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Abstract:

Clinker production is responsible for the majority of greenhouse gas emissions associated with
ordinary Portland cement, driven by both high-temperature kiln energy consumption and the
chemical decarbonization of limestone. Limestone calcined clay cement (LC3) presents a
highly effective and scalable near-term solution to mitigate these environmental impacts by
substantially reducing clinker content. This review examines the fundamental thermochemical,
hydration, and microstructural mechanisms that govern LC3 systems, emphasizing that their
exceptional performance extends far beyond simple physical dilution. The synergistic
interaction between reactive silica and alumina from calcined clay, particle packing and
nucleation from fine calcite, and sulfate regulation creates a dense, refined binder matrix. These
components react to form secondary calcium-silicate-hydrate (C-(A)-S-H) gels, stable
carboaluminate phases (hemicarboaluminate and monocarboaluminate), and ettringite, which
compensate for the reduced clinker fraction. Furthermore, this paper analyzes key practical
considerations, including optimal mixture design, sulfate balance, mechanical strength
development, chloride and carbonation durability, and life-cycle carbon emissions. Evidence
from recent literature indicates that optimized LC3 formulations can decrease clinker content
to approximately 50% and lower cement-related carbon dioxide emissions by 30% to 40%.
However, realizing these benefits requires rigorous local characterization of raw materials,
precise calcination control, and performance-based standard validation under specific exposure
conditions.
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1. Introduction

Cement remains essential to modern construction, but its environmental cost is difficult to
ignore. Most emissions associated with Portland cement come from clinker production.
Manufacturing clinker requires raw materials to be heated to around 1450 °C, which consumes
large amounts of energy. At the same time, limestone breaks down chemically and releases
carbon dioxide. This means that switching to cleaner kiln fuels, although important, cannot
fully decarbonize cement production. Reducing the amount of clinker in cement is also
necessary (Habert et al., 2020; International Energy Agency [IEA], 2024). Limestone calcined
clay cement, widely known as LC3, is attracting attention because it offers a realistic route to
lower clinker content using materials that are widely available in many regions. LC3 typically
combines clinker, calcined clay, limestone, gypsum, and minor constituents. Its value lies in
the interaction between calcined clay and limestone. These materials do more than replace
clinker by mass: they affect hydration, phase development, pore structure, and ultimately the
strength and durability of the binder (Antoni et al., 2012; Scrivener et al., 2018).

This review discusses the mechanisms through which calcite and calcined clay lower clinker-
related emissions. It focuses on the thermochemical basis of the system, hydration chemistry,
microstructural development, practical mixture design, durability, and life-cycle implications.
It also highlights issues that require careful control, particularly clay quality, gypsum dosage,
carbonation resistance, and the need for local material testing.

2. Why Clinker Reduction Matters

The environmental impact of cement is closely linked to the amount of clinker it contains.
Clinker production releases carbon dioxide from two main sources. The first is fuel combustion
in the kiln. The second is calcination, the decomposition of calcium carbonate into calcium
oxide and carbon dioxide: CaCO3 — CaO + CO2. Because calcination emissions are built into
Portland clinker chemistry, they cannot be eliminated simply by replacing fossil fuels with
renewable energy.
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Reducing clinker content therefore addresses both major emission sources at the same time.
When clinker is replaced with materials that require less processing energy and do not undergo
kiln decarbonation, the carbon intensity of the final cement decreases. This is why the use of
supplementary cementitious materials has long been recognized as one of the most effective
strategies for reducing cement-sector emissions (IEA, 2024; Scrivener et al., 2018).

3. How LC3 Reduces Emissions

3.1 Direct clinker substitution

The simplest mechanism is direct substitution. LC3 replaces a portion of clinker with calcined
clay and limestone. Every tonne of clinker avoided prevents part of the fuel use, process
emissions, grinding demand, and raw-material handling associated with clinker manufacture.
In optimized LC3 systems, clinker content can approach 50%, compared with substantially
higher clinker contents in conventional Portland cement (Scrivener et al., 2018).

3.2 Lower-temperature clay activation

Suitable kaolinitic clays are activated at much lower temperature than clinker. Calcined clay is
commonly produced at approximately 700-850 °C, whereas Portland clinker requires
temperatures close to 1450 °C. During calcination, kaolinite loses structurally bound water and
becomes a more reactive, disordered aluminosilicate. This process creates a material capable
of reacting during cement hydration while requiring less thermal energy than clinker
production (Rashad, 2013; Avet et al., 2016).

3.3 Limestone is used without kiln decarbonation

In LC3, limestone or calcite is ground and blended with the cement. It is not heated in the
clinker kiln to produce calcium oxide. As a result, the limestone fraction used in the blended
cement does not generate the same process emissions that would occur if it were converted to
clinker. Limestone also contributes to performance through packing, nucleation, and chemical
interaction with clay-derived alumina, so its role is not limited to replacing clinker volume
(Zunino & Scrivener, 2021).

4. The Role of Calcined Clay

Calcined clay is the reactive part of the LC3 system. When kaolinitic clay is heated, it loses
hydroxyl groups and its crystal structure becomes less ordered. This makes silica and alumina
more available for reaction. During hydration, these species react with calcium hydroxide
released by clinker hydration and contribute to the formation of additional binding phases.

A simplified form of the pozzolanic reaction is: Si02 + Ca(OH)2 + H20 — C-S-H. When
reactive alumina is present, calcium aluminosilicate hydrate, often written as C-(A)-S-H, can
also form. These products help strengthen the matrix and reduce the connectivity of pores. The
quality of the calcined clay is crucial. Kaolinite content, impurity minerals, calcination
temperature, residence time, and fineness all influence its reactivity and water demand (Avet
et al., 2016; Rashad, 2013).

5. The Role of Calcite

5.1 Packing and nucleation

Fine calcite particles can improve how solid particles pack together in the fresh paste. They
also provide surfaces on which hydration products can form. This nucleation effect can speed
up early hydration of alite, the main early-strength phase in Portland cement. The result is that
some of the strength loss expected from clinker dilution can be recovered at early ages (Zunino
& Scrivener, 2021).

5.2 Carboaluminate formation

Calcite also has an important chemical role. Carbonate ions from limestone can react with
reactive alumina supplied by calcined clay. This reaction forms carboaluminate phases,
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especially hemicarboaluminate and monocarboaluminate. These phases help stabilize the
hydration system and can improve the volume of solid hydration products. Antoni et al. (2012)
showed that combining metakaolin with limestone can support better mechanical performance
than Portland cement alone at a high replacement level because of these coupled hydration
reactions.

The exact phase assemblage depends on gypsum content, sulfate availability, temperature, and
the reactivity of the clay. For this reason, limestone should not be considered an inert filler in
LC3. Its contribution is closely linked to the alumina released from the calcined clay and to the
overall sulfate balance of the system (Zunino, 2024).

6. The Synergy Between Clay and Calcite

The performance of LC3 comes from a coordinated set of reactions. Clinker provides early
hydration products and calcium hydroxide. Calcined clay supplies reactive silica and alumina.
Calcite improves particle packing, provides nucleation sites, and supplies carbonate ions.
Gypsum regulates the reaction of aluminates and supports ettringite formation. Together, these
processes create a denser and more efficient binder structure than would be expected from
simple clinker dilution.

Table 1: Main hydration products and phase contributions in LC3 systems

Component Main contribution Effect on the hydrated binder
Clinker Initial hydraulic reaction | Forms early C-S-H and
and calcium source releases Ca(OH)2
Calcined clay Reactive silica and alumina | Forms additional C-(A)-S-H
and supplies alumina for
carboaluminates
Calcite/limestone Filler, nucleation surface, | Improves packing,
and carbonate source accelerates hydration, and
forms carboaluminates
Gypsum Sulfate regulator Controls aluminate reaction
and  supports  ettringite
formation

The main hydration products in LC3 include C-(A)-S-H-type gel, ettringite,
hemicarboaluminate, and monocarboaluminate. These products can fill pore space and reduce
pore connectivity. This explains why LC3 can retain competitive strength even though it
contains less clinker. Recent reviews describe the LC3 mechanism as a combination of physical
packing, accelerated hydration, phase stabilization, and chemical synergy between clay-
derived alumina and limestone carbonate (Zunino, 2024; Qadr et al., 2026).

7. Strength Development and Pore Refinement

Lowering clinker content would normally reduce the amount of hydraulic material available to
form strength. LC3 compensates for this in several ways. Calcite promotes early hydration and
improves packing. Calcined clay reacts later with calcium hydroxide to form additional binding
gel. Carboaluminate phases add solid volume and help stabilize the hydration products.
Together, these effects can produce a dense microstructure with lower connected porosity.
This does not mean that every LC3 mixture will automatically match Portland cement.
Performance depends on the quality of the clay, the clay-to-limestone ratio, fineness, gypsum
content, water-to-binder ratio, curing, and chemical-admixture compatibility. The commonly
cited clinker level of around 50% is a useful target for research and development, not a
universal mixture recipe (Scrivener et al., 2018; Zunino & Scrivener, 2021).
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8. Sulfate Balance and Mixture Design

Sulfate balance is one of the most important practical issues in LC3. Calcined clay introduces
reactive alumina, while limestone changes the stability of aluminate-containing phases. As a
result, the gypsum requirement of LC3 may differ from that of ordinary Portland cement. Too
little sulfate can lead to rapid aluminate reactions and poor fresh or early-age behavior. Too
much sulfate can also disturb phase development and affect setting and dimensional stability.
Mixture optimization should therefore include systematic testing of gypsum content, setting
time, heat release, strength development, shrinkage, and phase assemblage. The appropriate
dosage depends on the mineralogy and fineness of the clay, limestone characteristics, clinker
composition, alkali content, and admixture compatibility. Antoni et al. (2012) emphasized that
gypsum should be carefully balanced in limestone—calcined-clay systems because it strongly
influences early-age performance.

Table 2: Indicative binder composition ranges for conventional and alternative cements

Indicative Clinker Calcined clay Calcite/limestone | Gypsum

binder system

OPC reference | 90-95% 0% 0-5% About 5%

Binary 65-70% 25-30% 0-5% Adjusted to

calcined-clay sulfate balance

cement

Typical LC3 45-55% 25-35% 10-20% Adjusted to
sulfate balance

Low-clinker 40-50% 30—40% 10-20% Requires

LC3  research detailed

blend optimization

These values should be treated as starting ranges rather than production specifications. The
final binder composition must be based on local raw-material characterization and performance
testing.

9. Durability Considerations

The refined pore structure of LC3 can reduce water transport and improve resistance to chloride
ingress. The aluminate-rich hydration products can also increase chloride-binding capacity.
These features make LC3 attractive for reinforced concrete exposed to marine or saline
conditions. However, durability is not governed by one property alone, and compressive
strength should not be used as the only indicator of long-term performance.

Carbonation is an important issue that requires careful interpretation. LC3 may contain less
portlandite than OPC, which can reduce its buffering capacity. Accelerated carbonation tests
may therefore suggest greater carbonation susceptibility. Yet recent reviews caution that
accelerated test conditions can overestimate carbonation depth because they use high carbon-
dioxide concentrations and preconditioning procedures that do not reflect the gradual
densification of LC3 under natural exposure (Qadr et al., 2026). For reinforced concrete,
carbonation performance should be evaluated using realistic curing, exposure conditions, cover
depth, and crack control.

A complete durability programme should include water absorption, sorptivity, electrical
resistivity, chloride migration or diffusion, carbonation, sulfate resistance, shrinkage, cracking
risk, and post-exposure microstructural analysis. The required tests depend on the intended
exposure environment.
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10. Life-Cycle Implications

LC3 is frequently reported to reduce cement-related carbon dioxide emissions by around 30—
40% compared with conventional Portland cement when clinker replacement approaches 50%.
This range is plausible, but it should not be treated as a fixed value. Actual savings depend on
the energy used to dry, grind, and calcine the clay; the carbon intensity of electricity and fuel;
transport distance; limestone processing; and the functional unit used in LCA (Akinpelu et al.,
2026; Gettu & Basavaraj, 2020).

Life-cycle assessment should compare materials that deliver the same function. The functional
unit should therefore include strength, durability class, and expected service life rather than
simply one tonne of cement. A low-carbon binder that requires more material, intensive curing,
or early repair may not deliver the lowest whole-life impact. The strongest environmental case
for LC3 occurs when locally available clay and limestone are used efficiently and the resulting
concrete provides durable service.

11. Practical Challenges and Research Needs

= Map local clay resources and identify kaolinite content, impurities, and suitable
activation conditions.

= Optimize calcination temperature and duration to achieve adequate reactivity with
minimum energy use.

= Determine gypsum demand and admixture compatibility for each clay—limestone—
clinker combination.

= Develop reliable guidance for workability, setting time, shrinkage, and curing of LC3

concrete.

= Validate long-term chloride, carbonation, sulfate, and cracking performance under field
exposure.

= Use region-specific LCA data for energy, transport, raw materials, and service-life
scenarios.

= Adopt performance-based standards that permit high clinker substitution while
protecting structural safety and durability.

12. Conclusions

1. LC3reduces clinker-related emissions primarily by replacing clinker with calcined clay
and calcite, thereby avoiding a portion of kiln fuel use and limestone-calcination
emissions.

2. Calcined clay is activated at substantially lower temperature than clinker and provides
reactive silica and alumina for secondary hydration.

3. Calcite is not merely a filler: it improves particle packing, provides nucleation sites,
and reacts with clay-derived alumina to form carboaluminate phases.

4. The combined action of clinker hydration, pozzolanic reaction, and carboaluminate
formation can refine the pore structure and compensate for lower clinker content.

5. Well-designed LC3 systems can approach 50% clinker content and may reduce cement-
related CO2 emissions by roughly 30-40%, subject to local processing and LCA
conditions.

6. Reliable implementation requires local material characterization, sulfate optimization,
durability testing, and whole-life environmental assessment.
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