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Abstract: For a sustainable building industry, reusable construction with a low demand for primary
resources is needed. Moreover, if we want to reduce the amount of construction and demolition
waste, construction with recycled aggregate should be considered. To investigate the environmental
impacts of such concrete construction, life cycle assessment (LCA) was used to compare the following
types of concrete construction: Reusable blocks with recycled brick aggregate, reusable blocks with
recycled concrete, reusable blocks with natural aggregate, and regular concrete wall. Firstly, the
properties of new concrete with recycled aggregate were measured, such as physical, mechanical,
and thermal properties. Then, different constructions were designed and assessed using the method
of Institute of Environmental Sciences (CML2001) and the method of National Institute for Public
Health and the Environment (ReCiPe 2016) as characterization methods. Unsurprisingly, the regular
concrete wall had a higher impact on most of the impact categories, e.g., 113 kg CO; eq. (in the first
scenario, using CML2001). In accordance with the circular principles, the reusability of blocks and
recycling of aggregate are the main factors that affect the environmental impact of the constructions.
Thus, the global warming potential (GWP) of construction with reusable recycled concrete blocks
was only 53 kg CO; eq. (in the second scenario). Moreover, we show differences in the results of
CML2001 and ReCiPe 2016, e.g., in the Photochemical Oxidant Creation category.

Keywords: recycled aggregates; life cycle assessment (LCA); masonry; blocks; sustainable wall

1. Introduction

The main sustainability hierarchy goes through three ‘Rs”: First, reduction, reuse, and finally,
recycling. The utilization of reusable blocks with recycled aggregate meet all three ‘Rs’. These reusable
blocks, which have been used in previous construction, can be reused in new construction. Furthermore,
it is possible to reduce primary sources and construction and demolition waste through recycling. The
research about the utilization of recycled aggregate for concrete was started in the 1940s [1].

The utilization of recycled aggregate (RA) from construction and demolition waste (CDW) as a
partial or full replacement of natural aggregate (NA) in concrete mixtures mostly negatively influences
its mechanical and durability properties. However, RA has a positive impact on thermal properties [2,3].
The RA from waste concrete (RCA) is mostly used for constructing base layers in road structures and
RA from waste masonry (RMA), as backfill layers or as layers to make landfills safe. The properties of
recycled aggregate concrete (RAC) are influenced by the replacement rate of RA, as well as by its quality
and composition [4]. The properties of RA are mostly influenced by the unwanted impurities, which
are materials usually contained in the CDW, such as soil, dust, plastics, paper, textile, etc. However,
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these impurities are able to separate during selective demolition and the two-phase recycling process,
which leads to the higher quality of RA. In previous studies [5-7], the maximal possible replacement
rate of NA by RCA without the decline of properties has been found to be 30% or 50%, which is also
defined in the European Standard [8]. In the case of recycled masonry aggregate concrete (RMAC), it
was found that the coarse natural aggregate (NA) can be replaced by up to 15% without the decline of
properties. Further, the compressive strength decrease of concrete with the full replacement of natural
gravel by coarse RMA is 35% [9]. The conclusions from the studies of the replacement of natural sand
by fine RA are still not clear. In some studies, it has been found that natural sand can be replaced by
fine RA up to a level of 30% without significant effects on the mechanical properties of concrete [10].
On the contrary, the results of another study showed the increase of compressive strength of concrete
with the full replacement of natural sand by fine RA [11]. RMA containing high amounts of waste
masonry and fine RA has not found adequate utilization yet due to the fact that these types of RA
cannot be used as an aggregate for concrete according to European standards [8].

The reusable structural elements made of concrete with RA originating from CDW can, at the same
time, reduce the amount of landfilled waste and decrease the consumption of primary resources. For
sustainable management, both of these aspects should be considered. There have been many studies
published in which concrete including different recycled materials is used for structural elements, for
instance, RCA [12-18], RMA [2,19-27], glass waste [28-31], crumb rubber waste [32-34], ceramic and
tile industry waste [35], marble waste [36,37], plastic waste [38], and concrete slurry waste [39,40].
The use of RA as a partial or full replacement of aggregate in structural concrete was examined for
manufacturing precast prestressed beams [41], paving with precast concrete [23], paving blocks or
hollow tiles [25], concrete masonry blocks for indoor applications [19,20], or concrete wall blocks for
mortarless masonry [2]. The utilization of RA for reinforced concrete structural elements is limited due
to the inferior durability properties of RAC [42,43].

There have been many studies published that have compared the environmental impacts of
RAC and NAC for structural use [44-62]. The environmental impacts of concrete structural elements
can be assessed, for instance, by the life cycle assessment method (LCA) [63]. The environmental
impacts of the lower-grade concrete with RA were assessed and compared with NA [47]. The life
cycle assessment of different types of aggregate (e.g., river NA, crushed NA, and coarse RA) used for
structural concrete and their comparisons have been published in a few studies. Furthermore, the
importance of different types of transportation and transport distances has been assessed in these
studies [47,48,51,54,60,61]. It has been also published that the decline of RAC properties could be
compensated for with additional cement, which slightly influences the environmental impacts of this
material [44,62]. The environmental impacts of CDW recycling could also be affected by special types
of recycling, such as separating the attached cement mortar from the aggregate surface from waste
concrete by heat treatment and abrasion or separation by microwave heating [64,65].

In the abovementioned LCA studies, the environmental impacts are assessed using different
characterization methods. One of the used methods is the the characterization method of Institute
of Environmental Sciences (CML2001). The characterization factors of this method are used also
for environmental assessment of construction products according to EN 15 804 + Al. In this
study, the results were performed using CML2001—January 2016. Nevertheless, this method uses
characterization models, which insufficiently describe the environmental impacts in some categories,
such as the Photochemical Ozone Creation category. Therefore, this study also used the method
of National Institute for Public Health and the Environment (ReCiPe 2016 v1.1) as characterization
method and both sets of results were interpreted together.

This paper presents a comparison of the four wall systems with the same utility characteristics, as
well an environmental evaluation of the systems using the LCA method. The following constructions
were compared: (1) Reusable masonry blocks made of RMAC with full replacement of NA by RMA; (2)
reusable masonry blocks made of RCAC with full replacement of natural gravel and partial replacement
of natural sand by RCA; (3) reusable masonry blocks made of NAC with only NA; (4) conventional
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concrete wall system with only NA. These constructions were compared in four scenarios with the
different time scales of use and other assumptions. All of the compared solutions have the same utility
properties, such as concrete strength class, thermal properties, and methods of use. The different
thermal conductivity of concretes is compensated for by the various thicknesses of thermal insulation
to reach the same heat transfer coefficient. The functional unit of comparison was 1 square meter of a
wall system.

2. Materials and Methods

2.1. Materials

Three different concrete mixtures with different aggregate types and ordinary Portland cement
(OPC) were designed for the same utility properties and structural use with:

e RMAC: Recycled aggregate concrete with RMA (100% replacement ratio) and OPC;

e RCAC: Recycled aggregate concrete with coarse RCA (100% replacement ratio), fine RCA (75%
replacement ratio), and OPC;

e NAC: Natural aggregate concrete made entirely with NA and OPC.

2.1.1. Recycled Aggregate Properties

The RA originated from waste concrete and masonry and was produced by the recycling center in
the Czech Republic. The concrete or masonry fragments were crushed in the mobile recycling plant to
the fractions 0/128 and sieved to fractions 0/4, 4/16, and 16/128 mm. In the next step, the fraction 16/128
was crushed again and sieved to fractions 0/4, 4/8, and 8/16 mm. The aggregate was treated in the
natural air humidity. In the case of concrete mixtures containing RA, the higher water absorption of
RA was compensated by the additional water amount, which was calculated on the basis of the water
absorption of RA after 10 min.

It is generally known that the RA has higher water absorption and lower density than NA,
which has been verified in the previous research. It has been established that the water absorption
of coarse RMA ranges from 10% to 19% [9,66-68], and fine RMA from 12% to 15%, [9,69,70]. The
dry density of coarse RMA ranges between 1800 and 2700 kg/m3 and fine RMA between 2000 and
2500 kg/rn3 [9,66-69,71]. The water absorption of coarse RCA ranges between 0.5% and 14.75%, and
the dry density of coarse RCA ranges from 1900 to 2700 kg/m? [6]. The water absorption of fine RCA
ranges between 4.3% and 13.1% and the dry density of fine RCA ranges from 1900 to 2360 kg/m3 [72].
The pycnometric method according to the CSN EN 1097-6 standard was used for the verification of
water absorption and density of aggregate. Water absorption of RMA after 24 h of fraction 4/8 mm
ranges from 11.5% to 12.5% and of fraction 8/16 mm varied from 10.0% to 11.0%. The oven-dried
density of fraction 4/8 mm was 2000 kg/m? and 2100 kg/m3 for fraction 8/16 mm. Water absorption of
RCA after 24 h of fraction 4/8 mm was 7.0% and of fraction 8/16 mm varies from 6.0%. The oven-dried
density varied from 2400 kg/m? for both fractions. The results of the RCA and RMA properties correlate
with the results of previous studies.

2.1.2. Concrete Mixes

The composition of RAC mixtures was designed according to the Czech standard [8] and the
granular skeleton was established according to the Bolomey particle size distribution curve. The
parameter A was equal to 16 for the design of RAC mixtures, due to particle shape and roughness [20].
The aim of the mixture design was to reach the compressive strength class of concrete (C20/25) by the
optimization of the amount of cement (CEM 1 42.5 R) and effective water/cement ratio. The cement
content was various due to the mechanical properties of concretes. The cement content in RAC
mixtures was 320 kg/m3 and in NAC was 300 kg/m3. The effective water/cement (w/c) ratio refers
to the free water content, excluding the amount of additional water, which was added due to the
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high water absorption of RA. The additional water quantity was calculated on the basis of RA water
absorption after 10 min and added to saturate the RA before or during mixing to obtain the desired
RAC workability. The properties of aggregates were used for mixture design. No water-reducing
admixtures were used. The mixture proportions, given in cubic meters, are shown in Table 1.

Table 1. Mix proportions and properties of used concrete mixtures.

Type of Concrete RMAC RCAC NAC
Mix proportion
CEMI425R (kg/m?) 320 320 300
Water (kg/m?) 185 190 165
Natural aggregate 0/4 mm (kg/m3) 0 143 700
Natural aggregate 4/8 mm (kg/m3) 0 0 538
Natural aggregate 8/16 mm (kg/m3) 0 0 601
Recycled aggregate 0/4 mm (kg/m3) 529 440 0
Recycled aggregate 4/8 mm (kg/m3) 188 348 0
Recycled aggregate 8/16 mm (kg/m3) 772 606 0
Effective water/cement ratio 0.50 0.50 0.55
Properties of concretes
Density (kg/m3) 1900 2100 2300
Thermal conductivity (W/mK) 0.90 1.00 2.80
Compressive strength (MPa) 33.3 354 31.2
Flexural strength (MPa) 6.50 5.30 4.40
Static elastic modulus (GPa) 14.0 235 25.7
Dynamic elastic modulus (GPa) 21.5 327 36.2
Target strength class - C25/30 C25/30 C25/30

Recycled masonry aggregate concrete (RMAC); Concrete containing coarse recycled concrete aggregate (RCAC);
Natural aggregate concrete (NAC).

The properties of all concretes were tested in laboratory on Controls MCC8 50-C8422/M
(CONTROLS S.p.A., Milan, Italy) according to the following standards to obtain the target values:
Compressive strength EN 12390-3 (2003); flexural strength EN 12390-5 (2009); static modulus of
elasticity EN 12390-13 (2014); dynamic modulus of elasticity EN 12504-4 (2005). For each concrete mix,
three samples were tested, and the target concrete strength class was determined according to Eurocode
and ISO 12,491, in which the number of tested samples is taken into consideration for strength class
determination to exclude their impact. The average values of concrete properties and target strength
classes are shown in Table 1.

According to the study [52], the decline of concrete compressive strength with the full replacement
of coarse NA by RCA ranges up to 25%. However, the highest decline was mostly examined for
modulus of elasticity, which was up to 45% [53]. It was found that the declines of mechanical properties
for a full replacement of NA by RA could be compensated for by 8.3% of additional cement and a
lower effective water/cement ratio [73]. In this case study, the decline of mechanical properties was
compensated for by the addition of 6% of cement and a lower effective water/cement ratio of the
RAC mixtures.

The durability of recycled aggregate concrete, which is key for its use in structural applications,
was not notably affected in this case; the replacement rate of aggregate by RCA was less than 30% [42].
Nevertheless, in this study, the replacement rate of NA by RCA was almost 100%. For this reason,
it was predicted that the durability of the reusable concrete blocks is unsatisfactory. Therefore, the
analysis was limited to a structural element for which non-aggressive environmental conditions with
protection by thermal insulation were applied.
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2.2. Description of Assessed Systems

In this study, four construction types were marked as Plan 1, Plan 2, Plan 3, Plan 4. The first
construction (Plan 1) combined regular insulation and reusable blocks, which were made of the concrete
mixture with recycled brick aggregate. Similarly, Plan 2 construction consisted of reusable blocks
made of recycled concrete aggregate. Reusable blocks with thermal insulation were also used in
Plan 3, but for this construction, a concrete from primary resources was used. Plan 4 was a regular
reinforced concrete wall system with thermal insulation and adhesive. Constructions with reusable
blocks included timber frames. All of the constructions had similar thermal insulation properties. The
heat transfer coefficient for all Plans was 0.29 W/m2K. The overview of plans is in the Table 2.

Table 2. Overview of plans.

Plans Wall System Insulation

Plan 1 reusable concrete blocks made of RMAC timber frames and 120 mm of thermal insulation
Plan 2 reusable concrete blocks made of RCAC timber frames and 120 mm of thermal insulation
Plan 3 reusable concrete blocks made of NAC with timber frames and 130 mm of thermal insulation

conventional solution—the precast concrete

Plan 4 hollow wall blocks monolitic with concrete

130 mm of thermal insulation fasten by adhesive

The compared constructions were designed to find the answers to questions from the field of civil
engineering in the Czech Republic. In the very first step of this study, these questions were used as a
background for the choice of the compared concrete wall systems. The first plan was a regular concrete
wall system, used as a reference and to represent an ordinary system. To compare the influence of
reusable construction, other systems were made of reusable blocks. Moreover, next to a reusable block
with natural aggregate, blocks with brick and concrete recycled aggregates were also suggested to test
the influence of recycled aggregates. After this choice of wall systems, the constructions were designed.
Their detailed description is in Figure 1.

/
¢ L : 2 2
o 60, |60] |60 ° 601,160 =
. 300 . , 120 | , 120 |
1 Masonry reusable block with RMA 1 Masonry reusable block with RCA
2 Thermal insulation 2 Thermal insulation
3 Timber frame 3 Timber frame

(@) (b)

Figure 1. Cont.
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Figure 1. Description of Plans: (a) Plan 1, (b) Plan 2, (c) Plan 3, (d) Plan 4.

2.3. Goal and Scope of the Study

Constructions were compared using the methodology in accordance with LCA standards (ISO
14040:2006 standard, EN 16757:2017) [74]. LCA was performed in four steps: Goal and scope definition,
Life cycle inventory analyses, Life cycle impact assessment, and Interpretation. The goal of this study
was to compare the environmental impacts of four concrete constructions in four scenarios to see
the influence of blocks’ reusability, end of life processes, and aggregate recycling. The functional
unit was 1 m? of wall construction with similar thermal conductivity (the heat transfer coefficient
was 0.29 W/m?2K). In the first scenario, the assumed service life was 50 years. It is assumed that
50 years is a typical time scale for one building, and after this time, the building is refurbished or
demolished. On the other hand, the typical life span of a concrete block is 100 years. Thus, in the
second scenario, it is assumed that while the reusable concrete blocks can be reused, the reinforced
concrete wall must be removed and rebuilt. Therefore, in the second scenario, different life spans
for construction were assumed: 100 years for construction from reusable blocks and 50 years for the
reference reinforced concrete wall system. The same assumption was also made for the third and
fourth scenarios. These scenarios were different only at the end of life (EoL) phase. In Scenario 3, the
second built wall is demolished and CDW is recycled to produce new concrete aggregates, and the
separated wood is incinerated in a waste wood incineration plant to produce electricity and thermal
energy. The end-of-life phase for CDW from the second built wall is different in Scenario 4, where
CDW including waste wood is just removed to landfill.

In each scenario, the entire life cycle of construction was considered (a cradle-to-grave scale). The
following phases were considered: Production (primary resources extraction, secondary raw materials
production, transport, manufacturing), use phase (manipulation on construction site, deconstruction),
and end of life (demolition, transport, waste removal). A more detailed description of the scenarios is
in Table 3.
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Table 3. Overview of scenarios.

Scenario 1 Scenario 2 Scenario 3 Scenario 4
Description One use of block Use and reuse of blocks
P One use of wall Doubled wall production
Assumptions Longer life span of blocks
Aggregate
. Aggregate Aggregate removed to landfill
End of life (EoL) removed to landfill removed to landfill Aggregate recycled Wood removed to
landfill
1 m? of wall
Functional unit construction 1 m? of wall construction
(FU) Service life: 50 Two life cycles of wall, life span of one wall: 50 years
years

The system boundaries of the considered scenarios included the following processes: Electricity
production (Czech grid mix), recycling of construction and demolition waste (production recycled
aggregates), mineral wool production, cement production (CEM I 42,5), lime plaster production,
lightweight plaster production, water drawing, construction timber (softwood) production, diesel
production (EU-28 mix), transport of materials using truck (Euro 3, up to 28 t gross weight/12.4 t
payload capacity), manipulation on the site, construction assembling and disassembling, separating
the materials from construction, unspecific construction waste removal on landfill, waste incineration
of wood products, credit for energy from wood incineration, and transport of waste materials using a
truck (Euro 3, up to 28 t gross weight/12.4 t payload capacity).

2.4. Life Cycle Inventory

The total amount of materials for each construction is shown in Table 4. Every construction was
designed with a different type of concrete. Concrete containing recycled concrete aggregate was used
in Plan 1 and brick aggregate for concrete was used in Plan 2. Plan 3 and Plan 4 were designed using
regular concrete with a natural aggregate.

Table 4. Composition of the considered constructions.

Types of Constructions

Material Inputs per 1 m? (kg)

Plan 1 Plan 2 Plan 3 Plan 4
Cement (I42.5R) 96 96 84 84
Aggregate (brick/concrete/natural) 446.7 418.2 551.4 551.4
Mineral wool 4.8 4.8 52 5.2
Wood for construction 9.6 9.6 9.6 0
Plaster (lime, interior) 24 24 24 24
Plaster (lightweight, exterior) 6 6 6 6
Water 64.8 57.6 42 42
Total weight of construction 651.9 616.2 722.2 712.6

GaBi 9 software (thinkstep, Leinfelden-Echterdingen, Germany) was used to obtain data about
the production systems. As a priority, specific data for the Czech Republic were used, but generic data
from the Ecoinvent database were also used.

2.5. Life Cycle Impact Assessment

The impact assessment was carried out using two characterization methods: CML2001—January
2016 and ReCiPe 2016 v1.1. The impact category indicators, which were used in this study, are
shown in Table 5. CML2001, as the characterization method, is very often used for environmental
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assessment in the building industry. For example, the CML2001 midpoint indicators are described for
assessment of construction products according to EN 15804+A1 and for concrete products according to
EN 16757 [75,76).

Table 5. Impact category midpoint indicators.

CML 2001 Indicators Unit ReCiPe 2016 (H) Indicators Unit

Abiotic Depletion (ADP elements) (kg Sb eq.) Metal depletion (kg Cueq.)

Abiotic Depletion (ADP fossil) MJ) Fossil depletion (kg oil eq.)
Acidification Potential (AP) (kg SO, eq.) Terrestrial Acidification (kg SO, eq.)

Eutrophication Potential (EP) (kg Phosphate eq.) Freshwater Eutrophication (kg Peq.)
Global Warming Potential (GWP 100 years) (kg CO; eq.) Climate change, incl biogenic carbon (kg CO; eq.)
Ozone Layer Depletion Potential (ODP, . .
steady state) (kg R11eq.) Stratospheric Ozone Depletion (kg CFC-11 eq.)

Photochemical Ozone Creation Potential (g Ethene eq.) Photochemical Ozone Formation, Ecosystems (kg NOx eq.)

(POCP)

COy—carbon dioxide, Cu—copper, NOy—nitrogen oxides, P—phosphorus, R11 (CFC-11)—trichlorofluoromethane,
Sb—antimony, SO,—sulphur dioxide.

ReCiPe 2016 combines CML 2001 and Eco-indicator 99 [77]. In ReCiPe, it is possible to determine
18 midpoint indicators and 3 endpoint indicators. These indicators contain factors according to
the three cultural perspectives: Individualist, Hierarchist, Egalitarian. In this study, the Hierarchist
set of characterization factors was used. This consensus model is used as a default in scientific
models and is based on medium timeframe of impacts. By combining ReCiPe and CML, we are able
to more fully describe the environmental impacts of the assessed forms of construction. Different
types of methodologies have been reviewed by Bogacka [78]. In this study, seven ReCiPe midpoint
indicators were used for impact assessment. These seven indicators were chosen because they describe
environmental impact in same categories, which are assessed according to EN 15804+A1 and EN
16757 [75,76] using CML2001.

The results of environmental assessment for these scenarios are presented in Section 3, Results.
To show typical contribution of process and phases, the results are more fully described in Section 4,
Discussion. The scenarios 3 and 4 were modelled to describe the influence of End of Life in the
production system for construction. Therefore, the results of scenario 3 and 4 are considered in
Section 4, Discussion.

3. Results

In this study, we present the results of four constructions in four scenarios. The results are marked
with a combination of a number of plans and a scenario number. According to this, the results, which
are marked as Plan 1 s, belong to construction Plan 1, and these results were performed in Scenario 1.

3.1. Plans in Scenario 1

Table 6 shows the demand for selected resources in the case of basic scenarios. There were no
important differences among the amount of non-renewable energy resources, which were used for the
life cycle of the considered construction. On the other hand, construction with recycled aggregates in
concrete mixtures (Plan 1, Plan 2) had smaller primary consumption in most of the flows, and moreover,
they were beneficial in the flow of Natural Aggregate. This beneficiation was caused by recycling
processes of construction and demolition waste (CDW), which are tied up with the production of other
aggregate fractions.
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Table 6. Selected results of Life Cycle Inventory Analysis.

Plan 1s1 Plan 2 s1 Plan 3 s1 Plan 4 s1

Non-renewable energy resources

Crude oil (resource), kg 8.93 11.72 9.23 8.73
Hard coal (resource), kg 0.44 -27.18 1.60 3.62
Lignite (resource), kg 2.67 344 5.48 6.72
Natural gas (resource), kg 241 3.78 2.98 2.90
Peat (resource), kg 0.00614 —0.00293 0.00652 0.00600
Uranium (resource), mg 4.4 47.8 56.7 74.2
Non-renewable resources

Clay, kg 22.8 22.6 325 325
Inert rock, kg 60.4 -128.8 109.2 129.7
Limestone (calcium carbonate), kg 191.5 193.4 172.6 172.4
Quartz sand (silica sand; silicon dioxide), kg 12.9 12.2 20.0 20.0
Natural Aggregate, kg —7054 —-6601 612 612

Renewable resources

Water, m> 12.7 28.2 36.7 35.1

Plan 1 and Plan 2 construction also had smaller water consumption, mainly due to the amount of
water that was saved by the recycling of CDW.

All of the elementary flows were characterized, and the results of the impact indicators are shown
in Tables 7 and 8. The results of Plan 2 were affected by the recycling of concrete CDW, which also
included the recycling of iron scraps. Recycling of this admixture in the conditions of the Czech
Republic provided impact beneficiation in the ADP impact category, but also had a negative influence
on the ODP impact category. Nevertheless, Plan 2 had the smallest environmental impact, as shown in
Figure 2.

Table 7. Results of the impact indicators for the life cycle of constructions in Scenario 1, according to

the CML2001 method.
Indicator Plan 1s1 Plan 2 s1 Plan 3 s1 Plan 4 s1

Abiotic Depletion (ADP elements) (g Sb eq.) 0.221 0.0434 0.219 0.219

Abiotic Depletion (ADP fossil) (M]) 520 =20 625 668
Acidification Potential (AP) (kg SO, eq.) 0.236 0.128 0.258 0.258
Eutrophication Potential (EP) (kg Phosphate eq.) 0.0478 0.042 0.0501 0.0477

Global Warming Potential (GWP 100 years) (kg CO; eq.) 106 48.5 108 113

Ozone Layer Depletion Potential (ODP, steady state) (kg R11 eq.) 2.84x1078 3.73x 107 284x107% 3.90x 10710

Photochem. Ozone Creation Potential (POCP) (g Ethene eq.) —1640.0 -41.9 -29.2 -28.2

Table 8. Results of the impact indicators for the life cycle of constructions in Scenario 1, according to

the ReCiPe 2016 method.
Indicator Plan 151 Plan 2 s1 Plan 3 s1 Plan 4 s1

Metal depletion (kg Cu eq.) 5.43 2.73 5.81 5.8

Fossil depletion (kg oil eq.) 12.3 0.854 15.4 16.6
Terrestrial Acidification (kg SO; eq.) 0.183 0.0924 0.201 0.202
Freshwater Eutrophication (g P eq.) 0.105 0.0922 0.178 0.171

Climate change, incl biogenic carbon (kg CO; eq.) 106 45.6 109 114
Stratospheric Ozone Depletion (g CFC-11 eq.) 0.0151 0.0168 0.0162 0.0155

Photochemical Ozone Formation, Ecosystems (kg NOy eq.) 0.333 0.291 0.341 0.323
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Figure 2. Comparison of the constructions in scenario 1 from CML after normalization and weighing.

Recycled brick aggregates in Plan 1 came from the recycling of brick CDW, which did not contain
such a large amount of steel scraps like in Plan 2. Therefore, these recycling processes did not
significantly affect the environmental impact of Plan 1. In these basic scenarios, Plan 3 and Plan 4 were
almost similar, hence their environmental impacts were almost equal, too. The only exception was in
the ODP category. This difference was caused by the process of incineration of the construction wood,
which was used only in the other three plans.

Each of the plans had a beneficial impact on the POCP category. The main effect on this category
was caused by transport processes, which were modeled as diesel trucks (Euro 3). After combustion in
the diesel engine, emissions of NOx were generated. This flow can be split into two emissions; NO and
NO,. Nitrogen monoxide, which is in many cases dominating, reduced under certain conditions, when
produced O3 converted back to O, and NO,. Therefore, the flow of NO had a potentially beneficial
impact on the POCP category. A similar effect can be caused by benzaldehyde, which is also a product
of combustion [79]. The results of this indicator were based on potential impact and the actual reaction
depended on local aspects, such as an abundance of O3 and NO or intensity of daylight. It cannot be
concluded that more transport leads to fresher air.

In the comparison of the results, according to CML2001 (Table 7) and ReCiPe 2016 (Table 8), there
were some differences. For example, Plan 4 (regular wall) had the smallest impact. On the other
hand, according to ReCiPe 2016, Plan 1 caused the smallest impact in Stratospheric Ozone Depletion.
Similarly, the impact in the Photochemical Ozone Potential category can be performed with different
conclusions. Nevertheless, the indicators of Global warming had almost the same results, and in
addition, the Acidification Potential and categories describing resource scarcity produced similar
results for their indicators. Other indicators described the impact differently.

To compare the overall impacts of constructions in scenario 1, normalization and weighing
were performed (Figure 2). The normalization was carried out with data from CML2001—January
2016, World, year 2000, including biogenic carbon (global equivalents) and the weighing was carried
out according to thinkstep LCIA Survey 2012, Global, CML 2016, including biogenic carbon (global
equivalents weighted). No data for the normalization and weighing according to ReCiPe 2016
were available.

3.2. Scenario with a Longer Service Life of Reusable Blocks

In the second scenario, the possibility of reusing the blocks was considered, hence a longer service
life was assumed (100 years for blocks). Alternatively, Plan 4 (regular concrete wall system) had the
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same assumed moral life expectancy as in the first scenario (50 years) and so, for comparable function,
twice as much material was needed than in the first case. Even a well-functioning construction was
demolished after some time due to outdated design or inappropriate other properties. This time period
is called moral life expectancy.

Tables 9 and 10 show that Plan 2 s2 was still the most favorable scenario. In comparison with
other scenarios, it had a more negative impact, only in the ODP category. The worst construction was
Plan 4 s2, which potentially caused almost double the impact than in the first scenario.

Table 9. Results of the impact indicators for the scenario with a longer service life of reusable blocks
(scenario 2), according to CML2001.

Indicator Plan 152 Plan 2 s2 Plan 3 s2 Plan 4 s2

Abiotic Depletion (ADP elements) (g Sb eq.) 0.222 0.0438 0.216 0.439
Abiotic Depletion (ADP fossil) (M]) 586 424 698 1.34E+03

Acidification Potential (AP) (kg SO, eq.) 0.263 0.153 0.288 0.517

Eutrophication Potential (EP) (kg Phosphate eq.) 0.0545 0.0484 0.0576 0.0955

Global Warming Potential (GWP 100 years) (kg CO; eq.) 111 53 113 226
Ozone Layer Depletion Potential (ODP, steady state) (kg R11eq.) 2.84x 108  373x1077 284x107% 779x 10710

Photochem. Ozone Creation Potential (POCP) (kg Ethene eq.) —0.0266 —-0.0515 —0.0404 —0.0565

Table 10. Results of the impact indicators for the scenario with a longer service life of reusable blocks
(scenario 2), according to ReCiPe 2016.

Indicator Plan 152 Plan 2 s2 Plan 3 s2 Plan 4 s2

Metal depletion (kg Cu eq.) 543 2.73 5.81 11.6

Fossil depletion (kg oil eq.) 13.9 2.32 17.2 33.3

Terrestrial Acidification (kg SO, eq.) 0.203 0.111 0.223 0.403
Freshwater Eutrophication (g P eq.) 0.129 0.115 0.205 0.343

Climate change, incl biogenic carbon (kg CO; eq.) 111 50.2 114 227
Stratospheric Ozone Depletion (g CFC-11 eq.) 0.0165 0.0182 0.0178 0.0311
Photochemical Ozone Formation, Ecosystems (kg NOx eq.) 0.382 0.337 0.395 0.646

There were some differences among results according to CML2001 and ReCiPe 2016. For example,
in the category of photochemical ozone, Plan 4 s2 was the most beneficial construction according to
CML2001 and Plan2 s2 had the smallest impact according to ReCiPe 2016. According to ReCiPe 2016,
Plan 1 s2 caused the smallest total impact but on the other hand, the smallest total impact according to
CML2001 was caused by Plan 4 s2.

4. Discussion

4.1. Service Life and Influence of Blocks” Reusability

To explain the environmental advantages of the reusable blocks, it is possible to compare the
relative results for all categories in scenario 1 and scenario 2 (Figures 3 and 4). Typically, the influence
of a life span as an assumption can be considered in different scenarios [80]. Some authors consider
only the cradle-to-grave approach for new building elements [81,82].
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Figure 3. Relative comparison of assessed blocks in the scenario with 50-year-long life span, the
reusability was not considered (scenario 1) [%, the result of Plan 4 is 100%, except the ODP indicator].
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Figure 4. Relative comparison of assessed blocks in the scenario with reuse of blocks (scenario 2) (%,
the result of Plan 4 is 100%, except the ODP indicator), according to CML2001.

Figures 3 and 4 show all results except ODP, because there is an inappropriate difference in the
results of this category according to CML2001. The results in these pictures confirm that designing
for reuse is a way to reduce the environmental impact of construction. The impact of Plan 4 sl is the
biggest among most of the categories, and the differences with other plans are even greater in scenario
2. The almost doubled impact of Plan 4 s2 is mainly caused by higher resource production, the higher
amount of transported materials, and also the higher amount of landfilled waste.

We only used one type of insulation, and the constructions were designed with almost the
same thermal insulating properties. Another approach is to assess the different types of insulation
materials [83].

On the other hand, the results in the ODP category of the various scenarios were significantly
higher for other plans than they were for Plan 4 s2. This impact is caused by the recycling of the
iron scraps and incineration of wood. According to ReCiPe 2016, the assessment of impact in the
Stratospheric Ozone Depletion category leads to different conclusions. Plan 4 s2 has the biggest impact
on this indicator.
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The result in the POCP category is influenced mainly by iron scrap recycling in Plan 2 s2. The
influence of iron scrap recycling was also investigated in a case study of earth-retaining walls [84]. In
other plans, results in this category are mainly influenced by transport, as it is described in Results.

4.2. Overview of Contributions Caused by Phases and Processes

To investigate the influence of phases and processes, the relative contributions are shown in
Figure 5, in relation to the results of the all of the plans in scenario 1. The figure shows relative
contribution in the GWP category. For GWP mitigation, the main contributor is the cement production
and processes in the EoL phase. On the other side of the figure, aggregate production in Plan 2 causes
a beneficial impact. Another point of view on using aggregates in concretes for beam-floor systems
was investigated by Dossche [85]. The impact in this category is influenced by the iron scrap recycling.
Another beneficial impact is caused by the wood production. Optimization of concrete mix and block
design was also investigated [86].

Transport =
Manipulation | Plan3
Mineral wool = Plan2

Water Plan 1
oo HPlan4
Plasters B
Cement
Aggregate
Eol =
-150 -100 -050 000 050 100 150

%

Figure 5. Relative contributions of processes related to the whole impact of plans in the scenario with
50-year-long life span, the reusability was not considered (scenario 1) (for GWP indicator, %), according
to CML2001.

Manipulation consists of the deconstruction and rebuilding of blocks, hence is mentioned only for
plans 1-3. Transport and EoL are significant contributors in Plan 2 but are rather minor contributors to
other plans.

The relative contributions of phases in the case of the block with recycled aggregate is in Figure 6.
The GWP and ADP (elements and fossils) categories are influenced significantly by the production
phase. The ODP category is affected mainly by the EoL.

POCP

60%
ODP, steady state

99%
GWP 100 years ==

e ) 1%

EP ——— 30%

AP — 31%

ADP fossil

— ) 3%,

ADP elements v 1%

0% 20% 40% 60% 80% 100%
Production = Use mEolL
Figure 6. Relative contributions of phases (production, use, EoL) for assessment of the construction

with recycled brick aggregate in case of the scenario with reuse of blocks (Plan 1 s2) (all indicators, %),
according to CML2001.
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Plan 2 represents the most beneficial type of considered construction, and in scenario 1 is mostly
influenced by production (cement, recycled concrete aggregate). By focusing on the same plan in
scenario 2, it is possible to see that the relative influence of the production can be reduced by the
influence of other phases, as shown in Figure 7. For example, the use of recycled aggregates is a
beneficial process, but its relative beneficiation is reduced by processes in the EoL and Use phase.

POCP ]
L
ODP, steady state 1
GWP 100 years I
_—
EP r
|
AP [
—
ADP fossil

ADP elements

-400% -300% -200% -100% 0% 100% 200% 300% 400%

Production = Use ®mEolL

Figure 7. Relative contributions of phases (production, use, EoL) for assessment of the construction
with recycled concrete aggregate in case of the scenario with reuse of blocks (Plan 2 s2) (all indicators,
%), according to CML2001.

According to Figures 6 and 7, the use phase is a minor contributor in all categories, hence changes
in calculations and estimations of these processes (deconstruction, rebuilding, manipulation on site, etc.)
would not play a significant role in conclusions of the study. On the contrary, the main contributors
are EoL and the production phase. The influence of the initial manufacturing phase contribution was
investigated in the case of designing bridges [87].

4.3. Transport

Figure 5 shows the influence of transport for plans in scenarios with shorter time scales (scenario 1).
Transport effects on the GWP indicator depend on the plan and can cause approximately 13-26% of the
plan impact in this category. Therefore, the change in transport parameters can affect the results. The
main parameter is distance. To investigate the influence of distance on the results of the study, plans
with local transport were modeled to have distance parameters set at 50 km instead of 100 km. Figure 8
shows that the differences between plans and this local variation are 7-29%. These differences are too
small to transform the conclusions of the study. On the one hand, transport is a minor contributor
in GWP for our scenario, but in other cases, the transport could make an important contribution, for
example in the case of the manufacturing of bridge [88].
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Figure 8. Comparison of local transport (distance parameter is 50 km) and default transport (distance
parameter 100 km) in scenario 1, impact in Global Warming Potential (GWP 100 years) (kg CO; eq.),
according to CML2001.

4.4. End of Life Phase

Figure 5 shows the influence on the impact caused by EoL, which depends on the plan and can be
22%-45% in the GWP category. Therefore, the method of waste removal was changed in scenario 3. In
this scenario, constructions are deconstructed and then concrete is crushed and sorted. The recycled
aggregates are used as a replacement for natural gravel. FU was 1 m? of construction with a service life
100 years. Another different approach to the assessment of the End of life phase was investigated by
Penades-Pla [89].

In comparison with scenario 2, plans of scenario 3 have a smaller environmental impact, except
the ODP category, which is not influenced by this change, as shown in Table 11. Plan 2 s3 is still the
most favorable construction, and in the ADP category, is even beneficial. Similarly, Table 12 shows
that Plan 2 s3 caused the smallest impact in most categories except Stratospheric Ozone Depletion.
Nevertheless, the results according to ReCiPe 2016 do not confirm the beneficial impact in the Fossil
Depletion category, but it confirms that this plan is the best variant for this category.

Table 11. Results of the impact indicators for scenario 3, according to CML2001.

Indicator Plan 1s3 Plan 2 s3 Plan 3 s3 Plan 4 s3
Abiotic Depletion (ADP elements) (g Sb eq.) 0.219 0.041 0.216 0.432
Abiotic Depletion (ADP fossil) (M]) 491 —47 580 1100
Acidification Potential (AP) (kg SO, eq.) 0.223 0.116 0.239 0.419
Eutrophication Potential (EP) (kg Phosphate eq.) 0.050 0.044 0.052 0.085
Global Warming Potential (GWP 100 years) (kg CO; eq.) 104 46.5 105 208

Ozone Layer Depletion Potential (ODP, steady state) (kg R11eq.)  2.84x10™8  373x1077 284x1078 777x 10710
Photochem. Ozone Creation Potential (POCP) (kg Ethene eq.) —-0.029 —0.054 —0.044 —-0.063
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Table 12. Results of the impact indicators for scenario 3, according to ReCiPe 2016.

Indicator Plan 13 Plan 2 s3 Plan 3 s3 Plan 4 s3

Metal depletion (kg Cu eq.) 3.99 1.38 4.04 8.05

Fossil depletion (kg oil eq.) 11.5 0.116 14.3 27.4
Terrestrial Acidification (kg SO, eq.) 0.172 0.0819 0.184 0.327
Freshwater Eutrophication (g P eq.) 0.11 0.0968 0.181 0.295

Climate change, incl biogenic carbon (kg CO; eq.) 104 43.6 105 210
Stratospheric Ozone Depletion (g CFC-11 eq.) 0.0151 0.0168 0.0160 0.0274
Photochemical Ozone Formation, Ecosystems (kg NOx eq.) 0.35 0.308 0.357 0.568

Figure 9 shows the relative impacts of scenarios 2 and 3. The most significant relative difference is
in the ADP fossil category, where Plan 2 s3 reaches a positive impact on the environment. However,
the difference between the results of the two scenarios for one plan is smaller than 24% for most of the
impact indicators.

150%
100%

0

50% ADPelements ADP fossil GWP 100 years ODP, steady P I I

ES

100% state

-150%

Figure 9. Comparison of plans in the scenario with the reuse of blocks (scenario 2) and in the scenario
with the reuse of blocks and recycling of blocks after their second use (scenario 3) (%, results of scenario
2 are 100%), according to CML2001.

This decrease in impacts confirms the positive impact of deconstruction and recycling processes
of aggregates. According to CML2001, the only increase in impacts is in the POCP category. In contrast
to this, the impacts of scenario 3 in the Photochemical Ozone Formation category are lower than the
impacts of scenario 2, according to ReCiPe 2016.

Another possible way to change EoL was performed in scenario 4, which modelled a situation in
which waste wood is not incinerated but is removed to the landfill as an admixture of CDW; hence,
in comparison to scenario 2, the only change is in EoL of wood. Plan 4 is not included in scenario 4
because this plan does not contain any construction wood. Dossche considered the different waste
scenarios for wood [85]. Also, the environmental impacts of disposal of building materials were
assessed [90]. The results of other plans are shown in Tables 13 and 14.

Changes in this process take a minority effect in the results and therefore have no influence on the
assessment of construction types. The only noticeable difference between scenarios 2 and 4 is in the
ODP indicator, where plans 1 and 3 have a smaller impact.

Table 13. Results of the impact indicators for scenario 4, according to CML2001.

Indicator Plan 1 s4 Plan 2 s4 Plan 3 s4
Abiotic Depletion (ADP elements) (g Sb eq.) 0.223 0.0449 0.221
Abiotic Depletion (ADP fossil) (M]) 677 133 788
Acidification Potential (AP) (kg SO, eq.) 0.277 0.167 0.302
Eutrophication Potential (EP) (kg Phosphate eq.) 0.0552 0.049 0.0583
Global Warming Potential (GWP 100 years) (kg CO; eq.) 105 46.7 107
Ozone Layer Depletion Potential (ODP, steady state) (kg R11 eq.) 3.76 x 10710 3.45 x 1077 3.90 x 10710

Photochem. Ozone Creation Potential (POCP) (kg Ethene eq.) -0.0251 —0.050 —0.039
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Table 14. Results of the impact indicators for scenario 4, according to ReCiPe 2016.

Indicator Plan 154 Plan 2 s4 Plan 3 s4
Metal depletion (kg Cu eq.) 547 2.77 5.85
Fossil depletion (kg oil eq.) 16.4 4.8 19.6
Terrestrial Acidification (kg SO; eq.) 0.214 0.122 0.234
Freshwater Eutrophication (g P eq.) 0.139 0.125 0.215
Climate change, incl biogenic carbon (kg CO; eq.) 105 441 108
Stratospheric Ozone Depletion (g CFC-11 eq.) 0.0182 0.0198 0.0195
Photochemical Ozone Formation, Ecosystems (kg NOx eq.) 0.386 0.341 0.4

5. Conclusions

Life Cycle Assessment has been used to compare the environmental impacts of four concrete
constructions containing different types of aggregate in four scenarios over two time scales. Our results
strongly suggest that the key factors in reducing the environmental impacts of concrete constructions
are the use of recycled concrete aggregate in the concrete mixture and the reusability of the blocks
used. At the shortest time scale, the construction containing recycled concrete aggregate had a lower
impact than the other constructions, due to the positive impact of steel scrap recycling. Conversely,
block reusability appears to become more important over time. Although we have shown that the
environmental impacts of such constructions are also influenced by cement production, transportation,
and disposal, their influence was not as significant as those of block reusability and aggregate type.
Because the CML2001 and ReCiPe 2016 results can be interpreted differently in categories such as
ozone depletion and photochemical oxidant formation, we used both characterization methods in
order to obtain a fuller and more accurate picture. While CML2001 is the industry standard, it has
limitations in the assessment of the impact in the Photochemical Oxidant Creation category. This leads
us to recommend the use of ReCiPe for assessing the sustainability of concrete constructions.
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