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Executive Summary

On the basis of several studies, corresponding regulations and practical experience in sever-
al European countries, it can be concluded that concrete can be recycled. The rate of recy-
cled aggregates in concrete and the total recycling rate of crushed concrete respectively dif-
fer in Europe. The differentiation of “recycling-grades” (Re-cycling, Up-cycling, Down-cycling
etc.) is possible, but not mandatory. It depends on how the "benefit" for new materials or en-
ergy saving is calculated and how it is included in a sustainability analysis. Generally, con-
crete production generates higher requirements on the recycled materials than e. g. road-
beds. Screening the recycled material into size fractions and more thorough separating of
impurities are required. If the use as an aggregate for roadbeds is possible, this should in
many cases be the preferred option from a sustainability perspective, rather than the use as
an aggregate in structural concrete. The environmental impacts of producing a concrete with
recycled aggregates may exceed those of the production of a concrete with natural aggre-
gates, particularly if natural gravel is replaced. A politically driven specification of “recycling
targets” or “recycling quota” linked to a certain application without a case-by-case evaluation
(LCA) or LCA-based benchmarks will not lead to the most sustainable solution in all cases.
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1 General

The term “recycling” generally describes the re-use or the recovery of products or parts of
products in the form of loops. Loops can be defined either within the manufacturing process
or at the end of the products’ life cycle.

In literature, the term "recycling" is often altered or modified: Terms such as "down-cycling”,
"up-cycling"”, "out-cycling” or "open loop" and "closed-loop-recycling” can be found. These
are attempts to say something about a technical or ecological quality of reuse. In addition, an
impression of the "form" of the cycle is to be conveyed. None of these terms is clearly de-
fined or even quantitatively occupied today.

A requirement for an "up-cycling", for example, might be the improvement in at least one
property of the product containing the reused or recycled material while other properties have
not substantially deteriorated. "Recycling" can mean that the properties of the product which
contains recycling materials are not changed on average. When the product characteristics
have deteriorated significantly through re-using secondary materials, the process might be
called “down-cycling”. "Out-cycling" describes the case where a re-used or recovered prod-
uct is transferred to a substance outside its own loop [1], [2]. For example, by crushing a
concrete component a recycled aggregate is created [3]. If these aggregates can be used
without affecting the properties of concrete to produce new concrete, the process can be
called "recycling". If, for example, more cement would be needed to archive the same con-
crete properties compared to a concrete with virgin aggregates, the use of recycled aggre-
gates might be seen as a “down-cycling”. The use of the concrete crushed sand provided in
the crushing process as a secondary raw material for cement production [4] can be seen as
a "recycling". But can it also be assessed as a kind of "up-cycling" if by its use energy and
CO; in the clinker burning process can be saved? Using crushed limestone as a recycled
aggregate for the production of sand-lime bricks, the same applies with regard to “recycling”.
If the recycled limestone is used e.g. in road construction or structural concrete, the lime-
stone leaves its own loop. Is that "out-cycling", “open-loop recycling” or “down-cycling”? It
depends on how the "benefit" for new materials or energy saving is calculated and how it is
included in a sustainability analysis. [5]

The discussion of the terms shows that there are different recycling processes or at least that
the definition of different recycling processes is possible. But this differentiation is not manda-
tory. In many cases the terms are used to give the considered re-use a positive or negative
rating.



Technical Report A-2015/1860 Page 6 of 41

In the end the question to be answered is, what type of re-use of concrete or other mineral
building materials is holistically the most sensible and therefore sustainable option, taking in-

non "o

to account parameters like "waste prevention", "conserve natural resources", "technical per-

formance”, "availability" and "transport distances", without a significant deterioration of other
indicators such as "non-renewable primary energy" or "Global Warming Potential".

Against this background, the following study deals with

- Recycling rates and application rules for recycled (coarse) aggregates in
(structural) concrete in Europe

- Alternative use of concrete crushed sand

- Uptake of carbon dioxide from the air over the life cycle of 1t of cement (carbonation)
- Comparative LCA study for different applications of crushed concrete

- Sustainable use of crushed concrete.

The aim is to give indications about what type of concrete re-use is holistically the most sen-
sible and therefore sustainable option and whether a politically driven specification of “recy-
cling targets” or “recycling quota” linked to a certain application would make sense.

2 Recycling rates
2.1 General

With regard to the re-use of concrete in the form of recycled aggregates (crushed concrete
and concrete crushed sand) a large series of publications can be found. On the basis of the-
se studies and corresponding regulations in several European countries, it can be concluded
that concrete can be recycled.

The basic method of recycling concrete is crushing the debris to produce a granular product
of a given particle size. Current technologies for concrete recycling essentially comprise jaw
crushers and impact crushers: jaw crushers operate according to the principle of pressure
crushing, whereas in impact crushers, the crushed material is picked up by a fast moving ro-
tor, accelerated and smashed against an impact plate. The crushed material is broken re-
peatedly until it is smaller than a set crushing size. Generally, magnetic separators are incor-
porated in the crushers to remove remaining ferrous matter, particularly reinforcing steel.

The rate of recycled aggregates in concrete and the total recycling rate of crushed concrete
differ greatly in Europe, as can be seen in Figure 1.
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Figure 1  Recycling rates in Europe, data of different sources (1999 - 2009), [6], [7], [8], [9], [10],
[11], [12]

There are differences in the different data sources compared in Figure 1. These differences
may, in parts, result from different definitions of recycling or different system boundaries. One
reason for these different numbers between countries is, among others, the availability of
natural resources. Especially in the Netherlands, Belgium and the Alpine States Austria and
Switzerland, natural gravel sources are limited. Also, the landfill space could be limited in
some countries.

In the following paragraphs, a closer look on the situation in some exemplary countries is
presented.

2.2 Germany

According to the data available for example on the homepage of the “Federal office for statis-
tics” or in [13], [14], Germany had a recycling rate of 89% in 2004 and of 91% in 2012 for
mineral building wastes. The following diagrams (Figure 2, Figure 3) show the amount of ag-
gregates which were replaced by recycled material in 2004 and 2012. Additionally, the share
of using recycled aggregates in concrete compared to other uses (road construction for ex-
ample) is given.
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Figure 2 Recycling situation in Germany 2004 [13]
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Figure 3 Recycling situation in Germany 2012 [14]

2.3 The Netherlands

The recycling situation in the Netherlands is represented in the same way in Figure 4 and
Figure 5. Although the Netherlands and Germany have very high rates of recycling, the
amount of recycled building materials is not nearly enough to meet the demand for aggre-
gates - its percentage amounts only to approx. 10 - 15%. In both countries, the share of re-
cycled material used in concrete has risen in the past years.
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Figure 4 Recycling situation in the Netherlands 2005 [12], [15], [16]
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Figure 5 Recycling situation in the Netherlands 2013 [17]

2.4 United Kingdom

The recycling situation in the United Kingdom is represented in the same way in Figure 6 and
Figure 7. Compared to Germany and the Netherlands, the United Kingdom has relatively high
rates of recycled aggregates replacing virgin material. This may be caused by the fact that
this value includes additionally secondary materials like air cooled blast furnace slag which
comes from outside the construction loop [18].
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Figure 6 Recycling situation in the United Kingdom 2005 [12], [19], [18]
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Figure 7 Recycling situation in the United Kingdom 2013 [19], [20], [18]
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3 Application rules
3.1 General

The European concrete standard EN 206:2013, annex E and EN 13369:2012 for precast
concrete elements contain informative recommendations on the use of coarse recycled ag-
gregates in concrete. Following EN 206:2013 — table E.2 (Table 2), two types of recycled ag-
gregates are defined with reference to EN 12620. Recommendations for the maximum re-
placement rates are given depending on the exposure class. Additionally, recommendations
are given for physical and chemical aspects. EN 206 is a non-harmonised standard. There-
fore, paragraph 5.1.3 of EN 206 states: “(2) Recycled and manufactured aggregates, other
than air-cooled blast furnace slag, listed in EN 12620 with identified history of use, may be
used as aggregate for concrete if the suitability is established by provisions valid in the place
of use.” This means that application rules for the use of recycled aggregates are different in
the European countries (CEN member states). In the following chapters, application rules for
some countries are given as examples.

The reference point of “aggregates replacement rate” is not the same in each of the countries
mentioned in the following chapters. In Germany for example, the replacement rate refers to
total aggregates. In the UK, on the other hand, the reference point is “aggregates > 4 mm”.
To make the following numbers clear, all replacement rates will be calculated with reference
to “% of total aggregates” using 3 exemplary aggregates grading curves given in Table 1.

Table 1 Aggregates grading curves

; Passing mesh size in mm
G;i?\'/gg 0.25 0.5 1 2. 4 8 16 32
in mass-%
MAS 8 8.0 20.0 31.5 46.5 67.5 100.0 100.0 100.0
MAS 16 5.5 14.0 22.0 31.5 46.0 68.0 100.0 100.0
MAS 32 8.0 11.5 18.0 25.5 35.0 50.0 71.0 100.0

MAS: Maximum aggregate size

Table 2 Recommendation for the use of coarse (d =4 mm) recycled aggregates according to
EN 206:2013
Exposure class
Recycled aggre- Reference XC3, XC4, all other
gate type point X0 XC1, XC2 XF1, XA1, exposure
XD1 classes ?
Type A: 24 mm 50% 30% 30% 0%
(Rego, Reugs, Rbio-, | total aggregates, MAS 8 16% 10% 10% 0%
Raw, Flzo XRaw) =0 aggregates, MAS 16 27% 16% 16% 0%
total aggregates, MAS 32 33% 20% 20% 0%
Type B . 24 mm 50% 20% 0% 0%
(Reso, Reuro, Rbso, | total aggregates, MAS 8 16% 7% 0% 0%
Ras. Flz. XRg2) total aggregates, MAS 16 27% 11% 0% 0%
total aggregates, MAS 32 33% 13% 0% 0%

®Type A recycled aggregates from a known source may be used in exposure classes to which the original con-
crete was designed with a maximum percentage of replacement of 30 %.

® Type B recycled aggregates should not be used in concrete with compressive strength classes > C30/37.
Bold: normative value
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3.2 Germany

The German code of practice (DAfStb Guideline) “Concrete with recycled aggregate” permits
the use of a maximum of 45% of the total aggregates as recycled aggregates larger than

2 mm for concretes with a maximum strength class C30/37, depending on the exposure
classes and the moisture classes according to the code of practice for alkali-silica-reaction
(Table 3). Those concretes can be dimensioned according to EN 1992-1-1 as concretes with
normal aggregates. The use of recycled aggregates for pre-stressed concrete or light-weight
concrete is not allowed in Germany.

Table 3 Maximum use of coarse (d = 2 mm) recycled aggregates in Germany in mass %
Exposure class
Recycled ag- Reference
gregate type point Uitk e WEF, XF1, XF3 WF, XAl
WEF, XC1-XC4

Type 1: total aggregates (all grading curves) 45% 35% 25%

(Reugo, Rbao, =2 mm, MAS 8 84% 65% 47%

Eg;‘l_)FLZ" > 2 mm, MAS 16 66% 51% 36%
=2 mm, MAS 32 60% 47% 34%

Type 2: total aggregates (all grading curves) 35% 25% 25%

(Reuzo, Rbso., =2 mm, MAS 8 65% 47% 47%

Qgg'z_)“zﬂ > 2 mm, MAS 16 51% 36% 36%
22 mm, MAS 32 47% 34% 34%

Bold: normative value

Additionally, different requirements on physical (for example density, particle shape), chemi-
cal (for example Chloride and Sulphate content) and other properties (for example freeze-
thaw resistance, alkali-reactivity-class) are defined.

3.3 United Kingdom

In the UK, the use of 100% of the coarse crushed concrete aggregate (> 4 mm) is allowed for
concretes with a strength class no greater than C16/20. For particular concretes in strength
classes from C20/25 to C 40/50, up to 20% coarse crushed concrete aggregate can be used.
For particular concretes in strength classes up to C40/50, 100% of crushed concrete aggre-
gate can be used if the concrete is for exposure classes X0, XC1 to XC4 inclusive, XF1 and
the UK chemical resistance class DC-1 (similar to XA1).

Table 4 Maximum use of coarse (d = 4 mm) recycled aggregates in UK in mass %
Recycled aggregate Reference Strength class
type point < C16/20 < C40/50
24 mm 100% 20%
) total aggregates, MAS 8 33% 7%
no types defined
total aggregates, MAS 16 54% 11%
total aggregates, MAS 32 65% 13%

Bold: normative value
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3.4 Switzerland

In Switzerland, concrete is defined as “recycling concrete” if at least 25% of total aggregates
are recycled aggregates. Two types of recycling concretes are defined:

- RC-C (C for concrete) with at least 25% of recycled aggregates from concrete products
(Rc) and with a maximum of 5% of recycled aggregates from masonry products (Ry).

- RC-M (M for mixed rubble) with at least 25% of recycled aggregates (R.+Rp) and with at
least 5% of recycled aggregates from masonry products (Rp).

In Switzerland, all fractions, including the fine fraction 0/4 can be used to produce recycling
concrete [21]. Normally, concrete is crushed, sieved into fractions and directly used. Mixed
rubble is crushed twice: The fractions 0/8 or 0/16 of the first crushing are not normally used
for the production of concrete. The coarser fraction is crushed a second time and is then
used like crushed concrete [22], [23]. Recycled concrete in practice is used with rates of re-
placing aggregates with recycled material between 40 — 60% of total aggregates. [23]

These concretes are allowed to be used under the concrete exposure conditions given in
Table 5.

Table 5 Requirements for use of recycling concrete in Switzerland [21]

i Exposure class
Recycling o
concretes wet),

X0 XC1 (dry) XC2, XC3 XC4 XD, XF, XA

e allowed " eauired
RC-M with .
Ro 5 -25 % and allowed f””r';ZLtif:'é'“g
Rc+Rp > 25 % not allowed
RC-M with . .
R, > 25 % allowed further testing required

Annex Q of EN 13369:2012 provide specific information for reclaimed crushed aggregates
obtained from precast concrete products manufactures in the same factory.

4 Concrete crushed sand

For the re-use of crushed concrete in structural concrete, concrete crushed sand is a chal-
lenge. The reason is — in comparison to larger particles — the less favourable properties of
concrete crushed sand, primarily due to the former cement matrix, adhered to the aggregate.
Therefore, a complete re-use of crushed concrete as aggregates for new concrete is usually
not achieved. The crushed concrete sand is usually used in road constructions or earth-
works, or it has to be deposited.

Studies on cement works have shown that concrete crushed sand usually meets the tech-
nical requirements for use as secondary raw material in the clinker burning process [4]. In a
work trial, a high quality clinker was produced using concrete crushed sand. The results and
its follow-up LCA show that under certain conditions, the use of concrete crushed sand for
cement clinker production can be environmentally beneficial. Regarding this recycling path,
further development potential is given. Different processing techniques that may lead to dif-
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ferent properties of concrete crushed sands offer the chance to increase the potential of con-
crete sand use in the production of cement clinker.

A solution to the above-described problem could be a new processing technique described in
[24]. Concrete is separated in the cement matrix and aggregates by electro dynamic frag-
mentation. In contrast to crusher techniques, no or much fewer parts of the matrix remain
adhered to the aggregates. That leads to the possibility of using all fractions, including the
fraction < 2mm, as recycled aggregates in concrete. Regarding this recycling technique, fur-
ther development potential is given and further investigations are necessary.

5 Carbonation

During and after the lifetime of concrete structures or other cement-based products, hydrated
cement contained within the product reacts with CO, in the air. Part of the CO, emitted dur-
ing cement production is reabsorbed by the mortar or concrete through carbonation. The
gquantity of CO, taken up will depend on the type of application and also its treatment after its
lifetime. This reaction takes place mainly on the surface of cement-based products. Structur-
al concrete applications are designed according to strict codes and standards which ensure
that carbonation at the concrete surface does not lead to corrosion of reinforcement. Car-
bonation can nevertheless be particularly relevant after demolition when the surface area in
contact with air increases very significantly. [25]

There are different sources [26], [27], [28], [29], [30], [31], [32], [33], [34], [35] in which the
amounts of carbon dioxide absorbed over the life cycle of 1t of cement are calculated. De-
pending on conditions and assumptions, approximately 10% to 30% of the CO, from the ce-
ment production can be taken up during the life cycle of cement.

Remark: In the LCA study in paragraph 6 of this report, the uptake of CO, through carbona-
tion has not been taken into account.

6 Comparative LCA study according to EN 15804
6.1 General
To assess the environmental impacts of

- the use of recycled concrete as a constituent of the roadbed in road construction (or
below foundations) versus

- the use of recycled concrete as an aggregate in concrete acc. to EN 206 and national
regulations or EN 1992-1-1 respectively,

an LCA study according to EN 15804 [36] has been carried out in the scope of this project.
The study is based on process data which was obtained in the context of a research project
carried out at the Technical University of Cottbus in 2009/2010 [37]. For the research project,
the energy demand of all processes involved with concrete recycling was monitored at a typ-
ical stationary recycling plant in Germany. Emissions (noise, vibrations, dust) were not
measured.
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The information on environmental impacts related to the recycling processes will be present-
ed in the modular structure defined in EN 15804. Table 6 gives an overview of the relevant in-
formation modules.

Table 6 Relevant information modules considered in the LCA study
Module (EN 15804) Content LCA in which Module
is included
Module C end of life stage LCA of the demolished construction
works
benefits and loads beyond the system bound- | LCA of the demolished construction
Module D
ary works
Module Al raw material supply LCA of the new construction works

A selection of the environmental indicators specified in EN 15804 is used to quantify the en-
vironmental impacts. These were calculated using the characterisation factors from CML-IA
version 4.1, dated October 2012 (Institute of Environmental Sciences Faculty of Science
University of Leiden, Netherlands).

The demolition of the construction works during the period observed was carried out in a way
that the amount of extraneous (i.e. non-concrete) materials was minimised.

Figure 8 gives a schematic overview of the waste processing at the examined recycling plant.
For both

- the intended use of crushed concrete in road construction and
- the intended use of crushed concrete as a recycled aggregate,

initially the same recycling processes are carried out (see “waste processing” below). It is
assumed that after these conventional recycling processes the “end of waste” state is
reached (blue dotted line). While according to Scenario A, the crushed concrete is used
without further processing as a constituent of roadbeds in road construction, Scenario B ex-
amines the additional processes required to use the recycled concrete as an aggregate in
fresh concrete.
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Transport processes influence the net impact that has to be declared in Modules C, D and
ALl. Figure 9 shows that for recycled material typically one additional transport process is re-
quired.

virgin material:

: _ . transport
extraction of virgin material P concrete factory/

(gravel pit/quarry) 1 construction site

recycled material:

transport transport | concrete factory/

deconstruction site 7 recycling plant : construction site

Figure 9 Transport processes for virgin material and recycled material

6.2 Waste processing (Module C according to EN 15804)

According to the “polluter-pays-principle” in EN 15804, processes of waste processing should
be assigned to the product system that generates the waste until the end-of-waste state is
reached. The related environmental impacts are therefore part of the system of the demol-
ished construction works. For the processes monitored in the research project, they should
be declared in Module C (waste processing) as follows:

Module C1: (selective) demolition

Module C2: transport of demolition material to the recycling plant (“transport 2” in Figure 9)
Module C3: preceding size reduction using an excavator with hydraulic crushers

Module C3: “conventional” dry crushing and grading

In the observed recycling plant, the “conventional” recycling is accomplished in two cycles,
the first of which is carried out with a jaw crusher, the second with an impact crusher. Moreo-
ver, the material passes through a number of screens and a magnetic belt to size it into dif-
ferent fractions and separate extraneous material. In the context of this comparative study,
the environmental impacts associated with these processes are not relevant as they arise for
both Scenario A and Scenario B.

After these conventional recycling processes, the recycled concrete can be sold, e.g. for the
use in roadbeds. According to EN 15804 [36], Annex B.1, it is therefore assumed that the
“‘end-of-waste” state (EN 15804) is reached at this point.

Remark: It should be pointed out that if the demolished concrete was not pro-
cessed/recycled, it would generally be transported to a landfill for disposal. Most related envi-
ronmental impacts (as verified with the GaBi-process “Glass/inert waste landfill with surface
and basic sealing, 100 years deposit, EU 27, 2013”), which would then be reported in Module
C4, would however significantly exceed those of the recycling processes (after the selective
demolition) monitored in the observed recycling plant (Examples: Global Warming Potential
(GWP) for the landfill of glass/inert waste: 13,5 kg CO,—eq/t, GWP “conventional recycling +
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preceding size reduction” 2,1 kg CO,—eg/t; use of non-renewable primary energy (PEn.n) for
the landfill of glass/inert waste: 186 MJ/t, PE . “conventional recycling + preceding size re-
duction”: 32,8 MJ/t). The GaBi dataset contains (among others) the impacts of sealing mate-
rials (clay, mineral coating, PE film) and considers environmental impacts of the landfill pro-
cess occurring within 100 years. A detailed comparison of the environmental impacts of
concrete and masonry debris either landfilled or used as unbound aggregate in road con-
struction is presented in [38].

6.3 Benefits and loads beyond the system boundary (Module D according to
EN 15804)

6.3.1 General

After having reached the “end-of-waste” state, further processing may be necessary in order
to replace primary material or fuel in another product system. According to EN 15804, such
processes are considered to be beyond the system boundary and are assigned to Module D.
The net impacts (potential benefits or avoided loads) to be declared in Module D are calcu-
lated by adding the impacts connected to the recycling or recovery processes from beyond
the system boundary (after the end-of-waste state) up to the point of functional equivalence
where the secondary material or energy substitutes primary production and subtracting the
impacts resulting from the substituted production of the product or substituted generation of
energy from primary sources.

As the processes considered in Module D will take place in the future, assumptions have to
be made to estimate their environmental impacts. According to EN 15804, the scenarios for
waste processing should be based on current average technology/practice.

6.3.2 Scenario A

For Scenario A, the total environmental impacts of the processes in Table 7 can be declared
in Module D:

Table 7 Processes declared in Module D (Scenario A)
Module and content Processes Sign
Module D: benefits avoided impacts of transports of virgin material to a negative sign
and loads of crushed concrete factory or road construction site (“transport 1” (benefit)
concrete beyond the in Figure 9)
system boundary avoided impacts of transports of extracting/producing negative sign
virgin material (benefit)

Table 8 shows the environmental impacts of the transport of one ton of material per lorry (cal-
culated with GaBi 6).
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Table 8 Environmental impacts related to the transport of one ton of material per lorry (emission
standard Euro 3, distance 100km, payload 22 tons, utilisation 85%, return journey not
considered)

Parameter Unit (expressed per Transport
1 ton material conveyed) 100 km

Global warming potential, GWP kg CO, equiv 5.1

Depletion potential of the stratospheric ozone layer, ODP kg CFC 11 3.72E-11

Acidification potential of soil and water, AP kg SO, equiv 0.0324

Eutrophication potential, EP kg (PO4)3' 0.0077

Formation potential of tropospheric ozone, POCP kg Ethene -0.0128

Abiotic depletion potential (ADP-elements) for non-fossil kg Sb equiv 2.21E-07

resources

Abiotic depletion potential (ADP-fossil fuels) for fossil re- MJ, net calorific value 70.7

sources

Total use of renewable primary energy resources (primary | MJ, net calorific value 2.83

energy and primary energy resources used as raw materi-

als)

Total use of non-renewable primary energy resources MJ, net calorific value 711

(primary energy and primary energy resources used as

raw materials)

Table 9 shows the environmental impacts of the extraction/production of crushed natural
stone and natural gravel according to the GaBi 6 database.

Table 9 Environmental impacts related to the extraction/production of natural aggregates

Unit (ex- 1t natural
Parameter presse(d per 1 terushed gravel (from

1 1on ag- natural stone it)

gegate) DE EU 27
Global warming potential, GWP kg CO, equiv 19.3 2.20
Depletion potential of the stratospheric ozone layer, ODP kg CFC 11 9.73E-10 6.21E-10
IAcidification potential of soil and water, AP kg SO, equiv 0.0513 0.0141
Eutrophication potential, EP kg (PO4)* 0.00973 0.0023
Formation potential of tropospheric ozone, POCP kg Ethene -0.0507 0.00148
IAbiotic depletion potential (ADP-elements) for non-fossil resources kg Sb equiv 2.61E-6 3.90E-7
IAbiotic depletion potential (ADP-fossil fuels) for fossil resources MJ, net calorific 217 27.7
Total use of renewable primary energy resources (primary energy \I\lllatll,u?wet calorific 41.8 43
and primary energy resources used as raw materials) \value
Total use of non-renewable primary energy resources (primary ener-|MJ, net calorific 268 33.9
gy and primary energy resources used as raw materials) \value

The values in Table 8 in relation to those in Table 9 show that transport processes are rele-

vant for this study and should not be neglected.

In a region where typically gravel from pits is used for roadbeds and the concentration of
gravel pits would result in an average transport distance (gravel pit to road construction site)
of 100 km, Module D could be declared as shown in Table 10.
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Table 10 Environmental benefits of crushed concrete replacing natural gravel in road-
beds (Module D, absolute values = sum of the right columns in Table 8 and Table 9)
P Unit (ex-
arameter pressed per [l tcrushed

1 ton aggre- concrete

gate) Module D
Global warming potential, GWP kg CO, equiv -7.34
Depletion potential of the stratospheric ozone layer, ODP kg CFC 11 -6.58E-10
IAcidification potential of soil and water, AP kg SO; equiv -0.0465|
Eutrophication potential, EP kg (PO4)3‘ -0.01
Formation potential of tropospheric ozone, POCP kg Ethene 0.0113
IAbiotic depletion potential (ADP-elements) for non-fossil resources kg Sb equiv -6.11E-07,
IAbiotic depletion potential (ADP-fossil fuels) for fossil resources MJ, net calorific

value -98.4
Total use of renewable primary energy resources (primary energy  |[MJ, net calorific
and primary energy resources used as raw materials) \value 71
Total use of non-renewable primary energy resources (primary ener-|MJ, net calorific
gy and primary energy resources used as raw materials) value -105.0

6.3.3 Scenario B

For Scenario B, the total environmental impacts of the processes in Table 11 can be declared

in Module D.
Table 11  Processes in Module D (Scenario B)
Module and con- | Processes Sign
tent
Module D: bene- impacts of additional processing to obtain crushed concrete positive sign
fits and loads of suitable for use as recycled aggregate in structural concrete (load)
(t:)rushead ﬁoncrete avoided impacts of transports of virgin material to a concrete | negative sign
eyond the sys- | actory or road construction site (“transport 17 in Figure 9) (benefit)
tem boundary - . - . — —
avoided impacts of transports of extracting/producing virgin negative sign
material (benefit)

Compared to Scenario A, the impacts of additional recycling reduce the benefit be-
yond the system boundary that can be declared in Module D: in Scenario B an envi-
ronmental load has to be taken into account while no additional benefit can be de-
clared (since for both Scenario A and Scenario B, the recycled material replaces virgin

material).

At the recycling plant evaluated in the considered research project, an average of 39% (by
weight) of the crushed concrete has sizes greater than 22mm after the conventional recycling
(Figure 8). To maximise the share of the size fractions 2/8 and 8/16mm which will later be
used as recycled aggregate, these 39% are conveyed to a third dry crushing cycle which in-
volves an impact crusher and subsequent screening processes. All units are electrically op-

erated. Table 12 gives the typical electricity consumption of the units involved.
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Table 12  Electricity use for the additional dry crushing and screening processes [37]
Electricity Number of units
use at max- | used for addi- Percentage | Average | Total
Number | Max. imum ca- tional dry of units utilised | electricity

Unit of units | capacity | pacity crushing used capacity | use

[t/h] [MJ/h] [%] [%] [MJA]
Jaw crusher 1 133 324 0 0 75 0
Impact 1 133 324 1 100 75 1.83
crusher
Conveyor 16 133 302.4 11 69 75 1.17
belts
Screens 4 133 212.4 2 50 75 0.60
Pushcart 1 133 108 0 0 75 0.00
Vibrating unit 4 133 21.6 2 50 75 0.06
below crusher
Vibrating unit
below feed 2 133 14.4 1 50 75 0.04
hopper
Magnetic belt 3 133 39.6 2 67 100 0.20
Heating 4 133 21.6 0 0 0 0
lllumination 1 133 54 0 0 0 0
Total 3.90

After the additional dry crushing and grading, 73% of the total concrete (by weight) belongs
to the desired size fraction 0/22mm. While the remaining 27% are used in roadbeds, these
73% undergo a subsequent wet crushing and screening process. All units are electrically op-
erated. Table 13 gives the typical electricity consumption of the units involved in the wet pro-
cess. Moreover, two wheel loaders (diesel consumption 0.2 l/ton of crushed concrete) are

employed.
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Table 13  Electricity use for the wet crushing and screening processes [37]
Unit Max capacity Electricity use at Average uti- Total electricity
maximum capacity lised capacity use
[t/h] [MJ/h] [%] [MJr]
Pumps 80 10.37 75 7.8
Conveyor belts 80 2.39 75 1.8
Compressor 80 0.52 75 0.4
Screens 80 3.23 75 24
Aquamators 80 0.86 75 0.6
Magnetic belt 80 0.27 100 0.3
Feed hopper 80 0.52 75 0.4
lllumination 80 0.14 25 0.0
Heating 80 0.45 25 0.1
Others 80 0.52 50 0.3
Total 14.1

70% of the output of the wet processing (51.1% of the total weight after the conventional re-
cycling) has the desired size fractions 2/8 and 8/16mm and can be used as a recycled ag-

gregate whereas the remaining 30% is used in roadbeds.

The impacts of additional processing to obtain crushed concrete suitable for use as a recy-
cled aggregate in structural concrete to be declared in Module D can be calculated as fol-

lows:

impacts of additional processing (per ton of crushed concrete) =
39% x impacts of additional dry processing + 73% x impacts of wet processing

To determine the impacts of the use of electrical energy, an electricity mix of the six EU
countries with the highest concrete production volume [39] was used.

Table 14

Electricity mix used in the LCA model

National electricity mix Share in LCA mix
Germany 25.8%
France 20.8%
Italy 17.9%
Poland 12.3%
Spain 12.3%
United Kingdom 10.8%

Table 15 shows the environmental impacts of the additional processing. For many indicators,
the values are in the same order of magnitude as those related to the extraction/production
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of natural gravel, while they are significantly lower than those related to the extrac-

tion/production of natural crushed stone (see Table 9).

Table 15  Environmental impacts related to the additional processing to obtain crushed concrete
suitable for use as recycled aggregate in fresh concrete (Module D)

Unit (ex-

Parameter presse(d per 1 terushed
1 ton crushed concrete

concrete) Module D
Global warming potential, GWP kg CO; equiv 2.1
Depletion potential of the stratospheric ozone layer, ODP kg CFC 11 1.20E-9
IAcidification potential of soil and water, AP kg SO; equiv 0.00772
Eutrophication potential, EP kg (PO.)* 0.000815
Formation potential of tropospheric ozone, POCP kg Ethene 0.000596
IAbiotic depletion potential (ADP-elements) for non-fossil resources kg Sh equiv 2.44E-7|
Abiotic depletion potential (ADP-fossil fuels) for fossil resources MJ, net calorific 24.7
Total use of renewable primary energy resources (primary energy  [MJ, n\gtllgglorific
and primary energy resources used as raw materials) value 5.1
Total use of non-renewable primary energy resources (primary MJ, net calorific
energy and primary energy resources used as raw materials) value 34.5

In a region where typically gravel from pits is used for roadbeds and structural concrete and
the concentration of gravel pits would result in an average transport distance (gravel pit to
road construction site or concrete plant) of 100 km, Module D could be declared as shown in
Table 16. Compared to the values in Table 10, the additional processing reduces the envi-
ronmental benefits of the recycled material that can be declared.

Table 16 Environmental benefits of crushed concrete replacing natural gravel in road
beds (48.9%) and aggregate in structural concrete (51.1%) (Module D,
values = sums of the right columns in Table 10 and Table 15)
Unit (ex- 1tcrushed
Parameter pressed per concrete
! togarilg)gre- Module D
Global warming potential, GWP kg CO- equiv -5.24
Depletion potential of the stratospheric ozone layer, ODP kg CFC 11 5.42E-10
IAcidification potential of soil and water, AP kg SO, equiv -0.039
Eutrophication potential, EP kg (PO4)* -0.0092
Formation potential of tropospheric ozone, POCP kg Ethene 0.0119
IAbiotic depletion potential (ADP-elements) for non-fossil resources kg Sb equiv -3.67E-07,
IAbiotic depletion potential (ADP-fossil fuels) for fossil resources MJ, net calorific -73.7
Total use of renewable primary energy resources (primary energy  |MJ, n\claatllgaelorific
and primary energy resources used as raw materials) value -2.01
Total use of non-renewable primary energy resources (primary MJ, net calorific|
energy and primary energy resources used as raw materials) value -70.5
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6.4 Raw material supply (Module Al according to EN 15804)
6.4.1 Scenario A

Following the “polluter pays principle”, the environmental loads of conventional recycling are
assigned to the product system that generates the waste. Therefore, for the use of crushed
concrete as roadbed material in Scenario A, only the impacts resulting from the transport of
the material from the recycling plant to the road construction site have to be declared in
Module Al (Table 17).

Table 17  Processes in Module Al (Scenario A)

Module and content Process

Module Al (raw material supply): | impacts of the transport of crushed concrete from the recycling
supply of crushed concrete plant to the road construction site (“transport 3” in Figure 9)

Consequently, in this scenario, as long as the environmental impacts of “transport 3” are not
greater than the sum of the impacts of the extraction/production of virgin material (Table 9)
and “transport 17, using recycled material will reduce the environmental impact of new con-
struction works determined according to EN 15804. In the example evaluated in this study,
for example, the indicators GWP and PE,, will have lower values if crushed concrete re-
places gravel from pits and the transport distance of “transport 3” is not more than approx.
45 km longer than the transport distance of “transport 1”. If crushed concrete replaces
crushed natural stone, the indicators GWP and PE,., will be lower if the transport distance of
“transport 3” is not more than approx. 375 km longer than the transport distance of “transport
17.

6.4.2 Scenario B

According to EN 15804, the environmental impacts of the processes in Table 18 have to be
declared in Module A1l:

Table 18  Processes in Module Al (Scenario B)

Module and content Process

Module Al (raw material supply): | impacts of additional crushing (i.e. after the “end of waste” state
supply of recycled concrete for is reached)

the use as aggregate in structural | jmpacts of the transport of crushed concrete from the recycling
concrete plant to the concrete factory (“transport 3” in Figure 9)

The processes related to the additional crushing are described under Scenario B, Module D.
As, however, only approximately half of the crushed concrete can be used as a recycled ag-
gregate in structural concrete whereas the remaining half is used in roadbeds, more than one
output flow is generated (joint production). In these cases it is necessary in the LCA to divide
the environmental impacts from such processes between the co-products according to an
appropriate method. This is referred to as “co-product allocation”.

In Module Al an allocation of the total environmental impacts between the two co-products
- crushed concrete used as an aggregate (51.1%) and

- crushed concrete used in roadbeds (48.9%)
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has to be carried out. According to EN 15804, co-product allocation should respect the main
purpose of the processes studied. As the only purpose of the additional crushing in the pro-
duction of a recycled aggregate to be used in structural concrete, all environmental impacts
of the corresponding processes are allocated to these 51.1% of the total input flow.

The impacts of additional processing to obtain crushed concrete suitable for use as a recy-
cled aggregate in structural concrete to be declared in Module Al are calculated as follows:

impacts of additional processing (per ton of recycled aggregate) =
(39% x impacts of additional dry processing + 73% x impacts of wet processing)/0.511

Table 19  Environmental impacts related to the additional processing to obtain crushed concrete
suitable for use as recycled aggregate in structural concrete (Module Al)

Unit (ex-
pressed per 1trecycled
1 ton recycled aggregate,

Parameter Module Al

aggregate)
Global warming potential, GWP kg CO- equiv 4.1
Depletion potential of the stratospheric ozone layer, ODP kg CFC 11 2.36E-09
IAcidification potential of soil and water, AP kg SO, equiv 0.0150
Eutrophication potential, EP kg (PO4)* 0.00158
Formation potential of tropospheric ozone, POCP kg Ethene 0.00116
IAbiotic depletion potential (ADP-elements) for non-fossil resources kg Sb equiv 4.76E-07
IAbiotic depletion potential (ADP-fossil fuels) for fossil resources MJ, net calorific 48.2
Total use of renewable primary energy resources (primary energy  [MJ, n\claatllgaelorific
and primary energy resources used as raw materials) value 10.0
Total use of non-renewable primary energy resources (primary MJ, net calorific
energy and primary energy resources used as raw materials) value 67.2

The environmental impacts corresponding to the provision of recycled aggregates for
the use in structural concrete (in Module Al) thus significantly exceed the impacts of
the extraction/production of gravel (Table 9, right column). For most environmental in-
dicators, they are in the order of 18% to 30% of the impacts of the production of
crushed natural stone.

6.5 Impacts of the use of recycled aggregates on the LCA of concrete production

To demonstrate the impacts of the use of recycled aggregates on the LCA of concrete pro-
duction a typical concrete composition was modelled. According to ERMCO statistics [39] the
average cement content of ready-mix concretes across Europe was 290 kg/m3 in 2013 while
the average fly ash content was 60 kg/m3. These quantities, in combination with a water con-
tent of 176 I/m3, correspond to the typical composition of a C25/30 concrete [40].

Table 20 shows the composition considered for the LCA model. The maximum grain size is
assumed to be 16 mm, with a share of 31.5% in the grain size group 0/2mm (sand) and a
share of 68.5% in the grain size group 2/16mm (natural gravel or crushed natural stone). For
the cement, an average European CEM Il cement was chosen (EPD [41] published by
CEMBUREAU). For fly ash, the low environmental impacts resulting from an economic allo-
cation of the electricity production in coal fired power plants have been neglected. For all
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concrete constituents a transport distance of 100 km to the concrete factory is assumed. This
assumption is based on the authors’ estimations regarding the geographical distribution of
the relevant infrastructure in Europe (cement plants, concrete plants, etc.).

Table 20  Typical composition of a concrete in Europe for the LCA model
Constituent Quantity

Cement 290 kg/m3

Fly ash 60 kg/m3

Water 176 kg/m3 (w/ceq=0.56)

Aggregates 1815 kg/ms3

(572 kg/m3 sand 0/2mm,

1243 kg natural gravel or crushed natural stone 2/16mm)

Superplasticiser 1.2 kg/m3

Table 21 shows the corresponding environmental impacts.

Table 21 Environmental impacts related to the production of 1 m3 of concrete with natural aggre-
gates (Modules A1-A3)
1 m3 concrete I O,
Parameter Unit (expressed per ' Modules
Modules
1m3 concrete) Al1-A3
Al1-A3
crushed natu-
gravel
ral stone
Global warming potential, GWP kg CO; equiv 235 256
Depletion potential of the stratospheric ozone layer, ODP kg CFC 11 equiv 1.36E-7 1.36E-7|
IAcidification potential of soil and water, AP kg SO; equiv 0.486 0.532
Eutrophication potential, EP kg (PO4)” equiv 0.0784 0.0876
Formation potential of tropospheric ozone, POCP kg Ethene equiv 0.00118 -0.00698
IAbiotic depletion potential (ADP-elements) for non-fossil re- kg Sb equiv 0.000318 0.000321]
IAbiotic depletion potential (ADP-fossil fuels) for fossil re- MJ, net calorific value 1110 1340
sources
Total use of renewable primary energy resources (primary | MJ, net calorific value
energy and primary energy resources used as raw materi- 73 120
als)
Total use of non-renewable primary energy resources (pri- | MJ, net calorific value
1190 1480

mary energy and primary energy resources used as raw
materials)
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Figure 10 Influence of sub-processes in the production of concrete containing natural gravel on
the global warming potential (left) and the use of non-renewable primary energy (right)

As Figure 10 shows, the environmental impacts of concrete production are clearly dominated
by the impacts of cement production.

Several scientific publications [1], [34], [33] state that concrete with aggregates from recycled
concrete can have a reduced compressive strength compared to concrete with natural ag-
gregates and the same water/cement ratio, which is mainly due to a reduced compressive
strength of the recycled aggregates compared to natural aggregates.
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Figure 11 Compressive strength versus the water/cement ratio of concrete with natural

aggregates and concrete with recycled aggregates [42]

According to Figure 11 it can be assumed that the reduction in compressive strength is in the
order of magnitude of approximately 4 N/mm?2. This loss in strength may be compensated by
reducing the water/cement ratio by about 0.05. In our example, this would mean increasing

the cement content from 290 kg/m3 to approximately 320 kg/m3. Table 22 shows the modified
concrete composition. As in the previous example, the transport distance to the concrete fac-
tory is assumed to be 100 km for all constituents.

Table 22 Assumed composition of a concrete with recycled aggregates
Constituent Quantity

cement 320 kg/m?3

fly ash 60 kg/m3

water 176 kg/m3 (w/ceq=0.51)

aggregates 1790 kg/ms3

(564 kg/m3 sand 0/2mm,
1226 kg recycled aggregate 2/16mm)

superplasticiser

1.2 kg/m3

Table 23 shows the corresponding environmental impacts.
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Table 23  Environmental impacts related to the production of 1 m3 of concrete with recycled
aggregates (Modules A1-A3)

1 ms3 concrete,
Ui (2 Modules
Parameter Al1-A3
pressed per
recycled
1ms3 concrete)
aggregate
Global warming potential, GWP kg CO, equiv 260
Depletion potential of the stratospheric ozone layer, ODP kg CFC 11 1.41E-7
IAcidification potential of soil and water, AP kg SO; equiv 0.523
Eutrophication potential, EP kg (PO4)3' 0.0827
Formation potential of tropospheric ozone, POCP kg Ethene 0.00418
IAbiotic depletion potential (ADP-elements) for non-fossil resources kg Sb equiv 0.000351]
IAbiotic depletion potential (ADP-fossil fuels) for fossil resources MJ, net calorific 1220
value
Total use of renewable primary energy resources (primary energy  |MJ, net calorific
and primary energy resources used as raw materials) value 85.3
Total use of non-renewable primary energy resources (primary MJ, net calorific
energy and primary energy resources used as raw materials) value 1320

As expected after the findings in 6.4.2, the environmental impacts of producing a concrete
with recycled aggregates exceed those of the production of a concrete with natural gravel
(Table 21). The environmental “advantage” of recycled aggregate as opposed to crushed
natural stone [43] is compensated by the additional cement demand required to obtain the
same compressive strength. In this example, from an environmental point of view, the use of
recycled concrete as an aggregate in structural concrete is therefore not reasonable.

Remark: As mentioned previously, a transport distance of 100 km was assumed for the LCA
calculations in this paragraph. Due to the large share (by weight) of aggregates in concrete
and the corresponding “leverage”, the LCA results are influenced to a comparatively large
extent by changes in the transport distance of the aggregates (absolute influence: approxi-
mately 1,8 x values in Table 8). Thus, in an area where natural aggregates are not available
at close range while the transport distance of recycled aggregates is short, the use of recy-
cled aggregates could, from an LCA point of view, become the preferred option in concrete
production.

6.6 Conclusions of the comparative LCA study according to EN 15804

The LCA study shows that from an environmental point of view, Scenario A (where the
crushed concrete is used as a constituent of roadbeds in road construction) should be the
preferred scenario at the end of life of concrete.

Scenario B (where additional processes required to use the recycled concrete as an aggre-
gate in structural concrete are carried out) should only be chosen if a demand for road-
bed/foundation material does not exist. Where recycled concrete is used as an aggregate, it
is likely that the environmental impacts of concrete production will exceed those of the pro-
duction of concrete with natural aggregates.

In an LCA study which compares
- concrete production with natural aggregates on the one hand to

- concrete production with recycled aggregates on the other hand,
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the transport distances of the natural and recycled aggregates should be carefully consid-
ered as they may influence the result of the study.

7 Comparative studies according to other standards/methods
7.1 General

The purpose of this paragraph is to assess briefly whether the conclusions of the compara-
tive LCA study described in paragraph 6 to assess the environmental impacts of

- the use of recycled concrete as a constituent of the roadbed in road construction (or
below foundations) versus

- the use of recycled concrete as an aggregate in concrete acc. to EN 206 and national
regulations or EN 1992-1-1 respectively,

would be similar if the comparison was not based on the rules of EN 15804 but on other
standards/methods. For this assessment, two relevant ISO standards and the PEF method-
ology are chosen.

7.2 Comparison of environmental impacts using ISO standards
Relevant ISO standards for life cycle assessment are

- 1SO 14044 [44] and

- 1SO 21930 [45].

ISO 14044 can be applied for Life Cycle Assessment in all product categories and is not lim-
ited to the construction sector. As such, most information provided is of a general nature and
mainly describes the steps to be carried out and aspects to be considered in LCA without
giving detailed rules for the issues that are identified. This is also the case for the “allocation
procedures for re-use and recycling” described in paragraph 4.3.4.3 of the standard (e.g.
“Several allocation procedures are applicable for re-use and recycling.[...] Re-use and recy-
cling may change the inherent properties of materials in subsequent use”). A comparison of
different uses of recycled concrete with the rules of ISO 14044 alone is therefore unfeasible.

As opposed to ISO 14044, 1SO 21930 provides rules that are specific for construction works
and construction products. It contains an initial approach for a distinction of “information
modules” according to which the LCA information should be declared separately for each life
cycle stage of construction works. These rules however are still less concrete than in

EN 15804. With respect to recycling, reference is made to ISO 14044 (“Reuse and recycling
shall be treated in accordance with provisions of ISO 14044:2006”).

At the time of this report, ISO 21930 is being revised. The available draft version (2" CD
stage) indicates that many paragraphs are being closely aligned with EN 15804. In particular,
the rule

“In principle waste processing is part of the product system under study. In the case
of materials leaving the system as secondary materials or fuels, such processes [...]
are, as a rule, part of the waste processing of the system under study. However, after
having reached the “end-of-waste” state further processing may also be necessary in
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order to replace primary material or fuel input in another product system. Such pro-
cesses are considered to be beyond the system boundary and are assigned to stage
D.ll

was adopted in the draft standard. It can therefore be expected that a comparison applying
the revised 1SO 21930 standard will arrive at the same results as the study carried out in
paragraph 6.

7.3 Comparison of environmental impacts using the PEF (Product Environmental
Footprint) methodology

DG Environment has worked together with the European Commission's Joint Research Cen-
tre (JRC IES) and other European Commission services towards the development of a har-
monised methodology for the calculation of the environmental footprint of products. At the
time of this report, “Product Environmental Footprint Category Rules (PEFCR)” are being de-
veloped in a pilot phase with the participation of different products and sectors.

According to the current PEF rules [43], a “Resource Use and Emissions Profile” (RUaEP)
per unit of analysis can be estimated using the formula provided in Figure 12, which allocates
the impacts and benefits due to recycling equally between the producer using recycled mate-
rial and the producer producing a recycled product (“50/50 allocation split”). It assumed that
high RUaEP values are less favourable than low values.

:: lfé : 8 Er +§ o Eh‘r_\{l::d +% £ l Erec\rln:gEoL —E'r> % y+R5 2 ‘EER = LHYV » XER.hsal ¢ ESE.hmr —LHV » XER.{-I« ¢ Esz.a« H[ lfé‘ks !ED ‘é 2 E;
{ \ | ! !
production recyclability recoverability disposal
(virgin + recycled
content)
Figure 12 “Resource Use and Emissions Profile formula” according to [43]

In the formula, Ry, R, and R; represent dimensionless fractions of material.

R; = “recycled (or re-used) content of material”, is the proportion of material in the input to
the production that has been recycled in a previous system.

R> = “recycling (or reuse) fraction of material”, is the proportion of the material in the product
that will be recycled (or re-used) in a subsequent system.

Rs = the proportion of material in the product that is used for energy recovery (e.g. incinera-
tion with energy recovery) at EoL.

In the case of crushed concrete used in road construction or as a recycled aggregate, neither
energy recovery nor disposal are relevant (R,=1, R3=0). Therefore, the formula above can be
presented in the simplified form shown in Figure 13.
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Figure 13 Simplified “Resource Use and Emissions Profile” formula

In this formula, the variables have the following meaning:

Ey = specific emissions and resources consumed (per unit of analysis) arising from
virgin material (i.e. virgin material acquisition and pre-processing)

Erecyciea = SPecific emissions and resources consumed (per unit of analysis) arising
from the recycling (or re-use) process of the recycled (or re-used) material, including
collection, sorting and transportation processes

ErecyciingeoL = SPecific emissions and resources consumed (per unit of analysis) aris-
ing from the recycling process at the End-of-Life stage, including collection, sorting
and transportation processes

E., = specific emissions and resources consumed (per unit of analysis) arising from
virgin material (acquisition and pre-processing) assumed to be substituted by recy-
clable materials

Qs/Q, is a dimensionless ratio taken as an approximation for any differences in qual-
ity between the secondary material and the primary material (“downcycling”). The
possibility of identifying a relevant, underlying physical relationship as a basis for the
quality correction ratio will be assessed (the limiting factor shall be determining). If
this is not possible, some other relationship shall be used, for example, economic
value. In this case, the prices of primary versus secondary materials are assumed to
serve as a proxy for quality. In such a situation, Qs/Q, would correspond to the ratio
between the market price of the secondary material (Qs) and the market price of the
primary material (Qp).

For the recycling processes at the end of life of concrete, the second addend in the simplified
formula (Figure 13) is relevant. If recycled concrete is used as an aggregate in structural con-
crete, the “Resource Use and Emissions Profile” will be greater (i.e. less favourable) than if it
is used in roadbeds:

ErecycingeoL Will be greater for recycled concrete used as aggregate
E. will have the same value (as natural aggregates are replaced in both cases)

Qs/Q, will be approximately 1 for the use of recycled aggregates in roadbeds where-
as it will have a value smaller than 1 for recycled concrete used as an aggregate (to
account for modifications the concrete composition required to achieve the same
compressive strength, see Figure 11).
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Qualitatively, the use of the PEF formula will therefore lead to the same conclusion as the
LCA study described in paragraph 6).

8 Sustainable use of crushed concrete

From an environmental point of view, concrete recycling is recommended primarily for two
reasons:

- As natural aggregates (gravel or crushed stone) can be replaced by recycled concrete,
concrete recycling contributes to the reduction of the use of non-renewable resources

- Concrete recycling keeps concrete debris out of landfill, thus saves landfill space and
avoids environmental burdens associated with landfill.

Presently, recycled concrete is primarily used in road construction where it replaces natural
aggregates. Comparatively small amounts of recycled concrete are also used as a substitute
of aggregates in concrete production. From an environmental point of view it appears ques-
tionable whether the use of recycled concrete in the production of new concrete is advisable
and should be aimed for in all cases. Generally, concrete production generates higher de-
mands on the recycled materials than road construction: to qualify recycled materials for the
use in concrete, additional processes (screening the recycled material into size fractions,
more thorough separating of impurities) are required. While these processes generate addi-
tional environmental burdens, an additional benefit is arguable because in road construction
as well as in concrete production, recycled concrete replaces natural aggregates.

If the use as an aggregate for the roadbed is possible, this should currently be preferred to
the use as an aggregate in structural concrete.

9 Conclusions

- The differentiation of “recycling-grades” (Recycling, Up-cycling, Down-cycling etc.) is
possible, but not mandatory. It depends on how the "benefit" for new materials or energy
saving is calculated and how it is included in a sustainability analysis.

- Onthe basis of several studies and corresponding regulations in several European
countries, it can be concluded that concrete can be recycled.

- The rate of recycled aggregates in concrete and the total recycling rate of crushed
concrete respectively differ in Europe.

- The use of concrete crushed sand for cement clinker production can be environmentally
beneficial. Regarding this recycling path, further development potential is given.

- There are different studies in which the amounts of carbon dioxide taken up due to
carbonation over the life cycle of 1t of cement are calculated. Depending on conditions
and assumptions, 10% to 30% of the CO, from the cement production can be taken up
during the life cycle of cement.

- Generally, concrete production generates higher requirements on the recycled materials
than e. g. roadbeds. Screening the recycled material into size fractions and more
thorough separating of impurities are required.
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- The environmental impacts corresponding to the provision of recycled aggregates for the
use in structural concrete significantly exceed the impacts of the extraction/production of
gravel. For most environmental indicators, they are in the order of 18% to 30% of the
impacts of the production of crushed natural stone. Concrete with aggregates from
recycled concrete can have a reduced compressive strength compared to concrete with
natural aggregates, which can be compensated, e.g. by using more cement. As a
consequence, the environmental impacts of producing a concrete with recycled
aggregates may exceed those of the production of a concrete with natural aggregates,
particularly if natural gravel is replaced.

- Due to the large share (by weight) of aggregates in concrete and the corresponding
“leverage’, the LCA results are influenced to a comparatively large extent by changes in
the transport distance of the aggregates. This conclusion is in agreement with findings
presented in [38].

- Ifthe use as an aggregate for roadbed is possible, this should in many cases be the
preferred option from a sustainability perspective, rather than the use as an aggregate in
structural concrete.

- Anpolitically driven specification of “recycling targets” or “recycling quota” linked to a
certain application without a case-by-case evaluation (LCA) or LCA-based benchmarks
will not lead to the most sustainable solution “in all cases”.
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Annex A:

Example of the influence of the use of recycled concrete in lieu of virgin material on
the total Global Warming Potential (GWP)

Assumption: 2400 kg of crushed concrete that have undergone conventional recycling pro-
cesses (,end-of-waste” reached) are available to replace natural gravel.

Scenario A: the total mass (2400 kg) is used to replace natural gravel in roadbeds.

Scenario B: 1226 kg (51.1% according to Figure 8) of the crushed concrete are used as an
aggregate for the production of 1 m2 concrete (cf. Table 22) whereas the remaining 1174 kg
are used to replace natural gravel in roadbeds.

Remark: The values given for Module Al in the figures below indicate the difference
in GWP resulting from the use of recycled aggregates instead of natural gravel. This
is why in this example avoided impacts are specified in Module Al.

Case 1: “transport 1” = “transport 3” = 100 km (equal distance from concrete facto-
ry/road construction site to recycling plant and gravel pit)

GWP [kg CO,-eq]

+ (load)

Module D Module A1 (Al)
5.3 avoided impacts extraction | -5.3 I

natural gravel
-12.2

avoided ,transport 1¢

- (benefit)
total: -17.7 total A: -5.3

Figure Al Influence of the use of recycled concrete in lieu of natural gravel on the GWP
(Scenario A, case 1)

GWP [kg CO,-eq] Module A1 (A')
+ (load) N impacts due to modified
concrete composition
g 22.6
Module D
50 impacts additional crushing 50
53 avoided impacts extraction -5.3
natural gravel
-12.2 ,
] avoided ,transport 1*
- (benefit)
total: -12.7 total A: 22.3
Figure A2 Influence of the use of recycled concrete in lieu of natural gravel on the GWP

(Scenario B, case 1)
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The comparison of the values in Figure Al and Figure A2 leads to the conclusion that when

only the GWP is considered,

- Scenario A should be preferred to Scenario B (lower values in Figure Al for both Module

D and Module A1)

- the use of recycled aggregate instead of natural gravel will increase the total GWP in

Module Al (positive total A in Figure A2).

Case 2: “transport 1” = 300 km, “transport 3” = 0 km (i.e. longer distance from gravel
pit to concrete factory/road construction site than from recycling plant to concrete

factory/road construction site)

GWP [kg CO,-eq]
+ (load)
Module D Module A1 (A!)
-5.3 avoided impacts extraction -5.3
natural gravel
-36.7 avoided ,transport 1° -36.7
- (benefit)
total: -42.0 total A: - 42.0
Figure A3 Influence of the use of recycled concrete in lieu of natural gravel on the GWP

(Scenario A, case 2)

GWP [kg CO,-eq]

Module A1 (Al)

+ (load) impacts due to modified
concrete composition 226
Module D
50 impacts additional crushing 5.0
53 avoided impacts extraction -5.3
natural gravel
-36.7 , -36.7
avoided ,transport 1°
- (benefit)
total: - 37.0 total A: -14.4
Figure A4 Influence of the use of recycled concrete in lieu of natural gravel on the GWP

(Scenario B, case 2)

Page 40 of 41




Technical Report A-2015/1860 Page 41 of 41

The comparison of the values in Figure A3 and Figure A4 leads to the conclusion that when
only the GWP in considered,

- Scenario A should be preferred to Scenario B (lower values in Figure A3 for both Module
D and Module A1)

- the use of recycled aggregates instead of natural gravel will decrease the total GWP in
Module Al (negative total A in Figure A4).



