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As concrete is one of the most commonly used construction materials, there is a massive production of cement, which causes
cement manufacturing to be an energy-intensive industry. A significant amount of the cost of cement production, ranging from
20% to 25%, is attributed to thermal energy. In addition, the action of mining and burning fossil fuels results in the unfavorable
emission of hazardous compounds into the environment. Therefore, the switch from conventional fossil fuels to alternative fuels
(AFs) in the cement manufacturing business has attracted attention due to environmental and financial concerns. In this paper,
four commonly used AFs are discussed, which are waste tires, municipal solid waste, meat and bone meal, and sewage sludge. It is
found that each AF has a unique calorific value and properties, attributed to its source, treatment, and technology. Furthermore, the
availability of AF is important as the amount varies depending on the location. In addition, their effects on gaseous emissions from
the cement plant and the quality of clinker are found to be inconsistent. Thus, there will not be a single best type of AF option to be
used in the cement industry. A good AF should be able to provide sufficient thermal energy while reducing the environmental
impacts and costs. A careful analysis and multicriteria decision-making approach are always vital when employing AFs in order to

prevent environmental problems, cost increases, as well as clinker quality degradation.

1. Introduction

Cement is ranked as the second-most consumed material glob-
ally [1]. However, the cement industry has long been associ-
ated with high CO, emissions. The cement industry accounts
for approximately 8% of global anthropogenic CO, emissions
[2, 3]. It is reported that to manufacture 1ton of cement,
approximately 1 ton of CO, is emitted [4]. In addition to the
enormous CO, emissions, cement production greatly depletes
natural resources, including fossil fuels. Therefore, the cement
manufacturing industry is under increasing pressure from
environmental protection agencies to reduce its CO, emissions
and to employ sustainable resources.

In response to the challenges, several approaches have
been implemented to reduce CO, emissions as well as to pre-
serve natural resources. Carbon capture, utilization, and stor-
age (CCUS) technology in cement production has become an

attractive and active research area. Korczak et al. [5] reviewed
the available technologies in decarbonization of the nonmetal-
lic minerals industry in the European Union (EU), including
the cement industry, and found that CCUS has the highest
decarbonization potential, up to 60%. However, impurities
such as sulfur oxide (SO,), nitrogen oxide (NO,), and carbon
monoxide (CO) are present in significant amounts in the
cement kiln flue gases [6], complicating the capture of pure
CO,. Another approach is to reduce the demand for cement by
replacing cement in the concrete composition, particularly
using supplementary cementitious materials, alkali-activated
materials (AAM), or geopolymer. However, the relatively new
nonportland binders lack building codes and data on their
long-term durability, which increases the demand for the
development of realistic accelerated tests and careful analysis
of field performance. Nevertheless, due to the long lead times
required for the completion of such tests, portland cement
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will likely continue to be the primary material for several
decades [4]. Thus, lowering the clinker-to-cement ratio [7]
is considered the best approach due to its maturity and can be
adopted immediately by almost all of the worldwide cement
manufacturing plants.

A large amount of nonrenewable natural fossil fuels,
such as coal, has been consumed each year to manufacture
cement. To manufacture 1ton of cement, approximately
1.5 ton of raw materials, 3,000—4,300 M] of fuel energy, and
120-160 kW hr of electrical energy are required [8]. Never-
theless, the supply of coal is predicted to be in short supply in
the near future in order to achieve the goal of halving CO,
emissions by 2030 and reaching net zero emissions by 2050.
On top of that, the cement industry is very vulnerable to
fuel price fluctuations [9]. As a result of the energy-intensive
characteristics of cement production processes, escalating
tuel prices, and fuel shortages, the cement industry is forced
to search for alternative fuel (AF) sources [9-11]. Adopting
wastes as an AF in the cement industry is another viable
approach to reduce CO, emissions and preserve natural fos-
sil fuel, as well as cost savings. AF utilization has begun in the
mid-1980s [12]. In 2014, AF accounted for 16.4% of total
thermal energy demand in Japan. In 2015, AF contributed
64.6% of the total thermal energy demand in Germany’s
cement industry [13].

Although energy recovery is ranked fourth in the waste
management hierarchy, it has seen a significant increase in
interest in recent decades as a means of reusing waste or by-
products rather than dumping them. This is due to the fact
that prevention, reduction, and recycling are impossible to
always be executed, especially when dealing with matters that
are closely related to human-needed activities, such as trans-
portation, treatment of wastewater, and more. Thus, in those
scenarios, coprocessing becomes the logical first response to
the issue of disposal since the solution can be implemented
immediately [14]. The use of waste (both industrial and agri-
cultural) as AF reduces the burden on landfills as well as the
operational costs of the cement manufacturing industry [15].
In addition, there are several notable factors that promote
the use of wastes as an AF in the cement kiln, such as the
high temperatures of the cement kiln, the appropriate length
of the kiln, the long amount of time the fuel is kept within the
kiln, and the alkaline environment within the kiln. All of these
would ensure that the use of wastes as an AF is ecologically
safe [11].

The objective of this work is to give an insight into the
application of wastes as AF in the cement industry, including
their possible impacts on the quality of cement as well as the
environment. In general, depending on local availability and
energy performance, a wide range of AFs can be used in the
cement industry. Nevertheless, in this work, only four solid-
based AF are chosen, namely waste tires, sewage sludge (SS),
refused-derived fuel (RDF), and meat and bone meal (MBM),
attributed to the aim of this work is to provide an implication
of AF utilization in the cement industry. These four wastes are
chosen due to their widespread application as an AF in the
cement industry [16]. Another important reason is due to
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their abundance, as these wastes are generated by highly nec-
essary human-related activities, such as vehicle use, treatment
of wastewater, disposal of municipal solid waste (MSW),
slaughtering of animals for food, and so forth. Hence, man-
agement of these wastes is more alarming and recovery of
energy from these wastes is a viable approach. In this work,
the potential of these wastes as an AF in the cement industry is
discussed, covering the calorific value and their potential
impacts on cement and the environment. A brief comparison
of these fuels has been included which could be useful for
experts from the AF application and cement industry.

2. Cement

Figure 1 presents the global cement production from 2010 to
2022. Since 2010, the global cement production has increased
significantly. Although the rate of usage of other building
materials, such as wood [20] and alternative binder materials
such as AAM or geopolymer has increased, the demand for
cement globally is anticipated to keep rising. This is largely
due to the rapid development of a few countries, such as
China. The cement production in China is estimated to be
around 2,400 Mt, which is approximately 57% of the world
cement production [18, 20]. On the other hand, cement
production is technologically mature and widely accepted.
Nevertheless, the global cement production in 2022 is esti-
mated to reduce to 4,100 Mt as compared to the global
cement production in 2021 which is estimated at 4,400 Mt.
This is due to the reduction in the cement production of
China in 2022, which is from 2,400 to 2,100 Mt [21], proba-
bly due to the implementation of the long period lockdown
policy during the COVID-19 pandemic. As a result, it is
therefore anticipated that the associated environmental pol-
lution and depletion of natural resources from the cement
industry will continue to occur in the absence of suitable
intervention.

2.1. Energy Consumption. The average energy demand for
producing 1ton of cement is around 3.3 GJ of thermal
energy, which equates to 120 kg of coal with a calorific value
of 27.5M]J/kg and roughly 110 kW hr/t of electrical energy
[10, 22, 23]. Burning operations employ the majority of the
thermal energy, whereas cement grinding utilizes the electri-
cal energy [24, 25]. According to Oggioni et al. [26], for each
ton of cement produced, energy expenditures in the form of
fuel and electricity account for 40% of the total production
costs. Thus, besides promoting sustainability, replacing fos-
sil fuel with AF will help to lower the energy costs and,
consequently, the production costs, giving the cement plant
using this form of energy a significant advantage.

The energy efficiency of cement plants is also signifi-
cantly influenced by the type of cement kiln utilized. Since
the 1970s, initiatives have been made to optimize a cement kiln’s
energy efficiency [27], in which the cement kiln has evolved from
the lengthy wet kiln to a cutting-edge dry kiln that is equipped
with calciners, six-stage preheaters, and high-efficiency coolers
[28]. Because of this, the total amount of energy used has gone
down from 6 to around 3 GJ/tginker [29-32].
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FIGURE 3: AF options for the cement industry.

Finally, the clinker is cooled, ground, and blended with gyp-
sum to form cement. At this stage, additional cementitious
ingredients, such as fly ash, may be added to produce blended
cement. The grinding and blending processes can be done
onsite at the kiln or at a separate grinding or blending facility.

2.2. CO, Emissions. The CO, emissions from the cement indus-
try can be divided into three parts, which are process-related
CO, emissions, fuel-related CO, emissions, and electricity-
related CO, emissions. The process-related CO, emissions gen-
erally involve the decomposition of raw materials, for instance,
limestone, during the clinker calcination stage. The fuel-related
CO, emissions are directly associated with the combustion of
fuel. The typical calcination temperature in the cement kiln
reaches 1,450°C, which requires a large number of fuels. The
electricity-related CO, emissions come from the consumption
of electricity to run the cement plants, such as mills, fans,
and other electrical equipment that are powered by electricity
[34]. About 50% of the total CO, emissions in the cement
manufacturing process are due to process-related CO, emis-
sions, while fuel and electricity-related emissions account for
the remaining 40% and 10% of emissions, respectively [16, 35].

3. Alternative Fuel

AF refers to materials other than conventional fuels such as
fossil fuels that can be adopted to recover thermal energy,
including waste materials [36]. Figure 3 presents some of the

AF that can be employed in the cement manufacturing
industry, based on their physical state [37]. The AF are clas-
sified into three basic groups, which are gas, liquid, and solid
[11]. Nevertheless, there are hundreds, if not thousands, of
AF that can actually be used in cement plants [38] and fur-
ther exploration is needed. For instance, pyrolysis oil derived
from waste plastics (WPPO), which is a viable option due to
waste plastics have always been a global issue [39, 40], bio-
diesels that can be derived from various sources, such as
waste coconut, sunflower, and palm cooking oils [41] as
well as pyrolysis oil derived from waste tires [42].

Every AF, even of the same type, is unique and has distinc-
tive properties depending on the region, technology, and the
route of the waste produced. BS EN ISO 21640 classifies the
AF, particularly solid recovered fuels, into five classes based on
their net calorific value, chlorine content, and mercury con-
tent. Thorough examination and consideration are essential
during the AF selection process. A multicriteria decision-
making (MCDM) method is generally employed in the selec-
tion process [43, 44]. This is because, in addition to calorific
values, the effects of AF on cement, the environment, opera-
tional costs, and so forth are significant. The following traits
are likely to be taken into account during AF selection [11, 24]:

(i) Physical state of the fuel (solid, liquid, and gaseous)
(ii) Content of circulating elements (Na, K, CI, and S)
(iii) Toxicity (organic compounds and heavy metals)
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(iv) Composition and content of ash
(v) Content of volatiles
(vi) Calorific value (>14.0 MJ/kg)
(vii) Chlorine (Cl) content (<0.2%)
(viii) Sulfur content (<2.5%)
(ix) Polychlorinated Biphenyls (PCBs) content (<50 ppm)
(x) Heavy metals content (<2,500 ppm) (out of which:
mercury (Hg) <10 ppm, and total cadmium (Cd),
thallium (TI), and Hg < 100 ppm)
(xi) Physical properties (size, density, and homogeneity)
(xii) Grinding properties
(xiii) Moisture content
(xiv) Proportioning technology
(xv) The emissions

(xvi) The cement quality and its compatibility with the
environment must not decrease

(xvil) AF must be economically viable
(xviii) Availability of the AF.

3.1. Type of Alternative Fuel

3.1.1. Waste Tire. Waste tire is a waste that originates from
the automobile industry, and it has become much more
prevalent since vehicles are such a dominant mode of mobil-
ity. Around 3 billion tires are traded commercially around
the globe each year, and an equivalent number are discarded
when they no longer serve a purpose [45]. The United States
of America, Japan, and the EU discard about 5 million tonnes
of tires annually [15]. The billions of tires that are already
stockpiled or buried in landfills, warehouses, and illegal sites
will continue to grow over time, and they are prone to envi-
ronmental threats, including becoming home to rodents and
insects [38].

About 70% of the total waste tires at the end of their
service life is recycled, with the majority of them converted
to fuel or used for the production of various materials [45].
In the mid-1980s, waste tires became a popular AF option for
the cement industry, attributed to the spike in fossil fuel
prices and high calorific value [14]. According to several stud-
ies, the net calorific value of waste tires is about 27-37 MJ/kg,
and they burn quickly [1, 9, 32, 46]. Tire is composed of about
88% carbon and oxygen, and its total annihilation is guaran-
teed at temperatures above 800°C and with gas retention at
high temperatures. Complete destruction will prevent the for-
mation of intermediate products of incomplete combustion,
such as black smoke and odors [1]. Thus, the use of waste tires
as AF in the cement industry has gained popularity, owing to
the high temperature during calcination (1,450°C), long
retention time, and alkaline environment inside the kiln [1].
In addition, a tipping fee will be provided for collecting the
waste tires, which will help to offset the transportation costs.
Castafion et al. [9] reported that the annual fuel cost to man-
ufacture clinker using pure petcoke was around 8,000,000 €/
year, while using 40% waste tires as AF would cost only
5,938,000 €/year.

FIGURE 4: Waste tires [49].

TasLe 1: Calorific value of waste tires.

Reference Calorific value (M]/kg)
(37] 35.50
[51] 37.10
[52] 31.00
(53] 31.40
[54] 31.80
(1] 27.00
[55] 31.40
[56] 31.88
[9] 29.71

Utilization of waste tires as AF helps to reduce the con-
sumption of nonrenewable fossil fuels and conserve natural
resources [47]. Meanwhile, the environmental impacts due to
the disposal of waste tires can be minimized. According to Fiksel
et al. [48], the use of waste tire as AF in cement manufacturing
plants provides more reduction in most environmental impact
categories compared to other waste tires applications, after the
application of artificial turf.

The waste tires can be burned as a whole or in the form of
shredded and fine-grained, depending on the combustion
unit, and is known as tire-derived fuel. Figure 4 shows the
photos of waste tires. According to the United States Envi-
ronmental Protection Agency [50], waste tires produce the
same amount of energy as oil and 25% more energy than coal.
Table 1 presents the calorific value of waste tires reported in
the literature. On the other hand, the waste tires exhibit low
moisture content and high carbon content, and the reinforced
wire of the tire can be consumed as an iron source when the
whole tire is burned [14, 37].

(1) Impacts of Waste Tires as AF to Cement and Environment.
According to Castafion et al. [9] and Nakomcic-Smaragdakis
etal. [1], the clinker quality was maintained when waste tires
were used as AF. No significant variation in the clinker con-
tent, in terms of alite (C5S) and free lime, was observed when
using waste tires as AF; the C;S content of the clinker was
higher than 70%, while the free lime content was less than
2.5%. A similar observation was reported by Puertas and
Blanco-Varela [57], where a comparable clinker mineralogical
composition was obtained when waste shredded tires were used
as AF. This is probably due to the amount of waste tire ash that
incorporates into the clinker is considerably low, thus the effect
is small or negligible. According to Czajczyriska et al. [58], the
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TasLE 2: Chemical composition of waste tires ash [59]. TaBLE 3: Gaseous emissions with waste tires as AF.
Compound Composition (%) Reference SO, NO, Dioxin Furan
CaO 47.0 [63] - Decreased - -
SiO, 14.1 [64] Increased  Decreased  Decreased  Decreased
Al,O3 2.7 [65] Increased Increased  Unchanged Unchanged
Fe, 05 1.1 [66] - - Increased Increased
Na,O <0.01 [54] Increased Increased - -
K,O <0.01 [1] Fluctuated  Fluctuated - -
MgO 0.7 [62] Increased ~ Unchanged - -
TiO, <0.01 9] Decreased  Decreased - -
P,O; <0.01
SO; 1.2
MnO <0.01 and formation of CasZn;Al,O;5 that results in quality
7nO 33.1 degraded cement product.

amount of waste tire ash produced after incineration is around
7%. In addition, another possible reason is due to the composi-
tion of waste tire ash, as shown in Table 2. It is observed that the
main constituent of waste tire ash is reported to be CaO, SiO,,
and ZnO, while CaO and SiO, are the vital components for
clinker formation.

Nonetheless, it has been established that the usage of
waste tires as AF in the cement industry leaves no residue
behind as the slag and ashes would be incorporated into the
clinker during the calcination process. Table 2 depicts the
waste tire ash, reported by Monica et al. [59], which pos-
sesses a high ZnO content of up to 33.1%. This is attributed
to Zn being often used in the tire-making process to enhance
the vulcanization process. Thus, when waste tires are combusted
in the cement kiln, the residue ash is anticipated to be incorpo-
rated into the clinker, and resulting in the increment of the ZnO
level of the clinker. For instance, a high zinc (Zn) content,
compared to conventional clinker, was observed in the clinker
produced with shredded tires as an AF [57].

The incorporation of Zn during the clinkering process
usually results in a reduced quality cement product with
prolonged setting time and lower strength [36, 46] due to
the diminishing or even disappearance of C;A when the
amount of Zn that is incorporated during the clinkering
process has exceeded the threshold limit; typical Zn concen-
tration in OPC is far from the threshold limit. In addition, a
new product, CagZn;Al,0,5 may formed [60]. Monica et al.
[59] investigated the effect of waste tire ash (Table 2) as an
additive to the clinker. The 28-day strength of the clinker
produced with the addition of 30% of waste tire ash shows
only a slight reduction compared to the control cement sam-
ple, which was approximately 45 and 50 MPa, respectively.
Soto-Felix et al. [61] studied the effect of ZnO as an additive
on the setting time and strength of cement. The results
showed that adding ZnO to the cement increased the setting
time and decreased the strength. Slight strength improve-
ment was observed when a very low content of ZnO was
added due to the filler effect. Therefore, due to the elevated
Zn content in the clinker, the use of waste tires as AF in the
cement industry is suggested to be limited to a maximum of
30% [1] to prevent the significant reduction of C;A content

On the other hand, Castaiién et al. [9] compared the
gaseous emissions when 100% petcoke fuel and a 6:4 fuel
mix comprised of petcoke and waste tires are used. It is
reported that when 40% of waste tires were employed, the
NO, and sulfur dioxide (SO,) emissions were decreased by
17% and 28%, respectively. The reduction is highly related to
the reduction of sintering temperature, lower oxygen content
as well as lower sulfur content in the waste tires compared to
petcoke. The sulfur content of waste tires and petcoke was
around 1.3% and 6%, respectively. However, the SO, emis-
sions were found to have increased in some cases, which may
be due to the fact that the employed fuel is coal. Coal has a
lower sulfur content compared to petcoke, which is 2.45%
[62]. Another possible reason could be the incomplete com-
bustion of waste tires [1]. Thus, the gaseous emissions are
found to vary, which is believed due to the adoption of dif-
ferent fuels, variation in the composition of the waste tires as
well as their substitution level. The SO,, NO,, dioxin, and
furan emissions when using waste tires as an AF are tabu-
lated in Table 3.

3.1.2. Municipal Solid Waste. Around 440kg of MSW is
produced globally per person per year [67]. MSW is typically
disposed of in a sanitary landfill. However, as a result of the
growing human population’s impact on the amount of MSW
produced and the diminishing volume of landfill space, man-
aging MSW has turned into a significant problem. In some
cases, MSW is simply dumped in open dumping areas, pos-
ing health and environmental risks such as foul odor, meth-
ane emission, soil pollution, as well as groundwater pollution
caused by leachate from landfilled waste. Therefore, demand
for alternative MSW treatment methods that can effectively
reduce the volume of MSW while avoiding or minimizing
the associated negative impacts is arising.

In the waste management hierarchy, top priority is given
to waste prevention, followed by reuse, recycling, recovery,
and disposal [68]. However, the first three stages may be
difficult to carry out at all times; thus, energy recovery
through incineration is the best solution [69]. MSW inciner-
ation possesses several benefits, such as significant volume
reduction (~70%—-90%), recovering energy, and eliminating
pathogens [21, 67, 70]. Nevertheless, direct MSW incinera-
tion in the cement industry sometimes incurs operational
issues such as incomplete combustion, increased specific
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FiGure 5: MSW composition at different sources in Irbin City, Jordan [49].

heat consumption, lower flame temperatures, and kiln coat-
ing buildup [71]. This results in the increased interest in
gasification technology [67, 71]. Nevertheless, since the aim
of this work is to provide an overview of the common wastes
that can be used in AF in the cement industry, only the
combustion technology is discussed here.

Due to cultural differences and the level of source sepa-
ration, recycling, and processing, the composition of MSW
varies significantly from one country to another. Figure 5
shows the MSW composition at Irbid City, Jordan [49].
Even in the same city, the MSW composition varies due to
different sources. Therefore, most of the cement plants do
not directly employ and burn the unsorted MSW due to its
heterogeneous nature [16] that will lead to an inconsistence
combustion performance. On top of that, untreated MSW
usually exhibits low calorific value, high moisture content,
and contains undesired components such as noncombustible
compounds that will decrease the calorific value. Generally,
the calorific value of MSW is around 6.21 to 9.2 MJ/kg
[72, 73].

Considering the low calorific value, higher moisture, and
ash content of MSW, RDF (Figure 6) is typically employed.
RDF is an AF that is obtained after the removal or rejection
of noncombustible materials from the MSW, for instance,
ferrous materials, grit, and glass [70]. Removing metals dur-
ing the sorting process would reduce the heavy metal content
in the RDF [75]. RDF made from MSW has constant thermal
and energetic characteristics, a low level of pollutants as well
as a high calorific value [72]. The main steps involved in
producing RDF from MSW typically involve preliminary lib-
eration, size screening, shredding, magnetic separation, and
pelletizing [14]. Various RDF forms are available, including
fluff, pellets, bricks, or logs [76].

Figure 6: RDF in pellet form [74].

Table 4 presents the composition of RDF produced from
MSW as investigated by Kara [77]; the main components of
RDF are PET plastic, paper, plastic bags, and textiles. None-
theless, the composition of RDF and its calorific value can
vary between places [78]. The RDF formulated by Zhao et al.
[79] consists of 42% plastics, 41% paper or cardboard, 7%
textiles, and 10% horticultural waste, based on Singapore’s
waste composition. The net calorific value of the RDF was
higher than that of Kara [77], which may be attributed to the
variation in RDF composition. Furthermore, when Zhao
et al. [79] included chicken manure and biomass waste
into the formulation of RDF, the moisture content of RDF
significantly increased from 7.8% up to 23.8% while the net
calorific value dropped from 23.7 to 16.1 MJ/kg. Hence, this
proves that the regional variations of MSW composition,



8

TasLE 4: The composition of MSW and RDF [77].
Content Input: MSW (%) Output: RDF (%)
Textile 17.1 66.0
Paper 254 17.1
Organic fraction 22 0
Plastic bag 15.2 13.3
Napkin 7.0 0
Other combustible 3.7 0
PET-plastic 3.2 3.6
Wood 1.9 0
Bone 0.3 0
Tetrapac 1.2 0
Sack 0.5 0
Tin 0.6 0
Glass 0.7 0
Aluminum 0.4 0
Stone 0.8 0
Total 100 100

TaBLE 5: Calorific value of RDF.

Reference Calorific value (M]/kg)
[80] 12.00-2100
[81] 12.69
[51] 19.90
[70] 14.64
(82] 19.40
(83] 19.67
[84] 17.79
[79] 16.10-23.70
[85] 14.90
(86] 25.02
(72] 15.21
(87] 29.11
[88] 15.97
(89] 17.90
[90] 26.82-29.26

technology level, equipment, and formulation would influence
the performance of RDF. Table 5 shows the varied calorific
values of the RDF, ranging from around 12.00 to 23.70 MJ/kg.
The calorific value of RDF, in general, is higher than the calo-
rific value of MSW.

(1) Impact of MSW as AF to Cement and Environment.
Kara et al. [70] examined the potential of RDF made from
MSW as an AF in cement manufacturing in Istanbul, Turkey.
The RDF is composed of 66% textiles, 17.1% paper, 13.3%
plastic bags, and 3.6% PET plastic. The RDF was mixed with
the main fuel at a ratio in the range of 0%—20% to produce
clinker, and the outcomes indicated that clinker produced
with 20% RDF was satisfactory. However, when the propor-
tion of RDF was increased, the C;S content of the clinker was
decreased (max. 5%) while belite (C,S) content was increased
(max. 3%). However, Haraci¢ et al. [90] reported C;S content
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of clinker was increased by 2% while C,S content decreased by
2%. This is probably due to the variation in the quality of RDF
used, which is clearly indicated by the difference in calorific
value of the two RDF used (Table 5). In addition, the humidity
of the RDF used by Kara et al. [70] was 25%, which is higher
than the RDF of Haraci¢ et al. [90], 17.5%. Thus, it can be
suggested that the variation in the clinker composition is
highly due to the quality of the RDF, particularly the humid-
ity, that influences the clinker calcination process.

On the other hand, there is a concern when using RDF as
AF in the cement kiln, namely its high chlorine content that
would be deleterious to the concrete [70, 77, 91]. The chlo-
rine content of the RDF investigated by Kara et al. [70] was
reported to be 0.95%. On the other hand, Ozkan et al. [92]
reported that the chlorine content of the RDF can be up to
1.41% while Hemidat et al. [72] stated that the chlorine
content in RDF varied from 00.56% to 1.20%. The chlorine
content is possibly due to the presence of plastic material in
the mixture. In addition, high chlorine content could be a
risk to the cement kiln as chlorine-based salts are highly
volatile under the cement kiln condition, thus being the
major driver of the formation of coatings and cloggings in
the preheater [86]. A similar observation was observed by a
waste-to-energy plant in Chengdu, China where the super-
heater steel tubes were corroded [91].

In 1977, the existence of dioxins were found in the emis-
sion and fly ash of a RDF incineration plant [93]. Consider-
ing the high chlorine content possessed by RDF, the effect of
MSW, or particularly the RDF, adoption in cement plant
toward the environment requires great attention. This is
due to it is considered a source of acidic contaminants and
reactive components to create dioxins [94]. In general, the
adoption of MSW or RDF as AF in the cement industry
delivers promising environmental benefits. Sai Kishan et al.
[14] reported that the effluent gas from the mixed fuel
showed a reduction in the content of SO,, NO,, and polycy-
clic aromatic hydrocarbon (PAH) content. Kara [77] also
indicated that the amount of NO,, gaseous heavy metals as
well as dioxins and furans decreased with an increasing
amount of RDF. This could be the high temperature in the
cement kiln that encourages the formation of new minerals
between the chlorine and other elements in the raw meals
that avoiding dioxins formation [93]. In addition, the high
temperature and long retention time of the cement kiln sys-
tem aids in completely breaking down the harmful sub-
stances possessed by RDF.

3.1.3. Sewage Sludge. SS is a by-product of wastewater treat-
ment, and management of SS has grown increasingly difficult
over the years. This is due to the fact that besides containing
high organic and mineral content, high water content, and
the ability to rot, the SS contains toxic substances such as
heavy metals, PAHs, PCBs, and dioxin [95], which are
deemed harmful to human being and the environment.
Besides that, due to the high volume of wastewater being
treated, the volume of SS generated spikes up; the volume
of SS generated is reported to be approximately 3% of the
volume of treated wastewater [96]. Thus, the disposal of SS
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FIGURE 7: Dewatered SS [96].

TaBLE 6: Proximate analysis of dewatered SS [100].

Component Raw SS (%)
Moisture 80
Ash 9.1
Volatile matter 10.1
Fixed carbon 0.8

has become a major waste management issue in response to
worries about landfill space and the buildup of heavy metals
or pathogenic organisms in soils [1, 97]. Furthermore, to
treat and manage the SS properly that meets the environ-
mental requirements, the cost could be as much as 50% of the
operational cost of the wastewater treatment plant [95].

Considering the harmful effects, high treatment cost, and
large volume of SS, the necessity to employ another treat-
ment method is in high demand. The most commonly
adopted technique of SS management is in agriculture, where
the SS works as a fertilizer. Nonetheless, enforcement of
legislation reducing such application, which is attributed to
the presence of heavy metals and pathogenic microorgan-
isms in SS that would become a significant problem for the
soil and groundwater [96, 98]. Adoption of SS as an AF in the
cement industry has been investigated and proved feasible,
attributed to its calorific energy potential [99] and the high
incineration temperatures in the cement kiln can sufficiently
destroy the potentially dangerous compounds and sub-
stances possessed by SS, making it an appropriate method
of handling SS.

Since SS is made up of water and organic matter in the
form of fine-grained solid suspensions or colloids, the raw SS
typically contains a significant volume of water [14, 15, 96].
Regardless of the sludge disposal method, the SS is often
mechanically dewatered (Figure 7). Table 6 depicts the prox-
imate analysis of dewatered SS from a municipal wastewater
treatment plant located in Beijing, China [100]. Although the
SS is dewatered, it still contains a substantially high moisture
content of around 80%. Such high moisture content usually
leads to a significantly low calorific value. The calorific value
of dewatered SS reported by Liu et al. [100] was around
2.43M]J/kg. A similar outcome has been reported by Recko

TaBLE 7: Calorific value of dried SS.

Reference Calorific value (M]/kg)
(37] 15.80

[103] 14.80

[101] 8.30

[104] 10.70-13.00
[105] 12.60

[106] 15.60

[107] 10.73

[108] 14.40-14.60

(86] 14.94-17.72

[96], where the calorific value of municipal SS was only
0.89 MJ/kg when the moisture content is about 80.22%.
Thus, dewatered SS, or raw SS, is not suitable for the AF
application due to its extremely low calorific value caused
by the high moisture content.

When dewatered SS is used as a fuel source in the cement
industry, coal consumption will increase. This accounts for
the extra energy required to evaporate the moisture in the
dewatered SS [100]. Therefore, to adopt SS as an AF source,
thermally drying the dewatered SS is a must [101], or the
dewatered SS needs to be mixed with other fuels. This is
because the calorific value of SS is highly dependent on the
degree of dryness as well as the content of organic dry matter
[96]. Thus, drying of SS can increases its calorific value [102].
According to Husillos Rodriguez et al. [101], the solid con-
tent of dewatered SS increased from 25% to 93% after the
thermal drying process; higher solid content generally leads
to higher calorific value. On the other hand, dried SS might
be introduced into the cement kiln using the same feeding
technology employed on pulverized coal due to its being a
free-flowing powder [101], hence the additional cost and
complexity on the new feeding route could be resolved. Nev-
ertheless, even though extra energy is needed to dry the SS,
the associated benefits of resolving the troublesome SS dis-
posal issue and the manufacture of a sustainable fuel should
be taken into consideration [101]. The calorific value of vari-
ous dried SS is listed in Table 7.

(1) Impact of SS as AF to Cement and Environment.
According to several investigations [100, 102, 109], the adop-
tion of SS as AF has no detrimental effects on the clinker
quality. Nonetheless, other compounds contained in the SS
have the potential to migrate into the clinker as the ashes will
be absorbed into the clinker during calcination. Sobik-Szot-
tysek and Wiystalska [102] stated that the degree of clinker
contamination following the use of SS as AF can rise or fall
depending on the substances’ concentration.

Husillos Rodriguez et al. [101] investigated the effect of
thermally dried SS as an AF on portland cement clinker
production. As the dried SS was mostly made of combustible
organic matter (56% by mass), the remaining inorganic mat-
ter would stay as ashes and be incorporated into the clinker
upon burning [101]. The high P,Os content in the employed
SS (Table 8) may be problematic as it is believed to influence
the quality of the clinker. A similar composition is reported
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TasLE 8: Chemical composition of dried SS [101].
SiO, ALO; CaO MgO MnO P,Os K,0 TiO, LOI*
3.72 2.56 7.62 0.60 0.05 6.43 0.53 0.23 66.45
*Loss on ignition at 1,000°C.
TaBLE 9: Chemical composition of cement produced with dried SS as AF [101].
Content (%)

Cement )

SiO, Al O; CaO MgO SO; Na,O K,O Cl P,05 f-CaO
With SS 21.01 5.30 66.10 1.51 0.18 0.22 0.41 0.08 1.66 2.64
Without SS 20.38 4.78 65.10 1.42 0.02 0.08 0.36 0.00 0.04 0.95
by Lopes et al. [81], where the P,Os, sulfur, and nitrogen TasLE 10: Proximate analysis of MBM and coal [117].
contents were 21.7%, 1.34%, and 4.6%, respectively.

Table 9 compares the chemical composition of the  Component MBM (%) Coal (%)
cement produced when dried SS was used as AF. The chemi-  Moisture 6.8 4.2
cal composition of the manufactured cement has not chan-  Ash 34.4 6.2
ged significantly, except for the SOs;, P,Os, and free lime  Volatile matter 327 36.6
content. This proves that the ashes have been incorporated  Fixed carbon 26.1 53.0

into the clinker. According to Stané¢k and Sulovsky [110], at
0.7 wt% of P,Os, diminished CsS content had been observed.
C;S formation was found to be completely suppressed at
4.5wt% of P,0s, even after a 4 hr, 1,450°C clinkering pro-
cess. This is possibly due to the effect of phosphorus on the @
H orthorhombic polymorph of C,S, which delays the crys-
tallization of C,S and affects its crystal size as well as reduces
the viscosity of the melt phases [110, 111]. Therefore, when
dried SS was used as an AF, a higher free lime content
(Table 9) and a reduction of the C5S/C,S ratio from 7.7 to
3.3 have been reported by Husillos Rodriguez et al. [101].
Similar outcomes have been reported in the work of Kwon
et al. [112] and Lin et al. [113]. In addition, the cement’s
initial and final setting times are increased when SS has been
cocombusted. When SS was utilized as AF, the initial and
final setting increased from 103 to 123 and 140 to 158 min,
respectively [109]. Another study carried out by Lin et al.
[113] indicates that clinker with a P,Os content of 0.85%
possessed extremely long initial and final setting times,
which were 8.8 and 11.43 hr, respectively.

Incorporation of SS as an AF in the cement industry
has been reported for its reduction in NO, emissions
[100, 109, 114]. Gu et al. [115] indicated that coprocessing
of SS in a cement kiln at high temperatures and low oxygen
content could yield significant NO, reduction. On the other
hand, SS was coincinerated at a cement plant in Cyprus, and
the gaseous emissions were measured. The gaseous heavy
metal concentrations amount to only 0.7960 mg/Nm?, which
is only 16% of the allowable limit of 5 mg/Nm®. Zabaniotou
and Theofilou [116] reported that the emission of furan and
dioxin was found to be only 0.006 ng/Nm® when SS was used,
which is also lower than the allowable concentration of
0.1 ng/Nm”.

3.1.4. Meat and Bone Meal. MBM is created in rendering
factories by combining, crushing, and cooking animal offal
and bones. Nonetheless, after the discovery of bovine spongi-
form encephalopathy (BSE), MBM waste management has

become difficult as a result of the fact that MBM residue is
forbidden to be used in animal feed or disposed of in landfills
[16, 117]. Thus, a safe MBM disposal approach is required to
avoid pathologically transmissible infections. Since high-
temperature treatments, especially those with extended resi-
dence times and ample oxygen supplies, can eradicate the
BSE bacteria, thermal treatment methods like incineration or
gasification have become viable alternative. Energy recovery
through the use of MBM in cement plants has been widely
considered as a way to improve the waste management hier-
archy [118]. Table 10 shows the proximate analysis of coal
and MBM. The ash produced after the MBM combustion
was about 20%—30% of its original weight, indicating that a
huge volume had been eliminated [119, 120]. However, it
should be noted that due to MBM’s high-fat content, contin-
ual feeding into a fluidized bed reactor or combustor might
cause significant agglomeration in the feeding system [121].
Similar as other AF, the calorific value of MBM, as shown in
Table 11, varies due to the variation in their composition.

(1) Impact of MBM as AF to the Cement and Environment.
MBM, in general, exhibits a high P,O5 content. According to
Lopes et al. [81] and Ariyaratne et al. [123], the P,O5 content
in MBM was 35.65% and 13.00%, respectively. The high P,O5
content would be deleterious to the quality of clinker as it
would stabilize the C,S and hence diminish the formation
of C;S. In addition, a prolonged cement setting time is usually
observed with high P,O5 content. On the other hand, the high
calcium content in MBM could be another potential risk as it
would increase the free-lime content of clinker. According to
Ariyaratne et al. [123], the free-lime content in the clinker was
increased from around 1.25% to 3% when the feed rate of
MBM (CaO =13.3%) was 7 t/hr, indicating an improper burn-
ing process and poorer quality of clinker.

By contrast, the calcium content is beneficial in reducing
SO, emissions. Rahman et al. [38] claimed that the MBM’s
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TaBLE 11: Calorific value of MBM.

Reference Calorific value (M]/kg)
(37] 16.20
(81] 14.47
[122] 18.19
[123] 18.51
[107] 17.45
[62] 30.71
(86] 17.58
[124] 18.42

high calcium concentration reduced the SO, emissions as it
could retain most of the SO, formed. This is due to the ability
of calcium to absorb sulfur [52]. Rahman et al. [62] reported
that the SO, emissions were reduced from 280 to around
245 mg/Nm® when 30% of MBM was adopted in the fuel mix.
A similar outcome has been reported by Aranda Uson et al. [16],
where the SO, emissions with 100% MBM and 100% coal were
reported to be 14 and 713 mg/Nm®, respectively.

Nevertheless, the employment of MBM as AF could
increase the NO, emission, which is attributed to the high
nitrogen content in the MBM [16]. Lopes et al. [81] and
Bujak et al. [124] stated that the nitrogen content in MBM
was around 8.5%. Rahman et al. [62] reported that the NO,
concentration was increased when MBM was employed in
the fuel mix. With 30% of MBM, NO, emission increased by
about 9%. On the other hand, Abad et al. [125] reported that
cocombustion of MBM with coal had no significant impact
on the furan and dioxin emissions. To determine the effects
of various MBM parameters on the coal cocombustion pro-
cess, Gulyurtlu et al. [117] conducted several experiments with
various MBM/coal ratios. This study revealed that increasing
the MBM ratio had negligible effect on emissions, particularly
those of CO and SO,. However, because of the high nitrogen
content of MBM, its use may result in an increase in NO,
emissions.

3.2. Advantages of AF in the Cement Industry. The adoption
of AF in the cement manufacturing industry has several
benefits. First, AF is relatively cheaper than the commonly
used fossil fuels. This is because they are usually waste pro-
ducts that need to be managed, either disposed of at a landfill
or incinerated. Thus, extra costs, in terms of environmental
or operation, are incurred by this process. With the applica-
tion of AF, the cost can be reduced, including the material
cost, transportation cost, and incineration cost. A tipping fee
will be provided for collecting the wastes. Pitak et al. [126]
reported that using 10% AF as a substitute for coal fuel
results in a net savings of 754.7 USD/hr. According to Trezza
and Scian [127], maximum cost reduction can be achieved if
the AF can be used with minimal preparation. In addition,
the use of AF can preserve nonrenewable fossil fuels, which is
a great benefit to the environment while offering a safe
option for the disposal of wastes, particularly those that are
organic or biologically hazardous, and can alleviate the land-
fill shortage problem. Furthermore, Horsley et al. [15] stated
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that it is considerably cheaper to adapt a cement kiln to
incinerate the wastes instead of building a new, dedicated
waste incinerator.

Another key advantage of employing AF in the cement
industry is that the fuel combustion process in the cement
kiln is a nonwaste process because the ashes can be incorpo-
rated into the clinker [16]. However, the incorporation of
such ashes may have a certain influence on the quality of
the cement, thus, a comprehensive understanding of the
waste materials to be used as AF is a must. On the other
hand, employing wastes as AF in the cement industry has
been proven to reduce the common hazard and pollution
caused by typical disposal methods like landfilling. For
instance, utilization of MBM as AF can helps to eliminate
the BSE bacteria. In addition, the alkaline environment in the
cement kiln is an important feature for such an application.
The basic environment aids in the neutralization and capture
of acid gas components that are being produced during the
combustion process. Furthermore, rather than being released
into the atmosphere, heavy metals that condensed on dust
molecules are returned to the clinker [10].

3.3. Disadvantages of AF in Cement Industry. Although full
or partial conversion of the thermal energy supply from
conventional fossil fuels to AF possesses several attractive
benefits, several challenges are present as AF exhibits differ-
ent characteristics, even of the same type, compared to con-
ventional fossil fuels. Some of the major challenges that have
been reported when using AF in the cement industry are, but
not limited to, poor heat distribution, unstable precalciner
operation, blockages in the preheater cyclones, and buildups
in the kiln riser ducts. In some investigations, gaseous emis-
sions such as SO,, NO,, and CO emissions were reported to
have increased when AF was used [127], which is attributed
to the composition of the respective AF. AF with higher
sulfur and nitrogen content should be given more attention.
The proportion of AF and the filter system of the cement kiln
can also be the potential cause. Therefore, extensive investi-
gations and monitoring are necessary due to the complexity
of adopting AF in cement plants.

Another major concern of AF utilization in the cement
industry is the incorporation of combustion residues, or
ashes, into the clinker, which affects the clinker quality.
The amount and type of ashes introduced by AF are largely
different from those introduced by fossil fuels, introducing
several unexpected components into the kiln [12]. Phospho-
rus, which is primarily found in MBM or SS, is a notable
example. The performance of cement may be affected by the
presence of phosphorus, such as decreased early strength or
prolonged setting times [128]. Besides that, higher free-lime
content may be observed in the clinker when AF with high
phosphorus and calcium content is adopted. As a result, if
the quality of a clinker is compromised, the benefits of AF
utilization may be negated.

Switching to AF is sometimes detrimental to the produc-
tion cost at the initial stage (conversion process), which
accounts for the investment costs associated with the adjust-
ment or replacement of the burner, implementation of the
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FiGure 8: Calorific value of fuels in the cement industry [1, 9, 37, 51-56, 62, 72, 73, 77, 79-86, 88, 101, 103108, 122-124, 129, 130].

AF delivery system, storage facilities for AF, and fuel distri-
bution system [38]. On the other hand, the properties of AF
are usually different from the traditional fuels. Therefore,
in order to achieve uniform heating values, reconditioning
operations (cleaning, drying, and homogenizing) must be
conducted before the usage of AF, and preprocessing equip-
ment must be installed [16].

4. Comparison of AF in Cement Industry

Figure 8 shows the calorific value of the conventional fuels
(coal and petcoke) and AF that have been discussed in this
work, namely waste tires, SS, MSW, RDF, and MBM. Gen-
erally, only the calorific values of the waste tires are compa-
rable or higher than those of conventional fuels. On the other
hand, the calorific value of MSW is the lowest, which may be
attributed to its high organic content and moisture content.
Nonetheless, the conversion of MSW into RDF significantly
improves the calorific value.

According to Figure 8, it is observed that the calorific
value of AF is relatively inconsistent compared to the calo-
rific value of conventional fuels. This is attributed to the
heterogeneous characteristics and properties of AF, even of
the same type. Many factors can contribute to the inconsis-
tency, including regions, the source of the wastes, composi-
tion of the wastes, technology to process the wastes, and
more. Nonetheless, the standard deviation for the calorific
value of the AF reported here is typically less than 3%, except
for RDF. The standard deviation of the calorific value for
coal, petcoke, waste tires, SS, and RDF is 1.44%, 1.03%,
2.79%, 2.54%, and 3.54%, respectively. MSW and MBM are
excluded due to the limited data. The high standard devia-
tion exhibited by RDF could be due to the source used to
produce RDF, which is MSW. It is well known that the
composition of MSW is different between places as it is
highly dependent on various factors such as people’s behav-
ior, legislation, and more. Thus, these factors result in a RDF
with unique composition and properties.

Based on this work, it can be said that waste tires may be
the best option due to the following reasons:

(i) The calorific value of waste tires is high and compa-
rable to conventional fuels. Its caloric value is within
the class 1 classification according to BS EN ISO
21640.

(ii) The composition of tires is relatively consistent
compared to MBM, MSW, RDF, and SS.

(iii) The wires in tires can be used as an iron source in
clinker production.

(iv) The pretreatment of waste tires is simpler and less
costly among others.

Although the high Zn content in waste tires could be
problematic, however, the effect is negligible as long as the
Zn content is below the threshold limits. Thus, a proper
proportion while using waste tires in the fuel mix is required.
Similar considerations shall be applied to any AF, especially
those derived from waste. This is due to even of the same
type, each AF is unique in nature.

On the other hand, the effect of the AF in the cement
industry on the environment is found to be inconsistent, as
detailed in Sections 3.1.1, 3.1.2, 3.1.3, and 3.1.4. This is due to
the fact that the composition and properties of the AF may
be different between regions. Furthermore, even in the same
region, the technology, flue gas capturing system as well as
fuel formulation between different plants may be different,
which highly depends on the respective judgment and con-
sideration. Thus, a comprehensive investigation on the fea-
sibility of an AF to be employed needs to be comprehensively
investigated before putting into application, based on the
local context.

Therefore, it is inappropriate to conclude that one type of
AF is superior to the others. Generally, the best AF option
would be the one that aids in cost reduction, improves or
maintains the current clinker quality, and does not cause
additional or tremendous negative environmental impacts.
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Nevertheless, it is practically impossible to have the best type
of AF. The benefits of using AF in the cement industry while
minimizing its negative impacts can be achieved through
careful analysis and consideration. For instance, the MCDM
method can be employed to facilitate the AF selection process
(43, 44].

5. Conclusion

Although conventional carbon mitigation measures that are
often proposed like energy efficiency improvements, use of
AFs, and increasing materials substitution can only help to
reduce the emissions associated with a small share of climate
impacts [29], these are still regarded as a critical step in
initiating and supporting the CO, reduction mission while
emerging and innovative technologies such as CCUS may
take time to be widely implemented. Moreover, the conven-
tional mitigation measures are relatively simpler and can be
put into action immediately without substantial changes to
the industry itself.

There are various kinds of AFs available to be adopted in
the cement industry, and four commonly used AF have been
discussed, which are waste tires, MSW, SS, and MBM. Most
of the investigations proved the feasibility of using AF in the
cement manufacturing industry. Based on this work, the best
AF option would be waste tires by considering its high calo-
rific value and relatively easier handling process. Neverthe-
less, it is inappropriate to conclude that a type of AF is
superior than the other as there are many factors to be con-
sidered besides the calorific value, including the availability,
the local legislation, the technology, the price, the emissions,
and more. Furthermore, even the same type of AF may have
different combustion effects since they are not tailored for
this purpose, and thus their constituents cannot be precisely
controlled.

In a nutshell, the selection of AF always necessitates a
thorough evaluation and careful consideration to avoid
incurring additional costs, creating environmental issues,
or degrading clinker quality. The MCDM approach is highly
recommended to be used to analyze the suitability of an AF
before putting it into the application.
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The mechanical behavior of fiber-cement composites is significantly influenced by the interfacial bonding between the fiber and
the cement matrix. However, natural fibers are less chemically compatible with the cement matrix. As a result, it is essential to
modify the surface of natural fibers to achieve good fiber-matrix interfacial bonds. In the current study, sisal fibers intended for use
as a reinforcement in concrete matrices were alkali treated with NaOH solutions (2%, 5%, and 10%) for 12 hrs, 24 hrs, and 48 hrs.
Water absorption, tensile strength, and surface morphological changes in fibers were studied. The effect of fiber treatment on the
concrete was also assessed by measuring its slump, compressive strength, flexural strength, and toughness. Alkali treatment was
discovered to reduce the water absorption capacity of sisal fiber. On the contrary, fiber surface morphology and mechanical
properties improved up to a point and then gradually declined. The addition of treated sisal fiber considerably increases concrete’s

flexural strength and toughness. However, an insignificant change in compressive strength was observed.

1. Introduction

The construction industry is booming around the globe.
Unfortunately, this industry accounts for a significant share
of climate change caused by carbon dioxide emissions
worldwide. According to reference [1], the construction
industry accounts for roughly 30% of global carbon dioxide
emissions. Using renewable resources and green materials is
one of many ways to reduce the carbon footprint of the
construction sector to achieve more sustainable and eco-
friendly development [2]. Among them, natural fibers ob-
tained from renewable vegetables, such as sisal, jute, cotton,
flax, and so on, seem to be a good alternative, considering
their environmental friendliness [3]. As a result, using
natural fibers as reinforcing materials in cement-based
composites have taken a significant step toward more sus-
tainable construction [4]. Using such fibers in concrete and
cement products is thus appealing to developing countries,
where natural fibers of various types are abundant.

Out of various vegetable natural fibers, sisal fiber,
extracted from the Agave Sisalana plant in the form of long
fiber bundles, is one of the most commonly cultivated
natural fibers in tropical and subtropical regions such as
Brazil, Tanzania, Kenya, and Ethiopia [5]. World sisal fiber
production is estimated to be around 250,000 tons per year.
According to FAO [5], Ethiopia accounts for nearly 0.3
percent of the global sisal production. Due to its low cost,
low density, high strength, and widespread availability in
many countries, sisal fiber ranks highly among the natural
fibers available for use as a reinforcement in the construction
industry [6].

Plant-based fibers are not ideal chemical bond partners
for composite formation with a cement matrix. The high
water absorption capacity of natural fibers causes volume
expansion when fibers are added to the fresh cementitious
matrix and results in contraction when the matrix dries,
resulting in a partial loss of physical contact with the matrix
and a formation of a very porous region [7]. For this reason,
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surface treatments were generally applied to natural fibers to
improve fiber-matrix interfacial adhesion in composite
manufacturing [8].

The type of treatment is important as some treatments
are more effective than others. Alkaline treatment is one of
the most widely used chemical treatment methods for
natural fibers. As mentioned by the authors of reference [9],
two effects on the fiber surface resulting from the alkaline
treatment are as follows: (1) a rough fiber surface resulted,
which might also improve the adherence of the fiber with the
matrix and (2) remove some hemicelluloses, waxes, and
impurities from the fiber surface. Thus, the surface of the
fibers becomes chemically more homogeneous, and the
amount of cellulose exposed on the fiber surface is enhanced,
generating better compatibility between the fiber and the
matrix. Both the chemical concentration and the duration of
the chemical treatment have an impact on the enhancement
of fiber mechanical properties [10].

Jo etal. [11] studied the effect of alkali (NaOH) treatment
on the mechanical properties of jute fiber-reinforced cement
composite and fiber-matrix interface interaction. Their
findings show that the alkali treatment of jute fibers in-
creases tensile strength and percent elongation, which
contributes to an increase in the mechanical strength of
cement composites. Furthermore, the fibrillation of the fi-
bers caused by the alkali treatment increases the effective
surface area for bonding at the interface between the fiber
and the matrix. Andi¢-Cakir et al. [8] also reported that,
after the NaOH treatment, due to the removal of some
hemicelluloses, waxes, and impurities from the coir fiber
surface, a rough fiber surface resulted, which might also
improve the adherence of the fiber with the cement matrix.
The upgrading contact between the fibers and the matrix
results in the enhancement of the mechanical properties,
especially the flexural strength of the composites.

As pointed out by Zhou et al. [12] the pretreatment of
hemp fiber using Ca (OH), solution altered the bond
strength of concrete composite considerably. They observed
that the 28-day tensile and compressive strength of treated
hemp fiber reinforced concrete (THFRC) were 16.9 and 10%
higher, respectively, than untreated hemp fiber reinforced
concrete (UHFRC) and that the fracture toughness of
THFRC at 28days was 7-13% higher than UHFRC. The
authors attributed this improvement to treated hemp fiber’s
higher interfacial adhesion strength.

The high moisture absorption capacity and durability
issue of vegetable fibers in the alkaline environment of the
cement matrix is the primary concern in encouraging the
widespread use of natural fibers in cementitious composites
[13]. Ardanuy et al. [14] suggested that this durability
problem of natural fibers in the cement matrix is associated
with an increase in fiber fracture and a decrease in fiber pull-
out due to a combination of weakening of the fibers by alkali
attack and fiber mineralization provoked by migration of
hydration products (mainly Ca (OH),) to the fiber structure.
The volume variation in the fibers due to their high-water
absorption is another reason for to decrease in the durability
of natural fiber in a cement-based composite [15].
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Several approaches have been investigated to ensure the
durability of natural fiber-reinforced cement-based com-
posites. Among them, De Klerk et al. [10] investigated the
effects of sisal fiber treatments such as NaOH, acetylation
and combined alkali and acetylation on composite degra-
dation. They discovered that the most effective treatment
condition was a combination of alkali treatment and acet-
ylation, followed by alkali treatment at low concentrations of
sodium hydroxide, thereby improving the durability of sisal
fibers in concrete. A significant decrease in strength was
observed at higher sodium hydroxide concentrations.
Moreover, Wei and Meyer [16] also evaluate the effects of
thermal and Na,COj; treatment on the degradation re-
sistance of sisal fiber and the durability of sisal fiber-
reinforced concrete. They found that both thermal and
Na,COj surface treatments were shown to have the potential
to improve the durability of sisal fiber in concrete.

Given the international trend toward green engineering
and the development of sustainable building materials, the
use of sisal fiber in cement-based composites was in-
vestigated to develop a sustainable building material. Even
though there have been some recent studies [8, 11, 12] that
attempt to address the effect of different natural fiber
treatments on the durability and some other mechanical
properties such as compressive strength and tensile strength
of cement paste and mortar, the present study tries to in-
vestigate the impact of fiber treatment, exclusively NaOH
treatment, in terms of the concentration of alkali solution
and exposure periods of the chemical treatment, on the
reinforcing sisal fiber properties and the corresponding
concrete composite’s compressive strength, flexural
strength, and energy absorption characteristics (since the
main contribution of fiber is shown in the postcracking stage
of cement-based composites), thereby providing a theoreti-
cal foundation to be able to develop a sustainable and eco-
friendly building unit.

2. Experimental Program

2.1. Materials. Sisal fiber obtained from the local Agave
Sisalana plant was used as a reinforcing natural fiber for this
research. The fibers are characterized as summarized in
Table 1. Concerning aggregate, locally available river sand,
and crushed gravel that satisfies the grading limits and other
properties of ASTM C33 [17] were used.

To reduce hardening retardation caused by the glucose
found in most natural fibers, the cement used for
manufacturing the specimens was ordinary portland cement
type I, manufactured by Dangote Cement PLC. OPC is
identified as portland cement CEM I 42.5 R that conforms to
the 42.5R strength class of EN 197-1:2000 [18]. Commer-
cially available sodium hydroxide, containing 99% con-
centration, was used as a surface modifier of the sisal fibers.

2.2. Fiber Preparation and Treatment. Before stepping into
fiber treatment, the extracted sisal fiber was washed with
pure water to remove any impurities from the extraction
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TaBLE 1: Properties of sisal fiber.

TaBLE 2: Treatment conditions on sisal fiber.

Fiber properties Result NaOH (%) Duration (hrs.) Sample designation
Fiber length 30 mm 0 0 Raw
Fiber diameter 0.15-0.18 mm 2 12 2%-12hr
Aspect ratio 166-200 2 24 2%-24hr
Tensile strength 517.2-602.7 MPa 2 48 2%-48 hr
Modulus of elasticity 9.2-13.1 GPa 5 12 5%-12hr
Elongation (%) 2-2.4% 5 24 5%-24 hr
Color Creamy white 5 48 5%-48 hr
Shape Straight 10 12 10%-12hr
Water absorption 93.05% 10 24 10%-24 hr
10 48 10%-48 hr

process, such as mucilage, and it was thoroughly dried in the
open air. The sisal fiber bundle was then manually
straightened and combed with a comb to remove any en-
tanglement. Finally, because the isolated sisal fibers were too
long to be used in the composite fabrication, they were cut to
the required length of 30 mm with a pair of scissors.

The fiber treatment was made in 2, 5, and 10% (w/w; i.e.,
the mass percentage of solute in solution) sodium hydroxide
(NaOH) solutions for 12, 24, and 48 hours, in which the
fiber-to-solution weight ratio was 1:25. The alkaline
treatment involved dissolving NaOH pellets according to the
designated concentration. For instance, to make 1kg of 2%
NaOH concentrated solution, dissolve 20 g of NaOH pellet
in 980 ¢g of distilled water at a liquor ratio of 25:1. As re-
ported by [10, 19], the treated sisal fibers were subsequently
washed several times with distilled water containing acetic
acid (1% w/w) to neutralize the excess NaOH from the sisal
fiber surface (neutral pH measured for the fiber washing
water), and then, the sample was thoroughly rinsed with
distilled water. The pH of the rinse water was checked pe-
riodically using a pH meter. The rinsed sisal fibers were then
spread out in the open air and left to dry for 2-3 days until
constant weight measurements were attained. Treatment
conditions are identified using the codes presented in
Table 2.

2.3. Mix Design and Specimen Production. In this research,
each mixture consisting of 389.5kg/m’ cement, 743.06 kg/
m® sand, 1050.1 kg/m’ coarse aggregate, and a water-cement
ratio of 0.494 was proportioned for the specified compressive
strength class of C-25 (i.e., a target strength of 33.3 MPa)
following ACI mix design methods [20].

The mix design for sisal fiber reinforced concrete (SFRC)
was the same as that of control plain concrete, except those
fibers were added. The mix designation of the concrete
specimens is presented in Table 3. For clarity, an explicit
nomenclature system for the samples is used in this study.
For example, CM-N indicates concrete reinforced with sisal
fiber treated with M% sodium hydroxide (NaOH) solution
and soaked for N hours.

Six concrete cubes of size 150 mm were molded from
each mix to determine the 7th-and 28th-day compressive
strengths, and three prisms of size 100mm X
100 mm x 500 mm are cast to determine flexural strength
and flexural toughness, as shown in Figure 1. The concrete
specimens were set in the relevant molds for 24 hours under

TaBLE 3: Experimental mixture design.

Mix Sisal fiber (percent NaOH Duration (hours)
designation by cement weight) (%)

Control 0 0 0
C0-0 1 0 0
C2-12 1 2 12
C2-24 1 2 24
C2-48 1 2 48
C5-12 1 5 12
C5-24 1 5 24
C5-48 1 5 48
C10-12 1 10 12
C10-24 1 10 24
C10-48 1 10 48

ambient conditions. After being removed from the molds,
the casted cube and prism specimens were kept in a water-
curing tank until testing.

2.4. Test Methods

2.4.1. Test Methods for Fiber

(1) Water Absorption. A water absorption test was performed
to determine how the alkali treatment affected the fiber’s
water absorption capability. Six samples, each bundle of raw
and treated sisal fibers weighing approximately 5g, were
initially dried in an oven at 80°C for 24 hours until they
reached constant mass. The dried fiber bundle was then
immersed in a beaker of distilled water, maintaining room
temperature. After 24 hours, each bundle of fiber was re-
moved from the water bath one by one, and all surface water
was wiped off with a lint-free dry cloth. The amount of
absorbed water in fiber (W-%) was calculated using the
following equation [21].
—my
— 2 % 100%, (1)
My
where W, is water absorption in percent, m, is the mass of
surface dried fiber bundle, and m, is the mass of oven dried
fiber bundle.

(2) Scanning Electron Microscopy (SEM). The fiber’s mi-
crostructure was investigated using SEM (JCM-6000Plus
Benchtop SEM (JEOL), Japan) to characterize the sisal
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(a)

(b)

FIGURE 1: Test samples. (a) Cube specimens and (b) beam specimens.

fiber surface morphological change and fiber condition as
a function of the applied alkali treatment. The microscope
was operated under an accelerating voltage ranging from
10kV to 15 kV and a working distance of 19 mm for different
magnifications. The samples of sisal were coated with a thin
layer of silver before observation to eliminate the effects of
charging during image collection. The obtained images were
postprocessed using Image], a Java-based image processing
program. The components that are used for surface
roughness analysis consideration (based on profile param-
eters from ISO 4287 [22]) are R, (highest peak), R, (lowest
valley), R, (the total height of the profile), and R, (average
roughness). A visualization of the roughness parameter
values can be seen in Figure 2 [23].

(3) Mechanical Properties. The effect of chemical treatment
on the mechanical properties of sisal fibers in terms of tensile
strength, tensile modulus, and % elongation was determined
using a 1 kN capacity texture analyzer (LLOYDZK, TA plus
Ametek, UK 2007). The tensile strength of the treated and
untreated sisal fibers was measured following the standard
test method for a single fiber tensile test ASTM D 3822-07
[24]. A gauge length of 100 mm was employed with a fixed
loading rate of 15N/min. The mechanical properties of
a total of 5 single strand samples of sisal fiber from each
alkali treatment condition were measured in this in-
vestigation, and the average results were recorded.

The tensile strength of the treated and untreated sisal
fibers was measured based on equations (2) as per ASTM D
3822-07 [24].

0, =— (2)
where P is the fajlure load in N and A is the average cross-

sectional area of a single fiber determined by scanning the
electron microscopy (SEM) in mm?.

2.4.2. Test Methods for Sisal Fiber-Reinforced Concrete
(SFRC)

= i i o i i i i i i i = i Peak

X

plane

-------------------------------------------------- Valley

min

FIGURE 2: Surface roughness profile.

(1) Workability. A slump test was conducted following
ASTM C143 [25] to evaluate the workability (which in-
dicates its fresh properties) of concrete and to infer variation
in the workability with the addition of raw and treated sisal
fibers in concrete. For a water cement ration of 0.494, the
target mix was assumed to have a slump of 25 to 75 mm.

(2) Compressive Strength. The compression behavior of each
casted cube was evaluated following the British Standard
Specification [26] using a compression testing machine
equipped with a capacity of 3000kN and a loading rate of
0.28 MPa/s (in compliance with a standard loading rate of
0.2-0.4 MPa/s). The experimental setup is shown in Figure 3.
The compression stress is calculated using the following
equation.

0, =— (3)

where ¢, is the compression stress, in MPa, P is the max-
imum applied force indicated by the testing machine, in N,
and A is the cross-sectional area of specimen, in mm?>.

(3) Flexural Performance Parameters. This test method
evaluates the effect of fiber treatment conditions on the
flexural performance of sisal fiber reinforced concrete
(SFRC) using parameters derived from the load-deflection
curve obtained by testing a simply supported beam under
a third-point loading testing setup, as shown in Figure 4. The
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FIGURE 3: Compressive strength testing setup.

beams were tested using a universal testing machine with an
external data acquisition system connected to two trans-
ducer sensors (to measure the midspan deflection of the
prism without a support settlement).

The flexural modulus, toughness index, residual strength
factor, flexural toughness, and equivalent flexural strength
ratio from the recorded load-deflection curve, as defined in
Figure 5, were determined using ASTM C1018 [27] and
ASTM C1609 [28] standards, as follows:

(i) The flexural strength is calculated using the first
maximum load (the load value at the first point on
the load-deflection curve where the slope is zero)
and can be obtained using the following equation.

_PL

- W) (4)

f

where b and d are the average width and depth of
specimen at the section of failure, respectively.

(ii) According to reference [27], the flexural toughness
of fiber reinforced concrete (FRC) is characterized
by energy dimensionless toughness indices
(I5,1,9,and I;). These indices are determined by
dividing the area underneath the load-deflection
curve upto a limiting deflection of 3, 5.5, and
10.5 times the first-crack deflection (§), by the first-
crack toughness (area OAL in Figure 5), re-
spectively, as shown in Figure 5. In this study, only
I and I,, were investigated.

(iii) The residual strength factor (Rs,,) is intended to
represent the average postcracking load that the
specimen may carry over a specific deflection in-
terval, and it is derived from the toughness indices
as follows:

R0 = 20(Iy, — Is). (5)

(iv) ASTM C1609 specifies a single toughness value
(Tf’so). Toughness is defined as the absolute area
beneath the load-deflection curve upto the de-
flection of certain values (8 = L/150) for a given
load-deflection curve, as shown in the area
OABCDEEFG of Figure 5.

(v) In addition to the energy-based toughness measure
TL,» the ASTM C1609 standard recommends the
use of an equivalent flexural strength ratio (RY 5,),
which is a parameter that relates the first peak
flexural strength (modulus of rupture) to the
toughness of the composite [29]. The equivalent
flexural strength ratio is computed using the fol-

lowing equation.

D
(R2,) 150 T50

= * 100%. (6)
frebxd

3. Results and Discussion
3.1. Fiber Properties

3.1.1. Water Absorption. Table 4 shows that in its natural
state, sisal fiber can absorb water approximately 93.05% of
its weight. Meanwhile, all the applied treatments to sisal
fiber resulted in a decrease in the water absorption capacity
of the fiber, of which 10%-48 hr treatment had the lowest
percentage. The absorption of alkali-treated sisal fiber was
between 53.3% and 86%, depending on the concentration
and time of the treatment. The alkali concentration and
treatment time were inversely proportional to the water
absorption of the treated fiber, which agrees with the
previous report [30]. The phenomenon behind this



Advances in Civil Engineering

Loading block

FIGURE 4: Flexural strength testing setup.
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FIGURE 5: Schematic of load vs. deflection curve and definition of toughness parameters according to ASTM C1018 and ASTM C1609.

reduction in the water absorption capacity for the alkali-
treated sisal fibers can be explained as follows: according to
Ferreira et al. [31], this reduction is correlated with the
change in the surface morphology of the fibers due to the
removal of hydrophilic chemical compounds, such as
hemicelluloses and lignin, by surface alkali treatment,

which consequently reduces the capacity of water ab-
sorption of the fibers. Furthermore, the changes in the
flexible bonds between cellulose and hemicellulose by
stiffer cellulose-cellulose bonds make the fibers more hy-
drophobic, which promotes a reduction in the fiber water
intake capacity [32].
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TABLE 4: Water absorption of sisal fibers.

Fiber treatment conditions Water absorption (%)

Raw 93.05
2%-12hr 86

2%-24 hr 79.4
2%-48 hr 73.6
5%-12 hr 76.8
5%-24 hr 71.4
5%-48 hr 67.5
10%-12 hr 69.7
10%-24 hr 60.2
10%-48 hr 53.3

3.1.2. Scanning Electron Microscopy. Using the SurfChar]
1q, an ImageJ plugin, the surface morphological charac-
teristics of sisal fiber were analyzed in terms of different
roughness parameters (R, R, R, and R,). As shown in
Table 5, the R, (average roughness) values show an in-
crement with fiber alkali treatment. In addition, average
roughness shows improvement with increases in alkali
concentration and fiber exposure time in the solution.
Similar to R,, the value of R, (the lowest point) increases
with increasing concentration and exposure. This observa-
tion had good agreement with recent research work reported
by Zin et al. [33], which found that as alkali concentration
further increased, damage on the fiber surface became more
severe due to the corrosive effect of the alkaline solution,
which led to excessive delignification that caused fiber de-
terioration. Observing R, (the highest peak point) and R,
(the absolute distance between the highest and the lowest
peak), improvement shows upto 5%-24 hr, and beyond this
treatment condition, a gradual decrease in those properties
was observed. Sample SEM images of raw and treated sisal
fibers are shown in Figure 6.

3.1.3. Mechanical Properties of Fibers. The results of tensile
strength, modulus, and % elongation of untreated and alkali-
treated sisal fibers for different treatment conditions are
presented in Table 6, which shows a gradual increase in
mechanical properties with an increase in the concentration
of NaOH upto 2% and then deterioration in properties.
Compared to untreated sisal fibers, the highest improve-
ments in tensile strength, modulus, and % elongation
recorded were about 9, 58, and 109%, respectively, corre-
sponding to 2%-48 hr. A similar pattern is also observed by
Akram Khan et al. [34], where there is an increase in the
tensile strength of fiber upto 2%, and beyond that, it shows
a reducing trend. As the NaOH concentration went higher
than 2%, the tensile properties of sisal fiber started to show
a decreasing pattern. These could have been attributed to the
substantial delignification and degradation of crystalline
cellulose chains of the sisal fibers in high NaOH concen-
trations and longer-duration alkali treatments, resulting in
weak or damaged sisal fibers [35]. Similar effects were seen
on modulus and elongation following treatment. Unlike the
results for the tensile strength, young’s modulus, and %
elongation, these decrease slightly with an increase in the
concentration of NaOH and soaking time.

3.2. SFRC Properties

3.2.1. Workability. The measured slump of the fresh concrete
mixes is presented in Table 7. The addition of sisal fibers to the
concrete matrix resulted in a general decrease in workability.
This is due to the absorption of a significant portion of the
water required for cement hydration by the hydrophilic natural
fibers from the concrete mixture [36]. This trend is consistent
with the information found in the literature [37], and it is
explained by the fact that the excess absorption of mixing water
by the reinforcing sisal fiber makes it difficult for the concrete
to be workable. Although the treated SFRC mix has lower
workability than the unreinforced concrete mix, the im-
provement is observed compared to the raw SFRC mix. Of all
the reinforced concrete mixes, the increased slump of 45 mm is
achieved for mix C10-48. The percentage increase of C10-48 is
about 80% compared to the raw SFRC (C0-0). Furthermore, it
was noticed that the workability of the concrete increased when
increasing the alkali concentration and fiber immersion pe-
riods. This improvement in the workability of concrete may be
ascribed to the less hydrophilic nature of the treated sisal fibers
that change the mixture’s workability due to less absorption of
mixing water. Therefore, the higher the NaOH concentration
and soaking time, the harder it is for the fiber to absorb the
mixing water, and thereby, the higher the slump of the mix.
Nonetheless, the measured slump values for all the concrete
mixtures considered in this study were within the design slump
limit (25-75 mm).

3.2.2. Compressive Strength. On the 7th day, the compres-
sive strength of the raw SFRC specimen is increased by
17.73% compared to that of the reference conventional
control specimen (its 7-day compressive strength is
24.31 MPa). An alkali-treated SFRC composite displays an
average increment of about 4.33%. However, compared to
the untreated SFRC composite, the alkali-treated SFRC
composites show an 11.38% average decrease. With in-
creased curing time, the compressive strength of treated sisal
fiber-reinforced concrete composites starts to decline with
an increase in the concentration and duration of treatment,
as shown in Figures 7 and 8. This increment in concentration
and treatment duration could create voids and pores in the
fiber structure that generates more interface zones between
the sisal and the concrete constituent’s interfaces [38].
Consequently, the number of permeable and microcrack
regions in the concrete composites increased, which brought
about insufficient compaction, and as a result, the com-
pressive strength deteriorated, which agrees with some
previous findings [39].

In the present work, it is found that the optimum
treatment condition of fiber that is treated with a 5%
concentrated alkali solution for 24hours increased the
compressive strength of the concrete composite by ap-
proximately 0.46% and 13.12% after 28 days compared to the
raw sisal fiber reinforced concrete and conventional un-
reinforced concrete (its 28-day compressive strength is
37.37 MPa), respectively. This is possibly owing to the
manifestation of good fiber-cement compatibility [11].
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TaBLE 5: Roughness parameters of sisal fiber at different treatment conditions.

Fiber treatment conditions R, (um) R, (ym) R, (pm) R, (ym)
Raw 19.4 -78.6 42.6 121.3
2%-12hr 25.6 -83.9 45.8 129.7
2%-24hr 25.7 -93.3 51.2 144.5
2%-48 hr 26.5 -94.0 55.4 149.4
5%-12 hr 26.9 -96.7 57.0 153.7
5%-24 hr 27.0 -103.6 60.3 163.9
5%-48 hr 27.6 —-103.9 57.6 161.5
10%-12 hr 27.6 -107.9 51.1 158.9
10%-24 hr 29.9 -110.4 38.7 149.0
10%-48 hr 32.4 -112.4 35.7 148.1

High-vac. SED PC-std. 10 kV 20/10/2021 igh- i SED PC-std. 10 kV 20/10/2021
Raw-1

FIGURE 6: Sample morphology of sisal fiber: (a) raw, (b) 2%-48 hr, (c) 5%-48 hr, and (d) 10%-48 hr.

TaBLE 6: Effect of treatment conditions on mechanical properties of sisal fiber.

Fiber treatment condition Tensile strength (MPa) Young’s modulus (GPa) aflgﬁeiflg;)
Raw 556.2 10.4 2.2
2%-12hr 560.7 12.7 2.7
2%-24 hr 587.6 14.4 4.3
2%-48 hr 607.7 16.7 4.6
5%-12 hr 591.2 15.6 41
5%-24 hr 580.7 13.1 3
5%-48 hr 561.8 12.4 2.7
10%-12 hr 512.4 10.6 24
10%-24 hr 494.2 9.7 2.1

10%-48 hr 3241 9 2
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TaBLE 7: Slump of SFRC and plain concrete.

Mix designation

Slump (mm)

% reduction in slump

Control 65 0
C0-0 25 61.55
C2-12 30 53.85
C2-24 30 53.85
C2-48 35 46.15
C5-12 35 46.15
C5-24 35 46.15
C5-48 40 38.45
C10-12 40 38.45
C10-24 40 38.45
C10-48 45 30.75
45
42.27
42.07
" 39.63
= 40 \ 40.63
% 38.22 39.35 39.07
< 35.29 37.3
oo
B 3 35.54
o
=
£ 30
&
g
Q
)
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T T T T T
0 12 24 36 48
Soaking time (hr)
—a— 0%-NaOH —— 5%-NaOH
—o— 2%-NaOH —¥— 10%-NaOH
FIGURE 7: 7 days compressive strength.
29
W 28.62
28
;ﬂ} 27.92
s 7 26.49 27.19
<
%’0 26 25.\41 26.29
2 25 25.32
§ 24 24.64
=
g 23.05
S 23
22
21.92
21 T T T T T
0 12 24 36 48
Soaking time (hr)
—=— 0%-NaOH —— 5%-NaOH

—e— 2%-NaOH —v— 10%-NaOH

FIGURE 8: 28 days compressive strength.
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TaBLE 8: ANOVA test for the compressive strength of SFRC.
Sou.r ce SS df MS F P F Remarks*
of variation value crit
Alkali concentration 134.29 3 44.76 47.08 0 3.01 Significant
Soaking time 15.52 2 7.76 8.16 0.002 3.4 Significant
7 days Interaction 10.87 6 1.81 1.91 0.121 2.51 Insignificant
Within 22.82 24 0.95
Total 183.5 35
Alkali concentration 174.03 3 58.01 51.64 0 3.01 Significant
Soaking time 7.77 2 3.89 3.46 0.048 3.4 Significant
28 days Interaction 24.76 6 413 3.67 0.01 2.51 Significant
Within 26.96 24 1.12
Total 233.52 35

Significant at 5% probability (p <0.05). df, degrees of freedom; F, F-test for ANOVA two-way; MS, mean square; SS, sum of squares; P value, calculated

probability.

TaBLE 9: Flexural strength test results.

. . . M
Mix designation can

flexural strength (MPa)

Relative strength gain
compared to raw

SERC (%)

Control 3.931
C0-0 3.950
C2-12 4.079 3.285
C2-24 4.160 5.336
C2-48 4.440 12.403
C5-12 4.549 15.180
C5-24 4.337 9.795
C5-48 4.259 7.843
C10-12 4.336 9.775
C10-24 4.037 2.219
C10-48 3.908 —-1.064

TaBLE 10: ANOVA test for the flexural tensile strength of SFRC.
Source of variation SS df MS F P value F crit Remarks*
Alkali concentration 0.9198 3 0.3066 9.65464 0.00023 3.00879 Significant
Soaking time 0.07955 2 0.03977 1.25244 0.30383 3.40283 Insignificant
Interaction 0.55891 6 0.09315 2.9333 0.02725 2.50819 Significant
Within 0.76216 24 0.03176
Total 2.32043 35

Table 8 shows the ANOVA results for the compressive
strength of SFRC. The analysis is conducted at a significance
level of @=0.05. The concentration of NaOH is the most
significant parameter in this table because the calculated
value of the F-ratio is higher than F critical for a given
confidence interval and the P value is considerably lower
than a«=0.05 for both 7th- and 28th-day compressive
strength. The interaction between alkali concentration and
soaking time is statistically insignificant in the case of 7-day
curing age.

3.2.3. Flexural Strength. Table 9 depicts the effect of various
fiber treatment conditions on the flexural strength of a concrete
composite. When untreated sisal fibers are replaced with
NaOH-treated sisal fibers, a significant impact on flexural
properties is observed. The flexural strength behavior of the

specimen reinforced with treated sisal fiber increases with
increasing alkali concentration and soaking time upto 5%-
12hr and afterward decreases with increasing concentration
and duration. The optimum sisal fiber treatment concentration
of NaOH suggested is 5%, with flexural strength increased from
4.259 to 4.549MPa for different treatment periods. Among
various treatment durations corresponding to 5% alkali con-
centration, reinforcing sisal fiber that was treated for 12 hours
(C5-12) yields an approximate 15.7% and 15.18% improve-
ment in flexural strength as compared to the conventional and
raw sisal fiber reinforced concrete specimen, respectively. Next
to C5-12, C2-48 shows better performance and is almost
12.9% and 12.4% greater than unreinforced concrete and raw
SERC, respectively.

Except for the concrete reinforced with sisal fiber
treated with 10% NaOH solution for 48 hours, the modules
of rupture of other treated SFRC were higher than those of
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FIGURE 9: Load vs. mid-span deflection curves for different soaking time; (a) 12hr, (b) 24 hr, and (c) 48hr.

control specimens of plain concrete, ranging from 2.7 to
15.7%. Furthermore, except for C10-48, alkali-treated
SFRC outperforms raw sisal-reinforced concrete. The
reason for the observed increase in flexural strength is the
enhanced fiber surface roughness and removal of fiber
surface impurities resulting from the chemical treatment
process [40]. Concerning fibers that are treated in a highly
concentrated alkali medium for a longer duration, the effect
of the treatment on the flexural strength of the concrete
composite is detrimental. Indeed, it permits substantial
delignification and degradation of crystalline cellulose
chains of the fiber, resulting in weaker or damaged
fiber [35].

Table 10 shows the ANOVA results at a 95% confidence
interval, and it is found that the duration of sisal fiber
treatment has no significant effect on the flexural strength
performance of the concrete composite with a P value of
<0.05, indicating that the null hypothesis is true. In contrast,
the concentration of NaOH has a statistically significant
effect on the flexural tensile strength of SFRC. There was also
a significant effect from the interactions between fiber
soaking time and NaOH concentration.

3.2.4. Postcracking Behaviors. In this study, the postcrack
behaviors of concrete composites are characterized by the
load-deflection curve of the flexural test following ASTM
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C1018 and ASTM C1609 standards. Figure 9 shows a typical
load-deflection curve for control, raw SFRC, and alkali-
treated SFRC beam specimens. Three samples from each
batch of concrete were tested to get the average value of the
postcrack behaviors. For each category, one average curve
was presented from three load-deflection curves of each
sample code.

(1) ASTM C1018 Toughness Parameters. In this study, two
flexural toughness indexes, I and I,,, are calculated from
the averaged load vs. deflection curve, as shown in Figure 9.
It can be observed in Figures 10 and 11 that a notable effect
in toughness indexes is recorded when untreated sisal fibers
are replaced by NaOH-treated sisal fibers. The increase in
toughness indexes implies that the crack-arresting behavior
of the composite increases with the treatment of reinforcing
fiber. The reasons for these experimental results are mainly
due to the removal of the fiber surface impurity and the
increased surface roughness, thus increasing the fiber-matrix
compatibility and fiber-matrix interfacial bonding, resulting
in better performance in the relative postpeak behavior.
Compared to control conventional concrete (I5=1I,,=1),
the toughness index of fiber-reinforced concrete has in-
creased significantly regardless of treatment condition.
These could be due to the inhibition of crack propagation by
the fibers after the appearance of the first crack in raw and
treated fiber-reinforced concrete composites [11].

The maximum value of I; and I, is given by reinforcing
fiber treated for 12hours in a 5% alkali-concentrated so-
lution (C5-12), which is 44% and 105% greater than that of
raw SFRC. As observed from the flexural strength result,
C2-48 also shows better performance in toughness indexes
next to C5-12, and it is almost 35.2% and 86.6% greater than
that of raw SFRC specimens for I and I,,, respectively.
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FIGURE 11: Toughness index I;,.

The second observation that can be made based on the
Figure 11 is that the effect of fiber alkali treatment is more
pronounced in I, than in I for all mixtures. These were
because the contribution of fibers to postcrack toughness
came into play and accurately reflected at higher deflection
(5.58) [27].

Residual strength factors characterize the remaining
strength after the first crack in fiber-reinforced concrete and
are derived from the toughness index. The designated re-
sidual strength chosen for this study was Rs 5, which rep-
resents the average strength retained between 34 and 5.54.
As shown in Figure 12, the ASTM residual strength factor
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FIGURE 13: Specimen toughness of SFRC.

(Rs,19) seemed to be improved by the fiber alkali treatment
compared to that of raw sisal fiber-reinforced concrete.
Similarly to flexural strength and toughness indexes, the
highest residual strength factors were obtained with a 5%-
12 hr fiber treatment.

(2) ASTM C1609 Toughness Parameters. The two perfor-
mance parameters (specimen toughness and equivalent
flexural strength ratio) from the ASTM C1609 standard have
been summarized using Figures 13 and 14. As seen in
Figure 13, changing the surface morphology of the rein-
forcing fiber by alkali treatment affects the toughening
performance of the SFRC mixture composites. The results
indicate that treated SFRC has a greater overall energy
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FIGURE 14: Equivalent flexural strength ratio.

absorption capacity than untreated SFRC. The increase in
toughness values is between 1.1% and 28% of the raw sisal
fiber-reinforced concrete specimen. The ability to sustain
loads after cracking is very much dependent on the tensile
strength of individual fibers and the bond between the fiber
and matrix [41]. Therefore, the enhanced mechanical
properties of alkali-treated sisal fiber due to the removal of
surface impurity correlated with a change of the morpho-
logical and chemical structures in microfibrils of the fiber
lead to get a superior result in terms of flexural toughness
compared to the raw SFRC counterpart.

Another noticeable observation in the toughness de-
velopment among the mixtures is that the rates of toughness
development with different treatment conditions are quite
different. For all treated reinforcing sisal fibers, the tough-
ness showed a gradual increment with increasing alkali
concentration and fiber soaking time upto 5% and 24 hours,
respectively. With further increases in concentration and
duration, the specimen flexural toughness values gradually
reduced. The possible explanations for this result are that as
the alkali concentration and soaking time increased, a highly
rough fiber surface resulted, which led to a strong interface
bond between the matrix and reinforcing fiber. Accordingly,
no debonding and slippage take place, and the result is
a strong but brittle material [42]. Furthermore, as alkali
concentration further increased, damage on the fiber surface
became more severe and consequently reduced the tensile
strength of the reinforcing sisal fiber. These, in turn, promote
a reduction in the fiber-bridging effect.

The equivalent flexural strength ratio (RP,,) is another
ASTM C1609 toughness performance parameter used in this
study to characterize the flexural toughness of sisal fiber-
reinforced concrete and is expressed as a percentage. As
shown in Figure 14, for various treatment conditions on the
reinforcing sisal fiber, the equivalent flexural strength ratio
increases with increasing alkali concentration and fiber
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soaking time up to 2% and 48hours, respectively, and
gradually decreases with further increases in treatment
concentration and duration. The increase in R 5, values is
between 1.4% and 27% of the raw sisal fiber-reinforced
concrete specimen.

4. Conclusions

The following conclusions are drawn from experimental
work performed in relation to the study’s objectives:

(i) All applied treatments resulted in a reduction of the
water absorption capacity and an increase in the
surface roughness of the sisal fiber. Significant
improvements in the mechanical properties (tensile
strength, modulus, and % elongation) of sisal fibers
were obtained by treating them for 48 hours in a 2%
NaOH solution. When sisal fiber was treated with
more than 2% NaOH solutions, mechanical prop-
erty values dropped consistently, owing to excessive
delignification of sisal fiber.

(ii) Regardless of the treatment conditions used, the
inclusion of sisal fiber in the concrete matrix re-
duced the workability of the SFRC. Except for the
concrete reinforced with 10%-48 hr treated sisal
fiber, the flexural strength of the concrete com-
posites reinforced with alkali-treated sisal fibers
improved. However, compared to their untreated
SFRC counterparts, treating sisal fiber did not
improve the compressive strength of the composites
at any age.

(iii) The toughness of fiber-incorporated concrete has
revealed a considerable enhancement. This effect
becomes more significant for alkali-treated sisal
fibers. However, at higher concentrations and
treatment durations, the increase becomes minimal
and even experiences a reduction.

Based on the abovementioned remarks, it becomes ev-
ident that treating sisal fiber is an excellent method for
enhancing the flexural and postcrack performance of SFRC,
thus bringing new trends in composite materials.
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This research preliminarily investigated the suitability of a locally available ladle furnace slag (LFS) as a partial replacement of
cement in mortar. The raw material was first characterized to obtain its chemical and physical properties through particle size
distribution, X-ray fluorescence (XRF), X-ray diffraction (XRD), and scanning electron microscopy (SEM). Later, the raw LFS was
classified into two categories: (i) raw LES and (ii) sieved (passing through #200 sieve) LFS and incorporated in mortars as a partial
replacement of cement. Mortar prisms with 5, 10, 15, 20, 25, and 50% LFS (raw and sieved) were prepared and cured under normal
temperature (NTC) for 7, 28, and 56 days. Additional mortar prisms (with raw and sieved LFS) were prepared by curing them
under high-temperature accelerated curing (HTAC) for 7 days. The characterization tests suggest that CaO, SiO,, MgO, and Al,O;
are the main compounds of raw LFS used in this study. The mineralogical phases present in the raw slag are calcio-olivine,
akermanite, a-quartz, merwinite, magnetite (Fe;0,), and calcium-aluminium oxide. Both raw and sieved LFS-blended mortars
yield good consistency up to 25% cement replacement in mortars. The compressive strength of NTC mortar suggests that 5% and
10% replacement of cement with raw and sieved LFS yields higher strength than the control mortar. Seven days strengths of raw
and sieved LFS blended mortars obtained for HTAC are closely comparable to that of 28 days under NTC. This study recommends
that LFS could be a sustainable supplementary material to use as a partial replacement of cement in mortar, preferably up to a level
of 15% for standard works.

1. Introduction

Concrete, the second most utilized material on Earth (after
water), creates environmental issues, arising mainly from its
constituent materials. For example, excessive use of natural
sand and aggregates creates environmental instability; use of
drinking water abundantly is an issue since it causes gradual
lowering of the groundwater table. The production and use
of cement, a critical component of concrete, is proven to
impact the environment negatively. Studies report that 8% of
the global greenhouse gas (GHG) emission is due to the
production of cement [1].

Globally, cement production has been reduced or kept
checked in the last decade due to the negative impact on the
environment [2]. In contrast, Bangladesh has seen an in-
crease in cement production by 10-12% in the past decade

[3]. An increase in cement production means an increase in
cement use, consequently increasing the negative impacts on
environment. It is essential to reduce the use of cement as
much as possible to curb the environmental pollution. This
could be achieved by diverging towards sustainable concrete
production incorporating supplementary cementitious
materials (SCM) and/or supplementary filler materials
(SFM) and/or recycled water and reducing the dependency
on drinking water [4].

Various studies report effective alternative use of dif-
ferent types of solid wastes, e.g., waste clay brick, ceramic
waste powder, and glass powder [5, 6]. Pozzolanic and
cementitious properties are available in industrial by-
products, e.g., ground granulated blast furnace slag (GGBS),
silica fume, steel slag, cement kiln dust [7-11]; ashes, e.g., fly
ash [12], rice husk ash (RHA) [13], sugarcane bagasse ash
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[14], coconut ash [15], wood fibre ash and corn fibre ash [16];
and ceramic wastes [17]. These materials can be used either
directly (as-received raw materials) or after being chemically
treated (with an activator or reagent to improve their
properties as SCM).

In Bangladesh, several studies considered SCM [18-20]
for mortars and concrete. Mainly, fly ash and RHA have
been the point of interest to the researchers. Steel slags,
available in plenty, primarily due to the growing industries
(~400 steel mills), have also been considered for a smaller
number of studies [21]. Approximately, 1.1-1.3 million
metric tonnes of steel slag are produced per annum in
Bangladesh [21]. These include ladle furnace slag (LFS)—a
secondary by-product of the steel making process. LES in
general is generated in the second stage of the steel
manufacturing process resulting in a lesser production
compared with the primary slags, e.g., basic oxygen furnace
slag (BOFS) and electric arc furnace slag (EAFS). Never-
theless, considering a LFS generation of 0.3-0.7% of the steel
production, the annual production (30 million tonnes) of
LFS worldwide is quite significant [22]. Previously, the steel
industry in Bangladesh used to dump this LES into open
lands just as waste. In recent times, several alternative (other
than SCM) uses of this by-product have been identified by
the researchers: (i) brick production with other steel slags;
(ii) filtering bed material; (iii) in the rotatory furnace of
Portland clinker; and (iv) agricultural fertilizer. However,
the application is still limited [23, 24].

The applicability of LFS as SCM has been investigated in
mortars, concrete pavement work [24], and self-compacting
concrete [25]; mortar for rigid and flexible concrete [26]; soil
improvement [27]; stabilizing embankment soil [28]; filler
material in asphalt mix [29]; and strengthening clay soil [11].

On the properties of LES as SCM, a database is available
globally [8, 24, 28, 30-33]. Previous studies report that LFS
contains calcium oxide (CaO), silicon dioxide (SiO,), alu-
minium oxide (Al,Os3), and magnesium oxide (MgO) on
many occasions. Kriskova et al. [34] report that the con-
centration of these materials is 92.3% and Shi and Hu [35]
report that it is 92.2% in total. The overall presence of
primary constituents varies from 88% to 94% [36-38]. The
ladle finally refines steel by removing these oxides as waste
form inside the ladle slag.

The morphology of LFS particles, in general, is found
to have rough surfaces with local crystalline growth, dusty
materials, and greyish white powder-like appearance
[24, 26, 39, 29] (Figure 1). Shi [31] reports that LFS alone
may not induce reasonable cementitious properties in a
mortar, but LFS-GGBS blended cement paste with an
activator (e.g., sodium silicate, Na,SiO3) can produce
good quality mortar [24]. Manso et al. [32] report that if
LFS is used as a substitution of binder and fine aggregates,
it may produce mortars of standard quality. Shi and Hu
[35] blended LFS with silica flour and fly ash, and then
cured under autoclave (~175°C) to induce good cemen-
titious properties.

A recently published review article [40] on LFS has
incorporated substantial amount of study reports. This and
other studies indicate that LFS has the potential to be a

Advances in Civil Engineering

partial cement supplement, but its physical and mineral
properties vary broadly and are dependent on the geography
and industrial processes [40]. Therefore, local LFS products
need proper investigation before being considered for ap-
plication in construction, especially when the manufacturing
process is unique, for example, in the steel mills of Ban-
gladesh, no BOFS is produced and LFS is generated only in
the ladle refining furnace (LRF). As such, this study focused
on the assessment of LFS as a partial replacement of cement.
This study reports the results of mechanical properties of
raw and sieved (through #200 sieve) LFS blended mortars
following the characterization of the raw LFS powder. The
characterization results include chemical, physical, miner-
alogical, and morphological properties of raw LES, identified
through sophisticated testing facilities and compared with
standard cement samples, i.e., CEM-I. The mechanical
properties of raw and sieved LFS blended mortars are in-
vestigated under normal temperature curing (NTC) and
compared with the control samples. Additionally, me-
chanical properties of LFS blended mortars under high-
temperature accelerated curing (HTAC) are investigated to
quantify the effect of temperature on strength gain/loss.

2. Materials

2.1. Regular Mortar Materials. Cement (CEM-I) was used as
the reference material. As per EN-197, its strength class is
425N. The key properties of CEM-I: normal con-
sistency = 25%, soundness by Le Chatelier’s test=4.5mm,
specific gravity =3.12, clinker = 95-100%, and
gypsum = 0-5%. For preparing mortars, EN standard sand
was used. This (reference) sand is a natural siliceous material
composed of rounded particles and has a silica content of at
least 98%. The moisture content was less than 2%, repre-
sented by the mass of the dry sample as a percentage. Tap
water was used for preparing mortar prisms.

2.2. Supplementary Material Used to Replace Cement.
Ladle furnace slag (LFS) was used as the prospective sup-
plementary cementitious material (SCM). The material was
collected from a renowned local Steel Re-Rolling Mill of
Bangladesh. An impression of just produced LFS from the
furnace is shown in Figure 2. Two types of LFS samples were
used. The as-received LFS powder is termed as ‘raw LFS’ and
the one sieved through a #200 sieve is termed as ‘sieved LES’
(see Figure 3). The use of a finer LFS sample allowed to
investigate the effect of fineness since the fineness of steel
slag can play a role in improving the fresh and hardened
properties of mortar [41, 42].

3. Experimental Program

3.1. Characterization Tests of LFS and CEM-I. X-ray fluo-
rescence (XRF) spectroscopy was used to characterize and
identify the elements in CEM-I and raw LFS powders. The
method uses a primary incident X-ray on a sample that
allows the sample to emit secondary rays called-fluorescent.
The fluorescent rays are unique for a specific element in a
material, thus allowing characterization and identification of
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Ladle slag being
released from furnace

Just produced LFS

FIGURE 2: LFS as produced in Mirsarai plant of BSRM.

elements in a sample. Details of XRF method can be found in
Irshidat and Al-Nuaimi [43], and Rodriguez et al. [44].
The crystalline phases or compounds of CEM-I and
raw LFS were identified using X-ray diffraction (XRD)
technique. X-ray diffractometer with monochromatic
CuKa source and curved graphite, and single-crystal
chromator (40kV, 30 mA) was used. Samples were firmly
compacted on the reverse side of the specimen holder,
against a glass slide. Each sample was analysed (for po-
tential diffraction paths of the lattice) over a 26 range of
3°-60" at a scan rate of 1° per minute with an increment of

0.1°. More details can be read from Meier et al. [45] and De
Villiers and Lu [46]. Figure 4 illustrates XRD method
(adapted from [46]).

The morphology and topography (size and shape and
surface texture) of the particles of CEM-I and raw LFS
were assessed from the microscopic images using scan-
ning electron microscopy (SEM) technique with an ac-
celerating voltage of 15kV. SEM can visualize the surface
of a particle with high to ultra-high-resolution images of a
particle in a sample with its crystallography composition
[47].
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FIGURE 4: The Bragg-Brentano geometry used in modern diffractometers [46].

3.2. Mortar Constituents and Compositions. A total of 15
control mortar prisms was prepared with cement, sand, and
water. A total of 132 (includes 3 replicates) LFS blended
mortar prisms were prepared with cement, LES (66 with raw
and 66 with sieved), sand, and water. The mixing ratio was 1 :
3:0.5 (binder: sand: water) according to EN 196-1. Cement
in the mortar was partially replaced by 5, 10, 15, 20, 25, and
50% LFS (both for raw and sieved, separately) by weight. An
additional 36 mortar prisms (with raw and sieved LFS) were
prepared for HTAC tests. The detailed mix compositions
and sample names of mortars are given in Table 1.

3.3. Flow of Mortar. Required amount of materials for
mortar was mixed in a mechanical mixer machine as per EN
196-1. The mixer machine was comprised of a stainless-steel
bowl (capacity ~5 litres) and blades. The bowl was placed in
such way that it was firmly attached to the mixer frame
during mixing. The blade rotated about its axis, powered by
an electric motor in planetary motion around the axis of the
bowl. The speeds of the blade were controlled automatically.

The flow of hydraulic cement mortar was determined
using the flow table in compliance with ASTM C1437. The

test specimen was moulded on a 250 mm diameter table
ASTM C230. A conical frustum shape mould with a bottom
diameter of 100 mm and a top diameter of 70 mm was used.
Once filled with mortar paste, the mould was removed,
leaving the mortar on the table, and the table was cyclically
lowered and raised 25 times (within 15 seconds). After that,
the flow, i.e., the increase in the average diameter of the fresh
specimen was measured. Flow value was calculated after
dividing the increased diameter by the original diameter and
reported as a percentage. Flow value for each type of sample
was tested for three times in order to obtain mean value.

3.4. Compressive Strength of Mortar. Mortars for strength
tests were prepared as mentioned above. The sample with
plastic consistency from the mixer machine was poured
inside a 3-gang steel mould of 40 x40 x 160 mm internal
dimensions. The mortars were compacted using a regular
jolting method inside the mould. The specimens were kept in
the mould for about 24 h in a humid environment and then
demoulded. As mentioned earlier, 108 mortar prisms with
5-50% cement replacement were prepared using raw and
sieved LFS for different curing periods (7, 28, and 56 days).
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TaBLE 1: Mix composition of mortars for a single mix in a mixer machine as adopted in this study.

S1 Sample name Cement (gm) LES (gm) Sand (gm) Water (gm)

1 MLO = control (no LFS) 450 —

2 ML5R =5% raw LES 4275 225

3 ML10R =10% raw LFS 405 45

4 ML15R =15% raw LES 382.5 67.5

5 ML20R =20% raw LFS 360 90

6 ML25R =25% raw LES 337.5 112.5

7 ML50R =50% raw LFS 225 225 1350 225
8 ML5S =5% sieved LES 427.5 225

9 ML10S =10% sieved LES 405 45

10 ML15S =15% sieved LFS 382.5 67.5

11 ML20S =20% sieved LFS 360 90

12 ML25S =25% sieved LFS 337.5 112.5

13 ML50S =50% sieved LFS 225 225
The mortar prisms were then cured under normal water
until the compressive strength was tested. 60

Few samples (30 in total; including control) were pre- 50 1

pared for longer age curing (90 and 180 days) with selected 1
blends, viz. 0, 25, and 50% LFS (only three different per- & 40 - Demolding
centages were considered due to restricted time and budget). E.7 after 24 hours
Curing time significantly affects mortar properties as the 0T
hydration of cement depends on the availability of sufficient 201
water. Proper curing also helps fill the micropores in the E - Testing
hydrated cement paste, thereby increasing the density of 10+
mortar. The microstructural improvement contributes to the ol : : :
strength development of the cement paste matrix [48]. 0 2 4 6 3

The compressive strengths of all cured mortar specimens
were measured using a jig inside the standard (EN 196-1)
compression testing machine. The jig could hold the mortar
prism in such a way that the square area (40 x 40 mm) was
set under the loading plate. The resultant of the forces passed
through the centre of the specimen.

3.5. Mortar with High-Temperature Accelerated Curing
(HTAC). To investigate the effect of high-temperature
curing, i.e., accelerated curing, additional mortar samples
were prepared following the guidelines set in BS 3892 (1982).
A total of 18 prisms with raw LFS and 18 with sieved LFS
were cast which included 3 replicates of each type, i.e., 5, 10,
15, 20, 25, and 50% of LFS. Prepared samples were
demoulded after 24 hours and then kept in a water bath for
standard temperature curing (20+1°C) for 4 days. After that,
the samples were transferred to another water bath for high-
temperature curing at 50+1°C for 46 hours (Figure 5) and
then shifted to a standard temperature regime. After 2 hours
of standard curing (20+1°C), essentially producing samples
of 7 days curing, the mortar specimens were taken for
compressive strength testing.

4. Test Results and Discussion

4.1. Particle Size Distribution (PSD). Particle size distribu-
tions of CEM-I and raw LFS are shown in Figure 6. Ap-
proximately, 90% of the CEM-I particles are smaller than
107 ym in size, and 10% are smaller than 4.28 ym. The mean
and median particle sizes of CEM-I are 22.8 ym and 29.2 ym,

Curing period (days)

FIGURE 5: Temperature variation with time for HTAC samples.

Volume (%)

Particle diameter (um)

--- CEM-I
--— LFS

FIGURE 6: Particle size distribution of CEM-I and raw LFS.

respectively. For raw LES, 90% of the particles are smaller
than 188 ym, and 10% are smaller than 16.0 yum. The mean
and median particle sizes of raw LFS are 59.2ym and
73.7 ym, respectively. The SEM test results also indicate that
raw LFS comprises coarser-sized particles than CEM-I [49].
Therefore, the material was sieved using a 75 ym sieve to get
the finer part as the size of the particles plays a vital role in



the reactions in cementitious media and influences hardened
mortar properties [41, 50]. PSD for sieved was not deter-
mined in this study.

In general, raw LFS used in this study has larger sized
particles compared with the previous studies. For example,
Tirker et al. [51] reported that 92% of the raw LFS particles
were smaller than 30 ym, and Salman et al. [52] reported that
80% of the raw LFS particles were smaller than 59 ym.
Salman et al. [52] also found that d50 of raw LFS is 35.7 ym.
Researchers studied the suitability of LFS processed to finer
particle size, e.g., d50 =10~28 ym [33, 39]. This study also
considered sieving of raw materials to bring them to a size
finer than 75 ym and compared the performance of both raw
and sieved LFS as SCM.

4.2. Chemical Composition of Test Materials. The chemical
compositions of CEM-I and LFS are given in Table 2. The
main compounds found are CaO, SiO,, MgO, and Al,Os,
representing more than 92% of the total mass. A study found
CaO, SiO,, MgO, and FeO (low percentage) as the main
chemical compositions and comprised about 88-92% of the
total mass of LFS [53]. Other studies (e.g., [8, 54]) suggest
that CaO, SiO,, MgO, and AlL,O; are present in LFS (see
Table 2), which is common for any carbon and steel pro-
duction slags [40]. These oxides were mentioned as inevi-
table constituents of silicates and aluminates of calcium and
magnesium found in LFS [26].

4.3. Mineralogical Composition of Test Materials. The crys-
talline compositions of CEM-I and raw LFS are shown in
Figures 7(a) and 7(b), respectively. Table 3 illustrates the
denotation and chemical formula of the phases present in
both CEM-I and LFS. Dominant hump of diffraction was
noticed in between 26 = 29° and 35" in the case of CEM-I. The
mineralogical phases detected in CEM-I are Alite (C3S),
larnite, i.e., calcium silicate (Ca,SiO,) in polymorph states,
e.g., f-Ca,Si0y4, Aluminate (C3A), Brownmillerite (C4AF)
and Periclase (MgO). Higher amount of CaO content has the
contribution in developing C-S-H gel. Besides, the reaction
between CaO and CO, is the cause of forming calcite [49].

The mineralogical compounds detected in LFS could be
attributed  to  calcio-olivine  (Ca,SiO4),  akermanite
(Ca,Mg(51,0;), a-quartz (SiO,), merwinite (Ca;MgSi,Og),
magnetite (Fe;0,), and calcium-aluminjum oxide (CaAl,Oy).
Important changes in the peak were observed in the range of
20=27" and 33°. The results of the XRD analysis of the in-
vestigated LFS are also comparable with the results reported in a
previous study [49]. Calcium and silicates under various allo-
tropic forms were the major compounds available in LFS.
Calcium-aluminium oxide present in LFS helps to form CaCO;
and C-S-H gel. Besides, unreacted slag fills the pores and voids
which has an effect in densifying the matrix, thus the strength
increased [55].

4.4.  Morphological ~ Properties Obtained by SEM.
Figures 8(a) and 8(b) give SEM micrographs of CEM-I and
LFS, respectively. CEM-I is mainly composed of clinker
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(95%). SEM image shows relatively smooth and angular
surfaces of the grinded clinker. LFS is found with a dusty
product on its surface. The surface morphology of LES
particles indicates rough-edged surfaces. A significant
number of surface cracks are also noticed. The cracks occur
mainly on the periphery of the grains and are parallel to the
edges of the grains. Radenovi¢ et al. [54]; Natali Murri et al.
[39], and Skaf et al. [29] also found similar topography and
shape of LFS particles in their studies. The particle size
distribution analysis described earlier is also well matched
with this SEM data.

4.5. Flow Value of Mortar. Mortar pastes prepared with
cement and various levels of both raw and sieved LFS were
tested for workability. The workability of raw and sieved LFS
blended mortars are compared with that of the control
mortar in Figure 9. The flow value of the control cement
mortar was found to be 105%. In general, the flow value of
LES blended mortar decreases with the increase in SCM as
cement replacement. The flow variation was 14-23% in the
case of raw LFS replacement. When the cement is replaced
with 5-25% sieved LFS, it varies from 2 to 19%. Reasonably
good consistency mortar was produced for up to 20% LFS
replacement. According to Balakrishnan et al. [56] and
McCarthy et al. [57], flow values of masonry mortar with
10-50% cement replacement with fly ash did not exceed 30%
relative to the control mortar. Santamaria et al. [58] reported
that SCM of polyhedral crystals creates an inwards capillary
action to fill the hollow spaces when water comes into
contact. According to the PSD curve (Figure 5), the mean
size of raw LFS is higher than cement. As a result, with
higher cement replacement, the free space between particles
increases, affecting their external capillarity. This may lead to
the increase-decrease-increase pattern of flow values. As
shown in the figure, mortar with sieved LFS shows better
workability compared with the raw LES as it acts as a filler.
Compared with cement, sieved LFS possesses a high specific
area and the voids between cements are filled with sieved
LFS, increasing the particle contact. Even though both
particles absorb water, due to external capillarity, higher
water absorption is noticed. Therefore, it is concluded that a
higher presence of fines (50% replacement) demanded in-
creased water. An earlier study by Zykova et al. [59] con-
cluded that the composition with complex filler fractions has
the highest water absorption.

4.6. Compressive Strength of Mortar

4.6.1. Influence of LFS Size. Figures 10(a) (for raw LFS) and
10(b) (for sieved LFS) present the compressive strength of
mortar as a function of LFS replacement levels (7, 28, and 56
days curing under standard temperature, i.e., 20£1°C). In
general, sieved LFS provides better strength performance
than raw LFS. The trend follows earlier study with fly ash
[60] which reports that smaller particles have higher reac-
tivity in cementitious media. Similar better performance
with finer LFS was reported by Shi and Hu [35]. On the other
hand, when the total cementing material content was
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TABLE 2: Chemical composition of CEM-I and raw LES used in this study.
Oxides CEM-I (this study) Raw LFS (this study) Raw LFS [54] Raw LFS [8]
CaO (%) 60.4 47.4 48.4 30~60
SiO, (%) 29.4 29.4 15 2~35
ALO; (%) 2.6 26 14.3 4.1~35.9
FeO (%) — — — 0~15
MgO (%) 2 2.3 15.3 1~12.6
Na,O (%) 1.5 1.6 0.4 0.06~0.07
K,O (%) 0.7 0.1 0.4 0.01~0.02
TiO, (%) 0.6 0.9 0.2 0.2~0.9
MnO (%) 0.04 1.6 . 0~5
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Figure 7: XRD patterns of (a) CEM-I and (b) LFS.
reduced with coarser SCM particles, it lowers the volume of ~ 4.6.2. Influence of LFS Replacement. As shown in

hydration products [61].

The performance of sieved LFS is significantly better at
an early age (7 days). This may be due to the nucleation
effects in mortars [5]. At later ages, the unreacted LFS helps
to fill the voids and form a denser mixture. Pozzolanic
reaction products are more effective in filling pores. This
filler effect can improve the transition zone and cement
matrix property [62]. The water-cement ratio increases with
SCM dosage. As a result, water-filled capillary space also
increases, increasing the degree of hydration [61].

Figures 10(a) and 10(b), 7-days compressive strength of the
control mortar is 35.6 MPa. For 5% raw LEFS, the strength
increased by 12% compared with the control, while 21.5%
increase in strength for sieved LFS is achieved. The strength
is comparable to the control (within +10%) up to 10% re-
placement by raw LES and 15% by sieved LFS. The secondary
reaction between cement hydration by-products and the
aluminosilicate compounds present in the LFS creates
turther bonding and improves the strength. Beyond these
replacement levels, the strength decreases linearly, and a
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TaBLE 3: Mineralogical phases present in CEM-I and LFS with a chemical formula.

Symbol Compound Chemical formula

C Alite/tricalcium silicate 3Ca0-Si0, (C5S)

A Tri calcium aluminate CazAlL 06 (C5A)

B Brownmillerite/tetracalcium aluminoferrite 4Ca0.Al,Fe, ,05 (C4AF)

L Larnite/dicalcium silicate B-Ca,Si0,

P Periclase MgO

Co Calcio-olivine y - Ca,Si0y

M Magnetite Fe;04

Mw Merwinite CasMg [SiOy4),

Q a-Quartz SiO,

Ca Calcium-aluminium oxide CaAl,O4

Ak Akermanite Ca,Mg [S1,05]

50 um

()

()

F1GURE 8: Morphology of (a) CEM-I and (b) LES obtained from SEM.

dramatic fall is observed for 50% LFS replacement. Wang
[63] reports that reactivity of SCM reduces with the increase
in replacement dosage.

As can be seen from Figure 10(a) (results of raw LFS), for
28 days curing, 5% raw LFS in mortar gives 5% higher
compressive strength than that of the control mortar
(43.7 MPa). Strength with 10% raw LFS replacement is
similar to control mortar. For other replacement amount
(i.e, 15%, 20%, 25%, and 50%), the strength reduces by
10.2%, 17.4%, 21.2%, and 57.4%, respectively. For the case of
56 days curing, 5% and 10% replacement with raw LFS gives
8.6% and 3.4% higher strength than the control mortar
(48.2 MPa). The strength gain with SCM can be attributed to
the fact that the reaction between silica (SiO,) or alumina
(AL,0O53) and Ca(OH), leads to form C-S-H gel. The dilution
effect of SCM on compressive strength is found to be
dominant after a specific dosage. Beyond this, for 15%, 20%,
25%, and 50% replacement, the strength reduces by 1.8%,
8.3%, 11.5%, and 56.5%, respectively.

As can be seen from Figure 10(b) (sieved LFS), for 28
days curing, compressive strength increases by 8.6% for 5%
sieved LFS replacement and then decreases as the sieved LFS
in mortars increases. Strengths are 5.9%, 10.2%, 12.7%,
62.8% lower (compared with control) for the case of 15%,
20%, 25%, and 50% cement replacement with sieved LFS.
Although, 10% replacement gives identical compressive
strength as of the control mortar. For the case of 56 days
curing, compressive strengths of 5% and 10% sieved LFS

120
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Fi1GUre 9: Flow value obtained for different LFS (raw and sieved)
contents in mortar.

replacement in mortars are found to be higher (15.2% and
6.4%, respectively). Beyond that, the strength gradually
reduces by 0.5%, 4.7%, 7.8%, and 44.7% for sieved LFS
replacement of 15%, 20%, 25%, and 50%, respectively.
Opverall, sieved LFS shows better compressive strength than
the raw material. With the increase of fineness, the hydration
rate of C3S gets accelerated, resulting in strength increase
[66].

An earlier study by Santamaria et al. [58] reports that 8%,
16%, 26%, and 46% strength loss can occur if of 10%, 20%,
30%, and 40% of cement in mortar is replaced by LFS.
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FIGURE 10: Relationship between compressive strength and LFS level in mortar: (a) mortar with raw LFS; (b) mortar with sieved LFS.

Another study reports that compressive strength reduces for
mortars partially replaced (more than 20%) with LFS [42].
Previous studies recommend a different amount of LFS
replacement, for example, [24]. Manso et al. [32] suggest up
to 43% LFS to use in concrete, whereas Chang et al. [65]
recommend up to 20% cement replacement with LFS to use
in concrete. This study broadly suggests that up to 15%
cement replacement with LFS would produce mortar of
acceptable strength for regular construction.

4.6.3. Effect of Curing Time on Mortar Strength. The
strengths of a few selected mortar samples with prolonged
curing are shown in Figure 11, which presents relationships
between compressive strength and curing time (7, 28, 56, 90,
and 180 days) for raw LFS (Figure 11(a)) and for sieved LFS
(Figure 11(b)). The strength of control mortar is compared
with 25% and 50% LFS blended mortars of both types (raw
and sieved).

The reason for above phenomenon may be attributed to
hydration of cement. The cement hydration reaction starts
immediately after adding water to cement. Even after
replacing the cement with SCM, a reaction process initiates
by which the mixture gets stiffened and attains its strength.
The heat helps in faster hydration reaction and forms C-S-H
gel rapidly. The pozzolanic effect also gets intensified at
higher temperatures. However, in some cases, the ‘crossover
effect’ at high temperature may cause reduction of strength
[66]. Tirkel and Alabas [67] report 65-70°C as the optimum
temperature for accelerated curing. If the curing tempera-
ture crosses this limit for a more extended period, a drastic
later age strength reduction may occur. This study, therefore,
considered a limited period of high-temperature curing
regime as per BS 3892 [68].

Results obtained for LFS blended 7 days HTAC mortars
are compared with LFS blended 28 days NTC mortars in

Figure 13. Figure 13(a) presents compressive strength as a
function of raw LFS level and Figure 13(b) presents same for
the sieved samples. It is evident from Figures 13(a) and 13(b)
that by increasing the curing temperature, mortars can gain
their strength much quicker than it would gain under
standard or normal temperature curing. For both raw and
sieved LFS blended mortars, strengths of 7 days’ HTAC
mortars at 5%, 10%, 15%, 20%, 25%, and 50% replacements
are close (within 10%) to that of 28 days’ NTC mortars.
Mortars under accelerated curing were reported by Esen and
Kurt [69] where cement was replaced partially by nanosilica,
and by Islam [60] where cement was partially replaced by fly
ash. They observed that compressive strength was increased
by 5-11% when the curing temperature was accelerated.
Erdem et al. [70] discuss that an accelerated curing system is
incorporated in the prefabrication industry to reduce the
cycle time of strength gain eventually allowing for cost-
saving.

For 25% LFS replacement, an increase in compressive
strength can be noticed at 90 days curing, which is true for
both raw (Figure 11(a)) and sieved LFS blends
(Figure 11(b)). However, 50% LFS (both raw and sieved)
replacement gives no promising results even for an extended
curing period, probably due to greater loss of reactivity with
increased SCM [63]. For both percentages, strength im-
provement between 90 and 180 days is insignificant, again,
true for both raw and sieved LFS blends (Figures 11(a) and
11(b)). For sieved LFS at 90 days curing, strength of 25% LFS
blended mortar is within the 10% of control mortar
(Figure 11(b)): compressive strength value of 45 MPa at this
age (90days) would be promising for any structural use,
especially for foundation work where continuous hydration
by groundwater is possible. From Figures 11(a) and 11(b),
the similar strength of raw and sieved LFS at 90 days in-
dicates that all materials can eventually react with time
regardless of size.
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FiGure 12: Compressive strength (nominal 7 days) of LFS-blended
HTAC mortars (7 days include 46 hours high-temperature curing
at 50+1°C).

4.7. Mortar Strength for High-Temperature Accelerated Curing
(HTAC). The effect of high-temperature accelerated curing
(HTAC) on mortar strength is discussed here based on
Figure 12. Limited period high-temperature (46 hours at
50+1°C) curing (overall about 7 days curing) shows a sig-
nificant influence on the compressive strength of LES
blended mortars (raw and sieved) of various replacement
percentages (5, 10, 15, 20, 25, and 50%). Results for LFS
blended HTAC (both raw and sieved) mortars indicate that
5-20% cement replacement with LFS gives higher strength
(above 37 MPa). These values are close to 28 days’ strength
(36.1 MPa) of mortars in normal temperature curing (NTC).
As can also be seen from Figure 12, under HTAGC, sieved LES
blended mortar performs better (which was true for sieved
LES mortars under NTC; Figure 10(b)).

4.8. Practical Implications. Apart from producing eco-
friendly mortar (which is a default benefit), use of LFS as a
partial replacement to cement may reduce the construction
cost. Figure 14 (considering 5% more or less) gives an ap-
proximate estimation of the cost savings-standard market
prices of the constituent ingredients are considered. In
Bangladesh, the cost of 1 tonne LFS is $30 (USD), according
to a steel mill’s contract with a known company (personal
communication). That means 50kgs of LFS would cost
approximately $1.5. An additional $0.5 can be considered
(from experience) for other costs, such as transportation,
handling, and storage. Then the total cost would be $2. On
the other hand, 50kgs (1 bag) of Portland cement in Ban-
gladesh costs approximately $6 (3 times higher than the cost
of LES). Therefore, partial replacement of about 15% (as can
be derived from this study) of cement by LES may sub-
stantially reduce the cost, and an eventual reduction of
cement use by 15%. For the case where strength is reduced
by 10-20% when cement is replaced by LFS for up to 25%
replacement, the compromised strength of the blended
cement could still be used for non-structural work, and
production of cement can be reduced by 25% as well. With a
15% blending of LFS in cement, the overall cost-saving will
probably be 11% (Figure 14). This saving will increase up to
18.5% for 25% cement replacement with LES.

In addition, the environmental benefit of using LFS as
SCM can also be quantified, indirectly though. Recent and
previous reports mention that appx. 90% of CO, can be
emitted during cement production [71, 72], i.e., 900 kg of
CO, is being released when 1 tonne cement is produced. A
simple calculation results as shown in Figure 15 suggests that
20% of LFS use will cause 72% of CO, generation which
would otherwise cause a 90% CO, generation if only cement
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was used (any emission attributed to LFS production is
ignored here). This is in line with the published report of
Campos et al. [73] that states a yearly reduction of 100
thousand tonnes of CO, when cement in concrete is reduced
by 5kg per cubic metre.

Further evidences of environmental benefit of using
LFS in mortar (or concrete in a broader sense) can be
inferred from the study of Perez-garcia et al. [74]. They

conducted a leachate test on Portland cement and LFS
(30% substitution) for selected chemical elements and
reported that leaching potential was less in LFS mixed
concrete compared with control concrete. They have
further reported that presence of chromium (Cr) was
significant in control concrete. For the case of LFS, the
level of Cr was within the Code of Federal Regulation limit
(5mg/L). It was concluded that LES replaced with cement
may dilute the cement matrix paste and absorb this ele-
ment, hence, no additional environmental hazard would
take place. Other leachates were found like the conven-
tional concrete. Their report hints that it is wise to manage
LES slag by encapsulating it into cementitious media
rather than depositing it as a landfill. Direct deposition in
landfill may leach the harmful chemical compounds/
heavy metals to the environment [75].

5. Conclusion

In this study, a locally available LFS was first characterized
for its chemical and physical properties. Then, the LFS was
incorporated in mortar as a partial replacement of cement.
Two forms of the LFS were used: raw (as-received) and
sieved (#200 sieve). The compressive strengths of mortars,
prepared with various LES percentages (0, 5%, 10%, 15%,
20%, 25%, 50%) of raw and sieved LFS and cured under
normal temperature (NTC) for 7, 28, and 56 days, were
obtained and reported. Selected samples were cured for 90
and 180 days. Additionally, raw and sieved LFS blended
mortars under high-temperature accelerated curing (HTAC)
were tested (at 7 days) and reported in this study. The key
conclusions arisen from this study on raw and sieved LFS
blended mortars, are as follows:

(1) Chemical composition of LFS gives similar oxides to
that of CEM-I. The amount of CaO, SiO,, MgO, and
AlLO; in raw LES collectively cover more than 92% of
the total mass.
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(2) The mineralogical phases present in the raw LFS are
calcio-olivine, akermanite, a-quartz (SiO,), mer-
winite, magnetite, and calcium-aluminium oxide.

(3) Morphology of LFS is a whitish dusty surface. The
grains are found with sharp edges. The surface
contains significant cracks with roughness.

(4) The performance of LFS in mortar is improved using
smaller size by sieving. In general, 5-15% cement
replacement with LFS (raw and sieved) provides
better or comparable performance than/to control
mortars. Reasonable compressive strength is found
with 15% LFS replacement.

(5) Compressive strength of the raw and sieved LFS
blended mortars generally increases with curing
period up to 90 days. Further curing beyond that
offers very marginal strength.

(6) Seven days compressive strengths of raw and sieved
LFS blended HTAC mortars were found to be well
comparable to the strengths of 28 days NTC mortars.

This study endorses that LES considered in this study can
be an excellent SCM, preferably up to 15% cement substi-
tution. However, further investigation is indispensable to
explore the mechanical and durability properties of hard-
ened concrete prepared with similar LFS as SCM. This is
being considered by the authors and will be reported in a
forthcoming paper.
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China’s construction industry makes important contributions to energy consumption and pollution emissions. It is significant to
improve energy efficiency in the construction industry. Since 2011, the introduction of China’s carbon emission trading policy has
had a great impact on energy conservation and emission reduction. The implementation of the carbon emission trading policy
provides us with an opportunity to find solutions to improve the energy efficiency of the construction industry (EECI) in China. In
this article, the implementation of carbon emission trading is regarded as a quasi-natural experiment, and the impact of the carbon
emission trading policy on the energy efficiency of the construction industry is evaluated by analyzing the panel data related to the
energy of the construction industry in 30 provincial regions from 2008 to 2016 through a difference-in-differences method. The
main conclusions are as follows. First, the carbon emission trading policy can improve EECIL. Second, the carbon emission trading
policy can achieve the policy effect of improving EECI by optimizing the allocation of construction machinery resources and
enhancing regional technical innovation. At the same time, strengthening government environmental regulation can strengthen

the policy effect as well. Finally, some policy implications based on the study are proposed.

1. Introduction

Since the twentieth century, the coordination between
economic development and environmental protection has
gradually attracted the attention of most of the world. To
realize sustainable development, some consensus on envi-
ronmental protection has been reached among many
countries [1]. Climate change is one of the most important
issues, and some international clauses have been signed. For
example, the Paris Agreement reached in 2015 is a measure
for mankind to jointly deal with climate change after the
United Nations Framework Convention on Climate Change
in 1992 and the Kyoto Protocol in 1997, which committed to
reducing greenhouse gas emissions. Representatives of
China signed the Paris Agreement in 2016, which was fol-
lowed by the approval of the National People’s Congress
Standing Committee [2]. In 2020, the President Xi of the
People’s Republic of China announced at the 75th UN

General Assembly that China is striving to peak its carbon
dioxide emissions by 2030 and to achieve the carbon-neutral
target by 2060.

As a matter of fact, the Chinese government has
implemented several policies trying to achieve energy
conservation and emission reduction in the past two de-
cades, and the carbon emissions trading policy is one of
them. Carbon emission trading policy is considered as a
market-oriented environmental regulation [3], which has
been effectively carried out in Europe and other regions; and
has recently proved to be an effective energy conservation
and emission reduction policy implemented in China by
empirical research [1]. In 2011, China’s National Develop-
ment and Reform Commission (NDRC) declared a pilot
carbon emissions trading scheme, approving Beijing,
Shanghai, Tianjin, Chongqing, Hubei, Guangdong, and
Shenzhen to start carbon emissions trading. In June 2013,
the pilot project gradually started carbon emission trading.
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At the end of 2016, Fujian launched carbon emissions
trading. In 2017, the national power industry issued the
policy. In 2021, the national carbon emissions trading
market opened. The implementation of the carbon emission
trading policy in different regions in China covers different
industries. The specific industries covered include power,
heat, cement, chemical, metal, petrochemical, automobile,
public construction, etc. [4]. It can be seen that the power,
steel, and cement industries are the key regulated industries.
Looking back at the policy implementation of the first six
pilots, as of December 31, 2016, the seven carbon market
pilots (including Fujian) had a transaction volume of 160
million tons, valued at nearly 2.5 billion yuan [2]. Un-
doubtedly, the implementation of the policy has had a
significant impact on energy consumption in pilots [5].

China’s construction industry is a national pillar in-
dustry, which not only contributes to the world economy;
but also makes important contributions to energy con-
sumption and pollution emissions [6]. Based on life cycle
assessment, the energy consumption of the construction
industry in China has increased rapidly. In 2016, its total
energy consumption was 410 million tons of standard coal,
accounting for about 9% of the whole society, and it qua-
drupled from 2000 to 2016 [7]. Actually, the implementation
of the carbon emission trading policy provides us with an
opportunity to find solutions to the energy consumption
problem in China. In addition, compared with developed
countries, China’s energy technology and management level
are relatively low and underdeveloped, and energy efficiency
is not high [8]. For the construction industry, energy effi-
ciency is a key indicator for evaluating the sustainable de-
velopment of the construction industry [6]. Therefore, the
study uses energy efficiency to measure and evaluate the
impact of the carbon emissions trading policy on the energy
efficiency of the construction industry in China.

This article takes the implementation of the carbon
emission trading policy as a quasi-natural experiment.
Difference-in-differences (DID) approach is used to evaluate
the policy effect of the carbon emission trading policy on
EECI, while Propensity Score Matching (PSM)-DID ap-
proach is used to further test the benchmark results and
simulated repeated random sampling is used for the placebo
test. The robustness of the benchmark results is further
examined by other methods. The article explores three ways
to strengthen the policy effect through mechanism analysis.
At the same time, several influencing factors of EECI are
presented. According to the research results, policy impli-
cations for the implementation of the carbon emission
trading policy to enhance EECI are proposed.

The rest of this study is organized as follows. Section 2 is the
literature review. Section 3 describes methods and data. Section
4 presents the empirical analysis. Robustness tests are provided
in Section 5. Section 6 explores the mechanism analysis. In the
end, Section 7 is the conclusion and policy implications.

2. Literature Review

The implementation of carbon emission trading policies
mainly depends on the carbon emission trading system. The
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carbon emissions trading system refers to a market trading
system for the control of greenhouse gas emissions and
targets greenhouse gas emission allowances or greenhouse
gas emission credits [9]. The party that produces more
emissions gets the right to emit coal from the other party,
and the other party produces lower levels of carbon emis-
sions. Buyers can use emissions reductions to mitigate
greenhouse effects and meet emissions reduction goals [10].

The carbon emissions trading market has been effectively
implemented in Europe, the USA, and other places after
years of development. The EU has an earlier and more
mature organization of carbon trading in the world [11].
There are many studies to evaluate the policy effect of carbon
emissions trading policy. Lise et al. analyzed the impact of
the EU Emissions Trading Scheme on electricity prices by
studying 20 countries [12]. Martin et al. studied the EU’s
carbon emission system and found that carbon trading could
reduce the pollutants emitted by these companies [13].
Murray and Maniloff demonstrated that a regional emis-
sions trading program of the Regional Greenhouse Gas
Initiative lead to substantial reductions in carbon dioxide
emissions in the northeastern USA [14]. Simulation results
of Choi et al. suggested that South Korea’s emissions trading
scheme had significant abatement effects [15]. As these
studies have shown, carbon emissions trading policies can
reduce carbon dioxide emissions.

In China, recent studies related to carbon emission
trading policy are increasing and varying. Such as the impact
on carbon emission reduction [16], carbon trading prices
[17], carbon market maturity [18], and carbon trading ef-
ficiency [19]. The evaluation of the impact of carbon
emission trading policy on the economy and the environ-
ment is one of the main research topics, which is highly
relevant to this study. Dong et al. proved that the carbon
emission trading policy had a significant impact on the joint
benefits of total carbon reduction and air quality im-
provement [20]. The empirical work of Chen and Lin
identified the role of carbon emission trading policy in
promoting energy conservation and emission reduction as
an effective policy tool to promote carbon neutrality [21].
Wu et al. confirmed that the carbon emission trading policy
had a significant impact on agricultural ecological efficiency
[22]. Chai et al. called carbon emission trading policy an
effective market-driven environmental regulation policy and
demonstrated it from the perspective of carbon emission
efficiency [11]. The fact that China’s coal emissions trading
policy improves regional energy efficiency was demonstrated
in the article of Zhang et al. [5]. More interestingly, the
research results of Yu et al. show that carbon emission
trading policy may significantly reduce urban-rural income
inequality [3], and there are more studies on the evaluation
of carbon emission trading policy.

As mentioned above, the economic and environmental
impact of carbon emission trading policy involves various
aspects. However, there is a gap in the assessment of carbon
emission trading policies involving the construction in-
dustry. As suggested by Zhang et al. [23], future research can
be carried out in sectors and industries most responsive to
carbon emission trading. This article focuses on the impact



Advances in Civil Engineering

of the carbon emission trading policy on EECI, which fills
this research gap. Furthermore, recent articles on the
evaluation of carbon emission trading policy make extensive
use of DID approach [1, 3, 4, 11, 20, 22]. These articles
provide a practical research method for this article. DID
removes the effects of individual heterogeneity and time-
varying factors [24]. Using the DID approach, the net impact
of policy implementation is estimated by comparing the
intervention and control groups before and after the event
[24]. PSM-DID has been also adopted by many researchers
[3, 4, 11, 23], and it can select more suitable samples to
reduce the deviation caused by sample selection [25]. In this
article, DID is used for benchmark estimation, and PSM-
DID is used to further test the estimation results.

In addition, evaluating energy efficiency is of great
significance to energy conservation and improving the level
of energy utilization. Research on EECI focuses on the
measurement of energy efficiency and its influencing factors.
EECI is measured mainly in terms of two methods, Single
Factor Energy Efficiency (SFEE) and Total Factor Energy
Efficiency (TFEE). SFEE measurement indicators include the
thermodynamic index, physical-thermal index, economic-
thermal index, and economic index [26, 27]. The most
popular SFEE indicator is the economic-thermal index [27],
which is the ratio of economic output to energy con-
sumption and the reciprocal of energy intensity. Hu is the
first to propose TFEE [28, 29]. TFEE considers a variety of
inputs and outputs and uses stochastic frontier analysis
(SFA) and data envelope analysis (DEA) methods to com-
prehensively evaluate energy efficiency. For example, Gao
et al. [30] evaluated embodied energy efficiency and direct
energy efficiency of the construction industry in China by
DEA-SBM. The inputs are energy, capital, and technology,
the outputs are the value added to the construction industry
and the completed area of construction. Wang et al. [31]
estimated the energy efficiency of the Chinese building
industry based on the game cross-efficiency DEA model.
Unlike the study by Gao et al., in their study, energy, capital,
labor, and mechanical equipment are inputs, and gross
output, completed area, and CO, emission are the outputs.
Even if the same object is being analyzed, the input and
output elements used by different scholars are different. That
is to say, the research of TFEE without a unified standard is
still in the exploratory stage. Compared with the TFEE
method, the SFEE method is simple, straightforward, easy to
understand, and has a high degree of consensus. Thus, this
article adopts the economic-thermal index calculated by
SFEE method to measure EECI in China.

After the measurement of EECI, influencing factors
analysis is usually carried out, which is relevant to this
article. Liang et al. [6] took urbanization, the per capita GRP,
technical equipment ratio, energy consumption structure,
innovation support, environmental supervision, industry
contribution rate, and industry concentration as market-
ization as exogenous environmental variables, which can
affect EECI in China. Zhu et al. [32] assessed the effects of
technological progress on EECI. Chen et al. [27] listed a table
of the factors influencing energy efficiency from previous
literature, considering energy consumption structure,

industrial development level, industrial open degree, in-
dustrial scale structure, market ownership structure, market
industry structure, market specialization-division structure,
and technological innovation as environmental variables
influencing EECIL. Li et al’s article show that labor pro-
ductivity is considered as an important influencing factor for
the assessment of the carbon emissions peak in China’s
construction industry [33]. Du et al. [34] and Zhou et al. [35]
take the total power of mechanical equipment as an input
variable of carbon emission efficiency similar to TFEE in the
construction industry. Gao et al. adopt technical equipment
rate as an input of TFEE in the construction industry [30].
According to Gong and Song [36] and Liang et al. [6],
urbanization is an important factor of EECI. Chen et al. [27],
Liang et al. [6], and Gong et al. [36] regarded electric
consumption as a percentage of total energy consumption as
the energy consumption structure. In accordance with Chen
et al. [27] and Liang et al. [6], regional R&D expenditure
intensity which stands for technological level is positive to
EECI. Some variables are commonly considered to be related
to EECI. The following research in this article draws on these
studies to select variables in the model.

Compared with the existing literature, the main research
innovations of this article are as follows: (1) there have been
many evaluations of the impact of carbon emission trading
policy on the economy and the environment in recent years,
but there are few studies on the impact of carbon emission
trading policy on sectors and industries, especially the
impact of carbon emission trading policy on EECI. The
widely accepted DID approach taken by these studies
provides the research methodology used in this article.
Therefore, this article adopts DID to evaluate the impact of
carbon emission trading policy on EECI and tries to fill this
research gap; (2) the positive policy effect of implementing
carbon emission trading policy on EECI is confirmed by
DID and some ways to strengthen the effect of carbon
emission trading policy on EECI are explored by regression
and mechanism analysis. Practical policy implications of
carbon emission trading policy for improving EECI are
proposed, which is a contribution that provides a reference
for policymakers.

3. Methods and Data

3.1. DID Model. The difference-in-difference method is a
common method for evaluating policy effects. This article
uses the DID method to estimate the impact of the carbon
emission trading policy on EECI in China. First, the
implementation of the carbon emission trading policy is
viewed as a quasi-natural experiment in which subjects are
divided into an intervention group and a control group. The
intervention group is defined as the group intervened by the
policy, that is, the carbon emission trading policy pilot
regions. The control group is defined as the group that is not
intervened by the policy, that is, the non-pilot regions. By
observing the changes in the intervention group and the
control group before and after the implementation of the
policy, the influence of the time effect can be eliminated, and
the net effect of the policy is estimated. In this study, the first



batch of carbon emission trading policy pilots approved by
NDRC in 2011 is selected as the intervention group. The
intervention group included six pilot regions in Beijing,
Tianjin, Shanghai, Chongqing, Hubei, and Guangdong
(including Shenzhen). These six pilots actually launched the
carbon emissions trading market at the end of 2013 and early
2014, so 2014 is considered to be the time for policy
implementation [3, 16]; due to the launch of the carbon
emissions trading market in Fujian at the end of December
2016 and the introduction of carbon emission trading policy
into the national power sector in 2017, the data used are as of
2016 to avoid their interference with the experiment. Re-
ferring to previous researches [3, 4, 16], the DID model is
constructed as follows:

In ee; = a, + a;treat;post, + Z o X + i + Y+ Eis (1)

where Inee; denotes the natural logarithm of EECI at
provincial region i in year t. &, denotes the constant. «; and
a; refer to the coefficient of the corresponding term. treat; is
the carbon emission trading policy dummy variable, if the
region is the pilot of carbon emission trading, treat; is equal
to 1, otherwise it is equal to 0. post, is the time dummy
variable, which equals 1 when ¢ is greater than or equal to
2014, otherwise it equals 0. treat;post, is the interaction term,
which indicates whether region i has implemented the
carbon emission trading policy in year t.X; indicates
control variables and may affect Inee;. y; denotes the in-
dividual fixed effect for provincial region. y, represents the
time fixed effect for the year. ¢, means the random error
term. The coefficient «; is the core coeflicient to study
whether carbon emission trading policy can promote In ee,
indicating the net effect of carbon emission trading policy on
In ee.

3.2. Mechanism Analysis Model. The article takes two
methods to explore the mechanism. Referring to Xuan et al.
[16], the first group of models is constructed as follows:

Inee;, =f,+f;treat;period, + ZﬂjX,-t UiV e
M, =f,+pB,treat;period, + Zﬁint UiVt

Inee;, =B, +fBstreat;period, + f,M;, + Z[SjX,-t Ui+ €
(2)

where M, is the intermediary variable and the other symbols
are consistent with those in model (1), and M;, should be
checked as follows. In the first step, if f3; is significant, it
means that the carbon emission trading policy has a sig-
nificant effect on In ee;,, then the second step of verification
will be performed, otherwise, the procedure will terminate;
the second step is to verify whether carbon emission trading
policy has an effect on M, according to whether 5, is
significant; if 8, is significant, then go to the third step,
otherwise terminate; the third step is to judge whether M;, is
an intermediary variable according to whether 5, is sig-
nificant or not.
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Referring to Qiu et al. [37], the second group of models is
constructed as follows:

In ee; = A, + A treat;period,N;, + Astreat;period, x N,

(3)
+ ZAinz TU YT &

where N, is the moderator variable, treat;period, x N,
represents the interaction term between the moderator
variable N; and the implementation of carbon emission
trading policy treat;post,. The other symbols are defined as
the same as those in model (1). The article mainly focuses on
the sign and significance of A; and A;. If both of them are
significant, it means that N;, has a moderating effect on the
impact of treat;post, on Inee;. These analysis results can
provide valuable policy implications.

3.3. Variables and Data

3.3.1. Explained Variable. The explained variable is the
natural logarithm of EECI at provincial region (In ee) [1],
calculated by the natural logarithm of the ratio of the gross
output value to the energy consumption in the construction
industry. The gross output value of the construction industry
in regions is from the China Statistics Yearbook of Con-
struction (CSYC). The energy consumption of the con-
struction industry in various regions is from the row for
construction of Energy Balance Sheet by Region in China
Energy Statistics Yearbook (CESY). Energy consumption
refers to energy consumption in the construction stage and
demolition stage [32, 36, 38]. The article uses the method of
conversion of various energy sources in the sheet into a
standard coal equivalent. Coefficients of conversion of
various energy sources into standard coal are from the
General Rules for Calculation of the Comprehensive Energy
Consumption (GRCCEC, GB/T 2589-2020).

3.3.2. Core Explanatory Variable. The core explanatory
variable is treat;period,. treat;period, =1 means carbon
emission trading policy is implemented in provincial region
i in year t. treat;period, = 0 indicates that region i is not a
carbon emission trading policy pilot or year ¢ is not after the
implementation of the policy, or neither. If the coefficient of
treat;period, is positive and significant, it indicates that
carbon emission trading policy can promote EECI.

3.3.3. Control Variables and Others. The principle of vari-
able selection is to consider the previous research and its
correlation with dependent variables. Labor productivity,
mechanical power equipment, urbanization, energy struc-
ture, and regional R&D expenditure intensity are the control
variables. Labor productivity (proctivity) of construction
enterprises in this article refers to the labor productivity
calculated by gross output value from raw data of CSYC [33].
The mechanical power equipment rate (machinery) of
construction enterprises from raw data of CSYC is designed
to measure the mechanical equipment in the article
[30, 34, 35]. It means mechanical resource allocation. The
urban population as a percentage of total population
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(urbanratio) which is raw data that comes from the China
Statistical Yearbook (CSY) is the measurement of urbani-
zation [6, 36]. The article defines the natural logarithm of
electric consumption as a percentage of total energy con-
sumption in the construction industry as an energy con-
sumption structure (Inesratio) [6, 27, 36]. It is calculated by
converting them into standard coal equivalent with data
from Energy Balance Sheet by Region in CESY. Regional
R&D expenditure intensity (rdratio) is derived from raw
data of the China Statistical Yearbook of Science and
Technology (CSYST) [6, 27]. It is the ratio of R&D ex-
penditure to GDP in a region and represents regional
technological innovation. The R&D expenditure is invested
by the whole society in a region.

In addition, mechanical power equipment (machinery),
regional R&D expenditure intensity (rdratio), and envi-
ronmental regulation level (Ineninratio) are used for
mechanism analysis. Environmental regulation level of the
government (lneninratio) which is the natural logarithm of
the ratio of environmental protection expenditure to total
government expenditure is adopted as a moderator variable
for mechanism analysis, calculated by data from CSY. Per
capita GDP (pgdp) raw data that comes from CSY is a
covariate of PSM-DID estimation. Both of them are relevant
to EECI [6]. Table 1 shows a description of the variables.

The research data of this article are panel data of 30
provincial regions (excluding Tibet, Taiwan, Hong Kong,
and Macau, which have incomplete data) in China with a
time span of 9 years from 2008 to 2016. The 30 provincial
regions are divided into an intervention group with 6
regions and a control group with 24 regions. The year of
carbon emission trading policy implementation is defined
as 2014. Table 2 shows descriptive statistics of the
variables.

4. Empirical Analysis

4.1. Benchmark Regression Results. The policy effect of carbon
emission trading policy on EECI is estimated by model (1).
Table 3 shows the estimation result, in which the province and
year are fixed, that is, two-way fixed effect, and standard errors
are clustered at the provincial level. The rest of the regressions
below follow this standard. According to column (1) to column
(5), the coefficient of treat;period, is always positive and passes
the significance test all the time. It demonstrates that the carbon
emission trading policy pilot policy has significantly improved
EECI and the result is robust. Compared with column (1)
without control variables, the coefficient of column (5) with
control variables increased from 0.210 of significance at 10% to
0.226 of significance at 1%. The estimated coefficient of 0.226
indicates a 22.6% increase in In ee in the carbon emission trading
policy regions relative to the non-pilot regions. Consistent with
the conclusion proved by Gu et al. that the energy consumption
per unit of GDP in the carbon emission trading policy pilot
regions is significantly reduced [1], the conclusions of this study
are highly similar to those of Zhang et al. [5]. Taking the natural
logarithm of regional energy efficiency as the explanatory var-
iable, the coefficients estimated by Zhang et al. range from 0.149
to 0.262 above 5% significance [5].

In addition to the carbon emission trading policy, we also
find some other factors that may affect EECI. The coefficients of
labor productivity (productivity), urbanization (urbanratio),
energy consumption structure (Inesratio), and regional R&D
expenditure intensity (ratio) are positive and pass the signifi-
cance test. This indicates that they are positively correlated with
EECL In contrast, the mechanical power equipment rate
(rdratio) of which coefficient is negative and passes the sig-
nificance test is negatively correlated with EECIL.

China’s construction industry is shifting from extensive
development to intensive development. Labor productivity
under uneven technical levels of the labor force and irregular
labor management are obstacles to intensive development. Labor
productivity has a depressing effect on China’s construction
industry’s carbon emissions [33]. As for EECI, this article shows
that labor productivity promotes it. EECI can benefit from labor
productivity, which is caused by the improvement of labor quality
and the improvement of labor technology support.

The SFA regression results of Liang et al. represent that
urbanization is negative to energy input in the analysis of
EECI [30]. Urbanization is now shown to be positively
correlated with EECI. With reference to Liang et al. [30], the
increasing urbanization may promote the inflow of high-
quality educational resources and talents, thus increasing the
labor value, accelerating the development of energy-saving
technologies, and improving energy efficiency.

The SFA regression results of Chen et al. indicate that
energy consumption structure is negative to energy con-
sumption in the construction industry [27]. The SFA re-
gression results of Liang et al. represent that energy
consumption structure is negative to energy input in the
analysis of EECI [30]. The carbon emission trading policy
has an impact on reducing total energy consumption and
adjusting energy consumption structure, thus carbon
emissions intensity is decreased [4, 16]. Similar to these
results, the energy consumption structure of the construc-
tion industry in this article is positively correlated with
EECI. The emergence of this situation may be caused by the
gradual replacement of traditional coal energy with re-
newable energy, and this replacement also accelerates the
development of energy technology.

Regional R&D expenditure intensity is positively related
to technological innovation, and technological innovation
can improve the utilization efficiency of social energy. The
carbon emission trading policy can strengthen R&D in-
vestment [23]. Regional R&D expenditure intensity is
positively correlated with EECI in this article, which is
consistent with Chen et al. [27].

Unlike other variables, the mechanical power equipment
rate is negatively correlated with EECI. It indicates that
mechanical resource allocation is worth optimizing. The
result is similar to Hydes et al.’s views [39]. They point out
that reducing the use of equipment or facilities should be
seen as one of the most effective ways to improve EECI [39].

4.2. Parallel Trend Test. One of the most important as-
sumptions in the empirical analysis is that the intervention
group and the control group obey a common trend prior to
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TaBLE 1: Description of the variables.
Variables Definition Description Source
Lnee Energy efficiency of the The natural logarithm of the ratio of gross output value to energy CSYC
construction industry consumption in the construction industry CESY
Productivity Labor productivity The per capita labor productivity of construction enterprises from raw data CSYC
Machinery Mechanical power equipment The per capita mechanical power egxp(rlzf:t of construction enterprises from CSYC
Urbanratio Urbanization The urban population as a percentage of the total population from raw data CSY
Lnesratio Energy structure The natural logarithm of el(lectrllc consumption as a percentage of total energy CESY
consumption in the construction industry
Rdratio Technological innovation The ratio of R&D expenditure to GDP from raw data CSY
Lneninrati Environmental regulation level of The natural logarithm of the ratio of environmental protection expenditure to
neninratio . CSY
the government total government expenditure
Pgdp Per capita GDP The per capita GDP from raw data CSY
TaBLE 2: Descriptive statistics of the variables. TaBLE 3: Impact of the carbon emission trading policy on energy
- - - efficiency of the construction industry.
Variables Count Mean Std. Dev. Min Median Max
Lnee 270 3169 0724 1280 3.114 4.884 (1) Inee (2) Inee  (3) Ince  (4) Inee  (5) Inee
Productivity 270 27.170 10.345 10.378 26.763 90.304 treatypost 0.210"  0.334™**  0.301""  0.294™"" 0.226™""
Machinery 270 6360  3.060 2100 5.800 27.400 POSh184)  (276) (270)  (3.39)  (2.92)
Urbanratio 270  0.547 0.131 0.291 0.526 0.896 . 0.008**  0.008*** 0.008*** 0.007***
Lnesratio 270 -1.754 0.624 -3.604 -1.676 1.000 Productivity (275 (279 (340)  (3.11)
Rdratio 270 0.015 0.011 0.002  0.012  0.061 o . . o
Lneninratio 270 -3.561 0.338 -4.639 -3.571 -2.821 Urbanratio 5798 5892 3.307 3.659
Pgdp 270 4270 2259  0.882 3731 11.820 (2.66) (2'793** (2'13)* (2'28)**
Machinery -0.027 -0.014" -0.017
(-3.03)  (-1.87) (=2.31)
the intervention of the carbon emission trading policy. Lnesratio 0.4727*" 0.4677""
Figure 1 shows that the average Inee of the intervention (6.01)  (5.50)
group and the control group kept almost the same increasing Rdratio 29.223""
trend excluding 2012 before the policy implementation in (2.16)
2014, with no obvious deviations. However, after 2014, the Cons 3155 -0.247  -0.134 2.033"" 1455
mean In ee of the intervention group continued to increase, - (413.69) (-0.20)  (-0.11) (2.33) (1.45)
and that of the control group almost stopped increasing in Province FE  Yes Yes Yes Yes Yes
2014 and began to decline since 2015, showing a significant Year FE Yes Yes Yes Yes Yes
deviation. The intervention group and the control group are Adj. R? 0.891  0.901 0.906 0.938  0.941
N 270 270 270 270 270

preliminarily judged to satisfy the parallel trend test.
Referring to Liu [40], a regression model based on model
(1) is built for further parallel trend tests. Model (1) is ex-
tended to the following:
2016
Inee;, =6,+0,
2008,¢#2013

treat; period, + Z O X+ tye e

(4)

where period, is the dummy variable of time year, if the year
is at t, the value is 1; otherwise, the value is 0. The series of
coeflicients (J,) for the interaction term (treat;period,) is the
primary interest of this test. To satisfy the parallel trends, the
coeflicients of the interaction terms before 2014 are expected
to be statistically insignificant and fluctuate within a certain
range, indicating that the trends in the control and inter-
vention groups are not statistically significantly biased.
However, the coefficients of those after the carbon emission
trading policy are expected to be significant, indicating a
statistically significant deviation from the trends in the
control and intervention groups. period,,; is dropped and it
is the base period. In addition, the model can examine the
dynamics of policy effects.

Standard errors are clustered at the provincial level. ¢ statistics in paren-
theses. “p <0.10, "*p<0.05, ***p<0.01.

Implementation time 2014

Explained variable : Inee

2008 2009 2010 2011 2012
year

2013 2014 2015 2016

—e— intervention group
-e- control group

FIGURE 1: Average trend of the natural logarithm of energy effi-
ciency of the construction industry in 2008-2016.
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Figure 2 shows the evaluation results of model (6). It can
be seen from Figure 2 that the coefficients from 2008 to 2012
are all statistically insignificant and fluctuate around 0, while
the coefficients from 2014 to 2016 are significantly at the 10%
significance level with the coefficients’ significance and value
increasing over time. Two important results are drawn from
the regression. First, the intervention group and the control
group before 2014 meet the parallel trend test; second, the
significance and value of the coeflicients after 2014 continue
to increase, indicating that the implementation effect of the
policy has become more and more prominent and carbon
emission trading policy had an increasing effect on the EECI
of the intervention group. This may be related to the
expanding implementation scope of the carbon emission
trading policy. The more industries carbon emission trading
policy covers, the more relevant it is to the construction
industry, and the greater the impact of the policy on EECI.

5. Robustness Tests

5.1. Placebo Test. Referring to Yu et al. [41], the placebo test
is to eliminate the intervention of other unobserved missing
variables on the EECI evaluated in this study. The basic idea
is that 6 regions are first randomly selected from 30 regions
as fake carbon emission trading policy pilots and the DID
model (1) is used to estimate the coeflicient of this core
explanatory variable, and then the experiment is repeated
500 times. According to the distribution and significance of
the coefficient values, if most of the coefficients are clustered
around 0, the deviation from the estimated coefficient of the
real quasi-natural experiment is large and not statistically
significant, then it means that the carbon emission trading
policy actually improves the EECI.

Figure 3 presents the results of the placebo test. The
vertical red dashed line represents the true coefficient of
0.226, the horizontal red dashed line represents the 10%
level of significance, the blue dashed line is the estimated
P value, and the curve is the density distribution of the
coefficients. Most of the coefficients deviate from the true
coefficients and are not statistically significant, concen-
trated around 0 in Figure 3. Only a few are larger than the
true coefficient and statistically significant. The policy ef-
tects of the carbon emission trading policy are not obtained
by chance. Therefore, the placebo test shows that it is in-
deed a carbon emission trading policy that increases the
EECI.

5.2. Excluding Outliers and the Counterfactual Time.
According to the researches of Liu et al. [40] and Song et al.
[42], the outliers are excluded or the policy implementation
time is changed to test the robustness of the results. The
dataset in this article may contain outliers that substantially
affect the estimated results, and columns (1) and (2) in
Table 4 show the regression results with the outliers ex-
cluded. The winsor2 algorithm for excluding outliers is to
replace the values less than the 1% percentile and greater
than the 99% percentile with the 1% and 99th percentile
values, respectively. The results show that whether the
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Ficure 2: Coeflicients of the interaction term and confidence
intervals in the parallel trend test.
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FIGURE 3: The distribution of coefficients of the core explanatory
variable after random 500 simulations.

control variable is added to the regression or not, the co-
efficient of the core explanatory variable is around 0.2 and is
statistically significant. It indicates the benchmark results are
robust.

Another test is to change the “policy implementation
time,” known as the counterfactual test. This test is con-
ducted by changing the policy implementation time from
2014 to 2010, 2011, 2012, and 2013, respectively, and the
other settings of the test are consistent with the benchmark
regression [42]. The coeflicients for the core explanatory
variables from 2010 to 2012 shown in columns (3) to (8) in
Table 4 are all statistically insignificant with and without
the control variable, consistent with the parallel trend test.
Column (9) and (10) shows that the coefficient of the core
explanatory variable without the control variable in 2013 is
not significant, while the coefficient of the core explanatory
variable with the control variable is 0.168 at 5% signifi-
cance, its value and significance are lower than the
benchmark results. This result in column (10) may be due
to the pre-policy effect of the carbon emission trading
policy launch and the policy effect of some policy pilots
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TaBLE 4: Excluding outliers and changes of time.
(1) Inee (2) Inee (3) Inee (4) Inee (5) Inee (6) Inee (7) Inee (8) Inee (9) Inee (10) Inee
Winsor Winsor 2010 2010 2011 2011 2012 2012 2013 2013
Trea.pos 0.210" 0.189™" 0.010 0.031 0.094 0.102 0.135 0.124 0.175 0.168™"
tiPOStt (1.85) (2.69) (0.05) (0.24) (0.59) 1.11) (0.99) (1.45) (1.40) (2.14)
Productivit 0.012" 0.007*" 0.006™" 0.005" 0.006™"
Y (2.03) (2.57) (2.25) (1.82) (2.34)
Machine -0.018" -0.019"" -0.019"" -0.019*" —-0.018""
y (-1.97) (~2.49) (~2.45) (~2.45) (~2.39)
Urbanratio 3.582"" 2.529 2.730 2.961 3.294"
(2.14) (1.31) (1.50) (1.68) (1.97)
Lnesratio 0.525"** 0.470"** 0.476""* 0.472*** 0.470"*"
(6.74) (6.01) (5.83) (5.74) (5.59)
Rdratio 33.329"" 36.771"" 32.578"" 31.589"" 29.904™"
(2.36) (2.52) (2.29) (2.26) (2.14)
Cons 3.155™*" 1.416 3.168™"" 1.998 3.157*"" 1.968" 3.154""" 1.871 3.154™"" 1.689
- (415.36) (1.44) (94.12) (1.65) (147.88) (1.70) (208.44) (1.68) (284.18) (1.60)
Province FE Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
Year FE Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
Adj. R? 0.892 0.944 0.888 0.938 0.888 0.939 0.889 0.939 0.890 0.940
N 270 270 270 270 270 270 270 270 270 270

Standard errors are clustered at the provincial level.t statistics in parentheses. “p <0.10, **p < 0.05, ***p < 0.01.

launched at the end of 2013, but it is not robust to the result
in column (9) and the benchmark result. The counter-
factual time test indicates that the benchmark results are
robust.

5.3. PSM-DID. Considering that the differences between
samples are obvious, to further select comparable samples,
this section adopts the PSM-DID for robustness testing.
Referring to Liu et al. [24], the variables highly related
to Inee(such as productivity, machinery, urbanratio,
Inesratio, ratio, and pg dp) are selected as the covariates to
conduct the nearest neighbor 1:4 matching, which is
statistically significant in logit regression. There should be
no difference between the matched intervention (treated)
group and the matched control group in terms of the
selected covariates. A balance test is conducted and Table 5
lists the results of the balance test. After PSM matching, the
biases of the variables in the intervention group and the
control group are greatly reduced, and the biases are al-
most all within 10%. P-values are mostly statistically
significant before matching and mostly statistically in-
significant after matching which means that the PSM
obtains a smaller deviation between the variables in the
intervention group and the control group to obtain a better
estimation.

After matching, the PSM-DID regression is performed.
The estimation results in Table 6 show that the coefficients of
the core explanatory variables are positive and statistically
significant at 5% whether there are control variables or not,
which indicates that the carbon emission trading policy does
improve In ee. Additionally, the signs of control variables in
column (2) are consistent with those in the benchmark
results. The PSM-DID proves the robustness of the
benchmark results in this article.

6. Mechanism Analysis

The benchmark regression and robustness tests aim to study
the policy effect of carbon emission trading policy on EECI
and the robustness of the results. Then, what is the trans-
mission mechanism of the policy’s impact on EECI? Two
methods are adopted to answer this question [16, 37]. Based
on model (2), model (3), and model (4), the mechanical
power equipment rate (machinery) and regional R&D ex-
penditure intensity (rdratio) are tested as mediator variables.
This article examines the environmental regulation level
(Ineninratio) as a moderator variable by model (5).

Table 7 shows the estimation results of the mechanism
analysis. The coefficient of the core explanatory variable in
column (1) is negative and significant at the 1% level, in-
dicating that the carbon emission trading policy can reduce
the rate of mechanical power equipment. The coefficient of
machinery in column (2) is negative and significant at the
5% level, indicating that machinery is negatively correlated
with In ee. Combining columns (1) and (2), it shows that the
carbon emission trading policy can improve EECI by re-
ducing the mechanical power equipment rate. In the con-
struction industry, construction machinery is common at
the construction site. Due to extensive construction man-
agement, many mechanical equipment resources are idle
and the operation efficiency is low, which leads to low EECI.
Updating equipment, eliminating high-power machinery,
using energy-saving and efficient machinery, and optimizing
resource allocation in construction organization can reduce
the rate of mechanical power equipment and improve EECI.
This finding is similar to that of Qiu et al. [37] who proved that
the low-carbon city pilot policy can make resource allocation
more efficient, thus improving efficiency. A carbon emission
trading policy can also make the allocation of mechanical
equipment resources more effective, thus improving EECIL.
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TABLE 5: Balance test for PSM.
. Unmatched Mean %Reduct t-test
Variable . .
Matched Treated Control %Bias |bias]| t p>t
Productivit U 36.775 24.769 105.7 8.6 0
Y M 28.553 27.423 9.9 90.6 0.36 0.72
Machine U 6.5019 6.325 5.8 0.38 0.705
oy M 5.805 5.6612 4.7 18.7 0.16 0.877
Urbanratio U 0.72339 0.5033 188.9 14.84 0
M 0.58937 0.59442 -4.3 97.7 -0.19 0.848
Lnesratio U —1.8552 —-1.7292 -20.3 -1.33 0.185
M —1.8887 -1.8012 -14.1 30.6 -0.54 0.594
Rdratio U 0.02823 0.01152 146.8 13.13 0
M 0.0165 0.01601 4.3 97.1 0.3 0.762
Pod U 6.6224 3.6821 128.3 10.01 0
§qp M 43698 43081 2.7 97.9 0.1 0.92
TABLE 6: The estimation results of PSM-DID.
(1) Inee (2) Inee
treat post 0.957*" 0.371™"
ipost; (2.95) (2.58)
.. 0.005
Productivity (0.42)
. -0.061
Machinery (-137)
. 5.814™"
Urbanratio (2.36)
. 0.691*"*
Lnesratio (3.45)
. 35.738
Rdratio (1.60)
Cons 3.212""" 0.889
- (132.68) (0.57)
Province FE Yes Yes
Year FE Yes Yes
Adj. R? 0.843 0.945
N 45 45

Standard errors are clustered at the provincial level. ¢ statistics in parentheses.”p <0.10, **p < 0.05, ***p < 0.01.

The coeflicient of the core explanatory variable in col-
umn (3) is negative and significant at the 1% level, indicating
that the carbon emission trading policy is positive to regional
R&D expenditure intensity (rdratio). The coeflicient of
rdratio in column (4) is positive and significant at the 5%
level, indicating that rdratio is positively correlated with
In ee. Combining columns (3) and (4), it shows that carbon
emission trading policy can improve EECI by increasing
regional R&D expenditure intensity. Regional technological
innovation is positively correlated with regional R&D ex-
penditure intensity, improving technological innovation can
accelerate the development of energy-saving technologies,
thereby elevating EECI. This finding is consistent with that
of Zhang et al. [5] who proved that green technological
innovation plays a positive intermediary role in carbon
emission trading policies that affect energy efficiency.

Columns (5) and (6) in Table 7 show that the coeflicients
for the core explanatory variable and the interaction term
(treat;period, x Ineninratio) are both positive and both pass
the significance test. Combined with the benchmark re-
sults, this shows that the environmental regulation level has
a positive moderating effect on the policy effect of the
carbon emission trading policy on EECI, which indicates
that strengthening environmental regulation in the carbon
emission trading policy pilot can improve the promotion of
carbon emission trading policy on EECI. This result is
consistent with the well-known Poynter hypothesis that
appropriate environmental regulation by the government
can motivate firms to innovate more, while technological
innovation can improve energy efficiency. Similarly, Boyd
et al. [43] confirmed that environmental regulation is
positive to “emission reduction” and “growth.” With the
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TaBLE 7: The estimation results of mechanism analysis.

Explained variable (1) Machinery (2).Lnee (3).Rdratio (4).Lnee (5).Lnee (6).Lnee
treat:post -1.628"*" 0.226™"" 0.002*** 0.226™"" 1.386""" 1.542*"
iposty (-2.91) (2.92) (3.22) (2.92) (3.55) (2.74)
Productivit 0.001 0.007*** 0.000" 0.007*** 0.007""*
Y (0.03) (3.11) (1.86) (3.11) (2.96)
Urbanratio 13.857" 3.659"" -0.012 3.659™" 3.676""
(1.72) (2.28) (-0.72) (2.28) (2.45)
Lnesratio —1.488" 0.467*"* 0.000 0.467**" 0.469"""
(-1.99) (5.50) (0.21) (5.50) (5.69)
Rdratio 215.803 29.223** 29.223** 31.863**
(1.35) (2.16) (2.16) (2.48)
Machine -0.017*" 0.000"" -0.017*" -0.017*"
oy (-2.31) (2.29) (-2.31) (~2.24)
Lneninratio ~0.065 0.021
(-0.36) 0.17)
treat;postxIneninratio 0.320%" 0.366°"
ipost; (2.95) (2.34)
Cons -6.950 1.455 0.020" 1.455 2,922 1.493*
- (-1.04) (1.45) (1.99) (1.45) (4.48) 1.72)
Province FE Yes Yes Yes Yes Yes Yes
Year FE Yes Yes Yes Yes Yes Yes
Adj. R? 0.571 0.941 0.984 0.941 0.892 0.943
N 270 270 270 270 270 270

Standard errors are clustered at the provincial level. ¢ statistics in parentheses.

increase in environmental regulation, Qiu et al. [37]
pointed out that the rising environmental costs force en-
terprises to innovate and reduce their dependence on
energy.

7. Conclusions and Policy Implications

This article aims to evaluate the performance of China’s
carbon emissions trading policy in terms of EECI. DID, the
parallel trend test, robust tests, and mechanism analysis are
used to explore the effect of carbon emission trading policy
on EECI. Based on the above research, the following
conclusions are drawn: (1) carbon emission trading policy
can improve the EECI in pilot regions relative to non-pilot
regions, and its policy effect gets better over time. The
robustness of the benchmark results is demonstrated by
several methods; (2) results of mechanism analysis show
that carbon emission trading policy can improve EECI by
reducing the mechanical power equipment rate or in-
creasing regional R&D expenditure intensity. Increasing
the environmental protection expenditure ratio in the
carbon emission trading policy pilot can improve the
promotion of carbon emission trading policy on EECI (3)
labor productivity, urbanization, energy consumption
structure, and regional R&D expenditure intensity are
positive to EECI, while the mechanical power equipment
rate is negative to EECIL.

The main policy implications are as follows: (1) for EECI,
as the carbon emission trading policy is implemented longer
and more widely, the greater the relationship between the
policy eftects and EECI. More specifically, the government

*p<0.10, ""p<0.05, “*"p<0.01.

should increase the time, intensity, and scope of imple-
menting the carbon emissions trading policy; (2) the gov-
ernment can improve EECI by stimulating regional
technological innovation and appropriately strengthening
environmental regulations in the regions where the carbon
emission trading policy is implemented. In terms of me-
chanical resource allocation, the government can use the
carbon emission trading policy market effect to promote
construction enterprises to strengthen resource allocation
management and construction organization, eliminate high-
power and inefficient equipment, and use new energy-saving
equipment with the goal of increasing EECI. Construction
enterprises can also take the initiative to adopt the above
measures to reduce the rate of mechanical power equipment
for increasing EECI; (3) the government can take measures
to reduce the use of traditional energy such as coal to adjust
the energy structure for improving the EECI. Construction
enterprises can increase labor productivity by improving the
professional ability and technical level of workers, thus
increasing the EECL

The conclusions and policy implications are summarized
above, but this article has some defects. Short-term policy
effects are estimated while long-term policy effects are
omitted due to the selection of periods. Besides, policy effects
and mechanisms analysis cannot be fully explored. Further
research is expected to address these issues.
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