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ABSTRACT: Life Cycle Assessment (LCA) is currently being widely used within the construction sector as
the most accurate and effective methodology to quantify the environmental impact associated with construc-
tion projects. Taking into account project stages such as raw material acquisition, construction, operation and
the handling of the materials at the demolition stage, it constitutes a valuable tool to optimize the sustainabil-
ity of technical structures. The purpose of the current research is to investigate the last stage of a project con-
sidered in LCA analysis, namely the end scenario. A steel-framed residential building is used as the basis for
the definition of a set of alternative end scenarios which cover the complete range of handling options for the
construction materials retrieved after the service life of the building. These scenarios are used to complement
a corresponding set of alternative life cycles, for which environmental impact assessment calculations are ex-
ecuted. The results are used to draw conclusions regarding the influence of end scenarios and material han-
dling at the end of a construction project on the minimization of its environmental impact and the subsequent
optimization of its sustainability.

1 INTRODUCTION and application are well-defined and can be applied
to construction projects such as buildings, bridges or
The principles of sustainable development have  any other type of project for which an environmental
been and are still being embedded in the practices  impact assessment is required.
applied within business sectors across the economic
market. The aim is to minimize the environmental
impact caused by the activities and/or products of
each sector, especially of those that have been iden- 4. Waste managoment/ 1. Raw material
tified as the largest consumers of energy and natural S e
resources. Construction is understandably one of
these very sectors, as it requires massive amounts of
materials and energy in order to deliver the numer-
ous small or large-scale projects commissioned. It is
therefore important to accelerate the application of 3. Use / Operation | PR a—— |

research findings regarding the sustainability of con- VR
struction projects, so as to minimize their environ-
mental impact as much and as soon as possible

(Braganga et al., 2007).

Life cycle assessment (LCA) has been introduced  Figure 1. The four main stages of a construction project’s life
and is currently acknowledged as the reference  cycle (Zygomalas and Baniotopoulos, 2013)
methodology to approach these issues. It is used ex-
tensively within many types of sectors, including The methodology is based on the concept of the
construction (ISO, 2006a and 2006b). Its structure life cycle and for construction projects, the life cycle
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of each project includes four stages (Figure 1),
namely the raw material acquisition stage, the con-
struction stage, the operation/use/maintenance stage
and the demolition stage (Kaziolas et al., 2013). The
first stage refers to the use of natural resources re-
quired for the manufacturing of the materials neces-
sary for the project. The construction stage takes in
to account all the construction process carried out,
while the third stage refers to the actual operation or
use of the structure, including any maintenance pro-
cesses carried out. The final stage of a project’s life
cycle refers to the handling of the materials retrieved
after the decision for its demolition has been made.

2. METHODOLOGY

It is the end-of-life stage that the current research
focuses on, as it constitutes one of the life cycle
stages of construction projects that hold increased
potential for environmental impact minimization.
Many construction material manufacturers have
acknowledged the need for the minimizing the envi-
ronmental impact of their products and have thus de-
signed their products with recycling and reuse as a
priority. However, if not planned for or if not taken
into account these capabilities can very easily go un-
exploited. The aim of this research is to investigate
the environmental impact associated with a set of al-
ternative end scenarios, referring to differing han-
dling options for the retrieved materials at the end of
a project’s service life.

A steel-framed residential building is used as the
basis for the definition of the alternative end scenar-
ios and the environmental impact calculations. It is a
ground-floor single-storey residence with a steel
load-bearing frame and reinforced concrete slabs
and foundation as displayed in Figure 2.

Figure 2. Plan view of foundation level of steel-framed resi-
dential building.

Structural steel is a material that can be both re-
cycled and reused and is therefore suitable for inves-
tigating the environmental impact of different waste
treatment alternatives as the results obtained are ex-

pected to display potential differences to a more vis-
ible degree (Zygomalas et al., 2012). The processes
and quantities of materials required for the construc-
tion of the steel building were documented and used
to carry out the LCA analyses for the current re-
search. The construction materials taken into ac-
count are listed in Tablel.

Table 1. Main materials and processes for the con-
struction of the steel building

Main materials and processes Unit  Quantity
Structural steel sections kg 6862.6
Steel connection elements kg 1364.1
Concrete m’ 51.1
Steel reinforcement for concrete kg 3760.3
Excavation m’ 161.6
Steel sheet profile for deck kg 217

3. ALTERNATIVE END SCENARIOS

The capacity of structural steel for recycling stems
from its property to be melted and remoulded -with
the proper substance additions- into new steel
products that do not compromise the quality of the
material. Its potential for reuse is another sustainable
option, as structural steel members that are
investigated and found not to carry significant wear
can be used “as is” in other structures. This route
avoids the need for the remanufacturing of the new
quantity of steel as the final product is already
available and as a result, the environmental impact
of the material is greatly reduced. For the current
LCA analysis three end scenarios were assumed,
each corresponding to a different way of handling
the retrieved materials at the end of the steel-framed
building’s service life.

Table 2. End-of-life scenarios developed for the
handling of the retrieved materials

End
scenario

Waste treatment

Recycling  90% of structural and reinforcing steel recycled

10% considered irretrievable and disposed in landfill
80% of the concrete recycled (crushed to be used as
gravel)

20% considered irretrievable and disposed in landfill
Reuse 60% of structural and reinforcing steel reused

30% recycled

10% considered irretrievable and disposed in landfill
80% of the concrete recycled (crushed to be used as
gravel)

20% considered irretrievable and disposed in landfill
Landfill ~ 30% of structural and reinforcing steel recycled

70% considered irretrievable and disposed in landfill
30% of the concrete recycled (crushed to be used as
gravel)

70% considered irretrievable and disposed in landfill

2127



The first scenario refers to the recycling of the
retrieved construction materials, the second one to
their reuse and the third to their disposal in landfills.
All three end scenarios were developed with the aim
to quantify the environmental impact of each waste
treatment and therefore illustrate their sustainability
potential. The assumptions taken into account for
each end scenario are presented in Table 2.

4. LIFE CYCLE INVENTORY (LCI)

Each process and material quantity associated
with the life cycle of the steel building is used for
the creation of a list of environmental inputs and
outputs, corresponding to the resources used and
substances emitted to the environment respectively.
This list contains more than 800 entries in total and a
selection of the most important substances to be
monitored (European Environment Agency, 2007) is
presented in Table 3. The negative values refer to
the beneficial influence of recycling or reuse taking
place according to each end scenario.

Table 3. Life Cycle Inventory (LCI) of the alterna-
tive end scenario life cycles of the steel building

« Life cycle Life cycle Life cycle
Substance Category Unit Recycling) (Reuse) (Landfill
Coal (brown, in ground) Raw material kg 13056,57 1041503 13274,07
Dolomite (CaCQOs, in ground) Raw material kg 2,622847 -11,055 2,898421
s mitene ke -9784,39 -8252.13 246546
Raw material kg
0,184621 0.56685
il (crude, in ground) Raw material kg 1536.284
Water (unspecified natural origin) Raw material m' 26,5047,
Zine (Zn, in ground) Raw material kg
Carbon dioxide (CO) Air emission kg
Carbon dioxide, fossil (CO,) Air emission ke
Carbon monoxide (CO) Air emission kg
Carbon monoxide, fossil (CO) Air emission kg
Dinitrogen monoxide (N,0) Air emission kg X 0.215751 0.
Hydrogen Chloride (HCI) Air emission ke 2,804202 2170324 3191181
Hydrogen Sulphide (H,S) Air emission ke -0,18464 -0,17292 -0.00657
Lead (Pb) Air emission kg -0,01632 -0,0247 0,003933
Mercury (Hg) Air emission kg 0,000749 -0,00595 0,001291
Methane (CH,, fossil) Air emission kg 4941774 2.429593 4941774
Nitrogen oxides (NO,) Air emission kg 37.84439 30,22335 5976458
Non-methane volatile organic Aiir emission ke
compounds (NMVOC) : N = 10,88984
Particulates, < 2.5 um (PM, 5) Air emission kg 1481376
Particulates, < 10 um (PM,,) Air emission kg 0.006463
Sulfur dioxide (SO,) Air emission kg 4352497
Sulfur oxides (SO,) Air emission ke 1,185597
Zine (Zn) Air emission kg 0,045081
Cadmium, ion Water emission kg 0,023829
Chemical Oxygen Demand (COD) Water emission kg 1031319
Chromium, ion Water emission kg 0,010071
Iron Water emission kg 0,056764
Lead (Pb) Water emission kg 0.,059168
Nickel, ion Water emission kg 2y 7
Suspended solids Water emission ke
Zinc, ion ke 2 2.904809
Caleium kg 7. 0,314369

MJ 197.6113 227,308
0245346

6.115477

Heat, waste

kg -0,04002
Soil emission kg 4,845755

Iron
Oils, unspecified

5. LIFE CYCLE ASSESSMENT (LCA)

The goal of the current LCA analyses is the quan-
tification of the environmental impact caused by the
life cycle of the steel-framed residential building for
each of the alternative life cycles created with the
corresponding alternative end scenarios. The anal-
yses include the acquisition of the raw materials for
the manufacturing of the necessary construction ma-

terials, their transport to the site, the construction of
the building and the handling of the retrieved mate-
rials at the end of the service life of the building. For
the transport of the materials to the various end-of-
life facilities (sorting plants, recycling plants, land-
fills etc.) a 30 km transport distance is taken into ac-
count, while the distance assumed for the transport
of the materials to the site at the construction stage
of the building is 10 km. The functional unit for the
LCA is the construction of the steel-framed resi-
dence, while the geographic coverage refers to the
Greek and European region. For the environmental
impact assessment, the Eco-Indicator 99 (Eco-
indicator 99 (E) V2.08 / Europe EI 99 E/E) method-
ology is used and the environmental impact is thus
calculated in Eco-Indicator points (Pt), where 1 Pt is
representative of one thousandth of the yearly
genvironmental load of one average European in-
habitant (The Netherlands Ministry of Housing, Spa-
tial Planning and the Environment, 2000).

5.1 Recycling end scenario

The environmental impact caused by the life cy-
cle of the steel-framed building taking into account
the recycling end scenario is presented in Figure 3.
As can be observed, the impact caused by the con-
struction of the building is 2377 Pt, while the bene-
fits provided by the end scenario were calculated at -

1431 Pt (the negative value refers to environmental
benefit).
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Figure 3. Environmental impact of the construction and recy-
cling end scenario for the steel building

The beneficial influence of the recycling of the
materials is evident, since it reduces the impact of
the building’s construction by more than half. Fur-
ther analysis of the end scenario environmental ben-
efits show that it is the steel elements that are re-
sponsible for the largest percentage of benefits
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provided. The recycling of steel elements can there-
fore play a significant role in ensuring the sustaina-
bility of construction projects, since it removes the
need for the extraction of new quantities of raw ma-
terials by utilizing steel and iron scrap that would
otherwise be disposed of.

5.2 Reuse end scenario

The reuse end scenario life cycle causes the envi-
ronmental impact displayed in Figure 4. The impact
caused by the construction of the building is the
same, at 2377 Pt, while the benefits provided by the
reuse end scenario were calculated at -1947 Pt. The
beneficial influence of the reuse of the steel ele-
ments leads to remarkable environmental benefits
that almost match the impact caused by the construc-
tion of the residential building. As expected, these
benefits are the result of the fact that reuse avoids
the manufacturing processes required for recycling
and is thus capable of providing even greater envi-
ronmental benefits.
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Figure 4. Environmental impact of the construction and reuse
end scenario for the steel building

These results show that reuse is the optimal end
scenario -even in comparison to recycling. As far as
a construction project’s design is concerned, it
would therefore be preferable to include provisions
that will enable the maximization of construction
material reuse when the service life of the project
has ended.

5.3 Landfill end scenario

The environmental impact caused by the life cy-
cle of the steel-framed building with the landfill end
scenario is presented in Figure 5. The impact caused
by the construction of the building is again 2377 Pt,
while the benefits provided by the end scenario were
calculated at only -399 Pt. These quite smaller bene-
fits are attributed to the small quantities of materials

recycled and the fact that the disposal of the remain-
ing materials in landfills causes significant burden
rather than benefits. It is therefore obvious that land-
fill disposal does not only cause additional environ-
mental burden -which noticeably decreases any re-
cycling benefits- but also prevents potential benefits
that could be obtained by other material treatments
such as recycling or reuse.

3000

2500

2000

1500

1000

500

° __I

-500

Eco-Indicator 99 Points (Pt)

-1000

o Construction environmental burden
m Landfill end scenario environmental benefit

Figure 5. Environmental impact of the construction and landfill
end scenario for the steel building

5.4 Environmental impact indicators

The results obtained by the current LCA analyses
also refer to the impact of the steel building’s alter-
native life cycles on the environmental indicators
used by the Eco-Indicator 99 methodology. In Fig-
ure 6 these results are displayed for the construction
of the building and the three alternative end scenari-
os examined. The environmental indicators cover a
wide range of environmental issues, from human
health (e.g. carcinogens and respiratory inorganics)
and natural resources (e.g. fossil fuels) to the quality
of the eco-system (e.g. climate change and
ecotoxicity).

As can be observed, the construction of the steel-
framed building primarily burdens the ‘fossil fuels’
indicator which refers to the quality of the available
fossil fuel reserves. Secondly, it affects human
health (‘respiratory inorganics’ and ‘carcinogens’
indicators) and climate change. On the other hand,
the end scenarios provide a mixture of environmen-
tal impacts; recycling and reuse provide remarkable
benefits for the ‘respiratory inorganics’ indicator,
even surpassing the burden caused by the building’s
construction. A similar situation is observed for the
‘fossil fuels’ indicator, where recycling and reuse
again provide noticeable benefits corresponding to
about half of the impact created by construction. As
expected, the landfill scenario provides almost neg-
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ligible benefits, due to the environmental burden
created by the disposal of materials in landfills.
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Figure 6. Impact of the steel building’s life cycles on the Eco-
Indicator 99 environmental indicators

6. CONCLUSIONS

The current research aimed to investigate the last
stage in the life cycle of construction projects which
refers to the handling of the retrieved materials after
the decision for demolition has been made. Three al-
ternative end scenarios were defined, covering avail-
able material handling options such as recycling, re-
use and landfill disposal and a steel-framed
residential building was used as the basis for the cal-
culations. The results obtained include a detailed list
of environmental inputs and outputs as well as envi-
ronmental impact results for each of the three re-
spective alternative life cycles of the steel building.
The recycling scenario was shown to have a very
beneficial influence, reducing the environmental im-
pact of the building’s construction by more than
half. The reuse scenario led to even more remarkable
environmental benefits, almost matching the impact
of the building’s construction. This was attributed to
the fact that reuse avoids any manufacturing pro-
cesses altogether and is thus capable of providing
even greater environmental benefits than recycling.
It is therefore suggested that reuse is the optimal end
scenario; it should be considered at a construction
project’s design stage so that provisions that will en-
able the maximization of construction material reuse
when the service life of the project has ended can be
taken into account. In regard to landfill disposal, it
was shown that this waste treatment does not only
cause additional environmental burden but also pre-
vents potential benefits that could be obtained by
other material treatments such as recycling or reuse.
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