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Abstract

:

Manufacturing cement has a major impact on climate change, resource depletion, and pollution. Selecting sustainable cement alternatives is vital but entails difficult trade-offs between numerous variables. The objective of this study is to determine the most environmentally beneficial method of cement manufacturing by employing an integrated life cycle assessment multi-criteria decision-making technique. The LCA is employed to quantitatively evaluate the environmental effects of ten different methods of cement production across eighteen distinct categories. Meanwhile, the CRITIC weighted TOPSIS and EDAS MCDM approaches are utilized to rank the various alternatives by determining their proximity to the optimal solution. The LCA results showed that CEM III/A slag cement had lower environmental impacts than Portland cement. With a ranking score of 0.9094 and 1.7228 for EDAS and TOPSIS techniques, respectively, both MCDM identified CM10: ground granulated blast furnace slag (GGBFS) as the most recommended. In addition, midpoint characterization revealed that clinker production was responsible for 55% of the global warming impact. Based on these findings, slag cements are more environmentally friendly than Portland cement. Furthermore, an integrated LCA-MCDM approach offers a thorough sustainability evaluation that incorporates many aspects. Overall, this research shows that blast furnace slag cements, notably CM10, are ideal alternatives for reducing the environmental consequences of cement production in a variety of areas. This integrated methodology provides a systematic framework for making informed decisions in the production of sustainable cement.
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1. Introduction


The construction industry is essential to global development; however, its contributions to pollution, resource depletion, and greenhouse gas emissions make it a major negative influence on the environment [1]. This is due to globalization and industrialization [2]. The building industry must urgently transition to sustainable practices as urbanization picks up speed [3]. First, the building industry consumes a significant number of natural resources, including minerals, water, and wood [4]. Deforestation, habitat destruction, and soil degradation are caused by the unsustainable extraction and use of natural resources [5]. Accepting sustainable substitutes, including repurposed materials and resources obtained ethically, can lessen these negative impacts while fostering ecosystem health and biodiversity [6]. Secondly, a significant portion of carbon emissions is caused by the construction sector [7]. Conventional building techniques mostly rely on energy-intensive operations, such as the manufacturing of cement, which contributes significantly to global carbon dioxide (CO2) emissions [8,9]. The sector’s carbon footprint can be significantly decreased by using renewable energy sources, energy-efficient technologies, and eco-friendly materials [10]. Using sustainable building methods increases a facility’s energy efficiency and lowers operating costs over time for both owners and inhabitants [11]. Employing green building standards guarantees that buildings are planned and built with an emphasis on environmental performance, water efficiency, and energy conservation [12]. Promoting a sustainable environment in the building industry is essential to reducing environmental deterioration [13]. The construction sector can simultaneously meet the increasing demand for infrastructure expansion and promote a healthy planet by implementing energy-efficient technologies, green building standards, and eco-friendly materials [14].



The sustainable environment is greatly impacted by cement manufacture, which also contributes to a number of environmental problems [15]. The large carbon footprint connected to the production of cement is one of the main issues. CO2 is released during the high-temperature calcination of limestone to produce clinker, a crucial component of cement [16]. Cement manufacture is a significant source of greenhouse gas emissions since this process is responsible for a significant amount of the industry’s emissions [17]. In addition, the extraction of raw materials like clay and limestone from the ground can result in habitat degradation, soil erosion, and biodiversity loss [18]. The process of extraction damages ecosystems and depletes natural resources, which affects the equilibrium of the environment as a whole [19]. Adding to energy use and air pollution is the transportation of both raw materials and completed cement products [20]. The cement industry has been investigating substitute materials, such as supplementary cementitious materials (SCMs) like fly ash and slag, which can partially replace conventional clinker [21], in order to address these issues and move toward a more sustainable future. Research is being conducted to investigate new production technologies including carbon capture and utilization (CCU) in an effort to reduce CO2 emissions from cement plants [22].



Cement production has a significant environmental impact, mostly because of its resource-intensive nature and high carbon emissions [23]. To create a cement industry that is more environmentally friendly and sustainable, sustainable practices in the sector include investing in technologies that lower carbon emissions, embracing alternative resources, and increasing production efficiency. The process of calcining limestone at a high temperature to create clinker is the primary cause of excess CO2 emissions from the cement industry [24]. This technique adds significantly to the industry’s large carbon footprint by releasing a large amount of carbon dioxide. Beyond its manufacturing, cement-related CO2 emissions have a significant impact on global greenhouse gas levels, which, in turn, affects climate change [25]. Achieving sustainability goals requires addressing this surplus CO2, which is why the industry is investigating new materials, creative production techniques, and carbon capture strategies to lessen the impact on the environment.



Cement production uses a lot of energy, making up a sizable amount of all industrial energy used worldwide [20]. The calcination of raw materials and other high-temperature clinker production processes are the main sources of energy requirement [26]. The industry uses a lot of energy for the transportation, blending, and grinding of both raw materials and completed cement [20]. The sector is embracing alternate fuels, renewable energy sources, and energy-efficient technologies to improve sustainability. These steps are intended to lessen the energy consumption of cement production’s negative environmental effects while fostering a more efficient and sustainable sector of the economy.



For the construction sector to have a steady and dependable supply of this necessary building material, cement production must be ongoing. The fundamental component of concrete, a vital building material used worldwide, is cement. Production remains uninterrupted, allowing for the timely completion of infrastructure projects and maintaining development timetables. The need for cement in the construction sector highlights the financial significance of its ongoing production, which affects the development of infrastructure, employment generation, and economic growth. The importance of continuous production in maintaining the construction industry is further highlighted by the fact that a stable supply of cement is essential to fulfilling the growing demand for infrastructure, housing, and commercial space globally [27].



The manufacturing of cement is responsible for around 7% of CO2 emissions worldwide [28]. When limestone is heated to a high temperature and converted into clinker, CO2 is released during the process. Cement manufacture emits between 0.73 and 0.99 tonnes of CO2 per tonne of cement [8]. The processes in the high-temperature kiln require significant energy inputs. To minimize CO2 emissions and lower energy consumption, as well as to expand the use of supplemental materials and efficient technology, the cement production industry is striving toward sustainability. Based on the above discussion, there is a need to consider an environmentally friend method of cement production, hence the need for the study. The following section reviews the various techniques in terms of technologies, models, and policies among others that scholars have investigated to mitigate the emissions emanating from the production of cement. The Section 3 presents the integration of LCA and MCDM, and the Section 4 explain the findings of this study.




2. Literature Review


Several studies show that the manufacture of cement has a substantial carbon impact. Carbon dioxide is released during the calcination of limestone, which is the process used to produce clinker, the main component of cement [29]. Global anthropogenic CO2 emissions from cement production are estimated to be between 5 and 7%, based on research published [30]. Researchers have looked for substitute materials and technological advancements to lessen cement production’s negative environmental effects. The potential for SCMs such as fly ash and slag to partially replace conventional clinker in cement manufacturing is being researched [31]. Furthermore, scholars are exploring CCU technology as a means of reducing carbon dioxide emissions associated with the production of cement [22]. Evaluating the viability of using CCU to absorb and use CO2 emissions from cement factories was researched [32]. By converting pollutants into useful products, this strategy seeks to promote economic and environmental sustainability.



Specialty cements provide alternate options to traditional Portland cement, although their general application is limited [33]. Magnesium oxide cement is suitable for specific applications; nevertheless, its higher prices prevent the widespread replacement of steel-reinforced concrete on a large scale [33]. Calcium aluminate cements offer regulated solidification but require improvements in performance [34]. The durability of sustainable foam concretes using additional cement varies [35]. Current research is primarily concerned with enhancing the sustainability of Portland cement by exploring supplementary materials, alternative cements, and new technologies. The aim is to minimize environmental consequences while meeting the growing demands for infrastructure. Scrivener et al. [36] emphasizes how critical it is to use creative solutions to produce cement in a way that is more environmentally friendly and sustainable. According to studies, replacing conventional clinker with additional cementitious materials such as fly ash and slag is recommended [37]. The use of blast furnace slag (18–30%) and other alternative elements (18–30%) to reduce environmental effects is highlighted in [38]. Juenger and Siddique [39] highlight the advantages of using additional cementitious materials in construction. These substitutes improve the longevity of concrete while simultaneously lowering CO2 emissions. Diversifying alternatives such as fly ash and silica fume are investigated in studies conducted by [40]. Dixon et al. [41] acknowledge the good benefits of the environment but also mention problems such as material unpredictability. The available research highlights the possibility of strategically incorporating alternate elements into cement manufacture to improve its sustainability. Research has shown that altering the way cement is made, especially by adding a large amount of blast furnace slag (40–70%), can significantly lessen the environmental effect [42]. Research demonstrates the advantages of greater blast furnace slag percentages in concrete for the environment and better performance [43]. This strategy tackles the issue of resource depletion in addition to reducing carbon emissions. The industry’s demonstrated commitment to environmental responsibility is demonstrated by the growing emphasis on blast furnace slag as a significant substitute component, which portends a positive move toward more environmentally friendly cement production methods. An effective strategy for minimizing environmental impact is demonstrated by research on changing cement manufacturing with blast furnace slag (31–50%) and other alternative elements (31–50%) [44]. Gartner and Sui [45] provide evidence that combining limestone with conventional clinker may have benefits. This strategy tackles resource conservation issues in addition to lowering carbon emissions.



In establishing the most preferred environmentally friendly method for cement production, it is essential to consider various environmental aspects involved in its production. Usually, when selecting or ranking the most preferred alternatives based on multiple criteria, MCDM offers a robust approach. Another important method in assessing the most preferred environmentally friendly cement production approach is LCA; it offers an approach evaluating various environmental impacts in the production of cement. From the forgoing, there are several reasons why it is crucial to integrate MCDM tools and the LCA approaches in cement manufacturing studies [46]. These reasons all work together to provide a more thorough and reliable sustainability assessment. LCA offers a thorough grasp of the environmental effects connected to every step of the cement production process, from the extraction of raw materials to end-of-life concerns [47]. A comprehensive assessment of the life cycle environmental footprint is ensured by integrating LCA, making it possible to pinpoint problem areas and opportunities for development [48]. A flexible framework that can adjust to shifting circumstances and preferences over time is frequently offered by the MCDM approach [49]. MCDM considers a number of elements, including social, economic, and environmental aspects [50]. Using a holistic approach guarantees that decisions are made considering the larger sustainability context rather than just one aspect. MCDM assists in evaluating trade-offs and synergies between multiple variables, guiding decision makers through the challenges of striking a balance between conflicting goals in the production of building materials [51].



With regard to the literature on MCDM and cement manufacturing, various studies have been conducted. These included a study that proposed the selection of the most appropriate method for designing concrete mixes and determine the mix parameters that have the greatest impact on the quality of sustainable concrete [52]. Gökcekuş et al. [53] evaluated these MCDM approaches, specifically the Fuzzy Preference Ranking Organization Method for Enrichment Evaluation (F-PROMETHEE), for material homogeneity, dust emission, manufacturing cost, capital cost, fuel consumption, quality, and CO2 emission. The dry method’s reduced carbon dioxide emissions, fuel consumption, production costs, and processing time stand out. Furthermore, Marina and Janardhanan [54] examined cement production’s environmental impact, notably in India, the second-largest producer. To reduce energy-intensive operations and global warming, it stressed the importance of green practices. Also, Bathrinath et al. [55] conducted an analysis of the elements that impact the quality and quantity of the cement manufacturing industry. The study utilized the Decision-Making Trial and Evaluation Laboratory (DEMATEL) to investigate the interconnections between eighteen manufacturing parameters. The findings emphasized that capital investment, quality control, and machinery/equipment maintenance have a significant impact on cement output. These insights are helpful for industrial management to enhance both the quality and quantity of production.



Considering the preceding discourse, it is imperative to examine a method of cement production that is ecologically friendly; this is the focus of this present study. The study uses LCA and MCDM for the selection and ranking of cement manufacturing methods based on environmental impacts.




3. Methodology


This research utilizes a methodological framework that combines LCA and MCDM. This integration allows for the incorporation of LCA’s environmental perspectives into the decision-making capabilities of MCDM. The integration of these methodologies allows decision makers to comprehensively evaluate possibilities, considering the environmental consequences, alongside several parameters that contribute to the cement manufacturing process. The integration of LCA with MCDM enables decision makers to make educated and equitable decisions that include various dimensions, including environmental, economic, social, and technological aspects. This integration contributes to the promotion of sustainability and responsible use of resources.



There are various justifications for the use of an integrated technique that incorporates LCA and MCDM. This technique effectively improves the methodological rigor, comprehensiveness, and practicality in the evaluation and ranking of various energy systems [56]. The utilization of LCA is strategically implemented owing to its intrinsic capability to provide a full assessment of the environmental impact over the complete life cycle of the cement production, encompassing activities ranging from the extraction of raw materials to the disposal stage [57]. The adoption of an inclusive method guarantees a comprehensive analysis of all aspects pertaining to environmental effects, hence avoiding the risk of overlooking interrelated stages and latent consequences. On the other hand, the incorporation of MCDM offers a solution to the inherent intricacy of cement production evaluations by offering a systematic framework for concurrently evaluating many criteria [58]. This methodology allows for the incorporation of both quantitative and qualitative data, hence permitting comprehensive comparisons of different alternatives.



Together, LCA and MCDM create a powerful decision-making tool that makes the most of both the quantitative accuracy of LCA and the subjective attribute evaluation of MCDM. This method acknowledges the difficulties in precisely measuring some characteristics while emphasizing their importance. In addition, the chosen technique guarantees that the method is transparent and reproducible by utilizing the widely accepted methodologies of both LCA and MCDM. The implementation of a systematic method in the assessment process increases transparency, allowing for the verification of findings and providing validity and dependability to the generated conclusions.



3.1. Integrating MCDM into LCA for Cement Production Assessment


This work selects and assesses the most preferred cement production processes by combining MCDM and LCA approaches. Through the life cycle stages, LCA offers quantitative environmental impact data, after which the MCDM is used to compare alternatives systematically using both complimentary criteria and sustainability indicators from LCA. To rank alternatives according to their sustainability performance across a variety of factors, the MCDM employs the Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS) and Evaluation Based on Distance from Average Solution (EDAS) methods. By calculating the degree of conflict between each pair of criteria, CRITIC (Criteria Importance Through Intercriteria Correlation) establishes the weights of the criteria. This reduces the allowance for subjectivity in the process of weighting. The MCDM incorporates LCA impact categories, such as human toxicity, photochemical oxidant formation, global warming potential, depletion of abiotic resources, acidification, eutrophication, and ozone depletion, to rank the cement production alternatives. This study offers a comprehensive assessment of sustainability by combining MCDM’s structured comparison using EDAS and TOPSIS weighted with CRITIC with LCA’s rigorous environmental impact data. The integrated strategy identifies the cement manufacturing method that is most favorable in terms of environmental objectives (Figure 1).




3.2. LCA Assessment


LCA functions on the core idea of aggregating inputs and outputs related to the environmental, economic, and social characteristics of products, goods, or services throughout their lifespan [59]. Because trade-offs between impacts in different categories often emerge when evaluating multiple scenarios, the interpretation of LCA data adds a layer of complexity to the analysis [59]. This complexity is amplified by conflicting outcomes, providing difficulties in decision making. There are two main ways to deal with this complexity: the first involves giving weight to and combining LCA results for each effect category into a single scoring indicator, while the second involves treating each impact category independently. The second method proposes using a limited number of impact categories to simplify the analysis of results. This analytical approach evaluates all potential methods of cement production and provides quantitative data regarding their impact on the environment. It is the process of analyzing a product from beginning to end, from the extraction of raw materials to use, operation, end-of-life treatment, recycling, and disposal. This strategy, sometimes referred to as “cradle-to-grave”, is divided into four stages, namely goal and scope definition, life cycle inventory analysis, life cycle impact assessment, and interpretation [60,61].




3.3. Goal and Scope Definition


The goal of this LCA study is to analyze and compare the environmental impacts associated with various methods of cement manufacturing method. The current research attempts to evaluate five distinct production methods, encompassing the entire process from raw material extraction to the final stage of cement grinding. The functional unit is operationally defined as the production of 1 kg of cement. The analysis of each process is conducted with a focus on its ability to deliver the intended functional result. The system boundaries comprise all stages of the life cycle, including the purchase of raw materials, the manufacturing of clinker, the grinding of cement, transportation processes, and the end-of-life phase. The process of raw material extraction encompasses many activities, such as limestone quarrying, shale mining, clay excavation, and the acquisition of any other necessary mineral inputs. The manufacturing of clinker encompasses a comprehensive range of thermal processes and associated emissions. The process of cement grinding involves the utilization of supplementary ingredients and milling operations to attain the desired result. The transportation choices and distances are provided for each stage. The concept of end of life encompasses the various outcomes associated with the reuse, recycling, and disposal of cement.



The analysis employs a “cradle-to-gate” methodology, encompassing the assessment of environmental implications from the acquisition of raw materials to the final stage of cement manufacturing. This LCA will measure environmental impacts to assist in the selection of sustainable processes by conducting a comprehensive analysis of the various cement production techniques throughout the major life cycle stages, from extraction to grinding.




3.4. Life Cycle Inventory Analysis


For each cement production process, information on all material and energy inputs, emissions, wastes, and other environmental outputs must be gathered for the life cycle inventory study. Resources and pollutants related to the extraction of raw materials, the manufacturing of clinkers, the grinding of cement, the transportation process, and the disposal or recycling at the end of the product’s life are included in this stage. Data on mineral inputs, such as limestone, shale, clay, and gypsum, their extraction processes, and transportation to the plant are acquired for the raw material acquisition phase. All thermal processes and kiln types involved in the manufacturing of clinker also have their inputs and emissions quantified. Inventory of milling techniques, electricity consumption, and any blending components is part of the cement grinding stage. Transportation inventories consider several factors, such as the mode of transportation, the distance traveled, and the energy consumption associated with each step of the life cycle. End-of-life inventories consider several factors, such as recycling, reuse, and disposal. The data used in this study come from industry reports, Ecoinvent and other commercial LCA databases, and earlier life cycle assessments of cement production. The functional unit of 1 kg of cement produced serves as the basis for standardizing all material and energy amounts, waste outputs, and emissions. This provides a comprehensive list of environmental flows, enabling effect analysis. Inventory analysis offers a comprehensive data platform for evaluating and contrasting the sustainability of each process since it encompasses all important life cycle stages of the cement manufacturing process.




3.5. Life Cycle Impact Assessment


An essential phase in the “cradle-to-grave” life cycle study of cement manufacturing is the Impact Assessment phase. This step includes a detailed evaluation and calculation of the possible environmental effects related to the life cycle inventory information that was acquired in earlier stages. It comprises examining several effect categories, including the possibility for eutrophication, acidification, and global warming, that are pertinent to the cement producing industry. For this study, the midpoint impact assessment method is used. This method is unique because it can precisely describe impact groups. This lets us understand the environmental effects of cement production in a more complex way. During the characterization process, SimaPro 9.2 is used. This is a high-tech tool designed for life cycle assessment. The present study employed this methodology to reveal the complex environmental impact of cement production by delineating and quantifying its effects across significant domains, adding to a thorough comprehension of the intrinsic sustainability characteristics associated with this industrial procedure.




3.6. Interpretation


The “cradle-to-grave” life cycle analysis’s interpretation step is crucial to the manufacturing of cement. It carefully examines the most important discoveries, explores the risks and constraints related to the production of cement, and comes to some insightful conclusions. It offers a comprehensive grasp of the social, economic, and environmental ramifications unique to cement production, in addition to summarizing the findings. This stage provides strategic insights for raising the overall sustainability profile of cement production while acknowledging uncertainty and pointing out possible areas for development. Essentially, the interpretation phase acts as a pivot, extracting significant lessons that guide choices and future thinking regarding environmentally friendly cement manufacturing.




3.7. Multi-Criteria Decision-Making Approach


The MCDM method is a strategic decision-making approach. It requires evaluating options using several criteria at the same time, taking both quantitative and qualitative factors into account. MCDM weighs multiple variables using a systematic framework, allowing for more meaningful comparisons and supporting decision makers in picking the optimal alternative.



This method addresses the complexity of decision making head-on by providing a logical framework for reconciling competing considerations. In areas such as project selection, resource allocation, and environmental management, it encourages transparency and objectivity, allowing for more nuanced negotiations. To make judgments that consider the needs of all parties involved, MCDM is important.



Several MCDM methods, such as the Analytic Hierarchy Process (AHP), TOPSIS, the Elimination and Choice Expressing Reality (ELECTRE), and the Weighted Sum Model (WSM), provide diverse approaches for complex decision analysis [62]. For example, AHP hierarchically builds decision issues and prioritizes criteria; TOPSIS evaluates alternatives based on their proximity to an ideal solution; ELECTRE manages qualitative preferences; and WSM aggregates criteria with set weights. When deciding on the best approach, decision makers should match the method’s strengths to the unique decision environment. These methodologies, whether used for project selection, environmental management, or resource allocation, allow for a systematic evaluation of alternatives, ensuring informed and objective decision making.



For this study, the TOPSIS and EDAS MCDM methods were used in ranking cement production alternatives. TOPSIS assesses alternatives according to how close they are to the best option. It is, therefore, a good fit for addressing choice issues involving several criteria. When ranking alternatives based on their overall performance, it offers a clear-cut and intuitive method that works well. TOPSIS is most effective in scenarios where decision makers need to make unambiguous choices between criteria and alternatives. Conversely, EDAS is chosen because of its resilience in handling ambiguous and imprecise information. EDAS computes the Euclidean distance between each alternative and the average solution by employing a distance-based methodology. Consequently, it facilitates a more flexible and adaptable approach to decision making, which is particularly advantageous in circumstances involving ambiguous or variable data. Choosing the evaluation criteria for a decision-making problem is the initial phase in the MCDM. Subsequently, a decision-making matrix (Equation (1)) is constructed utilizing the chosen criteria.


     X   i j     =        x   11       x   12     …     x   1 m         x   12       x   22     …     x   2 m       ⋮   ⋮   ⋮   ⋮       x   n 1       x   n 2     …     x   n m          



(1)








3.8. Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS) Method


The TOPSIS methodology encompasses a set of sequential procedures aimed at evaluating and prioritizing options by measuring their relative closeness to the ideal solution [58]. The steps involved in the implementation process are as follows:




	
Normalization of Decision Matrix: A decision matrix   R   is created by transforming the initial decision matrix   X   into a normalized version. All the matrix’s elements are divided in this process by the square root of the sum of the squares of the relevant column.


    R   i j   =     X   i j        ∑  i = 1   m        X   2     i j         



(2)







	
Weighted Normalized Decision Matrix: By multiplying the normalized decision matrix R by the weight vector   W  , the weighted normalized decision matrix   V   is generated.


    V   i j   =   R   i j   ×   W   j    



(3)







	
Determine the Positive-Ideal and Negative-Ideal Solutions: For each criterion, identify the maximum and minimum values across all alternatives.


      A   j     +   = m a x     V   i j     ,       A   j     −   = m i n     V   i j     ,    



(4)







	
Distance Calculation: Calculate the Euclidean distance     ( D   +   )   from each alternative to the ideal positive solution and     ( D   −   )   to the negative ideal solution.


      D   i     +   =    ∑  j = 1   n          V   i j   −     A   j     +       2   ,              D   i     −   =    ∑  j = 1   n          V   i j   −     A   j     −       2   ,     



(5)







	
Calculate the Relative Closeness to the Ideal Solution: Determine the relative closeness of each alternative to the ideal solution.


    C   i   =       D   i     −         D   i     +   +     D   i     −      



(6)







	
Ranking: The options should be ranked according to their respective similarity scores. The alternative that achieves the highest similarity score is assigned the highest rank, signifying its status as the most favored answer.









3.9. Evaluation Based on Distance from Average Solution (EDAS)


EDAS is an MCDM method that ranks alternatives across criteria based on their distances from the average solution [63]. It entails calculating an appraisal score and utility degree for each choice by determining weighted positive and negative distances from the average answer. EDAS’s strengths are its low computational burden, simplicity, and ability to consider both beneficial and non-beneficial factors. EDAS minimizes subjectivity in selecting optimal values for each criterion by comparing alternatives to a mean value. The utility index also makes it possible to create a comprehensive final ranking with minimal effort. One potential drawback is that individual criteria are replaced by an overall average. Changing the relative importance of criteria can also have a significant impact on rankings. In general, EDAS offers an MCDM technique that is comparatively easy and suitable for problems involving both positive and negative factors. By employing an average solution, presumptions regarding the definition of ideal values are mitigated. However, exclusive reliance on the mean may fail to consider possible outliers in performance. EDAS provides a straightforward yet resilient methodology for evaluating and prioritizing alternatives according to a variety of criteria, including both favorable and unfavorable variables.



Step 1: Determine each criterion’s average solution.


  AV =   [ A V   J     ]   1 × m    



(7)







Step 2: Calculate the positive distance from average (PDA) and the negative distance from average (NDA).



If j-th criterion is beneficial,


     P D A   i j     =     m a x ( 0 ,       ( X   i j   −   A V   j   ) )     A V   j       



(8)







If j-th criterion is non-beneficial,


     P D A   i j     =     m a x ( 0 ,       ( A V   j   −   X   i j   ) )     A V   j       



(9)







If j-th criterion is beneficial,


     N D A   i j     =     m a x ( 0 ,       ( A V   j   −   X   i j   ) )     A V   j       



(10)







If j-th criterion is non-beneficial,


     N D A   i j     =     m a x ( 0 ,       ( X   i j   −   A V   j   ) )     A V   j       



(11)




where     P D A   i j     and     N D A   i j     represent the positive and negative distance of the i-th alternative from the average solution in terms of j-th criterion.



Step 3: Generate the alternatives’ weighted sum of PDA and NDA


     S P   i         =   ∑  j = 1   m      w   j     P D A   i j       



(12)






     S N   i         =   ∑  j = 1   m      w   j     N D A   i j       



(13)




where wj stands criterion j weight.



Step 4: Normalize the alternatives’ SP and SN values.


     N S P   i     =     S P   i       m a x   i     ( S P   i   )     



(14)






     N S N   i     =     S N   i       m a x   i     ( S N   i   )     



(15)







Step 5: Determine the alternatives’ appraisal score (AS)


     A S   i     =     ( N S P   i   +   N S N   i   )   2     



(16)









4. Results and Discussion


This section presents the results of the analyses. This includes the LCA, the weight of the criteria, the MCDM, and the mid-point characterization. The MCDM approach’s criteria selection was an in-depth process aimed at capturing the various environmental and health implications connected with various cement production technologies. The criteria were chosen for their direct relation to sustainability goals as well as their capacity to capture the entire cement life cycle, from raw material extraction to manufacture and eventual usage. The criteria are outputs from the LCA process.



4.1. Results


4.1.1. LCA Results


LCA was conducted to evaluate and compare the environmental impacts of 10 distinct types of cement across 18 different categories. The utilization of Ordinary Portland cement is associated with significant negative effects on the environment in various areas, including but not limited to global warming, toxicity, and resource consumption. Cement alternatives that incorporate a higher proportion of blast furnace slag, such as CEM III/A, have reduced the negative effects in terms of global warming potential, carcinogenic toxicity, and fossil resource scarcity. Reductions in certain impacts were observed with the increase in limestone content in CEM II/A-L. The utilization of fly ash cement CEM IV/A and pozzolana-fly ash cement CEM IV/B has been found to result in noteworthy reductions in global warming potential, toxicity levels, and the consumption of fossil resources. Nevertheless, GGBFS emerged as the most favorable alternative in terms of minimal consequences over a wide range of categories. The product exhibited superior performance in terms of global warming potential, ozone depletion potential, toxicity, fossil resource utilization, and water consumption.



The LCA provides a quantitative analysis of the environmental advantages associated with cement substitutes that use higher proportions of slag, fly ash, and limestone in comparison to conventional Portland cement. In particular, the utilization of slag cement has been identified as a highly efficient approach for mitigating the adverse effects across several categories. This finding provides evidence for the adoption of environmentally friendly cement alternatives to enhance sustainability.




4.1.2. Weight of Criteria


The CRITIC technique is used to assign weight to each environmental impact criterion to determine the preferred method of producing cement. With a significantly high weight of 35.4% (Figure 2), global warming is unquestionably the most important criterion. This is logical considering that cement production contributes to approximately 8% of worldwide CO2 emissions. Direct greenhouse gas emissions result from the calcination process, while indirect emissions result from the combustion of fossil fuels for kiln heating. Consequently, to minimize carbon footprint and maximize energy efficiency, the manufacturing process must be optimized. This may encompass the implementation of carbon capture and storage, alternative fuels such as biomass or refuse materials, lower-temperature kilns, and innovative technologies like fly ash optimization. Terrestrial ecotoxicity is assigned the second-highest weight of 30.9. The cement manufacturing process has the potential to discharge hazardous pollutants, such as furnace dust particulate matter, heavy metals, and dioxins, into the surrounding environment. These have the potential to cause soil contamination and damage terrestrial species via bioaccumulation throughout the food chain. When controlling emissions, the cement production methods should avoid facilities located near sensitive ecological areas and employ dust collectors, filters, and scrubbers. To reduce ground-level concentrations and disperse emissions over a larger area, cement kilns might be required to employ higher towers.



The weight assigned to human non-carcinogenic toxicity is approximately 25.3, indicating its significant importance in the context being discussed. Cement operations emit respiratory irritants, such as nitrogen oxides (NOx), sulfur dioxide (SO2), and particulate matter, which might potentially endanger the health of local communities. The methodology should aim to reduce exposure by implementing emission control systems, as previously indicated, and by strategically locating plants at a distance from densely inhabited regions. In addition to being dissipated into adjacent areas, waste heat can also be effectively recovered and utilized for beneficial purposes. Although cement is significantly dependent on mineral inputs, the assigned weight of 0.29 for mineral scarcity suggests that this issue is of relatively lower concern. Nevertheless, it is possible that the approach might potentially prioritize manufacturing techniques that optimize the integration of supplemental cementitious materials such as fly ash and slag, hence reducing the dependence on newly extracted limestone from quarries.



Fossil resource scarcity is assigned a moderate priority, accounting for 2.76% of the overall weight. Cement kilns are significant consumers of coal and other fossil fuels. The implementation of lower-carbon alternative fuels, such as specific waste materials or biomass, has the potential to gradually mitigate the depletion of fossil resources. Nevertheless, the utilization of fuel is an inherent aspect of pyroprocessing techniques, hence constraining the availability of alternate options. Impacts, such as ozone depletion, water consumption, marine ecotoxicity, and usage of mineral resources, are significantly less important considerations when choosing cement production techniques because they have relatively low weights. Priorities should continue to be set on minimizing the negative effects of greenhouse gases, risks to human health, and harm that toxic emissions cause to terrestrial ecosystems. The optimal approach would use the most advanced technology to reduce hazardous and particle emissions while simultaneously drastically reducing CO2 emissions.




4.1.3. MCDM Results


Table 1 consists of the outputs from the LCA for the various cement production alternatives considered and the results from the CRITIC weighing method. The criteria weights obtained from the CRITIC technique, as displayed in Table S1, show that there are eighteen criteria that indicate various impact categories on the environment and human health. Given the large amount of greenhouse gas emissions associated with the manufacture of cement, global warming has the largest weight (35%), suggesting that it should be taken into consideration when choosing the optimal method for producing cement. Since the production process might release heavy metals and harmful contaminants, the next highest levels are for terrestrial ecotoxicity and human non-carcinogenic toxicity, at 30% and 25%, respectively. The weights of the other criteria are comparatively lower. The raw performance data for each of the 10 production methods (CM1 to CM10) across all 18 criteria are also shown in Table S1. A broad range of impact scores is observed, which correspond to variations in the ways the approaches influence each category.



Subsequently, the raw performance data for each approach were subjected to normalization, resulting in a scale ranging from 0 to 1 (Table S2). This facilitated a fair and balanced comparison across various criteria. The normalized ratings provide a measure of relative performance for each impact. The criteria weights are incorporated into a normalized decision matrix by multiplying the normalized matrix by the weights to obtain the values in Table S3. The weighted normalized matrix incorporates the variations in impact alongside the relative significance of each category. Factors such as global warming and toxicity are accorded greater significance. For every manufacturing option, Table S4 lists the ideal best and worst solutions. The lowest weighted normalized score for each criterion represents the ideal best value, while the highest weighted score represents the ideal worst. This establishes the two extreme points of reference. Finally, the closeness coefficients used to rank the production alternatives are evaluated and presented in Table S5. This coefficient reflects the proximity every cement production technique has to the best and worst solution. The highest rating of 1.7228 for CM10 indicates that it is the closest to ideal (Table 2). The coefficient of 0.510 for CM4 indicates that it is the furthest away from the optimum solution.



To validate the results of the TOPSIS method, another MCDM approach was implemented. The EDAS method was used in ranking the cement production alternatives to obtain the most and least preferred alternative. The study results obtained from the EDAS method reveal some noteworthy observations when compared to the prior TOPSIS ranking. The top-ranked option produced by the EDAS technique is CM10, which is the cement production method also favored by TOPSIS. This supports CM10’s position as the best option. The least favored cement production approach for EDAS is CM2. Unlike the most preferred alternative that is consistent across both MCDM methods, the least and the intermediate choices exhibit variations in rankings between the two methodologies. As an illustration, CM4 holds the second position according to the EDAS ranking (Figure 3), although it is placed tenth according to the TOPSIS ranking. According to the rankings provided by EDAS, CM3 is ranked ninth, whereas, according to TOPSIS, it is ranked seventh. Having the same alternatives as the best options, on the other hand, provides essential validation between the two MCDM approaches. Because TOPSIS and EDAS use different mathematical computations, having them arrive at the same most preferred cement manufacturing processes confirms the robustness of those choices as preferred solutions.




4.1.4. Midpoint Characterization Results


This section presents the midpoint characterization of the most preferred cement production method, GGBFS. The findings from the midpoint characterization indicate that the primary factor responsible for global warming impacts is clinker production, which accounts for 55% of these impacts. This can be attributed to the release of CO2 emissions during the calcination process (Figure 4). The production of raw materials is a significant contributor to various environmental issues. It is responsible for a considerable portion of global warming emissions (38%), as well as being the main cause of stratospheric ozone depletion (45%), ionizing radiation (95%), ozone formation with adverse effects on human health (47%), the formation of particulate matter (55%), terrestrial acidification (50%), eutrophication in freshwater and marine ecosystems (99–100%), impacts on ecotoxicity (55–91%), land use (48.6%), and water consumption (100%). The aforementioned factors can be ascribed to quarrying operations, the transportation of materials, and the release of particulate matter into the atmosphere. The utilization of electricity makes a substantial contribution to several environmental issues, including global warming (17%), ozone depletion (23%), ozone formation and its influence on human health (18%), particulate matter (17%), acidification (17%), and ecotoxicity consequences (ranging from 17% to 36.8%). These environmental concerns arise from the emissions resulting from the combustion of fossil fuels in the generation of electricity.



The process of fuel combustion is responsible for various environmental and health impacts. Global warming is primarily driven by fuel combustion, accounting for 21% of its contribution. Additionally, fuel combustion contributes to the formation of ozone, which has adverse effects on human health, accounting for 22% of its formation. Particulate matter, another consequence of fuel combustion, contributes to air pollution and accounts for 21% of its generation. Acidification, which has detrimental effects on ecosystems, is also caused by fuel combustion and accounts for 21% of its occurrence. Furthermore, fuel combustion leads to ecotoxicity, with a range of 14.6% to 18% contribution. Lastly, the combustion emissions of CO2, NOx, SO2, VOCs, and other pollutants from fuel combustion contribute to the depletion of fossil resources, accounting for 100% of their scarcity. Transportation exerts a comparatively lower impact across many categories by means of emissions. Overall, the environmental consequences of cement are mostly attributed to many factors, such as clinker production, power consumption, fuel combustion, raw material acquisition, and transportation. Among these factors, clinker and raw materials emerge as the primary sources of environmental impact across most categories.





4.2. Discussion


The importance of selecting environmentally sustainable cement alternatives, optimizing manufacturing processes, and prioritizing factors, such as global warming, terrestrial ecotoxicity, and human health, in the goal of sustainable cement production is underscored by the analysis of life cycle assessment (LCA) and weight analysis.



The life cycle assessment (LCA) was used to investigate and compare the environmental effects of ten different cement production methods across 18 different categories. It was discovered that regular Portland cement had the most negative effects on the environment, including resource use, toxicity, and global warming. Cement substitutes with a higher blast furnace slag concentration, like CEM III/A, had less of an adverse impact on the potential for global warming, carcinogenic toxicity, and the scarcity of fossil fuels. Likewise, there were notable decreases in a number of environmental consequences for fly ash cement (CEM IV/A) and pozzolana-fly ash cement (CEM IV/B). Nevertheless, GGBFS has emerged as the most favorable option because to its superior performance in various categories, such as global warming potential, ozone depletion potential, toxicity, fossil resource utilization, and water consumption. The life cycle assessment offers a quantitative examination of the benefits cement alternatives have for the environment. The application of slag cement is emphasized as a productive strategy for reducing negative impacts. The adoption of environmentally friendly cement substitutes to improve sustainability is supported by this research.



The environmental impact criteria were weighted using the CRITIC approach, and the results indicate that 35.4% of the weights go to global warming. Considering that the production of cement accounts for around 8% of global CO2 emissions, it is imperative to optimize the manufacturing process. The weight allocated to terrestrial ecotoxicity, which is the second highest at 30.9%, underscores the importance of managing and regulating the release of hazardous pollutants in cement manufacturing processes to prevent soil contamination. The significance of reducing the release of respiratory irritants during cement activities to safeguard nearby communities is shown by the human non-carcinogenic toxicity, which has an estimated weight of 25.3%. While the issue of limited fossil resources is of considerable importance, the primary emphasis is placed on mitigating the adverse impacts of greenhouse gases, potential dangers to human health, and damage to terrestrial ecosystems.



The results of the MCDM analysis demonstrate the prioritization of different alternatives for cement production using two separate methodologies: the EDAS and TOPSIS. The rankings provided useful information regarding the applicability and preference of each option, assisting decision makers in the selection of the most environmentally friendly and health-conscious method for cement manufacturing. Based on the TOPSIS technique, it can be observed that CM10 stands out as the highest-ranking alternative, with an appraisal score of 0.9094. This score highlights its exceptional performance across the assessed parameters. The EDAS approach further supports the consistency observed, as it likewise identifies CM10 as the most beneficial alternative, which is in line with the findings obtained from the TOPSIS analysis. The presence of inconsistencies in the least and intermediate rankings (such as CM1–CM9) between the TOPSIS and EDAS methods sheds light on the intricate decision-making process involved in cement production. Although the high level of agreement observed in the top-ranking alternative (CM10) instills confidence in its superiority, it is important to recognize the nuanced nature of decision making in this industry. The evaluation of these variations can provide useful insights into the peculiar factors that may vary in significance between techniques, thereby assisting stakeholders in making informed decisions that are customized to their objectives.



Regarding the environmental effects of using GGBF—the primary technique identified as the most preferred for producing cement—the midway characterization results provide a thorough insight. Clinker production is the largest contribution to the effects of global warming, accounting for a substantial 55% of the total. To lessen the overall carbon footprint of cement manufacturing, it is imperative to control emissions during the calcination process. This finding has implications for optimizing clinker production, such as using new methods or substitute materials to significantly lessen cement’s environmental impact. The production of raw materials has been identified as a significant factor in several environmental problems. Of particular concern is its significant contribution to global warming emissions, accounting for 38% of such emissions. This raises questions about the long-term environmental viability of activities related to quarrying and transporting raw materials. Additionally, the substantial impact on stratospheric ozone depletion (45%) and ionizing radiation (95%) emphasizes the necessity of adopting sustainable approaches for raw material extraction. These findings underscore the importance of responsible sourcing and minimizing the ecological impact associated with the acquisition of raw materials.



The utilization of electricity is recognized as a substantial factor in various environmental issues, such as the exacerbation of global warming, the depletion of the ozone layer, the generation of particulate matter, the acidification of ecosystems, and the occurrence of ecotoxicity. The results underscore the imperative of shifting towards renewable energy sources in the cement manufacturing sector to mitigate the environmental repercussions associated with power usage. The use of sustainable energy practices has the potential to significantly decrease the overall environmental effect and improve the ecological profile of the industry. The combustion of fuel has been recognized as a significant factor in both environmental and health impacts. The critical nature of transitioning to cleaner and more sustainable energy sources is underscored by the significant contributions of fuel combustion to global warming (21%), ozone formation (22%), particulate matter generation (21%), acidification (21%), ecotoxicity (14.6–18%), and fossil resource scarcity (100%), all of which have adverse health effects. These negative effects can be substantially mitigated through the adoption of sophisticated combustion technologies or the transition to alternative fuels. Although transportation has a relatively small effect in many respects, it continues to be a significant contributor to environmental impacts. The comprehensive analysis underscores that, within the multitude of factors that influence the environment, clinker production and the procurement of raw materials emerge as principal contributors. This highlights the importance of implementing focused interventions during these stages of cement manufacturing to attain considerable advancements in environmental sustainability.



Overall, the results of the midpoint characterization highlight the intricate nature of the environmental consequences linked to the manufacturing of cement. It is imperative to prioritize the adoption of sustainable practices in raw material extraction, optimize clinker production, and transition to renewable energy sources to address the identified key contributors and improve the environmental performance of the cement industry. These insights provide significant guidance for stakeholders and decision makers who are attempting to reconcile the increasing need for cement with objectives related to environmental sustainability.



Interconnection with Sustainable Development Goals


The findings of this study have important implications for specific Sustainable Development Goals (SDGs), providing insights into the environmental impact of various cement production technologies and contributing to larger global sustainability targets. The findings emphasize the necessity for a shift to renewable energy sources in cement production in the context of SDG 7 (Affordable and Clean Energy). To promote innovation and sustainable industrialization, recommendations for streamlining production procedures and switching to substitute materials are in line with SDG 9 (Industry, Innovation, and Infrastructure). Sustainable Cities and Communities (SDG 11) is supported by cement’s important role in urban infrastructure and the focus on environmentally suitable alternatives. SDG 12 (Responsible Consumption and Production) is directly addressed by the study’s recommendation for responsible sourcing and consumption. Given the emphasis on global warming and carbon footprint reduction, this study directly contributes to SDG 13 (Climate Action), while recognizing the impact of raw material exploitation on both terrestrial and aquatic ecosystems corresponds with SDGs 14 and 15 (Life Below Water and Life on Land). In addition, SDG 17 (Partnerships for the Goals) is reflected in the study’s suggestion that stakeholders work together. This study calls for a more comprehensive strategy that considers the interdependence of environmental, social, and economic factors in a larger framework. Policymakers, industry leaders, and stakeholders working towards a sustainable and resilient future in the construction and allied industries will benefit from the practical blueprint it offers for bringing the cement industry in line with global sustainability goals. By employing the best practices, the cement industry can support climate action, environmental preservation, social well-being, and responsible growth in line with sustainability goals.






5. Conclusions


This study showcases the significance of employing an integrated life cycle assessment (LCA) and multi-criteria decision-making (MCDM) approach to conduct an in-depth analysis of the sustainability aspects associated with various methods of cement manufacturing. The life cycle assessment (LCA) offers a comprehensive and rigorous quantitative evaluation of ten different alternatives, considering their performance across eighteen distinct impact categories. This study facilitates a thorough benchmarking process, allowing for extensive comparisons and assessments. In the context of decision making, MCDM techniques are employed to methodically rank options according to their sustainability performance.



The key findings of the study indicate that the mixing of slag, fly ash, and limestone with Ordinary Portland cement yields several advantages compared to the use of pure cement. These benefits include reductions in various environmental impacts, such as global warming potential and toxicity. According to the MCDM ranking, GGBF emerges as the most favorable alternative, exhibiting a significant reduction of more than 80% in global warming impacts compared to traditional cement. The evaluation of the situation also highlights clinker production and raw material sources as significant areas of concern.



Nevertheless, it is important to acknowledge the presence of certain constraints. The utilization of secondary data in the LCA methodology is a potential limitation as they may overlook regional disparities in technology, energy sources, and transportation. Future studies can mitigate this limitation by conducting sensitivity analyses based on different regions and using more localized data. Such sensitivity analysis may be conducted considering regional disparities in technology, energy sources, and transportation. The enhancement in generalizability could be achieved by using the framework in various geographical contexts. The MCDM framework excludes social and economic factors, prioritizing exclusively environmental indicators. A comprehensive sustainability viewpoint could provide enhanced guidance for decision making. Furthermore, the application of uncertainty analysis can serve to enhance the evaluation of the reliability and stability of the MCDM rankings. Future research should include primary data gathering, application in diverse geographies, integration of social and economic issues, and uncertainty analysis to overcome these limitations. A localized approach to criterion weighting could involve including government and industry stakeholders. Additional cement substitutes like silica fumes or magnesium oxides could be assessed by more LCA research. Endpoint modeling has the potential to offer valuable insights focused on damage-oriented assessment.



This study is based on quantitative data obtained from the LCA; however, future studies may combine both quantitative and qualitative data through stakeholder participation in decision making. This should include community representatives, environmentalists, and industry professionals who can confirm results and offer suggestions. It is crucial to address potential trade-offs and consider technical, policy, and financial constraints as well as environmental favorability. Examining new technology in the cement industry may help address recognized environmental issues. Also, comparisons with present benchmarks or norms will improve the study’s context and advance knowledge of sustainable cement production techniques.



However, this work provides substantial contributions. The study showcases a rigorous and reproducible approach that aligns with ISO requirements for evaluating the sustainability of cement. Additionally, it emphasizes potential avenues for enhancing sustainability in this industry. The LCA-MCDM approach combines robust life cycle inventory data with a transparent multi-criteria decision analysis. The results of the study provide practical remedies for reducing the significant environmental impact and harmful effects of cement, hence facilitating advancements in sustainable manufacturing practices. Through careful utilization and subsequent refinement, the concept offers significant utility in the context of evidence-based cement selection. Industry practitioners must consider the unique qualities and requirements of each project while deciding on the most suitable mix proportions of GGBFS in concrete. Policymakers should implement rigorous quality control mechanisms to assure the consistency and reliability of GGBFS, to retain the intended performance characteristics of the concrete.
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Figure 1. Proposed methodology for selecting the most preferred cement production method. 
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Figure 2. Weight contribution of each environmental impact criteria. 
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Figure 3. Comparison between EDAS and TOPSIS. 
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Figure 4. Midpoint Characterization of GGBFS. 
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Table 1. Results of life cycle assessment.
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	Impact Category
	Unit
	CM 1
	CM2
	CM3
	CM4
	CM5
	CM6
	CM 7
	CM8
	CM9
	CM10





	Fine particulate matter formation
	kg PM2.5 eq
	0.00054
	0.00042
	0.00043
	0.00045
	0.00039
	0.00048
	0.00059
	0.00044
	0.00045
	0.00019



	Fossil resource scarcity
	kg oil eq
	0.07881
	0.06017
	0.05802
	0.06266
	0.05145
	0.06767
	0.08488
	0.06196
	0.06247
	0.02076



	Freshwater ecotoxicity
	kg 1,4-DCB
	0.00893
	0.00946
	0.01165
	0.01627
	0.01232
	0.00697
	0.00742
	0.00662
	0.00711
	0.02148



	Freshwater eutrophication
	kg P eq
	0.00009
	0.00007
	0.00007
	0.00008
	0.00007
	0.00008
	0.0001
	0.00008
	0.00007
	0.00005



	Global warming
	kg CO2 eq
	0.8516
	0.55978
	0.53205
	0.55376
	0.43525
	0.67726
	0.83768
	0.60719
	0.58763
	0.10087



	Human carcinogenic toxicity
	kg 1,4-DCB
	0.01437
	0.01509
	0.01567
	0.02112
	0.01583
	0.01249
	0.01486
	0.01123
	0.01391
	0.02213



	Human non-carcinogenic toxicity
	kg 1,4-DCB
	0.25982
	0.24304
	0.29774
	0.39562
	0.30486
	0.19769
	0.23665
	0.18481
	0.19629
	0.48882



	Ionizing radiation
	kBq Co-60 eq
	0.00721
	0.00843
	0.00616
	0.01154
	0.00577
	0.00905
	0.01179
	0.00941
	0.00555
	0.00298



	Land use
	m2a crop eq
	0.01592
	0.02228
	0.01634
	0.02025
	0.01617
	0.02183
	0.02425