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Featured Application: This work provides fundamental information regarding the technical, en-
vironmental, and economic viability of granite sludge valorisation as a substitute for feldspar in
a ceramic paste and as a substitute for fine-medium inert in structural concrete.

Abstract: The granite sludge (GS) produced during block sawing can be exploited as alternative
raw material in ceramic and concrete industries. Based on the case study of a Portuguese granite
processing plant, this work analysed, by experimental tests and Environmental and Cost Life Cycle
analyses, the feasibility of GS valorisation as a substitute (i) for feldspar in a ceramic paste and
(ii) fine-medium inert filler in structural concrete. The results demonstrated that both the valorisation
pathways are more advantageous than GS landfilling. Due to granulometric, mineralogical composi-
tion and shrinkage, GS can substitute feldspar in sandstone tiles or tableware products, although
its tinting effect can limit noble whitish ceramic applications. In structural concrete mixes, 5% w/w
GS instead of fine inert filler reduces the compressive strength and increases the water:cement ratio.
The GS generates lower environmental impacts as a substitute for inert filler than as a substitute
for feldspar in most of the impact categories analysed, even though the latter valorisation pathway
provides higher benefits in Climate Change and the Depletion of Fossil resources, Water, and Ozone.
If no monetary value is recognised for GS valorisation by the market, the sustainability of GS life
cycle cost decreases when compared to its landfilling.

Keywords: disposal; feldspar; granite block cutting; inert filler; life cycle assessment; life cycle cost

1. Introduction

The prevention of waste production and maintenance of natural resources as long as
possible in the economy are some of the principles promoted by the action plan for the
Circular Economy of the European Green Deal [1].

According to available data [2], the annual granite blocks market ranged from 8 x 10°
to 9 x 10° tons in the period 2015-2022. Wastes produced during granite block processing
result from sawing, shaping, and polishing of granite blocks and represent approximately
38% w/w of the total raw stone [3]. The sawing of granite blocks into slabs generates coarse
fragments (scrap), sawdust, and granite sludge (GS). The GS, which is characterised by an
average moisture of 23% w/w, corresponds on average to 24% w/w of the total weight of
the processed raw block; thus, an additional amount of 2.0 x 10° tons of GS are expected
to be produced worldwide annually. GS is, in most cases, disposed of in landfills. Due to
the very small particle size of its constituents, GS can be responsible for environmental
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contamination (air, soil, and water) and subsequent public health problem if unproperly
managed [4].

The GS Is composed of water, fine, coarse granite wastes, metal parts resulting from the
wear of cutting tools, flocculant, and grease residues. Based on GS mineralogical, chemical,
physical, and mechanical properties, several authors have studied the GS potential for
being valorised in the production of (i) bricks and tiles [5-8], (ii) pigments for the ceramic
industry [7], (iii) fired clay bricks [9,10], or as (iv) substitute for fine sand in concrete
mixtures [11], dry mortars [12], or as cement as pozzolan [13]. Recent findings have
suggested the potential of GS as (v) a substitute for silica flour for oil-well cementing [14].
Among these different valorisation pathways, the use of GS as a substitute for feldspar in
the ceramic industry and fine inert materials in concrete mixtures seemed to be the most
promising ones [4-6,11,15-18].

Over the technical aspects, to guarantee its environmental and economic sustainability,
the choice for a GS valorisation pathway must be integrated with the assessment of envi-
ronmental impacts and cost analysis associated with the option selected. The Life Cycle
Analysis (LCA) [19] and Life Cycle Cost (LCC) [20] are consolidated methodologies able to
support and drive the selection of the most suitable valorisation pathways, quantitatively
measuring the advantages and disadvantages of each scenario studied, according to models
based on scientific consensus [21,22] and on the most recent environmental approach.

The present study has the triple aim of assessing the technical feasibility, the environ-
mental advantages, and life-cycle cost as well as the cost-benefits associated with the strict
valorisation of GS (i) as a substitute for feldspar in ceramic paste or (ii) as a substitute for
fine-medium inert filler in structural concrete mixtures. The novelty of this work lies in the
integration of the traditional laboratory experimental tests with environmental considera-
tions properly harmonised with LCC analysis, providing fundamental information for future
strategic decisions and investments of GS valorisation in a circular economy perspective.

2. Material and Methods

Sections 2.1 and 2.2 describe the material used and the experimental assays performed
to assess the technical suitability of valorising GS. Section 2.3 includes preliminary environ-
mental and economic considerations, namely, the Aim and Scope of the work and the LCA
and LCC Inventories on which the developed models are based.

2.1. Material

30 kg of GS was collected at Rochas Ornamentais De Portugal Lda (R.O.P.) sawing
plant, located in Vila do Conde, Porto, stored in hermetic plastic bags, and refrigerated at
4 °C until use.

For the preparation of the GS-containing concrete sample, the following materials were
used: cement CEM II/A-L- 42,5 R supplied by CIMPOR (Souselas, Portugal); calcareous
filler Carbo 250 supplied by Carbomi (Pregosa, Portugal); fine sand supplied by Guia-
Serendur; medium sand of different origins; coarse inert materials supplied by Granite of
Penafiel; Plasticizer Silkament 419 PT and Superplasticizer ViscoCrete 3017 both supplied
by SIKA; and tap water.

2.2. Experimental Methods

GS sample was submitted to physical-chemical characterisation at the Department of
Materials and Ceramic Engineering of the University of Aveiro (PT). The sample was char-
acterised for (i) moisture content, (ii) particle size distribution, (iii) shrinkage, (iv) colour
coordinates, (v) chemical and mineralogical composition by X-ray diffraction (XRD) and
X-ray fluorescence (XRF), and (vi) Loss on Ignition (LOI).

The moisture content was obtained by heating the sample at 110 °C (AE Adam
Equipment Co, AMB 310, Milton Keynes, UK) until constant weight. The particle size
distribution was determined by laser scattering (Coulter L5230 analyser, Miami, FL, USA).
To estimate melting /fluxing characteristics and colour coordinates, pressed pellets of GS
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with 25 mm diameter were fired at different temperatures, and their shrinkage and colour
coordinates were measured. Shrinkage was measured as a percentage of reduction from the
initial diameter of the pellets after firing, whereas the colour coordinates were measured
in a portable colourimeter (Konica Minolta Chroma Meter CR-400, Tokyo, Japan), using
DC illuminate and 10 standard observers (Y: 94.0, x: 0.3130, y: 0.3191) according to the
Commission Internationale de ’Eclairage (CIE). CIEL*a*b* data are expressed as brightness
L*, changing from 0 (black) to 100 (white), a* (+ red, — green), and b* (+ yellow, — blue) [23].

Crystalline phases present on the granite sludge were analysed via X-ray diffraction
(XRD- Panalytical, Almelo, The Netherlands) with Cu Ko radiation, 10-80° 26, scanned
from 0.02° 26 intervals and 10 s per step, using PANalytical X'Pert HighScore Plus PRO3
software. X-ray fluorescence (XRF, Philips X'Pert Pro MPD, Malvern Panalytical,

Malvern, UK) was performed to evaluate their chemical composition. LOI was deter-
mined at 1000 °C during XRF analysis.

For the assessment of the technical suitability of GS incorporation as a partial sub-
stitute for fine-medium inert materials in structural concrete mixtures, 25 L of concrete
paste was prepared at the central laboratory of BETAO LIZ (CIMPOR Group, Coim-
bra, Portugal). Fine inert materials present in the concrete reference composition (Con-
crete C30/37.54.D22.C10,40) were substituted by 5% w/w GS. The mixing was performed
at a temperature from 22.3 °C to 22.8 °C. Table 1 shows the compositions of both the
new formulation (concrete 5% w/w GS) and the reference structural concrete (concrete
C30/37.54.D22.C10,40). The concrete 5% w/w GS mixture was prepared by predicting an
additional water requirement of about 15 L to keep the slump value close to the reference
concrete mix value; thus, the final volume of the sample has been adjusted, reducing the
amount of medium sand by 40 kg/ m3.

Table 1. Concrete formulations incorporating 5% w/w GS (Concrete 5% w/w GS) and reference
concrete (C30/37.54.D22.Cl0,40).

Components Concrete Reference Concrete
5% wiw GS C30/37.54.D22.C10,40
kg/m3
Cement 270 270
Binding agent 320 320
Calcareous filler 50 50
GS 100 0
Fine sand 220 320
Medium sand 560 600
Coarse inert materials 960 960
Tap water 180 165
Plasticizer 2.88 2.88
Superplasticizer 1.6 1.6
Water:Cement ratio 0.56 0.52

Concrete monoliths were prepared and characterised for (i) apparent density, (ii) slump
test according to NP EN 12350 [24], (iii) compressive strength test after 24 h, 2 days, 7 days,
and 28 days of curing in a Universal Testing Machine (UTM). Compressive strength was
performed according to the Portuguese Standard NP-1383 and the National Laboratory
of Civil Engineering (LNEC), Specification number E-226. The characteristic values were
obtained from the Portuguese regulation RBLH [25].

2.3. Environmental and Economic Cost Considerations

Based on the operational data of the R.O.P. full-scale sawing plant, the present LCA fol-
lows ISO 14040 [26] and 14044 [27] standards. LCA aims to provide a set of information for
future decisions on the most adequate GS valorisation pathways concerning environmental
burdens. Aiming to integrate the LCA environmental results with costs considerations, an
LCC Analysis [20] and cost-benefit analysis were developed along with LCA, harmonising
their goals and scope as well as the LCL
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2.3.1. Environmental and Cost Goal and Scope

The Goal and Scope of these LCA and LCC studies are to compare the environmen-
tal burdens and economic costs generated by the “business-as-usual” scenario (landfill
disposal) (Scenario 1) with the valorisation of GS as a substitute for (i) feldspar in the
production of ceramic paste (Scenario 2) and (ii) fine-medium inert material for structural
concrete production (Scenario 3).

Figure la—c shows the flowsheet of the scenarios studied and the corresponding
systems’ boundaries [28].

In this study, a “cradle-to-grave” approach is adopted for Scenario 1 (Figure 1a). In
Scenarios 2 and 3 (Figure 1b,c), the final sludge disposal was substituted by GS valorisation
as a by-product, applying the methodology of system expansion proposed by Clift et al. [29].
This methodology consists of the identification of the by-product obtained that can replace
potentially less sustainable products already available in the market. This approach is
known as the “avoided-burden method”. The model is elaborated considering the local
reality of the sawing plant taken as a case study, in which the GS can be valorised in
industrial units operating in the vicinity of the sawing plant. To assess how much the
transport of the GS may affect the environmental performance of the studied system and
the associated additional costs, a sensitivity analysis was performed considering that
hypothetical industrial units able to re-process GS were located at 20 km (same distances to
the landfill) and 50 km away from the sawing plant.

Regarding the economic cost, the same approach of the system expansion was followed
considering the saved money due to the avoided GS landfilling as well as the avoided
revenue coming from feldspar and inert filler production for the producer of these raw
materials. No additional economic revenues were prudently considered for GS “selling” as
a by-product in Scenarios 2 and 3 since, to the authors’ knowledge, a consolidated market
for GS as a secondary raw material doesn’t exist.

All the input and output data used in the three scenarios were referred to the same
functional unit—1 m? of granite slab produced.

The reference scenario (Scenario 1) is based on the operational data of the R.O.P.
Portuguese plant was taken as reference, which currently operates 312 days per year, 16 h
per day, with an average daily granite slab production of 50 m? and one specialised worker
for equipment operation [30].

The openLCA software v.1.10 [31] and the Ecoinvent database v.3.5 [22] have been used
to model the three scenarios (Figure 1). The ReCiPe2016 Midpoint (H) v1.13 method was
adopted [32]. All the impact categories were calculated at the “Midpoint” level, referred to
as the corresponding equivalent of reference substances, and the “Hierarchist” perspective
was adopted, which is based on the most common policy principles concerning the time
frame and human expectations [21].

LCC intends to assess the costs of a product over its entire life cycle [33], calculating the
final “Added Value”. The final Added Value represents the sum of the value added of each
activity, i.e., the difference between the cost of the output and the cost of the intermediate
inputs [34,35], representing the value that the process is creating regardless of whether the
actor is paying for them [34].

Finally, to understand the cost advantages associated with the perspective of the
granite slab manufacturer, a cost-benefit analysis was performed, calculating the net value
obtained by subtracting the total costs from revenues and calculating the contributions to
the total cost of the different sub-processes of the sawing activity.
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Figure 1. Model diagrams of the granite block sawing process considering (a) GS landfill disposal
(Scenario 1), (b) GS valorisation as a substitute for feldspar in the ceramic industry (Scenario 2), and
(c) GS valorisation as a substitute for inert filler in concrete production (Scenario 3). The blue dashed
line represents the system boundaries.
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2.3.2. Life Cycle Inventories (LClIs) for LCA and LCC

The data used for the elaboration of the LCIs were measured, collected, and esti-
mated based on the operational data of the R.O.P. sawing plant [30] or retrieved from the
Ecoinvent database v.3.5 [26], technical reports [36-39], and recently published scientific
studies [3,5,6,13,16,40—-44].

The assumption and the conditions applied for the development of LCI and LCC are
reported in Table S1.

Tables 52-54 summarise the inventory data and the quantification of all the direct,
indirect, and avoided environmental burdens, along with the cost and revenues for Scenario
1 (GS landfilling), Scenario 2 (GS as a substitute for feldspar), and Scenario 3 (GS as a
substitute for inert filler), respectively.

3. Results
3.1. Technical Assessment on the Suitability of GS Incorporation in Ceramic Paste

The GS sample studied is characterised by an unusually low moisture content of 23.5%
w/w for filter-pressed sludge since common values range from 35-45% [45]. According
to [6] and to the authors” experience, this moisture content is acceptable for direct incorpo-
ration of GS in ceramic pastes without any additional drying step before processing since
the production of ceramic paste starts from an aqueous suspension.

GS particles are smaller than 60 pm, with a mean particle size of 9 um, demonstrating
its fineness (Figure S1). This granulometric size is highly desirable for ceramic formulation
since it enhances the reactivity of the material upon firing, acting as a fluxing component.
Moreover, the fineness of GS allows to save pre-milling or sieving operations commonly
associated with natural feldspars processing and thus avoids additional operational costs.

Table 2 reports the results of the diametral shrinkage upon firing of the GS sample
calculated at 1100 °C, 1150 °C, and 1200 °C.

Table 2. Shrinkage of GS samples from 1000 °C to 1200 °C.

Temperature Diameter before Firing Diameter after Firing Shrinkage
°C mm %
1100 22.96 8.18
1150 25 2241 10.4
1200 22.59 9.65

These results show that the GS sample suffered the highest shrinkage at 1150 °C
(10.4%). At 1200 °C, the melting is excessive, and sample expansion is observed, causing
the decrease of shrinkage value from 10.4% to 9.65% (Table 2). GS behaviour resembles that
of natural feldspars in the same interval of temperature since feldspar is known to increase
the fluxing action and particle reactivity, promoting their approach and consequent sample
sintering [46].

Figure 2a—e shows the colour change undertaken by GS samples upon firing, whereas
Table 3 reports the colour coordinates at 1100 °C, 1150 °C, and 1200 °C.

Table 3. Average colour coordinates (L*a*b*) of GS pellets fired at temperatures from 1100 °C to 1200 °C.

Temperature L* a* b*
°C
1100 50.67 10.87 12.33
1150 38.81 6.56 5.83

1200 40.22 4.92 8.58
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Figure 2. GS after drying (a) and after firing at 1000 °C (b), 1100 °C (c), 1150 °C (d), and 1200 °C (e).

The GS sample, after drying and firing at 1000 °C, acquired a reddish colour (Figure 2b)
mainly due to the presence of iron in the wearing scraps of sawing tools [3], which ended up
in GS during the sawing process. The presence of iron in the GS composition is confirmed
by the XRF analysis lately discussed. Increasing firing temperature from 1100 °C to 1200 °C
(Figure 2c—e), darker hues are noticed, which are expected from the reduction of iron
ions from dominant Fe3* to Fe?* species. This effect is strongly observed from 1100 °C to
1150 °C; then, it tends to stabilise.

At 1100 °C, the sample shows a bright yellowish hue, as revealed by the relatively
high L* and by the positive a* and b* coordinates (corresponding to reddish and yellowish
hues). With temperature rise, darker and brownish/greyish hues tend to appear.

The observed tinting effect, registered with the temperature increase, penalises the use
of GS in noble whitish ceramic products and limits its incorporation in selected formulations.
Nevertheless, sandstone tiles or tableware products can be produced from reddish pastes,
even though the products obtained from white pastes are commonly more appreciated
by consumers. To avoid this aesthetical drawback, the GS can also be purified from the
iron oxides by magnetic or ferromagnetic separation [47], with unavoidable additional
processing costs. A formulation containing 50% GS and 5% feldspar generated about
60 MPa flexural strength when fired at 1210 °C for 90 min (a common industrial firing
cycle). In comparison, the common ceramic formulation gives 47.5 MPa. The corresponding
water absorptions were 0.1 and 1.3%, respectively [6,48]. Thus, apart from some colour
changes on the fired samples, feldspar replacement up to 50 wt% seems feasible to produce
tiles with mechanical properties similar to reference tiles (without GS). Based on these
past works of the authors, LCA defined in the current work applies to ceramic materials
according to the boundaries referred to above.

Figure 3 shows the results of the XRD of the dried GS. Identified crystalline phases were
quartz (01-085-0796), sodium feldspars—NaAlSizOg (01-075-1142) and Nag.Alg.45135.40096
(01-083-6943), potassium feldspar—KalSizOg (01-084-0709), and nepheline—NayAl4(SiO4)s4.
Micaceous minerals eventually present show low crystallinity and are not easily detected
when strong crystalline phases, such as quartz and feldspars, coexist.

The XRF analysis reported in Table 4 confirms that Si and Al are the dominant elements,
with relative percentages of 70.03% and 15.62% (expressed as oxides % w/w), respectively.
These results agree with expected values for a waste granite rock, whose major constituents
are quartz (S5iO,), feldspar (X;0.Al,03.65i0;,, X = Na, K, Li), and micaceous minerals
(alumina-silicates) [49]. The high content of potassium (KO 5.94%) shows that K-feldspar
is one of the dominant minerals after quartz.
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Figure 3. XRD of dried GS.

Table 4. XRF analysis and Loss of Ignition (LOI) of GS sample.

Parameter Value
%
F 0.22
Na20 3.25
MgO 0.43
AL, O3 15.62
SiO; 70.03
P,05 0.53
SOs3 0.11
Cl 0.01
KO 5.94
CaO 0.62
TiO, 0.24
Crz 03 0.01
MnO 0.02
Fez 03 1.63
CuO 0.01
ZnO 0.012
Gay03 0.004
Rb,O 0.048
SrO 0.007
ZrO, 0.014
Nb,Os 0.003
BaO 0.017
PbO 0.005
LOI 1.220

The low value observed for LOI (1.22%) (Table 4) suggests that a limited amount of
thermal decomposable components, such as carbonates or organic matter, are present in
the GS sample and that the GS precursor is a magmatic rock not significantly degraded by
secondary hypogeum fluid circulation or exposition to meteoric agents [50].

3.2. Technical Assessment on the Suitability of GS Incorporation in Structural Concrete

Table 5 reports the results of apparent density, compressive strength, a slump of the
concrete sample containing 5% w/w GS (Concrete 5% GS), and the reference structural
concrete (C30/37.54.D22.CI10,40).

The addition of 5% w/w GS caused the decrease of the apparent density from 2408 kg/m?
to 2383 kg/m?3. This decrease is due to the higher water requirement for the new concrete
mixture, which passes from 166 kg/m? (C30/37.54.D22.CI0,40) to 180 kg/m? (Concrete 5%
GS). The higher water amount increases the theoretical W:C ratio from 0.52 to 0.56 and, as a
direct consequence, reduces the compressive strength of Concrete 5% GS by a percentage of
10% when compared to C30/37.54.D22.CI0,40. The compressive strength values decreased
from 45 Mpa (C30/37.54.D22.CI0,40) to 40.1 Mpa at 28 days of curing time in the concrete 5%
GS sample.
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Table 5. Comparison of Water: Cement ratio (W:C), apparent density, compressive strength,
compressive strength decrease, and slump of concrete 5% GS with standard structural Concrete
C30/37.54.D22.CI0,40.

Compressive Strength

Sample W:C Density Compressive Strength Decrease Slump Reference
24h 7d 28d 28d
- kg/m3 mPa % mm
Concrete 5% GS 0.56 2383 13.8 35.8 40.8 —10% 180 This work
Concrete
C30/37.54.D22.CI10,40 0.52 2408 13.7 39.1 45.1 Reference 190 Standard

Similarly, the spread of Concrete 5% GS increased, with a slump value changing from
190 mm (Concrete C30/37.54.D22.CI0,40) to 210 mm (Concrete 5% GS) (Table 5). Anyway,
to guarantee the same technical performance as the reference composition, the reduction
of the compressive strength of the Concrete 5% GS can be compensated by increasing the
percentage of cement or using additives in the mixture, which inevitably causes additional
environmental and economic costs.

It must be noticed that, before its use in concrete mixes, GS must be dried since this
by-product is characterised by a residual moisture content of 23.5% w/w and can’t be
mixed wet in the common industrial mixing process. This implies the introduction of an
additional drying step before GS incorporation in the concrete mixture, thus increasing the
environmental and economic costs.

3.3. Life Cycle Impact Analysis

Table 6 shows that Scenario 1 provides the worst environmental performance in almost
all the impact categories, except for Natural land transformation and Ionizing radiation.
This means that both the valorisation of GS as a substitute for feldspar (Scenario 2) and
as a substitute for fine-medium inert filler in concrete mixtures (Scenario 3) bring higher
environmental advantages when compared with the current practice of GS disposal in
landfills (Scenario 1).

Table 6. Environmental impacts calculated according to the ReCiPe Midpoint (H) method for Scenario
1 (GS disposal in landfills), Scenario 2 (GS valorised as a substitute for feldspar in ceramic materials),
Scenario 3 (GS valorised as a substitute for fine-medium inert filler in concrete mix). Yellow cells
indicate the highest values, and light green are the lowest values obtained for each impact category,
respectively. All values are referred to the functional unit 1 m? granite slab.
Name Unit Scenario 1 Scenario 2 Scenario 3
Human toxicity kg 1.4 DCB eq 6.98 5.64 x107! 1.93 x 107!
Particulate matter formation kg PM10 eq 1.24 1.24 1.24
Climate change kg CO,— eq 8.05 x 101 —1.01 —5.20 x 107!
Fossil depletion kg oil eq 3.74 x 1071 —448x 107! —2.05x 107!
Freshwater ecotoxicity kg 1.4 DCB eq 2.63 x 10°! 1.39 x10~! 1.16 x 10~
Marine ecotoxicity kg 1.4 DCB eq 241 x 107! 1.23 x107! 1.01 x 107!
Metal depletion kg Fe eq 2.06 x 1071 1.11 x107! 7.91 x 1072
Urban land occupation m?a 1.28 x 10! —2.63 x1072 —3.85 x 1072
Ionizing radiation kg U235 eq 5.13 x1072 7.32 x 1072 —4.21 x 1072
Agricultural land occupation m?a 7.66 x 1073 —7.40 x 1074 —1.70 x1075
Fhotochemical oxidant kg NMVOC 512 x 1073 307 x10°3 483 %107
ormation
Terrestrial acidification kg SO, eq 5.06 x 103 —1.02 x1073 —3.65x 1073
Water depletion m? 248 x 1073 —1.03x 1073 —2.70 x 104
Marine eutrophication kg N eq 1.64 x 1073 —8.30 x1074 —1.53 x 1073
Freshwater eutrophication kgPeq 5.30 x 10~* 3.20 x107* 313 x10°°
Terrestrial ecotoxicity kg 1.4 DCB eq 3.40 x 10~* 6.64 x107° —4.72 x 1075
Ozone depletion kg CFC-11 eq 1.54 x 1077 —1.53x 1077 —9.96 x 1078

Natural land transformation

m? —1.49 x 1073 123 x 10°° —1.10 x 1074
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In Scenario 2, Climate Change, Fossil Depletion, Ozone Depletion, Water Depletion,
and Agricultural Land Occupation categories showed the lowest environmental burdens
when compared to Scenarios 1 and 3.

In Scenario 3, the best environmental performance was observed in the impact categories
of Human and Ecosystem Toxicities, Marine and Freshwater Eutrophication, Terrestrial Acidi-
fication, Metal Depletion, Photochemical Oxidant Formation, Ionizing Radiation, Particulate
Matter Formation, and Urban Land Occupation, when compared to Scenarios 1 and 2.

Comparing Scenarios 2 and 3, it is observed that Scenario 3 allows a further re-
duction of the values of impact in 13 categories out of 18 analysed when compared to
Scenario 2. The reduction percentages vary from 28% (Metal Depletion) to 993% (Natural
Land Transformation).

The results of the environmental impacts obtained in Scenario 1 for the present case
study are in good agreement with those reported in the literature for the diamond multi-
wire/circular saw (DMWS) [18], where the impact values in the categories Climate change,
Ozone depletion, Water depletion, Particulate matter formation, Photochemical oxidant
formation, Freshwater, and Terrestrial eutrophication are almost in the same order of
magnitude of those obtained in this work, even if different methodologies of calculation
were used (Recipe 2016 in this work vs. ILCD in the bibliographic reference [18]). The
small difference observed between the present work and similar works [13] for the water
depletion, from values of 2.48 kg/m? granite slab, obtained in the present work, to an
average value of 11.1 kg/m? reported in the literature [3,18], demonstrates higher efficiency
of the sawing equipment considered in this work towards the natural water depletion
category. It must be noticed that the Natural land transformation category is favoured by
GS disposal into landfills since the avoided extraction of inert filler, as well as of feldspar,
are responsible for greater changes on natural land.

Among the 18 environmental indicators analysed, applying the weighting function,
which allows ranking the impact categories according to the damage they can trigger in
human health, ecosystems, and resource depletion, those that contribute the most are
particulate matter formation, human toxicity, fossil depletion, climate change, and natural
land transformation (Figure 4a—e).

The category of fine particulate matter formation is affected by a percentage of 99.77%
in Scenario 1 by stone sawdust formation during granite cutting, which produces ap-
proximately 1.3 kg of fine particulates per m? of granite slab. Small and insignificant
environmental credits (<0.5%) are provided by the avoided feldspar or inert filler pro-
duction considered in Scenarios 2 and 3 in this impact category. The formation of fine
particulate matter, besides an environmental issue, must be addressed as a health and
safety risk for workers, who are recommended to wear FFP2-3 masks, as well as guarantee
the regular cleaning operation of the workspaces and perform regular medical surveillance
for respiratory disease control (Figure 4a).

Regarding human toxicity, Scenario 3 is the one that provided the lowest environ-
mental burden due to the credits generated by the avoided generic market for inert filler
and by avoided inert filler transport. These credits account for —209% of the total value
of human toxicity since —142% are due to transport and the remaining— —67% to sand
extraction and processing. They allow a reduction of human toxicity by a percentage of
93% when compared to Scenario 1. The worst environmental performance of Scenario 1
is due to a percentage of 7.9% to electric energy consumption (PT mix), whereas 90.8% is
associated with the treatment of GS to sanitary landfill (Figure 4b). No significant credits
are obtained by the avoided feldspar production considered in Scenario 2 in the Human
toxicity impact category.
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Figure 4. Contribution to (a) Particulate matter formation, (b) Human toxicity, (c) Fossil depletion,
(d) Natural land transformation, and (e) Climate change according to ReCiPe2016 (Cut-off 0.1%).

Regarding the impact category of fossil depletion, both Scenarios 2 and 3 benefit
from the environmental credits brought by the avoided market of feldspar and inert
filler, by percentages of 124% and 169%, respectively. These credits compensate for the
environmental impacts associated with the granite-cutting operations, providing final
negative values. This means that in the impact category of Fossil depletion, the valorisation
of GS is advantageous for the environment regardless of the valorisation scenarios adopted.
Scenario 2 (avoided feldspar) is more advantageous than Scenario 3 (avoided inert filler)
as it allowed saving 0.56 kg oil equivalent compared to 0.35 kg oil equivalent per 1 m?
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granite slab. It must be noticed that the additional drying step introduced to allow the GS
incorporation in concrete mix contributes by a percentage of 16.5% to the final value of the
Fossil depletion category, reducing the potential environmental credits provided by the
avoided fine inert extraction, processing, and transportation (Figure 4c).

Regarding the Natural land transformation, contrary to the other categories of impact,
Scenario 1 shows the best environmental performance since it takes advantage of negative
environmental credits associated with processing specific burdens of a sanitary landfill,
which allows saving the transformation of 1.49 x10~3 m? of natural land per 1 m? granite
slab (Figure 4d). This value overcomes the environmental credits provided by the avoided
transformation of natural land into quarries for feldspar and sand extraction, which ac-
count for 1.23 x10~°> m? and—1.10 x10~* m? per 1 m? granite slab in Scenario 2 and 3,
respectively. For the preservation of natural land, waste landfilling is more beneficial for the
environment due to the highest area of natural land required for the quarrying operations
of fine sand and feldspar than for landfilling the GS.

Finally, the Climate change impact category shows a process contribution similar to
that observed for the Fossil depletion category, providing negative values in Scenarios 2 and
3, thus allowing favourable conditions for climate protection. The valorisation pathways
considered in Scenarios 2 and 3 can overcome the climate change-associated impacts due
to the processing of granite blocks into slabs, saving 1.36 and 0.94 kg CO, equivalent in
Scenarios 2 and 3, respectively. These savings correspond to a decrease of 182% and 134%
of the amount of CO; equivalent emitted, respectively, when compared to Scenario 1. The
electric energy consumption (PT mix) used in the process operation accounts for 34.1%,
27.2%, and 52.8% of the total value of the climate change category in Scenarios 1, 2, and 3,
respectively. Indirect impacts associated with steel production to replace wear of blades,
lubricating oil, stucco, and polyacrylamide account on average by percentages of 6.9%, 0.8%,
1.9%, and 0.28%, respectively, being considered as minor contributors. The same situation
is observed in the remaining categories of impact analysed for these minor processes.

3.4. Life-Cycle Cost Analysis and Cost-Benefit Assessment

Table 7 shows that, along the life cycle of the studied system, the avoided production
of feldspar (Scenario 2) or inert filler (Scenario 3) reduced the added value by percentages
of 5% and 0.9%, respectively, since no additional revenue is attributed to GS as subproduct,
and the system expansion approach was adopted (Table 7). To the authors” knowledge, no
consolidated trade for GS as a byproduct of granite is currently present in the market; thus,
GS was considered as a by-product with no monetary value.

Table 7. Life-Cycle Added Value of Scenarios 1-3 calculated according to ReCiPe2016(H).

Monetary Value Scenario 1 Scenario 2 Scenario 3
€/m?
Added Value GS (no monetary value) 15.15 14.39 15.01

GS (sold to half of the price of natural raw material

as reported in - 15.22 15.11
Ecoinvent 3.5 database)

If we assume to sell GS at least at half of the price at which feldspar and inert filler as
sold according to Ecoinvent 3.5 database (0.034 €/kg feldspar and 0.01 €/kg for inert filler),
Scenario 2 and 3 become similar to Scenario 1, with a slight advantage for Scenario 2 by a
percentage of 0.5% when compared to Scenario 1. This means that to guarantee the cost
sustainability of the system studied, according to LCC principles, an economic value must
be recognised to GS by the market; otherwise, the added value, and, thus, cost sustainability
decreases both in Scenarios 2 and 3.

Table 8 reports the cost-benefit analysis of the three scenarios and the contribution
expressed in relative percentage to the final cost value from the perspective of granite slab
producer (R.O.P).
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Table 8. Life-Cycle Costs and process cost contribution in Scenarios 1-3.

Unit Scenario 1 Scenario 2 Scenario 3
Total costs €/m? 8.41 8.14 8.26
Disposal in landfill 2.00 0 0
Electric Energy 10.93 11.24 11.08
Heat 0 0 1.43
Lubricating Oil 0.11 0.11 0.11
Polyacrylamide % 0.01 0.01 0.01
Raw Material 85.98 88.43 87.17
Steel 0.01 0.01 0.01
Stucco 0.2 0.21 0.20
Transport to Landfill 0.77 0 0

Due to the avoided costs associated with transportation and landfilling of GS present in
Scenario 1 and to the absence of an additional drying step required for Scenario 3, Scenario
2 presents the lowest associated costs; thus, it is the most advantageous one for the granite
slab manufacturer’s perspective. The acquisition of raw materials represents the main cost
contribution, followed by electric energy. The cost associated with heat consumption for
drying GS before processing in Scenario 3 accounts for 1.43% of the final cost.

3.5. Sensitivity Analysis

Table S5 shows that valorisation of either Scenarios 2 and 3, which both consider
transport distances of 20 km and 50 km, are environmentally more advantageous than
direct landfill. As expected, the environmental impacts in the 18 categories of impact
increase proportionally with the increase of the transport distance by percentages from
1% and 3% (20 km) to 4% and 10% (50 km) in Scenarios 2 and 3, respectively. Figure 5a—d
shows the details of the results obtained for four of the most relevant categories of impact.

8.00
1.244

7.00
S 1242 T 600
S @
= 1240 g >0
2 % 400
c 128 2 300
B z
g 123 2 200
s & 100
s 123 S 000
H g8 £ £]8 £ & 5 s |g g £]§ £ ¢
2 =) ° g = = z g
2 sl s S 21§ T 2 gl 2 =2 2| % = 3
5 5 £ £ b £ £ = g £ £ g € £
E e & &= § ¢ s 2 8|38 & &z
£ e e 2 2 < 2 2 < a 2
& £ £ £ £ g £ g g
[Scenario| Scenario 2 Scenario 3 cenario Scenario 2 Scenario 3
1 1
(@) (b)
1.00 1.20
080 0.80
0.60
T o0 g o040
3 I9)
® 020 g 00
5 000 & -0.40
g 020 H
0.80
2 -040 e
= g
g -0.60 £ -120
8 sl £ gls £ ¢ E §1§ £ £El|& £ &
2 & o o 2 o o 2 & 2 2 2 2 2
k] 5 < o 5 < o 3 5 e P & P ph
s g s | 5 g g o g g ° g g
c @ @ c @ @ c a a < o a
2 2 2 2 2 2 2z 2
g g g g £ g g g
[Scenari Scenario 2 Scenario 3 Scenario| Scenario 2 Scenario 3
1
(c) (d)

Figure 5. Sensitivity analysis of the environmental impacts in (a) Particulate matter formation,
(b) Human toxicity, (c) Fossil depletion, and (d) Climate change categories of impact (ReCiPe2016
Midpoint (H)) for Scenario 1 (GS disposal in landfills), Scenario 2 (GS valorised as a substitute for
feldspar in ceramic materials), Scenario 3 (GS valorised as a substitute for fine—-medium inert filler in
concrete mix) considering transport at 20 km and 50 km distance from the sawing plant. All values
are referred to the functional unit 1 m? granite slab. (Cut-off 0.1%).
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Regarding the economic cost, the sensitivity analysis showed that the transport of GS
may be responsible for an increase in the total cost from 1.96% and 1.84% (20 km) to 3.81%
and 3.56% (50 km) in Scenarios 2 and 3, respectively. Transport distances longer than 40 km
generate costs higher than the GS disposal in the landfill for both Scenarios 2 and 3 (Figure 6).

8.60
8.50
8.40
8.30

8.20

Total cost (€/m?)

8.10
8.00

7.90

Scenariol Scenario 2 Scenario 3

B Landfill no transport Transport 20 km Transport 50 km

Figure 6. Sensitivity analysis of the production cost considering 0 km, 20 km, and 50 km transport
for GS in Scenarios 2 and Scenario 3.

3.6. Discussion of the Results

The results of this work suggest that theoretically, both the valorisation pathways of
substitution of feldspar in the ceramic paste and inert filler in the structural concrete mix
are technically feasible and environmentally more advantageous than GS landfill.

In particular, GS can be considered a complete or nearly complete substitute for
feldspar since it is a source of alkaline oxides that can favour the formation of a glassy
phase reacting with silica and alumina and acting as a fluxing component, increasing
ceramic sinterability [13]. Moreover, according to the literature, the use of GS as a substitute
for feldspar in ceramic paste, over the technical beneficial characteristics observed in the
previous Section 3.1, is expected to guarantee almost the same bending strength [6], as
well as higher flexible strength [5] than equivalent ceramic paste in the absence of GS.
Pure GS pellets were fired at different temperatures. Their flexural strength ranged from
33.3 MPa (1100 °C) to 53.7 MPa (1150 °C), providing values close to values reported in
the literature for the GS-based ceramic formulation [6]. Moreover, increasing the firing
temperature from 1100 °C to 1150 °C caused a slight increase in the apparent density (from
2.26 g/cm?® to 2.31 g/cm?), while the water absorption decreased from 4.32% to 0.29%,
confirming the strong fluxing power of GS above 1100 °C, as commonly observed for
natural Na/K feldspars [51,52]. At 1200 °C, the pellets fully melted. The reddish colour
acquired during firing can be considered a limit in the case of noble whitish application,
but in some cases, an advantage when coloured formulations are required because it allows
saving or avoiding pigment additives.

Regarding GS as a substitute for fine sand, it must be noticed that the literature data
point out that the replacement of natural sand with dried GS up to 15% w/w is favourable
for making concrete without adversely affecting its strength and durability [51]. Moreover,
Ghannam et al. [17] and Singh et al. [52] suggested that 25-40% of river sand could be
substituted by the GS with a favourable influence on the mechanical properties of concrete,
whereas the review of previous works showed that granite dust concrete exhibits enhanced
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dense and compact concrete matrix at optimum percentage replacement levels [53]. This
evidence is in contrast with the results obtained in the present work and with the direct
experience of the author, who observed a quality decrease substituting 5% w/w of fine
natural sand with GS. Theoretically, the substitution of fine inert with GS, as in the case of
the present work, guarantees almost the same classes of resistance (C30/37) and consistency
(S4) of the structural concrete composition used as a reference, even if with a final reduced
quality (loss 10% compressive strength), over the increase of W:C ratio, which inevitably
reduces the class of exposure of the concrete [53]. In practice, given the reality of the current
concrete business, with special regard to Portugal, where the economic margins are very
limited, according to the authors’ experience, firms will hardly choose to replace a good
quality natural fine inert in structural cement mixes with GS, which significantly reduces
the final technical characteristics and needs to be dried before use. Based on these results,
GS can be considered more suitable as a substitute for fine inert in mortars, which have less
stringent quality standards than structural commercial concrete.

Table 9 reports the synthesis of the advantages and disadvantages associated with the
scenarios analysed.
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Table 9. Advantages, disadvantages, and possible solutions of the disadvantages for Scenarios 1-3.

Scenarios

Advantages

Disadvantages

Possible Solution

Scenario 1
GS disposal in landfills

None to be reported

Contradict the principle of zero waste of the Green Deal
Additional direct costs associated with transport and
disposal in landfills

Highest environmental loads in almost all the
environmental impact categories, except for natural land
transformation and ionising radiation

Lower associated cost-benefit than Scenario 2 and 3
(manufacturer’s perspective)

Valorisation of GS based on a circular perspective

Scenario 2
GS as a substitute for feldspar

Optimal physicochemical properties

Resemble feldspar fluxing behaviour

Do not need any additional drying before processing

Do not need any additional milling as for natural feldspar
Lower environmental impacts than GS disposal to landfill
in almost all the categories of impact

Allows to save 0.42 kg CO, eq and 0.21 kg oil eq per 1 m?
granite slab when compared to GS substitution

in concrete mix

Higher associated cost-benefit than Scenario 1 and 3
(manufacturer’s perspective)

The presence of iron residues causes reddish tinting of the
ceramic paste, limiting its use in nobler or light-coloured
applications

Additional costs must be accounted for due to the removal
of iron contaminants from GS

Lower Life Cycle Added Value than in Scenarios 1 and 3 if
no commercial monetary value is recognized to GS by the
market

Removal of iron contaminants from GS is possible by
magnetic or ferromagnetic separations

Scenario 3
GS as a substitute for fine inert in concrete mixes (5% w/w)

Suitable to be used in concrete mixtures with lower
structural requirements

The most favourable environmental scenario, it provides
the lowest impacts in almost all the impact categories
analysed when compared to Scenarios 1 and 2.

A 10% decrease in compressive strength when compared
to structural concrete mix used as a reference

Increased slump value when compared to structural
concrete used as a reference

Not recommended for structural applications as
foundations and pillars.

Additional drying step required before GS processing,
with additional unavoidable associated costs

Mechanical properties can be improved with the addition
of cement or additives with associated additional costs
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4. Conclusions

This work demonstrated that the valorisation of GS is highly recommended since
both valorisation Scenarios 2 and 3 showed clear technical, environmental, and cost-benefit
advantages when compared to current disposal in a landfill. Nevertheless, both valorisation
Scenarios 2 and 3 present drawbacks that can be overcome only by introducing additional
processes and, therefore, additional costs.

Considering GS valorisation as a substitute for inert filler and its associated drawbacks,
it can be concluded that even a symbolic percentage of GS incorporation in concrete mixes
cuts off the application in structural concrete suitable for pillars or foundations since GS
can’t compete with fine natural inert currently used in terms of final quality achievable.
Mortars can be a suitable alternative for the valorisation of GS. From the environmental
side, using GS as a substitute for inert filler is more advantageous than as a substitute for
feldspar for the case study taken as a reference.

Considering GS valorisation as a substitute for feldspar in a ceramic paste and being
aware that the tinting effect can limit noble whitish ceramic applications, this valorisation
pathway allows a complete or close to complete substitution of the natural competitor.
Environmental benefits are observed in the Climate Change and Fossil Depletion cate-
gories of impact for this scenario as well as evident cost-benefits from the manufacturer’s
perspective when compared to disposal to landfill.

Considering LCC, which is a robust methodology to integrate LCA and allows to assess
the real cost sustainability of a system/product along its life cycle regardless of whether
the actor is paying for them, the avoided production of feldspar and inert filler decreases
the final added value of the system if GS cannot be sold with an associated monetary
value. From the point of view of the cost-benefit analysis, the use of GS as a substitute for
feldspar is the most advantageous scenario from the manufacturer’s perspective up to a GS
transport distance not higher than approximately 40 km from the sawing plant.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/app13074513/s1, Figure S1. Differential particle size distribution of
GS sample, Table S1: Life Cycle Inventory assumptions for granite block sawing, Table S2. Inventories
for LCA and LCC of GS disposal in a landfill (Scenario 1). All values are referred to a 1 m? granite
slab (Functional Unit), Table S3. Inventories for LCA and LCC of GS valorisation as a substitute
for feldspar (Scenario 2). All values are referred to a 1 m? granite slab (Functional Unit), Table S4.
Inventories for LCA and LCC of GS valorisation as a substitute for fine inert filler in the production of
concrete mixtures (Scenario 3). All values are referred to a 1 m? granite slab (Functional Unit). Table
S5: Sensitivity analysis of the environmental impacts calculated according to the ReCiPe Midpoint
(H) method for Scenario 1, Scenario 2, and Scenario 3 considering different transport distances. Light
red and dark green cells indicate the highest and the lowest values of impact, medium and light
green intermediate values. All values are referred to the functional unit 1 m2 granite slab. (Cut-off
0.1%) [3,14,22,30,35,37-40].
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