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Abstract: Recycled aggregates (RAs) have been playing an important role in replacing natural
aggregates (NAs) in concrete production, thereby contributing to a reduction in the extraction of
natural resources and the promotion of a circular economy. However, it is important to assess the
global impacts of this replacement, in both environmental and economic terms. In this study, an
overview of the impacts of the production of natural and recycled aggregates is presented, using the
life cycle assessment (LCA) methodology. Through this methodology, products with the same function
are compared and information about the best solutions is given, considering their environmental
and economic impacts. Studies with data collected from specific producers were compared, as well
as environmental product declarations (EPDs) and generic databases, regarding the production of
natural and recycled, coarse and fine, and rolled and crushed aggregates. This study intends therefore
to provide the environmental and economic impact comparison at the global level through LCA
from different data sources. According to this literature review, the best and worst environmental
results are assigned to lower and higher transport distances, respectively. Regarding EPDs, the lowest
environmental impacts are related to recycled coarse aggregates and the highest to natural coarse
crushed aggregates. In terms of generic databases, the results are similar, with the lowest impacts
associated with natural fine rolled aggregates and the highest to natural coarse crushed aggregates.
In what concerns the economic impacts, in general, recycled aggregates are associated with the lowest
costs. However, these results are highly dependent on transport distances and costs.

Keywords: construction and demolition waste; economic impacts; environmental impacts; life cycle
assessment; natural aggregates; recycled aggregates

1. Introduction

One of the causes of increased toxic emissions is the production of NAs, which are
also responsible for a significant consumption and depletion of natural resources. At the
same time, the world generation of construction demolition waste (CDW) totals more than
10 billion tonnes per year [1]. This amount of CDW can be recycled and used as aggregates
to overcome the issue of using NAs. For example, a study by Ginga et al. [2] shows that
the European construction industry currently produces 924 million tonnes of CDW, which
accounts for at least 30% of the total solid waste produced around the world. In addition,
there is a high potential for using CDW as Ras in concrete production because most of its
components have a high resource value. Several studies [3,4] have shown positive results
for using RAs in structural concrete and road construction [5]. The advantages of using
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RAs can be summarised as: (i) it reduces the production of NAs and preserves natural
resources; (ii) it minimises the emission of CO; into the air and the costs of construction
materials, especially for short-distance transportation scenarios; (iii) it preserves lands
instead of landfilling them and decreases the need for new landfills, thus also leading to
savings in costs; (iv) it offers more employment opportunities in the recycling industry [6].

Furthermore, landfilling continues to be the preferred solution for the management
of CDW, but it causes significant environmental, economic, and social impacts because
it contains materials that can contaminate soils and groundwater [7]. This, in turn, will
indirectly affect public health. Thus, many studies have started searching for more sus-
tainable solutions, namely by recycling CDW and reusing them in construction works, but
this may also have environmental consequences because of increasing toxic emissions by
the fuel consumed during transportation [8]. The critical issue here is how to identify the
environmental advantages from recycling [9]. Life cycle assessment is the answer. It is an
effective methodology, particularly because it contributes to measuring every elementary
flow of the studied plant, comparing products and alternatives for the same use, and
identifying the weakest points during the product life cycle. It is essential to assess any
new material in terms of its performance, quality, economic, social, and environmental
aspects simultaneously [10]. The LCA is an environmental control tool that can be applied
to classify and determine the environmental aspects of the product and help find the
environmental improvements during product development [11].

As mentioned above, the use of RAs can be an alternative to be used instead of
NAs. Nevertheless, there are not many studies on this path, especially on the LCA of
using RAs and NAs simultaneously [7]. Thus, the main goal of this paper is to compare
the environmental and economic impact of RAs and NAs according to data from papers
published in international journals. The source of RAs was only focused on concrete, and
whether it contained fine or coarse RAs.

2. Methodology

As mentioned before, this study intends to show an overview of the production of
natural and recycled aggregates for concrete based on environmental and economic LCA
results. Thus, it was required to define: (i) the declared unit, which is the reference that
allows the comparison of the products; (ii) the system boundaries, which define the limits
of the study; and (iii) the impact categories, which allow the comparison of the results.
The information related to the aggregates was collected from previous research studies,
environmental product declarations, and generic databases.

The declared unit considered in this study was the production of 1 tonne of aggregates
ready to be used in concrete production.

Based on the methodological flowchart (Figure 1), the global warming potential
(GWP), non-renewable energy consumption (PE-NRe), and the cost of 1 tonne of natural
and recycled aggregates from cradle to gate (A1-A3) were evaluated by considering the
data given from: (i) generic databases such as Ecoinvent and European reference Life Cycle
Database (ELCD); (ii) EPDs; and (iii) reference literature. The mentioned life cycle stages
are explained in the following Section 2.1.
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Figure 1. Flowchart of the data collection process.
2.1. System Boundaries
The system boundaries defined for most of the studies were from cradle to gate, related
to product stages (A1-A3), which include raw material extraction and processing, transport
of raw materials and manufacturing of the products. Some studies added option A4, from
the construction process stage, related to the transportation impact of the construction
product from the manufacturer to the building site. However, that was not considered
because this study was focused only on A1-A3.
2.2. Type and Source of Aggregates
Extensive research was conducted to find LCA studies that addressed aggregates for
concrete and that identified their type and source (Table 1). Based on the data collected from
these studies, the aggregates can be coarse or fine, natural (rolled or crushed) or recycled
(crushed). Additionally, NAs can be extracted from quarries or riverbeds. Furthermore,
most of the aggregates that come from quarries are limestone, but some granitic and basaltic
aggregates can also be found. From riverbeds, one can find sand and gravel. Regarding
RAs, they are processed from CDW.
Table 1. Type and source of aggregate from each study.
Author Type of Aggregate Source of Aggregate
NA Produced from rocks Quarry
Tam (2008) [12]
RA Recycled concrete waste Recycling plant
NA River aggregate River
Marinkovi¢ et al. (2010) [13] : ;
RA Recycled coarse aggregate Demolished reinforced

concrete structure

Jullien et al. (2012) [14]

Site 1—amphibolites from Roselier
NA Site 2 and 3—alluvial deposits, Fz and Fy -
(sand and gravel)

RA - -
. NA Natural inert quarries Quarry
Simion et al. (2013) [15]
RA C&D inert waste CDW recycling plant
Fine and coarse river aggregate;
NA . -
Togi¢ et al. (2015) [16] fine and coarse crushed stone aggregate
RA Coarse recycled concrete aggregate -
NA High quality /low quality (gravel/sand) Quarr
Faleschini et al. (2016) [17] ! Y d A Y
RA High quality /low quality CDW recycling plant
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Table 1. Cont.
Author Type of Aggregate Source of Aggregate
NA River sand/crushed stone -
Hossain et al. (2016) [18]
RA CDW /waste glass -
NA Rl.vler / Frushed (fine aggregate); River/quarry
Braga et al. (2017) [7] Granitic/limestone (coarse aggregate)
RA Precast/demolished/cast in laboratory elements Recycling plant
NA Calcareous (Boulonnais landfill) Boulonnais landfill
Fraj and Idir (2017) [19] . Recycled concrete aggregate,
RA Low grade and high grade demolished buildings
NA Basalt mineral Basalt quarry
Rosado et al. (2017) [20]
RA Mix CDW generation CDW recycling plant facility
NA Limestone Quarry
Estanqueiro et al. (2018) [21]
RA CDW Demolition site
NA Natural sand and gravel )
Natural stone
Colangelo et al. (2018) [22]
CDW from concrete industry and marble sludge
RA . -
Cement kiln dust
NA Limestone; river sand River/quarry
Kurda et al. (2018) [23]
RA CDW Recycling plant
NA Gravel (25 mm, 45 mm, 75 mm) Sea, land and mountains
Park et al. (2019) [24 iti
( 124 RA Waste concrete Demqlltlon and
deconstruction of structures
NA Basalt Mine
Pradhan et al. (2019) [25 iti i i
( ) [25] RA CDW Demolition site/recycling
plant
NA Fine NA Quarry
Ohemeng and Ekolu (2020) [26]
RA Fine recycled concrete aggregate Recycling plant
NA - -
Kulekdi et al. (2021) [27]
RA Construction wastes 3 provinces in Turkey

2.3. Processing Characteristics

The processing characteristics depend on the origin of the aggregates. For example,
NAs can be sourced from quarries or rivers. If the NAs are extracted from quarries, the
process starts with stripping, then blasting, sorting, crushing, and washing (in some cases),
and ends with stockpiling. For that purpose, several types of equipment are required, such
as loaders, excavators, lorries, vibrating feeders, crushers, and conveyor belts. If the NAs
come from rivers, the impact of the excavation, dredging, and collection must be considered
as a first stage [18]. Regarding RAs, the recycled plant can be stationary or mobile. The first
part of the process is the stockpiling, and then the CDW is sorted, crushed, and sieved.

2.4. Databases

Three types of databases were considered in this study: LCA datasets with site-
specific data, EPDs, and generic databases, namely Ecoinvent and ELCD (Table 2). In the
national context (Portugal), only two datasets were found in the literature review: one
from Braga et al. [7], including data for coarse NAs and RAs, and fine NAs (rolled and
crushed); the other one, from Estanqueiro et al. [21], with data regarding coarse natural and
recycled crushed aggregates. Internationally, five reliable studies were considered from
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four countries, France, Serbia, China, and Korea, with data from all types of aggregates. In
addition, 13 EPDs from five different program operators (Figure 2) and seven generic LCA
datasets from Ecoinvent and ELCD were also considered in this study (Table 3). Regarding
the program operators, a major part of the selected EPDs are emitted by International EPDs
from Sweden, as shown in Figure 2.

Table 2. Datasets for the production of coarse and fine, natural and recycled, rolled and crushed aggregates.

LCA Databases
Aggregates Portugal International
Literature Review  Literature Review EPD Generic Databases
Coarse natural rolled 0 3 2 1
Coarse natural crushed 2 3 9 3
Coarse recycled crushed 2 5 4 0
Fine natural rolled 1 3 2 2
Fine natural crushed 1 2 2 0
Fine recycled crushed 0 1 0 0
T EPD
B
sue Ireland

EPD
Norge

BRE
verified
EPD

International EPD

Figure 2. Program operators of the EPD.

Table 3. Generic databases.

System Process Database

Basalt {RoW} | quarry operation | Cut-off, S Ecoinvent 3

Gravel, crushed {RoW} | production | Cut-off, S Ecoinvent 3

Gravel, round {RoW} | gravel and sand quarry operation | Cut-off, S Ecoinvent 3

Limestone, crushed, for mill {RoW} | production | Cut-off, S Ecoinvent 3

Sand {RoW} | gravel and quarry operation | Cut-off, S Ecoinvent 3

Sand {RoW} | sand quarry operation, extraction from riverbed | Cut-off, S Ecoinvent 3
Crushed stone 16/32 mm, open-pit mining, production mix, at the plant, undried RER S ELCD
Gravel 2/32 mm, wet and dry quarry, production mix, at the plant, undried RER S ELCD
Sand 0/2 mm, wet and dry quarry, production mix, at the plant, undried RER S ELCD

2.5. Environmental Impacts and Methods

Several methods were used to assess the environmental impacts, including CML
Baseline, Cumulative Energy Demand, Ecoindicator 99, Mat France, and Impact 2002+.
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These impact assessment methods consider different environmental impact assessment
categories, as presented in Table 4. However, the most important ones, related to carbon
footprint and embodied energy, are GWP (or climate change) and energy use, the latter
being expressed in primary energy, non-renewable (PE-NRe) or abiotic depletion, and fossil
fuels (ADPF). Regarding the literature review, the most used method is CML Baseline, from
the Netherlands, with four studies, then Cumulative Energy Demand, with two studies,
and Eco-Indicator, Mat France, and IMPACT 2002+ with just one study each.

Table 4. Environmental impact assessment categories from each impact assessment method.

Cumulative Energy Eco-Indicator 99 Mat France IMPACT 2002+
Demand
Number of studies 4 2 1 1 1
Abiotic depletion X
Abiotic depletion
(fossil fuels)
Acidification
Air pollution X
Aquatic acidification
Aquatic ecotoxicity
Aquatic
eutrophication
Carcinogens
Climate change
Ecotoxicity
Energy consumption X
Eutrophication X

CML Baseline

X
X
X

XX XX

X[ <X

<
>

Freshwater aquatic
ecotoxicity
Fossil fuels X

Global warming X X X
Human toxicity X

Ionizing radiation X

Land use X

<

Marine aquatic
ecotoxicity

Minerals X

Non-carcinogens
Non-renewable X
Ozone layer
depletion (ODP)

Photochemical
oxidation

XXX | X

Radiation

Renewable X

<

Resp. inorganics X

x

Resp. organics X

Terrestrial acidifica-
tion/nutrification

x| X

Terrestrial ecotoxicity X

Water pollution X

>

Water usage

Wastes X

3. Results and Discussion

In this section, the economic and environmental impacts from the sources identified
are presented and discussed. Regarding the economic impacts, the distribution of NAs
and RAs production costs is explained, as well as the final aggregate cost. In relation to
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environmental impacts, the results are presented for the studies with site-specific data and
then all the other results are compared through dispersion graphics.

3.1. Economic Impact of Natural and Recycled Aggregates

Economic assessment is usually carried out through a life cycle cost methodology,
which considers all economic impacts of a product through its life cycle. However, none
of the selected research studies had applied that approach. Instead, some conducted a
cost-benefit analysis of producing aggregates for concrete [12,26] and others presented the
cost of production of several types of aggregates for concrete [7,16].

The economic analysis includes the costs of the several stages of aggregate production,
considering the costs of equipment, working capital, maintenance, labour, fuel, water,
and fixed costs [12,26]. In the case study by Ohemeng and Ekolu [26], about 42% of NA
production costs were shown to be related to environmental costs (e.g., landfill charges
and air, and water emission costs) and transport costs, only 26% to processing costs (e.g.,
stripping, blasting, sorting, and crushing), and about 32% to the finished aggregates.
Regarding RAs, only 21% of the costs were shown to be related to environment and
transportation, 36% to processing, and the highest costs were related to finished aggregates
(about 43%). Figure 3 presents the unit cost of each type of aggregate, collected from
Portuguese companies [7], suppliers from Serbia [16], companies from Australia [12], and
quarries and recycling plants in South Africa [26]. It can be concluded that, in most of the
cases, the cost of RAs is lower, except in the case of To$i¢ et al. [16]. Additionally, the cost of
the aggregates varies from region to region and, when also considering the transportation,
the corresponding cost has a high impact on the overall cost of the aggregate.

A¢A
121 198 8 ;
% 1.0 J Oggogggﬁ RA 26.5 mm | 1798 €
= =) ©9S o RA 19.0 mm | 17.72 €
g 0.8 'g? o RA 13.2 mm |=———== 17.30¢
§ 06 o & 3 Ohemeng and RA 9.5 mm pF—————== 16.97¢
= 04 4 8 Ekolu (2020) NA 26.5 mm pF——————————— 21.17€
; S NA 19.0 mm e — 21.08 €
S 02 ‘ | I I < P NA 13.2 mm = 2041¢
0.0 P LSS LU, NA 9.5 mm | SEEE— 20.24 €
%é%g%égggggégg RA 75 mm := 1294 €
EﬂE@‘é’%EEEEEEEEE RA 20 mm [——=———= 1848¢
;ggg;g“eﬁﬁg;gg RA 10 mm F=———— 16.80¢
g&: EE:’, T t al. (2008) RA 7 mm | ) 1243 €
EE;EEE am et al. NA 75 mm | 1344¢
g:o' 5:3 . P > NA 20 mm [ 21.00¢
! 3 ¢ Relative cost NA 10 mm | 21.00€
2 A NA 7 mm p—— 12.60€
Tosié et al. (2015) Coarse recycled concrete aggregate S 17.71 €
Fine and coarse crushed stone aggregate —_ 11.50 €
Fine and coarse river aggregate = 3.00€
Fine or coarse RA E 2.00€
Limestone coarse aggregate = 4.59€
Braga et al. (2017) Granite coarse aggregate := 9.30€
Crushed fine aggregate == 4.41¢€
> River fine aggregate = a1s¢
T T ]
Absolute 0€ 10€ 20€ 30€
Cost (€)

Figure 3. Absolute and relative costs of individual types of aggregates (cost of raw material produc-

tion, per tonne).

3.2. Environmental Impact of Natural and Recycled Agqregates

For the environmental impact analysis of NAs and RAs, from the studies considered
initially, only those with site-specific data from producers were selected. Table 5 presents
the environmental impacts (in terms of GWP and PE-NRe) of the several types of aggregates
grouped by coarse and fine, natural and recycled, and rolled and crushed.
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Table 5. Type of aggregates used in concrete and corresponding environmental impacts, from the
literature (GWP, in kg CO; eq; PE-NRe, in M]).

Author CFo.arse/ Natural/ Crushed/ Origin GWP PE-NRe
ine Recycled Rolled (kg CO; eq) (1%1))
Braga et al. [7] Coarse Natural Crushed Granite 244 344
Braga et al. [7] Coarse Natural Crushed Limestone 314 441
Estanqueiro et al. [21] Coarse Natural Crushed Limestone 154 240
Fraj and Idir [19] Coarse Natural Crushed Limestone 4.39 320
Tosic et al. [16] Coarse Natural Crushed Limestone 2.12 21.9
Hossain et al. [18] Coarse Natural Crushed Limestone 32.0 496
Marinkovic¢ et al. [13] Coarse Natural Rolled Undefined 1.39 14.8
Tosi¢ et al. [16] Coarse Natural Rolled Undefined 1.34 11.2
Park et al. [24] Coarse Natural Rolled Undefined 14.3 -
Estanqueiro et al. [21] Coarse Recycled Crushed Concrete 244 a 444 a
Estanqueiro et al. [21] Coarse Recycled Crushed Concrete 205b 381b
Braga et al. [7] Coarse Recycled Crushed Concrete 7.44 108
Marinkovié et al. [13] Coarse Recycled Crushed Concrete 1.64 17.0
Fraj and Idir [19] Coarse Recycled Crushed Concrete 5.87 320
Hossain et al. [18] Coarse Recycled Crushed Concrete 11.0 211
Park et al. [24] Coarse Recycled Crushed Concrete 294 c -
Park et al. [24] Coarse Recycled Crushed Concrete 38.1d -
Tosi¢ et al. [16] Coarse Recycled Crushed Concrete 7.02e 79.7 e
Tosi¢ et al. [16] Coarse Recycled Crushed Concrete 519 f 60.8 f
Fraj and Idir [19] Fine Natural Rolled Limestone 4.39 320
Tosic¢ et al. [16] Fine Natural Rolled Limestone 2.12 21.9
Braga et al. [7] Fine Natural Rolled Undefined 9.87 135
Hossain et al. [18] Fine Natural Rolled Undefined 23.0 341
Tosi¢ et al. [16] Fine Natural Rolled Undefined 1.43 11.2
Braga et al. [7] Fine Natural Crushed Undefined 2.79 392
Hossain et al. [18] Fine Natural Crushed Undefined 33.0 518
Tosic et al. [16] Fine Natural Crushed Undefined 212 21.9
Hossain et al. [18] Fine Recycled Crushed Concrete 12.0 235

2 Fixed plant, ® Mobile plant, ¢ Dry, 4 Wet, ¢ 50% of recycled aggregate, f 100% of recycled aggregate.

The environmental impacts from each type of database (literature review, EPD, and
generic databases) were compared through dispersion graphics, in order to validate the data
and understand the relationship between GWP and energy use (Figure 4), for 1 tonne of
each type of aggregates (FNR—fine natural rolled; FNC—fine natural crushed; FRC—fine
recycled crushed; CNR—coarse natural rolled; CNC—coarse natural crushed; CRC—coarse
recycled crushed). It can be observed that there are three points that are outliers, corre-
sponding to crushed fine aggregates from Braga et al. [7] and both NAs and RAs from Fraj
and Idir [19], probably due to the crushing method, in the first case, or to the particularities
of each country. By analysing the remaining results, it can be observed that the best results
in terms of environmental impacts are related to the coarse and fine natural rolled aggre-
gates assessed by Marinkovi¢ et al. [13] and ToSi¢ et al. [16], produced in Serbia, probably
due to the type of transport. The worst results are related to fine and coarse natural crushed
aggregates, from Hossain et al. [18], produced in China, due to the transport distances.
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Figure 4. GWP (kg CO; eq) vs. PE-NRe (M]) results from the literature review, per tonne of aggregate.

In terms of the data available in the selected EPDs [28-38], the relationship between
GWP and ADPF was also confirmed (Figure 5). Two EPDs were excluded [39,40] because
the results were not of the same order of magnitude of the remaining ones. Based on the
two selected categories given by the report of the selected EPDs, the best results are related
to coarse RAs and the worst to crushed coarse NAs.

®EPD1(CNR) AEPDI1(CNC) mEPD1(CRC)
®EPD1(FNR)  AEPD1(FNC)  4EPD2(CNC)
4 EDP 2 (FNC) EDP 3 (CNR) EPD 3 (CNC)
EPD 3 (FNR) EPD4(CNC) A EPD5(CNC)
A EPD 6 (CNC) EPD7(CNC) A EPD8(CNC)
AEPD9(CNC) ®EPDI12(CRC)  ®EPD 13 (CRC)
90 -
80 4 y=13.92x-1.03
70 R2=0.98 - A
- K
S 60 - -7
~ r'd
& 50 A A
@)
< 40 - -£

30 - ‘A’
20 - @

10 A
o A

GWP (kg CO, eq)
Figure 5. GWP (kg CO, eq) vs. ADPF (M]) results from the EPD, per tonne of aggregate.

Regarding the generic databases from Ecoinvent and ELCD, the results are shown in
Figure 6. The aggregate type with the lowest environmental impacts is sand of 0/2 mm
produced at the quarry. The aggregate with the highest impact is crushed stone of 16/32 mm
from open-pit mining. As expected, crushed aggregates have larger impacts than rolled
aggregates due to the mechanisms and equipment needed for their production.
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Figure 6. GWP (kg CO, eq) vs. ADPF (M]) results from the generic databases, per tonne of aggregate.

Figure 7 presents the comparison of the LCA in terms of the GWP of coarse and fine
aggregates, and Figure 8 presents the comparison in terms of their energy use. NAs are
represented in blue and Ras are in green. The aggregates are divided by being rolled or
crushed and by database type (literature review, EPD and generic databases). However,
not all databases have results for all types of aggregates. For example, in generic databases,
environmental impacts were neither found for RAs nor for fine natural crushed aggregates.
In EPDs, values for fine recycled crushed aggregates were also not found. Regarding the
other results, it is shown that the impacts from the literature review are generally higher
than those of EPDs and generic databases. Once again, the highest impacts are related to
coarse natural crushed aggregates and the lowest to coarse natural rolled aggregates, and
the recycled aggregates have lower impacts than natural ones.

NAs RAs NAs RAs
| | | |

20 q
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18 4

16 A
14
12 1
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Figure 7. Comparison of the results in terms of GWP (kg CO; eq) of NAs and RAs coarse (left) and
fine (right) aggregates from the different databases.
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Figure 8. Comparison of the results in terms of energy use (M]) of NAs and RAs coarse (left) and
fine (right) aggregates from the different databases.

4. Conclusions

In this paper, the economic and environmental life cycle impacts of replacing RAs with
NAs were highlighted. These results are important because the studies on the environmen-
tal and economic assessment of the production and replacement of these aggregates are still
scarce despite the possibility of replacing RAs with NAs in concrete. The environmental
and economic performance assessment of RAs is still underdeveloped. The comparison of
the environmental performance was focused on GWP and PE-NRe. The analysis of the data
of GWP (kg CO; eq) and energy use (MJ) for 1 tonne of aggregates showed that there is a
linear relation for the three types of databases (literature review, environmental product
declarations, and generic databases). Regarding economic assessment, none of the research
studies considered a life cycle cost methodology, which considers all economic impacts of
a product through its life cycle. In order to obtain reliable results, any economic analysis
should include the costs of the several stages of aggregate production (costs of equipment,
working capital, maintenance, labour, fuel, water, and fixed costs). Generally, these results
are considered valid only for comparative purposes because they differ from one country
to another and from one region to another. Still, transportation plays an important and
influential role in the environmental and economic impact of both the RAs and NAs. Finally,
to better understand the economic and environmental assessment of both RAs and NAs,
and to reach more accurate results, further research is needed.
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