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Abstract

Construction and demolition waste makes up a substantial part of all waste produced in Europe. Its impact on the environment may
be relatively small, but it exists in large amounts and holds many options of re-use. This is why it remains a frequently discussed
topic of European policy. As part of circular economy, the European Commission has already proposed new goals and strategies for
existing types of waste. However, they are not entirely clear on the usage of new kinds of building and demolition waste, as they are
yet to be specified by existing legislation. This paper discusses new kinds of building and demolition waste and the basic principles
(new technology) of their use. The possibilities of utilizing new kinds of waste are based on a multicriteria optimization calculation,
specifying each material and proposing ways of its further use. Recent findings can expand the choice of new uses of construction and

demolition waste and reduce their impact on the environment (less waste, better properties and more effective processing, reducing

transportation needs, maximizing re-use and recycling).
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1 Introduction

The key legislation governing construction and demolition
waste (CDW) is the general Directive on waste [1], which
defines basic terms and definitions that pertain to waste
handling. It sets a goal for member states to meet the 70 %
recycling target by 2020. If the average European recy-
cling rate growth per year keeps being just 1 % then not
only by 2040 will the target be met [2—4].

Other noteworthy documents are the Circular Economy
Package [5], which contains revised legal proposals on
waste, and the Circular Economy Action Plan (CEAP) [6],
which is intended to prompt Europe to transition to circu-
lar economy [2, 3, 7, 8]. This plan focuses on "closing the
loop", i.e. a transition from a linear economy to a circular
one. Bovea and Powell [9], and Coelho and Brito [10] stated
that more so now than any time in the past, this action plan
emphasizes by-products and the value of waste at the end
of a material's service by re-use and recycling as a central
part of circular economy.

Better usage of construction waste is also addressed in
the Construction Sector Competitiveness strategy of 2020

[2, 11], as well as in a communication from the commission
to the European parliament on resource efficiency oppor-
tunities in the building sector [12]. Other worthy mentions
are also eco-management and audit scheme on best envi-
ronmental management practice in waste management
(and thus also construction and demolition waste) and civil
engineering [4, 9, 13].

2 Basic EU statistics

A study by Eurostat and the European Commission [14]
shows that waste production statistics within the EU
depend very much on how civil engineering is viewed as
an industry. If demolition is included, the total amount
of waste produced in 2014 was 859 million tons [15].
However, if we only consider mineral waste, metals, wood,
household waste and other municipal waste (i.e. every-
thing except soil, etc.), the total construction and demoli-
tion waste was only 337 million tones. A dominant parts
of this are mineral wastes, making up 87 %. Fig. 1 shows
this data in detail.
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Fig. 1 Overview of CDW production by type in the EU in 2014
(excluding soil and dredging spoils) [14]
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Fig. 2 Overview of CDW production in the EU in 2016 [16]

The main sources of non-mineral waste in the EU in
2016 are shown in Fig. 2. The total amount of waste pro-
duced in the EU that year was 2.533 million tons (includ-
ing mineral waste). Construction waste made up 36.4 %.

CEAP considers building waste recycling to be key
for achieving the goals of circular economy [2, 7, 15].
Construction and demolition waste is one of the largest
categories of waste in Europe, estimated at one third of all
waste produced [14, 17].

At the same time construction and demolition waste has
great potential for the manufacture of recycled materials.
Naturally, it would take substantial investments into the
recycling infrastructure if the volume is to be increased.
A study by the European Commission [14] states that
Europe currently lacks the necessary recycling infrastruc-
ture to sustain an increase in construction waste recycling
to its maximum. Bakchan and Faust [18] declare in their
study that it should also be noted that the building indus-
try has the potential to re-use waste from other industries.
Later sections of this paper describe a new multi criteria
calculation that explores possibilities of the re-use of cer-
tain kinds of waste, mainly construction and demolition
waste and energy by-products, which are being produced
in large quantities (see Table 1). These energy by-products
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include mainly fly ash (FBC — Fluidized bed combustion
fly ash, high-temperature fly ash, bottom ash from fluid-
ized bed combustion etc.) and slag.

3 Multicriteria optimization of using new types of waste
Research and development focused on using construc-
tion and demolition waste and energy by-products in civil
engineering is currently seeing a rapid surge [7, 18].

Coelho and Brito [10] stated that the reasons are both
financial and environmental. A clear environmental ben-
efit is the reduction of energy by-products stockpiling
by using them in the manufacture of quality materials
that further reduce the need to exploit natural resources.
According the study of Neto et al. [19], in economic terms,
this brings significant savings in storage costs for by-prod-
ucts originators. Concerning the use of construction and
demolition waste and energy by-products in civil engi-
neering, it is important to remember, besides the envi-
ronmental and financial concerns, that the new materi-
als have to meet the technical requirements prescribed by
standards or other legal documents. This may sometimes
cause issues. When construction and demolition waste and
energy by-products fail to meet some of the requirements,
they need to be modified (mechanically, chemically, physi-
cally, etc.). This modification or treatment always comes at
the cost of higher expenditure or harm to the environment.

Concerning the usage of construction and demoli-
tion waste and energy by-products the EU has directives
and harmonized standards that clearly describe condi-
tions under which each kind of waste can be re-used in
the construction industry. Nowadays, however, there are
new kinds of construction and demolition waste emerging,
for which there is no directive or harmonized standard.
Specifically, this concerns some types of waste glass, filter
fly ash, bottom ash, slag, waste perlite, etc. (see Table 1).
In order to find potential uses for these, their properties
and criteria must be specified [7, 18].

Therefore, the goal of this paper is to design and pre-
pare an optimization process to specify the new (and some
existing) types of construction and demolition waste and
energy by-products so as to determine clear criteria based
on which these wastes could be used in the future. This was
achieved by creating an optimizing multi criteria calcula-
tion, which was based on the main viability criteria govern-
ing the usage of each type of waste. The calculation process
works with several criteria, all of which are discussed later
in the text. Emphasis was put on the degree of pretreatment,
difficulty of pretreatment, availability, cumulative amount,
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Table 1 Overview of currently used as well as new kinds of CDW and EBP including their specifications (criteria and possibilities)
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Container (soda-lime) (Fig. 3 a)) A 2 2 2 60 000 3 8
Car glass (Fig. 3 b)) B 4 3 2 6000 2 5
Sandblasting glass beads (Fig. 3 c)) C 2 1 3 2 000 1 4
Waste glass
Simax borosilicate glass (Fig. 3 d)) D 2 3 2 6 000 1 4
QS solar panel glass (Fig. 3 ¢)) E 3 2 1 10 000 2 8
CRT screens F 3 4 2 10 000 2 3
High-temperature G 0 0 1 6000 000 2 9
Filter fly ash (Fig. 3 )
FBC (Fig. 3 g)) H 0 0 1 9000 000 2 7
High-temperature (Fig. 3 h)) I 2 1 1 600 000 2 6
Bottom ash FBC (Fig. 3 1)) J 1 1 1 600 000 2 5
Biomass (Fig. 3 j)) K 1 1 3 200 000 3 4
Blast-furnace
. L 2 2 2 100 000 2 5
Slag (Fig. 3 k)
Steelworks (Fig. 3 1)) M 2 2 2 70 000 2 3
Perlite 150, Agro Perlite, Perlite
Waste perlite 100F A, Perlite 100F B N 1 1 2 20 800 2 5
(Fig. 3 m))
Waste castin Contains some bentonite, liquid
sand J glass, clay, graphite, residual (6] 2 2 2 5000 3 6
resins, and coal dust (Fig. 3 n))
Waste plastics PET bottles, .PET s.h eets, LDPE P 5 4 1 300 2 4
packaging (Fig. 3 0))
Polyester (PES)  Polyester fiber from waterproofing
fiber material production (Fig. 3 p)) Q 3 3 4 200 3 4
Recycled Fraction 063 mm (Fig. 3 q)) R 1 2 1 50 000 2 9
concrete
Waste from A high content of recycled glass
mineral wool (> 80 %), it gathers underneath the
board insulation spinner before the curing chamber S 0 0 2 5000 1 5
production and thus do not contain any
(WMI) organic components (Fig. 3 1))
(?rranulated car Particulate fr.om shredded tires T 2 2 | 10 000 | 3
tires (Fig. 3 s))
Waste Decommissioned fagade insulation
polystyrene boards from expanded PS of U 2 2 1 10 000 1 4
(PS) varying thickness (Fig. 3 t))

parameter dispersion, and spectrum of application. These
parameters were determined by subjective evaluation based
on the requirements of the industry and existing legislation.

3.1 Criteria considered in the optimizing calculation

In order to perform the multi criteria calculation, it was
necessary to first select criteria before progressing to
the next steps of the calculation, which then determined
the most suitable construction and demolition waste and

energy by-products for use in civil engineering. Table 1
below lists the criteria and their associated weight.

The data presented in Table 1 are based on the opti-
mization calculation methodology. The selection of spe-
cific values was made regarding to the current situation of
the waste management of the construction and demolition
waste (CDW) and the energy by-products (EBP) within the
European Union (EU). In the case of cumulative amount,
the values were focused on the Czech Republic.



3.1.1 Degree of pretreatment

The degree of construction and demolition waste pre-
treatment means the number of steps a raw material must
undergo to be finally useable in a building material. The
pretreatment steps can be defined as follows.

Drying — a pretreatment necessary for damp or wet
wastes, or solutions to be used in polymers. Drying may
also serve to determine water content if required. Drying is
typically performed at a temperature of 103 + 2 °C, during
which the material should be uniformly distributed in the
correct container in order to be properly dried.

Removing coarse impurities — once dried, some materi-
als need to have their coarse impurities removed in order
to become homogeneous.

Removing unwanted parts — some kinds of waste glass,
such as car glass or glass from old solar panels, are rein-
forced by a layer of polymer, which needs to be removed
by placing the composite in a ball mill or a specialized
crusher for several minutes.

Milling — once a relatively homogeneous material is obta-
ined, it undergoes the next pretreatment, which is milling.
The milling time and type of mill depend both on the type
of by-product and requirements for final fineness. Larger
amounts can be easily milled in carbide ball mills. Smaller
amounts are better milled in planetary or vibration mills.

Adjusting particle size — if the waste material is to be
used as filler/aggregate in polymer concrete or in Portland-
cement concrete, it must be adjusted to possess the required
particle size distribution. Sieves of different size can be
used for this purpose.

Glass alkalization — when used in concrete.

Depending on the number of pretreatment steps, every
waste is assigned a value of 0-5, where 1 signifies only one
step and 5 represents five. A 0 means that, for the given
purpose, the material requires no pretreatment at all. Such
material is, for instance, fly ash in concrete.

3.1.2 Difficulty of pretreatment

The difficulty of construction and demolition waste pretreat-
ment is another important criterion when choosing a suit-
able waste to use in building materials. It strongly depends
on the waste's consistency and parameters such as hard-
ness and leaching behavior. Difficulty of pretreatment can
be understood as the amount of energy (converted to costs)
consumed during the entire treatment process. Based on the
difficulty, a waste can be assigned a value from 1 to 5, where
1 is the lowest difficulty and 5 is the highest, i.e. technolo-
gically demanding, more expensive, and thus less viable.
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3.1.3 Availability

Not every construction and demolition waste is produced
or stockpiled near the place of its further use. This is why
the criterion of availability has to be included in the cal-
culation. Some kinds of waste are only produced at one
location in the country, or even the entire EU. The need to
transport the waste over several thousand kilometers then
makes it much less viable. Moreover, the transport of con-
struction and demolition waste and energy by-products
over long distances often brings associated issues, such as
carbon emissions, noise, or traffic accidents, which may
outweigh the overall benefit of the recycling.

Efficient logistics is therefore a major factor, which
may be very useful to the re-use of waste. When mak-
ing a decision about transportation, the purchaser must
consider cost, time, and the reliability of every trans-
port means or their combination. The decision is also
affected by roadway/railway and transshipment capac-
ity and costs related to capital employed in the goods.
Concerning the costs connected with tied-up capital (or
the perceived value of time) the problem is as follows:
the longer it takes to deliver the goods, the later the cus-
tomer is going to pay, and the longer the seller’s money
remains tied-up. By analogy, this applies to raw materi-
als as well. The more time they spend on the way to the
factory, the more the manufacturer has to stockpile and
tie their financial means in them. Capital financing of the
stockpiled material or manufactured goods, whether from
the company's own means or from an external source,
carries with its additional expenses, such as interest or
opportunity costs. This forces businesses to keep their
stockpiles as low as possible. The general trend is that
commodities with a high price by weight are better trans-
ported by faster means, i.e. by air or cargo truck. On the
other hand, cheaper commodities are better suited for
transport by railway or ship. Terms of delivery also enter
into the equation, as does the minimum or maximum size
of the lot delivered. There may even be situations when
a customer chooses the slower transport by boat and use
the ship as a floating warehouse of sorts. The reason can
be, for instance, limited storage capacity at the manufac-
turing plant where the material is processed. An advan-
tage of the logistics of construction and demolition waste
and energy by-products is that their value per weight is
very low or near zero. The seller considers them waste
and would otherwise have to pay for their disposal. This
makes these commodities very suitable for transport by
railway or boat. Given the cargo capacity of river boats
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(provided the river network is included in the logistic
system) significant savings can be made both in terms of
monetary costs and in terms of reducing associated neg-
ative externalities.

Given the above, there is a need for boundaries that
would determine whether the use of a secondary raw mate-
rial is viable in terms of availability or not. Filter fly ash and
waste glass should not suffer any problems with availabil-
ity; however, waste perlite is at some risk. Based on these
considerations, an evaluation scale of 1-5 was proposed,
where 1 is the most available raw material and 5 is the least.

3.1.4 Cumulative amount

Different construction and demolition waste and energy
by-products accumulate in different amounts. For instance,
the cumulative amount of energy by-products depends
mainly on the quality of feedstock, effectiveness of the
facility that produces the primary raw materials, and the
annual product yield. The cumulative amount of energy
by-products and construction and demolition waste may
vary depending on demand, and it is therefore only possi-
ble use current data and not predict the situation for future
years. The data was taken from publicly accessible infor-
mation from the producers of the energy by-products and
the construction and demolition waste. Some of this waste
is currently broadly used in civil engineering, but some
is still being stockpiled because it has no other use and is
considered waste. The optimization of suitable construc-
tion and demolition waste puts emphasis on its annual pro-
duction, where the highest demand should be after waste
accumulated at a yearly amount of 10 000 tons or more.
The cumulative annual amount of waste only concerns the
Czech Republic. However, almost all the construction and
demolition waste listed in the Table 1 is produced through-
out the EU as well as the world. An example can be filter
fly ash or waste glass, because coal-burning thermal power
plants exist all over the world, and every country uses
glass, whether container glass or other, such as solar panels.
Table 1 lists and evaluates the multi criteria and shows the
cumulative amount in tons per year in the Czech Republic.

3.1.5 Parameter dispersion

Every construction and demolition waste (CDW) and
energy by-products (EBP) which is useable in civil engi-
neering can be characterized by various parameters.
They are identified based mainly on the level of hazard
they present (e.g. toxicity) and their physical and mechan-
ical parameters. This typically entails determining the

chemical composition, particle size, bulk density, specific
surface area, and water absorption. Broader identification
is also possible, which tests the pH, loss on ignition, leach-
ing behavior, and other properties. Individual wastes need
not always be equally homogeneous. There may be vari-
ations between individual samples, whether in chemical
composition or granulometry. An excellent example is fil-
ter fly ash, where the chemical composition and granulom-
etry may vary depending on the type and source of coal
being burned, and nowadays also the amount and type of
denitrification agent sprayed in the combustion chamber.
Depending on the degree of these and other parameters,
every construction and demolition waste can be evaluated
on a 1-5 scale, where the lowest value means the high-
est-quality waste in terms of parameter homogeneity and
the highest value represents substantial dispersion in prop-
erties between individual samples, preventing a consistent
determination of parameters.

3.1.6 Spectrum of application

Not all construction and demolition waste and energy
by-products can be used in every building material or as
a replacement of an existing one. However, when choos-
ing the correct usage of the waste, the broadest spectrum
of application needs to be considered. The Table 1 assigns
a "spectrum of application" to each waste, showing areas
where the waste can be safely used. These applications
are either already being implemented in practice or have
been thoroughly tested in a laboratory based on extensive
research. The spectrum of application depends first and
foremost on the properties of the waste and their variabil-
ity. Similarly, to the previous cases the spectrum of appli-
cation is expressed by a value of 1-10 where 1 is narrowest
and 10 the broadest spectrum for the given construction
and demolition waste or energy by-products. This value
also includes pretreatments, which means if the waste is
pre-treated in some way to improve its properties, this will
affect the spectrum. For example, waste glass, which can
be used as an aggregate in its coarser fraction, could be
milled to a particle size of less than 0.063 mm and replace
silica powder as a filler in paints. The photos of specific
types of waste to be optimized are shown in Fig. 3.

3.2 Determining the weight of each waste criterion

Once the criteria were identified (Table 1) it was possible
to continue with the next, and the most important, step of
the multi criteria calculation; i.e. determining their weight.
Every property described by a criterion has different
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Fig. 3 The specific types of waste to be optimized: a) container (soda-lime) waste glass, b) car glass, c) sandblasting glass beads, d) Simax
borosilicate glass, ¢) QS solar panel glass, f) high-temperature fly ash, g) fluidized bed combustion fly ash (FBC), h) bottom ash from high-
temperature combustion, i) bottom ash from fluidized bed combustion (FBC), j) biomass bottom ash, k) blast-furnace slag, 1) steelworks slag,
m) waste perlite, n) waste casting sand, o) waste plastics, p) polyester fiber from waterproofing material production, q) recycled concrete fraction
0-63, r) waste from mineral wool board insulation production (WMI), s) granulated car tires, t) waste polystyrene (PS)
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weight. These criteria were used to evaluate the proper-
ties and determine which one is given preference over
another. This step was performed subjectively (expert eval-
uation method). Based on the subjective assessment, each
criterion received a score that quantitatively reflected the
importance of each one. The more important the property,
the higher the score.

A criterion-based decision-making matrix was created
from the information in Table 1. It can be described as
a finite set of material evaluation variants. The columns
of this matrix list criteria (1-6) and the rows show the
variants being evaluated (A—U). Each criterion was then
marked max. (where a maximum was required) or min.
(where a minimum value was required). Maximum values
were need for criterion 4 (cumulative amount) and 6 (spec-
trum of application). Minimum values were required for
criterion 1 (degree of pretreatment), 2 (difficulty of pre-
treatment), 3 (availability), and 5 (parameter dispersion).

The higher a score a criterion received, the more weight
it carries. Saaty's matrix was used to express the prefer-
ence of each criterion (Table 2), ranking them as "strongly
preferred", "preferred", or "equal". The individual compo-
nents of the matrix are defined using Egs. (1) and (2). The
weight of the criteria was determined using Eq. (3).

S=118;- @
j=1
1
R =(5) @
R,
F==— ©)
> Ri
i=1
where, S = (S, ... Saaty's matrix of pair comparison,

where i,j=1,2,3, ... n,f, ... total criteria weight.
A corresponding verbal assessment:
1 — criteria i and j are equal;
3 — criterion 7 is slightly preferred over j;

5 — criterion i is strongly preferred over j;

7 — criterion i is very strongly preferred over j;

9 — criterion i is absolutely preferred over j.

Values 2, 4, 6, 8 are intermediate steps.

The last step of the calculation was to transform the
decision matrix into a calculation matrix and complete the
calculation. Transformation means converting the crite-
rion weight values to sequences, creating an order of vari-
ants and converting these values to dimensionless num-
bers. This very much depends on the value type of the
individual criteria. An expense-type value is such a value
which is subject to a minimum requirement. The trans-
formation was performed as follows: The maximum value
max. a, corresponds to the lowest appraisal value (mostly
bl;,- =0, see Eq. (4)) and the lowest value min. a, corre-
sponds to the highest appraisal (bij =1, see Eq. (5)). A prof-
it-type value is such a value that is subject to a maximum
requirement. This means that the higher a value the crite-
rion reaches, the better appraisal it receives.
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where, bl.j is the transformed value using Egs. (4) and (5),
Fis the criterion weight.

The outcome of the transformation was an order of via-
bility of material variants A through U and the determina-
tion of an optimal variant, a variant with the highest total
the products of transformed criteria and weight values in
percent (see Eq. (6)). Given the dangers of subjective eval-
uation, we take into account mainly the larger differences
between the totals; smaller differences were considered
more or less "equal".

Table 2 Quantitative pair comparison of criteria — Saaty's matrix

No. 1 2 3 4 5 6 S R F,

1 1 3 13 13 1 1/4 0.08333333 0.01388889 0.000635849
2 13 1 12 1/4 1 1/5 0.00833333 0.00138889 0.000063585
3 3 2 1 1 5 1/3 10.00000000 1.66666667 0.076301901
4 13 4 1 1 1/4 12 0.16666667 0.02777778 0.001271698
5 1 1 1/5 4 1 1 0.80000000 0.13333333 0.006104152
6 4 5 3 2 1 1 120.0000000  20.00000000  0.915622814

Total

21.84305556 1.00000000




The outcome of the multi criteria calculation was a
selection of construction and demolition waste and energy
by-products for future use in civil engineering. They had
the highest total of the products of transformed criteria val-
ues, weights and order of viability of all variants. Given the
many subjective evaluations, variants with a small differ-
ence in the final totals were considered more or less "equal".

Fig. 4 shows a resulting graph of the multi criteria cal-
culation, presenting the choice of the most viable con-
struction and demolition waste and energy by-products for
future use in civil engineering. The preferences of each
specific waste are in percent. The highest value, as can be
seen in Fig. 4, was calculated for filter fly ash (99.65 %),
then recycled concrete (99.55 %), and waste glass from
QS solar panels (84.27 %). The next section presents some
non-traditional uses of the best scoring energy by-prod-
ucts and construction and demolition waste.

4 Uses of selected wastes

The nature of construction and demolition waste and
energy by-products, as well as their chemical, mineralogi-
cal, physical, and other properties, places some restrictions
on their application in the building industry (see Table 1).
Pursuant to REACH (stands for Registration, Evaluation,
Authorization and Restriction of Chemical Substances
(EU)) and other legal documents of the EU, meeting the
prescribed rules is critical and without due registration it
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would be impossible to operate with the material at all.
This concerns e.g. the use of construction and demolition
waste and energy by-products in cement, concrete, porous
aggregates, porous masonry blocks, their use as aggre-
gate in road construction, as a building or filler material,
during mining operations, as mineral fillers, etc. [20-27].

However, the current industry produces new kinds of
wastes, for the re-use of which there is no official method-
ology, clear standardized requirements, or other specifica-
tions. Another goal of this paper was therefore to present
new and non-traditional uses of the best-scoring construc-
tion and demolition waste and energy by-products — waste
glass from QS solar panels, high-temperature filter fly ash,
and recycled concrete.

4.1 Waste glass from solar panels

The best solar panels of today are expected to have a ser-
vice life (the end of which is defined as a 20 % decrease in
performance) of 30 to 40 years at most. However, the most
common reason for discarding a solar panel is currently
mechanical damage it may have suffered during transport
or installation. The main problem in lower-quality panels
tends to be delamination — a disintegration of the panel's
sandwich structure due to temperature and UV light. The
PV Cycle was designed for solar panel recycling. This is
a pan-European effort of solar panel manufacturers and
suppliers built on voluntary responsibility for the product
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Fig. 4 Wastes which were found to be the most suitable for re-use in civil engineering
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through the whole of its service life. Most of the solar panel
mass is glass (60-70 %) and aluminum frame (around
20 %), while in slim solar panels, glass and aluminum make
up over 95 %. The year 2010 saw the highest number of
panels installed, specifically 160 000 tons of panels, which
are expected to complete their service life in 2040 [28].

Before the glass from defunct solar panels can be used,
their aluminum frame must be removed. The top layer of
glass can be easily separated from the polymer back sheet,
and later milled down to the desired fraction in a ball mill
(Fig. 5 (a)). The density of this glass is around 2500 kg'm™*
and loss on ignition (1100 °C) is around 0.65 % of dry
mass. As regards chemical composition, the content of
Si0, is around 71 %, CaO is 8.45 %, Na,O is 12 %, plus
a minor amount of other oxides. Once sufficiently pre-
treated, this waste glass was successfully used as filler in
polymer, epoxy-based reprofiling mortars (Fig. 5 (b)). The
material performed well in resisting the weather condi-
tions in the Czech Republic.

4.2 Filter fly ash
The uses of filter fly ash vary depending on its chemical,
mineralogical, and physical properties. These properties
depend on the type of power plant, coal origin, and the
type of coal lock. The principal requirement for applica-
tion is consistent quality. In this regard, the residues from
black coal combustion are better than those from brown
coal, whose composition tends to be less consistent [29].
Although there are several new technologies that make
coal combustion eco-friendlier by effectively reducing
NO, emissions, many thermal power plants and inciner-
ators choose SNCR (selective non-catalytic reduction),
mainly because of financial reasons. During this process
the fly ash comes in direct contact with the medium being
sprayed into the chamber. Such ash then usually contains
high amounts of ammonium salts. With high NH, con-
tent it is difficult to use such a fly ash as concrete filler
or as partial cement substitute, and different uses should

Fig. 5 a) Waste glass from solar panels milled to a fraction of 0—1.5
mm, b) Kerb reprofiled with a mortar containing 75 % of waste
glass from QS solar panels after 400 days of exposure to the weather
conditions

steel threaded rod

T b

Fig. 6 a) Kerb reprofiled with a mortar containing 60 % of fly ash

contaminated by flue gas denitrification; picture after 400 days of
exposure to weather conditions, b) CT image showing the quality of
anchoring of a threaded rod using a new anchoring mortar with a 45 %
content of fly ash contaminated by flue gas denitrification

therefore be sought. The standard EN 450 defines condi-
tions under which fly ash can still be used in concrete as
an active addition. It appears that its best use is as filler
in polymer repair and anchor mortars. Tests have shown
that polymer repair mortars perform well with 60 % filler
content, and a proof-of-concept concrete kerb reprofilation
was performed (see Fig. 6(a)). The optimum content of this
filler in polymer grouting and anchoring mortars appeared
to be 45 %; where even after a pull-out strength test, load
of 100 kN, the bond between the mortar and the substrate
remained undamaged (see Fig. 6(b)). Even fly ash that has
been contaminated due to flue gas denitrification can thus
be successfully used as filler in repair mortars instead of
primary fillers commonly used today, while even improv-
ing the properties of the mortar. Using this fly ash is there-
fore economical and eco-friendly.

4.3 Recycled concrete
Waste concrete is currently recycled by being crushed
and added to new concrete as aggregate. However,
Xiao et al. [30] stated that this method only utilizes the
coarse fraction (> 1 mm). The finer fraction (< 1 mm) cur-
rently has no large-scale use. This is why there was the effort
to investigate new uses of this material in cement composite
manufacturing. This entails, for instance, using a thermally
activated recycled concrete as a binder replacement [31]
or as a mixture for cement manufacturing explored by
Schoon et al. [32]. It can also be used in geopolymer bind-
ers [33]. It should be noted, however, that these methods
consume a lot of energy and produce a large amount of CO2
emissions. This is why the fine fraction of recycled concrete
was not modified thermally but mechanically by high-speed
milling [26]. In economic terms, high-speed milling may
consume large amounts of energy, but the absence of high
temperatures still makes it viable enough.

The principle of mechanical activation of recycled con-
crete is that the milling exposes particles of unhydrated
clinker, whose amount depends on the type of cement and



age of the concrete. In general, the unhydrated clinker
makes up 10 to 20 wt. % [34]. If the unhydrated particles
have been correctly activated, they can replace a portion
of cement in new composites. The rest consists of inert
particles, which become micro-filler. The re-use of recy-
cled concrete saves cement and natural fillers [35].

5 Conclusions

The aim of this paper was to provide an advanced study
for discovering new, non-traditional uses of selected kinds
of construction and demolition waste. The study used an
optimizing multi criteria calculation, which was based on
a specification of the wastes, drawing on existing EU leg-
islation. The main criteria entering the calculation, which
then determined the possibilities of construction and dem-
olition waste and energy by-products use, were the degree
of pre-treatment, difficulty of pre-treatment, availability,
cumulative amount, parameter dispersion, and spectrum
of application. The outcome of the multi criteria calcula-
tion is a selection of the waste for future use in civil engi-
neering. They had the highest total of the products of trans-
formed criteria values, weights and order of viability of all
variants. The criterion with the greatest weight was cumu-
lative amount followed by spectrum of application. The
results of the optimization calculation show that the most
suitable construction and demolition waste and energy
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