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Abstract  

Cement has been a part of almost everything that man has built to improve his life.  The chemistry and 

technology involved in its production have significantly contributed to the development of the world that we 

have today.  The cement industry is one of the largest industrial energy consumers, contributing significantly to 

global CO2 emissions. The cement industry is one of the largest contributors to environmental pollution, 

particularly through the emission of carbon dioxide (CO2), particulate matter, and other pollutants. As the 

global demand for cement continues to grow due to urbanization and industrialization, the industry's 

environmental impact becomes more significant. However, with the application of optimization techniques, it is 

possible to reduce pollution, improve sustainability, and enhance efficiency in cement production processes. 

This article explores how optimization can be applied to reduce environmental pollution in the cement industry. 

The optimizations include using alternative fuels, raw materials, and energy-efficient technologies in cement 

production. The paper also discusses implementing waste heat recovery systems to reduce energy consumption 

and emissions. Moreover, it examines the role of government policies, regulations, and incentives in 

encouraging environmentally friendly practices in the cement industry.  
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INTRODUCTION 

Cement is a vital material for modern construction, 

and its demand has been growing steadily due to 

rapid urbanization and industrialization across the 

globe. Despite its importance, cement production is a 

resource-intensive process with substantial 

environmental repercussions. According to the 

International Energy Agency (IEA), the cement 

industry is responsible for approximately 8% of 

global CO2 emissions, making it one of the largest 

industrial contributors to climate change [1]. 

 

This paper examines the environmental impacts of 

the cement industry, focusing on its role in global 

emissions, its contribution to air and water pollution, 

and its effects on ecosystems. The paper will also 

explore the technological advancements and 

optimization strategies that can help mitigate these 

environmental challenges. 

 

Nigeria, Africa’s most populous country, went from 

being a significant net importer of cement in the early 

2000s (producing nearly 4 million tonnes [Mt] p.a. 

while importing nearly 20 Mt p.a.) to being one of 

Africa’s largest cement producers (nearly 50 Mt 

capacity in 2018) and exporting nearly a quarter of its 

output. Cement production is now Nigeria’s leading 

manufacturing industry. It is also Nigeria’s largest 

greenhouse gas (GHG) emitter in its industrial sector 

 

Cement is a commodity that is derived from the 

processing of limestone and other minerals at high 

temperatures then cooled afterward and reduced in 

size until it becomes a fine powder [2]. 

 

Cement Industry in Nigeria 

Cement production in Nigeria is dominated by three 

companies: Dangote Cement, Lafarge Africa and the 

BUA Group. These companies produced around 

61%, 22% and 18% of Nigeria’s cement, 

respectively, in 2019. While being a more recent 

entrant to cement production, Dangote is now, by far, 

Nigeria’s top producer. Lafarge Africa is Nigeria’s 

second largest producer. It is a subsidiary of the 

Holcim Group, the world’s largest cement company, 

and has five plants at four sites: Ewekoro and 

Sagamu in Ogun State, Mfamosing in Cross River 

State, and Ashaka in Gombe State. Nigeria’s cement 

industry has traditionally used natural gas, imported 

and domestic coal, and some domestic petroleum to 

supply heat for co-processing limestone into clinker, 

the main ingredient of cement. While fossil fuels are 

plentiful in Nigeria, Lafarge Africa has taken the lead 

among Nigeria’s cement companies to increase use of 

bioenergy to supply their process heat. This drive has 

been led by Lafarge Africa’s alternative fuels 

subsidiary, Geocycle7, which is now co- processing 

biomass (oil palm residues and rice husks) with fossil 

fuels at four of its five plants [3]. 
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Figure 1. Percentage quantity of calcium carbonate 

and magnesium carbonate in Nigerian Limestone 

Deposit 

E

nergy Fig. 1. Trends in CO2 emissions from the global 

cement industry by region during 1990–2019 [4] 

 

Fig. 1 shows the trends in CO2 emissions from the 

global cement industry during 1990-2019. Despite 

extensive research on substitute materials, many 

designs make it hard to remove cement from 

cementitious materials. To create the best mix with 

the maximum performance and thus less cement 

consumption, it is crucial to first and foremost gain 

a deeper understanding of the cement that is being 

used. The foundational component of cementitious 

materials is cement mortar. Therefore, research on 

it can be extrapolated to research on other 

cementitious materials. The quality of cement paste, 

which is reliant on cement, has a significant impact 

on the quality of cement mortar [4]. 

 

Overview of the Cement Production Process 

The cement production process can be broadly 

categorized into three stages: raw material extraction 

and preparation, clinker production, and cement 

grinding. Each stage involves specific steps that 

contribute to the overall energy and material 

requirements of the industry 

1. Raw Material Extraction and Preparation 

The first step in cement manufacturing is the 

extraction of raw materials, primarily limestone, clay, 

shale, and other minerals. These materials contain the 

essential elements (calcium, silicon, aluminum, and 

iron) required for the production of cement. 

    Quarrying: Limestone is the principal raw material 

for cement production and is typically mined from 

quarries. Quarrying involves drilling, blasting, and 

extracting large blocks of limestone, which are then 

transported to the plant for processing. 

    Crushing and Pre-homogenization: The extracted 

limestone is crushed into smaller pieces using 

crushers. The crushed material is then mixed with 

other raw materials, such as clay and shale, to form a 

homogeneous blend. This step is critical to ensure 

that the raw materials are consistent in composition, 

which affects the quality of the final product. 

    Raw Material Grinding: After pre-homogenization, 

the raw materials are ground into a fine powder, often 

referred to as "raw meal," in large vertical or ball 

mills. This step reduces the particle size, making it 

easier for the material to undergo chemical reactions 

in the kiln. 

    Preheating: Before the raw meal is fed into the 

kiln, it passes through a preheater, where it is heated 

using exhaust gases from the kiln. Preheating 

improves the energy efficiency of the kiln by 

reducing the amount of fuel needed to heat the raw 

meal. 

 

2. Clinker Production: The Core of Cement 

Manufacturing 

Clinker production is the most energy-intensive stage 

of cement manufacturing and is responsible for the 

majority of CO2 emissions from the process. It 

involves high-temperature chemical reactions that 

convert raw meal into clinker, the intermediate 

product in cement production [5]. 

    Calcination: The raw meal is fed into a rotary kiln, 

a large cylindrical furnace that rotates slowly while 

being heated to temperatures of about 1450°C. The 

primary chemical reaction in the kiln is calcination, 

where calcium carbonate (limestone) is decomposed 

into calcium oxide (lime) and CO2. This reaction is 

responsible for the release of a significant portion of 

the CO2 emissions in cement production. 

    Clinkering: As the raw meal moves through the 

kiln, it undergoes a series of complex chemical 

reactions, ultimately forming clinker nodules. These 

nodules are hard, marble-sized pellets that contain 

key compounds like tricalcium silicate (C3S), 

dicalcium silicate (C2S), and tricalcium aluminate 

(C3A), which are essential for the hydraulic 

properties of cement. 

    Cooling: After clinkering, the hot clinker is cooled 

rapidly in a clinker cooler, which helps preserve its 

reactivity while recovering heat that can be reused in 

the preheating process. The cooling process is critical 
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for maintaining clinker quality and improving overall 

plant efficiency. 

    Kiln Fuel Consumption: The rotary kiln requires a 

significant amount of fuel, traditionally coal, oil, or 

natural gas, to maintain the high temperatures needed 

for clinkering. Alternative fuels, such as waste-

derived fuels, biomass, and industrial by-products, 

are increasingly being used to reduce reliance on 

fossil fuels and lower CO2 emissions [6]. 

Fig. 3. Burning Kiln in Cement Industry [7] 

3. Cement Grinding and Storage 

Once clinker is produced and cooled, it is combined 

with a small percentage of gypsum and ground into a 

fine powder to produce cement. Gypsum is added to 

control the setting time of the cement, preventing it 

from hardening too quickly. 

    Clinker Grinding: The clinker and gypsum are fed 

into a ball mill or vertical roller mill, where they are 

finely ground to produce cement. The grinding 

process consumes a considerable amount of electrical 

energy, typically accounting for about 40% of a 

cement plant's electricity usage. 

    Cement Storage and Packing: After grinding, the 

cement is stored in large silos for further distribution. 

The cement is either dispatched in bulk or packaged 

in bags, depending on market demand and logistical 

requirements. 

 

Environmental Impacts of Cement Production 

The cement manufacturing process has several 

environmental impacts, primarily related to its energy 

consumption, greenhouse gas emissions, and raw 

material usage [8]. 

    CO2 Emissions: The cement industry is a major 

source of global CO2 emissions, primarily due to the 

calcination process and fuel combustion in the kiln. 

These emissions account for roughly 8% of total 

global emissions. The use of alternative fuels, such as 

biomass and waste-derived fuels, as well as carbon 

capture technologies, are seen as potential solutions 

for reducing the industry's carbon footprint. 

    Energy Consumption: Cement production is 

energy-intensive, particularly during the clinker 

production stage. Reducing energy consumption 

through process optimization, such as improving kiln 

efficiency and utilizing waste heat recovery systems, 

can significantly lower the environmental impact of 

cement manufacturing. 

    Particulate Matter and Air Pollution: Cement 

plants are a source of fine particulate matter (PM), 

which can cause respiratory problems and other 

health issues. The use of dust collectors, electrostatic 

precipitators, and bag filters can help reduce the 

release of PM into the atmosphere. 

    Water Usage and Pollution: Cement plants use 

significant amounts of water, particularly for cooling 

and dust suppression. Efficient water management 

and recycling systems are essential for reducing 

water consumption and preventing water pollution. 

    Raw Material Depletion and Land Degradation: 

The extraction of raw materials, especially limestone, 

can lead to land degradation, deforestation, and 

habitat destruction. Using alternative materials, such 

as fly ash, slag, and industrial waste, can reduce the 

need for virgin materials and mitigate the 

environmental impact of quarrying 

 

Innovations and Optimization Techniques for 

Sustainable Cement Production 

To address the environmental challenges associated 

with cement production, several technological 

advancements and optimization techniques have been 

developed. These include [9]: 

    Energy Efficiency Improvements: Technologies 

such as preheaters, pre-calciners, and waste heat 

recovery systems can improve energy efficiency by 

reducing the amount of fuel required to heat the kiln. 

    Carbon Capture and Utilization (CCU): CCU 

technologies are being developed to capture CO2 

emissions from cement plants and either store them 

underground or use them in other industrial 

processes. While still in the early stages of 

commercialization, CCU has the potential to 

significantly reduce the industry's carbon footprint. 

    Alternative Fuels and Raw Materials: The use of 

alternative fuels, such as biomass and waste-derived 

fuels, can help reduce the industry's reliance on fossil 

fuels. Similarly, the use of industrial by-products, 

such as fly ash and slag, can replace virgin raw 

materials and reduce CO2 emissions. 

    Process Optimization through Digitalization: 

Digital technologies, such as advanced process 

control (APC) systems and predictive maintenance 

tools, can optimize the operation of cement plants, 

improving efficiency and reducing downtime. These 

technologies can also help monitor emissions and 

ensure compliance with environmental regulations 

 

The Environmental Impact of the Cement 

Industry 

Cement production is an energy-intensive process 

that generates large quantities of pollutants. The 

primary environmental concerns include: 
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• CO2 emissions: Cement production is 

responsible for around 8% of global CO2 

emissions. The majority of these emissions 

come from the calcination process, where 

limestone (calcium carbonate) is heated to 

produce lime (calcium oxide), releasing 

CO2. 

• Particulate matter (PM): Cement plants 

release fine particulate matter into the air 

during clinker production, which can cause 

respiratory problems and other health issues 

for nearby communities. 

• Other pollutants: Cement production also 

emits nitrogen oxides (NOx) and sulfur 

oxides (SOx), which contribute to acid rain 

and smog, as well as heavy metals that can 

contaminate soil and water. 

 

Process Optimization Methods to Reduce 

Environmental Pollution in Cement Production 

Energy Efficiency Improvements 

Energy efficiency is a major area for reducing 

environmental pollution in cement production. The 

cement kiln, which operates at temperatures 

exceeding 1450°C, is the most energy-intensive 

component of the process. Optimizing energy use can 

lead to significant reductions in both CO2 emissions 

and operational costs [10]. 

 

Kiln Process Optimization 

    Preheaters and Pre-calciners: The use of multi-

stage preheaters and pre-calciners allows raw 

materials to be preheated using waste heat from the 

kiln, reducing the fuel required for calcination. Pre-

calciners can remove up to 60% of CO2 from raw 

materials before they enter the kiln. 

    Kiln Insulation and Seals: Improving the insulation 

of kilns and reducing air leakage through better seals 

can help reduce heat loss, improving fuel efficiency. 

 

Grinding and Milling Optimization 

    Vertical Roller Mills: These mills offer a more 

energy-efficient method of grinding raw materials 

and clinker compared to traditional ball mills. They 

reduce energy consumption by 10-20%. 

    High-Efficiency Separators: By improving the 

efficiency of cement separators, plants can achieve 

better material classification, reducing the need for 

repeated grinding and thereby lowering energy 

consumption. 

 

Use of Alternative Fuels 

Replacing traditional fossil fuels with alternative 

fuels is another key strategy for reducing pollution in 

cement production. 

    Biomass Fuels: Agricultural residues, wood chips, 

and other forms of biomass can be used as fuel. 

These materials have a lower carbon footprint than 

fossil fuels and contribute less to CO2 emissions. 

    Waste-Derived Fuels: Cement kilns are highly 

suited for co-processing waste materials such as 

plastics, tires, and solvents. These alternative fuels 

not only reduce reliance on fossil fuels but also help 

reduce the environmental burden of waste disposal. 

 

Co-Processing of Hazardous Waste 

Cement kilns can co-process industrial and municipal 

waste that would otherwise end up in landfills. This 

not only reduces CO2 emissions from fossil fuel 

combustion but also contributes to the circular 

economy by repurposing waste materials. 

 

Clinker Substitution 

Clinker is the key ingredient in cement but also the 

largest source of CO2 emissions. Reducing clinker 

content by substituting it with supplementary 

cementitious materials (SCMs) can lead to substantial 

emission reductions. 

Blended Cements: Blended cements incorporate by-

products from other industries, reducing the need for 

clinker and cutting down CO2 emissions: 

    Fly Ash: A by-product of coal-fired power plants, 

fly ash can replace up to 30% of clinker, reducing 

emissions from calcination. 

    Slag: A by-product of steel production, slag can 

replace up to 50% of clinker, further reducing CO2 

emissions and increasing the durability of concrete. 

    Limestone: Limestone is increasingly being used to 

replace a portion of clinker, reducing both energy 

consumption and CO2 emissions. 

 

Waste Heat Recovery (WHR) 

Waste heat recovery (WHR) systems capture excess 

heat from the kiln and clinker cooler to generate 

electricity or provide heat for other processes. WHR 

systems can improve overall plant efficiency and 

reduce reliance on external energy sources. 

 

Carbon Capture, Utilization, and Storage (CCUS) 

Carbon capture, utilization, and storage (CCUS) is a 

promising technology for reducing CO2 emissions 

from cement production. While still in the early 

stages of commercialization, CCUS has the potential 

to capture a significant portion of the CO2 emitted 

during the production process. 

 

Carbon capture systems can be integrated into cement 

plants to capture CO2 before it is released into the 

atmosphere. The captured CO2 can either be stored 

underground (carbon storage) or used in other 

industrial processes (carbon utilization). 

 

Captured CO2 can be used in the production of 

building materials, such as concrete blocks and 

aggregates, or converted into useful chemicals. This 

process not only reduces emissions but also adds 

value to what would otherwise be a waste product. 
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Digitalization and Process Automation 

Digital technologies and advanced process control 

(APC) systems can optimize cement production, 

improving efficiency and reducing emissions. 

 

Advanced Process Control (APC) 

APC systems use real-time data to optimize kiln 

operations, grinding efficiency, and fuel usage. By 

continuously monitoring and adjusting process 

parameters, these systems help reduce energy 

consumption and minimize emissions. 

 

Predictive Maintenance 

Digital tools can predict equipment failure and 

maintenance needs, reducing downtime and 

improving energy efficiency. Predictive maintenance 

also minimizes the environmental impact by ensuring 

that machinery operates at optimal efficiency [11]. 

 

Pollution Control Technologies 

    Electrostatic Precipitators (ESPs): These devices 

use an electrical charge to capture dust particles 

before they are released into the atmosphere, 

significantly reducing PM emissions. 

    Baghouse Filters: These are highly effective at 

capturing fine particulate matter, ensuring that dust 

emissions remain within regulatory limits. 

    Low-NOx Burners: These burners optimize fuel 

combustion to reduce the formation of nitrogen 

oxides during the cement-making process. 

    Flue Gas Desulfurization (FGD): FGD systems are 

used to capture sulfur dioxide emissions from the 

exhaust gases, preventing them from contributing to 

acid rain 

 

Boundary Conditions for Cement Environmental 

Efficiency 

No actual cement facility with every single efficiency 

measure included in the benchmark will likely exist; 

however, the benchmark sets a reasonable standard 

by which to compare for plants striving to be the best. 

The energy consumption of the benchmark facility 

differs due to differences in processing at a given 

cement facility. The tool accounts for most of these 

variables and allows the user to adapt the model to 

operational variables specific for the cement facility. 

Figure 5 illustrates the boundaries included in a plant 

modeled by BEST Cement [12]. 

 

Figure 5. Boundary Conditions for Cement Environmental Efficiency 

 

In order to model the benchmark, i.e., the most 

energy-efficient cement facility, so that it represents a 

facility similar to the cement facility to be 

benchmarked, input production variables are entered 

in the input sheet. These variables allow the tool to 

estimate a benchmark facility that is similar to the 

user’s cement plant, giving a better picture of the 

potential for that particular facility, rather than 

benchmarking against a generic one. 

 

The input variables required include the following: 

❖ the amount of raw materials used in tonnes 

per year (limestone, gypsum, clay minerals, 

iron ore, blast furnace slag, fly ash, slag 

from other industries, natural 

❖ pozzolans, limestone powder (used post-

clinker stage), municipal wastes and others); 

the amount of raw materials that are pre-

blended (pre-homogenized and 

proportioned) and crushed (in tonnes per 

year); 

❖ the amount of additives that are dried and 

ground (in tonnes per year); 

❖ the production of clinker (in tonnes per year) 

from each kiln by kiln type; 

❖ the amount of raw materials, coal and 

clinker that is ground by mill type (in tonnes 

per year); 
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❖ the amount of production of cement by type 

and grade (in tonnes per year); 

❖ the electricity generated onsite; and, 

❖ the energy used by fuel type; and, the 

amount in Chinese Renminbi (RMB) per 

year spent on energy. 

 

 
The EII is then used to calculate the energy efficiency 

potential at the facility by comparing the actual 

cement plant's intensity to the intensity that would 

result if the plant used "reference" best technology 

for each process step. If a detailed assessment was 

performed, the difference between the actual intensity 

(the energy used at the facility per tonne of cement 

produced), and that of the reference or benchmark 

facility is calculated for each of the key process steps 

of the facility and then aggregated for the entire 

cement plant. If the quick assessment was executed, 

only total aggregated energy intensities are 

compared. 

 

The EII provides an indication of how the actual total 

production intensity of the facility compares to the 

benchmark or reference intensity. By definition (see 

equation 1), a plant that uses the benchmark or 

reference technology will have an EII of 100. In 

practice, actual cement plants will have an EII greater 

than 100. The gap between actual energy intensity at 

each process step and the reference level energy 

consumption can be viewed as the technical energy 

efficiency potential of the plant. Results are provided 

in terms of primary energy (electricity includes 

transmission and generation losses in addition to the 

heat conversion factor) or final energy (electricity 

includes only the heat conversion factor). 

 

Emerging Technologies and Sustainability 

Initiatives 

The cement industry is gradually adopting innovative 

technologies and sustainability initiatives to reduce 

its environmental impact [9] 

1. Carbon Capture, Utilization, and Storage 

(CCUS): This emerging technology captures 

CO2 emissions from cement plants and 

stores them underground or uses them for 

other industrial processes, such as producing 

building materials. CCUS has the potential 

to significantly reduce the cement industry’s 

carbon footprint. 

2. Energy-Efficient Technologies: Waste heat 

recovery systems, advanced kiln designs, 

and the use of pre-heaters and pre-calciners 

are being deployed to reduce energy 

consumption in cement production. 

3. Green Cement: Researchers are developing 

alternative forms of cement, such as "green 

cement," which emits lower amounts of 

CO2 during production. These alternatives 

include geopolymers and materials that use 

less clinker content, helping to reduce 

emissions and resource depletion. 

4. Circular Economy in Cement Production: 

Embracing the principles of the circular 

economy, cement companies are exploring 

ways to recycle and reuse waste materials 

within their production processes. For 

example, industrial by-products, such as slag 

and fly ash, are increasingly being used to 

replace virgin raw materials 

 

DISCUSSION AND CONCLUSION 

The cement industry is known for its significant 

impact on the environment, including air pollution, 

greenhouse gas emissions, and water pollution. To 

minimize environmental pollution in the cement 

industry, various optimizations can be implemented. 

One approach is the use of advanced process control 

systems, such as model predictive control and fuzzy 

logic. These systems can improve the stability of the 

production process, reduce energy consumption, and 

minimize emissions. Another strategy is the 

utilization of alternative fuels and raw materials such 

as biomass and recycled materials, which can help 

reduce the environmental footprint of cement 

production. 

 

Waste heat recovery and energy-efficient 

technologies are also effective in minimizing 

environmental pollution in the cement industry. 

These optimizations can help reduce greenhouse gas 

emissions and minimize the consumption of fossil 

fuels. 

 

In conclusion, minimizing environmental pollution in 

the cement industry through optimizations is essential 

for sustainable development. By implementing 

various strategies such as the use of advanced process 

control systems, alternative fuels and raw materials, 

waste heat recovery, and energy-efficient 

technologies, the environmental impact of the cement 

industry can be significantly reduced. Through these 

optimizations, the industry can become more 

sustainable, contributing to the achievement of global 

climate goals and preserving the environment for 

future generations. 
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