Comparative Analysis of Conventional and Low-Carbon Cement Production
Abstract
The cement industry is a major contributor to global greenhouse gas emissions, accounting for approximately 7–8% of anthropogenic CO₂ release. This report presents a comparative analysis of conventional Portland cement (OPC) production and emerging low-carbon cement alternatives, examining their environmental impacts, energy requirements, production costs, and technical performance. The analysis covers three principal decarbonization pathways: alternative clinkers (calcium sulfoaluminate and belite-rich cements), supplementary cementitious materials (SCMs) such as fly ash, ground granulated blast furnace slag, and limestone calcined clay cement (LC3), and emerging technologies including silicate-derived calcium feedstocks and green hydrogen integration. Findings indicate that low-carbon alternatives can achieve CO₂ emission reductions ranging from 19% to over 80% compared to conventional OPC, with varying trade-offs in cost, scalability, and material availability. The report concludes that a portfolio approach integrating multiple decarbonization strategies will be necessary to achieve industry-wide carbon neutrality by 2050.
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1 Introduction
Cement is the most widely used construction material in the world, with global production exceeding 4 billion tonnes annually. Its production process, however, is inherently carbon-intensive. The calcination of limestone (CaCO₃) to produce lime (CaO) releases CO₂ as an unavoidable by-product, while the high-temperature kiln operation (>1450°C) demands substantial thermal energy, typically supplied by fossil fuels.
Conventional Portland cement production emits approximately 563–831 kg CO₂ per tonne of clinker, with process emissions from calcination accounting for 365–560 kg CO₂/t and energy-related emissions contributing 168–476 kg CO₂/t . The global average clinker-to-cement ratio stands at approximately 0.65, meaning each tonne of cement contains roughly 650 kg of clinker .
The cement industry has committed to ambitious decarbonization targets, with major producer associations aiming for carbon neutrality by 2050. However, the pathways to achieve these targets vary significantly in terms of technological maturity, cost, and scalability. This report provides a systematic comparative analysis of conventional OPC production and the most promising low-carbon alternatives, evaluating their environmental performance, economic viability, and technical readiness.
2 Conventional Portland Cement Production
2.1 Process Fundamentals
Portland cement is produced by heating a mixture of limestone and clay to approximately 1450–1500°C in a rotary kiln. The resulting clinker, primarily composed of alite (C₃S), belite (C₂S), tricalcium aluminate (C₃A), and tetracalcium aluminoferrite (C₄AF), is then ground with gypsum to produce cement.
The high calcium content of the raw meal—typically around 65% CaO—is essential for forming alite, the phase responsible for early strength development. However, this high calcium demand also drives substantial CO₂ emissions, as limestone (CaCO₃) is approximately 44% CO₂ by mass.
2.2 Environmental Burden
The environmental impact of OPC production is well-documented. Beyond CO₂ emissions, the industry consumes significant quantities of limestone, a finite resource, and generates other pollutants including nitrogen oxides (NOx) from high-temperature combustion. The energy intensity of OPC production—typically 3.2–3.8 GJ per tonne of clinker—represents a substantial operational cost.
3 Low-Carbon Cement Alternatives
3.1 Alternative Clinkers
3.1.1 Calcium Sulfoaluminate (CSA) Cement
CSA cement represents one of the most readily deployable alternative clinker technologies. Rather than relying on alite (C₃S), CSA cement derives its strength from ye'elimite (4CaO·3Al₂O₃·SO₃), which forms at lower temperatures (approximately 1250°C) and requires less limestone in the raw meal .
The environmental benefits are significant. CSA clinkers can achieve approximately 30% lower direct CO₂ emissions compared to OPC, with reductions reaching 35–48% when combined with industrial symbiosis approaches for raw material sourcing . Energy savings of 13–16% have also been documented .
A large-scale parametric life cycle assessment of CSA cement, covering 20,448 scenarios, found that CSA clinkers with low ye'elimite content (40% or less) can reduce carbon footprint while ensuring more eco-efficient implementation of carbon capture . However, trade-offs arise in categories such as mineral and metal depletion and fossil energy use, particularly when bauxite—the traditional aluminum source—is regionally constrained .
3.1.2 Belite-Rich and Other Low-Calcium Clinkers
High-belite cement offers another pathway to reduced emissions. While OPC clinker contains approximately 65% CaO, high-belite clinker reduces this to around 55%, enabling CO₂ reductions exceeding 10% . More aggressive formulations, such as sulfoaluminate and ferroaluminate cements, reduce CaO content to approximately 35%, achieving emission reductions of 30–40% .
3.2 Supplementary Cementitious Materials (SCMs)
3.2.1 Fly Ash and Ground Granulated Blast Furnace Slag
Fly ash, a by-product of coal combustion, and ground granulated blast furnace slag (GGBFS), a by-product of steel production, are the most widely used SCMs. Their environmental benefits are substantial:
· Fly Ash: Up to 47% carbon emission reduction when replacing 40% of cement in concrete 
· GGBFS: Up to 63% emission reduction when replacing 70% of cement 
From a cost perspective, fly ash can lower total concrete production costs by 26.8%, while GGBFS also reduces costs . However, the future supply of these SCMs is uncertain, as the industries that generate them—coal power and steel—are themselves undergoing decarbonization transitions .
3.2.2 Limestone Calcined Clay Cement (LC3)
LC3 combines limestone, calcined clay, and a reduced proportion of clinker (typically 50–70%). This technology has emerged as one of the most promising near-term solutions for clinker reduction.
LC3 can lower CO₂ emissions by 30% compared to OPC because it uses less clinker . A study on 3D printing applications estimated that LC3 can reduce approximately 39% of CO₂ emissions compared to an OPC-based mixture . Another study reported that LC3 avoids high-temperature calcination and dramatically reduces carbon dioxide emissions, achieving a 19% reduction compared to OPC concrete .
LC3 improves long-term performance, reduces chemical attack, and mitigates alkali-silica reaction risks, and can be produced with only minimal changes to existing production lines. For developing and emerging economies, LC3 offers additional advantages: meeting infrastructure demands with lower emissions, creating local sustainable jobs, reducing energy demand and production costs, and strengthening supply chain resilience by reducing reliance on imported clinker.
A comparative LCA of OPC, LC3, and mining waste marl cement in Morocco found that for 13 of 17 impact categories, environmental impact scores followed the trend OPC > marl cement > LC3, with LC3 performing best . However, LC3 scored highest for mineral resource use, primarily due to clay extraction .
3.2.3 Emerging SCM Sources
Research is exploring alternative SCM sources including waste clay from excavation, carbide slag, and red mud. A study on using low-grade excavated London clay waste for LC3 production found that the optimal calcination temperature was 800°C for 1 hour, exhibiting around 15% higher strength values than other temperatures .
3.3 Emerging Technologies
3.3.1 Silicate-Derived Calcium Feedstocks
A transformative approach proposes replacing limestone with calcium-rich silicate rocks such as basalt and gabbro. Unlike limestone, which contains approximately 44% CO₂ by mass, silicate rocks are essentially carbon-free .
Researchers from UC Santa Barbara and Brimstone Energy calculated that cement made from silicate rocks could require less than 60% of the energy needed to process limestone while cutting associated carbon dioxide emissions by more than 80% . Even without process optimization, using existing industrial technologies and average grid electricity could still reduce CO₂ emissions by more than 25% compared to standard limestone-based production .
Silicate rocks are widely available: nearly 80% of the calcium in Earth's crust is in silicate rocks, with basalt and gabbro typically containing 9–12% CaO by mass . The global distribution of mafic silicate rocks is sufficient to feed cement production for hundreds of thousands of years in most countries, presenting no practical limitation to feedstock supply .
The process still produces standard Portland cement, allowing it to fit into existing supply chains and construction practices. Additionally, basalt naturally contains iron and aluminum alongside calcium, potentially allowing multiple industrial materials to be sourced from the same feedstock .
3.3.2 Green Hydrogen Integration
A novel approach integrates green hydrogen into the limestone decomposition stage. Research from Shandong University demonstrated that introducing green hydrogen into limestone calcination reduces decomposition temperature by more than 200°C and converts the CO₂ produced into carbon monoxide, which can serve as a feedstock for high-value chemical products such as methanol .
The study found that compared to a conventional cement production system with monoethanolamine CO₂ capture, the low-carbon hydrogen-fired cement production system based on limestone hydrogenation to calcium oxide achieved reductions of 37.65% in energy consumption, 47.76% in CO₂ emissions, and 87.42% in CO₂ generation . Under specific conditions (carbon price of 74.67 CNY/t CO₂, syngas price of 3.21 CNY/kg), the system becomes cost-competitive when green hydrogen cost falls to approximately 14.67 CNY/kg .
3.3.3 Electrochemical Cement Production
Electrochemical routes to cement production are being explored, with the potential to achieve nearly carbon-neutral production at low renewable electricity carbon footprints. These processes can maintain over 50% CO₂ abatement even at higher renewable electricity carbon footprints . A key advantage is the co-production of oxygen, which can power oxyfuel kilns, improving thermal efficiency and enabling more efficient carbon capture .
3.4 Alkali-Activated Materials and Geopolymers
Geopolymer concrete, synthesized by activating aluminosilicate materials with alkaline solutions, has emerged as a promising OPC alternative. Comparative LCA studies show that geopolymer concretes can significantly reduce cost and CO₂ emissions when one or a small amount of alkali activator is used, or when alkali-containing materials replace some activators .
For fly ash–silica fume geopolymer concrete, CO₂ emissions are approximately 50% lower than OPC concrete . In sulfuric acid environments, geopolymer concrete corresponds to 94–97% lower carbon emissions compared to OPC concrete when considering service life .
However, the environmental advantage of geopolymers is sensitive to activator dosage. Rising alkali dosages can reverse both cost and emission benefits . After accounting for waste disposal costs, the average net cost of fly ash-based geopolymer concrete can be more than 30% lower than OPC concrete, while slag-based geopolymer concrete is 7–45% lower .
4 Comparative Analysis
4.1 Environmental Performance
The comparative environmental performance of low-carbon cement alternatives varies significantly by technology pathway:
	Cement Type
	CO₂ Reduction vs. OPC
	Key Conditions

	CSA Cement
	30–48%
	Low ye'elimite content; industrial symbiosis for raw materials 

	LC3
	19–39%
	50–70% clinker content; calcined clay quality 

	Fly Ash Blends
	Up to 47%
	40% replacement level 

	GGBFS Blends
	Up to 63%
	70% replacement level 

	Geopolymer (FA-SF)
	~50%
	Low activator dosage 

	Silicate-Derived PC
	>80%
	Basalt/gabbro feedstock; process optimization 

	Green Hydrogen System
	47.76%
	With syngas co-production 


4.2 Economic Considerations
The economic viability of low-carbon alternatives depends on multiple factors including raw material availability, processing costs, carbon pricing, and scale of deployment.
For SCMs, the economic case is well-established: fly ash can reduce concrete costs by 26.8%, and GGBFS also provides cost savings . LC3 is cheaper to produce than OPC because it uses abundant materials like limestone and calcined clay .
CSA cement faces challenges related to bauxite availability and cost, though industrial symbiosis approaches can address these constraints . The high cost of green hydrogen remains a barrier, with cost-competitiveness requiring hydrogen prices to fall to approximately 14.67 CNY/kg under current carbon and syngas prices .
For electrochemical routes, techno-economic assessment suggests conservative profitability when considering low-value fates for co-products, with improved economics when carbon credits are accounted for .
4.3 Technical Maturity and Scalability
	Technology
	Maturity
	Scalability Constraints

	SCMs (FA, GGBFS)
	Mature
	Declining supply as source industries decarbonize 

	LC3
	Near-commercial
	Clay availability; kiln modifications 

	CSA Cement
	Pilot to demonstration
	Bauxite availability; standards development 

	Geopolymers
	Pilot
	Activator cost; user acceptance; standards 

	Silicate-Derived PC
	Laboratory
	Process optimization needed 

	Green Hydrogen
	Laboratory
	Hydrogen cost; infrastructure 


4.4 Barriers to Adoption
Several cross-cutting barriers impede the widespread adoption of low-carbon cement technologies:
Standards and Regulation. Many countries still use prescriptive cement standards based on fixed input compositions, which limit the broader use of low-carbon blended cements. Performance-based standards that assess durability, safety, structural strength, and emissions performance rather than prescribing specific material inputs would enable greater flexibility.
Supply Chain Constraints. The future supply of traditional SCMs such as fly ash and GGBFS is uncertain as the coal power and steel industries undergo their own decarbonization transitions . This uncertainty undermines decarbonization roadmaps that place heavy reliance on SCMs.
Economic and Logistical Factors. Geographical constraints, transportation distances, and the profit-driven nature of industrial symbiosis limit the actual decarbonization effects compared to theoretical predictions. Plants prefer to increase profits and competitiveness rather than work on environmental issues when economic profit is not high enough.
Technical Performance Trade-offs. Alternative clinkers and binders may exhibit different performance characteristics that require changes in construction practices, mix designs, and quality control procedures.
5 Conclusion
The comparative analysis presented in this report demonstrates that multiple pathways exist for decarbonizing cement production, each with distinct advantages and limitations.
Conventional OPC production, while technologically mature and economically optimized, is fundamentally incompatible with global climate goals due to its inherent CO₂ emissions from limestone calcination. Low-carbon alternatives offer substantial emission reduction potential, ranging from 19% for LC3 to over 80% for silicate-derived Portland cement.
The most readily deployable solutions in the near term are SCMs (fly ash, GGBFS) and LC3, which can be integrated into existing production facilities with minimal modifications. CSA cement represents a promising intermediate solution, particularly where bauxite is available or can be sourced through industrial symbiosis.
Longer-term transformative solutions include silicate-derived calcium feedstocks, which could eliminate process emissions entirely while producing standard Portland cement, and green hydrogen integration, which addresses both process and energy-related emissions.
Achieving industry-wide carbon neutrality by 2050 will require a portfolio approach that integrates multiple decarbonization strategies. No single technology can address the scale of the challenge. Policy frameworks must evolve to support performance-based standards, carbon pricing mechanisms, and research into emerging technologies. The transition to low-carbon cement production is not merely a technical challenge but a systemic transformation requiring coordinated action across the value chain, from raw material sourcing to construction practices.
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