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ABSTRACT

To identify proper types of concrete with favourable mechanical and durability properties is
necessary, which imposes minimum pollution into the environment. We collected information,
based on the literature and consulting companies, by evaluating one cubic meter of five differ-
ent types of concrete, including microsilica, Geopolymer, micro-nano bubble, nanosilica and
using only ordinary Portland cement (OPC). After using a life cycle inventory (LCI) phase, accord-
ing to the life cycle assessment (LCA) for cradle to gate, we applied SimaPro8.1 software using
the collected information. The results indicated that global warming indicator in Geopolymer
concrete was much lower than the other concretes and indicated a reduction of nearly 26% in
comparison with ordinary Portland cement in concrete. Also, the global warming indicator
increased approximately 56%, 17% and 38% in microsilica, nanosilica and micro-nano bubble
concrete in comparison with OPC concrete, respectively. Common harmful environmental
impacts that were associated with ecosystem damage, ecosystem quality, human health, climate
change and global warming potential (GWP), human toxicity, acidification and eutrophication
were observed in microsilica concrete, while OPC was the most environmentally friendly con-
crete in production stage due to its lowest level of environmental burdens.

Abbreviations: BEES; Building for Environmental and Economic Sustainability: CKD; Cement Kiln
Dust: CML; Center of Environmental Science of Leiden University (Centrum voor Milieukunde
Leiden): DB; Dichlorobenzene: DALY; Disability Adjusted Life Years: EFA; Electric furnace arc:
GWP; Global warming potential: HPC; High-performance concrete: IPCC; The Intergovernmental
Panel on Climate Change: LCA; Life cycle assessment: LCl; Life cycle inventory: NA; Natural
aggregate: OPC; Ordinary Portland cement: PDF; Potentially Disappeared Fraction: RCA; Recycled
concrete aggregate: RFC; Reactive powder concrete: SETAC; Society of Environmental Toxicology
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Introduction

Due to the development acceleration in the construc-
tion industry, the effects of one of the human interven-
tions in the environment are gradually emerging, and
subsequent efforts to maintain favourable living condi-
tions on the planet have begun. In the construction
industry, concrete is involved in a high percentage of
constructions and it plays a vital role in environmental
pollution related to construction activities. Concrete
materials are the major causes of releasing a large
amount of CO, in the atmosphere (Meyer 2009). The
current level of carbon dioxide (CO,) in the atmos-
phere is close to 380 ppm (Feely et al. 2004).
Approximately 6 billion tons of concrete are produced
around the world each year (ISO 2005), where the con-
tribution of ordinary Portland cement (OPC) concrete

in the emission of carbon dioxide is about 5% to 7%,
globally (Huntzinger and Eatmon 2009; Meyer 2009).

Since Iran is a developing country, it is not surpris-
ing to carry out many construction projects in which
concrete is considered as one of their basic construc-
tion materials. The extraction of significant amounts
of raw materials, high energy consumption and vast
production has led researchers to indicate a high
degree of willingness to identify the best concrete for
the environment (Tait and Cheung 2016). Therefore,
more studies are needed to improve this material to
be more environmentally friendly.

Considering the importance of reducing green-
house gas emissions, Iran has been committed in the
Kyoto Protocol to reduce its greenhouse gas emissions
up to 4% by 2030, and if sanctions imposed on Iran
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are removed and financial, technological and human
resources capacities are provided, another additional
8% will be added to its commitments to reduce green-
house gases (Protocol 2016). Therefore, more studies
are needed to make this material more environmen-
tally friendly to reduce greenhouse gases and
other pollutions.

Various studies have been carried out on the life
cycle assessment (LCA) of concrete and cement,
such as the study of Huntzinger and Eatmon (2009)
which assessed the environmental impacts of the
production of four types of cement by using
SimaPro 6 software. These types of cement included
1) traditional Portland cement, 2) blended cement
(natural pozzolan), 3) cement which recycled 100%
of waste cement kiln dust (CKD) into the kiln pro-
cess and 4) Portland cement produced by using
cement kiln dust. As a result, CKD reduced 5% of
the environmental impact of cement. Van den Heede
and De Belie (2012) compared the environmental
burden of green concrete with traditional concrete.
They evaluated the environmental impacts with
problem-oriented CML 2002 method and the dam-
age-oriented IMPACT 2002+ method. Their results
indicated that the concrete produced from the slag
of the furnaces (green concrete) imposes less con-
tamination into the environment in comparison with
the concrete made of Portland cement.

Habert et al. (2012) used a LCA methodology
based on ISO14040 to compare high-performance
concrete and traditional concrete in bridge construc-
tion, and finally, by using the SimaPro software and
the Ecoinvent database, they concluded that according
to two main methods of impact assessment (CML
and IMPACT2002 +), high-performance concrete
(HPC) indicated 10% less environmental impact rela-
tive to traditional concrete. Also, the application of
HPC for the production of bridge construction mate-
rials reduced the emission of greenhouse gases up to
50%. Based on these observations, they concluded
that applying HPC is more environmentally friendly.

According to the environmental LCA of reactive
powder concrete (RFC) concrete and traditional con-
crete on a dam construction project in China, Liu
et al. (2013) observed that RFC concrete had 64% and
55% reduction in greenhouse gases and energy con-
sumption compared to traditional concrete, respect-
ively. Furthermore, reduction of CO, was recorded in
different phases (i.e. 72% in material production, 25%
in transport, 51% in construction and 15.6% in oper-
ation and maintenance). Faleschini et al. (2014) used
environmental LCA framework based on a cradle to

gate approach for the recycled concretes containing
an electric furnace arc (EFA) and concrete samples of
natural aggregate (NA), which had the same strength
and durability. The concrete containing EFA slag had
35% less emission than NA concrete.

Celik et al. (2015) reviewed the replacement of
some parts of cement with fly ash and limestone
powder. They concluded that the replacement of
Portland cements up to 55% of the concrete volume
of fly ash or limestone and grey powder, resulted in
the production of a 28-day and 365-day efficient
concrete, resistance to chloride penetration and
reduction in global warming. Tait and Cheung
(2016) studied the cradle to the gate of concrete con-
taining 100% cement, 65% cement and 35% fly ash,
30% cement and 70% slag of the furnace, using
SimaPro8 software, and Environmental impacts were
assessed using Eco-indicator 99 and Eco points 97
methods. Their results indicated 62% and 32%
reduction of CO,, in second and third concrete,
compared to the traditional concrete.

Marinkovi¢ et al. (2014) carried out an environ-
mental life assessment focusing on the evaluation of
structural aggregates containing natural aggregates as
well as structural concrete containing recycled aggre-
gates based on the LCA method. The results indicated
that recycled aggregates were more environmentally
friendly than natural aggregates. Kleijer et al. (2017)
studied the recycled concrete and traditional concrete.
The information was obtained by Graviere Claire aux
Moines company and the Ecoinvent database. The
results of environmental LCA indicated a very low
(1%) reduction in greenhouse gas emissions and a 4%
reduction in energy consumption, and the ecological
scarcity of Switzerland in 2006 reduced the environ-
mental impacts up to 12%. Kurad et al. (2017) exam-
ined the effect of recycled aggregates and fly ash in
concrete. Environmental impacts were assessed by the
CML method to study the potential of global warm-
ing of concrete. Three mix families of 0% fine RCA,
50% fine RCA and 100% fine RCA were produced.
Furthermore, 0% and 100% coarse RCA with 0%,
30% and 60% of fly ash without adding superplasti-
cizer was considered. Average global warming poten-
tial (GWP) decreased by.91%, .02% and.91% per kg,
respectively, and also by using 1% superplasticizer, it
decreased by 2%.

The objective of our study was to compare the
LCA of different concretes types including microsilica
concrete, nanosilica concrete, Geopolymer concrete,
micro-nano bubble concrete and OPC concrete using
SimaPro8.1 software. LCA of the concretes includes
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Figure 1. Concrete production system boundary.

ecosystem damage, ecosystem quality, human health,
climate change and GWP, human toxicity, acidifica-
tion and eutrophication categories.

Methodology
Life cycle assessment

The LCA method in this study focused on the envir-
onmental impacts related to the production of five
types of concrete at different stages of the life cycle,
namely the extraction of raw materials and the pro-
duction of raw materials, the transfer of materials to
the construction site and the producing process of
concrete based on ISO 14040 standard. The LCA may
help us for future environmental management strat-
egies to produce concrete (Vahidi et al. 2015).
According to ISO 14040, the LCA of the environment
consists of four steps: definition of goal and the scope
of the study, inventory analysis, impact analysis and
finally the interpretation of the results (ISO I 14040
2006). The following describes these steps to evaluate
the LCA of OPC concrete, nanosilica concrete,
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microsilica concrete, Geopolymer concrete and

micro—-nano bubble concrete.

Functional unit and system boundaries

The functional unit is defined as producing 1 m?® of
concrete, which unites constant for comparing differ-
ent concretes made by OPC, nanosilica, microsilica,
Geopolymer and micro-nano bubble with a 28-day
compressive strength (approximately 40 MPa).

The study boundaries restricted to cradle to gate as
indicated in Figure 1 and the stages in the life cycle
are as follows: production and extraction of raw mate-
rials in concrete, transferring of raw materials to the
concrete production site, concrete production at
the site.

The life cycle inventory (LCI) for concrete consid-
ered in this research was based on the Ecoinvent
database (Kellenberger et al. 2007). Also, we used
expert’s opinion, scientific bases and literature. The
pressure-oriented method CML 2000 as a problem-
oriented method (Guinée 2002) was used. CML
method has the best and most common impact cate-
gories designed by the Society of Environmental
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Table 1. Emissions and energy consumption a ton of nanosil-
ica (Sabour et al. 2014).

Requirements Unit Amount
Emission to air
(€0)) Kg 845
NOx Kg 0.12
SOx Kg 0.37
Energy consumption
Electrical energy KWh 1580

Toxicology and Chemistry (SETAC) (Faleschini et al.
2014) evaluate the environmental impacts. We consid-
ered the assignment of the results of the LCI to the
CML 2000 category based on impact indicators for
the assessment of environmental burdens. The envir-
onmental indicators of the CML method in this study
are acidification, eutrophication, global warming,
human toxicity. Also, by the damage-oriented method
of Impact 2002+ (Jolliet et al.2003), the results of the
LCI stage were evaluated in terms of human health,
ecosystem quality, climate change and ecosys-
tem damages.

Energy consumption and input information

o We calculated the amount of cement, sand, super-
plasticizer, sodium hydroxide and sodium silicate
according to the Ecoinvent database.

e Nanosilica: The amount of direct and indirect
emissions (at the factory and the relevant offices),
as well as the equivalent electrical energy con-
sumption of the Exonobel company for the pro-
duction of nanosilica, is indicated in Table 1
(Sabour et al. 2014). Therefore, we used data of
Table 1 including the emission and energy con-
sumption as the input data for the SimaPro8.1
(2017) (Product ecology (Pre)consults 2017) using
the nanosilica produced by the Swedish company
of Exonobel.

o Fly Ash: fly ash is a by-product of coal power
plants. Therefore, some studies have considered
the contribution of greenhouse gas emissions from
its production process zero (Turner and Collins
2013). We considered zero amount of greenhouse
gas emissions.

e Microsilica: based on the weight per cent of output
products in this study, 33% of the environmental
burden of the ferrosilicium plant was considered
as the production of microsilica and was modelled
in SimaPro. The production capacity of this fac-
tory is 60,000 tons of ammonium ferrosilicium
and about 20,000 tons of microsilica powder (Iran
ferroalloy industry 2017).

e The second step is the process of transporting raw
materials to the construction site, which includes
the distance travelled, the type of loader vehicle
and the fuel consumption of the vehicle. For trans-
portation of the raw materials, sand and coarse
aggregates in this study, the trucks with the cap-
acity of 16 to 32 tons with EURO3 fuel were used.
According to expert opinion, the distance travelled
was considered 30 km for all materials.

Turner and Collins (2013) considered the comparison of
emissions produced by the two types of Geopolymer and
OPC concrete. They considered the concrete production
of the Melbourne Concrete Plant for a bridge. The car-
bon dioxide emission factor during the manufacture and
transfer of 1 m’concrete was considered 0.0033 kg
CO,eq. Furthermore, the emission factor in the provision
of temporary structural supports and access during pro-
ducing, pumping and placement of concrete, final finish-
ing and ultimately operation concrete engineering was
calculated as 0.009 kg/m’. We considered this emission
factor for all scenarios (in production phase). In addition,
the emission factor of 39.97 kg of CO, per m> was con-
sidered for the Geopolymer concrete for the emission of
fuel which was used to increase the curing temperature
of concrete (60 to 80°C). This concrete requires an
increase in temperature over a period of 24hours to
reach the desired strength; however, OPC concrete cures
at ambient temperature.

To produce bubble water for a micro-nano bubble
concrete, a DAB pump with a power of 0.5 horse-
power was used for 30 minutes. The overall energy of
this machine was considered 6,500 KJ, and the energy
needed to mix each concrete was 186.04 KW
(Duxson et al.2007).

BEES software is designed by the National Institute
of Standards and Technology (NIST) and based on
information and standards in the United States. BEES
combines the assessment of the environmental life
cycle and the cost of construction materials and
building performance.

It is also suitable for general use. BEES helps better
decision-making by helping design, engineering or
purchasing a product by making a balance between
economic efficiency and the environment (Product
ecology consultants 2013).

It is possible in this software that the user, consid-
ering the importance of environmental and economic
effects, weighs the effects. The shortcomings of this
software can be realized in the limited scope of build-
ing material cover (Bayer et al. 2010).

We encountered some limitations such as the lack
of access to necessary information on the service life
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Table 2. The result of acidification, eutrophication, global warming potential (GWP) and human toxicity of production of differ-

ent types of concrete for one cubic meter.

Unit OPC Geo-polymer Microsilica Nanosilica Micro-nano
Type of concrete Indicator concrete concrete concrete concrete bubble
Acidification kg SO, eq. 0.84 1.1 1.55 0.96 0.89
Eutrophication kg PO,* eq. 0.159 0.183 0.572 0.185 0.175
Global warming potential (GWP) kg CO, eq 386.44 286.85 605.32 453.31 42417
Human toxicity kg 1.4-DB eq. 35.68 72.35 182.52 41.04 37.45

of concretes which was selected scope of the study
cradle-to-gate. We used the European database of
Ecoinvent because of the lack of sufficient informa-
tion related to emissions of some materials associated
with the present study in Iran.

Results and discussion
Life cycle impact assesment (LCIA)

Table 2 indicates the results of the LCA of 1 m’of
different design of concrete, including OPC concrete,
Geopolymer, micro-nano bubble, nanosilica and
microsilica using the CML-IA baseline method.

As presented in Table 2, in the acidification cat-
egory, different types of concretes containing micro-
silica, Geopolymer, nanosilica, micro-nano bubble
and ordinary Portland Cement produced 1.55 kg SO,
eq., 1.11 kg SO, eq., 0.96 kg SO, eq., 0.89 kg SO, eq.
and 0.84 kg SO, eq., respectively. Also, microsilica
concrete has the highest environmental impact in pro-
duction. The significant impact indicator in microsil-
ica concrete contains eutrophication (0.572 kg PO, 3=
eq.), GWP (60532 CO, eq.) and human toxicity
(182.52 kg 1.4-DB eq.). Nanosilica concrete has
second indicator value in the GWP category (453.31
CO, eq.) and the Eutrophication (0.185 kg PO,*™ eq.)

Geopolymer concrete is in the second rank in the
Human Toxicity Group (kgl.4-DB eq is 72.35), while
it produced the lowest greenhouse gas emission in the
GWP group (286.85 kg CO, eq.). The results indicate
that Geopolymer concrete, which does not contain
cement, produces the minimum amount of environ-
mental burden in GWP category. Turner and Collins
(2013) examined emissions of OPC concrete and
Geopolymer concrete. Based on their study, CO,
emissions decreased up to 9%. Habert et al. (2010,
2011), Van Deventer et al. (2010) and McLellan et al.
(2011) compared OPC concrete and Geopolymer con-
crete and indicated that CO, reduction could be up
to 80%, although some studies demonstrated its
reduction by 26%-45% (Lippiatt 2000) in Geopolymer
concrete. These differences were stemmed from trans-
portation consideration and curing temperature,
which were not similar in these studies. In this study,

the amount of CO, related to global warming associ-
ated with Geopolymer concrete decreased by 26%
compared to OPC concrete by consideration of trans-
portation as it mentioned before (EURO 3 fuel) and
curing temperature (60 to 80°C (Turner and
Collins 2013).

For confirmation of our results, we applied the
BEES and IPCC method to determine the potential
for acidification, eutrophication and GWP using
SimaPro software. The BEES method expresses the
potential of acid rain in terms of mole H +; however,
the CML 2000 method reveals this potential based on
Kg SO, eq. The IPCC also provides a list of © provi-
sional best estimates’ for GWP based on expert dis-
cussions around the world, which due to its extensive
use and support was also used in LCA software data-
bases (Maia de Souza et al. 2015). Table 3 indicates
the results of the assessment of acidification,
eutrophication and GWP using the BEES method.
The comparison indicated in Table 3 is not based on
the units of impact categories, and units are different.
However, due to the difference in units of measure-
ments, we compared two methods according to the
contribution of each impact (in per cent) and it indi-
cated that even by changing the measurement
method, the overall results do not change.

Figure 2 indicates the comparison between the
results of acidification, eutrophication, and GWP
using BEES and CML 2000.

As indicated in Figure 2, the comparison between
the results of eutrophication, acidification and the
GWP of different types of the concrete mixture does
not depend on the method of evaluation. In both
BEES and CML 2000 methods (despite the differences
in units of measurement), microsilica concrete has the
highest environmental impact. Also, in the category
of the GWP impact, different types of concretes con-
taining microsilica, nanosilica, micro-nano bubble,
OPC and Geopolymer produced, 28%, 21%, 20%, 18%
and 13% CO,, respectively. Figure 2 also describes an
agreement between the results of GWP and acidifica-
tion for all types of concrete using CML 2000 and
BEES methods. The only small difference between the
two mentioned methods belongs to eutrophication of
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Table 3. Acidification potential of five concrete types based on the BEES method.

OPC Microsilica Geopolymer Nanosilica Micro-nano
Impact category Unit concrete concrete concrete concrete bubble concrete
Acidification H+ mmole eq. 46217.83 83428.58 56566.27 52317.82 48987.72
Eutrophication g N eq. 230.6112 1103.391 296.3896 273.6515 257.361
GWP g CO, eq. 385366.9 599698.9 285626.6 452060.5 423015.593
60
50
40
B Eutrophication(BEES)
© k5 Eutrophication(CML 2000)
- O Acidification(BEES)
£ 30 @ Acidification(CML2000)
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Figure 2. Comparison between results of acidification, eutrophication and GWP using BEES and CML2000 for five types

of concrete.

Table 4. Comparison of the GWP results for five types of concrete using IPCC and CML-IA baseline (World 2000) method.

GWP method of IPCC

GWP method of CML-IA baseline Difference

Type of concrete (kg CO,eq.) (World 2000) (-(kg COeq./kg) percentage (%)
OPC concrete 386.44 388.8463 0.6
Geopolymer concrete 286.85 289.543 0.9
Microsilica concrete 605.32 619.7306 24
Nanosilica concrete 45331 456.0876 0.6
Micro—nano bubble concrete 42417 426.7287 0.6

nanosilica concrete, which may be caused due to dif-
ferent methodology.

Table 4 indicates the results of the two CML 2000
and IPCC methods for the GWP. According to the
Table 4, OPC concrete, nanosilica concrete and
micro-nano bubble concrete have the same percent-
age of difference (0.6%); however, Geopolymer and
microsilica concrete have 0.9% and 2.4% difference
percentage, respectively. Therefore, the results of both
CML and IPCC methods have an insignificant differ-
ence in the impact indicator of GWP. This result
indicates that the evaluations do not depend on
their methods.

Environmental damage assessment

Table 5 indicates the results of the environmental
damage assessment for different types of concretes
using impact 20024+ method. As indicated in
Figure 5, silica concrete has the highest environmental
damage. The environmental damage to silica concrete,
including human health, ecosystem quality, climate
change and ecosystem damage, was 0.000418 DALY,
57.37 PDF.m” yr, 586.16 kg CO2 eq and 8453.36 M]J
surplus, respectively.

Geopolymer concrete has the second rank of envir-
onmental damage assessment, including human health
(DALY of 0.000167) and ecosystem quality (39.59
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Table 5. Results of environmental damage assessment for different types of concrete using IMPACT 2002+ method.

Unit of OPC Geo-polymer Microsilica Nanosilica Micro-nano
Impact category measurement concrete concrete concrete concrete bubble
Human health DALY 0.000137 0.000167 0.000418 0.000153 0.000142
Ecosystem quality PDF. m?yr 328 39.59 57.37 35.04 33.47
Climate change kg CO, eq. 380.17 278.82 568.16 446.09 417.56
Ecosystem damage MJ surplus 3460.05 3798.52 8453.36 3879.63 3581.85
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Figure 5. Impact of increasing each parameter by 20% on production of nanosilica concrete on global warming, human toxicity,

acidification and eutrophication.

PDF'. m? yr). Also, nanosilica concrete is in the
second range of climate change (446.05 kg CO, eq.)
and ecosystem damage (3879.63 M] surplus). The
lowest environmental damage belongs to the OPC
concrete. The impact indicator related to OPC con-
crete is human health equal to 0.000137 DALY, eco-
system quality is equal to 32.80 PDF. m® yr and
ecosystem damage equal to 3460.05 M] surplus.
Despite the consumption of fuel for curing concrete
samples, Geopolymer concrete has the lowest amount
of damage of climate change (278.82 kg CO, eq.).

Maia de Souza et al. (2015) studied 1 m?concrete
and ceramic of roof coverage using IMPACT 2002+
method. They illustrated that concrete tiles have more
impact than ceramic tiles on climate change (54%),
resource depletion (35%) and water withdrawal
(22%), whilst the difference between two other dam-
age categories called human health (22%) and ecosys-
tem quality (24%) was negligible over the whole life
cycle of the tile product. The mentioned percentages
in the pretenses demonstrate total impacts for
each indicator.

Sensitivity analysis

To understand which types of material, energy and
transportation in producing different types of concretes
have a significant effect on the producing of GWP,
human toxicity, acidification and eutrophication.
Materials for the production of concrete included
cement, gravel, sand, water, fly ash, sodium hydroxide,
sodium = silicate, superplasticizer, microsilica and
nanosilica and also energy production and transporta-
tion were considered. We increased one of the materi-
als in a concrete mix or energy or transportation by
20% without changing other material, energy and
transportation. Then, Sima Pro software is run to
determine its effect on GWP, human toxicity, acidifica-
tion and eutrophication. Sensitivity analysis was per-
formed for five different types of concrete. The results
of sensitivity analysis are presented in Table 6, which
indicates the details of these materials, energy and
transportation

Figure 3 indicates the impacts of increasing 20% of
each input parameter in the production of OPC
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Table 6. Input parameters for sensitivity analysis.

Material/process/emission Unit  OPC concrete  Geo-polymer concrete Nanosilica concrete Microsilica concrete  Micro-nano bubble

Portland cement kg 328 _ 390 450 381

Gravel kg 1242 1202 1750 850 598.5

Sand kg 781 647 _ 800 1111.625

Sodium hydroxide kg _ 41 _ _ _

Sodium silicate kg _ 103 _ _ _

Plasticizer kg _ 6 242 2 _

Fly ash kg _ 408 _ _ _

Water | 190 26 180 165 193

Microsilica kg _ _ _ 39.6 _

Nanosilica kg _ _ 10 _ _

Packing, cement kg 328 _ 390 450 381

Transport, cement t.km 9.84 _ 11.7 135 1143
525 25.5 17.955

Transport, gravel tkm 37.26 36.06

Transport, sand t.km 2343 19.41 - 24 33.35

Transport nanosilica tkm - - 0.33 - -

Transport microsilica tkm - - - 3.6 -

Transport Fly ash tkm - 12.24 - - -

Transport, sodium hydroxide tkm - 1.23 - -

Transport, sodium silicate tkm - 3.09 - - -

Transport, plasticizer tkm - 0.18 0.07254 0.06 -

Energy production kWh 186.04 186.04 186.04 186.04 186.04

Water pump energy ko - - - - 670.5

CO; eq. concrete Batching kg 0.0033 0.0033 0.0033 0.0033 0.0033

CO, eg. on site placement activities kg 0.009 0.009 0.009 0.009 0.009

Emission for elevated temperature curing kg  _ 39.97 _ _ _
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Figure 3. Impact of increasing 20% of each parameter in the construction of OPC concrete on global warming, human toxicity,
acidification and eutrophication.

concrete on impact categories which include GWP,
human toxicity, acidification and eutrophication.
As presented in Figure 3, cement and consumed

the eutrophication, GWP and human toxicity
aboutl4. 23%, 12.6% and 8.8%, respectively. Our
results are similar to studies by Braga et al. (2017)

energy are the most sensitive parameters in producing
eutrophication, GWP and human toxicity, respect-
ively. Increasing 20% cement consumption increased

and Blengini (2006), which identified cement as the
most effective factor in global warming (Blengini
2006; Habert et al. 2010). Furthermore, Braga et al.
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Figure 4. Impact of increasing 20 % of each parameter of Geopolymer concrete on global warming, human toxicity, acidification

and eutrophication.

(2017) demonstrated environmental impacts related to
216 concrete mixing projects which were carried out
and identified cement as the main cause of contamin-
ation and recycled aggregates as a prominent factor in
reducing environmental pollution (Blengini 2006).
However, by improving the efficiency of the cement
industry, the amount of CO, released can be reduced
up to 50% (Gabel and Tillman 2005).

As indicated in Figure 3, the greatest impact on
the acidification indicator is based on energy con-
sumption in concrete production. Increasing the
amount of energy consumption by about 20% can
increase acidification of about 9%. Also, a 20%
increase in the amount of cement increased the acid-
ification groups by approximately 8.5% more. The
least impact change is dedicated to water consump-
tion (less than 1%). Therefore, despite the use of
water in concrete, its contribution in the LCA is not
taken into account due to the lack of specific relation-
ship with the potential for environmental damage
(Van den Heede and De Belie 2012).

Figure 4 represents the impact of increasing the
parameters of Geopolymer concrete up to 20%, in
Im?of this concrete, on global warming, human tox-
icity, acidification and eutrophication. As presented in
Figure 4, by increasing transporting of the raw mate-
rials (gravel, sand, fly ash, superplasticizer, sodium
silicate, sodium hydroxide) up to 20%, we observed
the greatest impact on the human toxicity (from
0.430% to 1.629%), eutrophication (from 0.249% to

0.941%), acidification (from 0.201% to 0.760%) and
finally GWP (from 0.085% to 0.332%).

As indicated in Figure 4, in the production stage of
Geopolymer concrete by increasing 20% of sodium
silicate has the main effect on the value of eutrophica-
tion (13.64%), human toxicity (13.21%) and acidifica-
tion (7.91%). At the next level, energy consumption
has the main effect on GWP group (Figure 4). Energy
consumption for concrete production in this scenario
(Figure 4) is the major factor in GWP indicator. By
increasing 20% of the energy for the production of
concrete, the potential for global warming increased
by about 8.7% (Figure 4).

As illustrated in Figure 4, sodium hydroxide con-
sumption has the highest damaging effect on the acidifi-
cation group (2.5%) and then the GWP (1.3%). Besides,
the application of superplasticizer also increases human
toxicity (1. 391%) and then Eutrophication (1.225).

Figure 5 indicates the impact of increasing 20% of
each material and transportation in the production of
1m® nanosilica concrete on global warming, human
toxicity, acidification and eutrophication of one cubic
meter of nanosilica concrete. In this scenario, cement
and then energy consumption of concrete production
are the most effective factors in
tal impacts.

As illustrated in Figure 5, by increasing the amount
of cement consumption about 20% caused an increase
of eutrophication (about 14.5%), GWP (about 12.8%),
human toxicity (about 9%) and the acidification

environmen-
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Figure 6. Impact of increasing 20% of each parameter in the production of microsilica concrete on global warming, human tox-

icity, acidification and eutrophication.

potential (about 8.8%). Increasing the amount of energy
consumption of concrete production about 20% (for
producing of concrete) caused an increase in the num-
ber of impact categories including global warming,
eutrophication, human toxicity and acidification ranging
from 2% to 8%. By increasing the amount of sand by
20%, GWP, human toxicity, acidification and eutrophi-
cation increased 0.226%, 0.419%, 0.301% and 0.428%,
respectively. Also, by increasing the amount of gravel by
20%, the GWP, human toxicity, acidification and
eutrophication increased 0.420%, 0.778%, 0.560% and
0.795%, respectively.

As indicated in Figure 6, increasing 20% of
microsilica caused an increase in human toxicity
(15.3%), eutrophication (12.86%), acidification
(7.24%) and GWP by 4.5%.

Figure 7 indicates that increased 20% of each par-
ameter in the production of 1m® micro-nano bubble
concrete results in the increase of global warming,
human toxicity, acidification and eutrophication. As
presented in Figure 7, increasing 20% of cement
material in the production of micro-nano bubble
concrete increases the eutrophication (15.028%),
GWP (13.34%), human toxicity (9.76%) and the acid-
ification potential (9.29%). The second prominent
parameter in this scenario is energy consumption for
concrete production. By increasing this parameter
20% to produce 1m® micro-nano bubble concrete,

acidification, GWP, human toxicity and eutrophica-
tion increased to 8.77%, 5.9%, 5.67% and 2.18%,
respectively. A remarkable point in this scenario is
energy consumption for producing bubble water. This
parameter has the least sensitivity of footprint after
the water in micro-nano bubble concrete.

Conclusions

We used the LCA methodology based on cradle-to-
gate approach to carry out a detailed environmental
impact for production of microsilica concrete, nano-
silica concrete, Geopolymer concrete, micro-nano
bubble concrete and OPC concrete. The key points of
the results are as follows:

1. The 26% reduction in the GWP in Geopolymer
concrete compared to the OPC concrete was
achieved by CML 2000 method. Meanwhile, the
GWP indicator increased by 56%, 17% and 38%,
respectively, in the microsilica concrete, nanosilica
concrete and micro-nano bubble concrete.

2. The results of sensitivity analysis illustrated that
increasing 20% of cement had a significant impact
on environmental burdens of the OPC concrete,
nanosilica concrete and micro-nano bubble con-
crete. Furthermore, according to sensitivity ana-

lysis, 20% increase of sodium silicate and
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microsilica results are the most effective factor in
the impact categories associated with Geopolymer
concretes and microsilica concrete, respectively.

3. Microsilica has the highest environmental
impacts, and the results indicated increasing
amounts of climate change (49.45%), ecosystem
quality (6.8%) and human health (2 times), global
warming (56.6%), human toxicity (more than 4
times), acidification (84.5%) and eutrophication
(2.6 times) in comparison with OPC concrete.

4. The present study demonstrated that OPC con-
crete has the lowest environmental burden in the
production stage except global warming, which is
greater than Geopolymer concrete, and it is
caused by cement consumption.

5. The results indicated that despite different unit
measurement,  environmental impacts are
approximately the same in CML 2000 and BEES
methods, and microsilica is the raw material

which has the highest environmental impact in
both methods.
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