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1. Introduction
The cement industry is one of the most energy-intensive industrial sectors globally, consuming substantial quantities of both thermal energy for clinker production and electrical energy for grinding and material handling operations. Energy typically represents 20–40% of total production costs, making energy efficiency a critical concern for plant operators and a key determinant of competitiveness .
Cement manufacturing involves two fundamental energy streams: thermal energy, derived from fuel combustion in the kiln system to drive the chemical reactions that transform raw meal into clinker, and electrical energy, used to power motors, fans, mills, and conveyors throughout the plant. The clinkerization stage is by far the most energy-demanding, with the rotary kiln serving as the primary thermal reactor, while grinding operations—both raw meal preparation and finish cement grinding—dominate electrical consumption .
Global average specific thermal energy consumption ranges from approximately 3.0 to 4.5 GJ per tonne of clinker, depending on kiln technology, while specific electrical energy consumption typically falls between 80 and 120 kWh per tonne of cement produced . These figures mask considerable variation across regions and technologies, with state-of-the-art plants achieving significantly lower consumption than older facilities.
2. Thermal Energy Consumption
Thermal energy in cement production is consumed almost entirely in the pyroprocessing system, where raw meal is heated to approximately 1450°C to form clinker. The theoretical minimum energy required for the chemical reactions is approximately 1.7–1.8 GJ per tonne of clinker, primarily comprising the heat of dissociation of calcium carbonate (about 1.7–1.8 MJ/kg) and the sensible heat required to raise materials to reaction temperature . In practice, specific thermal energy consumption is substantially higher due to heat losses, incomplete combustion, and the need to heat excess air and combustion gases.
2.1 Specific Thermal Energy Consumption
Table 7 from the Cement Sustainability Initiative provides a comprehensive comparison of energy intensity across different kiln types :
	Kiln Type
	Final Energy Intensity (GJ/t clinker)

	Vertical shaft kiln
	3.7–6.6

	Wet process (24–48% water)
	6.0–7.1

	Semi-wet/semi-dry
	3.8

	Lepol (semi-dry)
	3.7

	Long dry process
	4.3

	1-stage cyclone preheater
	4.2

	2-stage cyclone preheater
	3.8

	4-stage cyclone preheater
	3.3

	4-stage preheater + precalciner
	3.1

	5-stage preheater + precalciner
	3.0–3.1

	6-stage preheater + precalciner
	2.9


This data demonstrates that the dry process with multi-stage preheater and precalciner is the most thermally efficient configuration, achieving specific thermal energy consumption of 2.9–3.1 GJ/t clinker compared to 6.0–7.1 GJ/t for wet process kilns. The transition from wet to dry processing has been the single most impactful energy efficiency upgrade, with dry processing now adopted in approximately 86% of global Portland cement clinker production .
Indian industry data provides additional perspective. The average specific thermal energy consumption in Indian cement plants is approximately 762 kcal/kg clinker (3.19 GJ/t), while the best performing plants achieve 676 kcal/kg (2.83 GJ/t), comparable to the best international figures of 660 kcal/kg (2.76 GJ/t) in countries such as Japan . However, energy audits reveal that some kilns still operate with heat consumption as high as 800 kcal/kg clinker or above, indicating significant potential for improvement .
A case study of a 2500 t/d cement clinker production line in China demonstrated that targeted energy-saving renovations reduced standard coal consumption by 7 kg per tonne of clinker . In Vietnam, the electricity consumption for producing one tonne of cement is approximately 90–100 kWh, while thermal energy required for one tonne of clinker is about 750–800 kcal/kg, equivalent to 107–114 kg of standard coal with a calorific value of 7000 kcal/kg .
2.2 Sources of Thermal Loss
A detailed energy audit of the BUA Cement Plant in Nigeria, a 6000 t/day dry-process kiln system, provides valuable insights into heat distribution and loss. The specific thermal energy consumption of the kiln was approximately 3.5 GJ/t of clinker, slightly above global best practice values of 2.8–3.0 GJ/t. Heat balance analysis showed total heat input and output of 3333 kJ/kg and 3342 kJ/kg clinker, respectively, with a minimal deviation of 0.27%, confirming data reliability. Kiln and cooler heat losses were estimated at 9 kJ/kg and 8 kJ/kg clinker, respectively, while total heat loss due to radiation and convection was 0.15 MJ/kg. Importantly, the audit identified that approximately 15.6% of total energy input could be recovered through improved waste heat recovery and enhanced clinker cooler efficiency .
The largest source of energy consumption in the kiln is the dissociation energy required to form clinker, but the variation in this requirement is small across operations. Research at a UK precalciner plant found that airflow and fuel type dominate the variation in day-to-day performance, and optimizing these factors could reduce energy consumption by 8.5% and CO₂ emissions by 19.5% .
3. Electrical Energy Consumption
Electrical energy in cement plants is consumed by a wide range of equipment, with grinding operations—both raw material preparation and finish cement grinding—accounting for the majority of consumption. Additional significant consumers include kiln drive motors, fans for combustion air and induced draft, conveyors, and auxiliary systems such as compressed air and lighting.
3.1 Specific Electrical Energy Consumption
The specific electrical energy consumption typically ranges from 80 to 120 kWh per tonne of cement produced . The BUA Cement Plant in Nigeria reported an annual electrical energy intensity of 88.74 kWh/t of cement, within the global benchmark range, with cement and raw mills identified as the largest electrical energy consumers .
Indian industry data indicates an average specific electrical energy consumption of 82.5 kWh/t cement, with the best plants achieving 66 kWh/t. For standalone grinding units, consumption is approximately 35.10 kWh/t cement . The Vietnam cement industry reports electricity consumption of 90–100 kWh per tonne of cement .
3.2 Distribution of Electrical Consumption
Grinding operations typically account for 60–70% of total electrical energy consumption in a cement plant. Finish cement grinding is particularly energy-intensive, often consuming 30–40 kWh/t cement due to the need to grind clinker to high fineness. Raw meal grinding consumes approximately 15–25 kWh/t raw meal. Kiln drives and fans consume approximately 15–25 kWh/t clinker, while material handling and auxiliary systems account for the remainder.
The introduction of high-efficiency grinding technologies such as vertical roller mills and high-pressure grinding rolls has significantly reduced grinding energy consumption compared to traditional ball mills. Roller presses, in particular, have demonstrated substantial energy savings in finish grinding applications.
4. Factors Influencing Energy Consumption
4.1 Kiln Technology
The choice of kiln technology is the single most important determinant of thermal energy consumption. As demonstrated in Table 7, the progression from wet process kilns to dry process kilns with multi-stage preheaters and precalciners represents a reduction in specific thermal energy consumption of approximately 50% . The precalciner, which performs up to 90% of calcination before material enters the rotary kiln, has been particularly transformative, enabling shorter kilns, higher production capacity, and lower specific energy consumption.
4.2 Raw Material Characteristics
The burnability of raw meal significantly influences energy consumption. Raw materials with high silica content, coarse particle size, or unfavorable mineralogy require higher temperatures or longer residence times for complete reaction, increasing thermal energy demand. Conversely, easily burned raw meals can reduce clinkerization temperature and energy requirements. The use of mineralizers can further reduce formation temperature and energy consumption.
4.3 Fuel Type and Combustion Efficiency
Fuel type affects both thermal energy consumption and combustion efficiency. Coal remains the dominant fuel globally, but alternative fuels including biomass, waste-derived fuels, and natural gas are increasingly used. Alternative fuels often have different combustion characteristics, affecting kiln stability and efficiency. Biomass and waste-derived fuels generally have lower calorific values and higher moisture content, which can lead to incomplete combustion and higher energy consumption if not properly managed .
4.4 Operational Stability
Day-to-day variation in plant performance, driven by factors such as fuel mix, production rate, and process airflow, represents a significant opportunity for energy reduction. Research at a UK plant found that improving performance to 10th percentile best observed levels would represent a 10% drop in CO₂ emissions and a 7% drop in energy consumption . Process stability, achieved through precise control systems and consistent raw material quality, is essential for maintaining energy efficiency .
5. Energy Efficiency Improvement Opportunities
5.1 Waste Heat Recovery
Waste heat recovery from kiln exit gases, clinker cooler, and preheater exhaust represents one of the most significant untapped opportunities for energy efficiency improvement. The BUA Cement Plant audit identified that approximately 15.6% of total energy input could be recovered through improved waste heat recovery and enhanced clinker cooler efficiency . Waste heat recovery boilers can generate 36–83 MJ of electricity per tonne of clinker (10–23 kWh/t clinker), with estimated installation costs of $3–4.50 per tonne of clinker . The most widely applied and economic option is the installation of a waste heat recovery boiler running a steam turbine.
5.2 Process Optimization
Optimizing process parameters such as airflow, fuel mix, and kiln speed can yield significant energy savings with minimal capital investment. The UK study demonstrated that optimizing factors affecting performance could reduce energy consumption by 8.5% and CO₂ emissions by 19.5% . The Chinese case study achieved a 7 kg/t reduction in standard coal consumption and 3 kWh/t reduction in power consumption through preheater optimization, improved kiln ventilation, fourth-generation cooler installation, and high-temperature SCR denitrification .
5.3 Alternative Raw Materials and Supplementary Cementitious Materials
The use of supplementary cementitious materials (SCMs) such as rice husk ash to replace clinker reduces both the thermal energy required for clinker production and the electrical energy for grinding. Research on RHA-blended cement in Nigeria demonstrated that grinding energy decreased significantly from 221.68 kWh/ton at 0% replacement to 104.86 kWh/ton at 50% replacement . Similarly, reducing the clinker factor through limestone addition and other SCMs is a primary lever for reducing energy intensity.
5.4 Advanced Technologies
Emerging technologies offer pathways to further reduce energy consumption. The ReAct Cement process integrates monoethanolamine-based post-combustion CO₂ capture with advanced heat-transfer exchangers, fuel-efficient rotary kilns, and air-preheating technologies, reducing combustion-related CO₂ emissions by approximately 30–35% through enhanced thermal integration . Oxy-fuel combustion with green oxygen from water electrolysis eliminates nitrogen from the combustion process, producing high-concentration CO₂ flue gas while potentially reducing energy consumption .
6. Conclusion
Energy consumption in cement manufacturing plants is dominated by the thermal requirements of clinker production and the electrical demands of grinding operations. Specific thermal energy consumption ranges from 2.9 GJ/t clinker for the most efficient dry-process preheater-precalciner kilns to over 6 GJ/t for wet process kilns, while specific electrical energy consumption typically ranges from 80 to 120 kWh/t cement.
Kiln technology is the primary determinant of thermal energy consumption, with the transition from wet to dry processing and the adoption of multi-stage preheaters and precalciners representing the most impactful efficiency improvements to date. Waste heat recovery, process optimization, and the use of supplementary cementitious materials offer significant additional opportunities for reducing both thermal and electrical energy consumption.
Energy efficiency improvement potential remains substantial, with energy audits consistently identifying recoverable losses and operational optimization opportunities. As the cement industry faces increasing pressure to reduce costs and carbon emissions, energy efficiency will remain a central focus of plant operations and technology development.

