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Abstract: The large volume of industrial by-products and wastes from the construction, timber and
paper industries has become a serious challenge worldwide. Recycling these industrial wastes as
functional materials in the construction industry is an efficient approach for sustainable development.
This study presents a pretreatment approach for recycling construction and demolition waste (CDW)
and industrial side-streams (such as green liquor sludge, fiber waste, flotation sand and fly ash) in
order to produce a geopolymer for the 3D printing of construction materials. A treatment approach
was developed for screening the residues from CDW with a maximum size of 16 mm and for
a combined line treatment for industrial side streams. The treatment processes utilized suitable
and economical separation techniques for the recycling of waste materials. The crushing of the
screened residues resulted in a homogeneous material size that facilitates the separation of mixed
wastes and simplifies the classification of materials. The combined plant enabled the cost-effective
treatment of various industrial wastes in a single process unit. The results show that the economic
and environmental impact of the chosen techniques, in terms of their energy consumption, is highly
dependent on the treatment line, separation technique and quantity of the individual waste that is
processed. These recycled industrial wastes can be used as sustainable materials for the production
of geopolymer concrete, contributing to the sustainability of the construction industry.

Keywords: construction and demolition waste; industrial side streams; recycling; pretreatment;
sustainable construction materials; 3D printing

1. Introduction

Rapid economic growth, industrial development and urbanization are leading to an
increase in the amount of industrial by-products and waste materials [1,2]. Currently, about
2.0 billion tons of solid waste are produced worldwide and this amount is expected to
increase to 3.40 billion tons by 2050 [3]. The construction, mining and timber industries
produce enormous amounts of industrial waste annually [4–7]. Other significant sources
of industrial waste include the tailings from the mining industry [8,9] and the material
streams, including grits, green liquor and lime sludge, that are the side streams that are
generated in the pulp and paper industry. In Finland, more than 116 million tons of waste
was produced in 2019, with 91% being mineral waste. Besides mining and quarrying, the
construction industry is the largest producer of mineral waste [10].

Construction and demolition waste (CDW) includes inert materials (brick, sand and
concrete) and non-inert materials (wood, glass and plastic) that are generated from con-
struction, demolition and maintenance activities [11–13]. According to Zhang et al. [14],
the construction industry is the largest sector in Europe and it generates one-third of all of
the waste and accounts for half of the continent’s resource consumption. This is leading
to a growing interest in the recycling and reuse of CDW for the creation of sustainable
materials worldwide [15]. According to Sensonseo [16], only 13.5% of the waste that is
generated from industrial activities is recycled and one-third of the waste that is produced
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worldwide is not treated appropriately and is instead openly incinerated or landfilled.
Given the rapid pace of industrialization, environmental sustainability is one of the most
important concerns in the current scenario, worldwide [17]. Therefore, the management
and treatment of industrial waste are crucial parameters for the sustainable growth of our
society.

Waste management is currently characterized by waste minimization [18,19], en-
ergy recovery [20–22], recycling [23,24] and reuse [25,26]. In addition to waste reduction,
recycling is one of the most important parameters for sustainable growth and develop-
ment [27–29]. Recycling industrial waste can recover various valuable materials, reduce
pollution, decrease the amount of waste that is going into landfills and protect natural
resources [30–34]. The recycling process, product quality, energy requirements and eco-
nomics are the main barriers that limit the use of recycled materials as raw materials for
various applications [35].

Recycled industrial waste, such as CDW, is considered to be a potential source of
sustainable building materials [36]. The pretreatment processes that are required to recycle
construction waste produce significantly lower CO2 emissions compared to the process
of virgin material production [37]. Typically, stationary and mobile plants are used for
recycling construction waste. These plants have one or more crushers, a separator (magnetic
separator) and a screen. Mobile plants are suitable for large demolition sites and can be
moved from one site to another. However, the quality of the end products is limited by
the lack of cleaning equipment and the noise generation [38]. Similarly, stationary plants
contain cleaning equipment, cutting machines and primary and secondary crushers and
they can produce various recycling products with varying degrees of sorting. Traditionally,
recycled CDW is used for the formulation of concrete, which is the most used building
material in the world. The main component of concrete is ordinary Portland cement
(OPC), which is a material that consumes a large amount of energy to produce [39]. In
2019, the global cement demand reached 4.1 billion tons [40] and nearly 7% of the global
greenhouse gas emissions came from cement production [41]. However, research is being
conducted widely in order to use CDW as an aggregate [42–48] and as a filler material [49]
for sustainable concrete production, creating concrete that can be used in construction and
building applications.

Industrial wastes from the construction, timber and paper industries contain a high
concentration of aluminum and silica, materials which are required as the main ingredient
for the formulation of a sustainable geopolymer concrete. Geopolymer, which is known as a
green material for the construction industry [50,51], is considered to be an environmentally
friendly and viable substitute for OPC [52,53]. According to Petrillo et al. [54], geopolymer
concrete that is made from construction waste can reduce CO2 emissions by 16% compared
to OPC. The use of recycled industrial waste for the formulation of geopolymer concrete
leads to the creation of sustainable and cost-effective construction materials [39]. The
fiber waste (coarse and fine) that is generated from pulp production by stripping and
screening, as well as the fly ash and bottom ash that is generated from the combustion of
various fuels (wood and bark), are considered as a potential source for various applications
in the construction industry (mortar, cement or concrete) [55–59]. Similarly, industrial
wastes, such as green liquor, can be used as a fine filler in geopolymer mortars, resulting in
increased compressive and tensile strength [60]. In a study conducted by Torres et al. [61],
it was found that green liquor can replace up to 10% of the clinker in the production of
Portland cement. However, the use of sustainable geopolymer concrete in conventional
construction techniques is not sustainable nor cost effective due to its framework needs,
intensive labor requirements and the wastage of resources [39].

The use of 3D printing in the construction industry has the potential to increase automa-
tion, reduce labor and eliminate material waste [62–64]. The 3D printing of construction
materials is considered to be a state-of-the-art technology and it offers an environmentally
friendly solution to build houses faster than conventional technologies [65]. The recycling
of industrial waste requires numerous pretreatment processes [66,67] and separation tech-
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niques before it can be used for concrete printing. The effect of industrial waste on the
economy and the parameters of 3D printable geopolymer concrete were recently developed
by the authors of this study [39,49]. The effects of pretreated industrial waste on the physi-
cal and mechanical properties of the fresh and cured states of geopolymer concrete were
also investigated [49]. The authors of this study also investigated the required printing
parameters, such as the setting time, workability, extrudability, shape and size, of the
pretreated industrial waste [49]. The critical parameters for recycling industrial waste into
sustainable products are the particle size, shape and material composition. However, de-
pending on the composition of the waste and the desired construction application, specific
treatments are required for recycling industrial waste before it can be utilized for the 3D
printing of sustainable building materials.

The objective of this research is to develop pretreatment techniques for recycling
screened residues from CDW in order to produce geopolymer concrete for the 3D printing
of building materials. State-of-the-art combined line treatment technology was developed
in order to recycle four different types of industrial waste in a single processing unit. Sus-
tainable and economical pretreatment techniques for CDW screen residues and industrial
side streams have been identified. The levels of energy consumption, energy costs and
capital costs were analyzed. In order to model the pretreatment techniques for industrial
wastes, flowcharts were drawn so as to explain the separation methods that were used to
separate the various materials from the mixed wastes and achieve the desired material
shape and size. This work focuses on identifying efficient techniques for recycling indus-
trial waste that can be used in various sustainable building materials for application via 3D
printing.

2. Materials and Methods

In this study, CDW was studied, specifically the underflow of the screen including
wood, plastics and metals as well as some other industrial side streams, such as green
liquor sludge, rejected fiber, flotation sand and ashes. These materials are local waste and
industrial side streams that are produced in the south Karelia region, with limited uses,
that often end up in landfills. Possible separation and treatment processes for the CDW
and other industrial waste were designed. Industrial wastes, such as CDW (165,000 tons),
ashes (19,200 tons), green liquor sludge (31,500), flotation sand (150,000) and rejected fiber
(3100) are produced in south Karelia region annually.

The CDW samples that are shown in Figure 1, which were taken from three different
demolition sites, were separated through the use of manual separation, primary and
secondary crushing and screening. The raw materials, i.e., wood, plastics and metals, were
separated manually and then pre-crushed to a particle size of 16mm. The largest available
CDW that was used in this project work was about 16 mm in size whereas the required
size of raw materials for 3D printing is 2–4 mm. The machines that are required for the
separation techniques were selected according to their material capacity, which is 8000 tons
per year. The chemical composition of the CDW samples was tested by energy-dispersive
X-ray spectroscopy. The compositions of the various elements in the CDW are presented in
Table 1.
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Figure 1. Industrial waste side streams used in this study: (a) fine and coarse fraction of flotation
sand; (b) green liquor sludge; (c) paper mill power plant ash; (d) fiber waste; (e) mixed composition
of materials in CDW.

Table 1. Compositions of the construction waste.

Elements CDW (1)
Weight %

CDW (2)
Weight %

CDW (3)
Weight % Average Weight %

C 10.6 9.5 10.5 10.2
O 41.5 41.7 41.6 41.6

Na 0.6 0.6 0.6 0.6
Mg 0.5 0.6 0.6 0.6
Al 1.6 1.6 1.7 1.6
SI 6 6.9 6.6 6.5
S 12.9 12 11.9 12.3
K 0.7 0.6 0.7 0.7
Ca 23.6 23.6 23.6 23.6
Ti 0.4 0.4 0.5 0.4
Fe 1.6 2.6 1.7 2.0

100 100 100 100.0

In addition to the primary CDW material, four industrial side streams, i.e., green
liquor sludge, fiber waste, flotation sand and ash (fly ash and bottom ash), that are shown
in Figure 1 were also used in this study to develop a combined waste treatment line
and evaluate the possibility of recycling industrial waste for use in the formulation of
sustainable building materials for 3D printing applications. The micro structural features
and particles size distributions of these industrial wastes were measure by the use of
scanning electron microscopy (SEM), as is shown in Figure 2.

Green liquor sludge is generated from the chemical cycle of a pulp mill. Green liquor
sludge usually has no further use, so it is often disposed of in a landfill. In order to separate
the sludge from the green liquor, filtration with a crossflow filter was used. Then, washing
and dewatering was carried out through the use of a vacuum drum filter. Hydro-cyclones
were used to remove hazardous materials (such as Pb, Zn, Cd and Ni) from the composition
of the green liquor.

Bark ash and fly ash, which are by-products of the pulp and paper industry, were also
used as raw materials for this project. In order to remove the various unwanted impurities
that were in the ash, an inclined vibrating screen was used. The ash that was used for
this study had a size of 2–4 mm. A magnetic drum separator was used to separate the
weakly magnetic particles and a tribo-electrostatic separator was used to extract the carbon
from the ash particles. The heavy metals and salts were removed by the process of water
washing and cement solidification. Deionized water was used for the washing, while a
mortar mixer was used for the cement solidification.
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Fiber waste is produced in the pulping process wherein knots and other decomposable
materials are removed. The fiber waste is wet after the pulping process and it must be
dried in order to establish a strong bond between the matrix and the fiber. However, the
implementation of a drying process is highly dependent upon the intended application. In
this research project, the fibers were used as reinforcing fibers in the process of producing
geopolymers. In the formulation of geopolymers, the moisture content is crucial for the
good performance of the fibers. Therefore, the drying of the fibers was not required in this
study. Finally, a screening process was carried out in order to remove the impurities within
the fiber waste.

The raw materials calcite and wollastonite are mined in a local quarry near the city
of Lappeenranta. The mined rock is then crushed with a primary crusher and sorted into
three different size classes with optical sorters. Particles that are smaller than 15 mm are
screened out and delivered to the refineries. Flotation sand is formed at these refineries. For
use in this study, flotation sand (coarse and fine), which can be found in tailing dams, was
separated from dam water through the use of the sedimentation process. In order to speed
up the sedimentation process, the water’s pH level was adjusted and CO2 was added to
the tailings before the sedimentation process so as to decrease the tailings’ volume. Finally,
a vibrating screening was carried out in order to remove the impurities from the remaining
flotation sand.

The treatment methods that were used in this study for the treatment of CDW and
industrial side streams in order to produce geopolymers are shown in Figure 3. Figure 3
details all of the separation processes that were used to separate certain elements that are
found in the screen residue of the CDW and in the industrial side streams. The screening
process was used for the treatment of all of the industrial wastes in the combined line unit.
Ferrous metals and impurities were removed from the ash by means of magnetic separation,
while wet (froth flotation) and dry (electrostatic separation) processes were used to remove
the unburned carbon. Finally, in order to remove heavy metals and salts from the ash, a
cement solidification and washing process was used. These processes were selected for the
ash’s treatment because of their cost-effectiveness and efficiency. A shredding process was
applied to the fiber waste in order to achieve the desired size for a printing application. In
the processing plant for the CDW, the coarse materials were separated manually, while
the primary and secondary crushing techniques were used together with the screening
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process in order to make the size of the mixture homogeneous. Magnetic and eddy current
separation technology was used to remove metallic and non-metallic materials from the
CDW. In this study, the machines were selected based on their processing capacity, which
is 20 tons per hour.
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Once the processes had been selected, the annual investment and energy costs that
are required to operate the treatments processes were evaluated. For estimating the capital
costs, the cost of the equipment was obtained by inquiring with machinery manufacturers,
while the cost of the buildings, installations, maintenance, insurance and labor was esti-
mated based on the local market’s prices. Similarly, for the calculation of the energy costs
(electricity, transfers and basic security), a price of 0.15 EUR per kWh was used.

3. Result and Discussion
3.1. CDW Pretreatment Approach

The pretreatment techniques that were applied to the waste materials in this project
consisted of two components: (1) the pretreatment techniques for the CDW and (2) the
pretreatment techniques for the combined line. The treatment techniques were applied
to the CDW in order to improve the quality of the waste sample for its use in sustainable
building materials’ 3D printing applications. The CDW contained various elements such
as wood, plastics, glass, metals, non-metals and ceramics, which are shown in Figure 4.
The pretreatment techniques that are required for the treatment of waste depend on the
target application and the material’s composition. The screened residue from the CDW was
a mixture of various components with different particle sizes. The treatment techniques,
processes and equipment were selected for the CDW and for the other industrial side
streams based on the size, shape distribution, optical, electrical, and magnetic properties of
the constituents.
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The screen residue from the CDW, shown in Figure 4, contained a mixture of coarse
plastics, wood and metals. These materials were manually separated from the waste stream.
A conveyor belt was used to separate the mixed waste fraction. Manual sorting requires
basic technical equipment, which needs low investment costs and helps to avoid system
failure. Manual separation facilitates the removal of metallic materials that have a diameter
that is greater than 16 mm from the mixture. Crushing was performed after the manual
sorting in order to achieve the desired size and shape of the material.

The size of the raw material that is required for 3D printing is 2–4 mm and this
requires a primary and secondary crushing and screening process. A screening process
is performed that results in two fractions of materials: (1) materials with a size of less
than 4 mm and (2) materials with a size of more than 4 mm. The materials that were
larger than 4 mm were secondarily crushed, while magnetic separation was performed
on the smaller materials. The ferrous metals were separated from the mixture using the
magnetic separation technique, while the non-ferrous metals were separated using the
eddy current separator (this is a method that is especially useful to separate aluminum
from the waste material). The tiny dust, plastic and wood particles were then separated
using an air classifier with an energy consumption of 50 kW and a capacity of 20 tons per
hour. In addition, the presence of ceramics and glass in the construction waste required the
use of optical sorting technology with a sensor, as these materials cannot be separated by
air classifiers due to their density and their propensity to end up in the heavy fraction.

3.1.1. Crushing and Screening

A crushing machine was used to change the shape and size of the waste. The required
final size (2–4 mm) cannot be achieved immediately with a single crushing operation;
therefore, it was necessary to carry out screening and a secondary crushing. The purpose
of crushing is to make the materials’ sizes homogeneous in order to simplify the material
for the treatment processes. In this project, after the manual separation and the crushing
process were performed, the material size was more uniform and homogeneous and the
separation of the waste streams was easier. Mixed wastes are also easier to classify if
they are smaller in size, which is the case after crushing. Crushing can be done with
different crushers and the crusher must be selected only when the intended further use
of the material is known. Generally, impact and compression crushers are used to crush
the materials. Compression crushers allow the desired adjustment of the material size and
they provide better control over the result. In this research work, the CDW was crushed
and used for the 3D printing of a geopolymer. Therefore, a compression crusher (a cone
crusher) was selected because it is suitable for crushing abrasive and hard materials and it
offers higher production efficiency and lower operating costs [68].

After crushing, the materials were screened so as to separate them by size. Materials
of sizes from 300 mm to 40 µm can be separated by screening. The screening operation
can be performed in both dry and wet conditions [69]. Screens usually have a grid with
many holes of the same size. For the construction waste, after screening, the materials were
treated through the magnetic separation process. For the treatment of ash, the screening
process removed various unwanted impurities. The linear, vibrating, circular and trommel
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screens are the most used screens for solid waste separation. Due to the required size and
capacity, an inclined vibrating screen was selected for this project. In addition to washing
and dewatering, vibrating screens can efficiently separate the fine particles in wet and dry
states. The selected crushing mechanism and vibrating screen for the screen residue of the
CDW and the industrial side stream are shown in Figure 5.
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3.1.2. Magnetic, Eddy Current and Air Classifier Separation

The nonferrous metals, such as aluminum, were separated from the waste using an
eddy current separator. The trajectory of the materials in the separator is defined according
to their metallic and non-metallic behavior. The eddy current separators are divided into
forward and reverse modes. Forward mode runs in the direction of the head drum, while
reverse mode runs in the opposite direction. The model with a capacity of 20 tons per hour
was selected and the specifications were chosen according to the hourly capacity. According
to the research results of Gulsoy et al. [72], the eddy current separator can separate 70% of
all non-ferrous metals. The specifications of the selected crusher, vibrating screen and eddy
current separator are shown in Table 2.

The magnetic separation technique was used for the separation of ferrous metals from
waste. This technique can separate dry or wet metallic particles from the residue. In this
study, a drum separator was selected. Drum separators can also be efficient in separating
weakly magnetic particles. The separators can remove very small or weakly magnetic
particles when fed with a low-capacity vibratory feeder [73]. Drum separators have a
low height, are possible to be cleaned continuously and can achieve a high magnetic field
strength. The magnetic and air classifier separation techniques are illustrated in Figure 6.
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Table 2. Specifications for crushing, screening and eddy current separating machines.

Inclined Vibrating Screen

Machine weight (kg) 6805
Max feed size (mm) 200

Eccentric operating speed (RPM) 800–860
Max required power (Kw electric motor) 18.5

Operating angle (degrees inclined) 15–20
Machine size (mm) 1830 × 4878

Bearing bore 140 spherical roller bearings

Cone Crusher

Weight (kg) 5300
Max required power (kW electric motor) 37–45

Maximum feed opening (mm) 95
Capacity (ton/h) 20

Minimum discharge opening (mm) 10
Eccentric operating speed (RPM) 630

Eddy Current Separator

Maximal
Productivity

(t/h)

Quantity of
Electric Engines,

pcs.

Power
Consumption

(kw)
H (mm) B (mm) L (mm) Weight (kg)

No More

Width of
Operation,
Area B1,

(mm)

Diameter of
Magnetic

Roller (mm)

25 2 11 1000 2600 2200 2400 1200 322

The air classifier is needed to separate out wood, plastics and dust. The materials are
separated by the air classifier in the presence of a stream of air according to their density,
shape and size. The air classifier mechanism contains a drop bed suction cup in which
the material falls with an air stream due to gravity. The light material is entrained by the
air and the coarse material falls off. The unit that was selected for this purpose was an
air classifier with a power requirement of 50 kW. In addition, demolition waste contains
glass and ceramics, which cannot be separated with air classifiers because they end up in
the heavy fraction due to their different density. Therefore, a different process is required
for the separation of glass and ceramics. Optical sorting with the help of a sensor is the
preferred method for this purpose, which is used to separate glass and ceramics from the
waste. The optical sorting technique was used to separate different glasses and to separate
the glass from the ceramics. This technique separates different materials by determining
their wavelength [74]. The specifications of the selected drum separators and optical sorters
that were used are shown in Table 3.

When recycling mixed construction waste, companies worldwide recover about 30–
40% of the mixture of metals and aggregates, while the remaining materials are disposed
of in landfills. The disposal of waste in landfills has resulted in surface and groundwater
contamination, which has a negative impact on the environment [75]. However, the
proposed CDW treatment plant helps to improve waste identification, increase waste
processing and its collection rate, separate all of the valuable materials from the mixture
of screened residues and achieve a higher recycling rate in a single treatment plant. The
high-value materials, such as wood and metals, are recycled, promoting the reuse of
natural resources in an efficient way. In addition, the processing unit provides the desired
particle size and shape of the materials for 3D printing applications. These recycled
materials conserve new raw materials, promote sustainability and reduce the environmental
footprint.

3.2. Combined Line Pretreatment Technique

The use of a combined line provides the necessary facilities for the treatment of all of
the industrial side streams by one operating unit. This plant has a processing capacity of
32,000 tons per year, in which pretreatment techniques can be carried out for fiber waste,
flotation sand, ash and CDW. One exception is the pretreatment of green liquor sludge,
which required a separate treatment line. The objective of designing a single processing unit
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is to evaluate the cost effectiveness of treating different materials through a combined line.
The combined line allows numerous materials to be processed simultaneously, resulting in
lower investment costs and in time savings. In the combined line, the waste materials are
not combined, but each of them is considered independently.

Table 3. Specifications for drum separator and optical sorting machines.

Drum Separator

Type Dry processing
Magnet Rear earth permanent magnet

Overall dimensions (mm) 1880 × 1180 × 1460
Length of permanent drum (mm) 1200

Diameter of permanent drum (mm) 600
Approx. self-weight (kg) 3500

Feeding size (mm) −18
Magnetic intensity of drum (Gs) 3000

Number of permanent drums 1
Power of motor (Kw) 2

Rotating speed of drum (r/min) 16–30
Processing capacity (ton/h) −35

Optical Sorter

Machine width (mm) 1000, 1500
Efficiency (%) 98

Capacity colors (tons/h) 5–7.5
Capacity ceramics (tons/h) 15–22.5
Compressed air (psi/bar) 100/7

Electricity (kW) 2–3

In the combined system, an electrostatic precipitator is required for the extraction of
carbon from the ash. The high voltage roller separator and the tribo-electrostatic separator
can be used for this operation. The tribo-electrostatic separator consumes less power
compared to the high voltage roller. According to a study conducted by Zou [76], a tribo-
electrostatic separator requires about 1 kWh of electricity per ton of material. Cement
solidification and water washing with deionized water are the most commonly used
methods for separating heavy metals and salts from ash. Per studies that were conducted
by Joseph et al. [77] and Chen at al. [78], numerous chlorides (KCl, CaCl2 and NaCl) can be
removed from ashes by the implementation of a washing process, which is considered to be
the simplest method. Numerous types of mixers, such as traditional paddle mixers, can be
used for water washing. Generally, less water is required for high-intensity mixers. A mixer
that has a working volume of about 1900 L takes 6 min to cycle and consumes 45 kW of
energy. Similarly, a mortar mixer with a capacity of 12 cubic feet (almost 0.34 cubic metres)
can be used for cement solidification, requiring 5 horsepower (almost 3.73 kW).

In the combined line unit, the fiber waste was shredded in order to obtain the optimum
length for use as reinforcing fibers in geopolymer concrete. Numerous shredders are in
use in various industries, from automotive to paper. In the pulp and paper industry, a
shredder that is known as a hog is used to shred green waste [71]. In general, shredding is
performed as either fine or coarse shredding. Various suitable machines, such as double
shaft shears (rotary shears) and high-speed single shaft shredders, are used for coarse and
fine shredding, which ensure the uniform distribution of the fragments. Normally, the
material is pressed onto the rotor and blades with hydraulic pressure. After shredding,
the material is usually screened. So as to control the material size, the knife shapes and
opening sizes of the shredder can be changed. The required pretreatment techniques for
each form of industrial waste are illustrated in Table 4.
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Table 4. Pretreatment processes needed for each industrial waste in combined line treatment.

Material Process Ash Flotation
Sand Fiber Reject CDW

Manual separation
√

Crushing
√

Screening
√ √ √ √

Magnetic separation
√ √

Non-ferrous metal separation
√

Wind sifting
√

Optical sorting
√

Shredding
√

Unburned carbon separation
√

Washing
√

The same machine can be used to pretreat multiple industrial wastes in a combined
processing plant, offering a wide range of benefits in terms of cost savings, resource
efficiency, sustainability and the environmental compatibility of materials. Processing
techniques have been systematically and properly developed in compliance with health,
safety and environmental protocols. The recycling of industrial waste in the combined
processing plant requires less water and energy compared to the manufacturing process of
new materials. Recycled industrial waste was reused for the formulation of geopolymer
concrete in a study conducted by Munir et al. [49] as a filler and binder material. The
study used 74% recycled industrial side stream as a raw material for a concrete formulation,
providing the environmental benefit that is associated with the reuse of recycled materials.

3.3. Economic Analysis for CDW and Combined Line Treatment

The required annual investment for the treatment techniques of CDW and the com-
bined line were evaluated. The capital (purchase of machinery, buildings and equipment)
and operating costs were calculated in order to evaluate the annual investment that would
be required for the treatment techniques. The cost of the machinery was obtained directly
from the machines’ manufacturers. In this study, the building costs were calculated based
on the area of the plant. The area and cost that were selected for the CDW and the combined
line were 2000 m2 and 2500 m2 at a cost of 1000 EUR per square metre for the plant area.
The overall energy cost was calculated based on a price of 0.15 EUR per kWh. These costs
include the transmission costs, electricity and payment of basic security. The machines
that were selected in this study cannot operate at full capacity all of the time due to the
uneven flow of materials and required maintenance breaks; therefore, 1000 working hours
per year were considered. Based on the estimated required working hours and electricity
consumption, the capital cost was calculated as is shown in Table 5. In addition, some
of the costs were calculated based on past experience, so that a safety margin of 10% (for
contingency/uncertain/unforeseen costs) of the total investment was taken into account.

Table 5. Required annual investment and energy cost for CDW treatment [79].

Components Cost (EUR)

Equipment

Inclined vibrating screen 50,000
Cone crusher 120,000–260,000
Wind Sifter 90,000

Drum separator 22,000
Eddy current separator 48,000

Optical sorter and conveyors 154,000

Plant cost and material handling equipment 2,050,000
Contingency 303,000

Maintenance and installations 111,000
Labor and insurance 303,000

Annual energy cost

Energy required for machineries and building services 84,100
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The maintenance costs include the cost of tools, lubrication, repair and labor. The
lubrication costs were calculated based on 15% of the machine’s fuel cost, while the repair
costs were estimated at 3% of the machine’s cost, if the machine was five years old or less,
and 5% if it was more than five years old. For the estimation of the labor cost, the salaries
of the operators, foremen, accountants, and porters were considered. The salary of the
operators was calculated based on 30 EUR per hour. A cost of 25–50 EUR per ton was
estimated for the cement consolidation process. The required annual investments for the
combined line treatment are shown in Table 6.

Table 6. Annual investment cost for combined line [79].

Components Cost (EUR)

Equipment

Inclined screen 50,000
Cone gyratory crusher 120,000–260,000

Wind sifter + optical sorter 90,000 + 100,000 = 190,000
Drum separator + eddy current separator 22,000 + 48,000 = 70,000

Mortar mixer + intensive mixer 1000 + 5000 = 6000
Electrostatic separator + conveyors 35,000 + 114,000 = 149,000

Single shaft shredder 14,000
Material handling equipment 50,000

Cement solidification 200,000–400,000
Installations and maintenance 131,200

Labor 426,000
Plant cost and insurance 2,533,000

Contingency 412,000

Annual energy cost

Energy required for machineries and building services 122,000

The economic analysis of the pretreatment processes for industrial waste shows that
the required investments for the treatment of CDW and combined line facilities depend on
the composition of the waste. The treatment of complex wastes requires a larger number of
machines and areas. Therefore, the number of elements that are in the mixed composition
of the waste is considered a significant factor affecting the required capital investment for
the treatment processes. The detailed economic analysis, from raw material extraction to
the 3D printing of concrete, has already been investigated by the authors of this study [39].

3.4. Environmental Analysis

The environmental impact of CDW treatment and the combined line was calculated
by measuring the energy consumption that is required for the treatment process, as the
production and use of energy have a significant impact on the environment. The energy
consumption of the combined line and CDW treatment was calculated based on the energy
utilization of the machines and their processing hours. The annual energy consumption
for the treatment of CDW is 220,500 kWh and for the combined line is 388,460 kWh. The
energy and investment cost per ton that is required for CDW and combined line treatment
were calculated. The energy consumption of the CDW treatment was 27.6 kWh per ton,
while the energy consumption of the combined line treatment was 12.1 kWh per ton.

The cost of the energy consumption per ton was compared with the results of a study
by Coelho and de Brito [37]. That study illustrates the energy demand and CO2 generation
of municipal waste recycling. The study was designed around recycling 350 tons of waste
per hour over the course of 2400 working hours per year, which is 2.4 times more than the
current study (which has accounted for 1000 working hours per year).

The processing capacity of the aforementioned machines was higher than that which
was found in the current study, resulting in slightly higher energy consumption. The
total energy consumption of the treatment processes at 2400 working hours was about
605,652 kWh, while the energy consumption for the CDW in the current study was about
217,500 kWh at 1000 working hours. This research comparison shows that the provision of
higher capacity equipment results in lower energy consumption per ton.
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4. Conclusions

A state-of-the-art pretreatment process for screening the residuals from CDW and a
combined line treatment for industrial side streams have been developed. These treatment
approaches utilize a series of separation steps with the goal of economically and sustainably
recycling industrial and CDW residues for the production of geopolymers that can be used
as building materials in 3D printing applications. The maximum size of the CDW residues
was 16 mm and the treatment processes were designed to achieve the 2–4 mm size that is
required for 3D printing applications. The results show that crushing the screened residue
results in a homogeneous material size, which simplifies the processing of the material,
and that the separation of the waste streams after crushing is easier. This highlights the fact
that mixed wastes are also easier to classify when they have a smaller size, which is the
case after crushing.

The technological, economic and environmental implications were studied for the
recycling process of the screened residue. It was found that an effective recycling solution
can reduce waste incineration while producing sustainable building materials that are sub-
sequently converted into a source of sustainability and a circular economy. The combined
line that is proposed here was used to evaluate the cost effectiveness of providing one
processing line for different industrial wastes, as some machines can be used for multiple
wastes in each separate line, resulting in reduced equipment and capital costs. The treat-
ment of CDW requires a larger number of processes and area due to the higher value of
mixed materials and, therefore, more energy is needed to treat CDW.

The cost evaluation of the pretreatment techniques has shown that the profitability
of these techniques is highly dependent on the quantity that is processed, the treatment
line and the energy source and level of consumption. The selection of efficient machinery,
the development of combined treatment lines for several industrial wastes and the use of
renewable energy can reduce the treatment cost of industrial waste. The development of
waste treatment machinery is also necessary in the future in order to increase productivity
and reduce product costs so that recycled materials are cost-effective in the market. Propos-
als for future studies, therefore, include conducting a life cycle analysis of waste materials
and their recycling techniques in order to determine the efficiency and environmental
impact of the recycling process for CDW screening residue and industrial side streams.
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