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universities and industry. Various efforts have been carried out to mitigate the huge mass
of CO2 emissions from the cement industry. Although, majority of these strategies are tech-
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nically viable, due to various barriers, the level of CO2 mitigation in cement industry is still
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not satisfactory. Among numerous researches on this topic, only a few have tried to answer
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why CO2 abatement strategies are not globally practiced yet. This work aims to highlight
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the challenges and barriers against widespread and effective implementation of CO2 mit-
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igation strategies in the cement industry and to propose practical solutions to overcome
such barriers.
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Introduction
Accumulation of greenhouse gases (GHGs) in the atmosphere
is causing an increase in global temperature (global warming), which is extremely threatening life on earth (Smith et al.,
2005; Climate Change, 2007a, 2007b). Since industrial revolution, as a consequence of industrial expansion and fossil
fuel combustion, the level of GHGs in the atmosphere substantially increased and it is expected to rise further in the
future. Comparing to 1750, carbon dioxide (CO2 ) concentrations in the atmosphere have increased from 280 to 410 ppmV
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(Buis, 2019) and this trend is expected in later decades, resulting in temperature increase of to 5.8°C in the current century (Mahmoud et al., 2009; Dias and Arroja, 2012). Among
various GHGs, CO2 is the most influencing gas, being considered as the immediate cause of global warming phenomenon
(cdiac.ornl.gov). Therefore, almost all studies and efforts toward decreasing global mean temperature are focusing on
curbing CO2 emissions from various emitting sources.
Industrial sectors are the major sources of CO2 production. In 2017, 21.4 Gton CO2 was released from this sector
(IEA statistics, 2019) indicating the dramatic impact of such
processes on global warming.
Four industries including power plants, iron and steel production, cement manufacturing, chemicals and petrochemicals are responsible for approximately 40% of global CO2 emis-
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sions from cement production process. However due to various barriers, majority of these proposals were not successfully
adopted and remained unimplemented.
The aim of this work is to comprehensively identify and
precisely describe the barriers and challenges against implementing CO2 abatement strategies in cement industry and to
recommend practical solutions to overcome these barriers to
accelerate the number of CO2 reduction strategies practiced
in global cement plants.

1.
CO2 emissions from cement production
process

Fig. 1 – Share of top four industries in global CO2 emissions
in 2018 (IEA statistics, 2019; World Steel Association, 2020).

sions (Fig. 1) and top 10 industrial countries alone emitted 70%
of global CO2 emissions in 2018 (Fig. 2).
The huge mass of CO2 emissions in industrial sector is
mainly due to combusting intense amounts of fossil fuels. In
2019, 554.4 quadrillion Btu energy from various energy sources
was used in the worldwide industries and this amount is expected to grow to 911 quadrillion Btu in 2050 (International energy outlook, 2011, 2019). Additionally, several production processes such as iron and steel, cement, ammonia production
and etc., chemically produce CO2 as a waste gas (Draft Inventory of US, 2020).
Cement production process is an intensive energy consuming and CO2 emitting process in the world and as shown in
Fig. 1, it is the third top CO2 emitter industry in the world, responsible for 5% of global CO2 emissions. According to Draft
Inventory of US, cement industry is the third largest CO2 emitting process in US territory releasing 40.3 million metric tons
CO2 eq in 2018 (Draft Inventory of US, 2020). Due to the share of
cement industry on global CO2 emissions, numerous studies
have been conducted around the world to reduce CO2 emis-

As an inevitable result of global growth in cement production,
CO2 emissions were rapidly increased. Whilst in 1990, only
576 million tonnes CO2 were emitted from global cement industry (Boden et al., 2017), within 24 years, the emission was
increased by more than three times and amounted to 2.083
billion tonnes in 2014. If the current rate of CO2 emissions is
sustained and no further reduction strategy is implemented,
it is predicted that CO2 emissions from global cement industry
reaches to 2.34 billion tonnes in 2050 (Cement roadmap, 2012).
CO2 emissions by worldwide cement industry from 1990 to
2020 and the predicted CO2 emissions afterward is shown in
Fig. 3.
In cement industry, CO2 is produced by four different
sources. Major proportion of emissions (almost 50%-60%) is
due to decomposition of limestone (CaCO3 ) to produce lime
(CaO) as the main component in cement formula. 30%-40% of
total CO2 is generated due to combusting fossil fuels in pyroprocessing unit (preheater, calciner, kiln), and the rest of emissions is a result of electricity consumption in the mills and air
coolers (Fig. 4) (Benhelal et al., 2012b).
Moreover, various technical and management inefficiencies in conventional cement production process can contribute in extra CO2 emissions. These causes reduced plant
performance, lead to extra fuel and electricity consumption,
thermal waste and consequently result in further CO2 emissions.

Fig. 2 – Share of top 10 industrial countries in global CO2 emissions in 2018 (IEA statistics, 2019).
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Fig. 3 – Trend of CO2 emissions by worldwide cement
industry (Boden et al., 2017; Cement roadmap, 2012).

The main causes of extra CO2 emissions in cement industry generally include: (1) applying an inefficient process such as a wet or a semi-wet process (Murray and
Price, 2008; Benhelal and Rafiei, 2012); (2) thermal heat loss
through the exhaust streams and the surface of the facilities (Khurana et al., 2002); (3) utilizing improper raw materials and carbon intensive fossil fuels (Benhelal and Haslenda,
2011; Gouda, 1977); (4) producing cement with high proportion
of clinker; and (5) employing inefficient and obsolete machinery (Saxena, 1995; IEA Greenhouse Gas R and D, 1999).

2.
International energy agency (IEA) roadmap
and CO2 emissions reduction target by 2050
Accumulation of CO2 in atmosphere and the risks associated to global warming have accelarated and increased the
number of studies to reduce CO2 emissions in cement in-

dustry. According to International Energy Agency (IEA), 2.34
billion tonnes of CO2 is expected to be emitted by the
global cement plants in 2050. This huge mass of CO2 is scientifically predicted if the rate of CO2 production is sustained and if only current mitigation strategies are applied
(Cement roadmap, 2012). However, in a roadmap introduced
by IEA and by implementing effective strategies, the CO2
emissions from the global cement plants are expected to
be reduced to 1.55 billion tonnes in 2050. According to this
roadmap, although each strategy has its own contribution,
they must be implemented together to achieve the so called
“BLUE scenario” targets. In IEA cement roadmap, the share
of carbon capture, utilisation and storage (CCUS) in curbing
CO2 emissions is 56%, utilizing alternative fuels and materials is 24%, and clinker substitution and energy efficiency are
10% and 10% respectively (Cement roadmap, 2012). The technical feasibility of implementing these mitigation stategies in
the cement industry have been widely studied during recent
decades. However, very few studies have reported the barriers against global application of such technologies. This paper
aims to overview the current and future potential restrictions
to CO2 emissions reduction in the cement production process
and to provide a guideline to scientists and industries on how
to overcome such barriers.

3.
Barriers and practical recommendations to
adopt CCUS in cement industry
A recent upsurge of interest in controlling CO2 emissions has
promoted CO2 capture, utilisation and storage (CCUS) technology to be the advanced technology to reduce industrial CO2
emissions. Basically, the aim of CCUS is to capture CO2 to prevent the emissions to the atmosphere, then either to utilise it
(i.e. as feedstock in chemical processes, to produce carbonates,
for enhanced oil recovery, etc) or to store it in a safe location
(i.e. in deep saline formation, oil and gas reservoirs and un-

Fig. 4 – Flow chart of cement manufacturing process and contribution (%) of different parts of process in total CO2 emissions.
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Fig. 5 – Different technologies for CO2 capture, transportation, utilisation and storage and their implementation status in
2019 (modify from IEA reports, 2020).

mineable coal seams). Therefore, the CCUS technology consists of three general stages: (1) application of processes to
capture CO2 from flue gas stream, (2) transport of the captured
CO2 to utilisation or storage site and (3) utilisation or storage
for long-term CO2 lock up (IEA reports, 2020). Even though,
there are growing concerns and industrial demands on the
mitigation of CO2 , yet CCUS is still not comprehensively being
commercialised and practiced in the industries. Fig. 5 demonstrates various technologies for CO2 capture from four main
industrial processes, CO2 transportation methods, CO2 utilisation and storage and the current adoption status of these
technologies (IEA reports, 2020).
As stated in IEA reports (IEA reports, 2020) and also highlighted earlier by Barker et al. (2009), it is completely viable to
retrofit the CCUS technology to existing cement plants since
the conventional plant emits high concentration of CO2 in flue
gas composition and it consists of large point sources of CO2 .
Five different technologies i.e. chemical absorption, calcium
looping, oxy-fuel combustion, physical adsorption and direct
separation have been so far considered for CO2 capture from
cement industry (Fig. 5).
Chemical absorption is a process to capture CO2 based on
the reaction between CO2 and a chemical solvent. This process is usually performed using two columns, one to capture
CO2 from flue gas and the other operating at a higher temperature, to release pure CO2 and to regenerate the chemical
solvent for further operation. Chemical absorption by aminebased solvents is the most mature CO2 separation technique,
which has been widely used for decades in natural gas purification process. Similar process can be used to capture CO2
from cement manufacturing process (Benhelal et al., 2019c).

Calcium looping is another technology, which captures CO2
at a high temperature by reaction of lime (CaO) with CO2
present in flue gas stream to form calcium carbonate (CaCO3 ).
The CaCO3 is then calcined (at 700–900°C) in the second reactor to produce lime and a pure stream of CO2 . The lime is
then recycled back to the first reactor. These technologies are
currently being tested in pilot scale for coal-fired fluidised bed
combustors and cement manufacture (IEA reports, 2020).
Oxy-fuel CO2 separation is a process, which a fuel is combusted using nearly pure oxygen. As a result, flue gas generated is mainly composed of CO2 and water vapour, which
can be easily separated by dehydration to produce a highpurity CO2 stream. Oxygen is typically produced by lowtemperature air separation process, which is energy-intensive.
This technology is currently at the large prototype or predemonstration stage. A number of projects have been completed in cement production process (Heidelberg Cement’s
Colleferro plant in Italy, Lafarge Holcim’s Retznei plant in Austria and the Cement Innovation for Climate facility in Germany) (IEA reports, 2020).
Physical separation of CO2 is based on adsorption, absorption, cryogenic separation, or dehydration and compression
technologies. In physical adsorption, CO2 present in flue gas
is selectively adsorbed on the surface of solid particles (e.g.
activated carbon, alumina, metallic oxides or zeolites), while
in physical absorption a liquid solvent (e.g. Selexol or Rectisol)
separates CO2 from other flue gas components. After capture,
CO2 is usually released by increasing temperature (temperature swing adsorption (TSA)), pressure (pressure swing adsorption (PSA)) or vacuum swing adsorption (VSA)) (IEA reports, 2020).
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Direct separation of CO2 in cement production process
is the latest technology, which involves production of pure
CO2 by indirectly heating the limestone using a special calciner. This technology produces CO2 directly from the limestone, without mixing it with other combustion gases to
considerably reduce energy costs related to CO2 separation
(Benhelal et al., 2012b, 2019c). The Low Emissions Intensity
Lime and Cement (LEILAC) pilot plant developed by Calix at
the Heidelberg Cement plant in Lixhe, Belgium, is one example where this technology is being applied in practice.
As mentioned, no commercial CCUS technology has been
adopted in cement manufacturing processes. This is due to
various barriers and challenges, which will be discussed in the
following sections.

3.1.

Technical

There are tremendous studies in the application of CCUS
technology in the conventional cement manufacturing plant
where a few technical problems have been identified to be the
parameters, which can limit the deployment of CCUS technology. Hence, thorough studies ought to be performed in order
to make the embedded CCUS-cement plant to be real. Below
are the numbers of physical and chemical technicalities arisen
from the upstream to the downstream system of CCUS:
(1) A high-volume solution ought to be used due to the high
concentration of CO2 in the flue gas stream.
(2) Solvent degradation can occur when impurities such as
particulate matter, SOx and NOx are mixed with CO2 which
cause degradation of CO2 capture materials.
(3) Most of separation technologies demand extra energy. For
instance, current CO2 mitigation strategies employed in
the power plants constitute 30% of energy penalty.
(4) In order to compress the captured CO2 from atmospheric
pressure to pipeline pressure (up to 2000 psia), a huge auxiliary power load is needed.
(5) The pipeline system for CO2 requires special attention especially in design, construction, control and monitoring
phases (CCS Task Force Report, 2010).
(6) There are limited strategic locations available for CO2 storage system.
(7) There is a lack of information in logistic, site location, viability and capacity of sources hindering the establishment
of CCUS policies and investments in worldwide.
(8) The large scale of CCUS technology is still considered
uncertain and not robust therefore, it requires extensive
study and experimentation to make it industrially viable
(One North Sea, 2010).
These technical restrictions can only overcome by extending the boundaries of knowledge of CCUS process. Academic
bodies and industries must dedicate much more time on
optimizing current technologies for reducing energy and
materials consumption as well as finding, testing and commercializing new technologies to capture CO2 . Moreover, new
opportunities must be found for injection and sequestration
of captured CO2 . Focus should be on suitability and capacity
of other storage sites rather than only oil and gas reservoirs

(for example oceans), utilizing CO2 as raw material in production processes (for example in methanol or ammonia
processes) and applying mineral carbonation technology for
CO2 sequestration.
Mineral carbonation for CO2 sequestration is an alternative technology to geological storage of CO2 , as it transforms the CO2 into a safe and stable form (Seifritz, 1990;
Lackner, 2003; O’Connor et al., 2005). This process mimics
naturally occurring rock weathering, in which minerals react with aqueous CO2 to produce solid carbonate products.
Among the various minerals, magnesium and calcium silicate minerals have been found to be the most suitable
feedstock due to their reactivity, CO2 storage capacity and
the extensive global deposits. Both direct and indirect aqueous carbonation processes have been examined at laboratory
(O’Connor et al., 2005; McKelvy et al., 2004; Rashid et al., 2019a,
2019b, Rashid et al., 2020b; Benhelal et al., 2019a, 2019b, 2020)
and at pilot scale (Mouedhen et al., 2017; Kemache et al., 2017;
Benhelal et al., 2018a) proving this technology is technically
feasible.
In short, to reduce the impact of technical challenges on
hindering global implementation of CCUS in cement industry, cement companies must establish an active and updated
research and development (R& D) divisions by close cooperation with universities and research institutes to share mutual
information and achievements.

3.2.

Economic

One of the major obstacles against CCUS strategies is the economic perspective. From the collected literature, several barriers have been identified on the deferment of CCUS deployment in a global scale including:
(1) The range for production cost of CCUS is between 24 and 75
EUR/ton CO2 , where it was influenced by the process selection, the exhaust stream’s physical characteristic and CO2
captured volume. Due to that, CCUS technology demands
for large financial capacity and investment to cater capital
and operating cost (Schneider et al., 2011; Benhelal et al.,
2019c).
(2) The advancement of CCUS technologies entail a virtuous
circle of human resource management and training to provide expertise in troubleshooting, commissioning and operating stages (CCS Task Force Report, 2010).
(3) The large scale of CCUS technologies is still considered uncertain and not robust especially in economic feasibility.
(4) Currently, CCUS technologies do not have strong financial
supports to validate its high capital-intensive (One North
Sea, 2010; Rashid et al., 2020a), even latest research has
revealed that retrofitting CCUS technology to existing cement plant just twice the price of its product (SETIS, 2011).
(5) According to world scan results, projected price for CO2
in 2020 are between 20 EUR/ton CO2 in a GRAND COALITION scenario (all countries accept greenhouse gas targets from 2020) to 47 EUR/ton CO2 in an impasse scenario
(euro 27 (EU-27) continues its one-sided emission trading
system without the possibility to use the clean development mechanism) (Van den Broek et al., 2011). Though,
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Table 1 – Barriers and recommended solutions for carbon capture, utilisation and storage (CCUS) in cement industry.
1- Technical
Barriers
High volume of required solution;
Solvent degradation due to impurities i.e. SOx and NOx ;
Significant energy requirement;
Huge auxiliary power load required to pump CO2 ;
Special attention required in design, construction; control and
monitoring phases for CO2 transportation by pipeline;
There are limited strategic locations available for CO2 storage
system;
There is a lack of information on logistic, site location, viability
and capacity of CO2 storage sites.
2- Economic
Barriers
Large financial capacity and investment is required to implement
CCUS technology;
Economic feasibility of large scale CCUS technologies is still
considered uncertain;
CCUS technologies do not have strong financial supports to
validate its high capital-intensive;
There is not sufficient data to establish a comprehensive
framework for the CCUS investment.
3- Legislation and policy
Barriers
The price of carbon is not standardized yet;
There are occasionally public concerns on commercialization of
CCUS technologies;
Legal and regulatory framework for CCUS projects are not
comprehensive;
There is still unpromising liability for CO2 sequestration;
The future of CCUS is not clear yet due to strategic locations,
capacities and timings for CCUS deployment.

these data are still inaccurate to establish a comprehensive framework for the CCUS investment.
To overcome the challenging economic obstacles of CCUS,
the role of governments and international organisations
are significant. Especially in underdeveloped and developing
countries where cement industries are in lack of sufficient
capital budget to have CCUS technology, governments can
provide economic incentives through several actions. These
economic supports can encourage cement industries to apply
CCUS technology.

3.3.

Policy, legislations and planning

Challenges in policy, legislation, and planning are important
obstacles to establish the CCUS technology in a real world. The
challenges are described as follows:
(1) The lack of a standard price of carbon.
(2) The public bias against the commercialization of CCUS
technologies.
(3) Incomprehensive legal/regulatory framework for CCUS
projects to expedite the operation, safety, health and environmental constraints. Besides, to ensure the containment
of CCUS system to the public.
(4) Unpromising liability for CO2 sequestration pertaining to
obligations for supervision after closure and obligations for

Recommendations
Further research and development on CCUS;
Optimization studies of the current technologies for reduction in
energy and materials;
Determining, testing and commercializing new technologies for
CO2 capture;
Identifying new opportunities for injection and sequestration of
captured CO2 ;
Further studies on ex-situ mineral carbonation technology;
Establishing an active and updated research and development
(R&D) division in industries to have cooperation with
universities and research institutes.
Recommendations
Economic incentives should be provided by governments and
international organisations especially in underdeveloped and
developing countries;
Feasibility studies should be carried out by industry on economy
of CCUS;
Governments especially in developed countries can apply
financial penalties to those industries which do not implement
CCUS technology.
Recommendations
A strong international and global cooperation and planning is
required;
A clear and appropriate legislation, policy and planning on
climate change and carbon price is necessary;
Training and awareness activities must be undertaken for public
confidence of the safe and secure capture, transport and storage
of CO2 .

companies to compensate losses or damages caused by the
process (CCS Task Force Report, 2010).
(5) Hesitation from government sectors and industries in the
future of CCUS due to strategic locations, capacities and
timings for CCUS deployment (One North Sea, 2010).
To eliminate such barriers, a strong international and
global cooperation and planning is inevitable. Starting from
national, regional and global scales, clear and appropriate
legislation, policy and planning on climate change and setting a price on carbon is necessary. Moreover, several training
and awareness activities must be undertaken for public confidence of the safe and secure capture, transport and storage
of CO2 . It is worth to say that up to now and due to the barriers and restrictions mentioned, no CCUS process has been
implemented in the cement plants and a wide deployment
of CCUS in the cement industry is not foreseen before 2020
(SETIS, 2011). Table 1 summarizes the barriers and recommendations to implement CCUS in the global cement plants.

4.
Barriers and recommendation for utilizing
alternative raw materials and fuels (ARMF)
Utilizing ARMF is one of the most promising strategies
to curb global CO2 emissions in cement industry. Based
on the IEA roadmap of CO2 emission reduction, the share
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Fig. 6 – Sources of alternative raw materials (ARM) in the cement production process.

of utilizing ARMF in emission mitigation in 2050 is 24%
which highlights the significant contribution of this approach
(Cement roadmap, 2012). Different sources of alternative raw
materials (ARM) and alternative fuels (AF) (Figs. 6 and 7) could
be utilized in cement production process. Nevertheless, multiple criteria such as technical, economic, availability, local and
social acceptance as well as legislation and policy challenges
are the main parameters, which have been identified to be the
upmost resistances in the employment of alternative materials into the cement manufacturing plants. The foregoing barriers will be explained in details in the next subsections including the practical solutions to overcome them.

4.1.

Technical challenges and the proposed solutions

Existing cement production process has been designed to be
suitable for conventional materials. Hence, the emergence of
alternative materials has given adverse impacts on the design
and operation of cement industry. Discussions on the technical difficulties related to the deployment of alternative raw
materials (ARM) and alternative fuels (AF) in cement industry
have been presented below.

4.1.1.

Technical challenges of utilizing ARM

Proposed alternative raw materials presented in Fig. 6, have
different physical and chemical properties if compare with
conventional materials. Followings are the possible technical
challenges faced in the substitution of alternative materials:
(1) Large consumption of alternative raw materials may negatively affect the production process.
(2) The influence of physical and chemical properties of alternative materials such as particle sizes, transport characteristic and densities can intrude the clinker properties for
instances reactivity, burning grade, granules’ porosity and
clinker’s crystal size.
(3) Several alternative materials emit excessive ashes where
it has potential to develop adverse components into the
kiln, for instance; phosphorous which has ability to reduce
early strength or extend setting times of produced cement
(Puntke and Schneider, 2008).

4.1.2.

Technical challenges of utilizing alternative fuels

Theoretical and experimental work demonstrated that physical and chemical properties of alternative fuels differ from
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Fig. 7 – Five groups of alternative fuels (AF).

conventional fossil fuel. This can develop critical technical
problems in cement plants. Followings are general technical
challenges of utilizing alternative fuels in cement industry regardless of fuels type:
(1) Additional operation control and equipment are necessary
if large volume of alternative fuels being used mainly for
emissions treatment (Chennoufi et al., 2010).
(2) Robust control in flaming shape is essential if combustion process employs alternative fuels (Wirthwein and Emberger, 2010).
(3) The difference of burning behaviour of alternative fuels
and conventional types can impact on the clinker properties such as the crystal size, the porosity of the granules,
the burning grade, and reactivity of clinker (Puntke and
Schneider, 2008).
(4) Utilization of alternative fuels can escalate the thermal energy consumption in cement manufacturing plants since
most of alternative fuels have lower heating value compared with conventional fuels (Chennoufi et al., 2010).
(5) Alternative fuels consist of big particle sizes compared to
conventional fuels, so it will demand extra time for combustion process.
More specifically, as shown in Fig. 7, there are five types of
alternative fuels, which can be used for combustion purposes

in cement plant, following are the technical difficulties faced
toward the employment of these five fuels.
Agriculture biomass: Biomass fuels have their own combustion properties, which can affect the efficiency of cement production process. Below are various technical challenges of
burning agricultural biomass fuels faced by cement industry:
(1) Low amount of calorific value of biomass, resulting in
flame instability (Vaccaro and Vaccaro 2006).
(2) Instability of biomass which can result in fuels breakdown.
(3) Inconsistencies in flow behaviour of biomass, resulting in
adverse effect in the amount of heat needed (Murray and
Price, 2008).
(4) Several biomass fuels such as rice husks and wheat straw
consist of halogen substances, resulting in slagging and oxidation in the kiln (Demirbas 2003; McIlveen-Wright et al.,
2007).
(5) Deposited ash from biomass fuels combustion process, decrease the amount of heat transfer in the kiln (Murray and
Price, 2008).
Non-agriculture biomass: Non-agriculture biomass has been
identified as one of alternative fuel sources to be used in cement process. Following are the main technical challenges
featured in cement plant especially at a kiln operation unit
where this type of fuels were employed:
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(1) Several non-agriculture biomasses such as sewage sludge
and treated wood consist of chlorine compounds resulting
to escalation of heavy metal volatilization rate (i.e.; mercury, cadmium and lead) (Reijnders, 2007).
(2) Non-agriculture biomass, which has been contaminated
with preservatives, paints, anti-fouling agents and coating pesticides can result in a formation of harmful compounds for instance polychlorinated dibenzo-p-dioxins
(PCDD) and dibenzofuranes (PCDF) (UNEP Chemicals, 2005).

substance and heavy metal. In addition, it may lead to generation of dust because of existence of potassium and calcium in ASR (Boughton and Horvath, 2004).
(2) Combustion of municipal solid waste (MSW) can contribute to incomplete combustion in the kiln because of its
physical characteristic as heterogeneous waste.
(3) Combustion of refused derived fuel (RFD) will produce
heavy metals such as Hg, Cd and SO2 (Gendebien et al.,
2003).

Chemical and hazardous waste: Only a few quantities of
chemical and hazardous waste is being used in the cement
manufacturing process, due to the following technical problems:

4.1.3.

(1) Various facilities need to be operated to accommodate
multiple processes in transporting hazardous waste from
receiving to injecting the waste (Murray and Price, 2008).
(2) Inappropriate handling and managing these nonagriculture biomass fuels can cause inherent environmental pollution and adverse health effects. Therefore,
expertise in these areas is needed to ensure the safety,
health and environment (Bech, 2006).
(3) Advanced technology for transferring the waste into the
kiln is required via automated and mechanized handling
system (Murray and Price, 2008).
(4) Comprehensive training and improving knowledge must
be established to enhance the skill of workers dealing with
chemical and hazardous wastes (Murray and Price, 2008).
Petroleum-Based Waste: Petroleum-based waste is a wellknown alternative fuel nowadays. Though, it still faces several
technical difficulties associated with cement manufacturing
plant as listed below:
(1) Excessive substitution of tires (20%) can result in formation
of sulfur components and consequently increases the heat
amount in a kiln (Schmidthals and Schmidthals, 2003).
(2) Utilization of tires in a condition where kiln is instable, NOx
and other polluted gases can be emitted and will lessen
the production capacity. Hence, designated automated injection system is required to control and monitor the use
of tires (McGray, 2008).
(3) Petroleum-based waste can generate NOx , sulfur, heavy
metals and halogens particularly chlorine. Excessive concentration of chlorine (more than 0.7%) can reduce the
quality of clinker where basically chlorine emerged from
the combustion of plastic materials like polyvinyl chloride
(PVC) (Murray and Price, 2008; Heart, 1997).
(4) Waste-based oil will produce high volume of air pollutants if compared with crude-based oil (Boughton and Horvath, 2004).
Miscellaneous Fuels: Various types of miscellaneous fuels
have given several technical challenges to cement manufacturing process particularly, in kiln operation as listed below:
(1) Automotive shredded residues (ASR) can impair the process condition in kiln since it is sensitive to heterogeneous

Technical recommendations

Even though there are several technical challenges hindering
the deployment of alternative raw materials and fuels in cement production process, significant attention pertaining to
these issues have been emerged tremendously. In order to
overcome such technical challenges, it is suggested to:

(1) Precisely monitor and control the production process
which requires accurate and adequate control instruments.
(2) Use free residue tires in combustion process, which commonly generate concentrated pollutants because of automotive components such as rim and etc (McGray, 2008;
Murray and Price, 2008).
(3) Use advanced multi-channel burners in order to obtain optimized combustion using AF (Schneider et al., 2011).
(4) Consume only small rate of biomass to compensate the
low amount of calorific value which can produce flame instability (Vaccaro and Vaccaro, 2006).
(5) Rotate the new biomass substances into the bottom of storage facilities and to inject the oldest material first to protect biomass from being breakdown.
(6) To build an advanced injection system for a kiln system to
obtain targeted heat amount;
(7) To combust biomass with sulfur containing fuel to prevent
oxidation and slagging in the kiln due to the formation
of alkaline and chlorine compounds after burning process
(Demirbas, 2003; McIlveen-Wright et al., 2007).
(8) To build incineration technology and emission filtering
equipment to prevent excessive emissions emitted from
the combustion of non-agriculture biomass like mercury
(Hg), cadmium (Cd) and lead (Pb) and also PCDD/PCDFs
(UNEP Chemicals, 2005).
(9) Select the most appropriate automated and mechanized
handling systems based on the nature and physical properties of fuels for receiving and injecting them in the kiln
(Murray and Price, 2008).
(10) Permit only those cement plants with sufficient technical
capacity and infrastructure to accept hazardous wastes as
alternative fuels (Bech, 2006).
(11) Combust whole tires instead of shredded tires especially
for long dry kiln (McGray, 2008).
(12) Adopt fully automated tire injection system to transport
tire to the kiln (McGray, 2008).
(13) Employ bag filter to regulate the emissions of chlorine compounds and NOx after petroleum-based combustion process (Murray and Price, 2008).
(14) Develop technologies to improve the separation of materials in case of using ASR (Boughton and Horvath, 2004).
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(15) Apply various processing techniques before combusting
MSW in the kiln to reduce the heterogeneity of this fuel
(Gendebien et al., 2003; Murray and Price, 2008).

4.2.

Economic, legislation and policy restrictions

4.2.1.

Economic restrictions

Revenue is one of the main objectives in a business or economic point of view. Investors and stockholders have their
own principles and strategies to ensure the industries are
profitable for a short- and long-term run. Due to this fact, any
external forces or ideas introduced to the industry which unable to promise acceptable range of profit will be rejected by
the investors.
This phenomenon has applied to the employment of ARMF
in cement manufacturing plants. Whereby, the application’s
unable to guarantee in term of economy and risk associated
to it. Therefore, not many investors likely to invest to the ARMF
application unless there are enforcements by the national or
international authorities.
Technology transfer is commonly inevitable concomitant
of operational and technical challenges mainly at the troubleshooting and commissioning phases. Generally, at these
phases, companies will spend a lot of budget to overcome
related issues. Same scenario applies to the employment of
ARMF where new equipment and upgraded machines should
be installed to compensate with utilization of alternative fuel
into combustion process (technology transfer).
Based on economic point of views, capital expenditure, operational cost and logistic cost demand huge financial security particularly in cement manufacturing industry. Even price
of alternative fuels has been estimated to be projected to increase from 30% to 70% higher than conventional fuels by
2030 and 2050, though the present price is so competitive and
sometimes free of charge. The aforementioned of economic
challenges resulting to unfavorable use of alternative fuels as
a substitution to conventional fuels from the cement plants
investors and companies (Cement technology roadmap, 2009).

4.2.2.

Legislation and policy challenges

National, regional and global legislation, guidelines, incentive
to investment, agreements and specific standards are the key
aspects of environmental and energy policy. Most of the aspects in the policy are established globally to prevent all environmental issues but there are a few aspects which are unable
to meet with the requirements and devoid of something. This
phenomenon partly occurs in developed countries and mostly
happens in developing countries which is the main reason
why ARMF cannot be implemented worldwide. Followings are
the circumstances where legislation and policy enforcements
faced difficulties.
(1) No enforcement has been conducted to industry pertaining to the environmental policy and legislation requirements since most of the countries did not exceed CO2
emissions limit for industrialization sectors. Therefore,
technology adaptation and emission reduction strategies
are not actively monitored by the local authorities and
furthermore the industries only take the reduction approaches for granted.
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(2) High consumption of alternative materials associated in
cement manufacturing plant can be employed by the enforcement of waste management legislation, concomitant
of utilization of waste treatment technologies like incineration and land-filling (Cement technology roadmap, 2009).
(3) The replacement of alternative fuels as combustion material in cement plant basically cost lots of money. A devoid of
economic incentives locally and internationally plays significant challenge in ARMF application.

4.2.3.

Recommendations

Economic and environmental legislation and policy frameworks play significant role in the development of industries.
Following are the recommendations suggested by the authors
to alleviate the mentioned policy restrictions related to utilizing ARF in cement industry:
(1) National, government, and international organizations
should offer business loans, tax exemptions, subsidies and
other incentives to assist cement industry to employ ARMF
in their plants.
(2) To offer appreciation token or financial reward to industry
which successfully able to utilize ARMF and give penalty
to industries that do not intend to use ARF without strong
reasons.
(3) To encourage stakeholders and investors to use substitute
materials for reduced environmental pollutions and at the
same time update and review the policy and legislation
pertaining to ARMF and other alternative fuels.
(4) To familiarize the public with the industrial ecology concept and recycle-based society.
(5) To standardize and update the cement codes and technical
standards to compensate with alternative fuels.
(6) To make a joint venture between governments and industries to determine the extension and suitability of the related legislation and policy in substitute alternative materials from both parties.

4.3.
Restrictions and recommendations on the
availability, distribution, local and social acceptance
4.3.1.

Challenges of availability and distribution

Shortage of availability and restriction in distribution around
the international and national areas is one of the main barriers to the application of ARMF in cement plants. It had been
proven in the production of granulated blast furnace slag and
fly ash where its producing volume in 2007 and 2008 was only
1 billion tons per year, which is insufficient for the high consumption of cement producing plant (Schneider et al., 2011).
According to Cement Technology Roadmap, utilization of
alternative fuels at Netherland in 2008 is 98% which afterward dropped by 9% a year. This happened because of the
unavailability of alternative fuels. Similar circumstances are
happening in Japan, where projected alternative fuels and
biomass will be decreased to 20% due to its inaccessibility
(Cement technology roadmap, 2009).
Resistances in unavailability of alternative fuels for cement
plants are different based on its premier use. For instance, if
discharge sewage sludge meets the environmental standard,
the premier consumer will prefer to send it for agriculture sec-
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tors rather than cement industries because of economic and
environmental advantage. Besides that, there are companies
which prefer to recycle or reuse their waste/alternative fuel
sources rather than selling to cement plant or other heavy industries. For example, plastic waste which can be recycled to
new plastic products (Siddique et al., 2008) or ASR and nylon
carpet that can be recycled and re-produce new products or
materials (Murray and Price, 2008).

4.3.2.

Challenges of local and social acceptance

Wrong perception of local people and the lack of social acceptance have played as the significant challenges toward alternative materials to substitute conventional fuel in cement
industry. It was assumed that employment of alternative materials may contribute to excessive emissions of GHGs and
polluting the environment. However, obviously, conventional
fuels emit high concentration of pollutants compare to alternative ones (Cement technology roadmap, 2009). Public resistance in case of utilizing waste derived fuel (WDF) and chemical and hazardous waste is more significant. It is generally
thought that burning such fuels creates a simple incinerator
in the cement plant. Such wrong perception from the public,
forces the local authorities to avoid using these substances in
cement industry (Ba Shammakh et al, 2008).

4.3.3.

(KEMA Inc, 2005; Khurana et al., 2002; Bhattacharya and Cropper, 2010; Wirthwein and Emberger, 2010; Benhelal et al., 2011,
2012a; Schneider et al., 2011). Table 2 summarises several
strategies to reduce energy consumption in cement making
process.
The aforementioned strategies in controlling the consumption of energy in cement plant present significant potential to reduce CO2 emissions, yet the existence of external
and internal interference resists its implementation.

Recommendations

Advanced research and development in employment of alternative materials is important to spread the innovation to
worldwide. Several strategies should be conducted to educate
public about ARMF for example; to invent new intelligence
technology, to provide comprehensive training to operator and
to explore new sources of alternative fuels. Followings are the
recommendations to implement the alternative materials to
cement industries:
(1) To conduct research projects pertaining to cement-related
industries at national and international levels.
(2) To propose new program or teaching subject in courses related to combustion of alternative materials in cement industry at university and college levels.
(3) To record any intellectual assessment and information related to alternative materials.
(4) To employ only expertise and skillful operators to operate
new technology of cement plant processes.

5.
Barriers against energy efficiency and
practical recommendation
Abatement of greenhouse gases such as CO2 and other adverse pollutants could be significantly influenced by lowering
consumption of fossil fuels around the world. This abatement
has proved to be a wise strategy since estimated share of energy saving in emission mitigation on 2050 is 10%, according
to the IEA roadmap (Cement roadmap, 2012).
Generally, cement manufacturing requires intense amount
of energy. However, various approaches have been suggested to reduce energy consumption i.e. process modification and integration, plant optimization and insulation, continuous maintenance and energy recovery systems

5.1.

Technical challenges and recommendations

5.1.1. Technical challenges of implementing energy saving approaches
Concerns on production disruption: Similar to other chemical
industries, cement plants do not perform plant’s shut down
because it can cause loss of production time, time wastage,
energy redundant and also equipment degradation such as
ceramic insulation operation unit in the kiln. Due to that,
cement plant is unlikely to install or implement major energy efficiency strategies since it need a long period of shut
down.
Concerns on reliability of new equipment: Cement manufacturing plants ought to meet standard properties of cement
and maintaining required amount of production rate, as growing demands from international and local markets towards
cement products. Employment of energy efficiency strategies
can intrude the operation of cement plant which possibly
yields different standard properties of cement. For example,
cement produced from high-pressure mills is unable to obtain
particle size distribution (PSD) standard compared to conventional mills even the mill able to produce effective energy efficiency (Schneider et al., 2011). Therefore, it is very difficult
for cement manufactures to install or employ new equipment
and technologies which may create products’ performance
disability.
Uncertainty over new equipment: Retrofitting of energy efficiency system with existing cement plant involves installation of new equipment and unit operations. Uncertainty
over the performance and capability of new equipment and
unit operations can cause difficulties to the operation consequently avoiding the implementation of energy saving in cement plant.
Lack of efficiency culture and information: Intellectual and
knowledge standards of operators in cement industries toward application of energy system and its related equipment
is still considerably low and unsatisfactory (KEMA Inc, 2005).
On the other hand, energy saving strategies are not fully implemented because of the assumption that the system is ineffective and does not worth the trouble (Coito et al., 2005).
Referring to those circumstances, inculcation of energy saving system and technology should be highlighted to industries
and their subsidiaries to ensure they comprehensively understand the advantage, use and benefit of it.
Limited working time and number of staffs: By the influence
of atomization in cement industry, the number of staff and
working time in plant were reduced. Currently time and the
number of staffs in cement industry is limited, which may be
a barrier against energy efficiency in the plants.
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Table 2 – Approaches to save energy and reduce CO2 emissions in cement industry.
Approach

Outcome

Challenges

1- Switching to a more energy efficient
process i.e. from wet to dry process

Can save up to 50% of energy consumption in
cement process;
Have potential to curb 20% of CO2 emissions.

2- Energy waste recovery from
exhaust streams

30 to 45 kWh/ton-clinker electricity can be
generated by reusing exhaust streams;
7 × 105 kW/ton-clinker and 35,700
USD/ton-clinker could be annually saved by
reusing exhaust streams to heat raw
materials.
Approximately 10% of the energy losses in
cement process could be saved;
Almost 4% of CO2 emissions can be reduced;
Vicinity demand side can benefit from heat
losses reduction.

Can negatively affect chemical uniformity of
feed;
May not be possible if proper raw materials
are not available;
May need more capital and operational costs
to purchase and operate advanced
instrument;
Results in process shut down and production
disruption.
More capital cost needed to purchase
equipment and advanced control instrument;
Required additional operating costs for
maintenance.

3- Reduction of thermal heat losses in
pyro-processing unit

4- Electricity savings using new
equipment

5- Process optimization

6- New cyclones in pre-heater tower

7- New models of burner

8- Regular maintenance

5.1.2.

Can result in up to 60% reduction in
electricity consumption in cement plant;
Potentially able to reduce 3% of CO2 emitted
by cement industry.
Will result in operation with the lowest rate
of energy consumption and emission;
In some cases, can lead to decreasing 3%-5%
of required energy in the process.

Reduces pressure drop and energy
consumption in pre-heater tower;
Potentially able to save 0.6 to 1.1
kWh/ton-clinker electricity.
Can stabilize kiln operation and maximize
combustion effectiveness;
Will result in reducing fuel consumption in
the plant.
2% to 3% of energy could be possibly saved if
a rigorous preventative maintenance is
applied;
Significant energy losses can be avoided by
regular maintenance.

Technical recommendations

Employing energy manager: Human resources in cement industries are needed to support the implementation of energy saving technology. These experts are demanded for commissioning this new advanced energy project in cement plant. For a
time being, an ordinary staff available to handle this project
is only a few; therefore, those professional peoples are important to overcome the limitation. However, it is very difficult to secure those professionals and expertise to work with
only one cement plants but authorities or industry may dis-

Extra capital cost required for equipment and
facilities;
More operating cost needed for regular
maintenance;
In case of installing secondary shell for kiln,
more electricity is used by motors to run the
kiln;
Installing new facilities may lead to
production disruption.
Extra capital cost required to purchase and
install new equipment;
Installing new equipment may result in
production disruption.
More budget is required to purchase
advanced equipment and control systems;
Can cause production disruption;
To ensure about the optimal performance,
regular maintenance is needed which
increases operating cost of process.
Process should be temporary shut down and
will result in production disruption;
Extra capital cost is needed to replace
conventional cyclones.
New model of burners are more expensive
and more capital cost is needed;
They need to be precisely controlled and
monitored. Therefore, extra operating cost
needed.
Result in process shut down and production
disruption;
Needs expert employees to perform regular
maintenance;
Result in more capital and operational cost
for cement plant.

tribute their task for at least 5 cement plants throughout the
year. The advantage of having energy expert staff in various
cement plants is that the cement industries able to evaluate, review and compare their energy saving activities with
others.
Providing audits along with energy manager program: Conducting energy audit and surveillance can assist the development of energy efficiency strategies in cement industries.
For instance, in such heating, ventilation, and air conditioning
(HVAC), lighting, compressed air and pumping system. Coop-
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eration between program manager and operators will help the
progress of energy efficiency project in cement plant.
Continual research and development (R&D): Insufficient
knowledge in equipment’s technicality and reliability has
played as the major obstructions to the implementation of
energy saving strategies. As a counter measure, continuous
and advance research and development should be conducted
globally to evaluate and identify any strategic paths to improve the employment of energy saving technology. To realize
this effort, cooperation between educational institutions and
cement industries may help this energy employment.
Providing information, education and training: Comprehensive
information, education and training to the human resources
in cement industries are a wise approach to introduce and
hands-on the energy saving technology to the industries and
its operators. Respective programs can familiarize the staffs
with this technology and inculcate a culture among them.
On the other hand, government can make an initiative to
give an awareness or acknowledgement about the technology
like implementation of tagging system on the energy equipment which undergone ‘saving’ strategies and displaying the
progress amount of energy consumption and efficiency.

of energy efficiency in cement industry (KEMA Inc, 2005). In a
survey done by KEMA Inc (2005), USD 4 million capital is required to implement the energy efficiency strategy as mentioned by one of the companies, otherwise stated that at least
USD 1 million capital is needed.
Cost effectiveness and payback period: Significant issues pertaining to energy efficiency practice are cost effectiveness and
payback period. Since most of the cement industries face different economic condition, then payback period varies based
on countries. Practically, there are countries which only require short time of payback period, otherwise may need longtime due to severe cost effectiveness and economic liability.
KEMA Inc (2005) has conducted an interview on two cement
plants with less efficient operation, one company can consent
between 1.0 to 1.5 years of payback period, other, can accept
up to three years of payback period.
Exit fees: Installation of cogeneration system into the cement plant with the purpose to utilize waste heat might be
subjected to exit charges. Even though, this policy only applied
to a few countries however considered as a barrier to implement energy efficiency in cement plant.

5.2.2.
5.2.
Economic and policy challenges and the
recommended solutions
5.2.1.

Economic and policy challenges

Energy price: The crucial obstruction against the implementation of energy efficiency in cement plant is from the government policies where one of them emphasize on the distortion of energy price where based on energy resources and
its demand. For instance, some countries have been charged
with higher price of electricity consequence to reduction in
energy consumption which cause low operation performance.
This scenario has forced most of cement plants to be operated in self-generation machine such as diesel powered generators instead of energy saving machine (Bhattacharya and
Cropper, 2010).
Practically, there are pros and cons over the energy prices.
Low energy prices indeed influence the implementation of energy saving technology since there is no necessity to employ
those methods. However, higher energy price can boost the
investors and stockholders to employ energy saving strategy.
The cement plant in EU mostly did not apply the energy efficiency improvements since the price of energy considered low
and cheap. This has proven where heat waste recovery is integrated to only a limited number of EU-27 cement plants otherwise in China, 730 MW electricity was generated using cogeneration systems in almost 120 cement plants (Rainer, 2009).
Insufficient and limited capital investment: Application of energy saving technology in cement plants needs huge capital investments. These investments including identifying heat
point loss, process uncertainties and equipment malfunctions. Furthermore, all those parameters required a lot of
money in order to treat the problems and replace it with new
and advance technology. Hence, they can only employ limited
range of energy efficiency technology via restriction budget
which moderately ineffective especially for cement plants located in developing countries. ‘‘Limited capital budget’’ has
been stated to be a crucial obstruction in the implementation

Economic and policy recommendations

Regulating reasonable energy price: The utmost challenges in energy efficiency strategies particularly in cement plants is distortion of energy price such as too expensive and too cheap.
The highest price of energy will force manufacture to use less
efficient machine to generate electricity for their plant. While,
lower energy price can discourage them to employ proposed
energy efficiency technology. Therefore, policies update and
enforcement of reasonable energy prices are important to motivate the cement manufactures to implement energy efficiency strategies.
Funding and economic support: Restriction in financial issues
mainly in gaining capital investment are mostly faced by the
developing and developed countries. Because of those circumstances, they are unable to employ energy saving technology
into their plants especially in cement plant. Therefore, national and international authorities should take an action to
help those countries in installing the energy saving technology by providing long term loans and other financial assistance.
Removing the energy consumption rebate limits: Having caps
for energy consumption rebate is believed to be a restriction to
practice major energy saving strategies. Although these abatement limitations may affect the major project however primarily influence the smaller projects to be implemented. Removing or increasing such levels of energy rebate enable cement plants to undertake even small efficiency projects.
Adopting large projects together with smaller practices: Introducing new policies which encourage plants to implement
small energy saving projects can be an effective way to overcome the energy efficiency barriers. Based on these policies,
incentives for larger projects are conditioned on applying
some of the smaller cost-effective projects which have short
payback period.
Removing exit fees for waste heat recovery: Free-exit fees may
contribute to effective economic plan since the implementation of self-electricity generation using waste heat can cost
less energy consumption. Many cement companies indicated
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Table 3 – Clinker substitutes, the positive effects and the limitations (Cement technology roadmap, 2009; Schneider et al.,
2011; Benhelal et al., 2018b).
Component

Positive properties

Fly ash

Limitation

Lower water demand
Lower early strength
Improved workability
Higher long term strength
Better durability (depending on
application)
Positive impact on the rheological
property of cement applications
Blast furnace slag
Higher long term strength
Lower early strength
Improved chemical resistance
Higher electric power demand for
grinding
Natural pozzolanas e.g. volcanic ash, Contributes to strength
Lower early strength
rice husk ash, silica fume
development
Can demonstrate better
workability
Higher long term strength
Improved chemical resistance
Artificial pozzolanas (e.g., calcined Same positive properties with
Requires extra thermal energy
clay)
natural pozzolanas
Limestone
Positive impact on the physical
May require additional power for
characteristics of cement like
grinding clinker
improved workability
Not strongly involved in chemical
reactions during cement hydration

that they would seriously consider investing on electricity
generation by waste heat recovery if the current exit fee could
be removed (KEMA Inc, 2005).

6.
Barriers against clinker substitution and
practical recommendation
Conventional cement plants only produced Portland cement
consisting of 95% clinker and 4%–5% gypsum (Cement technology roadmap, 2009). However, cementitious materials are
being replaced with the clinker, which is believed to be the
main strategy to mitigate the emission of CO2 in cement
plants.
Substituting the certain amount of alternative materials
with a portion of clinker can save huge mass of fuel and
emits less amount of CO2 since the production of clinker consumes 3.70 MJ/ton-clinker and emits 0.79 ton-CO2 /ton-clinker
(Benhelal et al., 2012b). Furthermore, the clinker substitutes
are mostly considered as waste and by-products which must
be sent to incineration process or landfills creating hazardous
environmental impact if not utilized as portion of cement.
Table 3 summarises several materials which can substitute a
portion of clinker in cement operation process.
Blending of mineral components and clinker is not only
contributes to the reduction of CO2 emission but these compounds can provide several assistances in the performance of
cement plant and properties of cement products. This can motivate the industries to utilize those compounds and automatically will decrease the proportion of clinker used in cement
or known as clinker factor (CF). Based on getting the numbers
right (GNR) recorded data, clinker factor was recorded at 83%
in 1990, where afterward reduced to 76% in 2006 (GNR, 2009).

Sources
Flue gases from coal-fired
furnaces

Iron and steel production

Volcanoes
Some sedimentary rocks
Other industries

Specific manufacture
Quarries

This amount is projected to be reduced and reach 74% in 2020
and 71% in 2050 (Chennoufi et al., 2010).

6.1.
Technical challenges and recommendations of
utilizing clinker substitutes
Clinker substitutes are blended with clinker at the last unit
(clinker grinding) in cement production process. Therefore, it
does not impose any technical difficulties to the cement plant.
Nevertheless, it may affect the quality of produced cement or
concrete as below:

(1) Expansion of strength for cement is usually slower compare to composition of cement in pure clinker.
(2) In certain condition, using clinker substance in produced
cement can cause higher sensitivity to chemical attack
compared to ordinary Portland cement (OPC).
(3) During cement hydration process, a few types of clinker
substances like limestone are not involved in chemical reaction process.
(4) In grinding process, addition of clinker substitutes can increase power demand (Schneider et al., 2011).

To overcome the technical difficulties faced in cement
industries, comprehensive assessment and identification
should be conducted. For instance, inserting clinker substitutes may decrease the cement’s activity; therefore, it
is advisable to mill cement into smaller particles or to
add components such as NaOH or Na2 SO4 as an activator
(Schneider et al., 2011).
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6.2.
Economic challenges of clinker substitution and
recommendations
Retailing cost, treating and materials transportation from
sources to cement plant are the major economic challenges
concerning clinker substitution. Currently, most of these materials are very cheap and sometimes free of charge whereby
its price is projected to increase to 30% and 70% from the
present cost by 2030 and 2050. Therefore, it is problematic to the cement manufactures to use these materials
(Cement technology roadmap, 2009). In this case, the role of
governments on providing economic incentives as well as
supplying alternative sources is very important. Since majority of clinker substitutes are the by-products from other industries, governments should control the costs of purchase and
can also involve in importing such materials from regional
sources.

6.3.

Legislation, policy challenges and recommendations

The lack of comprehensive policies is the main hindrance towards environmental issues. Especially in developed and developing countries whereby this consequence to the replacement of alternative materials with clinker in cement plants.
Following are the obstructions in such policies:
(1) There are number of countries in which CO2 emissions
does not exceed the standard limit, therefore international
authorities do not enforce them to reduce the emissions.
The impact of that scenario, no enforcement on the implementation of clinker in cement plants.
(2) Most of the clinker substances are waste and excessive application of this can only be taken place when local and
regional waste legislation confines land-filling and incineration process (Cement technology roadmap, 2009).
(3) The development of national terms in determining cement
compositions have been enforced in most of the countries
worldwide. Unfortunately, only limestone-related standards were being exposed as a clinker substitute compared
to granulated blast furnace slag (GBFS) and fly ash (FA)
(Schneider et al., 2011).
(4) In some countries and regional markets there is still incompatibility between the national standards and the
properties of cement used clinker substitutes. It may also
hinder production of such type of cement in a large rate of
production.
Comprehensive environmental legislation and regulatory
frameworks are very significant to overcome such problems.
It should consist of monitoring, motivating, supporting and
enforcing elements in the legislation. Following are the author
recommendations.
(1) To give rewards and financial supports to industries which
apply clinker substitutes and charge of fine for those who
ignore such materials.
(2) To provide information and approach the stakeholder on
the significance of clinker substitutes for reducing the pollutions.

(3) To set the required standards for utilizing other clinker
substitutes like GBFS and FA (Schneider et al., 2011).
(4) Periodically updating and reviewing the local, national and
international legislations to safeguard implementation of
alternative materials in new policy.
(5) Professional cooperation and collaboration between governments and manufactures to facilitate with clinker’s materials and equipment.

6.4.

Availability and distribution

The major challenge of clinker substitution in cement industries is due to the shortage of appropriate materials in regional
and international areas. As an example, the production of high
demand substances like granulated blast furnace slag and fly
ashes are only 1 billion tons per year on 2007 and 2008, which
is insufficient based on the demands from worldwide and
high consumption of usage in cement plants (Schneider et al.,
2011).
The high global demand in diversify areas also one of the
challenges faced by the clinker substitution, where most of
the time the substances basically can be re-process and recycle. Therefore, limited sources and limited availability can be
faced by the cement manufactures
Furthermore, the transportation factor also contributes to
this barrier if the sources for clinker substitutes are far away
for the plants.
Enhancement in R&D plays significant impacts in order
to increase the global concerns pertaining to the alternative materials. On the other hand, new substances and new
sources should be indicated to overcome this issue. Besides,
creating new technology and providing intelligence human resources and training on the clinker-related matters. Nevertheless, these kinds of programs should start at university level
and continue to the employment phase by support from the
industries, authorities and government sectors.

7.

Conclusions

As a huge source of CO2 production, cement manufacturing
process has been always an attractive case study of academic
and industrial projects. Cement plants are annually emitting
billion tons of CO2 and the rate of emissions is continuously
increasing. To abate CO2 emissions from the worldwide cement plants, numerous strategies have been proposed and
often implemented. Generally, these strategies are divided to
four main groups of CCUS, energy saving, utilizing ARMF and
clinker substitution. In spite of technical feasibility of the proposed strategies to mitigate significant quantity of CO2 emissions, due to various barriers, majority of the proposals are not
practically implemented in cement plants.
The aim of this study was to identify and describe the challenges and restrictions against implementing CO2 abatement
strategies and to propose practical recommendations to overcome these barriers.
By reviewing several studies, it was found that CCUS exhibited a great potential to reduce CO2 emissions from cement industry. However, due to technical, economic and policy barriers no CCUS has been implemented in cement plants
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and applications of CCUS in the cement industry was not expected before 2020. Comparing various restrictions of adopting CCUS showed that technical problems were not significantly restricting CCUS but they were economic and policy
barriers which hindered such strategy to be implemented. In
this case the cost of CCUS could be up to 75 EUR/ton CO2 and
having CCUS in cement plants might double the price of cement.
Utilizing alternative materials, which is generally divided
to two groups of ARMF and clinker substitution was also considered as an effective way for CO2 abatement. In such cases,
since these materials are mainly wastes and industrial byproducts, the economy of substitution was not a major concern. However, availability of materials in future and the lack
of appropriate legislations could be the main barriers. Moreover, technical problems regarding emissions of other forms
of pollutions as well as reducing the quality of cement had
created many concerns.
In case of energy saving, the main barrier was the capital
cost (might be up to USD 4 million) required to adopt these approaches. A long payback period of applying energy saving approaches could be an important restriction, which might hinder any energy efficiency strategies to be adopted in cement
industry. We hope that the outcome of this work can provide
a clear guideline for scientists around the globe to make practical and cost effective decisions on CO2 emissions reduction
in cement industry.
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