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A B S T R A C T   

The cement industry plays a significant role in global carbon emissions, underscoring the urgent need for 
measures to transition it toward a net-zero carbon footprint. This paper presents a detailed plan to this end, 
examining the current state of the cement sector, its carbon output, and the imperative for emission reduction. It 
delves into various low-CO2 technologies and emerging innovations such as alkali-activated cements, calcium 
looping, electrification, and bio-inspired materials. Economic and policy factors, including cost assessments and 
governmental regulations, are considered alongside challenges and potential solutions. Concluding with future 
prospects, the paper offers recommendations for policymakers, industry players, and researchers, highlighting 
the roadmap’s critical role in achieving a carbon-neutral cement sector.   

1. Introduction 

The cement industry, a cornerstone of global development, is central 
to the construction of essential infrastructure for societies worldwide. 
However, its intensive carbon footprint poses a significant challenge, 
necessitating a transition towards a net-zero carbon cement sector. 
Cement production involves a complex process wherein raw materials 
like limestone, clay, and other substances are heated to high tempera-
tures to produce clinker, the main component of cement. This process is 
energy-intensive and primarily relies on fossil fuels, leading to sub-
stantial CO2 emissions. The emissions stem from both the chemical re-
actions involved in transforming raw materials into clinker and the 
combustion of fossil fuels to achieve the necessary high temperatures. 
Consequently, the cement industry contributes to approximately 7–8% 
of the total global CO2 emissions, making it a major contributor to 
climate change (Madlool et al., 2011; Oh et al., 2014; Proaño et al., 
2020; Amran et al., 2022). 

The environmental consequences of CO2 emissions are profound and 
are linked to various adverse impacts associated with climate change. 
Rising global temperatures, altered precipitation patterns, more 
frequent and severe weather events, sea-level rise, and disruptions in 
ecosystems are just a few of the consequences of climate change (Hell-
mann et al., 2008; Khoshnevis Yazdi and Shakouri, 2010; Osland et al., 

2016). Addressing the cement industry’s significant carbon emissions is 
critical in mitigating these impacts and working towards global sus-
tainability. The urgency to combat climate change has led to a global 
consensus on the need to reduce carbon emissions and transition to a 
net-zero carbon future. The Paris Agreement, a landmark international 
treaty, outlines the collective efforts required to limit global warming to 
well below 2 ◦C above pre-industrial levels, with an ambitious target of 
aiming for a 1.5-degree limit (Rogelj et al., 2016; Rogelj et al., 2019; 
Meinshausen et al., 2022). Achieving these goals necessitates significant 
emissions reductions across all sectors, including cement production. 

A net-zero carbon cement sector is a crucial step towards meeting 
these global climate goals. It involves adopting a holistic approach that 
encompasses implementing low-CO2 emission technologies, utilizing 
sustainable and alternative raw materials, enhancing energy efficiency, 
and exploring carbon capture and storage solutions. Such a transition 
aligns the cement industry with the broader global ambition to achieve a 
sustainable and low-carbon future. Furthermore, embracing a net-zero 
carbon cement sector carries substantial economic and social benefits 
(Rissman et al., 2020; Panos et al., 2023). It drives innovation, stimu-
lates research and development of cutting-edge technologies, and cre-
ates a market for sustainable products and practices. The transition 
fosters a resilient economy, encourages green investments, and con-
tributes to the creation of green jobs, supporting long-term economic 
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growth while safeguarding the environment. The journey towards a 
net-zero carbon cement sector is essential in addressing climate change, 
reducing global CO2 emissions, and promoting sustainability (Amran 
et al., 2022; Tan et al., 2022; Ren et al., 2023). The benefits extend 
beyond environmental stewardship, positively impacting economies and 
societies, making this transition a critical imperative for a sustainable 
future. 

The motivation for this paper lies in addressing the urgent environ-
mental crisis posed by the cement industry’s significant carbon emis-
sions. By focusing on a net-zero carbon cement sector, the aim is to align 
with global sustainability goals, particularly combating climate change 
as outlined in the Paris Agreement. This work strives to integrate ad-
vancements in low-CO2 technologies and policy frameworks, empha-
sizing economic viability and encouraging collaborative efforts. 
Ultimately, the objective is to educate diverse stakeholders and drive 
sustainable practices, fostering a resilient economy while ensuring a 
sustainable and habitable future for generations to come. This paper 
meticulously examines the cement industry’s carbon emissions and the 
pressing need for environmental mitigation. It assesses current emis-
sions, explores low-CO2 technologies, and evaluates economic and pol-
icy influences. Offering actionable recommendations, it emphasizes 
collaborative efforts to transition towards a net-zero carbon cement 
sector. Highlighting the industry’s pivotal role in climate change, it 
advocates for concerted action among stakeholders to achieve sustain-
ability goals. 

The novelty of this paper lies in its comprehensive roadmap towards 
achieving a net-zero carbon cement sector. It analyses the current state 
of the cement industry, highlighting its substantial carbon footprint and 
the imperative for emission reduction. Unique insights are provided into 
various low-CO2 technologies and emerging innovations, such as alkali- 
activated cements and calcium looping. Economic and policy consider-
ations, including cost assessments and governmental regulations, are 
thoroughly examined, offering a holistic approach to addressing the 
challenges faced by the industry. By integrating advancements in tech-
nology and policy frameworks, this paper provides actionable recom-
mendations for policymakers, industry players, and researchers, 
emphasizing the critical role of collaboration in transitioning towards a 
sustainable future. 

The paper proposes a detailed roadmap for achieving net-zero car-
bon emissions in the cement industry. Unlike Guo et al.’s (2024) review 
of low-carbon technologies, Ali et al.’s (2011) emission analysis focus, 
and Chaudhury et al.’s (2023) strategies, it offers a comprehensive plan. 
It covers current industry status, emission reduction imperatives, and 
various low-CO2 technologies. Economic, policy, and technological 
factors are analysed, alongside challenges and potential solutions. Rec-
ommendations target policymakers, industry stakeholders, and re-
searchers. This paper stands out for its holistic approach, providing a 
clear pathway towards a carbon-neutral cement sector, distinct from the 
broader reviews and specific strategies outlined in the other papers. 

section 2 is on methodology. Section 3 is understanding the cement 
industry’s impact on climate change encompasses key aspects crucial for 
addressing emissions. It delves into the carbon-intensive nature of 
cement production and stresses the urgent need to mitigate carbon 
emissions within the sector. Furthermore, it outlines various global 
initiatives and policies driving carbon reduction efforts, including the 
Paris Agreement and NDCs, carbon pricing mechanisms, industry-led 
challenges like Mission Innovation, sustainability charters such as the 
GCCA, innovative projects like LEILAC, collaborative initiatives like the 
WBCSD CSI, technology roadmaps like the IEA’s, and governmental 
regulations and policies. Section 4 explores low-CO2 emission technol-
ogies vital for reducing the environmental impact of cement production. 
Section 5 delves into innovative approaches and emerging technologies 
shaping the future of cement production. Section 5 explores innovative 
approaches and emerging technologies in cement production, including 
alkali-activated cements, the calcium looping process, electrification, 
renewable energy integration, and biomimicry and bio-inspired 

cementitious materials, all aiming to reduce environmental impact 
and promote sustainability. Section 6 explores the economic and policy 
landscape necessary for transitioning towards a net-zero carbon cement 
sector. Section 7 addresses the hurdles hindering the adoption of low- 
CO2 technologies in cement production. Technical challenges encom-
pass scalability, efficiency, and compatibility with existing infrastruc-
ture. Infrastructure and investment barriers include the lack of necessary 
facilities and uncertain market conditions, impeding progress. Section 8 
outlines future prospects and recommendations crucial for advancing 
the cement industry towards sustainability. 

2. Methodology 

In the current study, a comprehensive approach known as a sys-
tematic literature review (SLR) is employed to thoroughly investigate 
and evaluate the net-zero carbon in cement sector. This method involves 
a systematic and organized review of existing literature to gather in-
sights into the subject. The review process is depicted in the framework 
presented in Fig. 1. 

To conduct this literature review, widely recognized bibliometric 
databases such as Scopus, Web of Science, and Google Scholar were 
utilised. The search strategy involved the use of specific keywords 
related to the topic, including phrases like "net-zero carbon," "cement 
sector," and " Low-CO2 technologies." These keywords were chosen to 
ensure a comprehensive exploration of relevant research on the subject. 
The subsequent steps involved a thorough examination and analysis of 
the identified research papers. The goal was to filter out studies that 
were most relevant to net-zero carbon in cement sector. The selection 
process considered the quality, relevance, and significance of each 
paper, resulting in a compilation of research findings that contribute to a 
deeper understanding of net-zero carbon in cement sector. This sys-
tematic and structured approach ensures a rigorous review, offering 
valuable insights into the current state of knowledge on the net-zero 
carbon in cement sector. 

In this paper a rigorous methodology was employed to gather and 
analyse relevant literature concerning the cement sector’s transition to a 
net-zero carbon footprint. Through systematic review and synthesis, we 
effectively utilised 134 articles to support our examination of the 
industry’s current state, carbon emissions, and strategies for emission 
reduction. The paper utilised stringent inclusion criteria, focusing on 
recent, peer-reviewed literature relevant to the cement industry’s car-
bon reduction. Articles addressing emission mitigation, technological 
innovations, policy frameworks, and economic considerations were 
prioritized. Geographic diversity ensured regional insights. Methodo-
logical rigor and academic credibility guided selection, emphasizing 
empirical evidence and theoretical frameworks. This approach ensured 
a comprehensive, up-to-date analysis, fostering actionable recommen-
dations for policymakers, industry stakeholders, and researchers. 

3. Understanding the cement industry and climate change 

The cement industry stands as a substantial contributor to global 
climate change due to its colossal carbon emissions. Cement production, 
a process involving high-temperature kilns, emits CO2 both from 
chemical reactions and energy-intensive fuel combustion. This industry 
constitutes about 7–8% of global CO2 emissions, a glaring concern for 
climate mitigation efforts. The released CO2 exacerbates the greenhouse 
effect, leading to global warming and its dire repercussions—extreme 
weather patterns, rising sea levels, and ecosystem disruptions. 
Addressing the cement industry’s carbon footprint is essential for a 
sustainable future, necessitating urgent adoption of low-CO2 technolo-
gies and a transition to a net-zero carbon cement sector. 

3.1. Cement production and its carbon footprint 

Cement production, a vital industry supporting global infrastructural 

S. Barbhuiya et al.                                                                                                                                                                                                                              



Journal of Environmental Management 359 (2024) 121052

3

development, possesses a considerable carbon footprint due to its 
intrinsic manufacturing process. The carbon footprint signifies the total 
amount of greenhouse gases, particularly CO2, and other emissions that 
are released into the atmosphere as a result of human activities, in this 
case, cement production. This footprint is a key indicator of the envi-
ronmental impact associated with cement manufacturing and its sig-
nificant role in climate change. 

The cement production process is initiated with the extraction and 
processing of raw materials, including limestone, clay, shale, and other 
supplementary materials (Schneider et al., 2011; Gao et al., 2016). 
These materials are extracted from quarries and undergo crushing and 
fine grinding to create a homogeneous raw material mix known as raw 
meal. The composition of the raw meal is crucial in determining the 
properties of the resulting clinker and, consequently, the quality of 
cement. The heart of cement production lies in the kiln, a 
high-temperature, energy-intensive furnace. The prepared raw meal is 
fed into the kiln, where it undergoes a series of complex physical and 
chemical transformations (Wang et al., 2006; Rahman et al., 2015; Ishak 
and Hashim, 2015). At temperatures exceeding 1450 ◦C, the raw meal 

reacts to form clinker, a sintered nodular material. The critical chemical 
reaction in this process involves the decomposition of calcium carbonate 
(CaCO3), which is a fundamental contributor to the carbon footprint of 
cement production. This reaction releases CO2 as a by-product. Fig. 2 
shows the schematic representation of cement production. The chemical 
reaction during clinker production can be summarised as follows:  

CaCO3 (limestone) → CaO (calcium oxide) + CO2 (carbon dioxide)              

Energy consumption is a crucial aspect of cement production. 
Traditional kilns primarily use fossil fuels like coal, oil, or natural gas, 
which release substantial CO2 emissions during combustion (Liu et al., 
2007; Shen et al., 2014; Oberschelp et al., 2023). This energy-intensive 
process significantly contributes to the industry’s overall carbon foot-
print. After clinker production, the resulting clinker is finely ground 
with gypsum and additives to produce cement. Although the grinding 
process itself does not directly emit CO2, it consumes a considerable 
amount of energy, often sourced from fossil fuel-based power plants. 
This indirect energy consumption adds to the industry’s carbon foot-
print. The carbon footprint varies depending on factors such as the type 

Fig. 1. Systematic literature review methodology.  
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of kiln used, energy efficiency measures, fuel types, and efficiency of 
clinker grinding (Cagiao et al., 2011; Ali et al., 2011; Xu et al., 2013). 

Table 1 provides a general overview and may vary based on specific 
production methods and technological advancements. The amount of 
CO2 emissions per ton in raw material processing for cement production 
can vary depending on several factors including the type of raw mate-
rials used, the energy sources utilised in the process, and the efficiency of 
the production methods. However, as a general estimate, raw material 
processing in cement production can emit around 0.8–1.0 tons of CO2 
per ton of cement produced. This figure includes emissions from activ-
ities such as quarrying, crushing, grinding, and transporting raw mate-
rials. It’s important to note that advancements in technology and 
sustainable practices within the cement industry are aiming to reduce 
these emissions over time. 

In clinker production, which is a key stage in cement manufacturing, 
CO2 emissions are primarily generated from the calcination process, 
where limestone (calcium carbonate) is heated to produce lime (calcium 
oxide) and CO2. The average amount of CO2 emissions per ton of clinker 
produced varies depending on factors such as the specific technology 
used, the energy sources utilised (e.g., fossil fuels, alternative fuels), and 
the efficiency of the production process. However, as a general estimate, 
clinker production typically emits around 0.6–0.8 tons of CO2 per ton of 

clinker produced. It is worth noting that the cement industry is actively 
working on improving energy efficiency, implementing alternative 
fuels, and exploring carbon capture and storage (CCS) technologies to 
reduce CO2 emissions associated with clinker production. These efforts 
are aimed at mitigating the environmental impact of cement 
manufacturing. 

The CO2 emissions associated with clinker grinding are generally 
much lower compared to those from clinker production itself. Clinker 
grinding involves the process of grinding clinker nodules (produced in 
the kiln) with gypsum to produce cement. The amount of CO2 emissions 
per ton in clinker grinding depends on various factors such as the energy 
source used for grinding (e.g., electricity, fossil fuels), the efficiency of 
the grinding process, and any supplementary materials added during the 
grinding stage. As a rough estimate, the CO2 emissions from clinker 
grinding are typically around 0.1–0.3 tons of CO2 per ton of cement 
produced. However, these figures can vary widely depending on the 
specific circumstances of the grinding operation and any measures taken 
to reduce emissions. Efforts to reduce emissions from clinker grinding 
may include using more energy-efficient grinding technologies, opti-
mizing process parameters, and using supplementary cementitious ma-
terials (SCMs) to replace some portion of the clinker, which can lower 
the overall CO2 footprint of cement production. 

Mitigating the carbon footprint of cement production involves 
several strategies. One crucial approach is the integration of alternative 
raw materials and fuels, which can reduce the clinker-to-cement ratio 
and decrease the reliance on fossil fuels (Pardo et al., 2011; Schneider, 
2015). Additionally, implementing carbon capture, utilization, and 
storage (CCUS) technologies shows promise in capturing CO2 emissions 
from cement production before they are released into the atmosphere 
(Plaza et al., 2020; Guo et al., 2024). Energy efficiency improvements 
and waste heat recovery are essential in reducing energy demand and, 
consequently, the carbon footprint. 

Innovative approaches to clinker production, such as using 

Fig. 2. Schematic representation of cement production (Lamas et al., 2013).  

Table 1 
Carbon footprint of different stages in cement production.  

Stage in Cement Production Carbon Footprint CO2 emission/ 
ton 

Raw Material Processing Moderate (energy for grinding 
and preparation) 

0.8–1.0 

Clinker Production High (due to calcination and 
fossil fuel use) 

0.6–0.8 

Clinker Grinding and 
Cement Production 

Moderate to High (energy for 
grinding) 

0.1–0.3  
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alternative binders or advanced kiln designs, hold potential in mini-
mizing high-temperature requirements and reducing CO2 emissions. 
Furthermore, embracing circular economy practices by utilizing waste 
materials in cement production promotes sustainability and lessens the 
industry’s dependence on virgin resources (Mokrzycki and 
Uliasz-Bochenczyk, 2003; Hossain et al., 2017; Ighalo and Adeniyi, 
2020; Norouzi et al., 2021). Policy and regulatory measures play a 
pivotal role in incentivizing the adoption of low-carbon technologies 
and sustainable practices within the cement sector. Governments and 
industry associations need to enforce stringent regulations that align 
with global sustainability goals, driving meaningful change within the 
industry and fostering a culture of environmental responsibility. 

3.2. The urgency of addressing carbon emissions in the cement sector 

The urgency to address carbon emissions in the cement sector stems 
from its immense role in global greenhouse gas emissions and its 
consequent impact on climate change. Cement production is funda-
mentally carbon-intensive, with a significant portion of its emissions 
arising during the calcination process. Throughout this process, lime-
stone undergoes a chemical change that releases CO2, accounting for a 
significant portion of the overall CO2 emissions linked to cement 
manufacturing. These emissions pose a considerable challenge to en-
deavours aimed at mitigating climate change. 

Based on global CO2 emission data, cement plants significantly 
escalated their contribution to carbon emissions, reaching 2.9 billion 
tons in 2021, a nearly fivefold increase compared to 0.57 billion tons in 
1990 (Benhelal et al., 2013; Science & Nature, 2022). Notably, from 
2006 to 2021, the primary CO2-emitting countries were China, India, 
Europe, and the United States (Hanifa et al., 2023). Specifically, the 
Indian cement industry witnessed a substantial rise, producing around 
149 million tons of CO2 in 2021, a nearly sevenfold increase from 22.35 
million tons in 1990 (Fig. 3) (Global Carbon Project, 2022). Scientific 
reports stress achieving net-zero emissions globally by the century’s end 
to align with the Paris Agreement Goals. To meet this objective, 
comprehensive strategies are being developed across various sectors, 
encompassing cement and concrete production, as well as the efficient 
utilization of cement-based materials (Hanifa et al., 2023; Huovila et al., 
2022; Lima et al., 2021; Mart in Schneider, 2019). 

The scale of cement production is vast, driven by the escalating de-
mand fuelled by urbanization, population growth, and infrastructure 
development. Consequently, the carbon footprint of the cement sector is 
extensive and has far-reaching consequences. Predictions by the 

International Energy Agency (IEA) indicate that without substantial 
interventions, the cement industry could contribute to about 13% of 
global CO2 emissions by 2050, underscoring the urgent need to act (Dhar 
et al., 2020; Obrist et al., 2021; Mishra et al., 2022). Moreover, struc-
tures built with cement have a long-life span, and the carbon emissions 
associated with them endure for many decades. This longevity implies 
that the carbon footprint of the sector has long-term implications. As a 
result, addressing carbon emissions promptly is crucial to avoid the 
lock-in of high levels of CO2 emissions from both existing and future 
structures. 

The global environmental impact of the cement sector’s carbon 
emissions cannot be overstated. These emissions significantly contribute 
to global warming and climate change, resulting in detrimental envi-
ronmental effects including altered precipitation patterns, extreme 
weather events, and rising sea levels. Addressing these emissions is 
imperative to mitigate these impacts and protect the environment. 
Aligned with international climate agreements such as the Paris 
Agreement, the urgency to reduce carbon emissions in the cement sector 
is essential to meet global climate objectives (Mahasenan et al., 2003; 
Rehan and Nehdi, 2005; Rasheed et al., 2022). This urgency is intensi-
fied by the rapid advancements in low-carbon technologies and sus-
tainable practices, making it economically viable to transition to a more 
sustainable future for the cement industry. Consumer awareness of the 
environmental repercussions of cement production is burgeoning. 
Consumers, industries, and governments are increasingly advocating for 
sustainable practices, creating a shift towards low-carbon alternatives in 
cement production. This growing awareness amplifies the urgency to 
address carbon emissions, highlighting the need for immediate and 
sustained action. 

3.3. Global initiatives and policies for carbon reduction in cement 
production 

In response to the escalating concern regarding climate change and 
the urgent need to mitigate carbon emissions, global initiatives and 
policies targeted at reducing carbon emissions in the cement sector have 
gained prominence. The cement industry, a major contributor to global 
greenhouse gas emissions, is a critical sector to address in order to 
achieve international climate goals and transition to a low-carbon 
future. Several key global initiatives and policies have been developed 
to drive carbon reduction in cement production. 

Fig. 3. Global CO2 emission from cement production (Global Carbon Project, 2022).  
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3.3.1. Paris Agreement and Nationally Determined Contributions (NDCs) 
The Paris Agreement, adopted in 2015 during the 21st UNFCCC 

Conference of Parties (COP21), is a pivotal international accord that sets 
the framework for global efforts to combat climate change. The agree-
ment aims to limit global warming to well below 2 ◦C and pursue efforts 
to restrict it to 1.5 ◦C (Schleussner et al., 2016). The cornerstone of the 
Paris Agreement is the submission of Nationally Determined Contribu-
tions (NDCs) by each participating country. NDCs are essentially indi-
vidual commitments made by signatory nations, outlining their specific 
strategies and targets for reducing greenhouse gas emissions and 
fostering sustainable development within their respective countries. 
These contributions are designed to reflect each nation’s unique cir-
cumstances, capabilities, and responsibilities, acknowledging the com-
mon but differentiated responsibilities and respective capabilities 
(CBDR-RC) principle. 

For the cement sector, an industry that is a significant contributor to 
global greenhouse gas emissions, the Paris Agreement necessitates a 
strategic re-evaluation and recalibration of its operations. The cement 
sector plays a crucial role in global infrastructure development and is 
indispensable for modern construction and urbanisation. However, its 
traditional manufacturing processes, often reliant on carbon-intensive 
practices, have led to substantial emissions of CO2 and other green-
house gases. To align with the commitments laid out in their NDCs, 
countries need to strategically target the cement sector. This includes 
setting emission reduction targets specific to cement production, 
embracing and implementing innovative, sustainable practices, and 
investing in research and technology that minimise the carbon footprint 
of cement production. Strategies might include deploying carbon cap-
ture and storage technologies, adopting low-carbon alternative mate-
rials and fuels, enhancing energy efficiency in the manufacturing 
process, and promoting circular economy practices within the industry. 

In essence, the Paris Agreement has effectively set the stage for 
transformative change within the cement sector. It has induced a para-
digm shift, compelling nations and industry stakeholders to proactively 
tackle the carbon emissions associated with cement production. More-
over, it has fostered a sense of collective responsibility, encouraging 
international collaboration and knowledge sharing to accelerate the 
transition towards sustainable cement manufacturing. Through ambi-
tious targets, diligent monitoring, and continuous improvement, the 
cement sector can significantly contribute to the broader objectives of 
the Paris Agreement, ultimately advancing the global mission to combat 
climate change and safeguard the environment for future generations. 

3.3.2. Carbon pricing and Emissions Trading Systems (ETS) 
Carbon pricing and Emissions Trading Systems (ETS) are innovative 

economic approaches aimed at addressing climate change by internal-
ising the cost of carbon emissions in economic activities. These mech-
anisms incentivize emission reductions and encourage the transition 
towards sustainable practices. Carbon pricing involves assigning a 
monetary value to the carbon content of fossil fuels or the amount of CO2 
emitted. There are two main methods: carbon tax and cap-and-trade 
systems (Carl and Fedor, 2016; Chen et al., 2020). A carbon tax is a 
direct levy imposed on the carbon content of fossil fuels or on actual CO2 
emissions. It incentivizes emission reduction by putting a financial 
burden on companies based on their emissions. On the other hand, the 
cap-and-trade system sets a limit or cap on total allowable emissions. 
Permits representing specific emission amounts are traded in a regulated 
market. Over time, the emission cap is reduced, driving down overall 
emissions. 

Emissions Trading Systems (ETS) provide flexibility to industries in 
emission reductions (Zhao et al., 2016; Narassimhan et al., 2018; Li 
et al., 2021). Permits can be bought, sold, or traded, promoting 
cost-efficient emission reduction strategies. Emission allowances are 
distributed based on various criteria, and companies exceeding their 
allocation must purchase additional permits (Paolella and Taschini, 
2008; Khaqqi et al., 2018). The total emission cap is periodically 

reduced, pushing industries to achieve emission reductions progres-
sively. The benefits of these mechanisms are substantial. Carbon pricing 
encourages emission reductions and investments in cleaner technologies 
while providing revenue for governments to reinvest in sustainability. 
ETS, in particular, promotes flexibility and cost-effectiveness in emis-
sions reduction, helping countries meet climate targets. However, 
challenges include initial implementation hurdles, market manipulation 
risks, and concerns about the impact on certain industries. 

3.3.3. Mission Innovation - Cement Challenge 
Mission Innovation, a worldwide initiative involving 24 countries 

and the European Commission, represents a collective commitment to 
propel advancements in clean energy technologies (Gielen et al., 2016; 
Oberthür et al., 2021). At its core, this initiative is a response to the 
critical need for innovative and sustainable solutions to combat climate 
change by accelerating the pace of innovation in clean energy. Within 
Mission Innovation, the "Cement Challenge" holds particular signifi-
cance, acknowledging the vital role of the cement industry in global 
greenhouse gas emissions. 

The Cement Challenge is a focused endeavour within Mission Inno-
vation, highlighting the urgent necessity to revolutionize cement pro-
duction technologies. Cement production is inherently carbon-intensive, 
being a major contributor to CO2 emissions due to the calcination pro-
cess during clinker production. Hence, transforming conventional 
cement production methods is crucial to align with sustainability ob-
jectives. The paramount objective of the Cement Challenge is to drive 
innovation in cement production technologies. This involves harnessing 
research, development, and global collaboration to significantly reduce 
CO2 emissions while ensuring that the cement’s performance and 
functionality are either maintained or improved. 

Innovation in technology is a central pillar of the Cement Challenge. 
The initiative encourages the development and implementation of pio-
neering technologies that can reshape how cement is produced. These 
innovations could encompass new manufacturing processes, sophisti-
cated kiln designs, optimised selection of raw materials, or the inte-
gration of carbon capture and storage technologies. A pivotal focus of 
the Cement Challenge is to achieve substantial reductions in CO2 
emissions from cement production. By identifying and employing low- 
carbon and carbon-neutral technologies, the challenge aims to miti-
gate the industry’s significant contribution to global greenhouse gas 
emissions. 

Balanced with emissions reduction is the imperative to enhance the 
performance of cement. Innovations pursued under the Cement Chal-
lenge must ensure that the resulting cement meets industry standards 
and can perform its intended functions effectively in various construc-
tion applications. Collaboration stands at the core of the Cement Chal-
lenge. The initiative promotes collaboration among nations, researchers, 
academia, and industry stakeholders. By fostering a global network of 
knowledge and expertise, the challenge facilitates the exchange of ideas, 
research findings, and best practices to drive forward sustainable and 
innovative solutions. Furthermore, the Cement Challenge has a long- 
term vision of sustainable impact. It is not just about immediate solu-
tions but about fostering lasting, sustainable change. By encouraging 
research and innovation, the initiative aims to transform the cement 
industry into a low-carbon, environmentally responsible sector that can 
thrive in the future while contributing to global climate goals. 

Table 2 provides a concise overview of the goals, methods, and 
collaborative nature of the Cement Challenge within Mission Innova-
tion, emphasizing its role in transforming the cement industry for a more 
sustainable future. The table encapsulates the core aspects of the Cement 
Challenge within Mission Innovation, a global initiative focused on 
revolutionizing cement production to combat climate change. High-
lighting the urgency to reduce carbon emissions from the cement in-
dustry, the challenge centres on innovative technologies and processes. 
It aims to maintain or enhance cement performance while significantly 
lowering CO2 emissions. Collaboration is key, fostering a global network 
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of expertise to drive sustainable solutions. Ultimately, the Cement 
Challenge envisions a low-carbon cement industry that aligns with 
environmental goals, ensuring a lasting positive impact on the planet 
and contributing to a sustainable future. 

3.3.4. Global cement and Concrete Association (GCCA) sustainability 
charter 

The Global Cement and Concrete Association (GCCA) serves as a 
unified voice, representing cement companies on a global scale. An 
essential initiative undertaken by the GCCA is the establishment of a 
Sustainability Charter, a guiding document that embodies the industry’s 
unwavering commitment to sustainability (Teske et al., 2022). This 
charter is a collective declaration of intent, signifying the cement 
industry’s proactive stance in addressing pressing environmental chal-
lenges and working towards a more sustainable future. 

Central to the Sustainability Charter are the commitments aimed at 
reducing the carbon footprint of the cement industry. The GCCA un-
derstands the substantial role the cement sector plays in global carbon 
emissions, primarily due to the energy-intensive nature of cement pro-
duction (Uratani and Griffiths, 2023). Therefore, a primary focus of the 
charter is to emphasize the reduction of CO2 emissions. This entails 
embracing cleaner and more efficient technologies and practices 
throughout the production cycle, thereby significantly mitigating the 
industry’s environmental impact. A vital component of this commitment 
involves an increased utilization of alternative fuels and raw materials in 
cement production. The industry is actively exploring and implementing 
innovative methods to replace traditional fossil fuels with sustainable 
alternatives. This not only aligns with reducing CO2 emissions but also 
contributes to resource conservation and minimizing the industry’s 
dependence on finite resources. 

Improving energy efficiency is another critical aspect addressed by 
the GCCA’s Sustainability Charter. Cement production is highly energy- 
intensive, and enhancing efficiency is crucial for reducing overall energy 
consumption and subsequently lowering the associated carbon emis-
sions. The charter underscores the adoption of state-of-the-art technol-
ogies and practices that optimise energy usage and reduce the 
environmental footprint of the cement industry (Seku and Somani, 
2014; Mishra et al., 2022). Furthermore, the Sustainability Charter 
places a strong emphasis on promoting circular economy practices 
within cement production. Circular economy principles involve mini-
mizing waste, reusing materials, and recycling wherever possible. By 
incorporating circular economy practices, the cement industry aims to 
reduce its demand for raw materials, decrease waste generation, and 
contribute to a more sustainable and resource-efficient production 
process. 

The GCCA displays a commendable proactive approach to sustain-
ability through its Sustainability Charter, embodying a collective in-
dustry commitment. The focus on reducing the carbon footprint and 
energy consumption is critical, given the cement industry’s significant 

contribution to global emissions and energy use. However, a critical 
analysis warrants consideration of actual implementation and enforce-
ment mechanisms. The effectiveness of cleaner technologies, increased 
use of alternative fuels, and circular economy practices should be 
rigorously monitored. Furthermore, addressing the socio-economic im-
pacts of transitioning to sustainable practices and ensuring inclusivity 
across all stakeholders remains essential for a truly sustainable and 
impactful transformation within the industry. 

Table 3 provides a concise summary of the key areas of focus within 
the GCCA’s Sustainability Charter, emphasizing their commitment to 
sustainability, carbon footprint reduction, energy efficiency, and circu-
lar economy practices in the cement industry. The table distils essential 
aspects of the Global Cement and Concrete Association’s (GCCA) Sus-
tainability Charter, a visionary framework embodying the cement 
industry’s unwavering dedication to sustainability. It delineates pivotal 
commitments directed at reducing the carbon footprint, focusing on 
cleaner technologies, embracing alternative fuels and raw materials, 
optimizing energy efficiency, and promoting circular economy prac-
tices. The charter underscores a proactive stance, recognizing the 
cement industry’s significant role in global carbon emissions and 
prioritizing transformative measures to mitigate environmental impact. 
By encapsulating these commitments, the table encapsulates the GCCA’s 
dedication to shaping a more sustainable and environmentally respon-
sible future for the industry. 

3.3.5. LEILAC (Low Emissions Intensity Lime and Cement) 
LEILAC, which stands for Low Emissions Intensity Lime and Cement, 

is a pioneering and innovative project that seeks to revolutionize the 
cement and lime production industries by showcasing advanced carbon 
capture technology (Guo et al., 2024). The primary objective of this 
ground-breaking initiative is to address one of the most pressing chal-
lenges in the fight against climate change - reducing CO2 emissions 
associated with cement and lime production. 

Cement and lime production are notorious for their significant 
contribution to global greenhouse gas emissions. The process involves 
the calcination of limestone, releasing CO2 as a by-product. This is a 
fundamental aspect of traditional cement and lime production, making 
it a major challenge to reduce emissions without compromising the core 
manufacturing processes. The urgency to find a solution to this issue 
cannot be overstated, given the critical role of these industries in global 
infrastructure development. The LEILAC project is designed to specif-
ically target this carbon emissions challenge within the cement and lime 
production processes (Leeson et al., 2017; Benhelal et al., 2021). What 
makes LEILAC unique is its ability to capture CO2 emissions directly 
from the production process without imposing substantial economic 
burdens. This sets it apart as a promising and cost-effective approach to 
reducing emissions within these industries. 

The project utilises a novel technology that achieves carbon capture 
by operating on the principle of calcium looping. Calcium looping is a 
process that involves the cyclic reaction of calcium oxide (CaO) to 
capture CO2 during the calcination of limestone. The captured CO2 can 
then be separated, allowing for sequestration or utilization in other 

Table 2 
Key aspects of the cement challenge within mission innovation.  

Aspect Cement Challenge within Mission Innovation 

Objective Drive innovation in cement production technologies to 
significantly reduce CO2 emissions. 

Focus Revolutionize conventional cement production methods to 
align with sustainability objectives. 

Importance Acknowledges the cement industry’s significant role in 
global greenhouse gas emissions. 

Technological 
Innovations 

Encourage pioneering technologies such as new 
manufacturing processes and carbon capture integration. 

Performance 
Enhancement 

Ensure resulting cement meets industry standards and 
maintains functionality in construction. 

Collaboration Promote global collaboration among nations, researchers, 
academia, and industry stakeholders. 

Long-Term Vision Foster lasting, sustainable change in the cement industry 
towards a low-carbon, responsible sector.  

Table 3 
Key aspects of GCCA’s sustainability charter.  

Aspect GCCA’s Sustainability Charter 

Objective Cement industry’s commitment to sustainability, 
focusing on reducing the carbon footprint. 

Carbon Footprint 
Reduction 

Embrace cleaner technologies, increase use of 
alternative fuels, and optimise raw material usage. 

Alternative Fuels and 
Raw Materials 

Explore and implement sustainable alternatives to fossil 
fuels and traditional raw materials. 

Energy Efficiency Adopt state-of-the-art technologies to optimise energy 
usage and reduce overall consumption. 

Circular Economy 
Practices 

Minimise waste, reuse materials, and recycle to reduce 
the demand for raw materials and waste.  
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applications. By demonstrating the efficacy of this technology, the LEI-
LAC project paves the way for a more sustainable future for the cement 
and lime industries. The successful implementation of this carbon cap-
ture technology on an industrial scale would signify a significant 
breakthrough. It would provide the cement and lime industries with a 
feasible and practical pathway to decarbonize, aligning with global 
climate goals. Moreover, by showcasing a technology that does not 
impose substantial costs, LEILAC addresses a common concern associ-
ated with carbon capture initiatives. Cost-effectiveness is a crucial factor 
in the successful adoption of any emissions reduction technology, and 
the LEILAC project’s ability to achieve this is a promising sign for the 
wider adoption of similar technologies in the future. 

3.3.6. World Business Council for Sustainable Development (WBCSD) 
cement sustainability initiative (CSI) 

The Cement Sustainability Initiative (CSI), led by the World Business 
Council for Sustainable Development (WBCSD), plays a vital role in 
propelling sustainability within the global cement industry (Patil and 
Sawant, 2014; Chatterjee and Sui, 2019). The initiative operates through 
collaboration with major cement companies worldwide, uniting their 
efforts to drive meaningful and impactful changes in the industry. One of 
the primary and overarching goals of the CSI is to significantly reduce 
carbon emissions associated with cement production. Carbon emissions 
from the cement industry are a major contributor to global greenhouse 
gas levels. By collaborating and leveraging the collective expertise and 
resources of member companies, the initiative aims to develop and 
implement strategies to cut down these emissions. This could include 
adopting low-carbon technologies, optimizing production processes, 
and enhancing energy efficiency. 

Improving energy efficiency is another critical focus area of the CSI 
(Klee, 2004; Cook and Ponssard, 2011; Busch et al., 2017). Cement 
production is energy-intensive, and enhancing efficiency directly 
translates to reduced energy consumption and, consequently, lower 
greenhouse gas emissions. By sharing best practices and fostering 
innovation, the initiative drives the adoption of technologies and pro-
cesses that make cement manufacturing more energy-efficient. More-
over, the CSI places a strong emphasis on promoting sustainable supply 
chains within the cement industry. This involves considering the entire 
lifecycle of cement, from raw material extraction to product disposal. 
The initiative advocates for responsible sourcing of raw materials, 
ethical and sustainable labour practices, and environmentally conscious 
production processes throughout the supply chain. 

In line with sustainable practices, the CSI also focuses on effective 
land and biodiversity management. Cement production often involves 
land use, and it’s imperative to ensure that this land use is responsible 
and sustainable, taking into account the conservation of biodiversity and 
ecosystems. The initiative advocates for land reclamation, habitat 
restoration, and responsible land-use planning to minimise the envi-
ronmental footprint of the cement industry. Furthermore, the CSI serves 
as a platform for knowledge sharing and collaboration. Member com-
panies collaborate on research and development projects, share best 
practices, and engage in dialogues with stakeholders across the spec-
trum, including governments, NGOs, and local communities. This col-
lective effort strengthens the industry’s ability to address sustainability 
challenges effectively. 

3.3.7. IEA technology roadmap: Low-carbon transition in the cement 
industry 

The International Energy Agency (IEA), a pivotal player in the global 
shift towards sustainable energy, has identified a significant challenge 
within the cement industry - its substantial carbon emissions (Jacoby, 
2009; Van de Graaf, 2012; Heubaum and Biermann, 2015). Cement, a 
vital material in modern construction, is a major emitter of CO2 during 
its production. Addressing this concern, the IEA has meticulously crafted 
a technology roadmap. This roadmap is more than a plan; it is a 
visionary document that charts the path to substantial reductions in CO2 

emissions from cement production by 2050. 
At its core, this roadmap advocates for a fundamental transformation 

in the way cement is produced. It emphasizes the imperative of 
embracing innovative technologies. These could range from reimagining 
the very design of kilns to pioneering new methodologies for clinker 
production (Xu et al., 2014; Zhi and An, 2023). Innovations play a 
pivotal role in this roadmap, acting as catalysts for emission reductions. 
Energy efficiency emerges as another central focus. The roadmap calls 
for the optimisation of energy usage across the cement production 
process. By upgrading equipment, improving heat recovery systems, and 
implementing cutting-edge control mechanisms, the industry can dras-
tically reduce its overall energy demand and, in turn, lower CO2 emis-
sions. Additionally, the roadmap underscores the importance of shifting 
towards alternative materials and fuels. This implies incorporating 
waste materials into the production process or utilizing renewable en-
ergy sources like biomass to replace fossil fuels. This shift aligns with 
sustainability goals, promoting a circular economy where waste is 
repurposed. 

Notably, the roadmap identifies Carbon Capture and Storage (CCS) 
as a game-changer. CCS involves capturing CO2 emissions from the 
cement production process and either storing them underground or 
finding productive uses for them (Salas et al., 2016; Cormos and Cormos, 
2017; Fennell et al., 2021). This step can prevent a substantial portion of 
carbon emissions from entering the atmosphere. However, the IEA ac-
knowledges that achieving these emissions reductions necessitates 
collaboration and commitment. Governments, industry players, tech-
nology developers, and research institutions must come together to 
drive this transformation. Moreover, supportive policy frameworks, 
financial incentives, and global cooperation are vital for the successful 
deployment of these strategies. Essentially, the IEA roadmap serves as a 
visionary blueprint, extending beyond the cement sector to influence the 
wider global sustainability agenda. It imagines a future where cement, a 
fundamental building block of our infrastructure, adopts innovation and 
sustainability, markedly reducing its carbon footprint. This, in turn, aids 
in advancing global climate goals, guiding us toward a more sustainable 
future. 

Table 4 provides a succinct overview of the IEA’s Technology 
Roadmap, focusing on the essential aspects and strategies needed to 
achieve substantial reductions in CO2 emissions from cement production 
by 2050. The table encapsulates the critical strategies outlined in the 
International Energy Agency’s (IEA) Technology Roadmap for the 
cement industry’s carbon emissions reduction. This visionary roadmap 
aims to substantially lower CO2 emissions from cement production by 

Table 4 
Key strategies in IEA’s technology roadmap for carbon emissions reduction in 
cement industry.  

Aspect IEA Technology Roadmap for Cement Industry 

Objective Substantial reduction in CO2 emissions from cement 
production by 2050. 

Focus Areas Innovative technologies, energy efficiency, alternative 
materials, fuels, and Carbon Capture and Storage (CCS). 

Innovative Technologies Reimagine kiln design, pioneer new clinker production 
methodologies for emission reduction. 

Energy Efficiency Optimise energy usage through upgraded equipment, 
improved heat recovery, and advanced control 
mechanisms. 

Alternative Materials and 
Fuels 

Incorporate waste materials, use renewable energy 
sources like biomass to replace fossil fuels. 

Carbon Capture and 
Storage (CCS) 

Capture and store CO2 emissions from cement 
production, preventing a substantial portion from 
entering the atmosphere. 

Collaboration and 
Commitment 

Collaboration of governments, industry, technology 
developers, and research institutions for successful 
implementation. 

Supportive Measures Supportive policy frameworks, financial incentives, and 
global cooperation for effective deployment of 
strategies.  
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2050. It emphasizes innovation through advanced technologies, 
including kiln redesign and novel clinker production methods. Energy 
efficiency optimisation, incorporation of alternative materials and fuels, 
and the pivotal role of Carbon Capture and Storage (CCS) are high-
lighted. Collaboration across stakeholders, including governments, in-
dustry, and research institutions, is essential for successful 
implementation, supported by policy frameworks and financial in-
centives. This table provides a concise snapshot of the roadmap’s key 
focus areas, promoting a sustainable and lower-emission future for the 
cement industry. 

3.3.8. Government regulations and National policies 
Table 5 provides an overview of the key strategies and policies 

adopted by governments to mitigate carbon emissions in the cement 
sector, showcasing the comprehensive approach taken to drive sus-
tainability and environmental responsibility in the industry. The table 
encapsulates crucial strategies and policies aimed at reducing carbon 
emissions in the cement industry. Emission Reduction Targets set by 
governments drive innovation and promote the transition to low-carbon 
technologies. Carbon Pricing Mechanisms, such as taxes or cap-and- 
trade systems, provide economic incentives for emission reduction. 
Financial Incentives in the form of grants or tax credits encourage in-
vestment in sustainable technologies. Energy Efficiency Standards push 
for optimised energy usage, aiding cost savings and emission reduction. 
Collaborative Partnerships and Research and Development Investments 
foster a comprehensive approach, ensuring a sustainable and innovative 
pathway to significantly curbing carbon emissions in cement 
production. 

4. Low-CO2 emission technologies in cement production 

Low-CO2 cement production technologies revolve around mini-
mizing CO2 emissions in the cement manufacturing process. These 
innovative approaches aim to transform a traditionally carbon-intensive 
industry into a more environmentally sustainable one. The methods 
involve using alternative raw materials and fuels, incorporating carbon 
capture, utilization, and storage (CCUS) techniques, as well as exploring 
carbon offsetting and sustainable practices. Additionally, advancements 
such as alkali-activated cements and the utilization of alternative raw 
materials play significant roles in reducing the overall carbon footprint 
of cement production. These technologies present a promising avenue to 
reconcile cement production with environmental stewardship and 
climate change mitigation effort. 

4.1. Carbon capture, utilization, and storage (CCUS) in the cement 
industry 

Carbon Capture, Utilization, and Storage (CCUS) stand as a vital 
approach in the cement industry, offering a multifaceted strategy to 
combat the substantial CO2 emissions associated with cement produc-
tion. In the initial phase, CCUS involves the capture of CO2 emissions at 
the source before they are released into the atmosphere. This is a critical 
step in the cement production process, which is known for its substantial 
emissions, particularly due to the calcination process. Once captured, 
the next facet of CCUS is utilization, wherein the captured CO2 is con-
verted into valuable products. In the context of the cement industry, this 
involves mineralising the CO2 to create materials like aggregates or 
supplementary cementitious materials (Galvez-Martos et al., 2021; 
Coffetti et al., 2022). These products can then be employed in concrete 
production, effectively integrating the captured CO2 into the construc-
tion process, and thus, adding value to an otherwise harmful greenhouse 
gas. Furthermore, the final aspect of CCUS involves storage, where the 
captured CO2 is securely stored underground to prevent its release into 
the atmosphere. Geological formations like deep saline aquifers, 
depleted oil and gas reservoirs, or un-mineable coal seams are common 
sites for this storage (Gale, 2004; Buttinelli et al., 2011; Jafari et al., 
2017; Zhang and Huisingh, 2017). This ensures that the CO2 remains 
sequestered, contributing to long-term efforts to mitigate climate 
change. 

The advantages of CCUS in the cement industry are significant. It 
promises a substantial reduction in emissions, aligning with global 
sustainability goals. The potential to convert CO2 from a pollutant to a 
valuable resource represents a key advantage. By utilizing CO2 to create 
construction materials, the industry can move towards a circular econ-
omy, reducing waste and optimizing resource usage. Moreover, inte-
grating CO2 into cementitious products enhances the overall 
sustainability of the industry. However, there are challenges to be 
addressed. The maturation of CCUS technologies is imperative to 
enhance their efficiency and reduce costs, making them more accessible 
for widespread adoption. Establishing the necessary infrastructure for 
capturing, transporting, and storing CO2 presents a logistical and 
financial challenge. Additionally, public acceptance and understanding 
of CO2 storage are crucial, necessitating educational efforts and trans-
parent communication. 

4.2. Alternative raw materials and alternative fuels 

Table 6 provides an overview of various alternative raw materials 
and fuels commonly utilised in the cement industry, outlining their 
descriptions and the benefits they offer in terms of reducing carbon 
emissions, minimizing waste, and contributing to a more sustainable 
production process. The table succinctly outlines various alternative raw 
materials and fuels utilised in cement production, presenting their 
respective descriptions and benefits. Alternative raw materials like Fly 
Ash and Slag are by-products, contributing to reduced energy 

Table 5 
Key strategies and policies adopted by governments to mitigate carbon emis-
sions in the cement sector.  

Strategy/Policy Description 

Emission Reduction Targets Governments set specific and measurable targets for 
cement companies to reduce their carbon emissions. 
These targets encourage the industry to innovate and 
transition towards low-carbon technologies, 
contributing to the reduction of overall emissions. 

Carbon Pricing 
Mechanisms 

Governments implement carbon pricing mechanisms 
such as carbon taxes or cap-and-trade systems. Carbon 
pricing puts a price on carbon emissions, providing 
economic incentives for cement companies to reduce 
emissions and invest in cleaner technologies, thus 
mitigating their carbon footprint. 

Financial Incentives Governments offer financial incentives like grants, 
subsidies, or tax credits to encourage cement 
companies to invest in low-carbon technologies. These 
incentives alleviate financial burdens and promote the 
adoption of sustainable practices, accelerating the 
reduction of carbon emissions in the cement sector. 

Energy Efficiency 
Standards 

Governments enforce energy efficiency standards for 
cement plants, requiring manufacturers to optimise 
energy usage and reduce waste. These standards drive 
cost savings, lower energy consumption per unit of 
output, and ultimately contribute to reduced carbon 
emissions from the cement industry. 

Collaborative Partnerships Collaborations between governments, industry 
stakeholders, and research institutions are fostered. 
Public-private partnerships and research 
collaborations enable the development of effective 
policies and strategies, ensuring a comprehensive 
approach to reducing carbon emissions in the cement 
sector through combined expertise and resources. 

Research and Development 
Investments 

Governments invest in research and development 
initiatives specifically targeting low-carbon 
technologies for the cement industry. These 
investments encourage innovation, fostering the 
creation of breakthrough technologies that can 
revolutionize cement production, ultimately leading 
to significant reductions in carbon emissions within 
the sector.  
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consumption and lower carbon emissions during cement production. 
Natural Pozzolans and Calcined Clays offer environmentally friendly 
substitutions for clinker, further minimizing CO2 emissions (Huntzinger 
and Eatmon, 2009; Imbabi et al., 2012; Scrivener et al., 2018). On the 
other hand, alternative fuels such as Biomass and Waste-derived Fuels 
are renewable sources that decrease reliance on fossil fuels and tackle 
waste management challenges (Georgiopoulou and Lyberatos, 2018; 
Hossain et al., 2019; Vasiliu et al., 2023). These alternatives collectively 
contribute to sustainable and greener cement manufacturing while 
effectively addressing environmental concerns and promoting circular 
economy principles. 

Incorporating alternative raw materials and fuels into cement pro-
duction mitigates the environmental impact of the industry. It decreases 
reliance on traditional resources, lowers energy consumption, reduces 
CO2 emissions, and promotes circular economy practices by utilizing 
waste materials. Furthermore, it aligns with the industry’s sustainability 
goals, contributing to a more environmentally responsible cement 
manufacturing process. However, appropriate processing, quality con-
trol, and regulatory compliance are essential to ensure the successful 
integration of these alternatives into cement production. 

4.3. Carbon offsetting and sustainable practices 

Carbon offsetting and sustainable practices in cement production are 
pivotal strategies that drive the industry towards a more environmen-
tally responsible approach. These initiatives are crucial in mitigating the 
environmental impact, particularly the CO2 emissions, associated with 
cement manufacturing. Carbon offsetting involves compensating for the 
unavoidable CO2 emissions produced during cement manufacturing (Xi 
et al., 2016; Power et al., 2017; Ostovari et al., 2021). This is achieved by 
investing in projects that either reduce or remove an equivalent amount 
of greenhouse gases from the atmosphere. It enables the industry to 
counterbalance its carbon footprint through various certified projects 
such as reforestation, renewable energy ventures, and energy efficiency 
initiatives. 

Sustainable practices within cement production encompass a 

spectrum of approaches that prioritize responsible resource manage-
ment and environmental stewardship. One fundamental strategy in-
volves integrating alternative raw materials and fuels into the 
manufacturing process. By incorporating materials like fly ash, slag, or 
utilizing biomass as a fuel source, the industry reduces its reliance on 
traditional resources, thus minimizing its environmental impact. 

Efficiency plays a critical role in sustainability. Waste heat recovery 
systems, for instance, allow the industry to capture and utilise heat from 
cement kilns, translating into energy efficiency and reduced overall 
energy consumption. Moreover, optimizing cementitious materials 
usage and employing efficient kiln technologies significantly enhance 
sustainability by curbing waste and reducing energy consumption. 
Another pivotal sustainable practice involves responsible sourcing and 
supply chain management. By ensuring that raw materials are ethically 
sourced and supply chains adhere to sustainable practices, the industry 
minimises its ecological footprint and upholds social responsibility. 

5. Innovative approaches and emerging technologies 

Innovative approaches and emerging technologies in cement pro-
duction are pivotal in revolutionizing the industry towards sustainabil-
ity. Alkali-activated cements, utilizing alternative raw materials, and 
biomass co-processing are at the forefront. Alkali-activated cements 
significantly reduce CO2 emissions by operating at lower temperatures. 
Alternative raw materials like fly ash and slag mitigate the environ-
mental impact by substituting clinker. Biomass co-processing not only 
offers an alternative fuel source but also manages waste. Moreover, 
electrification, carbon capture and utilization (CCU), and novel pro-
duction techniques promise a more eco-friendly and efficient future, 
essential for achieving a sustainable cement sector. 

5.1. Alkali-activated cements 

Alkali-activated cements represent a significant departure from 
conventional cement production methods. Unlike the widely used 
Portland cement, which relies heavily on limestone and high- 
temperature calcination, alkali-activated cements harness the potential 
of aluminosilicate materials. These materials, often industrial waste 
products like fly ash, slag, or natural clays, contain substantial amounts 
of reactive components such as silica and alumina. The process of alkali 
activation involves blending these aluminosilicate materials with alkali 
activators, usually a combination of sodium or potassium hydroxide and 
silicate solutions (Ryu et al., 2013; Kashani et al., 2014; Da Silva Rocha 
et al., 2018). This interaction initiates a chemical reaction that ulti-
mately forms a stable, cementitious binder. This binder can then be 
employed for a multitude of construction applications. Fig. 4 shows the 
production of alkali-activated concrete by a two-part mix. 

One of the standout features of alkali-activated cements is the 
significantly reduced energy requirements during production. The 
traditional production of Portland cement necessitates high-temperature 
processes, making it energy-intensive. In contrast, alkali-activated ce-
ments operate at notably lower temperatures, leading to substantial 
energy savings. This energy efficiency, coupled with the ability to use 
waste materials as primary components, contributes to a noteworthy 
reduction in the carbon footprint of the cement industry. Alkali- 
activated cements offer commendable mechanical properties, 
including high durability and strength. These properties make them 
suitable for a wide array of construction applications, from residential 
buildings to major infrastructure projects. Moreover, the versatility of 
the alkali activation process allows for tailoring formulations to meet 
specific requirements, enhancing adaptability and applicability. 

In essence, alkali-activated cements showcase the potential to revo-
lutionize the construction industry. Their capacity to utilise industrial 
waste not only addresses waste management but also alleviates the 
strain on natural resources. As ongoing research continues to refine the 
alkali activation process and explore new materials, these innovative 

Table 6 
Alternative raw materials and alternative fuels in cement production.  

Type Description Benefits 

Alternative Raw Materials 
Fly Ash By-product of coal 

combustion. 
Reduces carbon emissions 
and energy usage in 
production. 

Slag By-product of iron and steel 
production. 

Lowers energy consumption 
during clinkerization. 

Natural Pozzolans Naturally occurring 
pozzolanic materials. 

Partial substitution for 
clinker with reduced 
emissions. 

Calcined Clays Clays heated at lower 
temperatures. 

Substitutes clinker, 
decreasing CO2 emissions. 

Rice Husk Ash 
(RHA) 

Ash obtained from rice husks. Enhances concrete properties 
and uses agricultural waste. 

Recycled Concrete 
Aggregate 
(RCA) 

Crushed waste concrete used 
as aggregate. 

Reduces the need for new 
aggregate production. 

Alternative Fuels 
Biomass Organic materials like wood 

or agricultural waste. 
Renewable source, reduces 
reliance on fossil fuels. 

Waste-derived 
Fuels 

Derived from various waste 
materials. 

Addresses waste 
management and provides an 
energy source. 

Tires Scrap tires processed for use 
as fuel. 

Diverts tire waste from 
landfills and replaces fossil 
fuels. 

Waste Oils Recycled waste oils used as 
fuel. 

Provides an alternative to 
fossil fuel usage. 

Non-recyclable 
Plastics 

Non-recyclable plastics 
converted to plastic-derived 
fuel (PDF). 

Addresses plastic waste and 
offers an energy source.  
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cements are poised to become a central component in sustainable and 
eco-friendly construction practices, offering a path toward a greener and 
more efficient future. 

5.2. Calcium looping process 

The Calcium Looping Process (CLP) presents an innovative approach 
to tackle CO2 emissions in the cement production sector. At its core is the 
reversible carbonation-calcination reaction involving calcium oxide 
(CaO), commonly known as lime (Fig. 5). In the carbonation phase, flue 
gas enriched with CO2 resulting from cement production is brought into 
contact with calcium oxide. This interaction triggers a chemical reaction 
where CaO reacts with CO2 to form calcium carbonate (CaCO3). This 
process effectively captures the CO2 from the flue gas, preventing it from 

being released into the atmosphere.  

CaO + CO2 → CaCO3                                                                           

The captured CO2, now in the form of calcium carbonate, is then 
subjected to the calcination phase. In this stage, the calcium carbonate is 
heated to release pure CO2 and regenerate calcium oxide (CaO), which 
can be used in subsequent carbonation cycles. The reaction is as follows:  

CaCO3 → CaO + CO2                                                                           

The major advantage of this process lies in the reusability of calcium 
oxide. The captured CO2 is released during calcination, regenerating 
CaO, which can be used again in the carbonation stage. This cyclic 
process allows for the capture and release of CO2 in a sustainable and 
efficient manner. Importantly, the CO2 captured through this process is 

Fig. 4. Production of alkali-activated concrete by a two-part mix (Segura et al., 2023).  

Fig. 5. Process configuration of the calcium looping unit (Atsonios et al., 2015).  
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typically of high purity, making it suitable for various applications, 
including storage or utilization without the need for additional purifi-
cation steps. The integration of the Calcium Looping Process in cement 
production can be seen as a promising step towards reducing carbon 
emissions. Despite certain challenges, including the need to optimise the 
efficiency of the reaction and manage the cyclic performance, ongoing 
research and development efforts are focused on overcoming these 
hurdles to ensure the effective implementation and commercial viability 
of this technology. 

The study by Telesca et al. (2014) significantly contributes to the 
symbiosis between carbon capture and cement production. By show-
casing the potential utilization of spent limestone sorbent from the 
calcium looping cycle as a raw material for the cement industry, the 
paper proposes an innovative approach. This symbiotic relationship 
between carbon capture and cement production could be a pivotal 
strategy for reducing the overall environmental footprint of the cement 
sector. It effectively demonstrates how waste from one process can be 
repurposed as a valuable resource for another, fostering sustainability 
and resource efficiency within the industry. In the research conducted 
by De Lena et al. (2019), a techno-economic analysis of calcium looping 
processes for low CO2 emission cement plants is presented. Their 
comprehensive study delves into the economic viability of implementing 
CLP. The emphasis on assessing both technological feasibility and eco-
nomic sustainability underscores a critical aspect. Understanding the 
economic intricacies of the Calcium Looping Process is paramount for its 
widespread adoption within the cement industry. This economic eval-
uation provides essential insights for investors, policymakers, and 
stakeholders, facilitating informed decision-making. 

The analysis by Diego et al. (2016) concentrating on a double cal-
cium loop process configuration for CO2 capture in cement plants is 
particularly noteworthy. The study sheds light on the complexities 
associated with different configurations of the Calcium Looping Process. 
By providing insights into engineering challenges and considerations, 
this research is instrumental in guiding the optimal configuration and 
implementation of CLP. Understanding the nuances of configuration is 
crucial in devising an efficient and effective carbon capture strategy for 
cement plants. Schakel et al. (2018) investigated the influence of fuel 
selection on the environmental performance of post-combustion calcium 
looping applied to a cement plant. This research underscores the critical 
relationship between the choice of fuel and the efficiency of the CLP. 
Understanding how various fuels impact the environmental benefits of 
the process is essential for optimizing its efficacy. It provides valuable 
insights into how the choice of fuel can be leveraged to maximise 
environmental advantages in the context of carbon capture in cement 
plants. 

Erans et al. (2018) conducted pilot testing of enhanced sorbents for 
calcium looping with cement production. Their work represents a 
crucial step in validating the viability and efficiency of the Calcium 
Looping Process at a larger scale. This experimental testing contributes 
valuable data for the practical implementation of the technology. It 
provides real-world validation of the theoretical concepts, helping 
bridge the gap between theory and practical application. The experi-
mental investigations by Hornberger et al. (2020, 2021) on the calci-
nation and carbonation reactors in tail-end calcium looping 
configurations for CO2 capture from cement plants offer pivotal insights. 
These studies provide a deeper understanding of the reactors’ perfor-
mance and optimisation. By advancing our knowledge of the Calcium 
Looping Process at a reactor level, they enable more efficient and 
effective implementation, bringing us closer to practical large-scale 
application of CLP in the cement industry. 

The proposed one-dimensional model of an entrained-flow carbo-
nator for CO2 capture in cement kilns by Spinelli et al. (2018) represents 
a significant contribution. Modelling efforts like this are vital in pre-
dicting and optimizing the behaviour of the Calcium Looping Process 
under varying conditions. This predictive modelling facilitates a deeper 
understanding of the process dynamics, aiding in the optimal design and 

operation of the carbonation reactor. It opens avenues for predictive 
control and optimisation, key aspects for the successful integration of 
CLP in cement production. 

The referenced papers collectively present a multidimensional 
exploration of the Calcium Looping Process in cement production. 
Spanning from techno-economic evaluations to experimental in-
vestigations, these studies provide a comprehensive understanding of 
the potential and challenges associated with implementing CLP. The 
insights gained from these studies are invaluable for researchers, poli-
cymakers, and practitioners aiming to mitigate carbon emissions from 
the cement industry, fostering sustainable practices and aiding in the 
global battle against climate change. 

5.3. Electrification and renewable energy integration 

The integration of electrification and renewable energy sources 
marks a paradigm shift in the cement production landscape, embodying 
a commitment to sustainability and environmental stewardship. Elec-
trification involves transitioning from conventional, fossil fuel- 
dependent machinery to the utilization of electric-powered equipment 
throughout the cement manufacturing process. Electric kilns, a corner-
stone of this shift, epitomize this transition. These kilns employ elec-
trical heating elements instead of traditional fossil fuels, leading to 
reduced emissions and heightened operational efficiency. Additionally, 
various grinding and mixing processes vital to cement production can 
now be powered by electricity, offering a cleaner and more efficient 
alternative to fuel-powered machinery. 

Complementing this electrification effort is the integration of 
renewable energy sources. Solar, wind, and hydropower sources are 
harnessed to power cement plants. Solar panels installed on-site or 
sourced from solar farms, wind turbines, and hydropower generators 
contribute a substantial share of the energy required for the production 
process. This integration significantly curtails the carbon footprint 
traditionally associated with reliance on non-renewable energy sources. 
Further enhancing sustainability are renewable thermal energy sources 
like biomass and biogas. These resources are employed to substitute 
fossil fuels in cement kilns, thus minimizing environmental impact and 
fostering a circular economy by reusing waste materials. 

Efficient energy storage solutions, such as advanced batteries, play a 
pivotal role in ensuring a stable and reliable power supply, especially 
when relying on intermittent renewable energy sources. Energy storage 
systems store excess energy generated during peak production periods 
for later use, mitigating the intermittent nature of renewable energy. 
This transformation not only significantly reduces carbon emissions but 
also optimises resource utilization and lowers operational costs. More-
over, it positions the cement industry as a responsible stakeholder in 
sustainable practices, in line with global environmental objectives. By 
adopting electrification and integrating renewable energy sources, the 
cement industry embraces a more sustainable and eco-conscious future, 
acknowledging its role in addressing climate change and promoting a 
greener world. 

The integration of electrification and renewable energy sources in 
the cement production industry was a critical step towards reducing its 
substantial carbon footprint and environmental impact. The references 
cited presented a variety of innovative strategies and technologies that 
highlighted the potential for clean energy integration in this tradition-
ally carbon-intensive sector. Zhang et al.’s (2019) framework for inte-
grated energy optimisation demonstrated the significance of efficient 
energy utilization in cement plants. Optimizing energy consumption was 
a fundamental aspect of sustainability, and leveraging renewable sour-
ces for energy could significantly contribute to this optimisation. How-
ever, the paper could have delved deeper into the specific challenges and 
barriers encountered during the implementation of this framework in an 
industrial setting. Al-Ghussain et al. (2018) emphasized the importance 
of hybrid PV-wind systems, showcasing their potential through a case 
study. While the study effectively highlighted the viability of combining 
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renewable sources, further discussion on the economic aspects, scal-
ability, and challenges in implementing such hybrid systems on a 
broader scale within the cement industry would have enhanced the 
paper’s depth. 

Tregambi et al. (2018) explored solar-driven lime production, 
providing a unique perspective on utilizing solar energy directly in the 
cement manufacturing process. However, the paper might have 
benefited from a comparative analysis with other renewable energy 
integration approaches to highlight the advantages and limitations of 
solar-driven systems in this context. Mikulčić et al. (2016) stressed the 
importance of alternative energy sources in cleaner cement 
manufacturing. This aligned with the broader goal of sustainability; 
however, a deeper exploration of the economic and technological 
challenges associated with the large-scale adoption of alternative energy 
sources in the cement industry would have been warranted. 

Kusuma et al.’s (2022) review on the sustainable transition toward a 
biomass-based cement industry was particularly relevant given the 
growing interest in biomass as a clean energy source. The review offered 
valuable insights, yet further discussion on the scalability, resource 
availability, and potential environmental implications of relying on 
biomass was essential for a comprehensive understanding. Ferrario et al. 
(2023) proposed a solar-driven calcium looping system, an innovative 
approach with the potential to revolutionize carbon capture in cement 
plants. However, the paper could have further explored the scalability 
and economic viability of implementing such a system in existing 
cement plants, considering the initial investment and operational costs 
involved. 

Jamali and Noorpoor (2019) presented an optimised solar-based 
multi-generation system for waste heat recovery, highlighting the 
multifaceted benefits of renewable energy integration. However, a dis-
cussion on potential integration challenges, technical constraints, and 
adaptability to various cement plant settings would have enhanced the 
practicality of the proposed system. Bolt et al. (2023) proposed a 
multigenerational energy system with hydrogen production, suggesting 
a promising avenue for clean energy in cement plants. However, a 
deeper analysis of the feasibility, hydrogen storage, and the potential 
impacts of hydrogen utilization on the cement production process was 
necessary. 

The integration of electrification and renewable energy in the 
cement industry held immense promise in reducing its environmental 
impact. The studies discussed provided valuable insights, but a more 
comprehensive exploration of economic feasibility, scalability, technical 
challenges, and holistic environmental implications was essential for the 
effective implementation of these strategies on a broader scale. Further 
research and interdisciplinary collaboration were necessary to address 
the complexity of transitioning the cement industry to a sustainable and 
electrified future. 

5.4. Biomimicry and bio-inspired cementitious materials 

Biomimicry and bio-inspired cementitious materials are an emerging 
field revolutionizing the way we produce construction materials by 
taking cues from nature’s designs and processes. Drawing inspiration 
from natural structures, this approach aims to create cement and con-
crete that mimic the resilience, adaptability, and sustainability seen in 
various organisms and ecosystems. In the realm of biomimicry, the 
structural designs found in nature, like the hierarchical patterns in bones 
or shells, are emulated to optimise the structure of cementitious mate-
rials. This imitation can enhance the strength and durability of the 
resulting construction materials. Moreover, the ability of some organ-
isms to repair themselves is mimicked to create self-healing cementi-
tious materials. This innovation holds the potential to significantly 
prolong the lifespan of structures by autonomously repairing cracks and 
damages. 

Bio-inspired cementitious materials encompass a range of fascinating 
approaches. For instance, bacterial cementation involves using bacteria 

that precipitate calcium carbonate to harden sand particles, creating a 
material akin to natural stone. Algae-based cement integrates algae or 
microalgae into cementitious mixtures, improving properties like 
compressive strength and reducing the carbon footprint by absorbing 
CO2 during their growth. Additionally, cellulose nanocrystals derived 
from plant fibres can be incorporated into cementitious mixtures, 
enhancing mechanical properties and reducing the need for a large 
amount of cement. This integration of biomimicry and bio-inspired 
principles into cement production is steering the industry towards sus-
tainability. Not only does this approach result in the creation of more 
eco-friendly materials, but it also demonstrates resource efficiency by 
utilizing minimal materials to achieve optimal structural and functional 
properties. Moreover, it contributes to reducing the carbon footprint of 
the industry by integrating bio-based materials and processes that 
sequester or utilise CO2. 

The potential of biomimicry and bio-inspired cementitious materials 
is immense, promising a future where construction materials are not 
only strong and reliable but also environmentally conscious and sus-
tainable. Collaborations and continued research in this field are ex-
pected to drive further innovation, leading to breakthroughs in cement 
production and, consequently, the construction industry as a whole. 
Biomimicry and bio-inspired cementitious materials were explored as an 
innovative approach in the construction material field, drawing inspi-
ration from nature to enhance the properties and functionality of 
cement-based products. The critical discussion below was based on the 
provided references, each offering distinct insights into the application 
of biomimicry in cementitious materials. 

Li et al. (2019) introduced a novel bio-inspired bone-mimic 
self-healing cement paste that capitalized on hydroxyapatite formation. 
This approach emulated the self-healing properties observed in bones, 
where hydroxyapatite contributed to the natural healing process. By 
integrating this biomimetic concept into cementitious materials, the 
research presented a potential solution for enhancing the durability and 
longevity of cement-based structures. This bio-inspired approach 
leveraged the innate healing mechanisms of living organisms to develop 
materials that could autonomously repair and regenerate, a promising 
stride towards sustainable and resilient construction materials. 

Li et al. (2020) proposed a biomimetic design utilizing Murray’s law 
to create a 3D vascular structure for self-healing in cementitious mate-
rials. This innovative design mimicked the vascular system in natural 
organisms, optimizing the distribution and flow of healing agents within 
the cement matrix. By mimicking nature’s efficient transport networks, 
this bio-inspired approach aimed to enhance the self-healing capacity of 
cementitious materials, potentially mitigating damage and prolonging 
the service life of concrete structures. It emphasized the importance of 
bio-inspired designs not just at the material level but also in the struc-
tural and functional aspects, presenting a holistic biomimicry approach. 

Liu et al. (2023) delved into the development of bio-inspired 
cement-based material by magnetically aligning graphene oxide nano-
sheets in cement paste. This approach drew inspiration from the struc-
ture of certain biological entities and applied magnetic alignment to 
enhance the material properties. By mimicking natural alignment pro-
cesses found in biological systems, this research harnessed the potential 
of nanotechnology and biomimicry to optimise the mechanical and 
structural attributes of cementitious materials. The study showcased the 
integration of bio-inspired strategies with advanced technologies, hint-
ing at the broad spectrum of possibilities when it came to enhancing 
construction materials. 

The above references demonstrated the potential of biomimicry and 
bio-inspired approaches in revolutionizing the properties and perfor-
mance of cementitious materials. These studies highlighted the versa-
tility of biomimicry, ranging from incorporating natural healing 
mechanisms to mimicking vascular structures and leveraging nano-
technology for improved alignment. The biomimetic pathway not only 
brought sustainable solutions but also underscored the importance of 
interdisciplinary research, encouraging collaborations between 
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biologists, material scientists, and engineers. As biomimicry continued 
to evolve, it held the promise of shaping the future of sustainable con-
struction practices by emulating the efficiency and resilience found in 
the natural world. 

6. Economic and policy considerations for a net-zero carbon 
cement sector 

Economic and policy considerations are crucial in steering the 
cement sector towards a net-zero carbon future. Economic viability of 
low-carbon technologies is central, ensuring that sustainable practices 
align with industry profitability. Cost analyses, investment incentives, 
and funding for research and development play key roles. Moreover, 
governmental policies, including carbon pricing and emission regula-
tions, shape the industry’s trajectory. Incentives such as tax breaks for 
sustainable practices encourage adoption. Public-private partnerships 
and international collaborations further amplify the collective effort 
needed to achieve a net-zero carbon cement sector, emphasizing the 
significance of a conducive economic and policy framework in driving 
sustainable change. 

6.1. Cost analysis and economic viability of Low-CO2 technologies 

Cost analysis and economic viability are paramount considerations 
when evaluating and implementing low-CO2 technologies in the cement 
industry. These technologies aim to reduce carbon emissions, enhance 
sustainability, and align with global climate targets. However, their 
successful adoption hinges on being economically feasible and 
competitive with traditional, carbon-intensive methods. 

The hypothetical Table 7 provides a brief overview of various low- 
CO2 technologies, outlining their costs, potential savings, and the eco-
nomic aspects involved. For a successful and sustainable shift towards 
low-CO2 technologies in the cement sector, a comprehensive under-
standing of cost dynamics, economic incentives, and long-term impli-
cations is paramount. Striking the right balance between upfront 
investments and efficiency gains is key, but equally critical is policy 
support and foreseeing future prospects. Governments, through in-
centives and grants, significantly influence the economic viability of 
sustainable technologies. Additionally, long-term economic implica-
tions, like job creation and market growth, should be considered. 
Navigating these factors thoughtfully ensures the judicious adoption of 
low-CO2 technologies, essential for a greener and economically sound 
cement industry. The cost analysis and economic viability of low-CO2 
technologies within the cement industry have been a critical area of 
research, aiming to strike a balance between environmental sustain-
ability and economic feasibility. The discussion below is based on the 
provided references, each offering insights into the technical, economic, 
and environmental aspects of implementing low-CO2 technologies in 

cement plants. 
Rolfe et al. (2018) conducted a technical and environmental study 

comparing calcium carbonate looping with oxy-fuel options for low CO2 
emission cement plants. The study emphasized the importance of 
considering not only the technical aspects but also the environmental 
implications and cost-effectiveness of implementing different carbon 
capture technologies. The findings shed light on the economic trade-offs 
involved in choosing a suitable low-CO2 technology for the cement in-
dustry. Nwaoha et al. (2018) presented a techno-economic analysis of 
CO2 capture using an AMP-PZ-MEA blend in a cement plant. The 
research focused on evaluating the economic viability of the capture 
process. Understanding the economic implications of utilizing specific 
capture blends is crucial for making informed decisions regarding the 
implementation of low-CO2 technologies in cement plants. Cloete et al. 
(2020) performed an economic assessment of the swing adsorption 
reactor cluster for CO2 capture from cement production. The economic 
evaluation provided valuable insights into the feasibility and 
cost-effectiveness of this particular capture approach. It highlighted the 
significance of economic assessments in determining the viability and 
scalability of carbon capture technologies in cement production. 

Poudyal and Adhikari (2021) discussed environmental sustainability 
in the cement industry, emphasizing an integrated approach for green 
and economical cement production. The research highlighted that eco-
nomic sustainability must be aligned with environmental sustainability 
to achieve a sustainable cement industry. This approach underscores the 
importance of integrating economic viability into the broader frame-
work of sustainability in cement production. Magli et al. (2022) focused 
on the techno-economic optimisation and off-design analysis of CO2 
purification units for cement plants with oxyfuel-based CO2 capture. The 
study delved into the optimisation of purification units, which is critical 
for both economic viability and the efficiency of the capture process. The 
research emphasized the need for optimizing various components of the 
capture process to achieve economic sustainability. 

The discussed references collectively underscore the significance of 
incorporating economic considerations into the evaluation of low-CO2 
technologies for the cement industry. Economic viability and sustain-
ability are interlinked, and it is imperative to consider the economic 
implications alongside the technical and environmental aspects. 
Balancing cost-effectiveness while striving for reduced carbon emissions 
is crucial for the successful adoption and widespread implementation of 
low-CO2 technologies in the cement sector. These studies contribute to a 
comprehensive understanding of the economic dynamics and challenges 
associated with transitioning towards a more sustainable cement 
industry. 

Table 7 
Brief overview of various low-CO2 technologies, outlining their costs, potential savings, and the economic aspects.  

Low-CO2 

Technology 
Upfront Costs Operational Costs Potential Savings Economic Incentives Long-term Economic Impact 

Carbon Capture 
and Storage 
(CCS) 

High initial investment for 
infrastructure 

Ongoing costs for capture 
and storage 

Significant savings through 
reduced emissions penalties 

Government grants, tax 
credits 

Job creation, reduced healthcare 
costs due to reduced pollution 

Alternative Raw 
Materials 

Moderate initial costs for 
processing 

Operational costs for 
collection and processing 

Savings through reduced 
consumption of traditional 
raw materials 

Government subsidies, 
waste utilization 
incentives 

Sustainable resource 
management, reduced pressure 
on natural resources 

Energy-Efficient 
Kilns 

High initial costs for kiln 
modification 

Lower energy costs in 
operations 

Significant savings in energy 
consumption 

Government grants, tax 
incentives 

Reduced energy demand, cost 
savings for the industry 

Biomass Co- 
processing 

Moderate initial investment 
for co-processing 
equipment 

Costs for biomass 
acquisition and 
processing 

Savings through reduced fossil 
fuel usage 

Government grants, 
renewable energy credits 

Reduced carbon footprint, 
sustainable resource use 

Waste Heat 
Recovery 

Moderate initial investment 
for heat recovery systems 

Operational costs for 
maintenance and 
integration 

Savings through energy 
recovery 

Tax incentives, energy 
efficiency grants 

Improved energy efficiency, 
reduced energy costs  
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6.2. Incentives, regulations, and governmental policies driving Low-CO2 
emission strategies 

Incentives, regulations, and governmental policies play a pivotal role 
in driving the adoption of low-CO2 emission strategies within the cement 
industry. These mechanisms are essential for accelerating the transition 
towards sustainable practices and mitigating the environmental impact 
of cement production. Table 8 provides an overview of various in-
centives, regulations, and governmental policies that drive the adoption 
of low-CO2 emission strategies in the cement industry, outlining their 
respective descriptions and impacts. 

Di Filippo et al. (2019) discussed the impacts of policies aimed at 
reducing CO2 emissions within the concrete supply chain. The study 
acknowledged the critical role of policies in shaping the industry’s 
response to climate change. However, it emphasized that the effective-
ness of these policies is contingent on their design and implementation. 
The discussion underscores that well-crafted policies, incentivizing and 
regulating low-CO2 practices, are essential for inducing meaningful 
change across the cement industry’s supply chain. Miller et al. (2021) 
presented a comprehensive strategy to achieve net-zero greenhouse gas 
emissions in the cement industry. Their research stressed the necessity of 
integrating mitigation strategies across the value chain. The discussion 
highlighted that effective policies should not only target specific stages 
of production but also encourage a holistic approach, considering raw 
materials, manufacturing processes, and transportation. This approach 
aligns with the notion that regulatory frameworks must be multifaceted 
and inclusive to drive substantial reductions in carbon emissions. 

Ahmed et al. (2021) offered an overview of the Asian cement in-
dustry with a focus on environmental impacts, research methodologies, 
and mitigation measures. The paper recognized the diverse 

environmental challenges faced by the industry in the Asian context. It 
underscored that tailored policies are needed, considering the unique 
characteristics and challenges prevalent in the region. The discussion 
emphasized the importance of region-specific regulations and incentives 
to facilitate the adoption of low-CO2 technologies in Asian cement 
plants. 

The discussed references highlight the pivotal role of policies and 
regulations in steering the cement industry towards low-CO2 emission 
strategies. These studies emphasize the need for well-designed policies 
that encompass the entire supply chain and consider regional contexts. 
Effective governmental incentives and regulations should incentivize 
research, encourage sustainable practices, and ensure a coordinated 
effort across stakeholders to successfully mitigate carbon emissions in 
the cement industry. Policymakers must tailor regulations to the specific 
needs and challenges of the industry, promoting a transition towards 
sustainable and low-CO2 technologies. 

6.3. Public and private sector collaboration for sustainable cement 
production 

Public and private sector collaboration for sustainable cement pro-
duction represents a powerful synergy aimed at mitigating the envi-
ronmental impact of the cement industry while fostering economic 
growth. This collaboration encompasses various aspects, showcasing the 
collective determination to address sustainability challenges. Table 9 
provides a structured overview of the key collaborative aspects driving 
sustainability in the cement industry. 

The collaboration between the public and private sectors is pivotal 
for advancing sustainable cement production. Leveraging their respec-
tive strengths, resources, and expertise, these partnerships drive inno-
vation, investment, and policy changes crucial for a sustainable and 
environmentally responsible cement industry. Public entities provide 
the regulatory framework, research support, and funding, while private 
companies contribute innovation, efficiency, and investment capacity. 
Together, they foster a symbiotic environment that accelerates the 
development and adoption of eco-friendly technologies, paving the way 
towards a greener and more sustainable future in cement production. 

The collaboration between the public and private sectors in the 
pursuit of sustainable cement production was critically examined based 
on key insights and findings from various studies. The objective was to 
assess the role and impact of such collaboration in advancing 

Table 8 
An overview of various incentives, regulations, and governmental policies.  

Aspect Description 

Carbon Pricing Governments impose a monetary cost on carbon 
emissions, encouraging industries to invest in low- 
CO2 technologies to minimise financial implications 
and align with sustainability goals. 

Emission Standards and 
Regulations 

Governments set strict limits on CO2 and pollutant 
emissions, compelling the cement industry to adopt 
low-CO2 technologies to comply with regulatory 
requirements and reduce their environmental 
impact. 

Research and Development 
Grants 

Governments allocate funds to support research and 
development in low-CO2 technologies, incentivizing 
cement manufacturers to innovate and invest in 
sustainable solutions for the production process. 

Tax Incentives and Subsidies Governments offer tax breaks, reduced tax rates, or 
subsidies on equipment purchases, encouraging 
cement companies to invest in low-CO2 technologies 
by reducing the financial burden and upfront costs. 

Renewable Energy Support Governments provide incentives and subsidies to 
promote the integration of renewable energy 
sources, incentivizing cement plants to shift to 
cleaner, sustainable energy options and reduce their 
carbon footprint. 

Carbon Offset Programs Industries can invest in carbon offset projects to 
compensate for their emissions, encouraging cement 
companies to engage in environmental initiatives 
like reforestation or renewable energy to offset their 
CO2 emissions. 

Public-Private Partnerships 
(PPPs) 

Collaboration between public and private sectors 
facilitates the development and implementation of 
low-CO2 strategies, encouraging knowledge sharing, 
funding, and effective policy formation for 
sustainability. 

International Agreements 
and Commitments 

Participating in global agreements like the Paris 
Agreement motivates governments to align policies 
with international emission reduction goals, 
compelling the cement industry to adopt low-CO2 

technologies to meet these targets.  

Table 9 
Public and private sector collaboration for sustainable cement production.  

Aspect Description 

Knowledge Exchange and 
Expertise Sharing 

Exchange of sustainable knowledge and expertise 
between public and private sectors for effective 
implementation. 

Research and Development 
Funding 

Joint investment in research and development 
initiatives to innovate sustainable technologies in 
cement production. 

Policy Alignment and 
Advocacy 

Public-private alignment of policies and active 
advocacy for practical, sustainable regulations and 
standards. 

Investment in Low-CO2 

Technologies 
Collaborative investment in low-CO technologies, 
supported by government incentives and private 
sector funding. 

Infrastructure Development 
and Implementation 

Establishing research centres, pilot projects, and 
facilities for large-scale implementation of 
sustainable cement technologies. 

Capacity Building and Training Creating training modules and skill development 
programs to ensure a competent workforce 
capable of implementing sustainability. 

Sustainable Supply Chains Promoting sustainability across the supply chain, 
from sourcing raw materials to efficient 
transportation and waste reduction. 

Community Engagement and 
Awareness 

Engaging communities and raising awareness 
about sustainable cement production through 
educational and outreach initiatives.  
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sustainability within the cement sector. The study by Türkeli et al. 
(2022) explored eco-cement transitions in the Netherlands, China, and 
Japan, shedding light on the differing trajectories and interventions in 
these countries. It highlighted that successful sustainable transitions 
required a cohesive approach involving policy formulation, technolog-
ical innovation, and active private sector involvement. The comparative 
analysis underscored the importance of collaborative efforts involving 
both public and private stakeholders in enabling such transitions. 

In India, Marinelli and Janardhanan (2022) emphasized the signifi-
cance of green cement production and identified barriers to its imple-
mentation. They prioritized solutions using the best–worst method, 
stressing the need for policy interventions and incentives from the 
government to overcome these barriers. This highlighted the crucial role 
of public sector support in driving sustainability initiatives and fostering 
collaboration with the private sector. The study by Stokke et al. (2022) 
emphasized the role of green public procurement in promoting 
low-carbon cement with carbon capture and storage (CCS). It advocated 
for a supportive policy framework that incentivized the procurement of 
low-carbon cement, thus encouraging private sector investment and 
technological advancements. Public sector policies were identified as 
pivotal in steering the industry towards sustainability by creating a 
favorable market for eco-friendly cement. Additionally, Mwiti Marangu 
et al. (2023) provided five recommendations to accelerate sustainable 
solutions in cement and concrete through partnerships. Their sugges-
tions included fostering interdisciplinary collaboration, promoting 
innovative technologies, and creating platforms for knowledge sharing. 
These recommendations underscored the need for multi-stakeholder 
partnerships, where the public sector could act as a catalyst in 
bringing various stakeholders together to work towards a common goal 
of sustainability. 

The studies collectively emphasized that successful sustainable 
cement production necessitated collaboration between the public and 
private sectors. The public sector, through policies, incentives, and 
procurement strategies, could drive sustainability initiatives and pro-
vide a conducive environment for the private sector to invest in and 
adopt sustainable technologies. Collaboration fostered innovation, 
knowledge sharing, and the development of solutions to overcome 
barriers, ultimately propelling the cement industry towards a more 
sustainable future. 

7. Addressing challenges and barriers 

7.1. Technical challenges in implementing Low-CO2 technologies 

Implementing low-CO2 technologies in the cement industry, while 
promising for sustainability, is accompanied by a spectrum of intricate 
technical challenges that demand focused attention for effective inte-
gration and impact. These challenges need to be effectively navigated to 
ensure the seamless adoption of eco-friendly technologies. Table 10 
provides a holistic view by coupling the challenges with potential 
mitigation strategies, providing a clear framework for addressing and 
overcoming each challenge associated with low-CO2 cement 
technologies. 

The transition to low-CO2 technologies within the cement industry 
represents a critical endeavour to mitigate its environmental impact. 
Understanding and addressing the technical challenges in implementing 
these technologies is pivotal for a sustainable future. Several studies 
shed light on these challenges and offer valuable insights into the hur-
dles that need to be overcome to achieve a low-carbon future in the 
cement industry. 

Favier et al. (2018) conducted a comprehensive assessment of the 
European Cement and Concrete Industry’s technology in pursuit of full 
decarbonization by 2050. The study identified a pressing need for ad-
vancements in carbon capture and storage (CCS) technologies. A sig-
nificant challenge lies in developing methods to capture and store CO2 
emissions economically and effectively at an industrial scale. Schneider 

Table 10 
Challenges and mitigation strategies in Low-CO2 cement technologies.  

Areas Challenges Mitigation Strategies 

Technology 
Maturity and 
Scale-up 

Taking prototypes to an 
industrial scale while 
ensuring cost-effectiveness.  

- Collaborate with industry 
partners for scaling trials  

- Secure funding for large- 
scale implementation.  

- Utilise advanced 
simulation and modelling 
for predictive scaling. 

Energy Efficiency 
and Performance 

Reducing CO2 emissions 
without compromising 
energy efficiency or 
performance.  

- Invest in research to 
develop more energy- 
efficient processes  

- Utilise waste heat recovery 
systems to improve energy 
efficiency.  

- Integrate AI and 
automation for real-time 
process optimisation. 

Integration with 
Existing 
Infrastructure 

Modifying or integrating 
new technologies into 
established cement plant 
infrastructure.  

- Conduct thorough site 
assessments for seamless 
integration.  

- Collaborate with plant 
engineers to adapt existing 
structures.  

- Develop retrofitting 
strategies for smooth 
technology integration. 

Process Complexity 
and Optimisation 

Managing complexity 
introduced by new 
technologies and 
optimizing for efficiency.  

- Invest in R&D to 
streamline processes and 
reduce complexity.  

- Use data analytics to 
identify optimisation 
opportunities.  

- Engage experts to conduct 
in-depth process audits and 
optimisations. 

Carbon Capture and 
Storage (CCS) 

Capturing and storing CO2 

emissions economically 
and securely.  

- Invest in research to 
improve capture 
technologies and reduce 
costs.  

- Identify suitable storage 
sites using geological 
assessments.  

- Collaborate with 
governments for 
supportive policies and 
funding. 

Material Availability 
and Supply Chain 

Ensuring a consistent 
supply of raw materials 
and managing the supply 
chain efficiently.  

- Diversify sourcing 
locations to mitigate 
supply chain risks. 

- Engage in long-term con-
tracts with material 
suppliers.  

- Promote circular economy 
practices for material 
recycling and 
sustainability. 

Life Cycle 
Assessment and 
Environmental 
Impact 

Conducting comprehensive 
assessments of 
environmental impact 
throughout a technology’s 
lifecycle.  

- Conduct regular and 
rigorous life cycle 
assessments (LCAs).  

- Collaborate with 
environmental experts to 
identify improvement 
areas.  

- Implement findings from 
LCAs to reduce 
environmental footprints. 

Adaptability to 
Different 
Geographies 

Ensuring technologies are 
effective and adaptable in 
diverse geographical 
contexts.  

- Collaborate with local 
experts to understand 
regional nuances.  

- Tailor technology 
implementations to suit 
regional regulations and 
conditions.  

- Conduct extensive market 
research before deploying 
new technologies.  
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(2019) highlighted the necessity for innovative approaches to steer the 
cement industry towards a low-carbon future. One key technical chal-
lenge emphasized is the optimisation of energy consumption during 
cement production. Striking a balance between reduced CO2 emissions 
and energy efficiency without compromising performance is a complex 
task that requires further research and innovative solutions. 

Zajac et al. (2021) proposed a promising approach—CO2 minerali-
zation of demolished concrete wastes into a supplementary cementitious 
material. However, a notable challenge is scaling up this process from a 
laboratory to an industrial scale. Adapting the process to handle large 
quantities of demolished concrete waste efficiently is a significant 
technical hurdle. Chaudhury et al. (2023) presented strategies to ach-
ieve net-zero CO2 emissions in the cement sector, highlighting the need 
for advanced alternative cementitious materials. The challenge is to 
develop materials that not only perform equivalently or better than 
traditional cement but are also economically viable for large-scale 
adoption. Wang et al. (2023) conducted a literature review on the his-
torical trend and decarbonization pathway of China’s cement industry, 
identifying the challenge of optimizing the clinker-to-cement ratio. 
Achieving a lower clinker-to-cement ratio is crucial for reducing CO2 
emissions, necessitating advancements in clinker substitution materials 
and alternative technologies. 

Effectively addressing the technical challenges associated with 
integrating low-CO2 technologies within the cement industry is funda-
mental to achieving sustainable and environmentally responsible 
cement production. The cement industry is a major contributor to global 
carbon emissions, making the implementation of low-CO2 technologies 
a critical priority in combating climate change. These challenges 
encompass a spectrum of issues, including ensuring the technological 
maturity and scalability of promising concepts, optimizing energy effi-
ciency without compromising performance, integrating new technolo-
gies with existing infrastructure, and effectively capturing and storing 
carbon emissions (CCS). Moreover, there’s a need to navigate com-
plexities in the production process, adapt to diverse geographical con-
texts, and evaluate the environmental impact through comprehensive 
life cycle assessments. To overcome these challenges, a collective and 
interdisciplinary approach is crucial. Collaborative research and 
knowledge sharing between public and private sectors, substantial 
funding for research and development, and supportive policy frame-
works are vital components. By fostering innovation, investing in 
research, and aligning policies, the cement industry can transition to-
wards a low-carbon future, contributing significantly to global sustain-
ability efforts. 

7.2. Infrastructure and investment barriers 

Navigating the landscape of infrastructure and investment barriers is 
crucial for the successful adoption of low-CO2 technologies in the 
cement industry, facilitating a shift towards sustainability. Table 11 
summarises infrastructure and investment barriers for the adoption of 
low-CO2 technologies in the cement industry. The table highlights major 
barriers to the adoption of low-CO2 technologies in the cement industry. 
Cost-Intensive Technology Adoption underscores the high capital re-
quirements and infrastructure modifications needed, posing initial 
hurdles. Financial Viability and ROI concerns emphasize the need for 
assured return on investment, aligning with operational savings and 
emission compliance. Access to Funding and Capital is a challenge for 
smaller enterprises due to perceived risks. Insufficient Incentives and 
Subsidies, Risks and Uncertainties in Technology Implementation, Skill 
Gaps, and Regulatory Dynamics present significant hurdles. Alignment 
with Existing Infrastructure and Lengthy Planning and Deployment 
Cycles further impede swift technology adoption. Addressing these 
barriers is crucial for successful industry-wide sustainability 
transformation. 

Habert et al. (2010) highlighted the capital-intensive nature of the 
cement industry, which required substantial investments in machinery, 

equipment, and facilities. Integrating low-CO2 technologies amplified 
these costs due to specialized equipment and modifications to existing 
infrastructure. This factor was further accentuated by the potential 
involvement of novel processes or materials, adding to the initial 
implementation expenses. Rootzén and Johnsson (2017) emphasized 

Table 11 
Infrastructure and investment barriers in Low-CO2 technology adoption.  

Barriers Description 

Cost-Intensive Technology 
Adoption 

Integration of low-CO2 technologies escalates 
the capital requirements of the already cost- 
intensive cement industry. Specialized 
equipment and infrastructure modifications 
further elevate costs, especially with novel 
processes or materials, posing initial 
implementation challenges. 

Financial Viability and ROI Cement manufacturers rigorously assess 
technology investments to ensure long-term 
financial viability. The uncertain timeline for 
ROI makes it challenging; they require assurance 
that initial high costs align with operational 
savings and future emission regulation 
compliance, justifying the investment. 

Access to Funding and Capital Small and medium-sized cement enterprises 
struggle to secure funds due to perceived risks 
associated with innovative technologies. 
Financial institutions’ caution in extending 
loans for unproven or evolving technologies 
limits access to capital, impeding widespread 
adoption of low-CO2 technologies. 

Insufficient Incentives and 
Subsidies 

Governments play a pivotal role in encouraging 
low-CO2 technology adoption through 
incentives and subsidies. However, the varying 
availability and adequacy of these incentives 
across regions may deter technology adoption, 
particularly if the incentives do not align with 
the investment scale. 

Risks and Uncertainties in 
Technology Implementation 

Implementing innovative technologies entails 
inherent risks, leading cement companies to 
hesitate with unproven technologies. 
Uncertainties regarding performance, 
reliability, or the emergence of superior 
alternatives post-investment affect the decision- 
making process, posing a barrier to adoption. 

Skill Gaps and Workforce 
Training 

Transitioning to low-CO2 technologies demands 
a specialized workforce skilled in new areas such 
as advanced materials, renewable energy 
integration, or carbon capture. Skill gaps in the 
existing workforce necessitate investments in 
training and educational programs to bridge the 
expertise gap. 

Dynamic Regulatory Landscape The evolving regulatory environment 
concerning environmental policies can 
necessitate adjustments in adopted low-CO2 

technologies or additional investments for 
compliance. The changing landscape adds 
complexity to long-term planning and 
investment decisions, impacting the choice of 
technologies for adoption. 

Alignment with Existing 
Infrastructure 

Existing cement plant infrastructures are 
optimised for traditional production processes. 
Seamless integration of low-CO2 technologies 
demands meticulous planning to ensure 
compatibility and efficiency. Retrofitting or 
modifying infrastructure while minimizing 
disruptions poses a significant challenge, 
requiring careful engineering and resource 
allocation. 

Lengthy Planning and 
Deployment Cycles 

The cement industry operates in a competitive 
market that demands rapid responses to 
changing demands. Lengthy planning and 
deployment cycles associated with integrating 
new technologies can hinder swift adoption. 
Cement companies face pressure to quickly 
adopt changes while being constrained by 
extended technology implementation timelines.  
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the importance of evaluating the financial viability and return on in-
vestment (ROI) of technology investments. Cement manufacturers faced 
the challenge of justifying the high initial costs through operational 
savings and compliance with future emission regulations. 

One of the major hurdles faced by small and medium-sized cement 
enterprises, as outlined by Karttunen et al. (2021), was the difficulty in 
securing funds. Financial institutions often perceived innovative tech-
nologies as risky ventures, resulting in limited access to capital for 
projects involving unproven or evolving technologies. This lack of access 
to capital acted as a barrier and inhibited the potential widespread 
adoption of low-CO2 technologies. Moreover, the study by Rootzén et al. 
(2020) underscored the role of government incentives and subsidies in 
encouraging technology adoption. However, the availability and ade-
quacy of these incentives could vary across regions. The insufficiency or 
inconsistency of government support might have impeded timely and 
large-scale adoption of low-CO2 technologies by cement manufacturers. 
The dynamic regulatory landscape, as discussed by Rootzén et al. 
(2020), presented another significant challenge. The evolving nature of 
environmental policies could have necessitated adjustments in adopted 
low-CO2 technologies or additional investments for compliance. This 
regulatory uncertainty added complexity to long-term planning and 
investment decisions, impacting technology choices and strategies. 

Overcoming these challenges required collaborative efforts 
involving governments, financial institutions, research organizations, 
and industry experts. Stable policies, tailored financial products, and 
insights into emerging technologies were essential components of a 
holistic approach that could have facilitated a smoother transition to 
low-CO2 technologies in the cement industry. 

7.3. Societal acceptance and behavioural factors 

Societal acceptance and behavioural factors are pivotal in the tran-
sition towards sustainable practices. Public awareness, understanding, 
and perception of sustainable technologies significantly influence their 
adoption. Factors such as trust in innovation, consumer demand for eco- 
friendly products, and perceptions of cost-effectiveness play crucial 
roles. Effective policies aligning with societal expectations, economic 
incentives, educational programs, and stakeholder engagement enhance 
acceptance. Collaboration between industries, governments, and the 
public cultivates a culture of sustainability, driving behavioural shifts 
towards embracing environmentally friendly alternatives. Ultimately, 
societal acceptance forms the bedrock upon which sustainable tech-
nologies thrive, shaping a greener future. Addressing societal accep-
tance and behavioural factors is crucial for the successful 
implementation of low-CO2 technologies in the cement industry.  

1 Public Awareness and Understanding: A key challenge lies in 
ensuring that the general public comprehends the importance of 
transitioning to low-CO2 technologies in the cement industry. Many 
individuals may not fully grasp the environmental impact of tradi-
tional cement production. Raising awareness about climate change, 
carbon footprints, and the role of sustainable cement production is 
essential to gain public support.  

2 Community Perceptions and Concerns: Communities living near 
cement plants might have concerns about the implementation of new 
technologies. These concerns could range from fears about potential 
environmental or health impacts to worries about changes in the 
local economy. Addressing these concerns through transparent 
communication and providing credible information is crucial to gain 
community support. 

3 Consumer Preferences and Demand: Consumer demand for sus-
tainable products is a critical factor influencing the cement indus-
try’s direction. If consumers prioritize environmentally friendly 
products, the demand for low-CO2 cement will rise, incentivizing 
manufacturers to invest in these technologies. Understanding and 

influencing consumer preferences through marketing and education 
is vital.  

4 Technological Perceptions and Trust: Trust in the effectiveness 
and safety of new technologies is paramount. The public and in-
dustry stakeholders need to trust that low-CO2 technologies are 
reliable, efficient, and safe. Any negative perception or mistrust to-
wards these technologies can hinder their widespread acceptance 
and uptake in the cement sector.  

5 Policy Alignment and Regulatory Support: Societal acceptance is 
influenced by governmental policies and regulations. Clear and 
supportive policies that incentivize or mandate the adoption of low- 
CO2 technologies provide a favorable environment for industry and 
public acceptance. Alignment between public policies and societal 
expectations is critical for fostering a positive attitude towards sus-
tainable cement production.  

6 Incentives and Economic Factors: Economic incentives, such as tax 
breaks for sustainable cement production, can significantly influence 
societal acceptance. If low-CO2 technologies lead to cost savings that 
are passed on to consumers, this can drive acceptance and adoption. 
Economic viability and tangible benefits are key factors that influ-
ence societal attitudes towards change. 

7 Education and Advocacy: Educational programs and advocacy ef-
forts can play a vital role in altering societal perceptions and be-
haviours. Teaching about the environmental impact of traditional 
cement production and showcasing the benefits of sustainable al-
ternatives can reshape public opinion and foster acceptance of low- 
CO2 technologies.  

8 Collaboration and Stakeholder Involvement: Involving various 
stakeholders, including local communities, environmental organi-
zations, and industry experts, in the decision-making process can 
build a sense of ownership and acceptance. Engaging stakeholders 
and incorporating their perspectives can lead to more inclusive, well- 
informed decisions that garner broader societal support. 

Overcoming these challenges involves concerted efforts from in-
dustry, governments, NGOs, and the public. Effective communication, 
targeted educational campaigns, transparent dialogues, and demon-
strating the benefits of low-CO2 technologies can collectively lead to 
increased societal acceptance and behavioural shifts, driving a sustain-
able future for the cement industry. 

8. Future prospects and recommendations 

8.1. Future trends and innovations in the cement industry 

Future trends and innovations in the cement industry point towards 
sustainability and efficiency. Carbon capture and storage technologies 
are scaling to mitigate emissions, while next-gen clinker technologies 
explore alternatives like calcined clay. Electrification, powered by re-
newables, and green energy integration are on the rise. Digitalization 
through AI and IoT optimises processes, enhancing efficiency. Circular 
economy practices embrace recycled materials, and waste heat recovery 
minimises energy waste. Nanotechnology improves concrete properties, 
and additive manufacturing revolutionizes construction. Hybrid and 
integrated plants diversify production, and transparent life cycle as-
sessments guide sustainable choices. These trends signify a sustainable, 
technology-driven future for cement production.  

1 Carbon Capture, Utilization, and Storage (CCUS) Scaling: 
Scaling up CCUS technologies involves implementing more 
effective methods to capture carbon emissions during cement 
production. Innovations in capturing and storing captured car-
bon, such as using it for enhanced oil recovery or converting it 
into useful products like concrete, plastics, or fuels, will play a 
vital role. The development of cost-effective carbon capture 
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solutions that can be integrated seamlessly into cement plants is 
essential.  

2 Next-Generation Clinker Technologies: Next-gen clinker 
technologies revolve around finding alternatives to traditional 
clinker production, a significant source of CO2 emissions. Re-
searchers are exploring the use of supplementary cementitious 
materials like calcined clay, which can partially or fully replace 
clinker. This shift aims to reduce the carbon intensity of cement 
by modifying the composition of clinker or finding suitable sub-
stitutes altogether. 

3 Electrification and Green Energy Integration: The trend to-
wards electrification involves shifting from fossil fuel-based en-
ergy sources to electricity, primarily sourced from renewables. 
Electric kilns and mills will replace traditional fossil-fuel- 
powered equipment, enabling the industry to reduce its carbon 
footprint. Integrating advanced energy storage solutions ensures 
a continuous and reliable power supply for cement production 
while decreasing reliance on non-renewable energy. 

4 Digitalization and Industry 4.0 Technologies: The cement in-
dustry is increasingly embracing digital technologies to enhance 
efficiency and sustainability. Artificial Intelligence (AI) and the 
Internet of Things (IoT) optimise processes and predict mainte-
nance needs, minimizing energy usage and waste. Digital twins, 
or virtual replicas of physical cement plants, aid in simulation 
and analysis, facilitating better decision-making for sustainable 
and efficient operations.  

5 Circular Economy and Sustainable Supply Chains: Cement 
manufacturers are actively exploring circular economy practices. 
This includes utilizing recycled concrete as aggregate, incorpo-
rating industrial by-products like fly ash and slag as alternative 
raw materials, and creating closed-loop systems to minimise 
waste. Sustainable supply chains focus on responsible sourcing of 
raw materials and promoting a circular approach to resource 
utilization.  

6 Advanced Concrete Formulations: Innovations in concrete 
formulations aim to improve its properties and sustainability. 
Self-healing concrete contains embedded bacteria that repair 
cracks autonomously, extending the lifespan of structures and 
reducing maintenance. High-performance concrete formulations 
reduce water usage and increase durability, contributing to sus-
tainable construction practices.  

7 Waste Heat Recovery and Utilization: Waste heat recovery 
systems capture and repurpose excess heat from cement pro-
duction processes. This recovered heat can be utilised for power 
generation or to drive other industrial processes, significantly 
improving energy efficiency and reducing the overall carbon 
footprint of cement plants. 

8 Nanotechnology and Additive Manufacturing: Nanotech-
nology is revolutionizing cement by incorporating nanomaterials 
to enhance its properties. Nano-modified cementitious materials 
are stronger, more durable, and possess self-cleaning properties. 
Additive manufacturing, particularly 3D printing, is gaining 
traction in the construction industry, allowing for the efficient 
use of cement-based materials in complex and precise structures.  

9 Hybrid and Integrated Cement Plants: Hybrid cement plants 
combine traditional cement production with innovative pro-
cesses, like electrolysis to produce clinker or renewable hydrogen 
as a heat source. Integrated facilities diversify their production by 
co-manufacturing cement and other products like green chem-
icals, utilizing the waste streams efficiently.  

10 Life Cycle Assessment and Transparency: As sustainability 
gains prominence, comprehensive life cycle assessment tools are 
being developed to evaluate the environmental impact of cement 
throughout its lifecycle. Transparency in reporting environ-
mental footprints, including carbon emissions, resource con-
sumption, and ecological effects, allows stakeholders to make 

informed decisions and hold the industry accountable for its 
environmental impact. 

By focusing on these advancements, the cement industry can align 
with global sustainability goals, significantly reduce its carbon footprint, 
and contribute to a more environmentally conscious and responsible 
future. Collaborations, research funding, and supportive policies will 
accelerate the adoption of these innovations, ensuring a sustainable 
trajectory for the industry. 

8.2. Recommendations for policymakers, industry stakeholders and 
researchers 

8.2.1. Policymakers 
Policymakers should establish specific, measurable, and time-bound 

carbon reduction targets for the cement industry. These targets should 
align with global climate goals, providing a clear trajectory for the 
industry’s transition to sustainability. Incentives such as tax breaks, 
grants, and subsidies can significantly encourage cement companies to 
invest in sustainable technologies. Policymakers should design and 
implement financial mechanisms that reward sustainable practices and 
penalize carbon-intensive ones. Implementing and enforcing stringent 
environmental regulations that focus on carbon capture, energy effi-
ciency, and sustainable sourcing of materials in cement production is 
crucial. This regulatory framework should create a level playing field for 
all industry players and drive the adoption of eco-friendly practices. 
Allocating funds for research and development in the cement sector, 
specifically targeting low-carbon technologies, is essential. Policy-
makers should facilitate collaboration between research institutions and 
the industry, ensuring that research outcomes are practically applicable. 
Policymakers should actively participate in international forums and 
agreements to harmonize standards and regulations across borders. 
Collaborative efforts can help share best practices and ensure a cohesive 
approach to tackling global sustainability challenges in the cement 
industry. 

8.2.2. Industry stakeholders 
To enhance the sustainability of cement companies, it is essential to 

prioritize research and development (R&D) by allocating a substantial 
portion of their budgets. This focus on innovation should aim at 
reducing carbon emissions and improving overall sustainability. The 
long-term benefits resulting from investment in R&D will not only be 
advantageous for the industry but also contribute positively to the 
environment. Collaboration within the industry is crucial for promoting 
sustainability. All stakeholders, including cement manufacturers and 
suppliers, should engage in sharing knowledge and pooling resources. 
This collaborative approach accelerates the development and adoption 
of sustainable practices and technologies, fostering a collective 
commitment to a greener future. 

Transparency plays a vital role in building trust and showcasing the 
industry’s dedication to environmental responsibility. Cement com-
panies need to commit to transparently reporting their environmental 
impacts and efforts to adopt sustainable practices. This commitment not 
only fosters a positive public image but also demonstrates accountability 
for the industry’s ecological footprint. Investing in the education and 
upskilling of the workforce is another key aspect of promoting sustain-
ability. Training programs should be designed to inform employees 
about sustainable practices and technologies. An informed workforce is 
more likely to embrace and effectively implement sustainability initia-
tives, contributing to the overall success of environmental responsibility 
within the industry. 

8.2.3. Researchers 
To advance sustainability in cement production, researchers should 

prioritize the development of innovative technologies aimed at signifi-
cantly reducing carbon emissions. This involves exploring alternative 
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raw materials, implementing carbon capture technologies, and opti-
mizing energy-efficient processes to minimise the industry’s overall 
environmental footprint. A crucial step in understanding and mitigating 
the environmental impact of cement production is the undertaking of 
comprehensive life cycle assessments. Researchers play a pivotal role in 
conducting these analyses, offering valuable insights that guide 
decision-makers in adopting the most sustainable practices across the 
entire life cycle of cement. 

Collaborative research efforts, bringing together researchers and 
industry stakeholders, are essential for ensuring the practical applica-
bility of academic studies to real-world challenges. This collaborative 
approach serves as a bridge between academic insights and practical 
implementation, expediting the integration of sustainable innovations in 
the cement industry. Active engagement in knowledge dissemination is 
paramount for researchers. Through publications, workshops, and 
partnerships, researchers can share their findings and insights with 
policymakers and industry professionals, contributing to informed 
decision-making and the widespread adoption of sustainable practices in 
the cement sector. 

8.2.4. Cross-sector collaboration 
Encouraging and facilitating partnerships between the public and 

private sectors to leverage each other’s strengths in promoting sustain-
ability becomes crucial. Joint initiatives have the potential to expedite 
the transition by combining government support with industry expertise 
and resources. Collaborating with financial institutions to develop 
specialized financial products that incentivize investment in sustainable 
cement technologies is a key strategy. Engaging the finance sector be-
comes instrumental in providing the necessary capital to fund sustain-
able projects effectively. Industry stakeholders, in collaboration, should 
undertake consumer awareness campaigns to educate the public about 
the benefits of using sustainable cement. Increasing consumer demand 
for eco-friendly products is expected to drive the industry towards the 
widespread adoption of sustainable practices. 

8.3. Roadmap to a net-zero carbon cement sector 

Through active collaboration among stakeholders such as govern-
ments, industry players, research institutions, and communities, the 
cement industry can seamlessly transition towards sustainability. By 
implementing the recommendations provided in the table, the industry 
can adopt low-CO2 technologies, alternative raw materials, and fuels 
while addressing associated barriers like high costs and regulatory dy-
namics. This transformation is a significant stride towards reducing the 
industry’s carbon emissions, promoting a more environmentally 
conscious future. The concerted efforts of all involved parties, coupled 
with innovative solutions and a shared commitment to sustainability, 
will propel the cement industry into a pivotal role in global climate 
action. This transition sets a sustainable precedent for other sectors to 
follow, amplifying the positive impact on our planet. 

Table 12 outlines a comprehensive CO2 roadmap divided into three 
distinct phases spanning from 2024 to 2050. In the Foundation phase 
(2024–2030), actions focus on policy development, investment in clean 
technologies, and public awareness campaigns to lay the groundwork 
for emission reduction. Acceleration (2031–2040) emphasizes scaling 
up renewable energy, decarbonizing transportation, and deploying 
carbon capture and storage technologies. The final phase, Net-Zero 
Transition (2041–2050), prioritizes aggressive emission reduction stra-
tegies, scaling up negative emissions technologies, and fostering inter-
national cooperation. This structured approach aims to achieve net-zero 
emissions by 2050 through targeted actions and key milestones across 
various sectors. 

9. Conclusions and policy implications 

In the face of an escalating global climate crisis, this comprehensive 

roadmap serves as a beacon of hope and a strategic blueprint for an 
industry that has long grappled with its substantial environmental 
footprint. The cement industry, historically known for its carbon- 
intensive practices, is at a pivotal crossroads. It stands on the brink of 
transformation, guided by a collective determination to become a net- 
zero carbon sector. The urgency of addressing carbon emissions in 
cement production cannot be overstated. As the demand for infra-
structure and construction materials continues to soar globally, so does 
the industry’s carbon footprint. This roadmap underscores the critical 
need to decarbonize cement production, highlighting the far-reaching 
implications of its carbon emissions on climate change. 

Central to this transformative journey are low-CO2 emission tech-
nologies, which offer a ray of hope for an industry deeply entwined with 
carbon-intensive processes. From carbon capture and utilization to the 
integration of renewable energy sources, these technologies hold the 
promise of substantial emissions reductions. Alternative raw materials 
and fuels offer additional avenues for reducing the industry’s reliance on 
traditional, high-emission sources. 

Innovative approaches and emerging technologies, such as alkali- 
activated cements and biomimicry-inspired materials, represent the 
industry’s commitment to embracing cutting-edge solutions. These in-
novations challenge conventional norms, offering more sustainable al-
ternatives that not only reduce emissions but also improve performance 
and durability. Economic and policy considerations underscore the 
multifaceted nature of this transformation. Cost analysis and economic 
viability assessments illuminate the feasibility of sustainable practices, 
providing industry stakeholders with valuable insights into the eco-
nomic aspects of change. Policymakers are encouraged to take a pro-
active role in shaping the industry’s trajectory by implementing 
incentives, regulations, and collaborative initiatives that align with 
global sustainability goals. 

Yet, the path to sustainability is not without its challenges and bar-
riers. Technical hurdles, infrastructure limitations, and societal accep-
tance are formidable obstacles that require innovative solutions and 

Table 12 
Roadmap to a net-zero carbon cement sector.  

Timeline 
(Years) 

Phase Actions Key Milestones/Targets 

2024–2030 Foundation Policy 
Development 

Implement carbon pricing 
mechanisms, establish 
renewable energy targets. 

Investment in 
Clean 
Technologies 

Allocate funding for 
research and development 
of renewable energy 
sources. 

Public Awareness 
and Education 

Launch public awareness 
campaigns, provide 
incentives for sustainable 
practices. 

2031–2040 Acceleration Scaling Up 
Renewable Energy 

Expand renewable energy 
infrastructure, invest in grid 
modernization. 

Decarbonizing 
Transportation 

Incentivize electric vehicle 
adoption, expand public 
transportation networks. 

Carbon Capture 
and Storage (CCS) 

Deploy CCS technologies, 
invest in CCUS research. 

2041–2050 Net-Zero 
Transition 

Emission 
Reduction 
Strategies 

Implement aggressive 
emission reduction 
measures, promote 
sustainable land use 
practices. 

Negative 
Emissions 
Technologies 

Scale up deployment of 
NETs, invest in research and 
development. 

International 
Cooperation 

Collaborate with other 
countries, support 
developing countries in low- 
carbon transition.  
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concerted efforts. These challenges serve as reminders that trans-
formation is seldom easy but always necessary. The roadmap further 
illustrates the power of collective action and knowledge sharing through 
case studies and best practices. Success stories from within the industry 
demonstrate that change is possible and that sustainable practices can be 
implemented effectively. 

Looking ahead, future prospects and recommendations cast a vision 
of a cement industry that not only survives but thrives in a sustainable 
world. By embracing these recommendations, policymakers, industry 
stakeholders, and researchers can collectively drive the transition to-
ward a net-zero carbon cement sector. This is not just an environmental 
imperative; it is a strategic necessity, underpinned by the understanding 
that sustainability is not a choice but an imperative for the industry’s 
long-term viability. 

This paper acknowledges certain limitations. Firstly, the rapidly 
evolving landscape of low-CO2 cement technologies may render some 
information outdated shortly after publication. Additionally, despite 
efforts to encompass diverse perspectives, data availability and regional 
variations might limit the comprehensiveness of the presented strategies 
and case studies. Furthermore, the paper primarily focuses on techno-
logical and policy aspects, potentially overlooking socio-cultural factors 
influencing the cement industry’s transition. Finally, while case studies 
provide valuable insights, they may not fully capture the complex 
challenges and nuances inherent in widespread implementation. These 
limitations highlight the need for ongoing research and dynamic adap-
tation to achieve a net-zero carbon cement sector. 

In closing, this roadmap is a testament to the cement industry’s ca-
pacity for innovation, adaptability, and resilience. It is a testament to the 
industry’s commitment to confronting its carbon legacy and shaping a 
sustainable future. As we embark on this transformative journey 
together, we do so with the knowledge that the net-zero carbon cement 
sector is not a distant dream but an attainable reality, one that is defined 
by sustainability, responsibility, and a profound commitment to safe-
guarding our planet for future generations. 

CRediT authorship contribution statement 

Salim Barbhuiya: Writing – review & editing, Writing – original 
draft, Formal analysis, Data curation, Conceptualization. Bibhuti Bhu-
san Das: Writing – review & editing. Dibyendu Adak: Writing – review 
& editing. 

Declaration of competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

References 

Ahmed, M., Bashar, I., Alam, S.T., Wasi, A.I., Jerin, I., Khatun, S., Rahman, M., 2021. An 
overview of Asian cement industry: environmental impacts, research methodologies 
and mitigation measures. Sustain. Prod. Consum. 28, 1018–1039. 

Al-Ghussain, L., Ahmed, H., Haneef, F., 2018. Optimization of hybrid PV-wind system: 
case study Al-Tafilah cement factory, Jordan. Sustain. Energy Technol. Assessments 
30, 24–36. 

Ali, M.B., Saidur, R., Hossain, M.S., 2011. A review on emission analysis in cement 
industries. Renew. Sustain. Energy Rev. 15 (5), 2252–2261. 

Amran, M., Makul, N., Fediuk, R., Lee, Y.H., Vatin, N.I., Lee, Y.Y., Mohammed, K., 2022. 
Global carbon recoverability experiences from the cement industry. Case Stud. 
Constr. Mater. 17, e01439. 

Atsonios, K., Grammelis, P., Antiohos, S.K., Nikolopoulos, N., Kakaras, Em, 2015. 
Integration of calcium looping technology in existing cement plant for CO2 capture: 
process modeling and technical considerations. Fuel 153, 210–223. 

Benhelal, E., Alfi, M., Osanloo, M., Dehghan, A., 2013. Global strategies and potentials to 
curb CO2 emissions in cement industry. J. Clean. Prod. 51, 142–161. 

Benhelal, E., Shamsaei, E., Rashid, M.I., 2021. Challenges against CO2 abatement 
strategies in the cement industry: a review. J. Environ. Sci. 104, 84–101. 

Bolt, A., Dincer, I., Agelin-Chaab, M., 2023. Design of a multigenerational energy system 
with hydrogen production for clean cement plants. J. Clean. Prod. 405, 137025. 

Busch, T., Klee, H., Hoffmann, V.H., 2017. Curbing greenhouse gas emissions on a 
sectoral basis: the Cement Sustainability Initiative. Corporate responses to climate 
change 204–219. 

Buttinelli, M., Procesi, M., Cantucci, B., Quattrocchi, F., Boschi, E., 2011. The geo- 
database of caprock quality and deep saline aquifers distribution for geological 
storage of CO2 in Italy. Energy 36 (5), 2968–2983. 
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Mokrzycki, E., Uliasz-Bocheńczyk, A., 2003. Alternative fuels for the cement industry. 
Appl. Energy 74 (1–2), 95–100. 

Mwiti Marangu, J., Marsh, A.T., Panesar, D.K., Radebe, N.W., Regodon Puyalto, A., 
Schmidt, W., Valentini, L., 2023. Five recommendations to accelerate sustainable 
solutions in cement and concrete through partnership. RILEM Technical Letters 8, 
1–11. 

Narassimhan, E., Gallagher, K.S., Koester, S., Alejo, J.R., 2018. Carbon pricing in 
practice: a review of existing emissions trading systems. Clim. Pol. 18 (8), 967–991. 
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