified an approach to conduct whole building LCA on building
renovation projects. This study has introduced an environmental impact
assessment of the newly renovated building materials to reduce using new
materials.

In Belgium, Eisazadeh et al. [12] have implemented numerous studies for
advanced window systems for patient spaces in the hospitals. Using the
MMG+_KU Leuven tool, this research has been conducted to address the
environmental impacts for several modules, including glazing, coatings,
window frame material, and window-to-wall ratio.

For windows retrofitting in heritage buildings to reduce the operating energy-
saving, Litti et al. [13] have used the LCA method to discuss the difference
between retrofitting alternatives for the windows to total replacement. For
Italian residential windows, Intini et al. [14] have studied the LCA of the
polyvinyl chloride (PVC) windows using the SimaPro software and Ecoinvent
database. Another LCA for recycling PVC window frames has been conducted
by Stichnothe et al. [15]. Using the SimaPro, the results have revealed that
using PVC from recycled waste frames is the best environmental choice to
reduce the GWP of the manufacturing process.
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Using the Athena software, Salazar et al. [16] have compared the
environmental impacts of different window framing materials to select the
sustainable window based on the LCA method for optimizing window
performance. For more sustainable choices, Kim et al. [17] have implemented
the LCA study on a composite facade system and a glass curtain wall system
to compare the environmental impacts, for mitigating the CO, emissions.
Other international studies have been conducted such as [13], [18]-[21].

In August 2019, an investigation was conducted by Dalia Yacout [22]. During
2006 -2019, there were 39 LCA studies published in Egypt. It indicates the
necessity to encourage LCA applications for assessing environmental impacts
as a sustainable methodology in Egypt. Around 44% (17 case studies) of these
studies have been applied to construction and building materials. Seven studies
were on the cement and brick over the past 13 years, which clearly shows that
there is an evident deficiency in the LCA applications. Only one study, Gihan
Garas [23], studied some agricultural waste materials for building materials
manufacturing in 2016.

Ultimately, many research types have globally introduced the LCA study and
environmental performance individually, and others have applied the
integration of the LCA and BIM. The case studies were different; one for an
existing building, the other for a retrofitting building, and a few for the
proposed projects. A novel framework for integrating LCA, BIM, and EP for
a proposed building during the early phases of a project has been conducted in
this study.

3. Material and Methods

This study will apply the LCA, BIM, and EP methods on one proposed
building in Assiut, Egypt. The LCA will be used to assess the environmental
impacts of aluminum and wood industries. The EP of the two window frame
materials will be simulated. To collect information about the building
construction components, the BIM comes to do that. Finally, the LCA results
will be compared to the EP findings to specify the best choice. Regarding the
study variants, this research has only focused on the cradle to gate scope for
the aluminum and wood manufacturing process, as a designated system
boundary. As shown in Figure 4, the integration analysis framework between
the LCA, BIM, and EP.
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Figure 4 Framework of the integration analysis

3.1. Building Information Modeling method

According to Eleftheriadis et al. [24], BIM is defined as "a set of interacting
policies, processes, and technologies generating a methodology to manage the
essential building design and project data in digital format throughout the
building's life-cycle". The building model has been built in the BIM software,
Autodesk Revit V2020, as a licensed version, as shown in Figure 5. The project
consists of two floors and two underground levels (-3.20 level), the foundation
level to -2.00 meter, and the drilling level to -3.20 meter. The total area of the
building is around 442 m?. Moreover, it contains eight different spaces:
service rooms, clinics, waiting areas, and administrative space. The
handicapped standards are considered in the building, as shown in Figure 5.
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Figure 5 User interface of Autodesk Revit V2020 as a licensed version

3.2.  DesignBuilder method

DesignBuilder is a simulation software that aids in assessing the EP of new
and existing buildings. The author has used the licensed version 6.1.6.11 to
simulate the case study's temperature and humidity for the aluminum and wood
materials. The model has been exported as gbxML from Revit to the
DesignBuilder with all BIM information. Figure 6 shows the case study model.

P4D /B OPPOBEIR

L [ iy s [y | i [0 [ i [

Figure 6 DesignBuilder model of AUHC

AR e 1t st 5 ey

Figure 7 provides the thermophysical properties of the two window frame
types: (a) aluminum and (b) wood. The author has depended on the Egyptian
thermal material database from the literature and approved companies such as
(Materials Database - Thermal Properties - Thermtest Inc.) [25], which
introduce the thermal properties of different Egyptian materials, and then
compared the same to the DesignBuilder library database to select the two
materials from the software.
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Inner surface

Convective heat transfer coefficient (¥/m2-K) 5.846
Radiative heat transfer coefficient (W/m2-K) 1.847
Surface resistance (m2-KM) 0130
Convective heat transfer coefficient (W/m2-K) 23.290
Radiative heat transfer coefficient (W/m2-K) 1.710
Surface resistance (m2-KAMW) 0.040
U-value surface to surface (W/m2-K) 32000.002
R-Value (m2-KAd) 0170
U-Yalue (W/m2-K) 5.881
Thickness (m) 0.0050
Km - Internal heat capacity (KJ/m2-K) 6.1600
Upper resistance limit (m2-KAw) 0170
Lower resistance limit (m2-KAV) 0170
U-Yalue surface to surface (W/m2-K) 31999.999
R-value (m2-KAv) 0170
U-Value (W/m2-K) 5.881

a) Thermophysical properties of aluminum

Inner surtace

Convective heat transfer coefficient (W/m2-K) 2.152
Radiative heat transfer coefficient (W/m2-K) 5540
Surface resistance (m2-KAW) 0.130
Convective heattransfer coefficient (W/m2-K) 19.870
Radiative heat transfer coefficient (W/m2-K) 5130
Surface resistance (m2-KA) 0.040
U-alue surface to surface (W/m2-K) 9.500
R-Value (m2-Khiw) 0.275
U-Value (W/m2-K) 3633
Thickness (m) 0.0200
Km - Interal heat capacity (KJ/m2-K) 16.7300
Upper resistance limit {m2-KAW) 0.275
Lower resistance limit (m2-KAV) 0.275
U-Value surface to surface (W/m2-K) 9.500
R-Value (m2-KAv) 0.275
U-Value (W/m2-K) 3.633

b) Thermophysical properties of wood

Figure 7 The thermophysical properties of the two window frame materials
(DesignBuilder database)

3.3.  Case study

Assiut University Hospital Clinic (AUHC) is a proposed project to be constructed
inside the Assiut University (AU) campus. Figure 8 presents the google earth of the
campus. Figure 9 shows the AUHC location inside the AU campus. This proposed
building will undergo an integrated study to assess the LCA and EP using the BIM
method.
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Figure 8 Location of the Asiut mversity campus inssit city, Egypt
(Google earth source)

Figure 9 Location of the proposed new clinic (Google earth source)

Using the BIM model, the geographic location is determined by defining the internet
mapping property, as presented in Figure 10. The longitude and latitude are designated
with coordinators 27.1838397979736 and 31.1667556762695, respectively.
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Figure 10 Locatlon weather station of AUHC based on Autodesk Revit



1035
Ahmed AbdelMonteleb M. Ali, An Integrated Analysis with Life Cycle Assessment, Building ........

The weather file data is already embodied in the BIM model. Figure 11
documents the full BIM model drawings. It presents samples of drawings; the
advantage of BIM is building all components together.
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A
4

(f) Proposed perspectives
Figure 11 BIM model documents
4. Comparative LCA of window frame materials

4.1.  Goal and scope definition

The International Standards Organization (ISO) has defined the most

acknowledged standards with many series, shown in Figure 12.

e |SO 14040: Environmental management, LCA, Principles, and framework
[26].

e |SO 14041: Environmental management, LCA, Goal definition and
inventory analysis [27]

e ISO 14042: Environmental management, LCIA [28].

e ISO 14043: Environmental management, Life-cycle interpretation [29].

7 2
Goal and scope ),/ A
definition <
| .
{1
- N
Inventory S Interpretation
analysis
. i T >
-
Lmpact >
assessment <

v

Figure 12 LCA framework defined by 1SO [30]
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Turning into the LCA study, Ali et al. [31] and Al-Ghamdi [32] have
introduced a comparison between the LCA software. The two studies have
mentioned that the PRe SimaPro is a complex analysis tool and an advanced
skill level due to a comprehensive comparison. So, the PRe SimaPro version
9.1 has been used as a faculty licensed with all open-license Ecoinvent
database. One of the essential phases of carrying out the LCA in SimaPro is to
define the network flow of the manufacturing process for each material:
aluminum and wood. Figure 13 displays the network flow of the wood
industry. Also, Figure 14 presents the network flow of the aluminum industry
for producing one kilogram (1 kg) of aluminium . There are raw materials,
electricity, and fuel usage as inputs, and emissions as outputs. These data have
been gathered from the literature reviews and Ecoinvent database. The study
has introduced an approach for dealing with the lack of the Egyptian life cycle
database, which will be discussed in a later section; Life cycle inventory
(Material inputs).

Timber from trees Glazing unit and other materials

Treatment

Window profiles

Vacuum impregnation/Painting

Window manufacture

Installation of window

Maintenance

Heat loss through the frame

Disposal at the end of life

Down cycling /Land fill

Figure 13 Network flow of the wood industry [33]
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Bauxite(Al(OH)3)
4.750 Kg

Water 9.500Kg
. Water 9.307 Kg
NaOH 0.215 Kg Baycer
—— P process
Lime (CaO) 0.086 Kg —
_—> Red mud 3.344 g

Alumina (Al,03)

1.900 Kg

Carbon anode 0.400 Kg CO; 1.230 Kg
—_— —

Aluminium fluoride 0.018 Kg | Hall-Heroult process Flue gas 0.025 Kg
———— | (clcctrolysis) —

Cryolite (Na;AIFg) 0.007 Kg Waste 0.70 Kg
———— T e e

Casting

Aluminium 1.00 Kg

Primary aluminium production from raw material

Aluminium scrap
1.180 Kg

Flue gas 03
Decoating Remelting 0.003 Kg
Casling
Waste
0.177 Kg
\ Aluminium 1.00Kg

Figure 14 Network flow of the aluminum industry [33]

4.2.  Life cycle inventory (Material inputs)

Based on the series 1ISO 14041: Environmental management, LCA, Goal
definition, and inventory analysis, which was illustrated in section 4.1. Goal
and scope definition, as well as several previous scientific articles such as [34],
[35], [44]-[46], [36]-[43], one kilogram (1 kg) has been defined to be the
functional unit (FU). Table 1 lists the whole building material quantities from
the BIM model. All these figures have been calculated according to the FU
with one kilogram (1 kg) of wood and aluminum. The material quantities from
BIM output are considered as inputs in SimaPro software.

Table 1 Material quantities from the BIM model

Name Area (m?) Volume (m®)
Brick 861 164.16
Concrete 4382 0.88

Steel 17.00
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Name Area (m?)  Volume (m?)
Mortar 3089 29.70

Tiles 1556 62.29

Glass 132 0.41

Plaster 3358 32.31
Wood/Aluminum (window frames opening) 88 1.20

Concerning the assumption and limitation of this study, the shortage of LCA
applications and inventory datasets in Egypt is the main barrier. Therefore, the
study has tried to get an appropriate method of selecting the building materials'
database. Martinez-Rocamora et al. [47] have reviewed many studies; only
those were dealing with the construction material industry. One of the study
results is that the Ecoinvent and GaBi Database are the most comprehensive
LCA databases. On paying the full SimaPro license, Ecoinvent is perfectly
suited for construction purposes, since every category of construction material
is included and developed with a wide variety of products. That is why this
study has relied on the Ecoinvent V3 dataset [48]. Selecting the database is
carefully conducted by picking the global market and the global industry of
aluminum and wood from the Ecoinvent (SimaPro-based) to be closer to
Egypt's manufacturing processes.

4.3.  Life cycle impact assessment

The LCIA phase helps us differentiate among the environmental impacts of the
materials. There are many methods for converting the life cycle inventory
(LCI) database to the LCIA,; this study will use the single score to present the
midpoint and endpoint methods. Global warming, aquatic ecotoxicity,
respiratory and non-renewable energy have been covered in the midpoint
impact category. The second method involves the Human Health (HH)
damage, Ecosystem Quality (EQ), and Resource Depletion (RD), which is
involved in the endpoint impact category. Concerning the calculations of the
environmental impact, the life cycle impact category should be designated. So,
based on the literature review, there are many life cycle impact categories; for
instance, articles [31], [32], [49], [50] have used the IMPACT 2002+ to
analyze the impact categories that this study will investigate. Table 2 displays
the IMPACT 2002+ category properties with the two methods: the midpoint
and endpoint methods.
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Table 2 IMPACT 2002+ characterization as life cycle impact category
(version Q2.2) [51]

[sour Midboint Midpoint Damage Dama Normalize
ce] catepor reference category ge d damage
gory substance (Endpoint) unit unit
Human toxicity kg
[a] (carcinogens + Chloroethylene  Human health
non-carcinogens) into air-eq
[b] gﬁé?lfr:?c?; kg P;\i/lfés Into Human health
Ion?zin B Carbgn-14 DALY Point
[b] 1izing g tarb Human health
radiations into air-eq
[b] Ozone I_ayer kg CF_C—ll into Human health
depletion air-eq
Photochemical Human health
oxidation (= .
[b] Respiratory kg Ethylene Into Ecosystem
. air-eq - n/a n/a
(organics) for quality
human health)
kg Triethylene
[4] Aquatic glycol into Ecosystem
ecotoxicity water-eq quality
kg Triethylene
[4] Terrestrial glycol into soil- Ecosystem
ecotoxicity eq quality
Terrestrial kg SO into air- Ecosvstem PDF-
[b] acidification/nutri eq yl m2.y Point
fication quality
Aquatic kg SO; into air- Ecosystem
[c] e X
acidification eq quality
Aquatic kg PO- into the Ecosystem
[c] one ! ;
eutrophication water -eq quality
. m? Organic Ecosystem
[b] Land occupation arable land-eq - y quality
Water turbine inventory in m3 Ecosygtem
quality
Climate kg
[IPCC Global warming kg CO; into air- change (life 902 Point
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[a]IMPACT 2002, [b]Eco-indicator 99, [c]CML 2002, [d] Ecoinvent, [IPCC] (IPCC
AR5 Report), and [USEPA] (EPA). DALY= Disability-Adjusted Life Years; PDF=

Potentially Disappeared Fraction of species; -eq= equivalents; y= year.
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5. Results and Interpretation

In this section, the results will be divided into two subsections: (1) LCA results
using the IMPACT 2002+, and (2) DesignBuilder results. Then, a comparative
analysis will be conducted.

5.1.  Life cycle assessment results

Based on the network flow of each material, the single score method results,
as an LCIA finding, are shown in Figure 15. As an apparent result, the
aluminum scored the highest environmental impact—the single score presents
its findings, with point (Pt) unit. So, overall, the aluminum had 29.6 Pt and
the wood had 7.57 Pt: declining the impact by 75% approximately. These
results are in agreement with Carlisleet al. [52]. Turning to the impact
categories, the respiratory inorganics and GWP are the highest harmful impacts
for each industry, in consonance with Owsianiak et al. [7]. As for the GWP,
with equivalent emissions, the aluminum and wood industries' results are
(7.57E4 kg CO2 eq) and (1.57E5 kg CO- eq), respectively. It can be attributed
to the fact that the fuel used in the aluminum industry is more than the wood
industry, consistent with Wang et al. [53].

The non-renewable energy comes in the third rank of the aluminum industry
with 6.15 Pt and 1.4 Pt for the wood industry. On the other hand, there are
some ignored impacts, such as aquatic acidification, aquatic eutrophication,
and aquatic ecotoxicity. These are below 1.00 Pt for the aluminum industry,
and below 0.05 Pt for the wood industry. Another ignored environmental
impact is the ozone layer depletion. The ozone is affected by
chlorofluorocarbons (CFCs), halons, and bromides emissions, and both
industries do not emit these emissions in the manufacturing process, as Hundy
et al. [54] reported. The land occupation is one of the wood industry's
ecological damages because of logging the trees and its effect on the ecosystem
[55]. Therefore, the wood industry takes 0.519 Pt, compared to 0.0621 Pt for
the aluminum industry. Turning to the terrestrial ecotoxicity impact,
conforming to Hong et al. [56], there is a minimal environmental degradation
from the aluminum industry; 1.67 Pt and a neglected impact of 0.508 Pt for
the wood industry. Based on Segovia et al. and Nunez et al. [57], [58], the
carcinogens category represented 66-78% of the total contributing emissions
for the wood industry and 100% of the aluminum industry contributions. It
could explain why the aluminum industry scored 1.14 Pt and the wood
industry scored 0.178 Pt.


https://www.sciencedirect.com/topics/engineering/chlorofluorocarbons
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[ Carcinogens @ Non-carcinogens [ Respiratory inorganics [] lonizing radiation B Ozone layer depletion
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[ Aquatic acidification [l Aquaticeutrophication [I] Global warming [] Non-renewable energy [l Mineral extraction

Method: IMPACT 2002+ V2.15 / IMPACT 2002+ / Single score
Comparing 1 p ‘Aluminum’ with 1 p "Wood';

Figure 15 Single score results per impact category (Midpoint method)

Figure 16 presents the endpoint results. As the author pointed out, in the Life
cycle impact assessment section, that HH and RD are the most significant in
the results, the next column chart shows that the HH has recorded the highest
value: 13.9 Pt for aluminium and 3.51 Pt for wood, in agreement with
Babaizadeh et al. [59] results. Also, the RD was 6.22 Pt for aluminium and
1.44 Pt for wood, in agreement with Invidiata et al. [60] results. To investigate
the endpoint method in-deep, Table 2 needs to be returned to. This table
demonstrates the midpoint impacts that lead to the endpoint impacts. The
respiratory inorganics, aquatic acidification, aquatic eutrophication, aquatic
ecotoxicity, land occupation, and terrestrial ecotoxicity affect the ecosystem
quality as an endpoint impact. These scored have recorded the lowest values
by eco-points. So, Figure 16 supports this result, ranked last among the
environmental impacts. The ecosystem quality impact has scored 1.89 Pt and
1.06 Pt for the aluminium and wood industry, respectively. On the other hand,
for the effect of the GWP, land occupation and ozone layer depletion on the
HH as an endpoint method, however, the GWP is the primary factor that
increases the HH impact. The main contributor to the resources depletion is the
non-renewable energy environmental impact. Consequently, the total
environmental impacts of the resources depletion of the aluminium industry
are higher than those of wood.

25{

204

104

Aluminum Wood

[ Human health [ Ecosystem quality [] Climate change [] Resources
Method: IMPACT 2002+ V2.15 / IMPACT 2002+ / Single score
Comparing 1 p ‘Aluminum' with 1 p "Wood';

Figure 16 Single score results per window material (Endpoint method)
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5.2.  DesignBuilder findings

It is the last part of the analysis, after presenting the LCA and BIM methods,
the EP results will be addressed in this section. Furthermore, the simulation
measures have been calculated during the summer period from Jun. 23 to Sep.
23. Also, to unify the variants, the glazing type has been fixed for two
scenarios. As Figure 17 displays, the ambient temperature difference for the
aluminum and wood windows has fluctuated between 1.00 - 1.30 °C with a
slight change. Using the metal windows frames, it causes a slight rise in indoor
temperatures.

With the fundamentals of EP, the humidity is inversely proportional to the
temperature, as reported in Mbithi et al. [61]. In aluminum windows, the
relative humidity is higher than the wood window case by 1.81-2.53%.

As an overall EP result, there is a small difference between the two cases'
results, even though the aluminum windows are the highest in the temperature
analy5|s WhICh is more essential than the humldlty analy3|s

Comfen: Block $ 5 Maragee Raam S Wnaox Room

a) Aluminum window frame case b) Wood window frame case
Figure 17 Environmental performance results with DesignBuilder simulation

6. Discussion

As a holistic result of the integration analysis, the aluminum industry has
recorded higher negative environmental impacts, and environmental
performance, than the wood industry. Significantly, the GWP and non-
renewable energy sources impacts have scored high numbers because the
carbon dioxide and methane are released into the atmosphere from the fuel
used in the building materials industry. To interpret this increment, the Annual
Report of the Union of Concerned Scientists [62] has revealed that fossil fuels
coal, oil, and natural gas will increase greenhouse gases. Consequently, the
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GWP will negatively increase, as using such fuels for the aluminum industry
is mandatory, as shown in Figure 14 and agreement with [63]-[66].
Regarding the aquatic acidification, aquatic eutrophication, and aquatic
ecotoxicity, results were below 1.00 Pt for the aluminum industry, and below
0.05 Pt for the wood industry. Because they are water emissions, and the wood
and the aluminum get rid of its waste into municipal landfills, which reduces
the aquatic impacts [67]. The HH and RD have recorded the most massive
numbers; specifically, the aluminum industry has a remarkable environmental
burden, consistent with Salazar et al. [67] and Babaizadeh et al. [68]. In
particular, the HH has recorded the highest impacts in the aluminum industry
since the C0,, CH,, and N, 0 are emitted much more than by the wood.

As a comprehensive outcome, selecting the building materials is very
important to achieve the maximum environmental and energy optimization.
Additionally, in this millennium, introducing sustainable building materials
becomes necessary and vital for implementing strategic environmental plans.
To summarize, the aluminum is not the best option for the window frames; this
result is drawn from the integration analysis of the LCA and EP, aided by the
BIM. Regarding the industry improvements, sustainable alternative materials
and substitutional fuels should be introduced by the stakeholders: designers,
policymakers, and building owners. The presented study can be used as a
model for consistent LCAs on other proposed projects. Also, as future
extended work, the life cycle cost analysis is suggested to be investigated.

7. Limitation and recommendations

The main obstacles and challenges indicate that three important points should
be considered. First, designers should use the BIM application on the newly
designed building. Second, the lack of an Egyptian LCI database should be
addressed. Third, the LCA applications in Egypt are scarce, as there is an
absence of the Egyptian LCI database. So, such applications should be
encouraged. The author recommends using the European dataset to apply the
LCA in Egyptian case studies by selecting the global industry and market data
from the Ecoinvent database. This study has presented a method of selecting
the building materials' database from the Ecoinvent to apply the LCA
application in Egypt. Therefore, the life cycle inventory dataset and analysis
outcomes provided in this research are anticipated to help designers better
understand building material selection and system improvement from the
whole life cycle perspective.
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