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Abstract: This work presents a technical and economic study using sugar cane bagasse ash (SCBA) to
partially replace Portland cement clinker. To evaluate the technical viability, the replacement rates
of 10, 20, and 30% of Portland cement were used in the experiments. The ashes used were in the
following conditions: (i) as collected (AC), (ii) ground (G), and (iii) re-burnt and ground (RG). Three
composition parameters were used in the mortar mix procedures: (i) mix with water factor/fixed
binder in volume, (ii) mix with water factor/fixed binder in weight, and (iii) mix with the fixed
flow. After the technical feasibility analysis, the benefit of the substitutions and an analysis of the
relationship between cement consumption and the acquired compressive strength, correlating with
possible economic costs, were discussed. SCBA AC was not suitable for the partial replacement of
Portland cement clinker. SCBA G presented a satisfactory performance and SCBA RG was the ash
that presented the best performance in the partial replacement of Portland cement clinker. For the
same levels of compressive strength, the consumption of Portland cement per cubic meter of concrete
reduced; from this, the cost of concrete and mortar could be reduced by 8%, with the ash having the
same value as cement. Furthermore, the use of SCBA RG at 30% inhibited the alkali–silica reaction
(ASR) in concretes with a reactive basalt and quartzite aggregate. SCBA G (20 and 30%) and SCBA
RG (10 and 20%) inhibited the ASR in concretes with a reactive basalt aggregate and reduced the
expandability in concretes with a reactive quartzite aggregate. Another point to highlight was the
durability shown by the cements with SCBA, which, 900 days after the accelerated test of expansion
by the alkali–aggregate reaction, maintained high levels of flexural strength when compared to the
results obtained before the accelerated test of expansion. The present work concluded that using
sugar cane bagasse ash to replace Portland cement is feasible from a technical, environmental, and
economic perspective.

Keywords: sugar cane bagasse ash; supplementary cement material; eco-friendly Portland cement;
sustainability

1. Introduction

Portland cement is the most significant manufactured product on Earth by weight.
Combined with water and aggregates, it forms cement-based materials (e.g., concrete). It
is the second-most-used material on the planet after water [1]. In 2021, 4.4 billon tons of
Portland cement were produced worldwide, with 3.7 billion tons of Portland clinker. In
2021, Brazil produced approximately 55 million tons of cement [2].
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The manufacture of 1 ton of cement would produce approximately 1 ton of CO2 [3],
which can be a problem due to its high consumption. Supplementary cement materials
(SCM) are often employed to reduce the environmental impact of cement [4,5]. Scrivener
et al. say cement contains only about 20% of SCMs substituting Portland cement clinker [1].
There are several SCMs around the world, including: fine limestone [6,7], granulated blast-
furnace slags (GBFS) [8–10], coal fly ashes (FA) [11], silica fume [11], calcined clays [12,13],
rice husk ash [14], sugar cane bagasse ash [14], and tailings [15–17]. Brazilian standards
allow up to 75% of SCMs, in some cases, such as GBFS [18]. However, there is not enough
slag generation in Brazil to supply Portland cement production. It is estimated that the
global iron slag output in 2021 was 340 to 410 million tons [2], i.e., 10% of Portland clinker
production, and not all of the products produced are suitable for producing cement. The
possibility of using waste to replace traditional Portland cement-based construction ma-
terials promotes the mitigation of environmental impacts [10,19]. It contributes to the
fulfillment of Sustainable Development Goal 12 (SDG-12: Responsible Consumption and
Production), related to substantially reducing waste generation through prevention, reduc-
tion, recycling, and reuse [20]. In addition, when added to Portland cement, supplementary
cementitious materials improve the properties of mortars and concretes, such as increased
strength [21,22], reduction of Portland cement consumption [23–26], reduced hydration
heat [5,27], reduced carbonation [5,27], increased chemical resistance and durability [28],
and increased fire resistance [11].

Scrivener et al. believe that GBFS, FA, waste glass, and silica fume cannot meet the
demand for SCMs to produce cement, and claim that ash from agricultural production
would not be enough either [1]. Among the residues from agrarian production used as
SCM is sugar cane bagasse ash (SCBA) generated from burning to produce bioelectricity.
Currently, the SCBA is not being used in the United States or Europe and is presently
being landfilled [4]. However, in countries such as Brazil, India, and China that have
high sugar cane production [29], SCBAs are not intended to fertilize crops, so these ashes
with adequate characteristics can be used as SCMs. A Portland cement clinker partial
replacement with SCBA can improve the composite’s mechanical properties and support
a more sustainable material [30]. It is essential to emphasise that, even as the bagasse
combustion releases CO2, the CO2 emission total is basically zero when the full cycle
is deemed because photosynthesis restores the burned biomass in the next sugar cane
harvest [30,31].

Due to the restricted use of SCBA as SCM, data regarding its application as a substitute
for Portland cement in concrete are not widely acknowledged [4]; however, there are several
studies on the mechanical behavior of compounds from Portland cement with a partial
replacement by SCBA and the mechanical and thermal treatment of SCBA [31–33]. How-
ever, no reports on the technical feasibility combined with economic and environmental
feasibility were found. This study aimed to evaluate the processing of SCBA to replace
Portland cement clinker in the production of mortars and concrete. Still on the objective
of the study, it is expected to evaluate the influence of ash processing in the production of
mortars in different dosages, in the physical and mechanical properties, in the durability,
and in the economic viability.

2. Materials and Methods

To carry out the present work, SCBA was collected in an industry in Alto Paranaíba
and Triângulo Mineiro’s mesoregion in the state of Minas Gerais, Brazil. Cogeneration
boilers from sugar and alcohol plants generally have an electrostatic precipitator to collect
the flying SCBA and a hopper to collect the ashes that are deposited on the bottom [34];
the SCBA used in this work was collected by the electrostatic precipitator. The SCBA
was kiln-dried at 100 ± 5 ◦C until dough consistency and was processed by grinding and
blasting. The grinding was carried out in a planetary mill in 500 mL vessels and 16 zirconia
oxide spheres with a diameter of 10 mm for 10 min at 300 rpm. Grinding was performed
every 2 min up to 12 min, and the best grinding occurred in 10 min [35,36]. The adequate



Buildings 2023, 13, 843 3 of 21

burning of the bagasse is at a temperature of 600 ◦C with a burning level of 3 h and a
heating rate of 10 ◦C/min, and the bagasse was pre-burned at 350 ◦C for 3 h [37]. As the
bagasse ash was already used in this work, the pre-firing step was suppressed, with only
the ash burning in an electric resistance oven with forced air circulation.

The characterization tests were selected to characterize the ashes, mainly regarding the
chemical composition, morphology, and particle size. After processing, the 3 types of SCBA
were characterized, the SCBA as it was collected in the industry (SCBA AC), the ground
SCBA (SCBA G), and the reburning and ground SCBA (SCBA RG). SCBA AC, G, and RG
were characterized by images obtained by conventional photographic equipment, X-ray
fluorescence spectrometry (XRF), X-ray diffraction (XRD), scanning electron microscopy
(SEM), loss on ignition (LOI) [38], laser particle size (LG), dry bulk density, pozzolanic index
with Portland cement [39], and pozzolanicity using the modified Chapelle method [40].

The SEM examinations were performed with magnification from 15 to 30,000 times
variable pressure, BSE (backscattered electron) detector, and an accelerating voltage of
15 kV [30,36,41,42]. The XRD measurements were made with continuous scanning mode
and a 2θ of 5◦ that changed until 90◦, at 2◦ every minute, utilizing a copper X-ray tube with
40 kV accelerating voltage and a 30 mA current [17,30,42,43]. XRF was performed with
atmospheric air and a collimator of 10 mm [30,42]. The LG was performed in water, not
including a dispersive liquid, with ultrasounds utilized for one minute and an obscuration
of 10% [30,42].

The pozzolanicity of the SCBA was evaluated according to NBR 5752 [39] and NBR
15895 [40]. The NBR 5752 [39] prescribes for two mortars to be prepared: (i) mortar Type I
should contain Portland cement only; and (ii) mortar Type II has 35% of the total volume of
cement replaced by the pozzolanic material. Three 50 mm × 100 mm cylindrical specimens
were manufactured for each type of mortar. The initial and final setting times of Portland
cement with SCBA were determined according to NBR NM 65 [44].

The ashes were used to substitute reference Portland cement in the percentages of
10, 20, and 30% in volume. For produced mortar, 624 g of Portland cement and 1872 g of
Brazilian standard sand were used [45], i.e., proportion of 1:3 (cement:sand). The sand was
divided into four granulometric fractions per dosage [46]. The binder used was reference
Portland cement, in the Brazilian standard, called high initial strength cement or V-type
cement, produced with Portland cement clinker (~95 wt%) and gypsum (~5 wt%), trying
to represent a cement not including additions [18], comparable to CEM I of the European
standard EN 197-1 [47], which permits until 5% of minor additional constituents.

Three dosing conditions were used for the production of mortars: (i) mix with con-
stant water/binder ratio in volume, that is, constant water consumption (300 mL), which
represents a constant water/binder ratio in volume, where the weight of the binder is
the sum of the weight of Portland cement and SCBA; (ii) constant water/binder ratio in
weight (w/b = 0.48); (iii) fixed workability (water/ binder ratio in variable weight and
volume) represented by the opening diameter of the mortar of 225 mm in the flow table test.
For each proportion, 5 cylindrical specimens of 50 mm diameter by 100 mm height were
molded for the compression test, and 3 prismatic specimens of 40 mm × 40 mm × 160 mm
for flexural strength test. For the compressive strength test, the cylindrical specimens had
their base and top surfaces rectified. Compressive strength was determined at 3, 7, 28, and
91 days; and flexural strength was determined at 28 days. An EMIC DL 30000 universal
testing machine and the software TESC and Vmaq were used for the mechanical tests, with
an increasing stress rate of 0.25 MPa/s for the compression test and load rate of 50 N/s for
the flexural test [17,45,48].

The water absorption and dry bulk density were performed according to NBR 9778 [49].
For this, the weights of the oven-dry, saturated surface-dry sample in air, and saturated test
samples immersed in water were measured. The water absorption and dry bulk density
were calculated according to the following equations:

Water absorption(%) =
msat − md

md
100 (1)
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Bulk density, dry
( g

cm3

)
=

md
msat − mi

ρ (2)

where msat is the saturated weight of surface-dry sample in air (g), md is the weight of
oven-dried sample in air (g), mi is the saturated weight immersed in water (g), and ρ is the
density of water = 1 g/cm3.

A durability parameter chosen to evaluate mortars with SCBA was the alkali–silica
reaction (ASR) expandability. The efficiency of SCBA AC preventing expansion due to ASR
was evaluated by the accelerated method of expandability with mortar bars made with two
potentially reactive aggregates [50,51].

To choose the potentially reactive aggregates, 3 aggregates were tested: (i) Brazilian
standard sand [46]; (ii) quartzite remaining from the construction of the Jaguara Hydro-
electric Plant (Sacramento City, Minas Gerais, Brazil); and (iii) basalt remaining from the
construction of the Nova Ponte Hydroelectric Plant (Nova Ponte City, Minas Gerais, Brazil).
The quartzite and basalt deposits can be seen in Figures 1 and 2. The choice of Brazilian
standard sand was due to the possibility of reproducibility and repeatability of the tests.
With natural river sand, the reproducibility and repeatability of the tests would be impaired.
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Quartzite and basalt were collected in coarse aggregate size (Figure 3). For the mortar
prism accelerated expandability test (detailed below), the quartzite and basalt fragments
had to be crushed and sieved to meet the granulometric requirements [50,52]. Figures 4–6
show Brazilian standard sand, quartzite sand, and basalt sand.
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The preliminary test to evaluate the reactivity of the aggregate indicated that the
Brazilian standard sand is not reactive by ASR expandability. Differently, quartzite and
basalt are reactive by ASR (Figure 7). As the objective is to evaluate the inhibitory potential
of SCBA in combating ASR, only quartzite and basalt were used for this evaluation.
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To continue the tests, three 25 × 25 × 285 mm prismatic specimens were molded
for each proportion of materials, and they remained 24 h in the metal molds with a
glass plate over the molds. The laboratory’s temperature and humidity were controlled
during molding at 24 ± 2 ◦C and above 50%, respectively. After 24 h, the specimens were
demolded and placed in a thermal tank regulated at 80 ± 2 ◦C, where they were submerged
in distilled water for 24 h. After 24 h, the specimens were retired from the water tank, and
length readings were taken. After the reading, the specimens were placed into a thermal
tank regulated at 80 ◦C, where they were immersed in sodium hydroxide solution in the
concentration predicted by the norm until the date of 32 days, and readings of expandability
were performed every 4 days. After the expandability readings, the specimens were dried
in an oven and stored for 900 days, and tested for flexural tensile strength. The mortars for
the expandability test were developed with a 1:2.25 line (Table 1), and artificial sand was
produced by crushing and granulometric separation of basalt and quartzite. Mortars also
had specimens molded to assess flexural strength before the expandability tests.

Table 1. Proportions of materials used in mortars.

CC = Cementitious
Composite
B = Basalt

Q = Quartzite

Replacement
(%)

Consumption of Materials (g)

Cement Ash

Fine Aggregate (Basalt or Quartzite)

WaterParticle Size

0.15 mm 0.30 mm 0.60 mm 1.20 mm 2.40 mm

CCB or CCQ 0 440.0 0.0 148.5 247.5 247.5 247.5 99.0 206.8

CCB SCBA G or CCQ
SCBA G

10 396.0 28.0 148.5 247.5 247.5 247.5 99.0 206.8

20 352.0 56.0 148.5 247.5 247.5 247.5 99.0 206.8

30 308.0 84.0 148.5 247.5 247.5 247.5 99.0 206.8

CCB SCBA RG or CCQ
SCBA RG

10 396.0 37.6 148.5 247.5 247.5 247.5 99.0 206.8

20 352.0 75.2 148.5 247.5 247.5 247.5 99.0 206.8

30 308.0 112.8 148.5 247.5 247.5 247.5 99.0 206.8
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3. Results

In Figure 8, it is possible to observe images of SCBA, showing the difference in color
and texture between SCBA AC, G, R, and RG. The SCBA processing has to alter the visual
appearance and alter the density. The SCBA AC, M, and RG showed a density of 1.720,
1.977, and 2.653 g/cm3.
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In Figure 9, it is possible to observe images of SCBA obtained by SEM at the same
magnification scale. In Figure 9a, it is possible to observe that SCBA AC presents a fibrous,
spherical, and prismatic structure, as shown in the lower-left corner of the image as a
spherical particle [30,53–57]. In Figure 9b, it can be seen that SCBA G has a reduced particle
size. The fibrous structures have been comminuted; however, it is still possible to identify
the fiber’s presence in the reduced size example, on the right side of the image. In Figure 9c,
it is not possible to verify the fiber’s existence in the SCBA RG.

The SCBA’s chemical composition as a function of the principal oxides by XRF is shown
in Table 2. SCBA presented SiO2 as the principal oxide, followed by Al2O3 and Fe2O3 [58].
The sum of these three oxides for SCBA G and RG is 41.75 and 80.26%, respectively, in
agreement with previous results [32,37]. Comparing the values obtained for Na2O and K2O,
it is noticed that SCBA G and RG present higher values than cement, indicating that the
replacement of cement by ash will increase the system’s alkalis, which may contribute to the
occurrence of an alkali-aggregated reaction. Table 3 shows the particle diameters of SCBA
G and SCBA RG obtained by laser granulometry. The results found are consistent with
the literature [59–61]. It is noticed that SCBA RG presented smaller dimensions, leading to
better performances in cementitious composites [17,55,62]. SCBA G and SCBA RG present
smaller particle sizes than the reference Portland cement and with Daverage of the particles
smaller than 13.53 µm for SCBA G and 11.88 µm for SCBA RG. Particle size distribution
showed that the samples satisfy the ASTM C618 [38] fineness criterion for coal fly ash
and raw or calcined natural pozzolan, with less than 34% of the material retained on a
0.045 mm or 45 µm sieve. Brazilian Standard NBR 12653 [63] prescribes that the material, to
be pozzolanic, must be presented with less than 20% of the material retained on a 0.045 mm
sieve. The reference Portland cement’s granulometry is also presented, and we can see the
proximity of the results between the binders [17]. The results of the chemical analysis of
SCBA AC were not presented, as the grinding process is necessary to perform the analysis.
The granulometry result was also not presented because the granulometry presented by
SCBA AC was higher than the limit of the equipment used for the determination by the
laser diffraction technique. The re-burning significantly reduced the loss on ignition (LOI)
of the SCBA [64].
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Table 2. Chemical composition by XRF, particle density, and particle size distribution of the samples.

Portland Cement SCBA G SCBA RG

Chemical composition by XRF (wt%)
SiO2 6.8 21.1 40.5
Al2O3 4.9 13.0 24.8
Fe2O3 4.5 7.7 15.0
CaO 78.3 2.0 3.8
MgO 1.5 1.2 2.3
TiO2 0.2 2.3 4.4
P2O5 0.0 1.0 1.6
Na2O 0.1 0.2 0.4
K2O 0.4 2.2 3.7
MnO 0 0.1 0.1
LOI 3.4 49.2 3.3
Particle density (g/cm3) 3.106 1.977 2.653
Particle size distribution
D10 (µm) 2.46 2.12 1.39
D50 (µm) 11.70 9.58 8.47
D90 (µm) 27.50 32.29 28.62
Daverage (µm) 13.66 13.53 11.88

Table 3. Pozzolanic activity of SCBA.

Mortar Flow (mm) Water (g) Compressive
Strength (MPa)

Pozzolanic
Activity (%)

Type I “A” (Portland cement) 225.0 162.7 43.08 100.0

Type II “B” (SCBA G 35%) 225.0 168.1 35.93 83.4

Type II “C” (SCBA RG 35%) 225.0 179.4 38.17 88.6

From the diffractograms of SCBA G and RG, it was possible to identify the peaks
of crystallinity of quartz (Crystallography Open Database (COD) 9013321) [65], alumina
(Crystallography Open Database (COD) 1528427) [66], and hematite (Crystallography
Open Database (COD) 1011240) [67] (Figure 10). Thus, it can be said that part of the oxides
of silicon, aluminum, and iron detected in XRF is presented in a crystalline form. The
SiO2 found in XRD is crystalline; however, SiO2 can be crystalline or amorphous [30].
The detected quartz is mainly due to soil contamination [32,68]. The amorphous halo
(2θ = 20–30◦) of the SCBA G diffractogram was higher due to the material with incomplete
burning [32]. The re-burning was influential in the removal of organic material [69].

To evaluate the pozzolanicity of a material, a mortar with a 35% cement replacement
(Type I) by the material must obtain at least 75% of the compressive strength of the mortar
without replacement (Type II) [39]. Thus, the SCBA G and RG analyzed can be considered
pozzolanic once, with an average compressive strength of 35.93 and 38.17 MPa, reaching
83.40 and 88.6% of the average compressive strength found for the samples prepared
without the use of ash (average of 43.08 MPa), respectively (Table 3). For the same flow, the
mortars with SCBA (B and C) demanded more water than the reference mortar (A), a trend
in the use of SCBA [58]. According to NBR 15895 [40], Chapelle’s test modified for SCBA
G and RG indicates 361 and 382 mg/g of Ca(OH)2 fixation, respectively. For samples to
have pozzolanicity, they must be fixed with at least 330 mg of Ca(OH)2. In general, SCBA
G and SCBA RG can be considered pozzolanic, as with SCBA studied by other authors [70].
Grinding and re-firing improved SCBA’s pozzolanic activity [71].

The flow table, cement setting time, dry bulk density, and water absorption results of
the mortars dosed with a trace with water/binder factor fixed in volume (w/b in equal
volume 0.48) are presented in Table 4. The SCBA AC significantly reduced the workability
of the mortars. SCBA G and RG reduced mortar workability [55,72,73], except SCBA G
30%. It is believed that the inclusion of SCBA AC mortar mixes increased both the viscosity
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and yield stress, which caused a reduction in fluidity [74]. The mortar setting time did
not significantly decrease with SCBA G and SCBA RG; the same cannot be said to start
grouting with SCBA AC. The dry bulk density of sugar cane bagasse ash mortar is within
the typical weight of mortar or concrete [75]. SCBA AC and SCBA G led to mortars with
a lower dry bulk density and more excellent water absorption. SCBA RG led to denser
mortars with less water absorption, except for SCBA RG 10%, which obtained slightly
higher water absorption. The results obtained by mortars with SCBA RG may indicate the
possibility of producing more durable concretes, mainly in reducing porosity indirectly
assessed by reducing water absorption.
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Table 4. Flow, cement setting time, dry bulk density, and water absorption.

Addition
Substitution

(%) Flow (mm) 1

Cement Setting Times
(min) 2 Dry Bulk Density

(g/cm3) 1
Water

Absorption (%) 1

Start End

CC Reference 0 172.5 (0.5) 3 142 191 2.168 (0.003) 6.65 (0.08)

CC SCBA AC

10 Dry mix
(Disaggregated) 139 183 2.156 (0.013) 7.12 (0.17)

20 Dry mix
(Disaggregated) 135 183 2.133 (0.007) 7.51 (0.25)

30 Dry mix
(Disaggregated) 129 181 2.129 (0.008) 7.72 (0.15)

CC SCBA G

10 168.0 (0.9) 146 196 2.162 (0.005) 7.03 (0.13)

20 169.0 (0.0) 143 195 2.142 (0.006) 7.17 (0.14)

30 176.0 (0.5) 141 191 2.141 (0.005) 6.90 (0.24)

CC SCBA RG

10 166.5 (0.9) 141 188 2.169 (0.010) 6.79 (0.47)

20 166.5 (0.0) 143 191 2.171 (0.008) 6.24 (0.28)

30 166.0 (0.0) 143 190 2.178 (0.006) 6.10 (0.14)
1 Test performed in triplicate. 2 Test performed on a single sample. 3 Standard deviation in parentheses.
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In Figure 11, it is possible to observe the results of the developed mortars’ compressive
strength. In general, mortar strength development was due to pozzolanic activity and
physical effects [76]. SCBA AC caused a drop in strength, confirming the low viability of
its use without any processing. On the other hand, the compressive strengths remained
approximately constant when using SCBA G and SCBA RG in mortars with a fixed wa-
ter/binder factor in volume. The behavior for mortars with a fixed water/binder factor
in weight (Figure 12) remained the same trend as with the mix with a water/fixed binder
factor in volume, with a drop in strength for SCBA AC. For mortars with a fixed flow factor,
the preparation of mortars within natural ash proved impracticable due to the large amount
of water involved in reaching the spread on the 225 mm flow table. The amount of water
demanded the maintenance of the 225 mm spread on the flow table to be increased with the
increase in ash (Figure 13). The reference mortar required 325.4 g of water for a standard
dosing with 624 g of Portland cement and 1824 g of standardized sand. For dosages with
the replacement of 10, 20, and 30% Portland cement by SCBA AC, the amount of water for
maintaining workability was changed to 363.3, 377.6, and 383.1 g, respectively. For mortars
with SCBA G 10, 20, and 30% and SCBA RG 10, 20, and 30%, water consumption was 338.9,
347.9, 361.1, 340.6, 351.4, and 357.5 g, respectively. It is noticed that mortars with SCBA
RG, even when requiring more water to maintain workability, presented a compressive
strength similar to the reference mortar. Thus, it is believed that using plasticizer additives
in conjunction with SCBA RG can significantly optimize compressive strength.

The consumption of binder in a cubic meter of mortar divided by the compressive
strength of the mortars with a fixed water/volume factor is shown in Table 5. It should
be noted that the SCBA consumption per volume (kg/m3) is detached from the X axis to
facilitate reading, but the vertical length of the gray bar represents the amount of ash per
cubic meter of mortar. It is possible to observe that the lowest Portland cement clinker
consumption was 8.31 kg/MPa for the mortar with a 30% replacement of re-fired and
ground ash compared to the consumption of 12.07 kg/MPa of the reference composite; thus,
a reduction in clinker consumption of approximately 30% for the equivalent compressive
strength was obtained.

For mortars with a fixed w/b factor in weight (Table 6), it is possible to observe that the
lowest clinker consumption by compressive strength was 7.82 kg/MPa for the mortar with
a 30% replacement of burnt ash and ground compared to the consumption of 12.53 kg/MPa
of the reference mortar; thus, a reduction in clinker consumption of approximately 38%
was obtained.
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Figure 11. Compressive strength of mortars with a water/binder factor fixed in volume.
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Figure 12. Compressive strength of mortars with a water/binder factor fixed in weight.
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Figure 13. Compressive strength of mortars with the fixed flow.

Table 5. Comparisons between cement or binder consumption by compressive strength of mortars
with fixed water/binder factor in volume.

Method Mortar Subst. (%)

Clinker
Consumption
per Volume

(kg/m3)

SCBA
Consumption
per Volume

(kg/m3)

Water/Binder
in Volume

Water/Binder
in Weight

Clinker
Consumption
per Strength

(kg/MPa)

Binder
Consumption
per Strength

(kg/MPa)

W
at

er
/b

in
de

r
fa

ct
or

fix
ed

in
vo

lu
m

e CC reference 0% 513.8 0.0 1.49 0.48 12.07 12.07

CC SCBA
AC

10% 462.4 28.5 1.49 0.50 11.60 12.31

20% 411.0 56.9 1.49 0.53 12.11 13.79

30% 359.6 85.4 1.49 0.56 11.10 13.73

CC SCBA G

10% 462.4 32.7 1.49 0.50 10.90 11.67

20% 411.0 65.4 1.49 0.52 9.89 11.46

30% 359.6 98.1 1.49 0.54 9.06 11.53

CC SCBA
RG

10% 462.4 43.9 1.49 0.49 10.81 11.84

20% 411.0 87.8 1.49 0.50 9.07 11.01

30% 359.6 131.6 1.49 0.50 8.31 11.35
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Table 6. Comparisons between cement or agglomerate consumption due to compression strength of
mortars with water/binder factor fixed in weight.

Method Mortar Subst. (%)

Clinker
Consumption
per Volume

(kg/m3)

SCBA
Consumption
per Volume

(kg/m3)

Water/Binder
in Volume

Water/Binder
in Weight

Clinker
Consumption
per Strength

(kg/MPa)

Binder
Consumption
per Strength

(kg/MPa)

W
at

er
/b

in
de

r
fa

ct
or

fix
ed

in
w

ei
gh

t CC reference 0% 514.0 0.0 1.49 0.48 12.53 12.53

CC SCBA
AC

10% 467.7 28.8 1.42 0.48 15.02 15.95

20% 420.4 58.2 1.36 0.48 12.02 13.68

30% 372.0 88.3 1.29 0.48 10.54 13.04

CC SCBA G

10% 466.8 33.0 1.44 0.48 10.57 11.32

20% 418.7 66.6 1.38 0.48 9.73 11.28

30% 369.7 100.9 1.33 0.48 8.41 10.71

CC SCBA
RG

10% 464.2 44.1 1.47 0.48 10.30 11.27

20% 414.1 88.4 1.45 0.48 8.66 10.51

30% 363.7 133.1 1.43 0.48 7.82 10.69

For mortars with the fixed flow (Table 7), it is possible to observe that the lowest
clinker consumption by compressive strength was 8.77 kg/MPa for the mortar with a 30%
replacement of re-fired and ground ash compared to the consumption of 11.68 kg/MPa
of the reference mortar; thus, a reduction in clinker consumption of approximately 25%
was obtained.

Table 7. Comparisons between cement or binder consumption due to the compressive strength of
mortars with the fixed flow.

Method Mortar Subst. (%)

Clinker
Consumption
per Volume

(kg/m3)

SCBA
Consumption
per Volume

(kg/m3)

Water/Binder
in Volume

Water/Binder
in Weight

Clinker
Consumption
per Strength

(kg/MPa)

Binder
Consumption
per Strength

(kg/MPa)

Fi
xe

d
flo

w

CC reference 0% 503.2 0.0 1.62 0.52 11.68 11.68

CC SCBA G

10% 448.0 31.7 1.69 0.56 11.58 12.40

20% 395.4 62.9 1.73 0.60 11.09 12.86

30% 342.4 93.4 1.80 0.65 11.47 14.60

CC SCBA
RG

10% 447.5 42.5 1.70 0.55 10.54 11.54

20% 394.3 84.2 1.75 0.58 9.88 11.99

30% 343.4 125.7 1.78 0.60 8.77 11.98

Assessing the feasibility of replacing ground clinker with processed ashes in the eco-
nomic context is essential. However, an analysis of the SCBA-based mixed Portland cement
production life cycle, including the economic and environmental benefits, needs to be
carried out to obtain SCBA acceptance in the cement industries [55]. The final cost of the
Portland cement produced should lead to more accessible concrete. The main expense of
SCBA is transportation; however, cement also has transport costs from the manufacturing
site to the consumption site. The cost of grinding includes energy consumption, depreci-
ation of equipment, and labor, and is approximately 30% of the total cost of SCBA. The
cost of Portland cement calculated for Thailand was US$ 64.7/ton against US$ 15.0/ton for
SCBA [77]. Chindaprasirt et al. [77] present CO2-eq emissions almost eight times lower for
SCBA when compared to Portland cement.

Currently, SCBA is a residue from the sugar and alcohol industry without a high-
added-value destination and is usually deposited in landfills, which does not add economic
value. It is worth noting that the temperature of the thermal treatment of ash proposed
in this work is about 40% of the manufacturing temperature of Portland cement. The
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temperature of burning in thermoelectric plants and boilers is not controlled; however,
having a commercial interest, it is believed that this temperature can be adjusted with some
ease, which can eliminate the need for reprocessing by burning. Another important aspect
is that the natural ash presents in granulometry and strength inferior to the limestone and
Portland cement clinker, being easier to grind. These factors are likely to lead to burning
and grinding costs lower than the cement manufacturing process costs.

The cost of ash was compared as a percentage to the cost of cement for mortars pro-
duced with a water/binder factor fixed in volume (Figure 14). For comparative purposes,
the graph of the cost reduction with binder in the production of concrete versus the cost of
ash in relation to cement was plotted, considering ash at zero cost (0%) or with the exact
cost of cement (100%) and the binder consumption for the acquired strength (kg/MPa).
Considering the results obtained, it can be said that, in terms of costs, the savings will be
9.69%, 18.06%, and 24.94% for the replacement of 10%, 20%, and 30% of cement by SCBA G
at no acquisition cost, respectively. For the ash acquisition cost equal to that cost of cement
(100%), the savings will still be 3.31%, 5.05%, and 4.47% for 10%, 20%, and 30% of substi-
tutions, respectively. The cost breakeven point, that is, when the cost of Portland cement
concrete will be the same as the cost of Portland cement concrete with ash, will happen
when the value of the ground ash reaches 223.8%, 147.1%, and 121.8% for substitutions of
10%, 20%, and 30% of cement by SCBA G, respectively.
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Figure 14. Mortar and concrete cost comparisons for SCBA relative cost variation.

For substitutions with re-fired and ground ash, the cost reduction will be 10.44% for
concrete with a 10% replacement, 24.86% for 20%, and 31.15% for 30%. For the cost of ash
equal to cement (100%), the savings will still be 1.91%, 8.78%, and 5.97% for 10, 20, and 30%
of substitutions, respectively. The cost breakeven point will happen when the re-burnt and
ground ash value reaches 122.4% of the cement value for 10%, 154.6% for 20%, and 123.7%
for the 30% replacement, considering the same compressive strength acquired.

Therefore, taking into account that the cost of ash is around 23% of the cost of Portland
cement and with emissions eight times lower [77], based on the data presented in Figure 14,
there is financial and environmental viability in the use of SCBA for the production of
mortars and concrete.
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Another mechanical parameter evaluated was the flexural strength of mortars pro-
duced with SCBA G and SCBA RG, shown in Figure 15. Note that the tensile strengths of
mortars with SCBA RG reached higher values than standard mortar. An analysis of the
dry bulk density showed that the results were superior, and the results of water absorption
were lower with the SCBA RG addition. These results correlated with better performance
in the compressive and flexural strength of the mixtures with the addition of the SCBA RG,
which was due to the filler action and the pozzolanic effect because the compressive and
flexural strength has increased. The positive influence of the burning of sugar cane bagasse
ash is confirmed in the literature [33].
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Figure 15. Flexural strength of mortars.

Regarding the potential of SCBA to inhibit harmful alkali–silica reactions, in
Figures 16 and 17, it can be seen that SCBA RG presented an inhibition of the expansion of
mortars higher than the inhibition of SCBA G. It has been found that the expansion was
inverse to the content of SCBA for both SCBA G and SCBA RG. It is believed that the inhibi-
tion of expandability is related to two mechanisms of action. The first mechanism would be
SCBA’s performance as pozzolans, providing a greater cement alkali consumption, inhibit-
ing the composites’ expandability [78–80]. The second mechanism would be the SCBA’s
performance as a filler [81–83], providing the reduction of the composites’ porosity through
pore filling by SCBA G and SCBA RG, reducing the entry of water alkalis that are available
in the sodium hydroxide solution. Both mechanisms justify the better performance of the
SCBA RG since it has a smaller particle size and a higher amount of SiO2.

Flexural strength mortars with reactive aggregates before the ASR test is shown in
Figure 18. The flexural tensile strength for mortars 900 days after the ASR expandability test
is shown in Figure 19. You can see that the mortars with SCBA RG maintained higher levels
of tensile strength in flexion after the alkalis attack. In general, the SCBA thermal treatment
improvement improves the performance of mortars in several aspects, as reported in the
literature [30], including mechanically and in the inhibition of expansions caused by ASR.
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Figure 16. Comparison between the expandability of mortars developed with quartzite aggregates.
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Figure 17. Comparison between the expandability of mortars developed with basalt aggregates.
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Figure 18. Flexural strength mortars with reactive aggregates before the ASR test.
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Figure 19. Flexural strength at 900 days of mortars after ASR test.

4. Conclusions

This study demonstrated the possibility of using SCBA to produce Portland cement.
The partial replacement of the Portland cement clinker by SCBA was feasible, and the
conclusions below were made:

1. The processing of SCBA by grinding or burning promotes morphological and physical
changes. Grinding and burning increased the density and reduced the particle size of
SCBA. SCBA AC and SCBA G showed a high loss on ignition. SCBA G and SCBA RG
are pozzolanic.

2. The cement produced with SCBA AC took the mortar with an inadequate consistency.
The cement with SCBA G and SCBA RG did not have its setting time significantly
altered. The higher percentage of additions (20% and 30%) of SCBA RG led to
mortars with a higher dry bulk density and lower water absorption. The compressive
strength of mortars with the cement with SCBA G and SCBA RG were compatible
with the results obtained by the reference Portland cement, regardless of the dosage
method used.

3. SCBA RG presented the lowest consumption of the Portland cement reference by
compressive strength acquired in the dosing methods: (a) fixed water/binder factor
in volume; (b) water/binder factor fixed in weight; and (c) fixed flow.

4. Without considering logistical costs, if SCBA’s processing costs are zero, the savings
in Portland cement production can reach 31.15%. For replacements of up to 30% of
the clinker by SCBA, if the cost of the SCBA is equal to the cost of the clinker, the
savings can reach 8.78%. It is worth noting that the temperature adjustment of the
boilers of the thermoelectric plants can lead to SCBA being more suitable for the
partial replacement of the clinker, without the need for re-firing, and the grinding of
the SCBA requires less energy than the grinding of the clinker, mainly due to the size
of the SGBA AC being reduced compared to the clinker.

5. The clinker’s replacement by SCBA reduces the expansion of mortar prisms with
reactive aggregates exposed to aggressive environments (NaOH solution at 80 ◦C for
28 days). The SCBA RG in the 30% Portland clinker substitution inhibits expansion by
ASR with the used aggregates of quartzite and basalt. This fact is confirmed by the
flexural strength presented by CC SCBA RG 30% after 900 days of the ASR test.
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In addition to reducing the Portland cement clinker caused by the use of SCBA,
the incorporation of SCBA G and SCBA RG imprisons 49.2% and 3.3% of the material
content with incomplete combustion rich in carbon in the matrix. This incorporation did
not significantly change the setting time, porosity, and durability at ASR of the matrix
produced. This subject should be researched with the intent of proving carbon capture.
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