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Abstract

This study evaluates the eco-efficiency of mortars
incorporating three types of limestone fillers (LF): quarry
limestone dust (QLD), commercial limestone filler (CLF),
and laboratory-ground limestone powder (GLP).
Sustainability metrics considered include embodied
energy (EE), embodied carbon (EC), material cost, which
were normalized to compressive strength and rheological
performance, as well as particulate matter emissions (TSP,
PMio, PM2s). Results show that GLP, owing to its high
purity confirmed by FTIR and XRD, achieves the best eco-
efficiency, with lower EE, EC, and cost per MPa compared
to QLD and CLF. QLD substitution up to 20% in crushed
sand (CS) mixtures progressively reduced particulate
emissions, reflecting its by-product status with no
additional processing. While PMas reductions were
modest, notable decreases in PM1o and TSP highlight the
mitigation of coarse dust emissions from CS processing.
Even with the added cost of Sp, incorporating up to 15
wt% QLD while maintaining constant slump remains a
balanced strategy. The eco-indices further confirm that
optimal performance is obtained around 10-15% QLD
substitution, where both environmental and mechanical
efficiencies converge. Overall, the findings underscore
that filler selection and treatment should be guided by
both technical performance and environmental outcomes,
aligning material efficiency with improved air quality
indicators.

Key words: Eco-efficiency, limestone fillers, embodied
energy, embodied carbon, cost analysis, particulate
emissions, crushed sand.

1. Introduction

Concrete is the world’s most used man-made material,
with global consumption of about 14 billion m?® in 2020
(Dias et al. 2024). Its widespread use in construction
makes it indispensable, yet the sector is a major source of
CO:2 emissions across the building life cycle (Siddiqui et al.
2025). Cement production, in particular, contributes 7-8%
of global emissions, driven by high energy demand and
raw material consumption, raising concerns over its long-
term sustainability (Massoumi Nejad et al. 2025; Yunusa-
Kaltungo et al. 2025).

Recent studies highlight increasing focus on
environmental impact, energy demand, waste
management, and human health (Hamzah et al. 2024;
Ibraheem et al. 2024; Rivera et al. 2025; Tiep et al. 2024).
Moreover, global cement consumption reached 4.4 billion
tons in 2024 and is expected to approach 6 billion tons by
2030 (Mi et al. 2025). Producing one ton of cement
consumes large amounts of raw materials and energy,
releasing 0.73-0.99 tons of CO,, with emissions mainly
from calcination (~50%), fuel combustion (~40%), and
transport (~10%) (Dargahi and Sorelli 2025; Hay et al.
2023; Khalil and AbouZeid 2025; Olovsson et al. 2025;
Yurak and Fedorov 2025).

In response, eco-efficient strategies aim to lower
embodied energy (EE) and embodied carbon (EC), defined
as the energy and emissions associated with material
extraction, processing, transport, maintenance, and end-
of-life (Du et al. 2025; Gobinath et al. 2024). Key
approaches include alternative fuels, energy efficiency,
carbon capture, and reducing clinker content through
supplementary materials and fillers, which can cut EE by
up to 55% and CO, emissions by 43% (Ayeratharasu
Rajasekharan and Porchelvan 2022; Camargo-Bertel et al.
2025; Dargahi and Sorelli 2025; Renisha and
Sakthieswaran 2024).

Limestone fillers (LF) have gained attention due to their
abundance, low cost, and compatibility with cement
(Scrivener et al. 2018b). Traditionally used to partially
replace cement or improve particle packing, LF is
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increasingly valued in circular economy approaches
through quarry by-products such as quarry limestone dust
(QLD), a fine waste material meeting specific physical and
mineralogical criteria. Interest in LF stems from both its
environmental advantages and its influence on fresh and
hardened properties (Briki et al. 2021; Safiddine et al.
2021b). Physically, LF contributes through dilution,
packing density, and flowability, while chemically it may
interact with aluminates to form carboaluminates that
improve durability and refine pore structure (Dhandapani
et al. 2021; Scrivener et al. 2018a). Its performance varies
with origin, processing, and substitution strategy
(Safiddine et al. 2021a).

Dust emissions remain a major challenge in quarrying,
with crushing as a primary source (Sairanen and Rinne
2019). Dust particles, including PM1o (defined as particles
with an aerodynamic diameter less than 10 um) and PMzs
(defined as particles with an aerodynamic diameter less
than 2.5 um), have been linked to ecological and health
risks (Chakravarty et al. 2019; Fuller et al. 2022; Zhang and
Cao 2015). In quarries, suspended particulate matter can
exceed 360 pg m™3 on-site but is reduced significantly
through control measures (Chaulya et al. 2001;
Sivacoumar et al. 2009). Considering QLD as a by-product
and using it as a partial sand substitute, or revising
standards to allow higher dust content in aggregates,
could reduce waste, conserve resources, and minimize
sand rejection. Similarly, cement plants emit PM2.s, PM1o,
toxic gases, and heavy metals, amplifying environmental
and  health impacts (Venkata Sudhakar and
Umamaheswara Reddy 2023).

While many studies have examined the mechanical or
rheological effects of LF incorporation, few have assessed
environmental and economic performance. Comparative
studies of quarry-sourced and laboratory-processed fillers
within the same framework are particularly limited. This
study addresses this gap by evaluating the eco-efficiency
of mortars incorporating QLD, commercial limestone filler
(CLF), and laboratory-ground limestone powder (GLP). By
combining environmental and cost assessments with
compressive strength and rheological properties, it
identifies optimal filler strategies that balance
sustainability and performance. Special attention is given
to filler treatment (e.g., washing) and admixture use (e.g.,
superplasticizer), particularly when employing lower-
grade materials such as QLD. The findings aim to support
the development of sustainable cementitious materials
and inform future low-carbon construction practices.

2. Experimental program

2.1. Materials and mix design

All mortar mixes were prepared using Ordinary Portland
Cement (OPC) CEM | 52.5, in accordance with (EN 197-1).
In the first part of the study, two types of limestone fillers
were investigated: quarry limestone dust (QLD),
consisting of particles smaller than 0.080 mm recovered
from crushed limestone sand (CS), as defined by (NF P 18-
540), and commercial limestone filler (CLF), an
industrially processed filler ground directly from limestone

rock. QLD was used to partially replace the CS at
substitution rates of 5%, 10%, 15%, and 20% by mass,
covering a range consistent with aggregate fines
classifications specified in (EN 12620). In contrast, CLF was
substituted for cement at replacement levels of 10%, 20%,
and 30% by mass, in line with the guidelines set out in (EN
197-1). In the second part of the study, an additional
mortar series (Series 03) was developed using laboratory-
ground limestone powder (GLP). The process began by
thoroughly washing the raw crushed sand (CS) to
eliminate quarry limestone dust (QLD) and potential
impurities such as clay fines. The cleaned sand was then
oven-dried for 24 hours and subsequently ground using a
disc vibro-grinder (Retsch RS200) at 1000 rpm for 5
minutes. The resulting powder was sieved through an
80 um sieve to obtain GLP with a particle size comparable
to QLD. To ensure consistency in fineness, the specific
surface area of GLP was measured using a Blaine
Permeability Meter in accordance with (EN 196-6),
yielding a value of 4073 cm?/g, matching that of the
commercial limestone filler (CLF) used in the first part.

This series was compared to Series 04, which was based
on QLD and followed the same experimental protocol. In
this part, limestone fillers were used to replace crushed
sand by mass at substitution rates of up to 20%. The
water-to-cement (w/c) ratio was fixed at 0.5 for all mixes,
except for Series 02 (using CLF), where a water-to-binder
(w/b) ratio of 0.5 was applied due to cement replacement.
Notably, a superplasticizer (Sp) was included in the first
part of the study to support rheological testing, while it
was deliberately excluded from the second part to
eliminate its influence on slump and mechanical

performance.
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Figure 1. Experimental plan flowchart.

To further assess the combined technical, environmental,
and economic impacts, a fifth series (Series 05) was
introduced. In this series, the slump was maintained at
13 £ 0.5 cm by adjusting the superplasticizer (Sp) dosage.
The objective was to identify the maximum proportion of
QLD that can be incorporated into the crushed sand (CS)
without compromising technical performance (rheological
behavior and mechanical strength), environmental impact
(embodied energy and carbon), or economic efficiency
(material cost). To illustrate the experimental procedure
and its interrelated components, a flowchart of the overall
plan is provided in Figure 1. The chemical composition



and physical properties of the cement and limestone

powders are detailed in Table 1.

Table 1. Chemical composition and physical properties of
cement and limestone fillers

X-ray Diffraction (XRD) and Fourier Transform Infrared
Spectroscopy (FTIR) analyses (Figure 3 and Figure 4)
confirmed the predominance of calcite in all limestone
fillers, with QLD and GLP exhibiting low impurity levels.
Additionally, the methylene blue test was performed to
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Figure 2. Scanning electron microscopy (SEM) images of (a)
Ordinary Portlanxd Cement (OPC), (b) Quarry Limestone Dust
(QLD), and (c) Commercial Limestone Filler (CLF)

Figure 2 presents the scanning electron microscopy (SEM)
images of cement, QLD, and CLF, captured at an
accelerating voltage of 15.00 kV. The morphological
differences between the materials are evident: QLD
particles (Figure 2b) appear larger, with angular shapes
and rough surfaces, in contrast to the finer and more
rounded particles observed in cement and CLF (Figures 2a
and 2c, respectively).

Table 2. Physical and mechanical properties of crushed sand
containing 10% fines (<80 pum).

Physical properties Crushed sand

Apparent density (kg cm3) 1650
Absolute density (kg m-3) 2600
Absorption (%) 04.50
<0.080 m (%) 10.00
Fineness modulus* 03.28
Coefficient of gradation Cu 09.50
Coefficient of curvature Cc 01.29
Piston sand equivalent (%) 47.00

Blue value for 0.1 kg 00.60
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Figure 4. Fourier-transform infrared (FTIR) spectra of the
limestone fillers

The crushed sand used in this study has a maximum
particle size of 5 mm and a density of 2.6 g/cm?, as
specified by (EN 1097-6). This is the same source material
from which the QLD-type limestone fillers were extracted,
ensuring consistency and eliminating the influence of
external limestone sources. The physical and mechanical
characteristics of the CS are presented in Table 2. A
superplasticizer (Sp) was added to maintain adequate
workability during testing. The detailed mix proportions
for the mortar formulations are provided in Table 3.

2.2. Samples preparation and test methods

Mortar samples were prepared and tested for flexural and
compressive strength in accordance with (EN 1015-11).
Flexural strength was determined using the center-point
loading method specified in the standard, and the
resulting prism halves were subsequently used for
compressive strength testing. Additionally, a rheometer
developed by Soualhi et al. ( 2014) was employed to
measure the plastic viscosity and yield stress of the fresh
mortar (Figure 5). The flow behavior of the mortar is well-
represented by the Bingham model (Equation 1)
(Safiddine et al. 2017):

T=T,+Hy (1)

where: t represents the shear stress applied to the
material; To denotes the yield stress; p signifies the plastic

viscosity; and 7 represents the shear rate.



Table 3. Compositions of 1 m3 of cement mortar.

Series Sample OPC (kg)  Sand(kg) LF (kg) Q:';)/ S C:.;/)B G(I;Z{S W (kg) Sp(%) (XS:II::\:;)
MQS0 821.2 821.2 0 0 410.6 1.1 13.5
MQS5 780.2 41.1 5 12.5
01 MQS10 739.1 82.1 10 12.0
MQS15 698.1 123.2 15 11.5
MQS20 657.0 164.2 20 11.0
MCCO 594.1 1326.0 0 0 297.0 1.4 5.0
02 MCC10 534.4 59.7 10 9.0
MCC20 475.7 118.4 20 22.5%
MCC30 416.0 178.1 30 26.0*
MGSO 828.4 828.4 0 0 414.2 0 3.5%*
03 MGS10 745.5 82.8 10 3.5%*
MGS20 662.7 165.7 20 3.5%*
MQso’ 828.4 828.4 0 0 414.2 0 3.5
04 MQS10’ 745.5 82.8 10 2.0
MQS20’ 662.7 165.7 20 1.5
MQS0” 554.4 1414.3 0.0 0 277.2 0.8 13.0
MQS5” 1343.6 70.7 5 1.1 13.0
05 MQS10” 1272.8 141.4 10 1.6 13.0
MQS15” 1202.1 212.1 15 2.2 13.5
MQS20” 1131.4 282.9 20 2.6 13.5

*: Values greater than 0.15 m represent the spread at the mini cone.

**: The mini cone used here is 0.07 m high
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Figure 5. Rheometer and the imposed rotational speed
profile P257 of the vane.

2.3. Eco-efficiency and cost assessment

The environmental impact and the cost of producing 1 m3
of mixed mortar, incorporating OPC, LF, sand, and possibly
a Sp, was calculated to facilitate a comparative analysis
based on the type of LF and the method of substitution.
The embodied energy (EE), embodied carbon (EC) and

material cost (MC) were calculated according to Equation
(2) (Ameri et al. 2021):

L (2)
EC,EE,MC=Zg,—xm,—

i=1
where gi is the cost or EC per 1 kg of material i, and m;
corresponds to the component i's mass per 1 m? of
concrete.

The environmental impact and material cost per unit
compressive strength were subsequently quantified using
Equations (3), (4), and (5) to calculate the embodied
energy index (EEl), embodied carbon index (ECI), and
material cost index (MCI), providing critical insights into
both environmental sustainability and cost-efficiency
(Younas et al. 2024; Yu et al. 2021).

I . (3)
EE][%/MPaJ: EE of lm. mortar
m R.»g of mortar
kgCO 3 4
ECT g 322:] ) MPa | = ECof 1m” mortar (4)
m R.»g of mortar
m’ (5)
MC[[ Eu);o /MPa] _ MC of 1m” mortar
m R »g of mortar

where Rcas is the compressive strength of the mortar at 28
days.

2.4. Determination of Emission Factors

The emission factors for total suspended particulates
(TSP), inhalable coarse particulate matter (PM1o), and

respirable fine particulate matter (PM2s) were calculated
for both crushed sand and cement, expressed in kilograms



per tonne of production (kg t™"). Values for CS were
obtained from literature sources for both controlled and
uncontrolled emission conditions. The calculated emission
factors were then multiplied by the respective quantities
of CS and cement in 1 m3® of mortar. Quarry limestone
dust (QLD) was considered a by-product; therefore, no
emission factor was assigned to it. The resulting values for
crushed sand and cement were summed to obtain the
total emissions per cubic meter of mortar for each
particulate fraction. These totals were then compared
across mortar series 01. The emission factor data for both
materials and the calculated emissions for each mortar
composition are presented in Table 5.

3. Results and Discussions

3.1. Environmental footprint and cost efficiency

The impact of LF on embodied energy (EE), carbon
emissions (EC), and material costs (MC) in cement mortar
produced with crushed sand was analyzed. Table 4 details
the EE, EC, and MC values of the raw materials. The
environmental impacts per unit volume of the mortars,
including EE, EC, and MC, are illustrated in Figure 6. These
results facilitate a comparative analysis across the
different series, highlighting the substitution of limestone
filler (LF) with sand and cement, as well as assessing the
effects of different types of LF (QLD, CLF, and GLP) both
with and without Sp. The calculated sustainability indices
are reported with their corresponding + error margins, as
summarized in Table 5.

Table 4. Embodied energy, carbon footprint, and cost of raw materials.

Material Embodied Energy (MJ kg1)

Embodied Carbon (kg eq.CO; kg1)

Material Cost (x10-3 Euro kg)

5.5 (Oyebisi et al. 2023; Younas

Portland cement
et al. 2024; Zhu et al. 2022)

0.95 (Bediako and Valentini 2024;

92.73 (Y t al. 2024
Oyebisi et al. 2023) (Younas et a )

Limestone powder (CLF & 0.62 (Oyebisi et al. 2023; Zhu et

0.032 (Oyebisi et al. 2023) 46.37 (Younas et al. 2024)

GLP) al. 2022)
Quarry limestone fillers
0.0933* 0.0081* 8.27*
(QLb)

Crushed sand** 0.0933 (Seddik Meddah 2017)

0.

0081 (Seddik Meddah 2017) 8.27 (Liew et al. 2024)

0.01 (Oyebisi et al. 2023; Yu et

Wat
ater al. 2023)

0.001 (Oyebisi et al. 2023; Younas et

0.81 (Y t al. 2024
al. 2024; Yu et al. 2023) (Younaseta )

Superplasticizer (Solid) 42.67 (Younas et al. 2024)

1.767 (Bediako and Valentini 2024)

3477.42 (Younas et al. 2024)

*: This value is assumed to be the same as that of crushed sand in this study.
**: Based on the assumption that diesel oil constitutes 99.9% of the energy and explosives are 0.1% during quarrying, according to

(Seddik Meddah 2017).
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For Series 1 (QLD with sand substitution), increasing the
QLD content from 0% to 20% does not alter the embodied
energy, carbon, or cost values, indicating that replacing
sand with QLD has little influence on environmental or
economic performance. By contrast, in Series 2 (CLF with
cement substitution), increasing CLF content from 0% to
30% produces a marked reduction in both embodied
energy and embodied carbon (Figures 6a and 6b),
together with lower costs (Figure 6c¢). This confirms that
substituting cement with CLF is more effective in reducing
the energy and carbon footprint than substituting sand
with QLD. In Series 3 (GLP with sand substitution),
replacing sand with GLP slightly increases embodied
energy, carbon, and cost as the substitution level rises
from 0% to 20%, showing that ground limestone powder
has only a marginal impact on sustainability metrics.
Series 4 (QLD with sand substitution, under the same
conditions as Series 3) performs similarly to Series 3, with

Table 5. Sustainability indices of mortar mixes with error margins.

only minor differences in energy, carbon, and cost. This
similarity suggests that the type of LF, whether ground
separately or obtained directly as quarry dust, exerts a
comparable influence when used as a sand substitute.

Overall, the substitution of cement with CLF (Series 2) is
the most effective strategy for reducing embodied energy
and carbon emissions. Nevertheless, from an ecological
perspective, using crushed sand with high quarry dust
content (Series 1 and Series 4) represents a practical and
sustainable alternative to commercial or separately
ground fillers. The environmental advantage of quarry
dust, a by-product of crushed sand production, lies in
reducing the need for additional processing and
minimizing waste, thus providing a greener option for
mortar production. While cement substitution with LF
maximizes environmental benefits, the use of quarry dust
balances sustainability with cost-effectiveness, especially
in regions where commercial fillers are less accessible.

EEI ECI MCI
Series Sample (MJ m3MPa~  + error (kg eq.CO2 = error (Euro md + error
h margins m3 MPa’) margins MPa) margins

MQSO0 119.54 7.63 19.27 1.23 2.75 0.18
MQS5 126.69 8.09 20.42 1.30 2.92 0.19

01 MQS10 126.42 8.07 20.38 1.30 2.91 0.19
MQS15 119.27 7.61 19.43 1.24 2.59 0.17
MQS20 121.49 7.75 19.79 1.26 2.64 0.17
MCCO 97.30 6.21 15.32 0.98 2.47 0.16
MCC10 96.53 6.16 14.94 0.95 2.58 0.16

02 MCC20 96.13 6.14 14.59 0.93 2.72 0.17
MCC30 97.84 6.24 14.49 0.93 2.95 0.19
MGSO 81.91 5.23 14.03 0.90 1.48 0.09

03 MGS10 78.01 4.98 13.27 0.85 1.45 0.09
MGS20 81.80 5.22 13.82 0.88 1.56 0.10
MQso’ 81.91 5.23 14.03 0.90 1.48 0.09

04 MQS10’ 87.95 5.61 15.06 0.96 1.59 0.10
MQS20’ 97.90 6.25 16.97 1.08 1.62 0.10
MQS0” 72.26 4.61 11.70 0.75 1.69 0.11
MQS5” 70.20 4.48 11.19 0.71 1.72 0.11

05 MQS10” 73.47 4.69 11.43 0.73 1.94 0.12
MQS15” 73.79 471 11.15 0.71 2.11 0.13
MQS20” 90.90 5.80 13.49 0.86 2.71 0.17

QLD contents raise environmental impact, whereas

Figure 7 presents the Embodied Energy Index (EEI),
Embodied Carbon Index (ECI), and Material Cost Index
(MCI) normalized by compressive strength. In Series 1, the
substitution of QLD with sand leads to a slight increase in
EEl at 5%, reflecting lower energy efficiency, before
stabilizing at 10% and showing a modest decrease at 15%,
indicating improved utilization. ECI and MCI follow a
similar pattern, with higher values at 5% substitution and
stabilization thereafter. These results suggest that higher

moderate substitution levels (up to 10%) can provide cost
benefits without markedly compromising ecological or
mechanical performance.

In Series 2, replacing cement with CLF consistently
reduces EEl up to 20% substitution, followed by a slight
increase at 30%. ECI decreases steadily with substitution,
confirming the environmental advantage of CLF over
cement. However, MCI shows a gradual increase,



highlighting a trade-off between improved energy and
carbon efficiency and slightly higher costs.
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LF.
Series 3 shows that GLP substitution results in a
continuous decline in both EEI and ECI, indicating

enhanced efficiency and lower environmental impact
compared to QLD and CLF. The MCI values remain low,
demonstrating the cost-effectiveness of GLP. In Series 4,
QLD substitution produces a similar trend, though with
slightly higher EEl and ECI than GLP, particularly at higher
substitution levels. MCI remains comparable to GLP, albeit
marginally higher. Overall, GLP outperforms QLD by
offering superior energy efficiency, reduced carbon
impact, and lower costs, making it the more sustainable
and effective option for mortar production.

Figure 8 indicates that crushed sand containing up to 15%
QLD can be used without negatively impacting the 28-day
compressive strength of the mortar. The ratios EE/Rcs,
EC/Rc2s, and MC/Res per compressive strength

demonstrate that mixes with 10%, and 15% QLD achieve
comparable performance, with notable environmental
and economic benefits up to 15% fines.

The rheological parameters (yield stress and viscosity)
exhibited minimal variation, with a coefficient of variation
of approximately 1%, while the 28-day compressive
strength, determined from three specimens per mix,
showed a coefficient of variation of 5%. These results
confirm the reliability of the experimental data and
provide a robust basis for the following discussion.

3.2. Emission factors of QLD mortar

In addition to embodied energy and carbon, the
environmental impact of quarry limestone dust is strongly
linked to dust emissions during its production and use.
Since dust generation is a major concern in quarrying and
material handling operations, we estimated the emission
factors of total suspended particulates (TSP), PM1o, and
PM2s for crushed sand and cement. Table 6 summarizes
these emission factors for both controlled and
uncontrolled sources, considering key stages such as
crushing, screening, conveyor transfer, and truck loading.
The values were compiled from established references
and adjusted to account for cumulative crushing

operations.
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Figure 9. Estimated particulate matter emissions of QLD
mortars per 1 m? with controlled and uncontrolled sources
(Series 01).

To evaluate the implications for mortar production, the
calculated emission factors were integrated into the mix
designs. Figure 9 presents the estimated emissions of TSP,
PMio, and PMas associated with 1 m3? of mortar for
different substitution levels of QLD (Series 01), with
controlled and uncontrolled sources. These results
provide a quantitative basis to assess the particulate
matter burden of QLD mortars and to compare the effect
of substitution on reducing or intensifying dust-related
impacts. The substitution of crushed sand with quarry
limestone dust up to 20% resulted in a gradual reduction
of particulate matter emissions (TSP, PM1o, and PMas)
associated with mortar production. This reduction stems
from the assumption of negligible emissions for QLD,
given its status as a quarry by-product that does not
require additional processing. While the decline in PMas
remained limited, more significant decreases were
observed for PMio and TSP, reflecting the predominance
of coarser dust fractions from crushed sand processing.



Table 6. Emission factors of crushed sand and cement

Crushed sand (Organiscak and Randolph reed 2004; Sairanen et al. 2018)

Cement (Berdowski et al. 2023)

Source (controlled) Controlled source Uncontrolled source TSP PMyo PM; 5
TSP PMg PM, 5 TSP PM0 PM; 5 (x10° kg t4)
(x10* kg t2) (x10* kg t1)
Tertiary crushing* 6 2.7 0.50 27 12 -
Fines crushing 15 6 0.35 195 75 -
Screening 11 3.7 0.25 125 43 -
Fines screening 18 11 - 1500 360 -
Conveyor transfer 0.7 0.23 i 15 5c i
point
Truck loading - 0.48 - - 0.48 -
Total 62.7* 29.51* 2.1%* 1916 519.98 2600 2340 1300

* The emission factor associated with tertiary crushing serves as the upper bound for primary and secondary crushing operations;

therefore, we multiply its value by three to obtain the total.

Importantly, the data also reveal a striking contrast
between controlled and uncontrolled sources of
particulate emissions. Under controlled conditions, the
emissions associated with mortar production remain
within a relatively moderate range. However, the
uncontrolled values, several orders of magnitude higher,
highlight the critical role of dust management measures in
shaping the overall environmental profile. Neglecting this
distinction could lead to an underestimation of the real
atmospheric burden in contexts where emission controls
are insufficient or absent.

From an environmental standpoint, incorporating QLD in
CS-based mortars not only diverts fine limestone fractions
from waste disposal, thereby mitigating the ecological
burden of stockpiling, but also reduces airborne
particulate emissions when effective dust control is in
place. At the same time, the comparison underscores that
the sustainability benefit of QLD substitution is contingent
on stringent emission management strategies. This dual
perspective reinforces the importance of considering both
material efficiency and emission control practices when
evaluating the environmental performance of mortar
production.

4.

This study evaluated the environmental and economic
efficiency of mortars containing quarry limestone dust
(QLD), commercial limestone filler (CLF), and laboratory-
ground limestone powder (GLP). Performance was
assessed in terms of embodied energy (EE), embodied
carbon (EC), material cost, compressive strength, and
particulate matter emissions.

Conclusions

GLP achieved the best overall eco-efficiency, combining
low EE and EC per unit compressive strength with
favorable mineralogical and morphological properties.
However, its additional grinding requirements increase
processing costs and energy demand, making it more
suitable for high-performance applications where such
demands are justified.

QLD, by contrast, represents a more accessible solution.
Up to 15 wt% QLD can be used without compromising
compressive strength or workability. At this level, the eco-

indices (EEI, ECI, MCl) confirmed an optimal balance of
strength, environmental performance, and cost efficiency.
When used as a sand substitute, replacing 20% of crushed
sand with QLD reduced total suspended particles (TSP)
and PMzio emissions by more than 25%, while PMazs
showed smaller but measurable reductions. CLF improved
workability but exhibited a dilution effect, lowering
strength and reducing eco-efficiency relative to QLD and
GLP.

From a practical perspective, QLD can be incorporated
directly into mortar production at quarry sites, reducing
both waste disposal and procurement costs. This
contributes to resource efficiency and supports circular
economy objectives.

In summary, the findings demonstrate that properly
managed quarry fines can transition from an underutilized
by-product to a sustainable raw material. Future research
should extend this work by integrating regional life-cycle
assessments, embodied energy and carbon trade-offs, and
cost—benefit optimization models for large-scale
applications.
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