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tors to carbon emissions and environmental degradation, making decarbonisation crucial for sus-
tainable development. The paper explores various strategies, including alternative clinker tech-
nologies, carbon capture and storage, improved energy efficiency, low-carbon cements and circu-
lar economy approaches. Additionally, it examines technologies such as supplementary cementi-
tious materials, carbonation, low-carbon concrete mixes, recycling and novel manufacturing
processes. The importance of policy interventions, collaboration and standards and certifications
is emphasised. Case studies and best practices highlight successful decarbonisation initiatives,
while economic implications and market opportunities are considered. The paper also identifies
challenges, induding technological limitations, financing constraints, resistance to change and
the need for awareness and education. Finally, future recommendations focus on pathways for
deep decarbonisation, policy measures, research priorities and fostering collaboration. This re-
view serves as a valuable resource for researchers, policymakers and industry professionals striv-
ing to achieve sustainable and low-carbon cement and concrete production.

1. Introduction

Cement and concrete production have emerged as significant contributors to greenhouse gas emissions, necessitating urgent de-
carbonisation efforts. The environmental impact of these industries is driven by the carbon dioxide (CO,) released during cement
manufacturing, along with energy-intensive processes involved in grinding and transportation. Concrete, which heavily relies on ce-
ment, further amplifies these environmental challenges. Thus, decarbonising cement and concrete production is crucial for sustain-
able construction practices and mitigating climate change. Decarbonisation offers several key benefits. First, it is an essential element
of global climate change mitigation strategies, aligning with international goals and targets. By reducing CO, emissions from cement
and concrete production, significant progress can be made towards achieving climate objectives [1-4]. Additionally, decarbonisation
supports sustainable development in the construction industry, ensuring long-term environmental preservation and resource conser-
vation [5]. As sustainability becomes increasingly important, businesses that prioritise decarbonisation gain a competitive advantage,
attracting environmentally conscious consumers and adapting to evolving market demands.
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One of the primary motivations for decarbonisation is the urgent need to mitigate climate change. Cement and concrete produc-
tion contribute significantly to greenhouse gas emissions, particularly CO, [6-8]. By reducing carbon emissions from these industries,
we can make substantial progress in addressing the global climate crisis. Decarbonisation aligns with international agreements and
targets, such as the Paris Agreement, which aim to limit global temperature rise and combat the adverse effects of climate change
[9-11].

Decarbonisation plays a crucial role in promoting sustainable construction practices. The construction industry is a major con-
sumer of cement and concrete and their production processes have a significant environmental impact. By decarbonising these mate-
rials, we can reduce their carbon intensity and minimise the overall ecological footprint of the construction sector. This transition to-
wards sustainable construction practices contributes to the conservation of resources, minimises waste generation and supports the
preservation of ecosystems [12-14]. Furthermore, embracing decarbonisation offers companies a competitive edge in the market.
With increasing public awareness and demand for sustainable solutions, businesses that prioritise decarbonisation can attract envi-
ronmentally conscious consumers and meet evolving market expectations. By adopting low-carbon production methods and offering
environmentally friendly products, companies can position themselves as leaders in the industry and enhance their brand reputation
[15,16].

Decarbonisation also drives innovation and technological advancements. The pursuit of alternative cementitious materials, such
as fly ash or slag, encourages research and development in the construction sector. It fosters the exploration of innovative manufac-
turing processes, carbon capture and storage technologies, energy-efficient practices and sustainable construction methods. These ad-
vancements not only contribute to reducing carbon emissions but also stimulate economic growth, job creation and technological
progress [17,18]. Additionally, decarbonisation promotes resource conservation and waste reduction (Anouzla & Chew, 2023 [null]).
By incorporating recycled materials and embracing circular economy principles, the demand for new cement production can be min-
imised [19-21]. This reduces the strain on natural resources and decreases the environmental impact associated with extracting and
processing raw materials.

Various strategies are being pursued to achieve decarbonisation. Exploring alternative cementitious materials, such as fly ash, slag
and silica fume, presents opportunities to reduce the reliance on traditional cement and lower the overall carbon footprint of concrete
production [22-24]. Carbon capture, utilisation and storage (CCUS) technologies capture CO» emissions from cement plants, prevent-
ing their release into the atmosphere. The captured CO; can be stored underground or used in other industrial processes, fostering a
circular economy [25-27]. Energy efficiency measures, coupled with the integration of renewable energy sources like solar and wind
power, play a crucial role in reducing emissions throughout the cement and concrete manufacturing processes. Embracing circular
economy principles, such as optimising material use, promoting recycling and reuse of concrete and incorporating recycled aggre-
gates, minimises the demand for new cement production and reduces waste generation [28-30]. Lastly, ongoing technological inno-
vations focus on developing carbon-neutral binders, advanced manufacturing methods like 3D printing and ultra-high-performance
concrete that require less cement [31-33].

The motivation behind this review paper is to comprehensively explore and analyse the importance of decarbonising cement and
concrete production. With a clear understanding of the significant impact these industries have on greenhouse gas emissions and their
role in climate change, the paper aims to highlight the urgent need for decarbonisation. By examining the benefits of sustainable con-
struction practices, market competitiveness, innovation, resource conservation and waste reduction, the review seeks to emphasise
the multifaceted reasons why decarbonisation is essential. Through a thorough examination of the subject matter, the paper aims to
provide valuable insights and promote the adoption of low-carbon alternatives in the cement and concrete industry.

While this review paper aims to provide a comprehensive analysis of the importance of decarbonising cement and concrete pro-
duction, it is essential to acknowledge its limitations. Firstly, the paper may not cover every aspect or development in the field of de-
carbonisation, as the topic is vast and continually evolving. Additionally, the review relies heavily on existing literature, which may
have inherent biases or limitations. The paper's conclusions and recommendations are subject to the quality and availability of the re-
viewed studies. Furthermore, the review may not delve into specific regional or contextual variations, as the impact and feasibility of
decarbonisation strategies can vary depending on geographic location and local conditions.

2. Carbon footprint of cement and concrete

2.1. Overview of cement and concrete production

Cement production is a complex and essential process that involves several stages and impacts various aspects of the construction
industry and the environment. The first step in cement production is the extraction of raw materials, primarily limestone, clay and
shale [34]. These materials are typically obtained from quarries or mines, where they are carefully selected and excavated. The qual-
ity and composition of the raw materials play a crucial role in the final properties of the cement [35,36]. Once extracted, the raw ma-
terials undergo a series of preparation processes. The materials are crushed into smaller pieces and then transported to the cement
plant. At the plant, the raw materials are further ground into a fine powder to increase their surface area and facilitate chemical reac-
tions during clinker formation.

The heart of cement production is the kiln, where the raw materials are heated at high temperatures. The kiln operates at tempera-
tures reaching around 1450 °C and allows for the chemical transformation of the raw materials into clinker [37-39]. During this
Pprocess, a series of complex reactions occur, including the decarbonation of limestone and the formation of calcium silicates and alu-
minates, which are the main constituents of clinker [40]. After leaving the kiln, the clinker is rapidly cooled to prevent the formation
of undesired crystal structures. The cooled clinker is then ground into a fine powder, along with a small amount of gypsum, to pro-
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duce the final cement product. Gypsum is added to regulate the setting time of the cement and control its early strength development
[41]. The schematic diagram of cement production is shown in Fig. 1 [42].

Cement production is known for its significant energy consumption and greenhouse gas emissions. The primary energy source
used in cement plants is fossil fuels, such as coal, petroleum coke and natural gas. These fuels are combusted in kilns to provide the
high temperatures necessary for clinker formation. The combustion of fossil fuels results in the release of carbon dioxide (CO5) into
the atmosphere, contributing to climate change. To address these environmental concerns, the cement industry is actively seeking
ways to reduce its carbon footprint. Energy efficiency measures, such as optimising kiln design, improving heat recovery systems and
implementing alternative fuels, can significantly reduce energy consumption and CO, emissions. Alternative fuels include biomass,
waste-derived fuels and even non-recyclable plastics, which can be used as a substitute for traditional fossil fuels.

Moreover, the cement industry is exploring innovative technologies like carbon capture and storage (CCS) to capture CO» emis-
sions from cement plants. CCS involves capturing the CO; emitted during cement production, transporting it and safely storing it un-
derground or utilising it in other industrial processes. These technologies have the potential to significantly mitigate the environmen-
tal impact of cement production. Additionally, sustainable practices in cement production are being emphasised. This includes re-
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Fig. 1. Schematic diagram of cement production [42].
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sponsible mining and quarrying to minimise environmental disturbances, efficient use of water resources and proper waste manage-
ment to reduce the impact on ecosystems.

Over the past few decades, cement production has witnessed significant growth due to increasing urbanization, population growth
and infrastructure development in many regions. The global cement production worldwide from 1995 to 2022 is shown in Fig. 2.
China has been the largest producer of cement for many years, followed by India, the United States and other emerging economies.
These countries have experienced rapid industrialisation and urban expansion, driving the demand for cement. The global cement in-
dustry has undergone technological advancements to improve production efficiency and reduce environmental impact. Energy-
efficient kilns, advanced grinding systems and alternative fuels are being employed to optimise production processes and reduce car-
bon emissions [43-46]. Additionally, initiatives are underway to explore alternative raw materials, such as fly ash, slag and lime-
stone, to reduce the reliance on traditional materials and minimise the environmental footprint of cement production [47-50].

The COVID-19 pandemic had a significant impact on global cement production. Lockdown measures, supply chain disruptions and
reduced construction activities led to a temporary decline in cement demand and production in many countries. However, as
economies recover and infrastructure projects resume, cement production is expected to rebound. To monitor global cement produc-
tion trends, industry organisations, such as the World Cement Association (WCA) and the Global Cement and Concrete Association
(GCCA), compile and publish annual reports and statistics [52,53]. These reports provide comprehensive data on cement production,
consumption and trade at the regional and global levels. It is important to note that cement production varies by country and region,
influenced by factors such as economic growth, construction activity, government policies and environmental regulations.

Concrete production is a fundamental process in the construction industry, involving the mixing of cement, aggregates, water and
sometimes additives to create a versatile and durable construction material. The process of concrete production begins with the selec-
tion and preparation of aggregates, which typically include sand, gravel, crushed stone, or recycled materials. Aggregates are care-
fully graded to achieve the desired strength, workability and durability of the concrete [54-58]. Next, cement, the binding agent, is
combined with the aggregates. Portland cement, the most common type of cement used in concrete production, is made by grinding
clinker, a product of heating limestone and other materials and adding gypsum to regulate the setting time. Water is then added to the
mix to initiate the chemical reaction called hydration, where the cement particles react with water and form a paste that coats the ag-
gregates. The water-cement ratio is crucial as it determines the workability and strength of the concrete [59,60]. Proper control of
water content is essential to achieve a concrete mix that is easy to place, compact and has the desired strength and durability.

In some cases, additives are incorporated into the concrete mix to enhance specific properties [61-63]. These additives can in-
clude plasticisers, which improve workability; air-entraining agents, which introduce microscopic air bubbles to increase freeze-thaw
resistance; or superplasticisers, which enhance flowability without compromising strength. Once the concrete mix is thoroughly
mixed, it is transported to the construction site and placed into formwork or moulds. The concrete is then compacted to remove air
voids and ensure proper consolidation. Various methods can be used for compaction, including vibration, tamping, or the use of spe-
cial equipment [64,65]. After placement, the concrete undergoes a curing process to allow the hydration reactions to continue and the
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Fig. 2. Cement production worldwide from 1995 to 2022 [51].
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concrete to gain strength. Curing involves maintaining adequate moisture and temperature conditions for an extended period, typi-
cally by covering the concrete with curing blankets, using curing compounds, or applying water.

The properties of the final concrete product depend on factors such as the type and quality of materials used, the water-cement ra-
tio, the presence of additives, the curing conditions and proper construction practices. Concrete production has numerous advan-
tages, including high compressive strength, durability, fire resistance and versatility in forming different shapes and sizes. It is widely
used in various construction applications, including buildings, bridges, roads, dams and infrastructure projects. However, it is impor-
tant to consider the environmental impact of concrete production. The extraction of raw materials, energy consumption during manu-
facturing and transportation of materials contribute to carbon emissions and resource depletion [66-69]. To address these concerns,
efforts are being made to incorporate sustainable practices, such as the use of recycled aggregates, optimising mix designs to reduce
cement content and embracing alternative cementitious materials with lower carbon footprints.

2.2. Carbon emissions from cement and concrete industry

The carbon emissions from the concrete industry are a significant environmental concern. While concrete itself does not directly
emit carbon dioxide (CO,) during its curing and hardening process, the production of concrete involves the use of cement, whichisa
major source of CO emissions. The cement industry plays a critical role in global carbon emissions, primarily due to the release of CO,
during the production of cement. The process of cement production involves the transformation of raw materials, such as limestone
and clay, into clinker, which is a powdered form of cement. This transformation is achieved through a process called calcination. Dur-
ing calcination, limestone, which contains a significant amount of calcium carbonate, is subjected to high temperatures in a kiln. As a
result, the limestone undergoes chemical decomposition, releasing carbon dioxide into the atmosphere [70-72]. This process of calci-
nation is one of the major contributors to carbon emissions in the cement industry. On average, for every ton of clinker produced, ap-
proximately 0.5-0.7 tons of CO, are emitted solely from the calcination process [73-75].

In addition to calcination, the combustion of fossil fuels represents another significant source of carbon emissions in the cement in-
dustry. Fossil fuels, including coal, petroleum coke and natural gas, are commonly used as fuel sources to generate the high tempera-
tures required in cement kilns [76,77]. When these fuels are burned, they release carbon dioxide into the atmosphere, contributing to
the overall carbon footprint of cement production. The amount of CO, emissions from fossil fuel combustion in the cement industry
depends on several factors, including the type of fuel used, the efficiency of the combustion process and the implementation of emis-
sion control measures [75-580].

The carbon emissions resulting from the cement industry have far-reaching environmental implications. Cement production ac-
counts for approximately 7-8 % of global CO, emissions, making it a significant contributor to the greenhouse effect and climate
change [81,82]. The intensity of carbon emissions in cement production can vary depending on various factors, including the type of
cement being produced (such as Portland cement or blended cement), the energy sources utilised in the production process (fossil fu-
els or renewable energy sources) and the overall efficiency of the production facilities. The substantial carbon emissions associated
with cement production have raised global concerns and prompted the need for effective mitigation strategies to combat climate
change. The CO, emissions from the manufacture of cement worldwide from 1960 to 2021 is shown in Fig. 3. Global CO, emissions
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Fig. 3. Carbon dioxide emissions from the manufacture of cement worldwide from 1960 to 2021 [51].
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from cement production have quadrupled over the past 60 years. These emissions will have to be reduced to almost zero if we are to
achieve carbon neutrality.

The direct emissions intensity of cement production in the Net Zero Scenario, 2015-2030 is shown in Fig. 4 [83]. Between 2015
and 2021, the direct CO, intensity of cement production experienced a yearly increase of approximately 1.5%. However, to align with
the Net Zero Emissions by 2050 Scenario, a significant shift is required, with annual declines of 3% until 2030. This necessitates a
sharper focus on two key areas: reducing the clinker-to-cement ratio, which includes promoting the use of blended cements and
adopting innovative technologies such as carbon capture and storage and clinkers made from alternative raw materials.

2.3. Environmental impacts of carbon footprint

The environmental impacts of carbon footprints are wide-ranging and have significant implications for the planet. Carbon foot-
prints represent the total greenhouse gas emissions, particularly carbon dioxide (CO,), associated with an individual, organisation, or
activity. These emissions contribute to climate change and have several environmental consequences. One of the primary environ-
mental impacts of carbon footprints is climate change. The excessive release of CO, and other greenhouse gases into the atmosphere
leads to the greenhouse effect, trapping heat and causing global warming. This, in turn, disrupts ecosystems, alters weather patterns,
increases the frequency and intensity of extreme weather events and threatens biodiversity. Another significant environmental im-
pact of carbon footprints is ocean acidification. Elevated levels of atmospheric CO, are absorbed by the oceans, leading to a process
called ocean acidification [84]. Increased acidity has detrimental effects on marine ecosystems, including coral reefs, shellfish and
other calcifying organisms. It can hinder their ability to build and maintain their calcium carbonate structures, impacting marine bio-
diversity and ecosystem balance.

Many activities that contribute to carbon footprints also release other harmful pollutants into the air, leading to air pollution.
Bumning fossil fuels for energy production and transportation, in particular, releases pollutants such as sulphur dioxide (SO,), nitrogen
oxides (NOy) and particulate matter [85]. Air pollution can harm human health and ecosystems, leading to respiratory issues, reduced
visibility and damage to vegetation. High carbon footprints are often linked to land-use changes, particularly deforestation. Defor-
estation contributes to climate change by releasing carbon stored in trees and reducing the planet's capacity to absorb CO, through
photosynthesis [86]. It also leads to habitat destruction and the loss of biodiversity, as many species rely on forests for their survival.

Climate change, driven by carbon footprints, affects global water resources. Changes in precipitation patterns, melting glaciers
and altered river flows impact freshwater availability and quality. Droughts and floods become more frequent, affecting ecosystems,
agriculture and human populations that rely on water resources for drinking, irrigation and industrial purposes. Carbon footprints
can disrupt ecological balance by altering natural systems [87,88]. Changes in temperature and precipitation patterns impact the dis-
tribution and behaviour of plant and animal species, leading to shifts in ecosystems. This can result in reduced biodiversity, as some
species struggle to adapt or face habitat loss, while others may proliferate in new conditions. Mitigating the environmental impacts of
carbon footprints is essential for sustainable development. Transitioning to renewable energy sources, improving energy efficiency,
promoting sustainable transportation, adopting green technologies, implementing nature-based solutions and fostering conservation

07

3iEN

0.4

0.2

0.1

0 [ [ [ [ [ [ T I | I I I I I I
S M S S S R T G L U

Fig. 4. The direct emissions intensity of cement production in the Net Zero Scenario, 2015-2030 (iea.org).
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efforts are crucial steps. By reducing carbon footprints and embracing low-carbon lifestyles and practices, we can mitigate the envi-
ronmental consequences and work towards a more resilient and sustainable future.

3. Strategies for decarbonising cement production

Strategies for decarbonising cement production involve a range of approaches aimed at reducing carbon emissions and promoting
sustainability. One strategy is the use of alternative cementitious materials, such as fly ash, slag and pozzolans, which can partially re-
place traditional clinker and reduce carbon intensity. Carbon capture and storage (CCS) technology is another important strategy,
capturing CO, emissions from cement plants and storing them underground. Improving energy efficiency in cement manufacturing
through process optimization, waste heat recovery and energy-efficient technologies is also critical. The development of low-carbon
cements, including blended cements and novel binders, offers greener alternatives. Circular economy approaches, such as recycling
concrete waste and utilising alternative fuels, further contribute to decarbonisation efforts in the cement industry.

3.1. Use of alternative clinker technologies

Alternative clinker technologies are innovative approaches aimed at reducing the carbon footprint of cement production. These
technologies seek to replace or minimise the use of traditional clinker, which is a major source of CO, emissions. By exploring and
adopting alternative clinker technologies, the cement industry can contribute to global efforts in mitigating climate change and
achieving sustainability goals.

One example of an alternative clinker technology is calcined clay-based cements, such as LC3 (Limestone Calcined Clay Cement)
[89]. These cements utilise calcined clay as a partial substitute for clinker, resulting in reduced energy consumption and CO; emis-
sions. Calcined clay is a by-product of various industrial processes and can be readily available, making it an attractive option for sus-
tainable cement production. The incorporation of calcined clay also enhances the properties of the cement, such as improved durabil-
ity and strength [90-92]. Ongoing research and development efforts are focused on optimising the blend ratios and production tech-
niques to maximise the benefits of calcined clay-based cements. Another approach in alternative clinker technologies is the use of be-
lite-based cements [93]. Beliteis a low-temperature phase in cement production that requires less energy during the kiln process com-
pared to traditional clinker. By reducing the clinker content and increasing the proportion of belite, these cements offer a more sus-
tainable alternative to Portland cement. Belite-based cements have shown promising results in terms of reducing CO, emissions and
conserving energy [94-96]. However, further research is needed to optimise the composition and properties of belite-based cements
to ensure their commercial viability.

Magnesium-based cements are also emerging as alternative clinker technologies [97,98]. Magnesium oxychloride cement and
magnesium phosphate cement are two examples of such technologies. These cements can be produced using magnesium oxide or
magnesium silicates, which have lower carbon footprints compared to limestone-based clinker. Magnesium-based cements offer ad-
vantages such as faster setting times, high early strength and improved fire resistance [99,100]. However, challenges such as the
sourcing of magnesium-rich materials and the need for additional research and development hinder their widespread adoption.

Alkali-activated binders are another category of alternative clinker technologies [101]. These binders are produced by activating
industrial by-products, such as fly ash or slag, with alkali activators. By utilising these by-products, alkali-activated binders reduce the
dependence on clinker production and contribute to the circular economy. These binders offer similar or even superior mechanical
properties compared to traditional cement and have demonstrated durability in various applications [102-104]. Ongoing research
aims to optimise the formulation, improve long-term performance and enhance the cost-effectiveness of alkali-activated binders for
commercial use.

Carbon-negative clinker technologies represent an advanced approach in alternative clinker technologies. These technologies not
only aim to reduce carbon emissions but also achieve carbon-negative cement production. Carbon-negative clinker technologies cap-
ture CO, from the atmosphere or industrial flue gases and incorporate it into the cementitious material. This results in a net removal
of CO; from the environment. These technologies hold great promise for the cement industry to actively contribute to climate change
mitigation efforts. However, further research, development and large-scale implementation are required to ensure their technical fea-
sibility, economic viability and environmental benefits.

Fig. 5 provides a simplified flow chart illustrating the different stages involved in the production of alternative binders discussed
in this review, highlighting the variations in the processes across various alternative clinker technologies [96]. The figure empha-
sises the need for continued research and development in all of the proposed solutions. It is evident from Fig. 5 that only the Celite-
ment® and X-Clinker approaches currently consider a scenario of complete process electrification, whereas the other approaches
primarily rely on fuel combustion, similar to the existing Best Available Technology (BAT). While being close to BAT in terms of
clinker production is advantageous for the industrial implementation of certain alternative binders, it is the author's perspective
that a shift towards electricity-based technology, either fully or partially, should occur in the coming decades for the decarbonisa-
tion of the cement industry. This transition would align with the broader goals of reducing carbon emissions and achieving sustain-
ability in cement production.

The development and adoption of alternative clinker technologies face challenges such as cost-effectiveness, scalability and mar-
ket acceptance. The transition from traditional clinker production to alternative technologies requires significant investments in re-
search and development, as well as the modification or construction of new production facilities. The availability and sourcing of suit-
able raw materials, the compatibility of alternative clinker technologies with existing infrastructure and the willingness of stakehold-
ers to embrace change are also important considerations. Furthermore, standards and regulations need to evolve to incorporate alter-
native clinker technologies and provide a level playing field for sustainable cement producers. However, ongoing research and devel-
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Fig. 5. Simplified schematic representation of the stages considered within the production processes of the alternative binders [96].

opment efforts, supportive policies and collaboration between stakeholders are helping to overcome these barriers and accelerate the
transition toward sustainable and low-carbon cement production. Continuous innovation and knowledge sharing among researchers,
industry players and policymakers are crucial for advancing alternative clinker technologies. Partnerships and collaborations be-
tween academia, government bodies, cement manufacturers and technology providers facilitate the exchange of expertise, resources
and best practices. By collectively addressing the challenges and seizing the opportunities, alternative clinker technologies can play a
vital role in decarbonising the cement industry and shaping a more sustainable future.

3.2. Carbon capture and storage (CCS) in cement plants

Carbon Capture and Storage (CCS) is a promising technology for reducing carbon emissions in cement plants, which are significant
contributors to greenhouse gas emissions. Cement production involves the combustion of fossil fuels and the calcination of limestone,
leading to the release of large amounts of carbon dioxide (CO,) into the atmosphere. CCS aims to capture this CO, and prevent it from
being released, thus mitigating climate change. In the context of cement plants, CCS can be implemented through various methods to
reduce carbon emissions. One common approach is post-combustion capture, which involves capturing CO; from the flue gases gener-
ated during cement production [105,106]. This process typically employs chemical solvents or sorbents that selectively capture CO»
from the flue gas stream. The flue gases are passed through an absorber where the CO, reacts with the solvent, forming a solution of
COy-rich solvent. The solvent is then regenerated by heating, releasing the captured CO,, which can be further purified and com-
pressed for transport and storage.

Voldsund et al. [107] presented the chilled ammonia process (CAP) as a post-combustion technology for CO, capture in cement
plants. CAP utilises chilled ammonia as a solvent to selectively remove CO, from the flue gas (Fig. 6). The process involves several
steps, starting with the conditioning of the flue gas in a Direct Contact Cooler (DCC) to lower its temperature and remove sulphur ox-
ides (SOy) through scrubbing with ammonia. The conditioned flue gas then enters an absorption column, where CO, is separated by
an ammonia solution. To control the temperature, a solvent pump-around system chills the absorber down to around 12-13 °C. Am-
monia is recovered from the flue gas in a water wash section, while the purified flue gas is released into the atmosphere. The desorp-
tion column allows for ammonia recovery from the wash water, which is then recycled in the process. The COs-rich ammonia solvent
is regenerated in a CO, desorber operating at approximately 25 bar. The resulting high-purity CO, stream requires further pressuriza-
tion to meet transportation specifications. The CAP process necessitates heat for solvent regeneration and ammonia recovery, as well
as power for chilling, pumping and compression. Utilising waste heat can partially fulfil the heat demand, accounting for about 7-8%
of the total heat demand in a reference cement plant.

Another method is pre-combustion capture, where CO, is captured from the fuel before it is combusted [108,109]. In cement
plants, this can be achieved by reforming the fuel, such as coal or natural gas, to produce a hydrogen-rich gas stream. The fuel is re-
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acted with steam in a process called steam methane reforming or coal gasification, resulting in the production of a gas stream contain-
ing hydrogen and CO,. The CO, is then separated from this gas stream using processes like pressure swing adsorption or membranes,
producing a concentrated CO; stream that can be transported and stored.

The pre-combustion process is similar for coal, oil and natural gas, although additional purification stages are required when using
coal or oil to remove impurities such as ash, sulphur compounds and other minor contaminants. The process for pre-combustion cap-
ture in power generation is illustrated in Fig. 7 [110]. In both coal and natural gas applications, the overall plant can be divided into
five sections: the syngas island, CO, separation, CO, compression, power island and optionally, the oxygen island (for natural gas
cases). These sections work together to facilitate the capture of CO, and generate power. The syngas island produces a synthesis gas
mix, which undergoes CO, separation to extract the CO,. The separated CO, is then compressed for storage or utilisation purposes.
The power island generates electricity and in natural gas cases, the oxygen island provides the required oxygen for combustion.

Both post-combustion capture and pre-combustion capture have their advantages and challenges. Post-combustion capture can be
retrofitted to existing cement plants, allowing for the reduction of carbon emissions without significant modifications to the existing
infrastructure [111,112]. However, it requires a large amount of energy for the capture and regeneration processes, which can impact
the overall energy efficiency of the plant. Pre-combustion capture, on the other hand, offers the advantage of higher CO5 capture effi-
ciency and potential co-production of hydrogen, which has its own industrial applications [113]. However, it requires additional pro-
cessing units and may necessitate changes in the fuel supply and combustion systems.

Oxy-combustion systems are a carbon capture technology that can be applied in cement plants to reduce CO; emissions [114,115].
This approach involves replacing air with pure oxygen in the combustion process, resulting in a flue gas stream primarily composed of
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CO; and water vapor. By separating and capturing the CO, from this stream, it can be stored or utilised for other purposes. Oxy-
combustion offers several advantages, including high CO; capture efficiency and the potential for near-zero emissions. However, it
also presents challenges, such as the high energy requirements for oxygen production and the need for CO, transportation and storage
infrastructure. Nonetheless, oxy-combustion systems hold promise for mitigating CO, emissions in cement plants and contributing to
sustainable cement production.

In their study, Ellis et al. [116] introduced an innovative electrochemical process for decarbonating CaCO; in the cement industry
(Fig. 8). Their proposed method involved the use of an ambient-temperature electrolyser, where CaCO4 undergoes electrochemical re-
actions. The process resulted in the production of solid Ca(OH),, which served as the precursor for synthesizing desired calcium sili-
cates. Additionally, the electrochemical process generated concentrated gas streams of H, and O, + CO,, which could be utilised for
CO, capture and sequestration or for other value-added processes. The authors demonstrated a proof of concept for this approach,
highlighting its potential for decarbonising cement production and producing valuable gas streams.

Once carbon dioxide (CO4) is captured from cement plants, it must be transported to suitable storage sites. The transportation
method depends on factors such as the distance to the storage site and the volume of CO; to be transported [117-119]. The most com-
mon transportation options are pipelines, ships and trucks. Pipelines are often preferred for long-distance transport of large volumes
of CO,. Dedicated pipelines can be constructed to connect the capture facility to the storage site, ensuring a continuous and efficient
flow of CO,. Pipelines offer a secure and cost-effective means of transportation and they are widely used in existing CO, capture and
storage projects. For shorter distances or when pipeline infrastructure is not available, ships and trucks can be used for CO; trans-
portation. CO; can be transported in specially designed containers on ships or in pressurised tanks on trucks. This mode of transporta-
tion is more flexible and suitable for smaller volumes of CO, or when the storage site is located near a waterway or roadway.

The storage sites for CO, are typically deep underground geological formations [120-122]. These formations provide secure and
permanent storage for the captured CO,, preventing it from entering the atmosphere and contributing to climate change. The most
common storage sites include depleted oil and gas reservoirs, saline aquifers and unmineable coal seams [123-125]. Depleted oil and
gas reservoirs are considered ideal storage sites due to their geological characteristics. These reservoirs have been previously used to
extract oil and gas and once they are depleted, they can be repurposed for CO, storage. The existing infrastructure, such as wells and
infrastructure for oil and gas extraction, can be utilised for CO; injection. Saline aquifers are porous rock formations that contain salty
water. They have large storage capacities and can potentially store significant amounts of CO5. The CO; is injected into the saline
aquifers, where it is trapped in the pore spaces of the rock formation.

Unmineable coal seams, which are coal deposits that cannot be economically extracted, can also serve as storage sites for CO,
[126,127]. The CO, is injected into the coal seams, where it is adsorbed onto the coal matrix. This process, known as enhanced
coalbed methane recovery, not only stores the CO; but also enhances the recovery of methane from the coal seams. To ensure the safe
and effective storage of CO,, extensive site characterization and monitoring are conducted. This involves assessing the geological
properties of the storage site, such as permeability and porosity, to ensure the suitability for CO, storage. Monitoring techniques, in-
cluding seismic imaging, pressure monitoring and geochemical analysis, are employed to detect any potential leakage and ensure the
integrity of the storage site [128-131]. The storage of CO; in deep underground geological formations offers a long-term solution for
reducing carbon emissions from cement plants. It provides a way to permanently remove CO, from the atmosphere, contributing to
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the mitigation of climate change. However, it is essential to implement proper regulatory frameworks and monitoring protocols to en-
sure the safety and effectiveness of CO, storage operations.

Normann et al. (2019) discussed the application of Carbon Capture and Storage (CCS) in cement plants in their study (Fig. 9). The
authors emphasised the importance of CCS in mitigating CO, emissions from the cement industry and reducing its carbon footprint.
The study explores various strategies to lower the cost of CCS implementation, such as optimising the capture process, improving sol-
vent performance and utilising waste heat integration. Additionally, the authors highlighted the potential of utilising the captured
CO, for enhanced oil recovery or other industrial applications, which can contribute to the economic viability of CCS projects. The
findings of the study provide valuable insights for cement plant operators and policymakers in their efforts to implement cost-
effective CCS technologies.

The implementation of Carbon Capture and Storage (CCS) in cement plants offers numerous benefits for the industry and the envi-
ronment. One of the key advantages is the significant reduction of CO; emissions. By capturing and storing CO, emissions, cement
plants can contribute to global efforts to mitigate climate change and meet emissions reduction targets set by international agree-
ments [132,133]. CCS technology enables cement plants to reduce their carbon footprint and operate more sustainably. It allows for
the separation and capture of CO, from flue gases or fuel combustion processes, preventing the release of a substantial amount of CO,
into the atmosphere [134,135]. This reduction in emissions helps to minimise the environmental impact of cement production, which
is known for its high carbon intensity.

Implementing CCS in cement plants also provides a viable pathway for the industry to transition towards more environmentally
friendly and low-carbon cement production. By capturing and storing CO,, cement plants can continue producing this essential con-
struction material while significantly reducing their environmental impact. This is crucial as the demand for cement continues to
grow with global urbanization and infrastructure development. Furthermore, the adoption of CCS technology in cement plants can
contribute to the development of a sustainable and circular economy. The stored CO, can potentially be utilised for other industrial
applications or in carbon utilisation projects, further reducing the overall carbon footprint. Additionally, the availability of CCS tech-
nology in cement plants can encourage the development of carbon offset markets, where the captured CO; can be traded or sold to in-
dustries seeking to offset their emissions. From a business perspective, implementing CCS can enhance the reputation of cement com-
panies as environmentally responsible and forward-thinking organisations. It can provide a competitive advantage in an increasingly
carbon-constrained world, where sustainability and environmental performance are valued by stakeholders, including investors, cus-
tomers and regulatory bodies.

Implementing CCS technologies in cement plants is not without challenges. One of the primary obstacles is the high cost associ-
ated with the entire CCS process, from capture to transport and storage [136-138]. The construction and operation of capture facili-
ties, such as installing carbon capture equipment in cement plants, require substantial capital investment. These capture technologies,
such as chemical solvents or sorbents, add additional complexity and operating costs to the cement production process. Transporting
captured CO; to suitable storage sites also poses a challenge [119,139]. Building the necessary infrastructure, such as pipelines or
storage vessels, involves considerable expenses. The distance and volume of CO; to be transported influence the feasibility and cost-
effectiveness of different transportation methods. Pipelines are generally considered the most efficient means of CO, transport, but
their construction and maintenance require substantial investment. Ensuring the long-term integrity and safety of the storage sites is
of utmost importance. Storage sites, typically deep underground geological formations, must be carefully selected and monitored to
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prevent CO; leakage. The potential risks associated with CO, migration or unintended release into the atmosphere must be assessed
and mitigated through rigorous monitoring and well-designed storage operations.

To address the challenges associated with implementing CCS technologies in cement plants, extensive research and development
efforts are underway. These initiatives aim to enhance the efficiency and cost-effectiveness of CCS technologies, making them more
viable for widespread adoption. One area of focus is the development of advanced capture technologies. Researchers are working on
improving the performance of chemical solvents and sorbents used in post-combustion capture systems [140-142]. This involves en-
hancing their CO, capture capacity, reducing energy requirements and optimising the regeneration process for continuous operation.
Innovations in capture technologies, such as the development of novel materials and processes, can contribute to the overall effi-
ciency and economic viability of CCS in cement plants.

Efforts are also directed towards optimising the transport and storage systems for captured CO,. Research is being conducted to
identify the most efficient and cost-effective means of transporting CO», taking into account factors like distance, volume and infra-
structure requirements [143,144]. Innovations in pipeline design and materials, as well as advancements in compression and trans-
portation technologies, can help minimise costs and ensure safe and reliable CO, transport. In addition to technological advance-
ments, exploring innovative financing mechanisms is crucial to overcome the high upfront costs associated with CCS implementation.
Governments and industry stakeholders are exploring various financial models, including carbon pricing mechanisms, grants, tax in-
centives and carbon offset programs, to incentivize cement plants to invest in CCS technologies. Public-private partnerships and inter-
national collaborations are being fostered to facilitate knowledge sharing, resource mobilisation and technology transfer, accelerating
the deployment of CCS in the cement industry.

Government support and incentives are key drivers in advancing CCS deployment in cement plants and other industrial sectors.
Many governments have introduced policies and regulations to incentivize the adoption of low-carbon technologies, including CCS
[145,146]. These measures may include financial support for research and development, subsidies for CCS projects, carbon pricing
mechanism and regulatory frameworks that support CCS deployment. International collaborations, such as the sharing of best prac-
tices and lessons learned, can also facilitate the development and deployment of CCS technologies on a global scale.

3.3. Improved energy efficiency in cement manufacturing

Improved energy efficiency in cement manufacturing is vital for reducing the carbon footprint of the industry and achieving sus-
tainability goals. Cement production is known for its high energy consumption, which occurs during various processes such as raw
material preparation, clinker production and grinding. Enhancing energy efficiency not only helps to minimise greenhouse gas emis-
sions but also improves the overall competitiveness and economic viability of cement manufacturing.

One of the primary approaches to improving energy efficiency in cement manufacturing is optimising kiln operations [147-150].
This involves the implementation of advanced control systems to monitor and regulate kiln parameters such as temperature, airflow
and fuel-to-air ratios. By fine-tuning these parameters, the energy efficiency of the process can be maximised, resulting in reduced en-
ergy consumption and lower carbon emissions. Additionally, efficient heat recovery systems can be implemented to capture and
utilise waste heat generated during the manufacturing process, further enhancing energy efficiency.

The use of alternative fuels and raw materials is another important aspect of improving energy efficiency in cement manufacturing
[151-155]. By substituting fossil fuels with renewable or low-carbon alternatives such as biomass, waste-derived fuels, or non-
recyclable plastics, the dependence on traditional fossil fuels can be reduced. This not only reduces carbon emissions but also diversi-
fies the energy sources used in cement production. Incorporating alternative raw materials, such as industrial by-products like slag or
fly ash, not only helps in utilising waste materials but also optimises the cement production process, resulting in reduced energy con-
sumption and lower environmental impact.

Investments in energy-efficient technologies and equipment are crucial for improving energy efficiency in cement plants. Upgrad-
ing machinery, such as modemising grinding systems or installing high-efficiency separators, can significantly improve the energy
performance of the plant (Madllol et al., 2013 [156]). Utilising advanced technologies like preheaters and calciners can help max-
imise the utilisation of heat and reduce energy losses. Efficient dust collection systems can also contribute to energy savings by min-
imising material loss and optimising process efficiency [157-159]. Energy management systems and regular energy audits are effec-
tive tools for identifying energy-saving opportunities and optimising energy use in cement plants. Conducting energy audits helps as-
sess the energy performance of the plant, identify areas for improvement and set targets for energy reduction. Implementing energy
management systems allows for continuous monitoring and optimization of energy consumption, while adopting energy-saving prac-
tices such as optimising lighting, improving insulation and promoting employee awareness can contribute to long-term energy effi-
ciency gains.

Collaboration and knowledge sharing among industry stakeholders are essential for promoting improved energy efficiency in ce-
ment manufacturing. Cement manufacturers can learn from each other's best practices and experiences, exchange information on suc-
cessful energy-saving initiatives and participate in industry forums and associations focused on sustainability and energy manage-
ment. Governments and regulatory bodies can play a crucial role by establishing energy efficiency standards, providing incentives for
energy-saving investments and promoting research and development in energy-efficient technologies. Such collaboration and support
facilitate the adoption of energy-efficient practices across the industry, accelerating the transition towards a more sustainable cement
manufacturing sector.

3.4. Development of low-carbon cements

The imperative to address environmental challenges in the construction industry has propelled the development of low-carbon ce-
ments. Traditional cement production, notably in the case of Portland cement, releases substantial CO; during the calcination of lime-
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stone, contributing significantly to climate change. Researchers are actively exploring innovative strategies to mitigate these emis-
sions, such as optimising processes to reduce clinker content and incorporating supplementary materials like fly ash [76,160]. Alter-
native binders, including calcium sulphoaluminate and magnesium-based cement, offer lower carbon emissions, diversifying the in-
dustry's material options [161-163].

Carbon capture and utilisation (CCU) technologies, exemplified by carbonation, play a vital role by capturing CO; emissions from
cement plants and integrating them into cementitious materials, thereby reducing both emissions and environmental impact
[164-167]. Collaboration among stakeholders, government support, and awareness initiatives are essential for scaling up production
processes and fostering the widespread adoption of low-carbon cements. Financial incentives, tax benefits, and green certifications
further incentivize the construction industry to embrace sustainable practices, ultimately contributing to global efforts in mitigating
climate change. By prioritizing the development and adoption of low-carbon cements, the industry can significantly reduce its envi-
ronmental footprint while meeting the rising demand for infrastructure in a sustainable manner.

3.5. Circular economy approaches in cement production

Circular economy approaches in cement production are gaining momentum as a means to enhance sustainability and resource effi-
ciency. The traditional linear model of production, consumption and disposal is being replaced by a circular approach that aims to
close the resource loop and minimise waste generation. In the context of cement production, circular economy principles are applied
to reduce the environmental impact of cement manufacturing and promote a more sustainable industry (Soe et al., 2021 [168]). One
key aspect of circular economy approaches in cement production is the use of alternative raw materials. Instead of solely relying on
virgin materials, such as limestone and clay, cement manufacturers can incorporate recycled materials and industrial by-products into
their production processes. This not only reduces the need for extracting and processing new raw materials but also diverts waste
from landfills. For example, using waste materials like slag from steel production or fly ash from coal-fired power plants as SCMs can
significantly reduce the environmental impact of cement production while promoting the efficient use of resources. The concept of
circular economy in cement and concrete production is shown in Fig. 10.
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Fig. 10. The Concept of circular economy in cement and concrete production [169].
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Another important circular economy approach is the promotion of industrial symbiosis [170]. Cement plants can collaborate with
other industries, such as steel, glass, or chemical manufacturing, to exchange materials, energy, or by-products. This symbiotic rela-
tionship helps to optimise resource utilisation, reduce waste and create a closed-loop system within the industrial ecosystem. For in-
stance, waste heat from cement kilns can be utilised by neighbouring industries, reducing the need for additional energy sources. In
return, cement plants can receive secondary raw materials or alternative fuels, reducing their reliance on primary resources. Recy-
cling and reusing concrete waste are another key aspect of circular economy approaches in cement production [171,172]. Demol-
ished concrete structures or concrete waste from construction sites can be crushed, processed and used as aggregates for new concrete
production. This practice not only conserves natural resources but also minimises the amount of waste sent to landfills. Additionally,
incorporating recycled concrete aggregates into new concrete can contribute to improved performance and reduce the overall carbon
footprint of the cement industry.

Beyond the production phase, circular economy approaches also encompass extending the lifespan and value of cement-based
products [173,174]. Designing for durability, adaptability and easy disassembly promotes the reuse and recycling of cement-based
materials. By considering the end-of-life stage of products, cement manufacturers can facilitate the efficient recovery of materials and
promote circularity. For example, designing modular concrete elements that can be easily disassembled and reused in other applica-
tions reduces waste generation and supports a circular approach [29,175,176]. To support and encourage circular economy ap-
proaches in cement production, collaboration among stakeholders is crucial. Governments can establish policies and regulations that
promote resource efficiency, waste management and the use of recycled materials. These policies can incentivize cement manufactur-
ers to adopt circular practices and invest in the necessary infrastructure. Industry associations and research institutions can play a sig-
nificant role in facilitating knowledge sharing, innovation and the development of best practices. Additionally, fostering partnerships
between cement manufacturers, waste management companies and recycling industries can create a closed-loop system that max-
imises the circularity of materials and drives the transition towards a more sustainable cement industry.

Circular economy approaches in cement production offer significant benefits, including reduced resource consumption, minimised
waste generation and decreased environmental impact. By embracing these approaches, the cement industry can transition towards a
more sustainable and circular model, contributing to the overall goal of achieving a low-carbon and resource-efficient future. This
shift not only addresses environmental concerns but also presents economic opportunities by creating new markets for recycled mate-
rials and promoting innovation in cement production. Embracing circular economy principles in cement manufacturing is a vital step
towards building a more sustainable and resilient construction industry.

4. Technologies for decarbonising concrete production

Technologies for decarbonising concrete production offer promising solutions to reduce the environmental impact of this widely
used construction material. One key technology is the use of Supplementary Cementitious Materials (SCMs) such as fly ash, slag and
silica fume, which can replace a portion of cement in concrete mixes, lowering carbon emissions. Another approach involves the car-
bonation of concrete and Carbon Capture and Utilisation (CCU), where CO, is captured and stored in concrete during its curing
process. The development of low-carbon concrete mixes, incorporating alternative binders and aggregates, helps reduce carbon inten-
sity. Recycling and reusing concrete waste as aggregates and employing novel manufacturing processes that require less energy and
emit fewer emissions are also crucial for decarbonisation efforts in concrete production.

4.1. Use of supplementary cementitious materials (SCMs)

Utilising Supplementary Cementitious Materials (SCMs) is a pivotal strategy in the construction industry's endeavour to decar-
bonize concrete production, aiming to mitigate its environmental impact [177]. However, particular emphasis should be placed on
substitution in the binder, which includes cement and its constituents (as depicted in Fig. 11). SCMs, comprising fly ash, slag cement,
silica fume, and natural pozzolans, offer the potential to replace portions of Portland cement in concrete mixes, thereby reducing the
overall carbon footprint associated with cement production [76,160]. Notably, SCMs enhance concrete performance while diminish-
ing the need for cement. This dual benefit contributes to the sustainability of the construction sector by reducing both environmental
impact and the demand for the resource-intensive material.

The substitution of cement constituents, especially in the binder, emerges as a key focus for environmental improvement in ce-
ment and concrete production [178]. This emphasis addresses the significant environmental impact linked to clinker production, pro-
viding an avenue to decrease carbon emissions. Additionally, it opens opportunities to incorporate industrial by-products into the
binder matrix, promoting resource efficiency and minimising waste [179]. While the global substitution of cement with non-
cementitious materials remains challenging, prioritizing the substitution of cement constituents in the binder proves a practical ap-
proach to achieving sustainability goals without compromising essential construction properties.

SCMs offer various benefits, including improved durability, reduced cracking risk, increased resistance to chemical attack, and en-
hanced permeability properties [180-183]. However, challenges such as SCM variability and regional availability must be addressed.
Rigorous testing, quality control measures, and regional-specific strategies are crucial [23,184]. To foster the widespread adoption of
SCMs, supportive policies, standards, and government interventions are vital, encouraging the construction industry to prioritise low-
carbon materials. Collaborative efforts between researchers, industry stakeholders, and policymakers are imperative to optimise SCM
performance, explore new sources, and accelerate the adoption of these materials, ensuring a sustainable future for concrete produc-
tion.
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Fig. 11. Conceptual representation of clinker and cement substitution [177].

4.2. Carbon capture and utilisation (CCU)

Carbon Capture and Utilisation (CCU) offers innovative solutions to reduce the carbon impact of concrete production and enhance
its sustainability. One approach to CCU in concrete production is the capture and utilisation of CO, emissions from industrial sources.
By capturing CO, from power plants, cement factories, or other emission-intensive processes, the greenhouse gas is diverted from the
atmosphere and prevented from contributing to climate change. This captured CO; can then be utilised in several ways. One applica-
tion of CCU is the incorporation of captured CO; into the concrete mix itself [185-187]. This can be achieved by chemically convert-
ing CO, into mineralized carbonates, which can act as a SCM. These carbonates can be used as a mineral admixture in concrete, par-
tially replacing traditional cement. By utilising CO in this manner, the carbonation process is enhanced, leading to increased carbon
sequestration within the concrete and reducing the overall carbon footprint of the material.

Another CCU approach in concrete production involves the production of alternative binders or aggregates using captured CO,
[188-190]. Through chemical reactions, CO, can be bound with certain materials to produce cementitious products with reduced car-
bon footprints. These alternative binders can be used as substitutes for traditional cement in concrete production, further reducing
CO; emissions associated with the manufacturing process. CCU technologies in concrete production not only help to mitigate CO,
emissions but also contribute to the circular economy by transforming waste CO, into a valuable resource. By capturing and utilising
COs, concrete producers can transition towards a more sustainable and environmentally friendly manufacturing process. Both car-
bonation and CCU face challenges that need to be addressed for widespread implementation. The slow nature of natural carbonation
requires extended periods for significant carbon sequestration. Accelerated carbonation techniques must be optimised to ensure con-
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sistent and efficient carbonation throughout the concrete matrix. Additionally, CCU requires efficient and cost-effective technologies
for capturing and purifying CO; from industrial emissions.

Implementing CCU in concrete production requires collaboration between industry, researchers and policymakers. Challenges
such as the scalability of CCU technologies, the availability of suitable carbon capture infrastructure and ensuring the long-term dura-
bility and performance of CCU-enhanced concrete need to be addressed. However, the potential benefits of CCU in decarbonising con-
crete production make it a promising avenue for reducing the environmental impact of this essential construction material. To pro-
mote the adoption of carbonation and CCU in concrete production, further research and development efforts are necessary. This in-
cludes optimising carbonation processes, developing new materials and binders that incorporate captured CO, and advancing tech-
nologies for efficient CO; capture and purification. Collaboration between researchers, industry stakeholders and policymakers is es-
sential to drive innovation and facilitate the transition to more sustainable concrete production practices.

4.3. Development of low-carbon concrete mixes

The evolution of low-carbon concrete involves a strategic approach to mitigate its environmental impact while sustaining or ele-
vating performance characteristics. Utilising alternative cementitious materials like fly ash, slag, silica fume, and calcined clays offers
a pathway to reduce the carbon footprint by replacing or complementing Portland cement. Rigorous research and testing, as empha-
sised by Shubbar et al. [191] and Jalaei et al. [192], are instrumental in determining optimal combinations and proportions of these
materials within the concrete mix. The integration of Supplementary Cementitious Materials (SCMs), showcased in blended cements,
not only decreases clinker content but also enhances concrete durability, as noted by Kim et al. [193] and Knight et al. [194].

Simultaneously, optimising aggregate selection, a substantial portion of concrete volume, involves choosing materials with lower
embodied carbon. Recycled aggregates, sourced from demolished structures, offer an eco-friendly alternative, while locally obtained
aggregates reduce transportation distances, further diminishing environmental impact [195,196]. Innovations in concrete technol-
ogy, leveraging chemical admixtures and additives, result in high-performance mixes requiring less cement content, thereby reducing
the overall carbon footprint. Collaboration among researchers, engineers, material suppliers, and concrete producers is crucial for the
advancement of low-carbon concrete, fostering knowledge exchange and innovation in the field.

4.4. Recycling and reuse of concrete waste

The recycling and reuse of concrete waste play a vital role in promoting sustainable construction practices and reducing the envi-
ronmental impact of concrete production. Concrete waste can be generated from various activities such as construction, demolition
and renovation. Instead of simply discarding this waste, it can be processed and utilised in a beneficial manner. One commonly used
method for recycling concrete waste is through the process of crushing and screening [192,197]. The waste concrete is broken down
into smaller pieces and sorted based on their size. The resulting material, known as recycled concrete aggregate (RCA), can be used as
a substitute for natural aggregates in the production of new concrete. RCA retains the structural properties of conventional aggregates
while significantly reducing the need for virgin materials and minimising the extraction of new aggregates. The simplified flow of the
concrete recycling process is depicted in Fig. 12.

Recycled concrete can also serve as a sustainable base material for constructing roads, pavements and foundations. By using recy-
cled concrete as a substitute for traditional granular materials, the consumption of natural resources can be reduced, leading to a de-
crease in the carbon footprint associated with the transportation of construction materials. Furthermore, recycled concrete can be
processed into smaller particles called recycled concrete fines. These fines can be employed as a replacement for sand in specific ap-
plications, such as road sub-base layers and pipe bedding. The utilisation of recycled concrete fines helps to diminish the demand for
virgin sand, which is often obtained from riverbeds and contributes to environmental degradation.

Another approach to concrete waste management is in-situ recycling [ 199]. This method involves crushing and reusing the demol-
ished concrete directly at the construction site, eliminating the need for transportation and reducing costs. In-situ recycling is particu-
larly advantageous for large-scale demolition projects, where the crushed concrete can be utilised as fill material or for constructing
temporary roads and pathways. To effectively promote the recycling and reuse of concrete waste, it is crucial to implement proper
waste management practices and establish recycling facilities. Construction companies and contractors should adopt strategies to sep-
arate and collect concrete waste on-site, ensuring that it is appropriately sorted and processed for recycling purposes. Collaborative
efforts among stakeholders, including contractors, waste management companies and recycling facilities, are essential in establishing
efficient and sustainable concrete waste management systems.

5. Policy considerations for decarbonisation

Policy considerations play a vital role in driving decarbonisation efforts in the cement and concrete industry. National and inter-
national climate change policies, such as carbon pricing mechanisms and emission reduction targets, provide a regulatory framework
and a clear signal for the industry to transition towards low-carbon practices. Governments can further support decarbonisation
through incentives, grants and subsidies that encourage investments in clean technologies and sustainable practices. Collaborative
initiatives and partnerships between governments, industry stakeholders and research institutions facilitate knowledge sharing, re-
search and development of innovative solutions. Standards and certifications, such as green building codes and sustainability labels,
promote the adoption of sustainable cement and concrete practices, ensuring transparency and accountability in the industry's envi-
ronmental performance. Effective policy frameworks are essential in creating an enabling environment for decarbonisation and dri-
ving the transition towards a more sustainable cement and concrete sector.
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Fig. 12. Simplified flow of the concrete recycling process [198].

5.1. National and international climate change policies

Policy considerations for decarbonisation in the cement industry involve the implementation of national and international climate
change policies to tackle the environmental challenges associated with carbon emissions from cement production. At the national
level, governments have a range of policy measures at their disposal to incentivize and regulate the reduction of greenhouse gas emis-
sions.

One commonly used policy tool is carbon pricing, which involves putting a price on carbon emissions [200-202]. This can be done
through carbon taxes, where cement manufacturers are required to pay a certain amount for each ton of CO, emitted, or through
emissions trading systems, where companies are allocated a certain number of emission allowances that they can buy or sell in a mar-
ketplace. Carbon pricing mechanisms create economic incentives for cement manufacturers to reduce their emissions by adopting
low-carbon technologies and practices. By putting a price on carbon, the true cost of emissions is internalized, encouraging companies
to invest in cleaner and more sustainable production methods. In addition to carbon pricing, governments can also implement regula-
tory standards and emission limits for the cement industry. These standards set mandatory targets for emissions reductions and im-
pose regulations on cement manufacturers to comply with these targets. By setting specific requirements for emissions from the entire
cement production process, including raw material extraction, fuel combustion and clinker production, governments can ensure that
cement manufacturers adopt cleaner and more efficient technologies and practices to minimise their carbon footprint.

At the international level, climate change policies, particularly the Paris Agreement, play a vital role in providing a global frame-
work for countries to collectively address climate change [203-205]. The Paris Agreement aims to limit global temperature rise well
below 2 °C and pursue efforts to limit the temperature increase to 1.5 °C above pre-industrial levels. To achieve these goals, countries
are required to develop their own climate action plans, known as nationally determined contributions (NDCs). NDCs outline each
country's targets, strategies and policies for reducing greenhouse gas emissions. Cement-producing countries have the opportunity to
include specific targets and measures in their NDCs that address emissions from the cement sector. This can involve setting emission
reduction targets, implementing regulations and standards and promoting the deployment of low-carbon technologies in cement pro-
duction.

According to the recently released 2020 Climate Change Performance Index by the NewClimate Institute, the Climate Action Net-
work and Germanwatch, 57 countries were ranked on their national climate change action (statista.com). The index evaluated vari-
ous categories including emissions, renewable energy, energy use and policy. Shockingly, Australia ranked at the bottom of the index
in terms of policy. Unsurprisingly, the United States also received a poor score, only slightly better than Australia (Fig. 13). On a more
positive note, Portugal was recognized as the best-performing country for climate change policy. This report emphasises the need for
urgent and comprehensive climate change action on a global scale. It raises concerns about the lack of progress and regression demon-
strated by certain countries, while highlighting the positive efforts made by others. The rankings serve as a reminder of the impor-
tance of strong and effective climate change policies in addressing this critical global issue.

By including specific targets and measures in their NDCs, cement-producing countries can demonstrate their commitment to re-
ducing emissions from the cement sector and contribute to the global effort in combating climate change ([82]; Patidar et al., 2023).
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This can involve implementing energy efficiency measures, adopting alternative cementitious materials, promoting carbon capture
and storage technologies and improving overall sustainability in cement production. Furthermore, the Paris Agreement encourages
collaboration among countries in sharing best practices and technologies. Cement-producing countries can take advantage of this col-
laborative platform to exchange knowledge and experiences, learn from successful initiatives implemented by other countries and
foster international cooperation in the development and deployment of low-carbon technologies in the cement sector.

To ensure the success of climate change policies, robust monitoring, reporting and verification (MRV) systems are necessary. MRV
systems enable governments to track emissions reduction progress, ensure regulatory compliance and provide transparency in emis-
sions reporting. Establishing standardized methodologies for emissions accounting in the cement sector facilitates accurate measure-
ment and comparison of performance across different companies and countries, supporting effective monitoring of policy outcomes.

5.2. Government incentives and regulations

Government incentives and regulations play a significant role in driving the decarbonisation of the cement industry. By providing
incentives and implementing regulations, governments can encourage cement manufacturers to adopt sustainable practices and re-
duce their carbon emissions. One common form of government incentive is financial support in the form of grants, subsidies, or tax in-
centives. These incentives can help offset the costs of implementing low-carbon technologies and infrastructure upgrades. Govern-
ments may offer funding programs specifically designed to support research and development in sustainable cement production, pro-
mote the use of alternative fuels and raw materials, or encourage the adoption of carbon capture and storage technologies.

Additionally, governments can establish regulatory frameworks and standards that require cement manufacturers to meet specific
environmental targets. These regulations can include emissions limits, energy efficiency requirements, or the use of certain percent-
ages of alternative cementitious materials. By implementing such regulations, governments provide clear guidance to the industry
and create a level playing field for all cement manufacturers. Government regulations can also include mandatory reporting and dis-
closure requirements for carbon emissions. By mandating the measurement and reporting of emissions, governments can track indus-
try progress, identify areas for improvement and hold cement manufacturers accountable for their environmental performance. Pub-
licly disclosing emissions data can also enhance transparency and allow stakeholders to make informed decisions regarding sustain-
able construction practices.

Government procurement policies can also drive the adoption of low-carbon cement. By incorporating sustainability criteria into
public infrastructure projects, governments can create a market demand for environmentally friendly cement products. This, in turn,
encourages cement manufacturers to innovate and produce low-carbon cement options to compete for government contracts. Fur-
thermore, governments can support the industry by providing research and development funding, promoting collaboration between
academia and industry and facilitating knowledge sharing. By investing in research and development, governments can accelerate the
development and commercialisation of new technologies and solutions that reduce the carbon footprint of cement production.

5.3. Collaborative initiatives and partnerships

Collaborative initiatives and partnerships are essential for achieving effective decarbonisation in the cement industry. By bringing
together governments, industry stakeholders and civil society organisations, these collaborations create a platform for knowledge ex-
change, shared learmning and coordinated action. One notable organisation in the cement industry is the Global Cement and Concrete
Association (GCCA). The GCCA serves as a platform for cement manufacturers from around the world to come together and address
sustainability challenges. Through the GCCA, industry players can share their experiences, successes and challenges, fostering a col-
laborative environment where best practices can be identified and shared.
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Collaborative initiatives like the GCCA provide a valuable opportunity for cement manufacturers to learn from one another and
develop sustainable solutions. Through collaborative research and development efforts, industry stakeholders can collectively work
towards identifying and implementing innovative technologies and practices that reduce the carbon footprint of cement production.
Moreover, partnerships with governments, research institutions and civil society organisations contribute to the acceleration of tech-
nology transfer in the cement industry. Such partnerships help bridge the gap between research and implementation by facilitating
the adoption of proven low-carbon technologies in cement plants. This allows for a more rapid and widespread deployment of sustain-
able practices throughout the industry.

Collaboration also enables industry stakeholders to advocate for policy changes that support decarbonisation efforts. By working
collectively, organisations like the GCCA can engage with policymakers, raise awareness about the need for sustainable cement pro-
duction and advocate for the development of supportive policies and regulations. These policy changes can range from incentivizing
the use of low-carbon technologies to establishing regulatory frameworks that promote sustainability and carbon reduction in the ce-
ment industry. Civil society organisations and consumer groups also play an important role in collaborative efforts. Their involve-
ment helps ensure that decarbonisation initiatives align with societal and environmental priorities. By engaging with these stakehold-
ers, industry players can gain insights into public concerns, incorporate social considerations into their sustainability strategies and
build trust and credibility with the broader community.

5.4. Standards and certifications for sustainable cement and concrete

Standards and certifications play a crucial role in promoting sustainable cement and concrete production by providing guidelines,
criteria and verification processes to ensure environmental performance and social responsibility. They help stakeholders, including
manufacturers, builders and consumers, make informed choices and drive the adoption of sustainable practices in the industry. One
widely recognized standard for sustainable cement and concrete is the Leadership in Energy and Environmental Design (LEED) certifi-
cation. LEED is a globally recognized rating system developed by the U.S. Green Building Council (USGBC) that assesses the sustain-
ability performance of buildings and infrastructure. Within the LEED framework, specific credits and points are allocated for the use
of environmentally friendly cement and concrete, such as those with reduced carbon emissions, recycled content, or sourced from re-
sponsible suppliers.

Another prominent certification is the Concrete Sustainability Council (CSC) certification, which focuses specifically on the sus-
tainability of concrete production. The CSC certification evaluates various aspects of concrete manufacturing, including responsible
sourcing of materials, social and environmental impacts and the implementation of sustainable management practices. The CSC pro-
vides a comprehensive framework that covers the entire concrete supply chain, ensuring transparency and accountability throughout
the process.

The International Organisation for Standardisation (ISO) has also developed standards related to cement and concrete sustainabil-
ity. For instance, ISO 14001 sets the criteria for environmental management systems, while ISO 9001 addresses quality management
systems. These standards help cement manufacturers establish processes and practices that minimise environmental impacts, ensure
product quality and continually improve sustainability performance.

Regional and national organisations also contribute to the development of standards and certifications for sustainable cement and
concrete. For example, the European Committee for Standardisation (CEN) has developed the European Standards for cement (EN
197) and concrete (EN 206) to ensure their conformity and performance. These standards cover various aspects, including composi-
tion, properties and durability requirements, with an emphasis on sustainability considerations. Furthermore, organisations such as
the Global Cement and Concrete Association (GCCA) and the World Business Council for Sustainable Development (WBCSD) work
collaboratively with industry stakeholders to establish sustainability frameworks and guidelines. These initiatives promote the use of
alternative materials, encourage carbon reduction strategies and prioritise circular economy principles in cement and concrete pro-
duction.

By adhering to recognized standards and certifications, cement and concrete manufacturers demonstrate their commitment to sus-
tainability and provide assurance to customers and stakeholders. These certifications help differentiate products in the market, en-
hance credibility and foster a culture of continuous improvement. Additionally, they contribute to the broader goal of achieving sus-
tainable development by reducing environmental impacts, conserving resources and improving the overall performance of the built
environment. It is important to note that standards and certifications are constantly evolving to align with the latest scientific knowl-
edge and industry best practices. As the understanding of sustainable practices deepens and technology advances, these frameworks
will continue to evolve to drive further improvements in the sustainability of cement and concrete production.

6. Case studies and best practices

6.1. Successful examples of decarbonisation in cement and concrete industry

There are several successful examples of decarbonisation in the cement and concrete industry that showcase the industry's com-
mitment to reducing its carbon footprint and transitioning towards more sustainable practices. These examples highlight innovative
technologies, collaborations and initiatives that have achieved significant emissions reductions and demonstrate the feasibility of de-
carbonisation.

1. The LEILAC (Low Emissions Intensity Lime and Cement) project, led by the European Cement Research Academy, exemplifies the
success of carbon capture technology in cement production [53]. Employing Calix's Direct Separation Process, the initiative
selectively captured CO, from cement kiln flue gases, utilising it in the creation of synthetic limestone through mineral
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carbonation [206]. This dual benefit not only significantly reduced CO; emissions from cement production but also produced a
valuable by-product with applications across industries. The LEILAC project serves as a pivotal milestone in advancing CCU,
highlighting its potential as a sustainable solution for the cement industry's decarbonisation and transition to a low-carbon future.

2. In response to the imperative to reduce carbon emissions in cement production, global cement producer LafargeHolcim has
proactively embraced sustainability measures, notably substituting fossil fuels with alternative fuels [207,208]. This strategy
includes integrating biomass, waste-derived fuels, and non-recyclable plastics into manufacturing processes. By diversifying fuel
sources, LafargeHolcim curtails reliance on fossil fuels, diminishing carbon emissions tied to energy consumption. Importantly,
using non-recyclable plastics as an alternative fuel aligns with waste management principles, diverting plastics from landfills
and incineration. This circular economy approach promotes resource efficiency, contributing to a sustainable waste
management paradigm. LafargeHolcim's commitment to innovation and sustainable solutions is evident through ongoing
research and development, optimising alternative fuel utilisation for maximal environmental benefits in the cement industry.

3. The Global Cement and Concrete Association (GCCA) plays a pivotal role in uniting industry stakeholders for concerted efforts
in decarbonisation and sustainable practices. Serving as a unifying platform, GCCA fosters collaboration and knowledge sharing
among members to accelerate the shift towards a low-carbon and sustainable future. Through initiatives like the “2050 Climate
Ambition,” GCCA commits its members to actively reduce CO, emissions and promote sustainability throughout the value chain,
aligning with global climate goals. This collaborative approach allows the pooling of resources, expertise, and technological
advancements, contributing to more efficient decarbonisation. GCCA's engagement with policymakers and industry stakeholders
further shapes supportive regulations, fostering the adoption of low-carbon technologies and circular economy principles,
addressing sustainability challenges beyond emissions reduction. The association's collaborative efforts drive positive change,
promoting a more resilient cement and concrete industry.

4. In 2021, several major cement companies, including HeidelbergCement, LafargeHolcim, and Cemex, made a significant
commitment to combat climate change by joining the Race to Zero campaign [209]. This campaign, led by the United Nations
Framework Convention on Climate Change (UNFCCC), aims to mobilise businesses, cities, regions, and other stakeholders to
achieve net-zero carbon emissions by 2050 [210]. The participation of these cement industry giants in the Race to Zero
campaign demonstrates their strong determination and proactive approach to decarbonisation. By setting the goal of achieving
net-zero CO2 emissions by 2050, these companies are making a clear statement about their commitment to sustainability and
aligning their efforts with global climate objectives. To achieve this ambitious target, cement companies are embracing a holistic
approach that encompasses various strategies and actions. One key aspect is the adoption of low-carbon technologies throughout
the cement production process. This includes the use of alternative fuels, such as biomass and waste-derived fuels, to replace
fossil fuels, which significantly reduces the carbon intensity of cement production.

5. Certification systems like LEED, BREEAM, and DGNB offer comprehensive frameworks for assessing building sustainability
[211,212]. Evaluating aspects like energy efficiency and the use of eco-friendly materials, these certifications highlight the
importance of low-carbon materials, urging builders to choose those with reduced footprints. This fosters a market demand for
sustainable cement and concrete, prompting manufacturers to innovate. Green certifications also raise awareness among
industry professionals, guiding them on carbon reduction, waste management, and sustainable practices. Encouraging the
adoption of low-carbon materials, these certifications contribute to the industry's decarbonisation, aligning with international
climate targets and enhancing the market value of certified buildings.

These successful examples demonstrate that decarbonisation in the cement and concrete industry is not only feasible but also eco-
nomically viable. They showcase the industry's commitment to sustainable development, innovation and collaboration to address the
environmental challenges posed by carbon emissions. By leveraging these successes and continuing to invest in research, technology
and policy frameworks, the industry can accelerate its transition towards a low-carbon future.

6.2. Lessons learned and transferability of best practices

Lessons from successful decarbonisation initiatives in the cement and concrete industry offer crucial guidance for broader adop-
tion in diverse sectors. Clear and supportive policy frameworks, coupled with long-term commitment, are vital drivers for industry
players to embrace sustainable strategies. Collaboration among stakeholders fosters knowledge exchange, accelerating the deploy-
ment of effective decarbonisation efforts. Continuous investment in research and development is key to advancing low-carbon tech-
nologies and processes. Financial incentives from governments and financial institutions encourage widespread adoption. Adopting a
life cycle perspective and embracing circular economy principles are crucial for reducing environmental impact. Consumer awareness
and demand, supported by green certifications, drive market transformation. Scalability, replicability, and adaptability to local condi-
tions enhance the effectiveness of decarbonisation strategies. Robust monitoring and reporting systems ensure transparency and ac-
countability, tracking progress toward decarbonisation goals. Applying these lessons globally accelerates the transition to a low-
carbon cement and concrete industry, contributing significantly to climate change mitigation.

7. Economic and market implications

Decarbonising cement and concrete production have significant economic and market implications. One key consideration is the
cost of decarbonisation technologies, as transitioning to low-carbon practices may involve upfront investments and operational ad-
justments. However, as the demand for sustainable construction materials and practices grows, market opportunities for low-carbon
cement and concrete emerge. Companies that embrace decarbonisation can gain a competitive edge by offering environmentally
friendly products and meeting the evolving preferences of environmentally conscious consumers. Economic incentives, such as tax in-
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centives or grants, can further encourage businesses to adopt sustainable construction practices. The development of new business
models focused on sustainability, such as green building certifications and circular economy approaches, creates economic opportuni-
ties and drives market transformation towards a more sustainable and resilient construction industry.

7.1. Cost considerations of decarbonisation technologies

Decarbonisation technologies face a crucial hurdle in economic feasibility, shaping their adoption across industries. Capital in-
vestment, covering upfront costs for equipment and infrastructure modifications, demands careful scrutiny of returns on investment.
Government support through grants and subsidies becomes essential to incentivize widespread adoption. Operational costs, including
maintenance and energy consumption, must be balanced against potential savings from reduced emissions. Scalability and economies
of scale play pivotal roles in influencing cost-effectiveness, with large-scale deployment leading to significant reductions. Integration
costs for retrofitting existing infrastructure and workforce training represent additional considerations. The dynamic cost landscape
of decarbonisation technologies, influenced by research, technological advancements, and market competition, may see substantial
reductions over time. Supportive policies, carbon pricing, and government initiatives play crucial roles in creating a conducive envi-
ronment. Balancing cost considerations with long-term benefits is key to driving an effective transition to a sustainable, low-carbon
future.

7.2. Market opportunities for low-carbon cement and concrete

The escalating demand for sustainable construction materials propels market opportunities for low-carbon cement and concrete.
Heightened awareness of traditional cement's environmental impact induces governments, construction firms, and consumers to em-
brace eco-friendly alternatives. Stringent regulations and sustainability standards further drive demand, incentivizing or mandating
the adoption of environmentally responsible building materials. Governments' carbon neutrality targets reinforce the need for low-
carbon construction in public projects. Consumer and corporate preferences for sustainability amplify demand, making low-carbon
cement and concrete pivotal. Green certifications like LEED enhance market prospects, endorsing sustainable construction practices.
Collaborations within the construction industry facilitate knowledge and resource-sharing, driving market penetration for low-carbon
solutions. Export opportunities arise as global regions with significant infrastructure development seek sustainable construction ma-
terials. To capitalize, companies must ensure product availability, affordability, quality, invest in R&D, and conduct effective market-
ing campaigns, aligning with the growing focus on sustainability, regulatory support, and global infrastructure development.

7.3. Economic incentives and business models for sustainable construction

Economic incentives and evolving business models are pivotal drivers for widespread adoption of sustainable construction prac-
tices. Green building certifications like LEED and BREEAM not only offer market recognition but also financial benefits, encouraging
sustainable design. Energy efficiency incentives, such as grants and tax credits, promote cost-effective technologies like LED lighting.
Financial support, expedited permitting, and regulatory flexibility incentivize net zero and zero-energy buildings, emphasizing long-
term cost savings.

Green financing options, such as loans and bonds, offset upfront costs and enable investments in energy-efficient technologies.
Carbon pricing mechanisms and trading systems create financial motivations for low-carbon technologies. Performance-based con-
tracts ensure accountability and shared risks in sustainable construction. Embracing circular economy principles minimises waste and
boosts innovative business models. Sustainable supply chain practices enhance reputation and meet rising demand for eco-friendly
construction. Collectively, these economic incentives drive the economic viability of sustainable construction, fostering a transition to
an environmentally friendly and economically sustainable built environment.

8. Challenges and barriers to decarbonisation

Decarbonising cement and concrete production face several challenges and barriers that hinder the transition to low-carbon prac-
tices. Technological challenges and research gaps exist, as developing and scaling up innovative technologies for carbon capture, al-
ternative materials and energy-efficient processes requires further research and development. Investment and financing constraints
pose another barrier, as the upfront costs of adopting decarbonisation technologies and implementing sustainable practices can be
substantial. Resistance to change and industry practices rooted in traditional methods and established norms can impede the adoption
of new technologies and practices. Additionally, a lack of awareness and education among industry stakeholders about the benefits
and feasibility of decarbonisation can slow down progress. Overcoming these challenges requires collaborative efforts, increased re-
search funding, supportive policies and educational campaigns to drive the necessary transformation in the cement and concrete in-

dustry.
8.1. Technological challenges and research gaps

Sustainable construction has made significant progress, yet enduring technological challenges persist. Innovations are sought in
energy-efficient building systems, requiring research into advanced HVAC, lighting, and building envelope technologies. Integrating
renewables demands optimization in design, installation, and management, while sustainable materials and techniques necessitate
evaluating performance, durability, and life-cycle impacts of alternatives like low-carbon cements. Challenges in smart and connected
buildings involve data management, interoperability, and cybersecurity, requiring scalable, privacy-focused solutions.

Refining life-cycle assessments for accurate environmental impact evaluations, addressing climate change with resilient designs,
and overcoming hurdles in digitalization and Building Information Modelling (BIM) also demand attention. Collaboration among re-
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searchers, industry, policymakers, and funding agencies is pivotal. Investment in research, knowledge sharing, and interdisciplinary
collaboration is vital to accelerate the adoption of sustainable technologies and practices in construction.

8.2. Investment and financing constraints

Overcoming investment and financing constraints is crucial for the widespread adoption of sustainable construction practices.
Challenges arise from the higher initial costs of sustainable projects, dissuading short-term-focused investors. Limited access to capi-
tal, especially for small and medium-sized enterprises (SMEs) and startups, stems from traditional financiers' unfamiliarity with sus-
tainable practices. Lack of awareness and education regarding the economic benefits of sustainable construction creates barriers to se-
curing financing. Perceived risks associated with new technologies and materials in sustainable projects further hinder investment.
The inadequacy of traditional financial instruments necessitates innovative options aligned with the long-term nature of sustainabil-
ity investments.

Inconsistent policy frameworks contribute to uncertainty for investors, emphasizing the need for clear, supportive policies and fi-
nancial incentives. The limited track record of sustainable construction projects requires data dissemination on their financial returns
and operational benefits to build investor confidence. Addressing these challenges involves collaborative efforts among financial
stakeholders, industry players, and governments. Developing incentivizing financial mechanisms, improving access to capital, pro-
moting knowledge sharing, and establishing supportive policy frameworks can collectively propel the transition towards a more sus-
tainable and resilient built environment.

8.3. Resistance to change and industry practices

Overcoming resistance to change and entrenched industry practices is pivotal for the widespread adoption of sustainable construc-
tion methods. Resistance is rooted in established norms, where professionals, accustomed to traditional methods, may be hesitant to
embrace new approaches or technologies. Limited awareness of the benefits and feasibility of sustainable practices further impedes
transformation. Cost considerations, though crucial, often focus on upfront expenses, disregarding long-term cost savings, energy effi-
ciency, and environmental benefits associated with sustainability.

A shortage of expertise in sustainable design, energy-efficient technologies, and green building certifications hampers full adop-
tion. The fragmented construction supply chain, involving various stakeholders, poses coordination challenges. Regulatory environ-
ments, not universally prioritizing sustainable practices, may discourage investment in regions with inadequate or outdated regula-
tions. Risk aversion, driven by concerns about performance issues and liability, adds to the resistance. To address these challenges,
multifaceted approaches involving education, awareness initiatives, collaboration, financial incentives, regulatory reforms, and skill
development programs are essential. Transforming entrenched practices in the construction industry towards sustainability requires a
concerted effort to build awareness, knowledge, and support for change.

9. Future outlook and recommendations

The future outlook for decarbonising cement and concrete production holds great promise, but it requires concerted efforts and
strategic actions. Pathways for achieving deep decarbonisation involve a combination of technological advancements, policy frame-
works and industry collaboration. Recommendations include setting ambitious emission reduction targets, implementing carbon pric-
ing mechanisms and incentivizing the adoption of low-carbon technologies and practices. Research and development priorities
should focus on developing breakthrough technologies, alternative materials and energy-efficient processes. Collaboration and
knowledge sharing among industry stakeholders, research institutions and policymakers are essential for sharing best practices, accel-
erating innovation and driving sector-wide transformation. By pursuing these recommendations, the cement and concrete industry
can contribute significantly to global climate goals and foster a more sustainable and resilient built environment.

9.1. Pathways for achieving deep decarbonisation

Achieving deep decarbonisation, the substantial reduction of greenhouse gas emissions, demands a multifaceted strategy spanning
energy, transportation, industry, and buildings. Key pathways include transitioning to renewable energy sources like solar, wind, hy-
dro, and geothermal power, thereby diminishing emissions from power generation. Electrifying sectors such as transportation and
heating through the adoption of electric vehicles (EVs) and electric heating systems further decreases reliance on fossil fuels, contin-
gent upon an expanded renewable energy capacity.

Energy efficiency is pivotal, with the implementation of energy-saving technologies and practices in buildings, industries, and
transportation. Decentralized energy systems, incorporating small-scale solar panels, wind turbines, and smart grid technologies, en-
hance energy efficiency and resilience. Carbon Capture and Storage (CCS) technologies become crucial for challenging-to-electrify in-
dustries. Sustainable land use practices, circular economy models, and promoting behavioural changes, including sustainable con-
sumption patterns, contribute significantly to emissions reduction. To achieve deep decarbonisation, a tailored combination of these
pathways is necessary, considering the specific context of each sector and region. Collaboration among governments, businesses,
communities, and individuals is essential for the effective implementation of these pathways, driving systemic changes toward a low-
carbon future. This holistic approach underscores the urgency of a unified effort in the global pursuit of sustainability.

9.2. Policy recommendations for promoting sustainable cement and concrete

Promoting sustainable cement and concrete production requires a multifaceted policy approach. Carbon pricing mechanisms, like
taxes or emissions trading, create economic incentives for manufacturers to invest in low-carbon technologies. Regulatory standards,
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including emission reduction targets, drive cleaner practices. Financial support for research and development initiatives, focusing on
low-carbon technologies, is essential. Sustainable procurement policies, prioritizing eco-friendly materials in public projects, incen-
tivize manufacturers to adopt green practices. Educational programs raise awareness about sustainable construction methods. Collab-
oration among governments, industry stakeholders, and research institutions facilitates knowledge exchange and innovation. Certifi-
cation schemes, endorsed by governments, recognize and promote environmentally-friendly products. Financial incentives, such as
tax breaks, encourage the adoption of sustainable technologies. Life cycle assessments, supported by standardized methods, evaluate
environmental impacts. International cooperation is vital for establishing common sustainability standards. Agreements and frame-
works guide collaborative efforts, fostering global progress in sustainable construction.

9.3. Research and development priorities

Research and Development (R&D) are pivotal for advancing sustainable cement and concrete production. Focused efforts in low-
carbon technologies, alternative cementitious materials, process optimization, and circular economy approaches can significantly re-
duce carbon emissions. R&D must also advance life cycle assessment methodologies and explore the potential of digital technologies
like artificial intelligence and automation to enhance efficiency. Knowledge dissemination and collaboration among academia, indus-
try, and stakeholders are crucial, facilitated by platforms and networks. Adequate funding from governments, research institutions,
and industry stakeholders is essential, with public-private partnerships accelerating the development and implementation of sustain-
able technologies in the cement and concrete sector. These comprehensive R&D initiatives are vital for achieving environmental goals
and fostering a more sustainable future in construction materials.

9.4. Collaboration and knowledge sharing

Collaboration and knowledge sharing are paramount for fostering sustainability in the cement and concrete industry. Through
partmerships and information exchange, stakeholders can collectively confront environmental challenges and expedite the adoption
of sustainable solutions. Industry collaborations, involving manufacturers, suppliers, and contractors, enable the pooling of expertise
and resources, fostering joint research and addressing common challenges. Research networks formed by academic institutions and
industry associations promote collaboration on sustainable cement and concrete, facilitating the sharing of research findings and
methodologies.

Dedicated online platforms and databases serve as centralized hubs for sharing best practices, case studies, and technical reports,
keeping stakeholders informed about the latest developments. Knowledge transfer programs, including workshops and mentoring ini-
tiatives, empower smaller companies and emerging markets with insights from industry leaders. International cooperation on a global
scale allows diverse perspectives to address sustainability challenges, while policy alignment and transparent reporting enhance col-
laboration. By actively participating in these initiatives, stakeholders can drive innovation and collectively tackle environmental is-
sues, hastening the transition to sustainable practices in the cement and concrete industry.

10. Concluding remarks

Decarbonising cement and concrete production is a complex but crucial endeavour in the fight against climate change. By imple-
menting a combination of strategies, technologies, policy considerations and future pathways, we can significantly reduce the carbon
footprint of these industries. The adoption of low-carbon technologies, such as alternative fuels, energy-efficient processes and carbon
capture, can play a vital role in reducing emissions. These technologies need to be further developed and deployed at scale to ensure
their effectiveness and economic viability.

Policy considerations, both at the national and international levels, are essential in driving decarbonisation efforts. Carbon pricing
mechanisms, regulatory standards and financial incentives can provide the necessary framework for sustainable practices and invest-
ments. International collaboration, as exemplified by the Paris Agreement, facilitates knowledge exchange and coordinated actions
towards common climate goals. However, decarbonising cement and concrete production also requires addressing technological chal-
lenges, research gaps, investment constraints and resistance to change within the industry. Continued research and development, col-
laboration and knowledge sharing will be vital in overcoming these obstacles.

Looking to the future, it is crucial to prioritise the development of innovative technologies, explore new materials and promote cir-
cular economy approaches. This includes reducing the clinker-to-cement ratio, utilising alternative raw materials and exploring car-
bon capture and utilisation. Additionally, a focus on sustainable business models, market opportunities and consumer awareness will
drive the adoption of low-carbon cement and concrete. By combining these strategies and considering the interplay between technol-
ogy, policy and market forces, we can pave the way for a sustainable and low-carbon future in cement and concrete production. The
collective efforts of governments, industry stakeholders, researchers and society at large will be pivotal in achieving the ambitious
goal of decarbonisation and creating a more sustainable built environment.
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