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Abstract: While there is strong demand for cement because of its widespread use in modern society,
its production is a source of international concern due to the large amounts of energy required and
the greenhouse gas (GHG) emissions produced in the process. These GHGs deplete the ozone layer
and speed up global warming. Therefore, it is important to investigate several methods of handling
this issue, and material replacement has been proposed as the best option among many others. In
this study, we examine the different strategies that have employed material substitution to reduce
energy use and GHG emissions during the past decade. In this study, we provided an overview of
the cement production processes and outlined the various material replacement choices available
to us (including waste or recycled materials and other materials). This study found that partial
(1-60%) and total material substitution in cement production processes have been reported to lower
energy consumption by 5.5% to 40% and greenhouse gas emissions by 1% to 94%. This highlights
the importance of material substitution in cement production for reducing energy consumption and
emissions of greenhouse gases.

Keywords: cement; energy consumption; energy reduction;, GHGs emission; global warming
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1. Introduction

Cement remains an indispensable basic commodity and a resource of great signifi-
cance that continues to be a fundamental requirement in our everyday life and therefore
affects national and international economic development [1,2]. Cement industries are well
recognized for the vital roles they play in the economic growth of developing nations.
This is evident in the value they provide to the home country’s production as well as the
countless new jobs they generate [3,4]. As a fundamental material used in the construc-
tion and building of structures, it is extensively applied in several fields, such as civil
engineering construction, industrial engineering construction, and nuclear engineering
construction [2,5,6]. The constantly increasing demand of cement for various construction
projects steers a corresponding increase in the production volume of cement, and with
a lack of hinderance on the side of the demand, the production of cement is expected to
experience constant growth. This growth in cement production has soared rapidly within
the past ten years, having recorded an increase in production to a massive 3.4 B. tons
(billion tons) [3,7], and this could not have been achieved without the expense of energy of
various forms [8].

Generally, there have been lofty consumption of energy by various industries in the
industrial sector, and this has varied from 30-70% of the total amount of energy expended in
a list of selected countries as opined by various reports [8-10]. The process of manufacturing
cement is known to be an energy-intensive process; it involves the consumption of coal
(fossil fuel), electrical energy, as well as other resources of energy, and this justifies the
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reason why the cement manufacturing industry alone accounts for 11-15% of the total
energy expended in the industry [2,3,11,12]. On averagely, the production of a ton of cement
utilizes thermal energy of 3.4G]J in the dry process, which in turn requires electrical energy
of about 110 kWh [3,13,14]. Moreover, the process of producing a ton of cement leads
to the release of carbon IV oxide (CO,) in excess of 0.73-0.99 tons, and this is primarily
dependent on the ratio of clinker-to-cement along with various factors [3,15-17]. This
CO, do not only get released through the combustion of fuel, but rather its release is
inherently part of the manufacturing process [18]. Conversely, as opposed to most of
the manufacturing companies whereby the release of GHGs, such as CO,, are mostly
due to energy consumption; in the cement manufacturing industry, a combination of
energy consumption and the manufacturing process of cement results in the emission of
CO, [18,19].

The various emissions in the cement industries which are energy-induced could
be a result of direct or indirect energy consumption. The emissions that are related to
fuel consumption are as a result of various combustions of these fuels, such as fossil
fuels (generation of thermal energy), and are referred to as the direct emission, while the
indirect emissions are usually spawned from the consumption of electricity (electrical
energy) [18,20,21]. Emissions from energy generated as a result of thermal processes
involved in raw materials conversion to achieve the clinker could further add 60-90% of the
amount of CO; to the emissions of the manufacturing process, and this is largely dependent
on the type of technology applied [22]. Recently, owing to the lofty consumption of energy
accompanying the manufacture of cement in the industry, most of the achievements of the
cement industries have been tailored to various ways of attaining a high level of energy
efficiency improvement without altering the quality of the product and having a negative
impact on their production capacity [2]. As a result of this, there has been a widespread
introduction of commercial retrofitting projects, which are aimed at decreasing the rate of
energy consumption and the emission of CO,.

The following are the major approaches put forward to help check the intensive
consumption of energy and emissions of CO; in the cement manufacturing industry.
(i) There have been noteworthy emergences of diverse technologies in the cement-producing
industries for the conservation of energy owing to the non-renewable fossil fuels used
as well as a shift to dry process from the conventional wet process of manufacturing
cement, which has improved the efficiency of energy from 26-58% [21,23]. In the world
today, the widespread use of these technologies have been applied in various parts of
the world; they include the system of transportation of raw materials and the cement
produced, roller mills with high efficiencies, highly efficient classifiers, roller presses with
high pressure, multiple-stage pre-heating processes with a pre-calciner, a reciprocating
extensive cooler, electric motors with great efficiency, adaptable speed drives, and a better
enhanced refractory [3,24,25]. (ii) The utilization of alternate fuels and biomass has now
become a standard in so many countries and some have used alternative fuels for the
replacement of over 50% of the entire quantity of fuels used in the thermal process [21]. The
use of petro-coke and coal are the universal conventional sources of fuels for the cement
plants [3]; however, as earlier pointed out, these valuable resources are barely renewable;
there have been several alternatives that have been introduced to reduce their use. Some
of these include (a) the use of gaseous fuels, such as the waste gases from refineries and
gases from landfills as alternatives, (b) the use of liquid fuels, such as hydraulic oils,
(c) the use of granulated solid or pulverized fuels, such as granulated plastics and sawdust,
(d) the use of roughly crushed fuels, such as crushed tires as alternatives, and (e) the
use of lumpy fuels, such as plastic bales as an alternative source of fuel [3]. (iii) The
clinker has been replaced with the use of other products; the raw materials composition
and the finished product are known to also contribute to the consumption of energy.
The clinker is produced after a host of processes have been carried out, such as the raw-
materials-crushing processes, a pre-blend and the grinding of these raw materials, which
are then calcined to give a semi-finished product, referred to as the clinker. The process of
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calcination have been reported to use approximate values of 24% and 38% of electrical and
thermal energy, respectively, in the cement industry [8,13]. The reduction of the ratio of
clinker-to-cement through the replacement of clinker with a more or less inert limestone
filter, pozzolanic materials, such as fly ash, silica fume, and egg shells; the use of latently
hydraulic substitutes, such as granulated slag from the blast furnace, could significantly
decrease the required amount of energy [3,12,21,26-28]. (iv) CO, emissions are reduced by
capturing and storing the CO, gases. Despite the fact that the vast majority of measures for
the efficient use and conservation of energy unconditionally aid in CO, reduction, there
have been some measures that have been specifically implemented to lessen the emission of
GHGs [29]. Most of the measures, including carbon capture storage (CCS), do not usually
have extensive financial implications with the exception of those cement industries which
are located in countries that impose a significant tax on the emission of these gases [30].
Despite all these effort by the cement industries, there is still a large amount of energy
being consumed in the manufacturing processes of cement as well as a lofty amount of
GHGs being emitted, which is far from the vision of the 2031 plan of one of the notable com-
missions of the world (the European Commission) to achieve a low-carbon economy [31].
To this effect, there have been some tireless efforts by scientists to come up with various
formulas that can help to ameliorate this present situation. Hence, in this review, we have
tried to pull together and discuss a list of material substitution approaches applied in
the manufacturing processes of cement within the past ten years as a means of reducing
the intensive energy consumption and GHG emissions in the cement industry. We are
aware that several researchers have carried out many studies related to this topic in terms
of reviewing the possible solutions to energy conservation with some of these reviews
assessing the improvement of energy efficiency over the long term [18], comparing the
consumption of energy and CO, emissions from both recycled cement and clinker pro-
duction [21], and overviewing some of the measures of saving energy [14]. Additionally,
some other reviews on energy reduction and CO, emission reduction have focused on
substituting some percentage of the finished product (cement) for the preparation of mor-
tars [32,33], concretes [34-36], and building constructions [37]. However, none of these
reviews have discussed the various material substitution approaches employed in reducing
the intensive energy consumption and GHG emissions in the manufacturing processes of
cement. In this study, we present a summarized description of the manufacturing process
of cement, thus giving insight into the need for material substitution. We went further to
critically review relevant literature that have successfully employed material replacement
strategies to reduce the intensive energy consumption and GHG emissions from cement
production. Lastly, we give a future perspective on how the use of material substitution in
the manufacturing process of cement could aid in energy reduction and GHG emissions.

2. Description of Manufacturing Processes of Cement

According to Madlool et al., the production of cement involves nine distinct stages
that are energy intensive (Figure 1), necessitating an improvement in order to maximize
energy efficiency [8]. The very first stage is the extraction and crushing of limestone, a
major element quarried by an open mine process, which is usually carried out by drilling
with heavy-duty machines or equipment, such as dump trucks, bulldozers, and explosives
(blasting), before they are transported with the use of a mechanical conveyor. Limestone,
which contains 75-90% of calcium trioxocarbonate IV (CaCQOj3) in the raw form with
the remaining percentage made up of MgCOj3 and other impurities (iron, silica, and
alumina), is first fed into a primary crusher, then moved to the secondary crusher, which
reduces the CaCOs inlet sizes to 25 mm before it is finally reduced through the last crusher
(tertiary) [8,38]. The principal firmness of the cement is usually provided by the lime (CaO)
as well as the silica, while the iron helps in the reduction of the temperature of the reaction
and gives the cement the usual grey color [8].
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Figure 1. Diagrammatical illustration of energy consumption in the manufacturing process of cement
in the cement industry [3].

To obtain the required raw feed compositions, other elements, such as bauxite, quartzite,
iron, and silica, must be added prior to the processing stage for the raw mix of CaCO3 and
the additives to be grinded to obtain smaller fragmented particles. These additives aid in
the prevention of any compositional abnormalities that may arise naturally, thus allowing
them to be stored in silos or hoppers and transferred with weigh feeders via conveyor
belts [8,39,40]. In this stage, a “vertical roller mill” (VRM) or a “ball mill” is employed for
the process of raw mix grinding, while some of the excessive heat from the kiln is used for
drying the raw mixture in this processing stage. There are many factors which governs
the choice between the ball mill and the VRM and these includes the quantity of moisture
present in the raw materials, the material abrasiveness, the level of energy consumption,
reliability, and economic viability [8,41,42].

A major energy consuming aspect of cement production is the clinkering step [43,44]
done inside the kiln (a vital piece of the plant used in manufacturing cement) and the
pre-heating tower, which comes with a combustion chamber referred to as a pre-calciner.
At this stage, CO; is produced by a series of chemical reactions that causes the raw mix to
melt, fuse together, and create the clinker. The red-hot clinker is thereafter exuded from
the kiln and moved through various coolers in order to recover part of the thermal energy
and reduce the handling temperature of the clinker [45]. The clinker when being exuded,
possesses an approximate temperature of 1500 °C; thus, the cooler is used to blow an
ambient air above the red-hot clinker, which helps in the reduction of the temperature of
the clinker to 170 °C approximately [46].

Kiln feed compositional variations adversely affects the effectiveness of the kiln [47];
however, this natural variation of chemical in the different raw materials can be effectively
reduced by increasing the relative blending proportion and homogenizing these raw
materials using consecutive blending silos to reduce the amount of used clinker, which
will consequently lead to a reduction in the identified energy consumption of the finished
product [8]. Another important part is the mill, a cylindrically shaped metallic chamber
containing balls made of metals, which is grinded with the clinker as well as the mix
of additives to form the cement [8]. The grinding of the clinker alongside various other
additives present in the cement mill is the final step of the process before cement is ready
for use or stored in the cement silo before they are transported to their various sites of use.

3. Various Material Substitution Approaches Applied for the Reduction of Energy in
the Cement-Manufacturing Process

Cement production accounts for 11-15% of all industrial energy consumption, and it is
crucial to develop strategies to reduce the energy required for this process and the resulting
CO; emissions, which are the primary cause of global warming. Several researchers have
come up with various ways of solving this problem with the use of material replacements,
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such as recycled and non-recycled materials of both biogenic and non-biogenic origins. We
examined articles from peer reviewed literature databases, such as Google Scholar, Scopus,
and ScienceDirect, that have employed material substitution in cement manufacturing.
Several studies centered on material replacements have been reported with relation to the
production of mortars, concretes, and the likes, with various amounts of energy and CO,
emission reductions reported, but due to these studies not reporting about the reduction
of the consumption of energy and emission of CO, (GHGs) in the manufacturing process
of the cement used for these concretes and mortars, these studies were considered to be
out of the scope of this review, and were thus, not included in the discussions below.
Therefore, our focus was only on studies which have discussed the various ways of re-
ducing the amount of energy used and CO, emitted during the manufacturing process of
cement within the past decade. A total of 40 articles were identified and included in the
next section.

Use of Waste or Recycled Materials

There have been several reports on the use of different waste materials as well as the
recycling of materials, such as oil-based-mud [48], waste glass powder [49], and kaolinitic
waste [50], for the manufacture of cement, and various percentages of energy reduction as
well as CO, emission reduction have been recorded. A research group led by Abdul-Wahab
et al. (2016) explored the use of an oil-well drilling waste in the form of an oil-based-
mud (OBM) as a substitution material for limestone in one of the stages (kiln) of the
manufacturing process of cement [48]. The substitutions which were made in various
percentages, including 1%, 2%, 3%, 4%, and 5% of OBM in place of limestone, reportedly
reduced the amount of CO, emitted in the manufacturing process by about 1% to 6%
depending on the percentage OBM substitution made. Although the authors failed to
report the impact on the reduction of energy in the manufacturing process, they believed
that this hydrocarbon waste (OBM) could enhance the efficiency of thermal energy used
in the plant for the manufacturing process, which will in-turn reduce the consumption of
energy in the cement plant. However, this is yet to be proven, and therefore, there are calls
for more studies to be carried out to evaluate the effect of energy reduction using this OBM.

Recently in another study, Junior et al. (2023), prepared a “limestone-calcined clay
cement” (LC®) with kaolinitic residue as the replacement material, and used “ordinary Port-
land cement” (OPC) and “Portland composite cement” (PCC) as their reference
materials [50]. The composition of the prepared LC® was made up of the clinker of
OPC, gypsum, limestone, and metakaolin, having a clinker replacement of 45 percent and
60 percent with kaolin to limestone compositional ratio of “2:1, 1.5:1, and 1:1”, respectively,
for each replacement percentage. From their study, it was observed that the 45% replace-
ment of clinker (LC®-50) had an energy reduction ranging from 28% to 33%, while the 60%
replacement of clinker (LC3-35) had an energy reduction ranging from 37% to 44% relative
to the reference OPC, while an energy reduction between 10% and 25% was observed
across the 45% and 60% clinker replacement (LC3-50 and LC3-35) relative to the reference
PCC, depending on the ratio of the kaolin to limestone used (Figure 2A). In addition, the
study reported a significant reduction in the amount of CO, emitted during the process of
production of the cement (Figure 2B). The 45% replacement of clinker (LC3-50) had a CO,
emission reduction ranging from 35% to 37%, while the 60% replacement of clinker (LC®-
35) had a CO, emission ranging from 47% to 50% relative to the reference OPC; the 45%
replacement of clinker (LC3-50) was observed to have a reduction in the amount of CO,
emitted with a percentage ranging from 20% to 22%, while the 60% replacement of clinker
(LC3-35) was observed to show a CO, emission reduction ranging from 35% to 38% relative
to the PCC reference, and these were dependent on the ratio of the metakaolin to limestone
used [50]. The authors concluded that, their proposed formula would be a possible solution
to the reduction of energy consumption and CO, emission in the manufacturing process of
cement in the industry, and this can be arguably correct given the significant percentage
reductions obtained. However, it is important to state that the materials used were acquired



Atmosphere 2023, 14, 1200

6 of 14

A

from a particular location, and this means that the same material from a different location
may not yield the same results, owing to their differences in constituents based on the soil
type present in the area. Hence, further studies are encouraged with the same formula with
collection of materials from different location for confirmation of results.

Another group of researchers led by Hossain et al. (2017) employing a “life cycle
assessment” (LCA) undertook a study to explore comprehensively the amount of energy
consumed and CO, (GHGs) emitted from the manufacturing process of OPC in comparison
to other types of cements whose manufacturing process were strategically modified. These
modifications were in two forms, which include the form of raw materials substitution, such
as the use of fly-ash (FA) and waste glass powder materials, and secondly the use of biofuel
generated from wood waste alongside coal (co-fuel) [49]. The results from the LCA raw
material modification strategy showed that the 20% FA-modified Portland cement (PFC)
reportedly consumed about 16% lesser energy (Figure 2C) as well as emitting 18% lesser
CO,, (Figure 2D), while the other type of cement with 20% modification using waste glass
powder (Eco-GC-2) showed a similar lesser percentage of energy consumption (about 16%)
(Figure 2C) and CO; emission (17%) (Figure 2D) for the manufacturing process compared
to the reference OPC [49].

The application of this first strategy can be seen to have an impact in the amount of
energy consumed and CO; emitted in the manufacturing process of cement. Although the
impact may be regarded as being not so significant, it is a light in the positive direction
for the reduction of both energy consumption and CO, emission in the cement industry.
Interestingly, the research group noted that approximately 64% of the total amount of
energy consumed and 32% of CO; emitted in the manufacturing process of the OPC were
associated with the combustion of coal inside the cement-processing plant. This led to the
implementation of the second strategy, which was the substitution of 10% to 50% amount
of coal in the plant with a biofuel generated from wood waste. Upon applying the biofuel
substitution, the consumption of non-renewable energy by the manufacturing process of
OPC was significantly reduced by almost 30% (about 5.81% to 28.98%) (Figure 2F), while
the percentage of CO; emitted was reduced with about 2.76% to 13.57%, depending on the
percentage replacement of coal with the biofuel (Figure 2E).
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Figure 2. (A) Consumption of energy during the process of calcination and the energy con-
sumption reduction for LC3 relative to the references. (B) Emissions of CO, for various cements
evaluated [50]. (C) Consumption of energy during the manufacturing process of OPC, PFC, and
Eco-GC-2. (D) Emission of CO, during the manufacturing process of OPC, PFC, and Eco-GC-2.
(E) Emission of CO; during the manufacturing process of OPC upon modification of coal with biofuel.
(F) Consumption of energy during the manufacturing process of OPC upon modification of coal with
biofuel [49].

Apart from oil-based-mud, waste glass powder, and kaolinitic waste, various scientists
have been able to come up with some other alternative sources of waste materials, which can
be applied as a supplementary material, to help reduce the amount of energy consumption
and GHG emissions in the manufacturing process of cement in the cement industry. In 2020,
El-Salamony led a research group in study to explore how a cement plant kiln’s efficiency
can be enhanced with the use of a modified alternative source of fuel [51]. This group of
scientists established the fact that the mixture of rice husk with solid waste derived from
refuse (alternative fuels [AFs]), such as plastic waste, garden waste, tissues, cardboard and
paper, and wood, could be used as an alternative source of fuel in the kiln plant. From
their study, it was reported that the successful replacement of 17% of coal with the use
0% to 5% of the mixture of these materials resulted in a corresponding reduction of about
13% of the consumption of electrical power in the manufacturing process of cement [51].
In addition, it was reported that the emission of GHGs, such as sulfuric oxides and nitric
oxides, decreased owing to this substitution.

Another study led by Fyffe et al. (2016) explored the use of waste materials obtained
from “municipal solid waste” landfills in the form of a “solid recycled fuel” (SRF) as
a substitution material for the manufacturing process of cement [52]. According to the
researchers, the energy consumption rate was reduced by 5.5% by the SRF compared to the
reference cement (OPC). Additionally, conducting a near-term and future one-year scenario
proposition, it was found that SRF would have energy consumption reductions of 6.2% and
6.3%, respectively, relative to the reference cement (Figure 3A). Taking the research further,
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the research group decided to quantify the percentage of GHGs, such as NOy, SO;, CO,,
emitted during the manufacturing process of both the reference and SRF cement. From
their study, they found out that SRF had a reduction in the percentage of GHGs emitted
in the early, near-term, and future one-year scenario propositions (Figure 3B,C) compared
to the reference cement with exception to NOy, which had a higher emission percentage
compared to the reference cement (Figure 3D).

Having obtained the above results, Fyffe et al. (2016) then concluded that the use
of SRF as a possible replacement of fossil fuel in the kiln of the cement plant during the
manufacturing process of cement in the cement industry is of great benefit for energy
efficiency as well as the environment at large [52]. However, based on the fact that the
emission values for NOy obtained were higher than that of the reference, which may be as
a result of the compositional content of the SRF (40:60—percentage ratio of fibrous mixture
of materials to plastic materials), there is a need for more research using this SRF with
varying proportions of the composition to be able to validate what percentage of what kind
of waste would bring about the best possible results. The synergistic action of the use of
both pozzolan and calcium hydroxide as supplementary materials for the manufacturing
process of cement has also been explored by Vizcaino-Andrés et al. (2015). The study
which reported the replacement of up to 50% clinker with pozzolan and calcium hydroxide,
employing the percentage amounts of 15%, 20%, and 25%, was said to have resulted in a
15% reduction of electrical energy consumption as well as a 31% CO, emission reduction
relative to OPC [53].

In addition, there have been some group of researchers who have attempted the use of
waste cement by recycling the cement to produce a new cement and comparing the rate of
energy consumption as well as CO, emission to the normal traditional cement OPC. Just
recently, the use of waste hardened cement by thermo-activating the cement into recycled
cement (RC) was explored as a supplementary material in the manufacturing process of
cement with the aim of reducing the consumption of energy and CO, emission in the
cement industry [54]. According to [54], the production of RC from the cement paste, which
was secured in from waste concrete, can be seen as one of the solutions to the problem
of high energy consumptions and CO, emission in the cement-manufacturing process.
This is because in their study, the manufacturing process of RC yielded the percentage
energy consumption reduction of 30—40% and CO, emission reduction of 80% relative to
the cement produced using the clinker. In another study, [55] made a comparison between
the manufacturing process of OPC and recycled cement (RC—450 °C and RC-800 °C). From
the study, it was observed that the emission of CO, from the raw materials per tons were
for RC—450 °C: 4.3% and for RC-800 °C: 24.4% of the CO, emission value of OPC.

In addition, the research group went ahead to quantify and compare the CO; emis-
sions from the entire manufacturing process, and it was observed that the CO, emissions
produced by RC—450 °C was around 0.05 in tons, while RC-800 °C was around 0.19 in
tons, which was relatively low compared to OPC which was 0.78 in tons. These results
translate to reduction percentages of approximately 94% and 76% for RC—450 °C and
RC-800 °C, respectively, relative to the value of OPC (Figure 3E). Regrettably, the research
groups were not interested in the amount of energy involved in the manufacturing process
as they did not report the amount of energy expended in the manufacturing process of
the cement. However, it can be agreed that just like the previous study by Sousa et al.
(2023) who also explored the use of RC as a substitution material, about 80% CO, emission
reduction and between 30% to 40% energy consumption reduction were obtained [54]; if
the researchers had quantified the energy consumption involved in the manufacturing
process, there is a high possibility that they would have obtained close to 50% of reduction
of energy consumption for RC—450 °C and RC-800 °C relative to OPC, but this can only be
an assumption because it was not quantified. This gives room for more research work to be
performed to prove this assumption.

Generally, from the studies above, there has been great success recorded in the process
of recycling waste materials as a supplementary material in the manufacturing process
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of cement. A good percent of energy consumption as high as 40% can be reduced, while
on the other hand, GHG emissions of up to 94% can be reduced with the use of these
waste materials from various industries and the environment (Table 1). Waste products
are often not well-disposed in some countries, especially the developing countries of the
world, owing to their large amounts as well as the cost implications involved in disposing
these waste materials, depending on the type of waste [48]. A good example is oil wastes,
which are known to pose hazards to the environment and thus demand some peculiarly
specific treatment. These waste materials, such as the OBM, the kaolinitic waste, glass
waste powder, amongst others, have been shown to contain appreciable quantities of some
of the major oxides that identify with the manufacturing processes of cement and are thus
reused in place of the original traditional materials [56-60]. The ability to reuse these waste
materials will go a long way in preserving the traditional materials and natural resources,
while at the same time, promoting a better efficiency of the consumption of energy and the
quest of having a carbon-free environment, owing to the reduction in the emission of CO,
from the manufacturing process of cement.
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Figure 3. (A) Energy consumption reduction, (B) CO, emission reduction, (C) SO, emission reduction,
(D) NOy emission increment [52], and (E) CO, emission reduction [55].

Just like the use of various waste or recycled materials as a substitution material for
the manufacturing process of cement gave a considerably good percentage reduction of
the consumption of energy and CO, emission reduction, a study which focused on use of
other materials has been explored with success recorded. In 2014, Atmaca and Yumrutag in
a study, aimed to investigate the specific consumption of energy in a rotatory kiln which
is used in the manufacturing process of cement in the cement industry [25]. To achieve
this aim, supplementary materials, such as alumina and magnesia spinel, were used for
the preparation of the clinker. Although the replacement percentage was not reported, it
was gathered that using these materials led to the energy consumption reduction of 7.27%
during the process of clinker production. Although the percentage of the CO; emission
reduction was not specifically stated, it was reported that a corresponding decrease of
1,614,480 kg of CO, emission was recorded [25]. The researchers then concluded that the
ability to minimize heat loss through insulation and the reduction of temperature of the
outlet gases by an effective transfer of heat within the unit as well as minimizing the leakage
of steam and air through sealing, would greatly impact the reduction of the consumption
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of energy. Notwithstanding, the researchers conceded that the need for advanced studies
involving the various parameters that may affect the optimal system performance, which
could help to enhance the reduction of energy consumption in the clinker manufacturing
process, is crucial and very urgent. Hence, more research is encouraged.

Table 1. Use of Waste or Recycled Materials.

Type of Replacement The Percentage Percentage of Energy Percentage of GHGs (NOx, SO,, CO3) References
Materials Used Replacement Reduction Reduction or Increment
Oil-Based Mud; Metakaolin; and Fly Ash + Glass waste + Bio-fuel
QOil-based mud OBM: 1-5% Not stated OBM: 1% to 6% [48]
o . ~ao o OPC 45%: 35% to 37%
. o OPC: 45% & 60% OPC 45%: 28% to 33%. OPC 60%: 47% to 50%
Metakaolin (kaolinitic residue) o o OPC 60%: 37% to 44% o . o [50]
PCC: 45% & 60% PCC 45% & 60%: 10% to 25% PCC 45%: 20% to 22%
° o: 107010 2570 PCC 60%: 35% to 38%
Flv-ash. olass waste powder. and PFC: 20% PFC: 16% PFC: 18%
y W'ogo e (in>0 facl) Eco-GC-2: 20% Eco-GC-2: 16% Eco-GC-2: 17% [49]
Biofuel: 10-50% OPC: 5.81% to 28.98% OPC: 2.76% to 13.57%
Rice Husk + Solid Waste; Solid Recovered Fuel from Landfills; and Pozzolan + Calcium Hydroxide
Rice husk, Solid waste from
refuse, such as plastic waste, AFs: 0-5% AFs: 13% Not stated (51]
garden waste, wood, tissues,
cardboard, and paper.
CO,: 1.6% (early scenario);
1.5% (near-term scenario);
. .. 1.4% (future scenario).
Solid recoycled fue% containing SREF: 5.5% (early scenario); SO;,: 21% (early scenario);
about 60% of plastic and about o . 3 .
o . . Not stated 6.2% (near-term scenario); 19% (near-term scenario); [52]
40% of fibrous mixture o - o -
of materials 6.3% (future scenario) 44% (future scenario).
: NOy: 20% increment (early scenario);
24% increment (near-term scenario);
16% increment (future scenario).
Pozzolan and calcium hydroxide  15%, 20%, and 25% 15% 31% [53]
Use of Recycled Cement
Hardened waste cement RC-complete 30-40% 80% [54]
replacement
Waste or recycled cement RC-complete Not stated RC—450 °C: 94% [55]

replacement RC-800 °C: 76%

4. Future Perspectives

The future of energy conservation and the reduction of CO, emissions in the cement
industry is bright, and the achievement of low consumption of energy and CO, emissions in
the manufacturing processes of cement can be possible based on the outputs of the ongoing
research with the use of supplementary materials to replace the traditional naturally
occurring materials. The use of waste materials for this process is a welcome innovation
and will help to promote the ecological preservation of various species in the environment.
Various waste materials have been explored, but there exists a lot more different kind of
waste materials yet to be explored. Some of these waste materials have been explored
for the substitution of the finished cement products for the preparation of pavement and
concrete and have recorded outstanding successes with various percentages of substitution.
Some examples of these waste materials which have been used as a substitution material for
finished cement products in the preparation of pavements, concrete [61,62], and/or mortar
include “the ground-granulated blast-furnace slag” [63—71], construction and demolition
waste concrete [72], asphalt mixture [73], plastic waste [74], boron waste [75], amongst
others. Additionally, from the use of other materials, only one study has been reported,
which gives room for many more studies to be conducted with other materials possible.
Exploring these and many more options will widen the pool of materials available as
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supplementary materials for the manufacturing process of cement, which will in turn
increase the energy efficiency and reduce CO; emission in the cement industry.

5. Conclusions

The cement-manufacturing process is known to consume energy intensively as well
as emit extensively GHGs, such as CO,, which continues to become a source of concern.
The use of traditional raw materials of natural origin, such as fossil fuels and limestone,
cannot be sustained owing to their constant depletion and the length of time in which it
takes to renew these materials and in some cases, the materials are non-renewable. The use
of supplementary materials, such as waste or recycled materials and other materials, have
been shown to be a possible solution to this problem, and this can be observed from the
various studies that have explored their use as a substitution material at different levels of
substitution with various successes recorded. Therefore, the long-awaited approach for the
reduction of intensive energy consumption and CO; emissions could just be the application
of these materials as a substitute for the raw materials used in the manufacturing processes
of cement in the cement industry.
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