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RESEARCH ARTICLE

Production of Ground Granulated Blast-furnace Slag
Cement: Energy and Carbon Reduction Efficiency of
Cement-grinding System

-1 . 1
Kuan-Hung Lin’, Chung-Chia Yang*
Harbor and River Engineering Department, National Taiwan Ocean University, Taiwan, ROC

Abstract

This study used clinker, ground granulated blast-furnace slag (GGBS), and gypsum in a cement-grinding system to
produce GGBS cement (GCE). Gypsum was used as the alkaline activator to modify the surface area of GCE and increase
its compressive strength. The results revealed that the use of the gypsum activator and the modification of the surface
area of GCE effectively increased the formerly inadequate compressive strength of GCE (GGBS >60%) in the early stage.
In addition, energy consumption data were obtained during the production of GCE and Portland cement (PCE) by the
cement-grinding system. The calculations concerning the production proportions indicated that when GCE was pro-
duced in place of PCE, the overall demand for clinker fell by 65%. By comparison, the total energy consumption per ton
of production decreased from 1539 to 602 kWh, and CO, emissions decreased from 0.78 to 0.31 tons. Furthermore, energy
efficiency and carbon-reduction efficiency both reached 60.9%. In summary, the production of GCE through the pro-
posed cement-grinding system appears to be feasible and able to considerably increase the energy efficiency and carbon
reduction efficiency of cement production.

Keywords: Admixtures, Cement, Compressive strengths

1. Introduction “fossil fuel phase-out” was included in the official
pact of the COP26 summit. In addition, “Net Zero by
o address the threat of ecological imbalance 2050” became a global consensus intended to signal
T that has come to jeopardize human living en- the end of the fossil fuel era. Finally, sustaintable
vironments in the 21st century, in 2015, multiple development became a common goal of nations
nations signed the Paris Agreement at the head- ~ Worldwide. o o
quarters of the United Nations to formally replace ~_ Construction sustainability has been highlighted
the Kyoto Protocol, which had been signed in 1998. 11 .the deyelopmen.t policy reports of umerous
The Paris Agreement stipulates the reduction of nations with the aim Of reduglgg_ environmental
greenhouse gas emissions with a view to limiting damage d}le to construction activities and resource
the increase of the global average temperature tono ~ consumption. The amount of carbon emissions
more than 2 °C above preindustrial levels. Held in ~ Produced by the global cement industry in 2000 was
Glasgow, Scotland, in late 2021, the United Nations .:approx1mately‘ 1 billion tons, and th.15. figure
Climate Change Conference (COP26) constituted increased considerably to more than 1.5 billion tons
the first evaluation of climate change after the PY 2010. In construction, 1 ton of cement generates
signing of the Paris Agreement. The concept of approximately 0.773 tons of CO,. The International

Abbreviations: Sa, Surface area; Ss, 114p standard cement, Sa = 377.4 mzlkg; T, Time required = 117s; Ts, When air
was passed through the fixed bed, the time required for the liquid level to drop to the designated scale.
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Energy Agency estimated that the amount of carbon
emissions resulting from cement production will
continue to increase despite the implementation of
reduction measures because of the increasing de-
mand for cement; thus, cement production is pro-
jected to account for 9%—10% of the total amount of
global carbon emissions by 2050. Khan [1] indicated
that to produce environmentally friendly concrete,
the amounts of Portland cement (PCE) and admix-
tures should be reduced and increased, respectively.
In addition, Mehta [2—4] advocated the use of in-
dustrial waste products (e.g., fly ash, slag) to facili-
tate cement conservation and reduce the negative
environmental impact caused by the production and
application of cement concrete. According to the
World Steel Association [5], the total global amount
of pig iron produced in 2018 was 1.247 billion tons/
year, and the total amount of blast-furnace slag
(BFS) produced was approximately 500 tons/year.
Ground granulated BFS (GGBS) and PCE [6] have
similar compositions in the C—S—A system phase
diagram. In addition, both undergo cementation
and the Portland reaction and are extensively used
in engineering projects. According to ASTM [7],
maximum GGBS replacement can reach 70%
(cement weight ratio). Escalante [8] highlighted that
GGBS cement (GCE) has inadequate early-stage
strength, and this problem is more pronounced
when the proportion of GGBS is greater.

To address the inadequate compressive strength
of GCE in the early stage, numerous studies [9—11]
have employed alkali activation to stimulate the
activity of GGBS and enhance its early-stage
strength. In addition, Davidovits [12] used a specific
concentration of NaOH solution with minerals rich
in Si, Al, and Ca (e.g., kaolinite, limestone, and
dolomite) to create “geopolymer,” a new adhesive
with a compressive strength of 15 MPa. The results
of that study constituted a milestone in research on
alkali-activated aluminosilicate materials. Alkali
activation [13] can be achieved through two mech-
anisms. In the first mechanism, Si—Al alloys (most
commonly pulverized fuel ash, kaolinite, and met-
akaolin) rich in Al,O3 and SiO, are applied. In the
second mechanism, Si—Ca alloys (most commonly
GGBS) rich in CaO and SiO, are employed, and
C—(A)—S—H (which is similar to cement) is the
main colloid. To enable the Ca(OH), generated by
GCE in a cement hydration reaction to react with
the SiO, in GGBS to produce C—S—H colloids, the
most common method [14—16,28,29] is to break the
bonds of Si, Al, and Ca by using a high-concentra-
tion alkaline solution to generate an activation re-
action of the dissociated Si, Al, and Ca ions with the
silicate and alkali mental ions provided by the

alkaline solution. Research [17,18] indicated that the
Si, Al, and Ca bonds in GGBS easily break in an
alkaline environment with a pH of >11.5. Mineral
activators (e.g., limestone powder, gypsum) can be
used to achieve alkali activation and have a satis-
factory effect on construction and durability. In
addition to applying alkaline activators, increasing
the surface area (Sa) of GCE is another primary
method for enhancing compressive strength [19,27].
Lin and Yang [20] suggested that using gypsum as
an alkaline activator when the GCE Sa is > 600 m?/
kg can effectively improve the early-stage
compressive strength of GCE. Furthermore, the
appropriate addition of slag or fly ash as a cement
replacement material can directly reduce the
amount of CO, generated, improve the durability of
cement concrete, and increase the added value and
reusability of industrial waste [21—23].

The present study produced GCE by using
clinker, GGBS, and gypsum in a cement-grinding
system while performing gypsum alkali activation
and GCE Sa modification. The objective was to
improve the inadequate compressive strength of
GCE in the early stage. The results indicated that
the proposed solution is feasible. Additionally, this
study compared GCE and PCE produced by the
cement-grinding system in terms of their energy
and carbon reduction benefits by examining the
amounts of energy consumed and CO, generated.

2. Materials and experimental methods

Although according to ASTM C150 [27], the
compressive strength of 3, 7, and 28 days only needs
to be greater than 12 MPa, 19 MPa and 28 MPa.
However, with the improvement of the cement
manufacturing level, the compressive strength of
each age is significantly higher at the specified
value. Therefore, the compressive strength target set
as 3d fc’ > 20 MPa; 7 d fc’ > 30 MPa; 28 d fc’ >
40 MPa.

In the present study, GGBS content (>60%) was
used to replace clinker for the production of GCE.
The objectives for early-stage compressive strength
were achieved by adjusting activated materials and
the GCE Sa. According to the amount of energy loss
during the production process and the market de-
mand for cement, the energy and carbon reduction
benefits of the GCE and PCE produced were
estimated.

2.1. Materials and preparation of specimens

Laboratory test used cement, GGBS, and gypsum
as raw materials to produce GCE (Density 3.15, 2.90,
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and 2.31, respectively). The chemical compositions
of the raw materials are shown in Table 1. In ex-
periments to improve the early-stage compressive
strength of GCE, PCE was used as the control group,
and T0, composed of 40% cement and 60% GGBS by
weight, served as the GCE test group. For T1, which
was the T0 sample with added gypsum, the effect of
the activator on compressive strength was observed.
T2—T4 were the samples where a gypsum activator
was added and multiple GGBS Sa adjustments were
made, resulting in secondary improvement of
compressive strength. The PCE and T0—T4 samples
were mixed with cement mortar mixture with the
proportions listed in Table 2. The gypsum activator
was used primarily to limit the SO; content to
6.0% + 1.0% so that the optimal best alkali activation
effect could be achieved [20]. The analysis of PCE
and the T0—T4 components is detailed in Table 3. In
accordance with ASTM code C109 [24], C778 stan-
dard Ottawa-graded sand was used, cement mortar
was mixed at a water—binder ratio of 0.484, speci-
mens measuring 5 x 5 x 5 cm® were casted, and
demolding was performed on the subsequent day
for conservation for 3, 7, and 28 days before
compressive strength tests were conducted.

The specific gravities of the clinker, GGBS, and
gypsum used to produce GCE and PCE were 3.20,
2.90, and 2.31, respectively; the basic physical and
chemical properties of these materials are listed in
Table 4. The composition of PCE per unit was 95%
clinker and 5% gypsum. Because considerable
amounts of GGBS and the gypsum activator were
used to produce GCE, the composition of GCE per
unit was 30% clinker, 60% GGBS, and 10% gypsum.
The proportions of PCE and GCE in the mixture are
listed in Table 5. Continuous grinding was per-
formed for 12 hours for the production of both GCE
and PCE. During the production process, samples
were taken every 2 hours to analyze the Sa prop-
erties and chemical composition (Table 6). As shown
in Table 6, the SOz content in the PCE was
2.5% + 1%, and gypsum was used as the activator to
produce GCE; as a result, the SO; content in the
GCE substantially increased to 6.0% =+ 1%.
Furthermore, the Sa of the PCE was 370—380 m?/kg,
whereas that of the GCE was 570—670 m?/kg
considerably larger because Sa modification had
been required for the GCE.

Table 1. Basic physical and chemical properties of materials.

Materials Chemical Composition (%)
CaO SiO, ALO; Fe,0O3 MgO SO; Na,O K,O

63.45 21.00 4.04 341 230 238 025 0.62
42.69 33.46 13.70 042 621 148 — 0.35
42,03 2.02 171 055 048 52.88 0.06 0.21

Cement
GGBS
Gypsum

2.2. Method of test for fineness (Air permeability
apparatus)

In accordance with ASTM C204 [25], Blaine's air
permeability tester was used to measure the Sa (m?/
kg) of the particles contained within a unit mass of
particle sample. The key step was the tight
compression of a test sample with a fixed mass of
29418 g into a fixed bed. When air was passed
through the fixed bed, the tester was used to mea-
sure the time required (Ts) for the liquid level of the
sample to decrease to the designated level. The
values obtained from the test sample and reference
materials were substituted into Eq. (1), and the Sa
value of the test sample was obtained.

ST
VTs

Ss: 114p standard cement, Sa = 377.4 m*/kg.

T: Time required = 117s.

Sa

1)

3. Results and discussion

3.1. Comparison of PCE and GCE under multiple
modification conditions

Multiple studies [15,16,20] have indicated that two
conditions must be met to improve the inadequate
early-stage compressive strength of GCE. The first
condition pertains to activator selection and the
amount of activator used; the second condition is a
high GCE Sa. The compressive strength levels of the
GCE produced using the gypsum activator under
multiple GCE Sa modification conditions were
compared with those of the PCE that was produced.
The PCE group served as the control group, and the T
groups served as the GCE test groups. The material
composition data, Sa data, and chemical composition
data of the mixtures are listed in Tables 2 and 3. The
compressive strength levels of the control group and
the test groups were examined using the ASTM C109
[24] method; the data are presented in Table 7. First, in
the TO group, a considerable amount of GGBS (>60%)
was used to replace PCE, leading to a reduction in the
amount of hydration products and further causing the
compressive strength levels of the produced GCE to
be lower than those of the PCE on the 3rd, 7th, and
28th days. The compressive strength levels of the GCE
on the 3rd, 7th, and 28th days were —49%, —39%, and
—25%, respectively (Fig. 1). Accordingly, when a
considerable amount of GGBS was used in place of
PCE and when no activator was employed to increase
the activity of GGBS or to modify the Sa, the
compressive strength of the GCE was considerably
lower than that of the PCE. Fig. 1 reveals that using the
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Table 2. Cement mortar mixture compositions of PCE and T groups and surface area data.
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Group Unit content (kg/mS) Binder materials Sa (mzlkg)
Cement GGBS Gypsum Water Aggregate Weight Cement GGBS Gypsum Mix
PCE 170.4 0.0 - 82.5 460.0 1838.1 360 - - 360
T0 51.1 119.3 - 82.5 460.0 1808.3 360 450 - 428
T1 47.0 109.7 13.6 82.5 460.0 1799.2 360 450 770 438
T2 47.0 109.7 13.6 82.5 460.0 1799.2 360 530 770 508
T3 47.0 109.7 13.6 82.5 460.0 1799.2 360 650 770 604
T4 47.0 109.7 13.6 82.5 460.0 1799.2 360 740 770 668
Table 3. Chemical compositions of PCE and T groups.
Materials Surface area (mzlkg) Chemical Composition (%)
CaO SIOZ A1203 Fe203 MgO SO3 NaZO Kzo
PCE 360 63.45 21.00 4.04 3.41 2.30 2.38 0.25 0.62
T0 428 50.08 23.59 16.55 2.31 4.41 2.17 0.24 0.53
T1 438 50.07 21.56 14.41 1.68 4.80 6.00 0.29 0.39
T2 508 50.20 21.70 14.52 1.60 4.40 6.12 0.20 0.45
13 604 50.33 21.89 14.31 1.56 4.46 6.00 0.21 0.44
T4 668 49.72 21.27 14.67 2.01 4.84 6.09 0.20 0.36
Table 4. Basic physical and chemical properties of production materials.
Materials Density (g/cm3) Chemical Composition (%)
CaO Si02 A1203 F9203 MgO SO3 Na20 Kzo
GGBS 2.90 42.69 33.46 13.70 0.42 6.21 1.48 - 0.35
Gypsum 2.31 42.03 2.02 1.71 0.55 0.48 52.88 0.06 0.21
Clinker 3.20 64.83 21.14 5.07 3.65 2.23 0.64 0.35 0.48

Table 5. Mixture proportions for producing PCE and GCE.

Group Unit content (kg/m®)
Clinker GGBS Gypsum Water Aggregate Weight

PCE-1 161.9 0.0 85 825  460.0 1862.1
PCE-2 1619 0.0 85 825  460.0 1862.1
PCE-3 161.9 0.0 85 825  460.0 1862.1
PCE-4 1619 0.0 8.5 825  460.0 1862.1
PCE-5 161.9 0.0 85 825  460.0 1862.1
PCE-6 161.9 0.0 85 825  460.0 1862.1
GCE-1 51.1 1022 17.0 825  460.0 1823.8
GCE-2 51.1 1022 17.0 825  460.0 1820.0
GCE-3 51.1 1022 17.0 825  460.0 1820.0
GCE-4 51.1 1022  17.0 825  460.0 1820.0
GCE-5 51.1 1022 17.0 825  460.0 1820.0
GCE-6 51.1 1022 17.0 825  460.0 1820.0

gypsum activator while employing the method
applied to the TO group increased the SO; content in
the T1 group from 2.17% to 6.0%. Although the
compressive strength levels of the produced GCE on
the 3rd (—43%), 7th (—35%), and 28th (—20%) days
were still lower than those of the produced PCE, they
were higher than those of the TO group; this finding
indicated that the use of the gypsum activator
increased the compressive strength of GCE. In brief,
the gypsum activator was used to increase GGBS ac-
tivity, and the GGBS Sa was modified to increase the

GCE Sa in groups T2—T4. Although the compressive
strength levels of the GCE produced in multiple
stages were still lower than the corresponding
strength levels of the produced PCE (T2: —32% to
—3%; T3: —26% to —5%; T4: —14%—8%), the increase
of the GCE Sa through Sa modification effectively
increased the compressive strength levels of the pro-
duced GCE in all stages. Furthermore, an increase in
the compressive strength level was revealed to be
positively correlated with an increase in the GCE Sa.

In summary, the compressive strength of the GCE
was considerably lower than that of the PCE when
no improvement measures were applied. The use of
an activator to increase GGBS activity alongside the
implementation of Sa modification substantially and
effectively increased compressive strength. By
contrast, the use of a single method produced
limited effects the designated compressive strength
standard could be achieved only when both
methods were applied in combination.

3.2. Comparison of produced GCE and PCE
The results of this study revealed that the use of

the gypsum activator in GCE production effectively
increased the SO; content, promoted GCE Sa



Table 6. Surface area and chemical compositions of produced PCE and GCE.
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Group Sa (mzlkg) Chemical Composition (%)
CaO Si02 A1203 Fe203 MgO 503 NaZO Kzo

PCE-1 372 62.68 21.38 4.24 3.60 2.55 2.29 0.32 0.48
PCE-2 373 62.60 21.41 4.31 3.52 2.57 227 0.36 0.50
PCE-3 376 62.57 21.45 4.34 3.45 2.62 2.24 0.36 0.51
PCE-4 372 62.59 21.48 4.38 3.33 2.66 2.22 0.37 0.48
PCE-5 374 62.59 21.48 4.39 3.33 2.67 2.20 0.37 0.47
PCE-6 379 62.64 21.29 4.58 3.27 2.55 2.24 0.38 0.54
GCE-1 625 50.21 24.18 9.58 1.09 3.80 6.43 0.51 0.35
GCE-2 599 50.47 24.65 10.03 1.33 4.40 6.31 0.53 0.37
GCE-3 649 50.21 24.69 10.12 1.89 4.46 6.25 0.48 0.34
GCE-4 650 50.38 23.42 10.00 1.73 3.84 5.86 0.51 0.35
GCE-5 625 49.66 23.56 9.40 1.64 3.97 5.99 0.51 0.33
GCE-6 584 49.95 23.46 9.18 1.69 4.58 6.22 0.49 0.32
Table 7. Compressive strength of Portland cement group and T groups.
Group  Compressive strength (MPa)

3 day 7 day 28 day

Datal Data2 Data3 average Datal Data2 Data3 average Datal Data2 Data3 average
PCE 244 24.6 24.3 24.4 33.1 34.2 341 33.8 41.0 415 40.8 411
T0 12.9 125 11.9 12.4 21.8 20.5 19.9 20.7 30.2 31.3 315 31.0
T1 14.0 13.9 14.0 14.0 22.0 22.0 221 22.0 33.0 32.7 33.0 32.9
T2 16.5 16.6 16.6 16.6 24.8 25.3 24.8 25.0 35.5 35.1 35.3 35.3
T3 213 215 21.6 215 28.0 28.3 29.0 28.4 37.8 38.2 38.1 38.0
T4 23.9 23.9 23.7 23.8 33.0 315 31.6 32.0 44.4 44.9 44.5 44.6

Compressive strength (MPa)

w B B (4.
o o o o
| 1 | " |

w
o
1

3d

7d

Curing age

28d

Fig. 1. Comparison of compressive strength of T group and Portland cement.
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modification, and increased the compressive
strength of the produced GCE. Therefore, this study
used the cement-grinding system for 12 hours
consecutively for the production of both GCE and
PCE. The basic physical and chemical properties of
the materials used to produce GCE and PCE, the
proportions of each material, and the Sa of the
finished product are listed in Tables 4 and 5. The
grinding speed of the powder concentrator used to
produce GCE and PCE was set to 1350—1400 rpm.
Because the compositions of GCE and PCE were
slightly different and because the Sa of the produced
GCE had to be modified (GCE Sa > 600 mzlkg), the
capacity per unit time of the produced GCE (11-12
tons/h) was lower than that of the produced PCE
(28—30 tons/h) by 55%—65% (Table 8). The Sa of the
produced PCE and GCE were 370—380 and 584—650
m2/kg, respectively (Fig. 2). Fig. 2 shows that the
fluctuation of the Sa of the produced GCE was
greater than that of the produced PCE. This differ-
ence was related to the proportions of the raw ma-
terials used, the ease of grinding, the air volume of
the system, and the number of spinning cycles that
the powders were subjected to in the powder
concentrator.

3.3. Compressive strength of produced PCE and
GCE

Six samples of the produced PCE and GCE were
obtained to compare their compressive strengths.
The Sa of the PCE was 370—380 mzlkg, and the SO;
content in the produced PCE ranged from 2.0% to
2.5%. The produced GCE underwent physical and
chemical modification, and thus, its Sa was
570—670 m*/kg. The SO; content in the produced
PCE ranged from 5.5% to 6.5% (Table 6). The
compressive strength levels of the produced PCE on
the 3rd, 7th, and 28th days were 25.1-26.1,
31.9—33.0, and 42.3—43.2 MPa, respectively, whereas
those of the produced GCE were 19.3—24.3,
28.9—32.0, and 39.8—43.9 MPa, respectively (Table 9).
Although the compressive strength levels of the
produced GCE on the 3rd, 7th, and 28th days were
lower than those of the produced PCE by 13.4%,
5.6%, and 1.6%, respectively, they met the standards
for compressive strength (Fig. 3). The relationship
between the compressive strength and Sa of the

produced GCE is illustrated in Fig. 4, which reveals
that the compressive strength of the produced GCE
increased with the Sa and that this increasing trend
was identical in each stage. In addition, the corre-
lation was satisfactory (R*> > 0.84). Notably, the
compressive strength of the produced GCE was
likely to be lower than the set target value when the
GCE Sa was lower than 600 m*/kg. These results
indicated that the use of the gypsum activator and
the control of the GCE Sa during the production of
GCE effectively improved the compressive strength
of the GCE, particularly during the early stage,
when the compressive strength of the GCE was
inadequate. Accordingly, the use of the proposed
cement-grinding system to produce GCE through
cogrinding appears to be feasible.

3.4. Energy consumption and carbon emissions of
PCE and GCE produced by the cement-grinding
system

The use of the proposed cement-grinding system
for GCE production enabled the produced GCE
with modifications to reach a level of compressive
strength meeting the design requirements. In this
study, the energy consumption levels of the pro-
duced PCE and GCE were compared. According to
the Guidelines for Energy Conservation and the
Energy Efficiency Indicators followed by the
Cement Manufacturing Industry, both of which
were published in 2015, cement is produced using a
cement-rotary-kiln system, a cement-raw-meal-
and-clinker system, and a cement-grinding system.
The upper limits for energy consumption in the
cement-rotary-kiln system, cement-raw-meal-and-
clinker system, and cement-grinding production
system are 893 Mcal/t-clinker, 74 kWh/t-clinker, and
46 kWh/t-cement, respectively. The energy effi-
ciency data of these three systems during the pro-
duction of PCE and GCE are presented in Table 10.
In the present study, a cement-grinding system was
used to produce PCE and GCE; therefore, the en-
ergy consumption levels of the cement-rotary-kiln
and cement-raw-meal-and-clinker systems
remained unchanged (828 Mcal/t-clinker and
69 kWh/t-clinker, respectively). When PCE was
produced by the cement-grinding system, its Sa was
controlled to 360—380 m?/kg, output was maintained

Table 8. Mixture proportions, system parameters, capacity, and Sa of PCE and GCE.

Group Unit content (ton) Powder concentrator Capacity Binder materials
Clinker GGBS Gypsum engine speed (rpm) (ton/hr) Sa (m?/kg)

PCE 95% - 5% 1350—1400 28-30 370~380

GCE 30% 60% 10% 1350—1400 11-12 584~650
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Fig. 2. Comparison of Sa of PCE and GCE produced by cement-grinding system.

at 28—30 tons/h, and the energy consumption of the
cement-grinding system was estimated to be
45 kWh/t. During GCE production, output was
reduced to 11—12 tons/h because the Sa of the
produced GCE was set to >600 mzlkg. The energy
consumption of the cement-grinding system was
estimated to be 130 kWh/t. The Sa of the produced
GCE needed to be > 600 mzlkg to adequately in-
crease the early-stage compressive strength.
Therefore, the output of the GCE decreased as the
Sa increased, and the energy consumption during
production increased from 45 to 130 kWh/t.
Accordingly, when this study compared only the
energy consumption levels per unit time and the
average energy consumption levels of the GCE and
PCE produced by the cement-grinding system, the

Table 9. Compressive strength for producing PCE and GCE.

production of GCE was more energy intensive than
was that of PCE (Fig. 5).

Based on the 2019 annual carbon emission coef-
ficient data (0.509 kg CO,/kWh) released by the
Bureau of Energy in Taiwan, the CO, emissions
generated by the cement-grinding system in this
study during the production of PCE and GCE were
estimated to be 0.023 and 0.066 tons, respectively.
According to an energy efficiency seminar [26],
every ton of GGBS produces approximately 0.05
tons of CO,, which is equivalent to an energy con-
sumption level of 100 kWh/t. This study compiled
data regarding the energy consumption levels and
CO, emissions of the PCE, GCE, and GGBS pro-
duced by the cement-grinding system. The total
energy consumption and CO, emissions generated

Group Sa (mzlkg) Compressive strength (MPa)

3 day 7 day 28 day

Datal Data2 Data3 average Datal Data2 Data3 average Datal Data2 Data3 average
PCE-1 372 25.6 24.7 25.1 25.1 31.9 31.6 32.2 31.9 42.6 4.3 421 423
PCE-2 373 25.2 25.9 25.6 25.6 32.0 32.4 32.0 32.1 423 42.8 42.4 42.5
PCE-3 376 25.9 25.4 24.9 25.4 32.7 32.6 324 32.6 42.8 42.6 424 42.6
PCE-4 372 25.9 25.2 25.3 25.5 33.2 31.8 323 324 43.2 4.3 42.6 4.7
PCE-5 374 25.5 25.3 25.8 25.5 32.8 33.0 32.9 32.9 4.8 43.3 42.7 43.0
PCE-6 379 26.1 26.4 25.9 26.1 33.2 33.1 32.7 33.0 43.5 42.9 43.1 43.2
GCE-1 625 221 22.9 23.1 22.7 311 32.0 30.3 31.2 42.7 42.4 43.0 4.7
GCE-2 599 20.6 20.7 21.2 20.8 30.0 30.3 30.3 30.2 414 41.7 40.9 41.3
GCE-3 649 23.3 24.3 25.3 24.3 30.9 313 31.1 311 43.6 43.8 44.2 43.9
GCE-4 650 229 23.7 24.0 23.5 32.2 31.8 32.0 32.0 43.2 42,5 42.9 42.9
GCE-5 625 225 22.0 21.7 22.0 30.7 303 30.8 30.6 422 41.1 41.8 41.7
GCE-6 584 19.0 19.6 194 19.3 29.4 28.6 28.9 28.9 40.2 39.8 393 39.8
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Table 10. Energy Efficiency Indicators production record value for PCE
and GCE.

Energy Rotary kiln Raw and clinker Cement Mill

Efficiency system system System

Indicators (Mcal/t-clinker) (kWh/t-clinker) (kWh/t-Cement)
=893 =74 =46

PCE 828 69 45

GCE 828 69 130

by the cement-grinding system were estimated on
the basis of the total energy consumption and CO,
emissions generated by the 11.769 million tons of
cement produced in 2020 in Taiwan (Table 11). In
this study, the CO, emissions generated during the
production of PCE, GCE, and GGBS decreased in
the order of PCE, GGBS, and then GCE. This
finding relates to the findings for output per unit
time and energy consumption. The differences

1407 avG 130 - REE ek
1207 7 Y e ’ ’ [-
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o]
o
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o
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Fig. 5. Power consumption of cement-grinding system for PCE and GCE
production.

between the levels of CO, emissions produced
resulted from the different Sa requirements of the
products. Therefore, the change in the amount of
CO, emissions that occurred when the Sa changed
should be considered further. This study divided
CO, emissions on the basis of the Sa results and
measured the CO, generated per unit increase in Sa.
The CO, generated per unit increase in the Sa of
each of the produced PCE, GCE, and GGBS was
0.060—0.064, 0.102—0.110, and 0.100—0.125 kg,
respectively (Fig. 6). Fig. 6 reveals that the produc-
tion of PCE generated the lowest amount of carbon
emissions and exhibited the highest stability in
terms of carbon emissions, followed by the pro-
duction of GCE and then GGBS. This result differs
from that obtained solely on the basis of the CO,
generated by the cement-grinding system. The main
factor behind this difference was that although the
production of GCE caused lower CO, emissions
than did the production of GGBS, the Sa require-
ment for the production of GCE (i.e., >600 m?/kg)
resulted in the final amount of CO, emissions
generated on a unit basis being higher for the pro-
duction of GCE than for the production of GGBS.
If PCE, GCE, and GGBS were produced using the
cement-grinding system and if the output required
by Taiwan in 2020 (11.79 million tons) were used as a
basis, the total annual energy consumption levels of
PCE, GCE, and GGBS would be 53.05 million, 153.27
million, and 117.9 million kWh, respectively, and the
total CO, emissions would be 27,005, 78,014, and
58,950 tons, respectively. The purpose of this study
was to replace PCE with a large amount of GGBS to
substantially reduce the energy consumption and
CO, emissions generated during the production of
GCE and to increase the compressive strength of
GCE to the level required for PCE through
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Table 11. Comparison of energy consumption for production of PCE, GGBS, and GCE through cement-grinding system.

Output Sa (mzlkg) Power CO? (ton) Total power Total CO? (ton) Compare with
consumption consumption Portland cement
(KWh/t) (kWh)
PCE 360~380 45 0.023 53,055,000 27,005 —
GCE 600~650 130 0.066 153,270,000 78,014 289%
GGBS 400~500 100 0.050 117,900,000 58,950 218%
014 T respectively (Table 12). Although the production of
0.12 0110 GCE through the cement-grinding system increased
T o1 {60316 by 289% because of the considerable increase in the
B 008 160~ 180 % /' GCE Sa, the overall demand for clinker decreased
c o e / 0.100 by 65% such that the energy consumption levels of
5“ - 0102 the rotary-kiln and cement-raw-meal-and-clinker

0.060

w
O
a

GCE
GGBS

Fig. 6. The CO, produced per unit Sa of PCE, GCE and GGBS.

modification. However, for cement-grinding pro-
duction, the aforementioned approach resulted not
in increased energy or increased carbon reduction
efficiency but rather increased energy consumption
and carbon emissions by a factor of 2.89.

3.5. Comparison of total energy consumption levels
generated by produced PCE and GCE

The results detailed in Subsection 3.4 indicated
that the production of GCE through the cement-
grinding system and cogrinding was energy inten-
sive. However, during the production process in
which GCE was used in place of PCE, the 95%
clinker proportion that was originally used to pro-
duce a ton of PCE was lowered to 30% during the
production of GCE. Thus, the clinker output
decreased accordingly. Therefore, the total energy
consumption levels of the cement-rotary-kiln and
cement-raw-meal-and-clinker systems both
decreased with demand. Owing to the decrease in
the demand for clinker during GCE production, the
energy efficiency levels of the cement-rotary-kiln,
cement-raw-meal-and-clinker, and cement-
grinding systems should be corrected to 282 Mcal/t-
clinker, 23 kWh/t-clinker, and 130 kWh/t-cement,

systems both decreased by 316%. The total energy
consumption per ton of GCE produced decreased
from 1539 to 602 kWh (Fig. 7). From the perspective
of overall PCE and GCE production, the energy
consumption required to produce GCE was
approximately 31.5% of that required to produce
PCE, and the CO, emissions generated during GCE
production decreased from 0.78 to 0.31 tons.
Accordingly, the production of GCE through the
cement-grinding system increased energy efficiency
and carbon reduction efficiency.

The energy efficiency of the production of PCE
and GCE in this study was based on the 11.79
million tons required by Taiwan in 2020. Relative to
the production of PCE, the production of GCE
resulted in a decrease in total energy consumption
from 18.14 billion to 7.09 billion kWh/year; this
finding constitutes an annual reduction of 11.05
billion kWh (Table 13). Regarding energy efficiency,
the production of PCE requires the burning of 11.43
million tons of coal per year, whereas the produc-
tion of GCE requires the burning of just 4.47 million
tons of coal per year. Therefore, GCE production
could reduce annual coal consumption by 6.96
million tons. Next, regarding carbon reduction effi-
ciency, the amount of CO, emissions per year
decreased from 9.234 million to 3.611 million tons,
constituting an annual reduction of 5.624 million
tons, a carbon-reduction efficiency of 60.9%, and an
increase in afforestation of 365,000 ha/year. In
contrast to the conventional method of grinding
PCE and GGBS separately before mixing, the cog-
rinding method that was applied in this study

Table 12. Comparison of energy consumption between PCE and GCE in actual production of cement system.

Output  Clinker  Gypsum GGBS  Rotary kiln Raw and clinker =~ Cement Mill Power CO? (ton)
system system System consumption
(Mcal/t-clinker) (kWh/t-clinker) (kWh/t-Cement) (kWh/t)

PCE 95% 5% 0% 893 45 1539 0.78

GCE 30% 10% 60% 282 130 602 0.31




224 JOURNAL OF MARINE SCIENCE AND TECHNOLOGY 2023;31:215—225

1800

=

£ 100 -

< 1400 316% >

.g 1200

8. 1000 493

g 800

Z 316°

S 600 20

o

g 400 282 .

o 200 74

= N 23.37
Rotary kiln Raw and clinker

1539

289 %

/
130

Cement Mill ~ Power consumption

Fig. 7. Comparison of energy consumption of various systems during production of PCE and GCE.

Table 13. Overall energy and carbon-reduction efficiency for production of PCE and GCE.

Output Power consumption Energy saving Carbon reduction
(kWh) Qil fuel (kL) Fire coal (ton) Natural gas (ton) CO? (ton) Afforestation benefits
(hm?)
PCE 18,143,277,300 13,607,458 11,430,265 15,149,637 9,234,928 -
GCE 7,094,613,884 5,320,960 4,469,607 5,924,003 3,611,158 364,763

Notes: 1 kWh = 0.75 Oil fuel (kL) = 0.63 Fire coal (ton) = 0.835 Natural gas (ton) = 0.509 CO,.

1 Afforestation benefits(hm?) = 9.9 CO, (ton).

Table 14. Difference between this study the traditional practice.

GGBS Cement Comparison

Method Traditional practice

Material composition Cement, GGBS. admixtures

GGBS unit content
=40% more [8]

Admixtures type

Admixtures unit content

Production process used

0.5%—5% [17,18]

Due to early strength requirements, the dosage is

Mixing production in ready-mixing plants

This study
Clinker, GGBS. admixtures
Can be used up to 70% [20].

NaOH, Na2O and alkaline metal activators Gypsum

10% [20]
Cement system cogrinding production

through the cement-grinding system can prevent
uneven mixing, maximize GGBS use, and promote
the energy efficiency and carbon reduction effi-
ciency of cement production. The difference be-
tween this study and the traditional practice is
shown in Table 14.

4. Conclusions

In this study, producing GCE by using a gypsum
activator and by modifying the Sa of GCE improved
the compressive strength of GCE in the early stage.
Because of the reduced demand for clinker during
the production of GCE, this method can indirectly
promote the energy efficiency and carbon reduction
efficiency of cement production. The conclusions of
this study are summarized as follows:

1. During GCE production, the blaine (Sa) was
controlled, and the SO;. The 3-, 7-, and 28-day
compressive strength levels of GCE were
19.3—24.3, 28.9-32.0, and 39.8—43.9 MPa,,

respectively. The compressive strength increased
with the GCE Sg, and the trends in each stage were
identical. Furthermore, the correlation between
the two variables was favorable (R > 0.84).

. The use of the gypsum activator and the increase

of the GCE Sa effectively improved the formerly
inadequate compressive strength of the GCE in
the early stage. The compressive strength of the
produced GCE was likely to be lower than the
set target value when the Sa of the GCE was
slightly larger than 600 m?*/kg.

. Regarding the energy consumption and average

energy consumption per unit time during
cement grinding, the increased GCE Sa
(>600 m?/kg) reduced the output of GCE and
increased the energy consumption of GCE pro-
duction by 289% relative to PCE production.

. Regarding overall cement production, clinker

use decreased by 65% during GCE production.
Therefore, the energy consumption required for
GCE production was approximately 31.5% of
that required for PCE production. In addition,
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the amount of CO, emissions observed for GCE
production decreased from 0.78 to 0.31 tons.
Accordingly, the production of PCE through the
cement-grinding system promoted energy effi-
ciency and carbon reduction efficiency.

5. Producing cement by using GCE in place of PCE
can reduce energy consumption by 11.86 billion
kWh/year. Regarding energy efficiency and
carbon reduction efficiency, this method can
reduce coal consumption by 6.96 million tons/
year and reduce CO, emissions by 562.4 tons/
year and achieve a carbon reduction efficiency
level of 60.9%. Accordingly, the production of
GCE through the proposed cement-grinding
system can considerably increase energy effi-
ciency and carbon-reduction efficiency.
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