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Abstract—Life cycle assessment is a technique to assess the
environmental aspects and potential impacts associated with a
product, process, or service, by compiling an inventory of relevant
energy and material inputs and environmental releases; evaluating the
potential environmental impacts associated with identified inputs and
releases; and interpreting the results to help you make a more
informed decision. In this paper, the life cycle assessment of
aluminum and beech wood as two commonly used materials in Egypt
for window frames are heading, highlighting their benefits and
weaknesses. Window frames of the two materials have been assessed
on the basis of their production, energy consumption and
environmental impacts. It has been found that the climate change of
the windows made of aluminum and beech wood window, for a
reference window (1.2mx1.2m), are 81.7 mPt and -52.5 mPt impacts
respectively. Among the most important results are: fossil fuel
consumption, potential contributions to the green building effect and
quantities of solid waste tend to be minor for wood products
compared to aluminum products; incineration of wood products can
cause higher impacts of acidification and eutrophication than
aluminum, whereas thermal energy can be recovered.

Keywords—Aluminum window, beech wood window, green
building, life cycle assessment, life cycle analysis, SimaPro software,
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1. INTRODUCTION

HE concept of green building objects is to improve the

environmental performance in all aspects of buildings. As
buildings are a composition of numerous materials and
subassemblies, tools have been developed to better inform
environmentally preferable decisions [1].

Windows play a significant role in buildings, it accounts for
10-25% [2] of a building's exposed surface and available in a
wide range of designs and frame materials. The primary
contribution of windows to buildings is to incorporate daylight
and to maintain the interior environment at desirable comfort
conditions. An important aspect of windows is their
environmental impact — energy consumption, natural resources
depletion and environmental burden associated with their
manufacture [3].
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Selecting the most appropriate materials for any application
depends on the consideration of a range of technical and
economic factors including, for example, functionality,
durability and cost. A further and increasingly important factor
for material specifiers, in a world where sustainable
development is a key issue, is the associated environmental
performance of material applications from the perspective of
manufacturing and product performance [4]. Among the tools
available to evaluate environmental performance, life cycle
assessment (LCA) provides a holistic approach to evaluate
environmental performance by considering the potential
impacts from all stages of manufacture, product use and end-
of-life stages. This is referred to as the cradle-to-grave
approach [5].

Salazar J. [1] applied the life cycle assessment on three
window types commonly available in North America: PVC,
fiberglass, and wood covered with an aluminum cladding. The
LCA was based on the production of the three windows by a
single representative manufacturer of each type. The damage
modeling results indicated that the life cycle impacts are
dominated by the combustion of non-renewable energy
resources. Burning fuels cause increased emissions of
respiratory inorganics, terrestrial acidification/nitrification
impacts, and global warming. The PVC window's life cycle
used the most nonrenewable energy and caused the most
damage due to that window's shorter service life, 18 years vs.
25 years for fiberglass and aluminum clad wood. The use of
cladding materials other than aluminum also prevented the
disposal of aluminum into municipal landfills which reduced
the aquatic Eco toxicity of the wood window's life cycle.
Other potential improvements to the impacts of the three
windows' life cycles include improving energy efficiency,
particularly during secondary manufacturing.

Asif M. et al. [3] addressed the life cycle assessment of the
materials used for window frames of aluminum, PVC and
timber window for a reference window (1.2mx1.2m). They
concluded that Aluminum frames cause the highest burden to
the environment because of the dangerous pollutants release
and high energy consumption during aluminum production.
PVC contributes large amounts of poisonous pollutants
throughout its life cycle while timber window frames have the
least environmental burdens. All frame materials deteriorate to
various degrees by environmental impacts. PVC is sensitive
towards heat and UV radiation. Timber if not frequently
treated, can easily be affected by the environment. Aluminum,
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if not protected well by coatings, gets damaged under
corrosive conditions especially in coastal and industrial areas.

Richter et al. [6] cover the same materials assessed by [3]
but also include steel, stainless steel and nonferrous windows.
Considering the whole life cycle including the compensation
of heat losses; heating system, mass-based allocation of co-
production processes is applied throughout the wood chain;
recycling material is modelled with the cut-off procedure.

Kreissig et al. [7] compare aluminum, wood, wood-
aluminum and PVC windows due to different system
boundaries. They made a direct comparison of these window
types. They included the study [6] in their comparison,
because it was based on functionally equivalent product
systems and considers the frame and the glazing. This
combination allows the evaluation of environmental effects of
the whole construction including its thermal properties. The
latter is important because the compensation of heat losses is a
major contributor to the environmental profiles of the
windows, [8].

Jungmeier G. [9] applied the LCA for forestry wood,
biofuel and wooden products. The results of the inventory
assessment for this standard version of the solid wood window
are greenhouse potential and acidification. The highly
negative global warming potential of the wood frames results
mainly from the renewable CO, that is embodied onto the
wood residues that are produced along the window production.
According to the allocation rule, the wood residues were
treated as waste, so all upstream interventions including the
CO, up-take were not allocated to them, although 90% of the
final window frame is incinerated in the disposal processes.

Elizabeth Minne et al. [10] selected a basic single-pane
window as a baseline to compare to two basic double-pane
windows and four energy-efficient windows in a single-family
home. Seventeen United States cities were investigated to
represent 17 climate regions. When projecting the impacts of
retrofitting a large number of homes, it was found that metro
Atlanta could reduce CO, emissions by about a half a million
metric tons of CO, annually with any of the energy efficient
window choices.

The main target of this study is to make a decision about
what is the best material for windows used in green building
according to which one of them effects on the thermal comfort
of the interior space referenced to environmental impact,
human health and climate change comparison results.
Therefore, a comparative analysis study using LCA for
window frame materials; from aluminum and beech wood
with dimensions of 1.2m*1.2m is made. A Life Cycle
Assessment (LCA) approach has been adopted to evaluate
these frame materials regarding their production taking into
account the affiliated energy and environmental impacts using
SimaPro software ver. 8.0.4.30. This study also provides the
environmental impacts of painting/coatings on aluminum and
beech wood, disposal of windows. The transportation values
are similar for the two materials, aluminum and beech wood
window in this comparative study due to their effects on the
environmental impacts in LCA study. The paper also gives a

critical review of a several kinds of materials performance of
the windows examined.

II. METHODOLOGY

Fig. 1 shows the logical relationship of the four LCA
components as presented in the ISO 14040 “Principles and
Framework” of LCA. The directional arrows indicate the
continuous need to modify the assessment, and backtracking
to previous stages, based on the interpretation of the findings
at each stage [11]. Following ISO 14041 a step-wise
procedure for system boundary setting and allocation are
outlined without system expansion in the LCA of the two
types of window that are commonly available in Egypt: beech
wood and aluminum is based on the production of the two
windows by a single representative manufacturer of each type.
Average transportation distances (200 km is assumed as the
same in the two materials to get the effect of the two different
materials on green building design and specified as tkm and in
the distance to recycle or reuse assumed as 10 km),
commodity systems, maintenance, and service life estimations
are used to complete the life cycle inventory model. Fig. 2
shows the framework for the present study.
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L
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Fig. 1 Life Cycle Assessment Framework (ISO 14040, 1997) [11]
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III. WINDOW FRAME MATERIAL

This research is based on calculation make on two different
materials for frame window aluminum (Jumbo sectors 2mm)
and beech wood window. The reference window is
(1.2mx1.2m), so the aluminum window weights 4.0992 kg
and the beech wood window volume is 12000 ¢cm®. The two
materials process as follows:

A. Aluminum

Aluminum windows are light, durable and highly heat
conductive made of hollow extruded profiles. Aluminum is
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produced from its abundantly available ore, bauxite. After
that, it is going through a group of processes to get the
aluminum sheets then the product is manufactured [12]. Fig. 3
shows the stages that the aluminum goes through from its
extraction till the end of life which is expressed in the cradle
to gate phase. While in Fig. 4 the assembly of aluminum
window network is shown.

Primary, aluminum production requires a great deal of
energy (225MJ/kg) [13] and it generates huge amounts of
environmentally dangerous pollutants like carbon dioxide,
acidic Sulphur dioxide, along and dust. Aluminum can be
recycled repeatedly with virtually no deterioration in quality.
Recycling aluminum requires only about 7% of the energy
needed for primary aluminum production from its ore [14],
and the energy required to melt 1 kg of aluminum is in
average 13 kWh [15].

. 13kw/h
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Electricity

Aluminum
production

Refining
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i

Profile coating wkecycle,’

Reuse a maintenance
@

Fig. 3 Life cycle stages of an aluminum window
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Fig. 4 The flowchart of assembly aluminum window

B. Beech Wood

Wood is a renewable material that can be used for wood
products and energy production [16]. Beech wood can be
defined as a renewable material with a very low embodied
energy compared to aluminum [3]. Wood window is the
traditional window frame material, because of its availability,
ease of processing and the lowest thermal conductivity
amongst frame materials [17]. Wood can be affected by

moisture, which can make it warp or twist, so it have to be
painted or stained and must be maintained every few years [3].
Fig. 5 shows the life cycle of beech wood window.

LCA of wood products usually consists of three main
phases: (production, use, and end of life) [16]. The production
phase that has a large input and has three basic parts for
modelling the beech wood window:
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1. Cutting a tree and sawing planks in sawmill are studied in
order to describe their environmental impact, and for the
steel parts that exist in sawmill will be used from the
existing data in SimaPro Eco invent database.

2. Describing the end of life for the beech wood shed, as in
our example assuming that 40% of the wood will be
burned, 60% is landfilled [18].

3. Developing the specifications of the shed and the life
cycle, so the electricity used in sawmill will be added.
Fig. 6 shows the beech wood window network.
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Fig. 5 Life cycle stages of a beech wood window

The data requirements of the beech wood window approach
depend on the goal and scope of this study, this leads, to the
functionally as the following:

- LCA particle boards: 1 m
electricity + z kWh heat.

- LCA wooden products: 1 wooden product+ y kWh
electricity + z kWh heat.

- LCA Dbioenergy for heat and electricity: y kWh
electricity+ z kWh heat.

- LCA sawmill: 1 m* wood board + y kWh electricity + z
kWh heat (if co-products from sawmill are only used for

energy) [16].

A. Goal and Scope

The main objectives of this work are to evaluate and
compare the impacts caused by the production of each window
type using LCA through their entire life cycles. Also,
recognize the significant contributors to impacts from these
two materials in green building design. The formal of the
functional unit is declared in the following points:

- Materials: Aluminum and beech wood window.

- Size: 1.2mx 1.2m.

- Style: casement.

- Frame profile:
manufacturer.

- Length of service: 75 years.

- Maintenance: sealed unit replacement.

- Operable: operable.

® particle board+ y kWh

standard frame profile for Egypt

The LCA work included all life cycle from raw material
extraction to product manufacturing, installation, maintenance
and disposal at the end of life. Figs. 7 and 8 show the process
diagrams of aluminum and beech wood windows respectively.
Transportation was considered for all materials up to the point
of installation. The system boundaries are established such
that, the transportation values are similar for the two materials,
aluminum and beech wood window to eliminate their
significant environmental impacts in the present comparative
study.

B. Life Cycle Inventory

The collected inventories of the two materials are grouped
into impact categories and scaled based on IMPACT 2002+
v2.12 characterization and damage factors. The flows of
resources used and emissions in the product system are
calculated for each process included in the product system
definition. This is called the life cycle inventory (LCI) [1].
The impacts on the environment are then calculated based on
the LCI for the product system and factors relating to their
flows to indices the environmental degradation, which called
characterization factors. Table I presented the LCI input data
for the two types of materials (aluminum and beech wood).

C. Life Cycle Impact Assessment

Life cycle assessment is a quantitative technique for
evaluating the resources used and associated environmental
burdens of a product from "cradle to grave", and emissions
identified in the life cycle inventory. ISO 14042 (2000)
specifies that all the resource used, health consequences, and
ecological consequences are grouped into impact categories to
which an impact indicator is calculated [21]. It considers all
life stages of a product from resource extraction and
manufacturing to secondary manufacturing, use, maintenance
and end of life.

This is achieved by scaling inventory values by their
relative influence and reporting in common terms, greenhouse
gas emissions as CO, equivalents for example. These emission
equivalence categories are referred to as midpoint impact
categories while further modeling may be completed to
calculate their effects on human health, ecological quality, and
resource use damage categories. Life cycle impacts may be
either reported directly, normalized to show the relative scale,
or weighted based on estimates of valuation functions [1].

1. Impact 2002+ Method

The environmental impacts of all resources used, wastes
and emissions generated over the life cycle of windows
identified in the life cycle inventory stage are assessed using
IMPACT 2002+. The impact categories can generally be
classified as affecting human health, ecosystem quality,
resource use, and global warming. The global warming and
resource use are grouped together under the heading name of
carrying capacity because these categories affects directly on
the earth's ability to support human populations [9].
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Fig. 6 The flowchart of assembly beech wood window
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Fig. 8 System boundary for beech wood window [20]

Fig. 7 System boundary for aluminum window [19]
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TABLEI
INPUT DATA FOR ALUMINUM AND BEECH WOOD
Input Amount Reference
Aluminum
Bauxite orc -Bauxit;, at mine/GLO U 28 ton [3]
extraction -Electricity from gas B250 140 kWh [12]
-Truck 28t 5600 tkm Assumed
-Process water, ion exchange, 9500 kg
production mix, at plant, from
surface water RER S
-NaOH ETH U 0.215 kg
-Lime I 0.086 ton
Produce 1 kg -Bauxite, at mine/GLO U 4.750 kg [3]
aluminum -Carbon monoxide, CO, at 0.400 kg
plant/RER U
-Aluminum fluoride, at 0.018 kg
plant/RER U
-Cryolite, at plant/RER U 0.007 kg
-Electricity, at refinery/RERU 255 Mj [12]
-Aluminum scrap, post-
Produce 1 kg ~consumer, prepared for melting  1.180 kg
aluminum {RoW}| treatment of aluminum [3]
from scrap, post-consumer, by
aluminum collecting, sorting, cleaning,
scrap pressing | Alloc Rec, U
-Electricity from gas B250 15.75 Mj [12]
-Coating powder, at plant/RER  0.061488 g
P . S (2]
rofile coating
-Electricity from gas B250 50 kWh [12]
-Aluminum sheet, primary 40992 kg
prod., prod. mix, aluminum 2]
semi-finished sheet product
Window RER S
manufacture -Transport, single unit truck, 0.040992 Assumed
diesel powered/US kgkm
.. 53.2896
-Electricity from gas B250 KWh [12]
Beech wood
-Wood in forest U 1.32r5n;c;n
feeling the tree - Chain sawing I [22]
-Electricity from gas B250 0.386116
kWh
-Wood in forest S 500 kg
-Sawdust, hardwood, green, at 400 kg
sawmill, NE-NC/kg/RNA
. -Pine log with bark, reforested 100 kg
Sawmill managed forest, production (22]
Planks mix entry to saw mill, 44%
water content DE S
-Electricity from gas B250 150 kWh
-Truck 28t 5600 tkm Assumed
-Wood board ETH S 6.12 kg [22]
-Steel low alloy ETH U 2kg
Shedfor . .
product -Tr.ansport, single unit truck,  0.0612 tkm Assumed
window diesel powered/tkm/RNA
-Automotive painting, electro  0.0240061 20]
coating, per m2/RNA 5 m? [

2. Midpoint Results

The midpoint category results are represented in terms of
equivalence to a reference substance commonly associated
with that impact [21]. However, the midpoint values give a
little insight as to the effects of the product system beyond the
relative intra category impacts towards the three areas of
protection [18]. By multiplying the midpoint results by a
second group of characterization factors that relate the
midpoint category to a damage effect, the relative significance
of each towards total effects on human health, ecological
quality, and the earth's carrying capacity may be understood

[1]. The following describes the units that used to calculate

damage effects across midpoint categories:

Human Health: Disability Adjusted Life Years (DALY) is
the decrease in life expectancy and healthy years due to
disability. Where the aluminum present the disability for
0.36 Pt, and the wood disability is 0.14 Pt. so, the
aluminum has a bad effect on human health.

- Ecosystem Quality: Potentially disappeared fraction
(species) over a given area and a length of time relates
ecosystem damage directly to the degradation of species
populations. Where the wood has a good effect on
ecosystem than the aluminum.

- Carrying Capacity—Resource Use (MJ): The energy
value relates to the expected future increase in energy
requirements to recover that resource. The wood
manufacturing utilizes the resources in a good manner
than the aluminum manufacturing.

- Carrying Capacity—Global Warming (kg CO,): The
global warming in terms of the midpoint equivalence is
affected due to the manufacturing of wood or aluminum.
It’s cleared that wood has a good impact on warming than
in aluminum case. Fig. 9 provides a graphical
representation Cradle to grave Midpoint Impact totals for
aluminum and beech wood.

3. Damage Results

The life cycle impacts are disaggregated into the different
stages in the lives of the two window types. The major life
stages include the resource extraction and manufacture of the
finished product, use and maintenance, and end of life
treatment. The damage impact of the two window types are
shown in Fig. 10, from the figure it’s cleared that the effect of
damage on human health is better than its effect in case of
wood, where the damage effect of wood is 43% and the
aluminum is 100%. In case of ecosystem its cleared that the
impact of damage in aluminum is decreased to 75% where in
wood frame is increased to 100%, and the interpreted of these
changes in damage impact is due to the cutting of trees that
convert CO, to O, and according to this the ecosystem is
defected in a high percentage for aluminum, and according to
this impact the beech wood has a good impact on climate
change in opposite to aluminum, and in resources the rate of
consumption of wood as a natural resource is higher than
aluminum.

4. Cradle to Gate Findings

The primary goal of this LCA was to compare the life
cycles of the two frame materials. For this reason, the cradle to
gate window manufacture was disaggregated to show the
influence of the primary frame material, for the wood and
aluminum windows, sealed unit, all other materials, secondary
manufacturing energy, and transportation of materials to the
manufacturer.

The cradle to gate results provides several significant
insights. First, the wood use less energy and cause less
acidification/nitrification, and emissions of respiratory
inorganics, and greenhouse gas than the aluminum materials
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alone. The aluminum causes the total frame impacts to be
greatest for these materials. This is particularly noticeable for
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the wood window frame, in which a majority of frame impacts
are caused by the aluminum.
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Fig. 9 Cradle to grave midpoint impact for aluminum and beech wood windows

Ecosystem qualty

Climate change

3 Ifie cyde beedhwood window I jfe cyde alm window

t
Resources

Human heatth

Fig. 10 Damage results for different life stages of aluminum and beech wood windows

Ecosystem quality (Climate change

Resources

gggggs

LK

mPt

EEBzREE

g

&

bdomwagaBl

life cyde allilm window

‘Comparing 1p ife cyde alum window' with 1 p 'ife cyde beechwood window';

Method: IMPACT 2002+ V2,12 [ IMPACT 2002+ / Single score

Fig. 11 Single score of aluminum and beech wood windows

life cyde heed“mnnd window

ity (] Climate change Ml Resources

1161



International Journal of Architectural, Civil and Construction Sciences
ISSN: 2415-1734
Vol:9, No:9, 2015

IV. ANALYZING THE RESULTS

Life cycle assessments of windows have generally been
used for two purposes; the first one is comparing window
frame materials and it determines their relative contribution to
impacts. The second is the performance of windows based on
the choice of material, proper maintenance and cleaning is
another important factor in durability and service life of
windows. Aluminum window needs low maintenance however
beech wood window needs high maintenance but easy to

repair. Fig. 11, the single score results for the two types of
windows are presented to declare their impact on human
health, ecosystem quality, climate change, and resources. It’s
cleared that the aluminum has a negative impact on human
health with large points, but for the wood windows, it has a
negative effect with little points. Also, their impact on climate
change cleared that the aluminum has a negative effect but
inversely, the wood has a positive effect.

f f f f Y u '
Carcinogens ~ Non-carcino  Respiratory lonizing Ozone layer ~ Respiratory  Aquatic ecot
gens inorganics radiation depletion organics oxicity

Comparing 1 p 'lfe cycle alumwindow' with 1 p 'fe cycle beechwood window';
Method: IMPACT 2002+ V2.12 / IMPACT 2002+ / Characterization

' Y ' ' '
Terrestrial Terrestrial ~ Land occupa  Aquatic acidi ~ Aquatic eutr Global
ecotoxicty acid/nutri tion fication ophication warmng ble energy action

3 Ife cycle alumwindow

t T
Non-renewa  Mineral extr

I ffe cycle beechwood window

Fig. 12 Characterization factors for aluminum and beech wood windows

Fig. 12 shows a comparison between the impacts of an
aluminum window frame and wood window frame. The
highest score is scaled to 100% and the lowest is a relative
score. In a simple case the difference between all scores is
floated percentage from 29%, up to 90% as the allocation
factor influences most impacts in the same way, but there is a
good effect of wood window on the global warming. In a
complex process tree with many allocated processes the result
will be different, and it is precisely in these situations where
parameterized allocation is extremely powerful.

V.CONCLUSION

In this study, the differences among the materials that used
in window manufacturing are presented to show in clear way,
what is the choice in green building design. It’s cleared that
the wood has a positive impact than the aluminum in case of
climate change. Also, removal of, or clarification of the effects
of some remaining uncertainties in LCA of wood products will
be wvaluable. The partnership between the forest/forest
products sectors and other agencies to develop LCI datasets
will greatly support the place of wood in green building
design, so the environmental performance through building
construction from beech wood window is the best. This study
provide a benchmark of environmental performance for
forests, mills, and buildings that can be used to evaluate

improved performance alternatives in terms of global warming
potential, air quality index, water quality index, waste, energy
use, and forest structure/health/biodiversity. The results
showed that wood products that have been installed and are
used in an appropriate way tend to have a favorable
environmental profile compared aluminum products.
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