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Abstract: Recent global strategies highlight the urgency of addressing greenhouse gas
(GHG) emissions, particularly CO, from energy-intensive industries such as cement pro-
duction. Studies show that the cement industry contributes around 8% of the global CO,
emissions, emphasizing the need for innovative and structural mitigation strategies. While
advancements in carbon capture technologies, LC3 cement, alternative raw materials, and
renewable energy integration are critical for achieving the net zero emissions (NZEs) goal,
the challenge lies in having a structured and comprehensive approach for systematically
categorizing, prioritizing, and assessing various CO, improvement measures within ce-
ment plants. To address this gap, this study introduces a structured assessment model
designed to evaluate and rate proposed CO, improvement measures based on their align-
ment with the global NZE targets and plant-specific milestones, providing an overall
cement plant performance score. The assessment tool developed in this study provides a
quantitative scoring system for assessing the implementation level and impact of various
CO; improvement measures within cement plants. The framework integrates the cleaner
production concept and the 5Cs approach to the decarbonization of the cement industry,
offering a systematic yet flexible method for cement industry decarbonization. To validate
the assessment tool, two cement plants with different production scales and located at
different geographical locations were analyzed. Plant A achieved an overall performance
score of 3.315, while plant B scored 3.68. The assessment identified a potential CO, reduc-
tion of 20-30% through targeted improvements, highlighting that even well-established
cement plants have opportunities for emissions reduction and efficiency enhancement. This
study advances existing assessment methodologies by providing an adaptable, data-driven,
systematic, and scalable tool that enhances decision-making, strategic modifications, and
resource allocation for achieving NZE targets. Additionally, this assessment tool bridges the
gap between global targets and plant-level implementation, ensuring effective transition
towards sustainability in the cement industry.

Keywords: NZE; CO, emissions; GHG; rating cement plants; 5Cs; assessment model;
cement; improvement measures

1. Introduction

Over the past decade, the construction industry has had the ambitious goal of achiev-
ing zero emissions by 2050, which is the motive for undertaking several encouraging
initiatives. While efforts to reduce cement usage have been ongoing, the increasing global
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threat posed by climate change has amplified the urgency [1,2]. Several leading organi-
zations have established pathways and roadmaps to achieve the 2050 target, including
the World Green Building Council (WorldGBC), the International Energy Agency (IEA),
United Nations Net Zero Coalition, the European Cement Association (CEMBUREAU),
Global Cement and Concrete Association (GCCA), the Intergovernmental Panel on Climate
Change (IPCC), Cement Sustainability Initiative (CSI), and Science-Based Targets initiative
(SBTi). They have outlined a phased strategy to reach NZEs. This includes a key milestone
to achieve a 40% reduction in embodied carbon by 2030, with all new buildings expected
to operate in net zero carbon [3-9]. However, this does not imply a halt in construction or
reduced building activity due to fast urbanization, which has led the cement industry to
become one of the highest consumers of natural resources, energy, land, and water and
a major contributor to CO, emission worldwide [10,11]. Cement is a key construction
material that is in high demand and is produced in large quantities yearly [12]. In 2022,
the global production of Portland cement was 4.1 billion tons compared to 3.3 billion tons
in 2010 [13]. To illustrate, producing 1 ton of cement requires, on average, approximately
1.5 tons of raw materials, between 3300 and 4300 M] of fuel energy, and around 100 to
120 kWh of electrical energy, and releases between 0.73 and 0.99 tons of CO,, depending
primarily on the clinker-to-cement ratio [14-17].

Moreover, according to the International Energy Authority (IEA)’s 2022 World En-
ergy Outlook, cement production as a steadily growing and energy-intensive industry is
estimated to produce around 1.4 Gt of CO, emissions per year, which is roughly 8% of
the global GHG emissions [18-20]. According to the Intergovernmental Panel on Climate
Change (IPCC), by the year 2050, there should be around USD 1.6 trillion in investments
per year to put the planet in a safe climate zone [20]. Environmental policies across the
globe are affecting different industrial sectors, and the cement industry is expected to
feel this impact [5,21,22]. In the past decades, there have been some international initia-
tives to reduce cement-generated CO,, the industry’s footprint, and to control emissions.
Some of these initiatives include the Greenhouse Gas Protocol by World Resources, the
World Resource Institute (WRI), the World Business Council for Sustainable Development
(WBCSD), the Kyoto Protocol, and others [23-25]. Moreover, the ambition of limiting
climate change to below 2 °C, as established by the Paris Agreement, has pushed the need
for major industries, such as the cement industry, to assess, monitor, and modify their
production processes [5,24,26]. For this reason, over the last decade, various pathways and
strategies have proposed several mitigation and improvement measures for reducing CO,
emissions in the cement industry, including improving energy efficiency, using alternative
raw materials and fuels, and assessing CO, performance [26-28]. However, most of these
strategies are directed towards available advanced technologies and reduction pathways
that are directed towards clinker production rather than structured, systematic assessments
to evaluate and rate the improvement measures across the entire cement production system.
The introduction of a novel, structured, and data-driven assessment tool that addresses the
limitations of the current methodologies by providing a structured, comprehensive, sys-
tematic, and quantitative scoring system for evaluating and prioritizing CO, improvement
measures within the cement value chain will bridge the gap to reach the 2050 NZE targets.
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1.1. Study Aim

Despite the numerous studies on cement production decarbonization and energy effi-
ciency by organizations such as GCCA, CSI, IPCC, and IEA, covering areas on alternative
fuels, clinker substitutions, carbon capture technologies, process optimization, and others,
there remains a significant gap in developing an integrated assessment model that rates
and systematically assesses the performance of cement plants, particularly as concerns
CO, performance enhancements. The aim of this paper is to address critical gaps in the
systematic evaluation of CO, improvement measures within cement plants by developing
a comprehensive assessment framework and an Excel-based assessment tool for the de-
carbonization of the cement industry [29]. These gaps include the need for a standardized
methodology for evaluating and scoring several proposed CO, improvement measures,
the absence of a structured yet flexible model for integrating global NZE targets and de-
carbonization strategies, and the need for quantitative and qualitative decision-making
tools that guide the sustainability efforts of plants towards NZEs by 2050. The model is
based on the 5Cs approach, enabling systematic identification, collection, evaluation, and
rating of the proposed measures that aim to reduce the carbon footprint of cement plants,
hence reducing the CO; emissions of the cement industry. The target is to incorporate
advancements to reduce each of the 5Cs to achieve NZEs by 2050. The developed tool will
facilitate resource allocation, future strategic planning, and decision-making supporting the
NZE targets. This paper is the second in a series; the first introduced the cement production
plan, the assessment tool, and its generic and case-specific application [29].

1.2. Theoretical Concept Behind Model Development

In theory, to systematically establish a framework for evaluating the improvement
measures applied to a cement plant, the input and output flows of energy, materials, and
others need to be studied. For this, the cleaner production theory and 5Cs approach
for decarbonizing the cement industry and its relevant sectors are used for identifying,
prioritizing, and setting evaluation targets for the improvement measures proposed as a
roadmap for the reduction of CO, emissions from cement manufacturing and the carbon
footprint of the cement plants [30,31]. These elements are crucial in reducing emissions and
promoting sustainability within the construction and related sectors. The 5Cs approach
outlines the roadmap to decarbonization, focusing on clinker, cement, carbon capture and
storage (CCS/CCU), construction (re)carbonation, and concrete for the assessment of CO,
improvement measures. It is a comprehensive strategy that seeks to achieve NZEs by 2050
in comparison to the 1990 baseline emissions of 783 kg CO, /ton of cement through target
emissions reduction in the 5Cs across the cement and concrete value chain, as shown in
Figure 1 [30]. The concept levers are in the adaption of material and energy efficiency, low-
carbon fuel switching, promoting efficiency in material usage, reducing clinker-to-cement
ratio, and implementing innovative and advanced technologies. The roadmap to achieve
NZEs by 2050 looks at the CO, emissions reduction pathways by acting at the different
stages of the value chain [30].
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Cement:

—117 kg COyt

CCS/CCU: Concrete:

2050
0 kg COy/t

Compared to

—280 kg COt —59 kg CO/t

1990 baseline 783
kg COy/t

Construction
(re)carbonatio
n

—51 kg COy/t

Clinker:
—160 kg CO,/t

Figure 1. The 5Cs for decarbonizing the cement industry and other relevant sectors [30].

2. Materials and Methods
2.1. Methodological Framework and Structure

The proposed assessment model structure focuses on evaluating the cement plant’s
sustainability with reference to the performance of improvement measures through the
integration of multiple technologies, computations, and metrics. The model is built around
key improvement parameters to reduce the CO, emissions of the cement plants. This
includes five main areas of improvement: process and technology efficiency, alternative
fuels and energy management, alternative raw material and clinker production, emission
control, and industry innovations and facility operations. In addition to the five main
areas, 14 first subareas and 43 s subareas. The structure is designed to assess the impact
of these measures on reducing the CO; emissions of cement plants, hence reducing their
environmental carbon footprint while maintaining efficiency. This model structure facili-
tates detailed analysis of cement plants while providing flexibility to modify weights and
assumptions. Although the quantity of cement produced will directly impact the amount
of CO, emissions from the cement plant, the proposed evaluation tool remains consistent.
The same methodological criteria and computations are used to assess the plant’s perfor-
mance regardless of the amount of cement produced. However, larger cement production
volumes will result in higher total emissions, hence lower overall plant performance and
improvement measures scores.

A comprehensive methodology for rating cement plants based on their mitigation
measures is developed. The three sustainability pillars on which the proposed improve-
ment measures are based are the economy, environment, and society. This rating model is
generic enough to be applied to a wide range of plants and is not site-specific or country-
specific. Comparing green building and sustainability rating platforms with the developed
cement-specific assessment tool in this study highlights that the platforms enable a broad,
corporate-level sustainability evaluation that assesses corporate environmental, social, and
governance (ESG) performance [32,33]. On the other hand, the developed assessment tool is
tailored to the specific decarbonization needs of the cement industry, focusing on technical,
process, and emission reduction improvement measures in the value chain by providing
actionable insights and performance benchmarks. The developed assessment tool enables
plant operators and decision-makers to implement targeted strategies to achieve decar-
bonization of the cement production process. The niche focus of the created assessment tool
allows us to provide detailed guidelines as a roadmap for reducing CO; emissions. One of



Constr. Mater. 2025, 5, 20

50f29

the key strengths of this assessment tool is its ability to provide benchmarking capabilities
against standards. This tool allows cement plants to compare their CO, emission reduction
measures against global best practices through the evaluation of weightage and significance
factors. By applying this tool, cement plants can track the progress of the improvement
measures to identify areas for improvement and areas that need implementation of best
practices to reduce CO, emissions. This quantitative approach differentiates the created
tool from other sustainability frameworks. The main focus of the created tool is carbon
emissions reduction, unlike other methods where carbon management is part of broader
environmental criteria. A detailed comparison between the use of sustainable rating sys-
tems and a cement-specific assessment tool for achieving NZEs by 2050 showed that the
created tool is different in the following ways:

e  Purpose: it focuses on assessing decarbonization measures for cement plants to achieve
NZEs by 2050, while other systems evaluate sustainability performance.

e  Scope and assessment criteria: It covers improvement measures related to CO, emis-
sions reduction, energy efficiency, alternative fuels and raw materials, technology
innovations, product improvements, and facility operations efficiency. On the other
hand, the rating systems cover broad ESG factors.

e Targeting: it is designed for cement plant decision-making and for operators to eval-
uate the performance of the plant, whereas companies across the industry use the
rating system.

o  Certification: It offers scores for each improvement measure based on an evaluation
key, with action plans and detailed results reporting to improve the plants” perfor-
mance across different improvement measures. Rating systems provide sustainability
ratings of silver, gold, platinum, or bronze based on environmental performance.

e  Methodology: it uses quantitative and qualitative models with the needed KPIs and
global targets as references to track the plant’s progress towards NZEs and is not based
on questionnaires only.

e  Focus on carbon emissions: it focuses primarily on carbon emissions reduction in
cement production facilities by evaluating CO, emissions improvement measures,
while the other rating systems include carbon emissions as one of many environmental
criteria and do not specialize in cement-specific decarbonization strategies.

e  Benchmarking: it allows cement plants to compare the various CO, emission reduction
measures against global best practices and NZE targets. However, the other evaluation
methods allow companies to compare their performance against industry peers.

e Action plans: it offers technical insights tailored to specific cement plants to achieve
the NZE targets based on scores, bar charts, and historical data logging across the
supply chain in the cement industry.

The model framework is presented in stages and sub-stages that should be followed
to complete the evaluation. Figure 2 demonstrates the assessment framework. The model
has three main phases: the first phase is the design and framework development phase,
the second phase is the implementation and evaluation phase, and the third phase is the
monitoring and reporting phase.



Constr. Mater. 2025, 5, 20

6 0of 29

Secondary Stages Stages Description

*» Conduct a comprehensive literature review and collect data about
the mitigation measures and cement production process.

« Obtain data about the EFs for each CO; source.

*» Conduct site visits to see what improvement measures are being
applied.

1. Data collection and
classification

* Create production process map for cement and define all processes.

2. Process mapping * Breakdown each process into components to estimate emissions.

e « Normalize the data to ensure comparability across different cement
3. Data normilization plants and times.
« Factors such as location variations, production volume, and size are
included
4, Identify and evaluate « Identify key environmental performance indicators such as CO,

emission intensity, waste management, resource utilization, energy
efficiency for their reduction potential.

key improvement criteria

. « Based on the benchmarks, define a scoring system for each KPI. The
5. Develop a scoring scores are to reflect the achievements of each plant.

system and calculations « Based on the literature, calculate each plan's score to obtain overall

environmental performance score and weight.

Design and Framework development

« Identify area of stength and weakness of the plant environmental
performance based on the results of the assessment.

« Use the results to suggest improvments measures and/or investment
plans.

* Use a scale for scores both descriptive and numerical.

6. Interpret the results and
overall rating score

*» Conduct analysis to assess the impact of KPIs on the CO, emissions
7. Sensitivity analysis rates.
« Prioritrize the key performance indicators based on the analysis.

Implementation and
Evaluation

D « Validate the model rating system by applying it to cement plants.
8. Model validation and * Compare the results with the real data and experts assessment.

refinement = Some refinments could be done based on the performance trends
during the validation phase.

* Monitoring the pro%ross of the plant by establishing an ontioin
mointoring system for the environmental performance of the plant.

* Update the model based on the data inputs and outputs or any
change in regulations.

9. Continuous monitoring

10. Feedback and « The results are to be shared with the decision makers and based on
! dati that some adj and envi | performance indicators
recommendations should be implemented.

Monitoring and Reporting

Figure 2. Study assessment framework for CO, emissions reduction by cement plants.

2.2. Data Collection and Classification

All necessary data on the cement production processes from inputs and outputs along
the material and energy streams of cement production, including fuel consumption, energy
usage, raw material consumption, and transportation, were gathered from five cement
plants operated by leading national and international manufacturers. Their selection
represented a diverse range of production capacities, different geographical locations,
operational methods, and regulations. The data collection sources included sustainability
reports, literature reviews, and site visits, ensuring comprehensive CO, improvement
measures compilation and assessment across different configurations and environments.
This selection process allows for a broader applicability of the assessment tool developed
in this study. To ensure the accuracy and comprehensiveness of the survey, interviews
and site visits were conducted. This step includes the collection of data on any issues that
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emerge during the site inspection, from instant air emissions levels, waste management,
water wastage, energy consumption, transparency levels regarding compliance with the
regulations and environmental performance, and others. The site visit survey and the
collected data on the environmental performance of the cement facility are gathered and
organized in a sheet based on the recommendations of the GCCA, EBRD, IEA, CSI, WBCSD,
and the European Cement Research Academy (ECRA) [3-6]. This sheet contains plant
information, including plant name, company of ownership, country of the facility, plant
type, kiln types, clinker capacity, verifications, and CO, and energy protocol versions used.
The survey ends with general comments and notes about this stage of the facility. Table 1
summarizes the parameters and data used for CO; emissions calculations. The units of
measurement and the proposed sources of data are indicated in the table. The data are
measured preferably at the plant level; however, when this is not possible, default values
are used.

Table 1. Data collected and emission sources by scope.

Emission Sources Component Unit of Calculation Data Source
Scope 1
Clinker produced Tons Plant measured
CO, .frm?“ Dust calcination Tons Plant measured,
Calcination reports
CKD emission g/t clinker Plant measured
NCV GJ/t fuel Plant measured
Calculated or
CO, frorp fuel EF kg CO,/GJfu default IPCC /CSI
combustion
Fuel consumption  Tons Calculated, plant,
reports

Calculated or

CO; from mobile EF kg COz/km default
sources Fuel consumption  Liters Calculated or plant
Scope 2
Power
CO, from external Consumption kWh Plant level or
sources reports
EF gCO,/kWh

In addition, a generic sheet is created for the plant data collection and classification
phase. This sheet includes data inputs and records. It is a baseline for data documentation
to normalize and unify data classification and collection. The data collection method, unit
of record, basis of classification, tool rating, and improvements are recorded. It gives a clear
overview of where the cement plant stands. This table provides a structural and unified
format for documenting and organizing the data in categories based on the cement plant’s
operational process. Figure 3 shows a model sample sheet for data inputs and recording
where ratings are computed using the tool software.
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Date

../.120..

2. Data Inputs and Recording

q q a Basis of q Improvements and
Data cat llection Method it Ratis
Seq ata categories Collection Metho Uni Classification ating
I [Energy Consumption
Manual , Smart
la Electricty meters, Automated kWh, GJ production process
data logging lto5
Sensors, Automated Equipment and
1b Fuel data logging , smart | T/kg quip .
production process
meters
2 |Raw material usage
Environmental impact,
2a clay Manual, smart meters |tons Matena! ype,
production process,
operation, quality
2b sand Sensors, A utomated tons, m3 Quality, grade .
data logging Poor/Fair/Good/Excellent
2c limestone x:ig;i;nzummawd ppm, g/m3 production process
2 Gypsum Metermg? Automated fons, kg Equlpm.ent and
data logging production process
2e Others Manual, smart meters |tons, kg Operation
3 |Production outputs
3a Clinker Sensors, _Automated tons, m3 Volume, process,.
data logging energy consumption,
emissions, Poor/Fair/Good/Excellent
3b Cement Manual, smart meters Environmental
impacts, quality
4 |Waste generation tons
4a Solid waste Manual, smart meters [tons, kg
Environmental impact, ..
. ” |Negligible/Low/Moderate
4b Liquid waste Sesnsorsj Automated ppm, g/m3 Sources, Quantity, B8 .
data logging M /High
d anagement process
4 Gaseous waste Metering, Automated /m3
N data logging ppm, &/m.
5 |Emissions
Manual, calculation , Product{on process
Sa COo2 ppm, g/m3 and environmental
smart meters .
impact
i Low/Medium/High
5 Nox Sensors, Automatcd fons, kg qu{)pmcnt usc§ and ow/Medum/Hig
data logging environmental impact
5 Sox Melermg: Automated ppm, g/m3 Opgrallon and )
data logging environmental impact
Production process
5d Air Manual, smart meters (ppm, g/m3 and environmental Yes/No
impact
6 |Alternatives
6a Fuels I;/:;elzng;nAuwmawd ppm, g/m3 production process
SENg _ Low/Mediun/High
. Sensors, Automated Operation and
6b Raw material ) tons, kg ) .
data logging environmental impact
General comments

Figure 3. Sample assessment tool sheet for framework data input and recording at cement plants.

2.3. Process Mapping and Data Normalization

In this step, the cement production process is visually represented, and the various

stages and steps are mapped. This stage includes quarrying, crushing, grinding, blending,

calcination, clinker production, grinding of clinker, packaging, and transportation of the

final product. In addition, each process step is broken down into individual components for

accurate determination of the energy and materials needed for each stage and estimation of

CO, emissions and other air emissions. This stage helps to streamline operations, optimize

operations, improve efficiency, and identify inefficiencies. An Excel sheet with the cement

production process covering the main steps is created relative to the energy consumption

and emissions of each step. The scoring is given as an evaluation using yes, no, or n/a

points, where

reported as planned;

Yes means the emissions and energy consumption of each step of production are
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e No means emissions are generated, and the energy consumption of each step of
production is not reported as planned. This should be explained in the comments cell;
e N/A means emissions are not generated or this step or does not exist at this plant.

The data collected in the first step and the process mapping step are normalized. The
normalization helps with data completeness across different cement plants and regions
based on standard sheets to be filled. The normalization stage standardizes the variations
in different categories during the rating and evaluation process. Data normalization is
based on the standards and protocols of the GCCA, EEAA reporting, IEA, ECRA, and
others, as mentioned. Figure 4 is a simplified model sheet developed to summarize the
assessment tool’s automatically rated efficiency of the cement production process in the
cement plant based on the emissions generated as well as the energy consumed. This can
be used as a guideline for determining the general efficiency of each step in the process of
cement production to visualize the areas that need improvement to reach the 2050 goal.

Date [.20..

3. Process mapping

Seq

Main process steps

Efficiency Years
score [2024 2025 2026-2029 2030 2031-2039| 2040 |2041-2049 2050

Reporting

Raw material supply

yes, no, n/a (1-5)

Raw material preperation

yes, 1o, n/a (1-5)

Cement production (kiln operation) yes, no, n/a (1-5)

Power generation on site

yes, 1o, n/a (1-5)

Heating and cooling process

yes, no, n/a (1-5)

Transportation

yes, 1o, n/a (1-5)

Sa

Internal on site

yes, no, n/a (1-5)

5b

External off site

yes, 1o, n/a (1-5)

6

Add extra detailed processes

yes, no, n/a (1-5)

General comments

Figure 4. Sample assessment tool sheet used in the model framework development for rating the
efficiency of the plant’s cement production process.

2.4. Identifying and Evaluating Key Improvement Measures

At this stage of model development, each category is analyzed to identify the key
improvement measures for evaluating the CO, reduction potential of each plant. Due to
the uncertainties and limitations surrounding the availability of the needed data, the results
may lead to inaccurate results, undermining future risk identification, causing inaccurate
prediction, limiting generalization for future global goals, and leading to ineffective policies
and decision-making. This includes the following:

e  Accessibility: Accessing comprehensive and up-to-date data with respect to the study
objective, especially in international cement plants;

e  Reliability: The accuracy of the data is subject to the source’s creditability;

e  Completeness: The parameters of systematic collection and reporting affect the depth
of the analysis. Incomplete datasets could affect the results;

o Confidentiality: Some data may be sensitive, with limited access and agreements
needed for data provision. This could restrict the analysis of certain parameters;

e Identification of key environmental performance indicators, including CO, emis-
sion intensity, waste management, resource utilization, and energy efficiency for
reduction potential.
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Qualitative assessment based on a scoring system is used to select the best measures
that have low, high, and medium potential for the reduction of CO, emission by the cement
plant. Table 2 presents the scale used to assess the parameters” impact on improving
emissions. This scale is assessed based on the improvements made to one of the major
reduction potential measures, such as the following:

e  Energy consumption from clinker and cement production;

e  Process efficiency of each stage of cement production, waste generation, and water
consumption;

e Avoiding CO; emissions by replacing or incorporating CO, emissions;
e  Fuel from the calcination process.

Table 2. Qualitative scale and level of impact on CO, emission reduction.

Estimated % of

CO; Reduction Potential Impact Level Reduction

The measures cannot reduce CO,
emissions from the major sources but can
significantly reduce CO, emissions from

at least one source.

low <20%

The measures can effectively reduce CO,

.. Medium 20% to 50%
emissions from at least one source.

The measures can effectively improve CO,

o High >20%
emissions from one or more sources.

Table 3 shows the improvement measures proposed for rating and scoring by the
assessment tool in the application phase of this study based on a numerical rating scale.
Each aspect is presented and given an abbreviation. The measures are selected and priori-
tized into categories, concentrating on the main area from the 5Cs approach. Additionally,
the weight of each improvement measure, obtained from the literature review as well as
observations from site visits, surveys, and industry experts, is based on a weighting matrix
and mean values [8,9].

Table 3. Detailed classification of CO, emissions reduction and improvement measures used during
cement production and plant operations.

Category Abb. Sub-Category Abb.
1. Process and technology efficiency
Electrical efficiency EEE
Energy efficiency EE Thermal efficiency EET
Variable speed drives EED
Process control systems EPC
E Process efficiency EP Operational efficiency EPO
Recycle and reuse EPR
Pollution control and prevention EPP
Kiln technology EK Kiln drive improvements EKK

upgrade Insulation improvements EKI
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Table 3. Cont.
Category Abb. Sub-Category Abb.
2. Alternative fuels and energy management
Biomass AFB
Alternative fuels AF Waste materials AFW
Non-traditional fuels AFN
Solar energy ARS
A Wind energy ARW
Renewable energy AR
Hydropower ARH
Hybrid solar panels ARP
Waste heat A Heat exchanger AHH
recovery H Combined heat and power AHC
3. Alternative raw material and clinker production
Decoronated feedstocks RAD
Alternative raw RA Blending raw materials RAB
materials
Preprocessing of materials RAP
R Calcareous oil shale RCC
Clinker :
substitution RC Supplementary materials RCS
Low-temperature clinkers RCT
Product RP Blended cement RPI
development New product technologies RPN
4. Emission control and industry innovations
Carbon capture and storage ICS
CO; and heat IC Selective non-catalytic reduction ICR
control (SNCR) systems and CRS
Synergistic heating ICH
Advanced process technologies T
I Developing CO, reduction IR
. innovations
Innovative
technology and I Waste treatment integration ow
Integration Power plant integration mar
Power plant/cement plant carbonate c
looping
Syngas co-production 1S
5. Facility operations
Staff training and public relations OBT
Best practices in .
operation OB Maintenance ar}d program OBM
enhancing
Water management OBW
O Regulatory compliance OSR
Standards and 0s Sustainable material standards 0SS
compliance
Environmental impact assessment OSE
Research and CO, reduction OIR
Breakthrough Ol innovations
innovations - -
Environmental strategies OIE




Constr. Mater. 2025, 5, 20

12 of 29

2.5. Develop a Scoring System and Calculations

This model stage involves developing a unified scoring system for evaluating the
cement plants. After the last step, identifying the key improvement measures, the next
step is to set targets or benchmarks for each measure based on specific plant standards,
requirements, and sustainability targets. These measures are then given scores based on
efficiency and effectiveness. A weightage factor is assigned relative to its significance. In
addition, score calculation is assigned based on a comparison between actual performance
against the established targets and assigned weight, deviation, and score. A generic
template for scoring and comparing the performance indicators in a given cement plant
is developed to help with the prioritization of improvement measures and to identify the
most effective measures. Figure 5 Provides a sample of the sheet to be used in this stage of
the evaluation model.

Date

..1.J20.. [

4. Scoring of Performance Measures.

Seq Data categories izziﬁtl/nark Scoring Criteria W:;gcil;ing perﬁ)c:;?nce Score (1-5) ;Tg:;::ﬁ::::
1 |Energy Consumption kWh/ton of cement
2 |Raw material usage Efficiency
3 |Production outputs Tons of cement/ period
4 |Waste generation Ton of waste/ ton of cement
5 |Emissions Kg CO2/ ton of cement
6 |Water Usage Liters /ton of cement
7 |Alternatives Efficiency in utilization

General comments

Figure 5. Sample sheet for scoring and weighting performance measures.

2.6. Interpreting the Results and Overall Rating Scores

The results are automatically interpreted to identify areas of weaknesses and strengths
at each point for future improvement and/or investments. To evaluate the performance of
each measure, a score from 1 to 5 is assigned to each measure. A visual representation of
the rating scale representing the level of maturity and/or completeness is shown in Table 4;
5 is the highest implementation level and 1 represents a poor implementation level. These
color-coded scores are programmed automatically to be displayed by the assessment tool.

Table 4. Assessment tool’s automated visual representation of the performance indicators, with
scores from 1 to 5.

Poor Low Average On Track Optimal

2.7. Sensitivity Assessment

This stage of assessment of improvement measures in cement plants is conducted
to understand their impact on certain parameters, such as effectiveness, viability, and
results. In this stage of the model, technical maturity, sensitivity, and economic viability
are analyzed to assess the applicability of the implementation of CO, emission reduction
measures. It gives a general guideline for checking the viability of an improvement measure
to be implemented in a cement plant. In this framework, key factors that can determine the
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applicability of a CO, emission reduction measure are technological viability, sensitivity,
and maturity. This step assesses the feasibility of implementing a proposed improvement
measure with respect to the plant’s available technology, resources, and infrastructure.
Some of the factors considered at this stage include technological compatibility with the
existing processes and equipment, the availability of the needed materials and energy
resources, and the implementation of this technology within the existing operational state.
In addition, the level of technological maturity affects the decision of whether or not to
implement the measure. For this, a scale of the level of maturity is used to verify the
technological maturity of the mitigation measure to be used. Table 5 outlines a qualitative
scale for categorizing the various measures of technological maturity and sensitivity.

Table 5. Qualitative scale for assessing technology maturity and sensitivity.

Sensitivity Level Maturity Level Description

The technology is well established and not
easily affected by external factors.

Low High

The technology is emerging and involves
Medium Medium moderate complexity on external factors. May
have moderate sensitivity to external factors.

The technology is in the early development
stages. It is affected by technological
complexity and is sensitive to external factors
and conditions.

High Low

Additionally, economic viability is significant for determining the implementation
of an improvement measure and its relationship to the plant’s business approach. This
aspect evaluates the financial applicability of a certain measure and involves analyzing the
implementation cost of each measure, the initial investment in the case of new or emerging
technologies, and the operational costs. In addition, economic viability is impacted by
the complexity of the plant’s business approach. Table 6 defines the qualitative scale for
evaluating the economic viability and business approach complexity of implementing
improvement measures in cement plants to reduce CO; emissions.

Table 6. Qualitative scale for evaluating the economic viability and complexity of business approaches
required by CO, reduction measures.

Economic Viability

Business Approach Complexity Description

High

The implementation of each measure offers significant
Low cost savings and can easily be integrated with the
existing plant processes.

Medium

The implementation of each measure offers moderate
cost savings and requires organizational adaption. It
can be integrated with the existing plant processes but
needs planning and coordination.

Medium

Low

The implementation of each measure offers limited cost
High savings and high risk. It requires substantial external
support to be integrated with the plant processes.

The second step in the implementation and evaluation phase is the model validation
and refinement. During this stage of the model, a thorough examination is applied to
evaluate the model’s effectiveness and applicability by using a specific cement plant and
considering the application and constraints associated with an improvement measure. This
validation should be performed by a group of experts and a technical team. In addition, this
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phase considers three main aspects during the evaluation: site constraints and applicability,
organizational readiness and resource allocation, and organizational implementation level.

2.8. Site Constraints and Applicability

This aspect assesses whether a certain improvement measure is applicable to a spe-
cific site. It evaluates the technical feasibility and compatibility with the cement plant’s
existing infrastructure. It involves the evaluation of the technological compatibility of
the improvement measure with the available equipment and systems. Table 7 provides a
qualitative and quantitative scale for evaluating the site constraints and applicability of an
improvement measure to a given cement plant.

Table 7. Qualitative and quantitative scale for validating CO, emissions reduction by mitigation
measures through site constraints and applicability.

Feasibility

Level Percentage Description
The proposed mitigation measure is not feasible given
Low <50% the current site conditions and constraints.

Lack of infrastructure and resources.
Significant obstacles in the environment.

The proposed mitigation measure could be
implemented given the current site conditions and
Medium 50-75% constraints.
Infrastructure and resources need to be modified.
Moderate obstacles in the environment.

The proposed mitigation measure is feasible and well
suited given the current site conditions and constraints.
High >75% Infrastructure and resources are well aligned.
Environmental conditions are aligned and support the
implementation.

Another parameter of significance is the organizational position of implementation of
certain measures. This aspect examines the degree to which the current state of the cement
plant is implementing a certain improvement measure. If an improvement measure is
already established in the plant and is at a level of implementation that leaves no room
for improvement, then the evaluation states this and refers to the next measure based
on the prioritized benchmarks and targets. In addition, it involves assessing the degree
of appearance of similar measures in the plant. It also assesses their effectiveness and
performance. Table 8 defines the qualitative scale for evaluating the organizational position
of the mitigation measures for reducing CO, emissions.

By studying the impact of improvement measures on the facility’s existing level of
adaption, the know-how about that measure, and the changes that will occur in case of
implementation, company decision-makers can identify opportunities for expansion and
improvements. In addition, they will be able to prioritize the measures and allocate funds
and resources. Cement plant decarbonization and evaluation will be based on evaluations
to assess the level of progress of a certain measure.
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Table 8. Qualitative scale for evaluating the organizational position.

Level Description

The measure is not being implemented, and/or no similar measures are
currently in practice.

Low Existing measures are ineffective and /or implemented poorly.
Significant room for improvement.
The know-how is not available at the plant level.

The measure is being implemented, and /or some similar measures are
currently in practice but with variable effectiveness.

Medium Existing measures are implemented but are inconsistent or lacking in
some areas.
Moderate room for improvement.
The know-how is relatively available at the plant level.

The measure is implemented, and /or many similar measures are currently
in practice.

Existing measures are effective and implemented substantially and
consistently.

Strong foundation for improvements.

The know-how is available at the plant level.

High

2.9. CO, Emissions Calculations

Calculation of the CO, emissions of the cement plant is conducted using equations
based on the IPCC formula and recommendations as well as the literature. Emissions
estimation involves two emission factors (EFs), one for clinker production and the other for
cement kiln dust (CKD) [34-37]. Equation (1) is the formula for CO; emission from clinker
production and is a product of the lime fraction in the clinker and the factor 0.785, which is
the theoretical CO, emissions (by weight) associated with the production of 1 unit weight
of CaO in the clinker [37].

Ef clinker = fraction CaO x 0.785. (1)

A general approach to estimating CO, emissions during clinker production is based
on the guidelines of the IPCC; thus, the basic equation for estimating CO, emissions from
clinker production is as follows [37]:

CO, Emissions from Clinker = Production Data x CKD Corrections Factor (2)

The third equation used to calculate emissions is the total emissions that occur due to
the manufacturing process, fuel emissions, and electricity emissions [37].

Total emissions = Process emissions + Fuel emissions + Electricity emissions. 3)

The ratios used are based on the standard values in the industry. The clinker-to-cement
ratio of Portland cement is taken as 95%, the raw material-to-clinker ratio is taken as 1.5,
and the CaCOj3-to-raw material ratio is taken as 78% based on the GHG Protocol guidelines.
EFs are measured either from the cement plant level or default values provided in Table 1.

3. Results

After developing the assessment framework, the model is applied for analysis of
improvement measures based on generic market analysis and two case-specific cement
plants to evaluate the implementation level of the improvement measures proposed. Ce-
ment plant A is one of the largest production facilities in Egypt. The plant is located on
the northern coast and has a production capacity of around 2 million tons per year and
6000 tons per day. On the other hand, company B is a leading international company that
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operates more than 65 cement plants worldwide. The studied cement plant B is located in
Germany and has an approximate production capacity of 10 Mton per year.

Table 9 demonstrates the results of the quantitative analysis of plant A. Data input
and output from the sustainability report for the year 2023, along with the estimated
performance by the years 2025 and 2030, were used to calculate the expected percentage
change in CO; emissions according to the reporting standards of the GCCA, UNGC, IEA,
IPCC equations, and IEA [3-9].

Table 9. Current and estimated (until 2030) environmental performance and CO; emissions of
plant A.

Performance Measures Units 2023 Estimated

2025 2030 Ylyr

OPC Production Mton 1.04 0.9 0.5 (11)
Clinker—cement ratio Yo 78.8 71.41 54.3 (4.8)
Thermal energy TJ 9756 9198.3 7939.7 (2.9)
Electrical energy TJ 1235 1194.8 1100 (1.63)
Natural raw material MM tons 44 4.02 3.21 (4.42)
Alternative raw material Y% 6.4 12.26 52.51 38.42
Substitution fuel Y% 19.2 29.12 81.67 23.2
Alternative fuel consumption ton 118 127.4 154.4 57.33
Water consumption MM3 0.66 0.545 0.34 (9.13)
Scope 1 emissions Kg/t 647.6 612.2 529.4 (2.78)
Scope 2 emissions Mtons 0.16 0.1471 0.1196 (4.12)
Scope 3 emissions Kg/t 83 79.6 72.1 (2.05)
Green products Yocem 13.0 36.8 238.8 68.17
Dust emissions ) 59.9 79 150.9 14.88

— g/t Clinker
NOx emissions 1255 1249.5 1167.7 (0.3)
Recycled waste tons 20.7 27.8 61.1 16

RDF % heat 10.5 13.1 24.1 11.7
Total CO, emissions Mt 21 2.07 1.99 (0.72)

3.1. Industry Evaluation of Improvement Measures

The improvement measures proposed in Table 3 for evaluating the reduction potential
of CO; emissions and their categorization are qualitatively analyzed at this stage of the
study to relate the most effective categories and sub-categories to be implemented and
evaluated at the plants to assess the feasibility of their application. In this step of the study,
the results of the analysis, data collection, and assessment of the CO, emission reduction
measures are presented based on the methodology in Section 2. The scale used to evaluate
each improvement measure is from 1 to 5, where 1 is the least developed and implemented
and 5 is the most developed and implemented level.

Table 10 shows the assessment of the cement plant’s performance in reducing CO,
emissions and the other performance factors based on generic industry analysis of each
performance measure in relation to the technological maturity and economic viability
applied in the plant. It also evaluates the performance measures based on their sensitivity
to change and as a reference to site constraints, applicability, position, and readiness as
a market comparison. It gives an indication of the position of the plant in relation to the
market. The correlation between each measure and its improvement potential is determined
for future improvements. This table was filled using data from the sustainability reports
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of the plant, site visits, official facility goals, and targets. It was verified by interviewing
experts at the facility and re-evaluated during a major event in Egypt.

3.2. Analysis of the Proposed Improvement Measures in Two Case Studies (Plants A and B)

There are various sustainability measures that the plants are implementing to reduce
CO;, emissions and the environmental impacts of the cement plants” production. These
measures are part of their broader strategies that align with the global decarbonization
goals of the cement industry. Some of these measures, which align with those in Table 3
and have medium-to-high impacts, are as follows:

e Alternative fuels (AF): Both plants are incorporating alternative fuels such as RDEF,
TDF, used oil, and biomass to reduce reliance on fossil fuels. For instance, the use
of substitutional fuels in plant A was 13.1% in 2022 and 19.5% in 2023. In addition,
alternative fuel utilization was recorded at 33.17%. Cement plant A has achieved a
thermal substitution rate (TSR%) exceeding 30%. This is an indication of the percent-
age of thermal energy derived from alternative fuels that reflects the cement plant’s
environmental performance and reliance on non-conventional fuels. The increased
use of alternative fuels reduces CO, emissions [38]. In 2023, cement plant A made sig-
nificant efforts in improving its sustainability initiatives by safely utilizing RDFE. This
milestone helps to significantly reduce CO, emissions by promoting co-processing.

The use of alternative fuels in cement plant B reached 25.7% of total fuel consumption
in 2020 and increased to around 28% in 2022. In 2023, plant B successfully increased the
use of AF to 29.9%, with waste-based biomass accounting for around 13% of this. The
target is to increase the percentage of AF in the fuel mix to over 40% by 2030, with biomass
accounting for 20% of this.

e  Energy Efficiency (EE) and Kiln technology upgrade (EK): Energy efficiency is a key
factor in the decarbonization plans of both plants. In 2023, the consumption of thermal
energy and electrical energy by plant A were 9756 T] and 1235 TJ, respectively.

Cement plant B is implementing EE measures such as reducing electricity consumption
and using waste to generate electricity to reach the NZE target, which has resulted in a 10%
reduction in energy consumption. Also, to reduce CO, emissions, the plant decreased the
ratio of clinker in cement; clinker production is the intermediate and most energy-intensive
process. There are some key energy-efficient measures being undertaken in both plants,
including the following;:

1.  Upgrading kiln technology by modernizing kiln operations to optimize thermal
energy consumption. This was performed by upgrading their preheater and calciner
systems. Also, plant B is working on a novel kiln technology that will be able to
capture more than 500,000 tons of CO, emissions by 2025.

2. Waste heat recovery systems are implemented in some facilities to capture and reuse
heat generated from kiln and clinker production, which helps in electricity generation
and supplies energy for other processes, reducing overall energy consumption and,
hence, the CO, emissions of the plants.

3. Clinker-to-cement ratio is optimized using additives such as fly ash and slag in the
cement production process. This leads to a significant reduction in CO, emissions.

4. The use of modern, efficient grinding mills has contributed to the reduction in elec-
tricity consumption and led to the reduction in CO; emissions. Vertical roller mills
are more energy-efficient than traditional ball mills.

5. Cement plants A and B are ISO certified with ISO 50001, the energy management
system certification [39]. In addition, plant A has invested 97% of its resource alloca-
tions in environmental strategies, where 27% are invested in environmental manage-
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ment, and 70% are invested in environmental technologies, for example, as shown in
Figure 6.

Environmental Strategies Resource Allocations

B 97%

70%

= Waste management = Reforestation

= Environmental management Environmental technologies

Figure 6. Environmental strategic resource allocation percentages.

e Renewable Energy (AR): Plant A has initiated a major solar power project that will
help reduce electricity consumption, contributing to a reduction in CO, emissions. In
addition, the use of renewable energy has risen to 11.4%.

Cement plant B has sourced renewable energy and has its own solar plants to generate
renewable electricity. In 2023, they had secured around 12% of the plant’s energy demand,
mainly from wind energy, and are targeting 100% renewable energy by 2050.

e CO; and heat control (IC) and Innovative technology and integration (II): Both
plants are committed to the COP21 Paris Agreement goals. In 2022, the CO, emissions
per ton of cement for plant A had reduced to 679 kg/ton of cementitious product.
In addition, in 2023, scope 1 emissions had reduced to 648 kg/ton of cementitious
product, while scope 2 emissions remained at 0.16 million tons.

For cement plant B, the CO, emissions per ton of cement had reached 534 kg/ton of
cementitious product in 2023, reducing the specific net emissions by 2%. In addition, the
plant’s goals for 2030 are to reduce scope 1 and scope 2 CO, emissions by around 26% and
to reduce NOx and SOx emissions by 40%.

e Change in Raw Material and Product Development (RA, RP, and RC): Both plants
produce advanced low-carbon cement, which is designed to be more environmentally
friendly. It also has lower clinker content, which produces lower CO; emissions
compared with ordinary cement (CEM I). The percentage of low-carbon green products
under development in cement plant A reached 13% in 2023, as presented in Figure 7.
Cement plant B produces low-carbon cement with 30% lower CO, emissions than
CEM I, which translates into 30% low-carbon concrete.
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Table 10. Model sensitivity analysis of the evaluation of cement plants from the market and operation analysis perspective for CO, emission improvement measures.

Evaluation Points

Industry Generic Analysis

Plants Comparison to Apply These Measures

Abb. Performance Measure Technology : ] T Organizational ]
Mawrityand  NERORE UEROGSEY comtraints posion | Readinessand  COp fetiction
Sensitivity Allocations
EEE Electrical efficiency 5 1 4 3 4 4 3
EET Thermal efficiency 5 1 4 3 4 4 3
EED Variable speed drives 3 3 5 3 3 3 3
EPC Process control systems 3 2 3 4 4 4 4
EPO Operational efficiency 4 3 4 4 4 3 4
EPR Recycle and reuse 5 1 4 5 5 5 3
EPP Pollution control and prevention 5 1 5 5 5 4 4
EKK Kiln drive improvements 4 4 5 3 3 3 4
EKI Insulation improvements 3 3 5 5 3 4 3
AF Alternative Fuels
AFB Biomass 3 3 5 5 3 4 3
AFW Waste materials
AFN Non-traditional fuels
AR Renewable Energy
ARS Solar energy 3 3 5 5 3 4 4
ARW Wind energy
ARH Hydropower
ARP Hybrid solar panels (PVT) 3 4 4 5 1 2 4
AH Waste heat recovery
AHH Heat exchanger 5 5 5 2 5 5 4
AHC Combined heat and power
RAD Decarbonated feedstock 3 3 4 3 3 3 4




Constr. Mater. 2025, 5, 20

20 of 29

Table 10. Cont.

Evaluation Points

Industry Generic Analysis

Plants Comparison to Apply These Measures

Abb. Performance Measure Technol o — 1
szc:ulr';(t)yoagr?’ d Economic Technology Site_ Organizational R:;%?i?;zeitsu;?:i CO; Reduction
Sensitivity Viability Applicability Constraints Position Allocations Potential
RAB Blending raw materials 5 3 4 3 3 3 3
RAP Preprocessing of materials 2 3 3 4 2 3 3
RCC Calcareous oil shale 1 2 3 5 3 1 5
RCS Supplementary materials 3 3 4 4 4 5 5
RCT Low-temperature clinker 1 1 1 4 3 1 4
RPI Blended cement 5 5 5 1 3 4 5
RPN New product technologies 1 3 3 5 3 4 5
ICS Carbon capture and storage 1 5 1 1 2 2 4
Catalytic reduction systems (CSR) and
ICR SN&{ 4 4 4 3 3 4 5
ICH Synergistic heating 4 4 4 3 3 4 3
IIT Advanced process technologies 4 4 4 3 4 4 5
IIR Developing CO, reduction innovations 3 3 3 3 3 3 5
w Waste treatment integration 4 3 4 3 3 4 4
1P Power plant integration 4 4 4 3 3 4 5
c Power plant/ cenllent plant carbonated 1 2 2 5 1 1 5
oop

IIS Syngas co-production 1 3 3 5 1 1 5
O* Facility operations

* These are indirect factors and are not included in the industry assessment since they are plant-based; however, they are the foundation of the gross assessment.
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Green products percentages of use

13%

=2021 =2022 =2023

Figure 7. Percentage of plant’s green products usage between 2021 and 2023.

In addition, both plants use alternative raw materials such as fly ash, slag, and others.
In 2023, cement plant A’s usage of alternative raw materials reached approximately 6.4%
and raw material usage reached 4.4 Mton. This was compared to 3.6% and 4.1 Mton,
respectively, in 2022. Cement plant A’s clinker-to-cement ratio reduced to 78.8% in 2023
compared to 82.8% in 2022. In cement plant B, the use of alternative raw materials from
by-products or industrial waste increased to around 12% in 2023 compared to around 9%
in 2021. These materials are used in clinker production and as cement additives during
cement grinding. This results in the use of around 30% less natural materials, which could
reduce CO, emissions by approximately 40 Mtons per year. The clinker-to-cement ratio
decreased to around 70% in 2023 compared to 71.5% in 2022. The plant’s goal is to reach a
clinker-to-cement ratio of 68% by 2030.

These improvement measures are part of the global sustainability roadmap of the
company and reflect the efforts this plant is making to achieve net zero by 2050 in alignment
with the European Green Deal, the UN’s 2030 Sustainable Development Goals (SDGs), and
the Global Cement and Concrete Association (GCCA) [6]. This helps with the reduction
of CO, emissions. Although these measures are being implemented in the cement plant,
there is still room for improvement to further reduce CO, emissions associated with
cement production. For instance, increasing the use of alternative fuels in the fuel mix,
such as biomass, RDFs, and industrial by-products, can significantly reduce reliance on
conventional fuels, hence reducing CO, emissions. The use of these fuels not only enhances
the sustainability of cement production but also encourages the recycling of waste materials
instead of contributing to landfills, which aligns with the concept of cleaner production.
The production of more low-carbon products like blended cement and green cement using
fly ash pozzolans or slag can result in 10% to 30% less CO, emissions and achieve a lower
clinker-to-cement ratio, which is a major source of CO, emissions [40,41]. In addition,
the integration of renewable energy, such as wind and solar, can reduce dependence on
conventional fossil fuels and reduce emissions [41]. It can be converted to supply cement
plants with the energy needed for production. The implementation of advanced energy
recovery and emission control systems, such as CCS technologies, can directly impact the
sustainability of the plants by capturing CO, emissions before they are released [42].

Furthermore, the existing level of implementation of CO, emissions reduction mea-
sures was evaluated using the assessment model and its software tool through a systematic
approach that categorizes the set of measures based on their integration with the sustain-
ability plan of the company and their effectiveness in the cement production process. These
improvement measures are evaluated throughout the cement production process and across
the stages of inputs and energy efficiency, production optimization, and development of
innovative and sustainable output products.
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Figure 8 illustrates the various CO, emission reduction measures implemented within
the simplified cement production model from material and energy streams based on the
assessment tool’s evaluation and scores. The level of implementation of the improvement
measures is color-coded based on a ranking system that is implemented to assess the
quality index of the CO; emission reduction potential of each measure. This quality index
helps evaluate and visually represent the effectiveness of each measure, facilitating the
identification of the most impactful and feasible measures for cement plants [27].
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Figure 8. Simplified production model of cement plants and the assessment tool’s ranking of each

improvement measure based on the model’s sensitivity analysis and technology maturity.

The analysis between the reduction measures and their existing level of implementa-
tion in the company shows that some measures are more effective at reducing emissions
than others; in particular, measures that have low technological maturity and high eco-
nomic viability have lower scores compared with other measures. Furthermore, some
measures that are related to the external measure of industry innovations and technological
advancement have low scores due to their initial implementation levels. These improve-
ment measures include waste treatment and power plant integration. Plant A conducts
waste treatment integration and has also developed collaborations with co-located firms in
different locations. These synergies focus on using high-impact factors, such as alternative
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fuels and materials from waste, which are co-processed during the production of cement.
For instance, it uses waste-derived fuels such as biomass and industrial by-products as
alternative fuels, which help to reduce the need for traditional fuels like coal and oil.
Moreover, integrating RDF into its operations is part of its sustainability plan to meet the
2050 goals. It is aligned with cleaner production principles and the goals to reduce CO,
emissions. It is a means of closing the production loop by using waste as thermal energy in
the cement kiln. This not only reduces GHG emissions but also helps with managing waste
problems in Egypt by diverting waste from landfills. It is also exploring further synergies
with local waste treatment facilities.

In Figure 8, simplified color coding is used to assess each improvement measure and
its relation to the sensitivity analysis. Mapping the flow of energy and material through
the cement plant shows the improvement measures that are not technologically mature
and the ones that are already well implemented and economically viable. This mapping
shows that most of the measures are technologically mature, and their sensitivity to market
changes is low. Some measures that need industry innovations are in the medium-to-low
implementation levels in the cement plant. This is due to the level of technological maturity
in the market and the economic viability of each measure that is still in progress. Most of
the other elements are either well or medium-implemented.

3.3. Assessment Tool Scores for Both Plants

An assessment software tool was developed to evaluate and score CO, emissions
improvement measures and overall cement plant performance based on the assessment
framework. The tool was run to evaluate the proposed improvement measures for cement
plants A and B, and the results are summarized using bar charts for cumulative assessment
of the plants. Figures 9 and 10 represent all the improvement measures, main areas,
and subareas evaluated and their corresponding scores. These cumulative charts are a
valuable tool for visualizing and analyzing performance. They effectively represent the
areas that are well implemented and the ones that need further implementation, enabling
decision-makers to identify trends, monitor progress, and make faster decisions.

Cement plant A received a performance score of 3.315, which is a high score based on
the assessment tool, which highlights areas of high, medium, and low implementation. The
model highlights a high score in two main areas: process and technology efficiency and
alternative raw material and clinker production, with scores of 3.47 and 3.62, respectively.
In addition, the tool highlighted two other main areas that are above average in their
implementation levels: alternative fuels and energy management and emission control
and industry innovations, with scores of 2.99 and 2.60, respectively. On the other hand,
cement plant B received an overall performance score of 3.68, which is a high on-track
score based on the assessment tool’s evaluation key. The model highlights that out of
the five main areas evaluated, four received high on-track implementation level scores of
3.98, 3.48, 3.60, and 3.03 in process and technology efficiency, alternative fuels and energy
management, alternative raw material and clinker production, and emission control and
industry innovations, respectively. In addition, the fifth main area, facility operations,
received an optimal score of 4.42.
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Company name: Company A
Cement Plant name: Cement plant A
Evaluation Date: Oct-24
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Figure 9. Cumulative chart for the 1st subarea improvement measures, corresponding main areas,
and scores for plant A.
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Figure 10. Cumulative chart for the 1st subarea improvement measures, corresponding main areas,
and scores for plant B.

The compiled results of the assessment tool for plant A and plant B are summarized
and presented in Table 11, providing an evaluation of the plant’s performance scores for
the main areas, first subareas, and second subareas.
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Table 11. Assessment tool’s summary of improvement measures scores for cement plants A and B.

Main Areas First Subarea Score A Score B Abb. Second Subarea Score A Score B
EEE Electrical efficiency 3.04 413
Energy efficiency 3.35 418 EET Thermal efficiency 3.83 445
EED Variable speed drives 3 3.75
P A EPC Process control systems 3.5 3.83
technology EPO Operational efficiency 4.06 4.06
efficiency Process efficiency 3.72 3.93 EPR Recycle and reuse 3.27 3.75
EPP Pollution control and 413 413
prevention
Kiln technology 308 363 EKK Kiln drive improvements 2.81 3.44
upgrade ’ ’ EKI Insulation improvements 3.85 3.85
RAD Decarbonated feedstocks 3.3 3.86
Alternative raw 3.40 3.65 RAB Blending raw materials 333 3.23
materials
RAP Preprocessing of materials 3.75 3.75
Altel;na_tiile I‘zw RCC Calcareous oil shale 1.25 1.25
clir?f(?are;ré(‘)dﬁ::tion su%sltﬂlflifon 3.50 3.12 RCS Supplementary materials 3.75 3.06
RCT Low-temperature clinkers 3.75 3.75
Product 137 12 RPI Blended cement 4.53 453
development ' ’ RPN New product technologies 413 3.75
Alternative fuels AFB Biomass 2.95 3.39
and energy Alternative fuels 3.31 3.66 AFW Waste materials 2.98 3.37
management AFN Non-traditional fuels 4.33 4.50
ARS Solar energy 1.25 3.75
ARW Wind energy 1.88 3.13
Renewable energy  1.96 281 TTARH Hydropower 321 250
ARP Hybrid solar Panels (PVT) 1.88 1.25
Waste heat 375 101 AHH Heat exchanger 3.75 3.75
recovery ' ’ AHC Combined heat and power 3.75 427
ICS Carbon capture and storage 1.25 2.50
Selective non-catalytic
CO, and heat 2.50 2.88 ICR reduction systems (SNCR) 375 3.33
control
and CRS
ICH Synergistic heating 3.75 3.13
Ad d
Emission control T ;;zzrﬁ;edo};(;ess 5 5
and industry
innovations IR Developing CO, reduction 3.75 4.20
I : innovations ’ :
teqﬁgf{)ag}_lzv:nd 275 3.6 W Waste treatment integration 3.75 4.58
integration 1P Power plant integration 1.25 2.03
(e Power plant/ cement plant 0.38 0.77
carbonate looping
IIS Syngas co-production 1.25 1.25
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Table 11. Cont.
Main Areas First Subarea Score A Score B Abb. Second Subarea Score A Score B
OBT Staff trammg and public 417 445
relations
Best practices in -
operation 417 4.36 OBM Maintenance ar}d program 375 3.75
enhancing
OBW Water management 4.64 5
. ) OSR Regulatory compliance 3.75 5
Facility operations Sustainabl terial
Standards and 0SS ustainable materia 438 4.37
compliance 3.80 441 standards
OSE Environmental impact 3.19 3.75
assessment
Research and CO; reduction
Breakthrough 450 450 OIR innovations 5 5
innovations - -
OIE Environmental strategies 3.75 3.75

4. Discussion

This study provides insights into CO; reduction and improvement measures in the
cement industry. It demonstrates the effectiveness of a structured yet flexible assessment
framework, with its input and output, to systematically assess and score several proposed
CO, improvement measures within the cement value chain. Based on the tools devel-
oped in this study, the assessment framework provides a quantitative and qualitative
assessment of cement plants using a scoring system based on the implementation level of
each improvement measure (proposed in Table 3) to achieve decarbonization and reach
NZEs by 2050. The model has milestones, with all the needed data collected from sus-
tainability reports, site visits, and expert interviews. By applying the tool to two cement
plants with different production scales and geographical locations, this study highlights
the variability in emissions reduction potential and the need for continuously updating
mitigation strategies.

Several studies have examined CO, reduction plans during cement production, em-
phasizing the role of alternative fuels, energy efficiency, and clinker substitution in reducing
CO, emissions by cement plants. For instance, the GCCA is targeting a 20% reduction
in emissions by 2030, consistent with the findings of this study [6,43]. However, unlike
previous studies, which primarily focused on technological advancements and policy
frameworks, this study introduces a structured scoring model that provides a standardized
evaluation method for cement plants. By incorporating weighted criteria, this tool enables
decision-makers to assess the implementation level of various improvement measures
in a systematic manner to identify priority areas for improvement, bridging the gap be-
tween high-level decarbonization roadmaps and plant-level implementation. In addition,
applying the assessment tool to two cement plants revealed the following insights:

e Potential variability: both plants implemented several of the evaluated CO, improve-
ment measures, but their overall performance scores differed due to the implemen-
tation level of each measure and its impact on the sustainability of the plant and the
reduction in CO, emissions.

e  Future improvements: The model provides a cohesive mapping of the level of imple-
mentation of CO, improvement measures across the cement value chain based on the
materials and energy flow. By continuously applying the assessment tool, plants can
track their progress over time and adjust strategies and resource allocation. The model
revealed that even well-established cement plants have opportunities for improvement
and further efficiency.
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e NZE goal alignment: The model is aligned with the NZEs goal for 2050 and the
intermediate milestones for 2030 and 2040, and the tool takes these targets into ac-
count during the calculation and evaluation of emissions. The results confirm that
achieving NZEs in the cement industry is challenging and requires the integration of
technological, operational, and regulatory solutions.

Beyond the cement plants’ operations, this study has broader implications for the
field of structural engineering and sustainable construction, where sustainable material
selection and low-carbon construction practices are becoming essential. By providing a
data-driven assessment tool for evaluating cement plant emissions and sustainability, this
model enables structural engineers to select environmentally friendly materials, optimize
carbon-efficient designs, and align with global net zero targets. Additionally, this study
supports the development of industry-wide benchmarks and regulatory policies that drive
innovation in green construction materials and techniques, facilitating the transition to a
low-carbon built environment.

5. Conclusions

Several studies, roadmaps, and reports have focused on reducing CO, emissions in the
cement industry for its decarbonization to achieve net zero emissions by 2050. However, a
structured, unified, and flexible method is needed to evaluate and rate the implementation
of improvement measures within cement plants. This paper presents a comprehensive
assessment framework that systematically categorizes, assesses, and rates several pro-
posed CO, improvement measures, aiding plant development and decision-making. The
assessment framework is inspired by the concept of cleaner production and the 5Cs ap-
proach to cement industry decarbonization. The framework integrates both qualitative and
quantitative assessments. An assessment tool that evaluates cement plants based on the
implementation level of each improvement measure using evaluation questions with an
evaluation score from 1 to 5 based on the weighted average approach is developed. The
model serves as a diagnostic and mapping tool that can systematically evaluate a cement
plant with hundreds of different improvement measures and identify the areas that need
enhancements, the most applicable measures, and the most highly implemented measures
while integrating strategies to achieve sustainability. It also facilitates decision-making,
strategic planning, and resource allocation.

The model is scalable. It was successfully applied to two well-established cement
plant case studies with different production scales and geographical locations. Cement
plant A achieved a performance score of 3.315, while cement plant B scored 3.68. The
results highlight the plants’ strong commitment to CO, reduction while identifying future
optimization opportunities.

This study contributes to the growing body of knowledge on decarbonization in
the cement industry and provides a robust framework for evaluating and improving
sustainability efforts. However, there are some limitations to this study that should be
considered. Variability in real-world conditions, such as regional regulatory differences,
plant-specific operational challenges, and variations in raw material availability, may
impact the generalizability of these findings. Additionally, the cement industry is evolving,
and this can impact the long-term durability of the proposed CO, improvement measures,
particularly in cement plant operations. The sustainability of these measures may vary over
time and operational practices and under different environmental conditions. These should
be considered in future updates to the model to adapt to any changes and incorporate
the latest real-time data, emerging technologies, policies, and applications, ensuring its
continuous effectiveness and maintaining progress toward NZE targets.
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