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Abstract
The natural
Natural stone and ceramic tile industries representare two majorof the leading competitors in the global building materials sector. This study adoptsemploys a multidimensional and integrative approachframework to conduct a comprehensive comparative analysis of these two strategic industries across seven selected countries. It concurrently evaluatesThe assessment simultaneously examines their economic, environmental, organizational, and industrial performance. The analysis combines traditional
To achieve this, the study integrates classical decision-making frameworks, including tools, namely Life Cycle Costing (LCC), SWOT analysis, and Porter’s Five Forces, with advancedmodern machine learning algorithms such as techniques, including Principal Component Analysis (PCA), K-Means clustering, and SHAP. 
Five key indicators, production cost, energy consumption, CO₂ emission intensity, water usage, and non-recyclable waste generation, were collectedsourced from authoritative international sourcesdatasets, normalized, and analyzed comparatively. The analyzed. PCA results revealed that the first principal component reflects economic-energy pressureintensity, while the second component representscaptures environmental burden. K-Means clustering groupedclassified countries into three structural categories: sustainable industrial economies, semi-sustainable states, and high-risk developing economies. SHAP analysis, usedapplied to interpret a multivariate regression model, identified CO₂ emissions as the most influential factor contributing todriving structural pressure, suggesting it should be prioritizedhighlighting its significance in climate-relatedfocused policymaking. The LCC analysisresults further indicateddemonstrated that despitealthough natural stone entails higher upfrontinitial installation costs, natural stone it proves more cost-effective over athe long- term horizon compared to ceramic tiles. On the tile.
From an organizational level, results showedstandpoint, findings show that in advanced economies, the ceramic tile industrysector benefits from skilled human capital,labor, high levels of technological adoptionintegration, and modern institutional frameworks. Converselymaturity. In contrast, the natural stone industry, especiallyparticularly in developing nations, faces persistent challenges such as unskilled labor, bureaucratic licensinglow-skilled workforces, regulatory complexity, and cultural resistance to innovation.
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1. Introduction
Natural stone has long been one of the primary materials used served as a foundational material in building construction 1.. Extracted from mountains in the form of large blocks, it is transported to processing plantsfacilities and convertedtransformed into market-ready products, mainlyprimarily tiles and slabs. Environmentally, the From an environmental perspective, stone extraction and processing of stone not only damagesdisrupt the aestheticvisual integrity of natural landscapes but also generatesgenerate significant waste and contribute to ecological degradation 2-4. 1–4
However, in recent years, the application of resin-based coatings in recent years has significantly improvedenhanced the durability of natural stone, resulting in reducedreducing its overall environmental impact 5,6. As 5,6. Meanwhile, the rise of urban construction has accelerated,  the growth of the ceramic industry has gained traction, offering, which offers lower costs and greater design flexibility as competitive, key advantages over stone. Yet, theNevertheless, ceramic tile industry manufacturing imposes greatera heavier environmental burdensburden due to its energy-intensive manufacturing production processes 7-9. 7–9.
Natural stone and ceramic tiles have long been rival materialscompeted in architectural applications. In recent yearsRecently, their competitionrivalry has intensifiedexpanded across multiple dimensions. As majorBoth sectors in represent major components of the global construction, both industries command substantial portions of the world’s  industry and account for a significant share of global resource and energy consumption. Beyond their While they serve similar applicationsfunctional roles, primarily in surface coverings, these industries they differ significantlymarkedly in terms of production chains, energy consumptionprofiles, raw material usage, national industrial policiespolicy environments, and life cycle costscost structures.
TheAs of 2022, the global ceramic tile market was valued at over USD 104 billion in 2022, and it is projected to exceed USD 150 billion by 2030, growing atwith a compound annual growth rate (CAGR) of 5% 10. Similarly, the global 10
The global natural stone industry, focused on which includes ornamental stones like marble, granite, and travertine, generated over USD 50 billion in revenue in 2021, with steady growth . This sector is expected throughto grow steadily throughout the decade, fueleddriven by infrastructure expansion and rising demand for luxury construction 11. From an environmental perspective, both industries contribute considerably11
From an environmental standpoint, both industries significantly contribute to greenhouse gas emissions, energy usageconsumption, and natural resource depletion. Ceramic tile productionThe ceramic industry, due to its high-temperature kilns and thermal processes, is particularly energy- and carbon -intensive 12,13.12,13. In contrast, while the environmental impact of natural stone extraction does have a notable environmental footprintis not negligible, its downstream processing generally requirestypically consumes less energy  14. 14
Numerous studies have addressedexamined technological improvementsadvancements and process optimization in both sectors 15-21. For 15,21. In ceramics, research has focused on emphasized innovations in drying processes, reducing firing techniques, energy-efficient firing, and employing low-energy glazes 3. In3. For natural stone, advancesadvancements have centered onincluded cutting and polishing techniquestechnologies, low-impact quarrying methods, and stone waste recycling technologies 22-25. However, strategies 22,25
Despite these efforts, economic analyses evaluations of both sectors remain fragmented, often limited to direct production cost comparisons. Only a handful ofFew studies have exploredoffer comprehensive assessments ofthat include energy costs, capital investment, economic returns, or sensitivity analysis, mostly at and most are restricted to national or regional levelsscopes. While Life Cycle Assessment (LCA) has been widelybroadly adopted in various industriessustainability research, its rigorous and comparative application to the stone and ceramic sectors, especially at an international scale,industries at a global level remains rare. Most existingExisting literature focuses on isolated factorstypically isolates individual variables, such as CO₂ emissions in ceramics or water useusage in stone processing, lacking a unifiedand lacks a cohesive cross-sectoral LCA framework across both industries 26-28.framework26,28
Previous research has largely prioritized primarily focused on engineering properties,attributes such as mechanical strength, aesthetic designappeal, and material durability. YetHowever, comprehensive economic and environmental comparisons, particularly especially those with a global scope, are perspective, remain significantly underexplored.
The selection of countries for comparative analysis was based on a combination of contextual access and global representativeness. Iran was included as the authors’ home country, which enabled direct access to sector-specific knowledge from experienced professionals and industry experts. These insights supported the development of locally grounded models aligned with international dynamics. China was selected as a strategic trade partner of Iran, being the leading importer of its ceramic and natural stone products. In addition, Germany, China, Italy, Spain, Brazil, and the United States were chosen due to their global leadership in these industries and the accessibility of reliable and well-documented datasets. Together, these countries provide a robust and diverse basis for cross-national benchmarking in sustainability and competitiveness. This gap is especially pronounced in light of the growingparticularly notable given the increasing global emphasis on sustainable production and resource efficiency. Thus
Accordingly, there is a cleargrowing need for an integrated scientific approach that concurrently evaluatesframework capable of evaluating both the economic and environmental performance of these two critical industries. The presentThis study aims to fill this gapaddresses that need through a comparative assessment of the natural stone and ceramic tile industries acrosssectors, analyzing key economic indicators (e.g., production cost, energy consumption, transport, and labor) andalongside environmental indicators (CO2e.g., CO₂ emissions, resource consumption, and recyclability). Leveraging
By leveraging numerical modeling and advanced machine learning algorithms, thisthe research also enables forecasting of forecasts future trends in cost and pollution, thereby offering strategic insights for policymakers, investors, and industrial stakeholders. ThisTo the best of our knowledge, this is the first international, data-driven study to compare these two industries using real-world data, numericalstatistical modeling, machine learning analysisartificial intelligence, and a rigorous Life Cycle Assessment (LCA) framework.
Conceptual Framework and Analytical Design:
This study adopts a multidimensional analytical framework that integrates classical strategic tools with modern machine learning techniques to comprehensively assess the sustainability and competitiveness of the natural stone and ceramic tile industries. Each methodological layer operates at a distinct level of analysis and serves a specific function:
Product-Level Analysis:
Life Cycle Costing (LCC) is used to assess the long-term economic viability of natural stone versus ceramic tiles from a consumer-centered perspective. This includes installation, maintenance, energy use, and replacement costs over a 30-year horizon.
Industry and Market-Level Analysis:
SWOT analysis and Porter’s Five Forces are applied to evaluate structural competitiveness, market entry barriers, supply chain dynamics, and strategic positioning of both industries. These frameworks capture qualitative factors such as technological maturity, export capacity, and vulnerability to substitutes.
Cross-Country Quantitative Assessment:
Principal Component Analysis (PCA) and K-Means clustering are used to uncover latent patterns in environmental and economic indicators across seven selected countries. These tools reduce data dimensionality and categorize countries into performance-based clusters.
Variable Importance Interpretation:
SHAP (SHapley Additive exPlanations) is applied to interpret the output of multivariate regression models. It quantifies the contribution of individual variables, such as CO₂ emissions or energy use, to the overall structural pressure. This facilitates data-driven policymaking by identifying high-impact levers for sustainability.
Methodological Boundaries:
While SWOT analysis and Porter’s Five Forces are applied at the industry level to assess global structural competitiveness, they are not extended to country-level analysis due to the absence of consistent and detailed national data. This constitutes a recognized methodological limitation, and future studies could incorporate localized SWOT/Porter frameworks to generate more granular, country-specific insights.
Additionally, although PCA and K-Means clustering operate at the country level, the aforementioned strategic tools are intentionally confined to the global industry scale. This distinction is clearly acknowledged in the methodology. Table 1 presents overview of analytical methods and their application levels.
Table 1: Overview of analytical methods and their application levels
	Method
	Level of Analysis
	Purpose
	Data Source

	LCC
	Product
	Long-term cost analysis
	Consumer perspective, ISO 15686

	SWOT / Porter
	Industry (Global)
	Structural competitiveness
	Deloitte, World Bank

	PCA / K-Means
	Country
	Environmental-economic clustering
	UNEP, IEA, Eurostat

	SHAP
	Variable-level
	Feature importance
	AI explainability



2. Materials and Methods
To enableperform a comprehensive comparative analysis ofrobust and multidimensional comparison between the natural stone and ceramic tile industries, this study relied on a structuredcurated set of statistical and performance and statistical indicators was collectedsourced from internationally recognized databases. These datasets not only served a dual function: they supported conventional economic and environmental assessments but also served as direct input forand economic evaluations, while simultaneously feeding into human-centered analytical models and machine learning algorithms. This dual-purpose approach allows forintegration enabled both a clear snapshot of current-state evaluation and data-driven forecasting performance and predictive modeling of future trends. TheSeven countries were selected for this study includeas focal points: Spain, China, Italy, Germany, the United States, Iran, and Brazil. These wereEach was chosen based on a diverse setdistinct combination of criteria such as factors, ranging from diversity in energy source heterogeneity, sources and maturity of environmental policy maturity, policies to production scalecapacity, export volumeperformance, and level of industrial development. For instance,  level. Spain, for example, as one of the world’sa leading global exporter of ceramic tile producers and exporterstiles, provides highlydetailed and structured data through EuropeanEU statistical systems. China, the global leader in dominating both industries,  at the global scale, offers extensiveabundant data particularly, especially in the domains of relation to energy consumptionuse and production costs. Germany and the U.S., characterized by advanced industrial infrastructure and stringent. exemplify highly industrialized nations with strict environmental regulations, contrast with whereas Brazil, which operates  presents a contrasting case with a low-carbon electricity grid heavily reliant on hydropowerhydro power. Iran was also included as to represent the context of a developing country with accessible economy, where domestic data that enriches the comparative scope.remains publicly accessible and adds valuable depth to international comparisons. Italy stands out as a global hub for design and exportalso plays a strategic role in the ceramic sector, featuring advanced this sample, not only as a design leader in ceramics but also due to its widespread adoption of advanced kiln and glazing technologies that are, well documented in life cycle assessments (LCA). Brazil's industrial structure, based on hydroelectricFinally, Brazil’s energy, has-intensive sectors have been extensively evaluatedreviewed in United Nations Environment ProgramProgramme (UNEP) reports for its relatively low carbon , with particular attention to its hydro-based energy infrastructure and comparatively low CO₂ emissions intensity 29,30.
Five core indicators were selected for cross-country, cross-sector comparison: total production cost (USD/m²), final energy consumption (kWh/m²), CO₂ emissions (kg/m²), process water use (L/m²), and non-recyclable industrial waste (kg/m²). Raw data, often reported in units like kg/ton or MJ/ton, were normalized to a per-square-meter basis using surface normalization coefficients. For energy conversion, a standardized factor of 1 MJ = 0.2778 kWh was applied. Coverage coefficients were derived from Eurostat 29, and energy normalization was aligned with methodologies from IEA and UNEP reports 12,30. According to Eurostat 29, the average surface coverage per ton is approximately 25 m² for ceramic tiles and 32 m² for natural stone. To enhance environmental accuracy, CO₂ intensity values were adjusted to account for the national energy mix. For instance, Spain, due to its high share of renewable electricity, has a lower carbon intensity compared to countries such as China or Iran, which rely more on coal and natural gas 13. Water use and waste generation metrics were obtained from UNEP’s specialized construction sector reports and normalized by production surface area 30. Production cost data, including raw materials, processing, energy, labor, and logistics, were extracted from World Bank economic assessments and converted directly into final cost indicators 14. These harmonized data underpin both classical decision-making frameworks, such as Porter’s Five Forces, Life Cycle Cost Analysis (LCCA), and SWOT, and serve as input features for advanced machine learning models aimed at forecasting cost trends, energy use, and emission trajectories. Table 1 presents normalized quantitative values of five core environmental and economic indicators for the natural stone and ceramic tile industries in selected countries.
In parallel with traditional methods, this To enable robust cross-national and cross-sector analysis, five essential indicators were selected: total production cost (USD/m²), final energy consumption (kWh/m²), CO₂ emissions (kg/m²), process water use (L/m²), and non-recyclable industrial waste (kg/m²). Because source data often appeared in formats like kg/ton or MJ/ton, all values were normalized to a per-square-meter basis using surface area conversion coefficients. For example, according to Eurostat, the average material coverage per ton is approximately 25 m² for ceramic tiles and 32 m² for natural stone. A standard energy conversion factor (1 MJ = 0.2778 kWh) was applied to ensure consistency across national datasets. Energy normalization followed methodological standards from the IEA and UNEP, while CO₂ emission intensities were adjusted to reflect each country's unique energy mix. Spain, for instance, with its substantial share of renewable electricity, demonstrates much lower carbon intensity than nations like China or Iran, where coal and natural gas still dominate. Additional environmental indicators, such as water use and non-recyclable waste, were obtained from specialized UNEP construction sector reports and recalibrated to surface area outputs. Meanwhile, production cost data, including inputs such as raw materials, energy, labor, processing, and logistics, were sourced from World Bank industry evaluations and converted into final per-unit costs.
These harmonized datasets were critical not only for conventional assessment frameworks like Porter’s Five Forces, SWOT, and Life Cycle Costing (LCC), but also for training machine learning models aimed at forecasting future trends in cost, energy intensity, and emissions. To this end, the study employedapplied Principal Component Analysis (PCA) to reduce the dimensionality of the dataset and extractisolate the dominant economic, -environmental axes. SHAP (SHapley Additive Explanations) was then applied to explainThe first component, PC1, captured the contributioncombined variance of each input variable in multivariate regression models. This hybrid analytical framework improves sensitivity analysis and enhancescost and energy intensity, termed economic-energy pressure, while the prioritizationsecond component reflected environmental burden, primarily driven by emissions and waste indicators.
In tandem with PCA, K-Means clustering was employed to classify the selected countries into three structurally distinct groups: sustainable industrial economies, semi-sustainable transitional states, and high-risk developing economies. To interpret the internal logic of keythe predictive model, the study utilized SHAP, a powerful explainability method grounded in game theory. SHAP enabled the attribution of importance scores to each input feature, such as CO₂ emissions or energy consumption, revealing their proportional influence on the output metric (structural pressure as measured by PC1). This interpretability aspect is especially vital for policymakers seeking to prioritize sustainability indicatorsinterventions based on transparent, data-driven insights.
Table 2 presents the normalized values of the five core indicators across countries. As seen in the data, there is significant cross-national variation in environmental and economic performance. China and Iran exhibit the highest CO₂ emissions and energy usage, whereas Germany ranks lowest across nearly all environmental metrics, reflecting its advanced infrastructure and strong regulatory compliance.
Table 12. Normalized quantitative values of five core environmental and economic indicators for the natural stone and ceramic tile industries in selected countries 12,13,29,31
	Country
	Production Cost ($/m²)
	Energy Consumption (kWh/m²)
	Water Usage (Liters/m²)
	Non-Recyclable Waste (kg/m²)
	
	
	CO₂ Emissions (kg/m²)

	Spain
	13.5
	24.0
	2.3
	1.0
	
	
	3.8

	China
	9.2
	39.5
	3.8
	1.9
	
	
	7.5

	Iran
	8.8
	36.0
	3.2
	1.5
	
	
	6.9

	Germany
	18.0
	20.5
	1.7
	0.7
	
	
	2.9

	USA
	16.5
	21.0
	1.9
	0.9
	
	
	3.1

	Italy
	14.7
	26.0
	2.6
	1.2
	
	
	4.2

	Brazil
	11.3
	28.3
	2.1
	1.1
	
	
	4.8


3. Methodology
To evaluateassess the competitive structuredynamics of the natural stone and ceramic tile industriessectors, this study employs the renowned Porter's five forcesutilizes Porter’s Five Forces framework, one of the most authoritative a foundational model in strategic tools in industrial analysis, introduced developed by Michael Porter in 1980. Despite the passage of decades, this framework remains one of the most influential and still widely used applied tools for assessing market evaluating industry attractiveness and industrystructural competitiveness worldwideacross diverse global markets 32. ThisThe framework evaluatesassesses five corefundamental forces (that define industry competitiveness: the threat of new entrants, the bargaining power of suppliers, the bargaining power of buyers, the threat ofposed by substitute products, and the intensity of intra-industry rivalry) that shape the competitive intensity of any industry. among existing firms. For each of these forces, the relative intensity was assessed for both the natural stone and ceramic tile industries, each force was rated on a standardized five-point scale (ranging from, where 1 =denotes very low tointensity and 5 =indicates very high). This assessment was informed by  intensity. These evaluations were grounded in structural data drawn from globally trustedrecognized sources such as Deloitte and the World Bank, and was further enriched. Additionally, the analysis was supplemented by qualitative analysis of industryinsights into sector-specific factorscharacteristics, including technological complexity, entry barriers, cost structures, product varietydiversity, and the degree of value chain integration 14,33. Figure 1 presentsillustrates the results of this analysis using a polar matrix visualization of this analysis, designed to offer a rapid,, offering an intuitive snapshotand immediate overview of the competitive forces affectingdynamics within each industry. The radial distance from the center indicatesreflects the intensity level of each competitive force (1–5 , measured on a scale), with from 1 (very low) to 5 (very high). In the diagram, green markers representingdenote the natural stone industry, andwhile blue markers indicatingrepresent the ceramic tile industrysector.
As Shownfurther detailed in Table 23, the analysis reveals that the ceramic tile industry experiences a significantlyexhibits notably higher levellevels of competitive pressure, especiallyintensity, particularly in areas such as the dimensionsthreat of new market entrants, buyer bargaining power, and internal rivalry. This isThese findings can be largely attributed to the globalized nature of the ceramic industry, easy access tosector’s high degree of globalization, the relative ease of accessing production technologies, and the widespread prevalence of aggressive price-based competition worldwide. In. By contrast, the natural stone industry is more resource-dependent, characterized by resource dependency, high significant entry barriers, and relativelygenerally more stable market dynamics, leading to lower intensity in certain competitive forces. However, the threat of competitive conditions. Nevertheless, both sectors face substantial pressure from substitute materials, such asincluding engineered stone and composite products, advanced composites.
Table 3. Comparative assessment of the five competitive forces in the natural stone and ceramic tile industries. The ceramic tile sector demonstrates stronger market rivalry, a heightened threat of substitution, and greater supply chain flexibility. In contrast, the natural stone industry remains substantial across both sectors.more reliant on location-bound extraction processes and contends with higher supplier power
Table 23. Structured comparison of the five competitive forces in the natural stone and ceramic tile industries
	Ceramic Tile
	Natural Stone
	Competitive Force

	High-Technology is accessible, many new producers.
	Moderate - Requires specific quarrying equipment and permits
	Threat of New Entrants

	Moderate - Global supply chains provide flexibility.
	High - Few local suppliers, location-dependent materials.
	Bargaining Power of Suppliers

	High - Highly competitive and commoditized market.
	High-Price-sensitive market with many alternatives.
	Bargaining Power of Buyers

	High - Alternatives like vinyl, laminate flooring.
	High-Composite materials and engineered stones.
	Threat of Substitutes

	Very High - Intense global competition and price wars.
	Moderate - Traditional market with moderate competition.
	Industry Rivalry

	
	
	



Figure [image: ]
1. Enhanced polar matrix visualization of Porter’s five forces analysis comparing the competitive structure of the natural stone and ceramic tile industries. The visual reveals the high rivalry and threat of substitutes faced by ceramic tiles, in contrast with the moderate competitive pressures in the natural stone sector[image: ]
Fig. 1. Enhanced polar matrix visualization of Porter’s five forces analysis comparing the competitive structure of the natural stone and ceramic tile industries.
3.1 Strategic SWOT Analysis 
In this section, the strategic positioning of the natural stone and ceramic tile industries is assessed throughanalyzed using the SWOT analytical framework, one of the most widely usedestablished tools in strategic management. This modelapproach systematically classifies bothorganizes internal factors (strengths and weaknesses) andalongside external factors (opportunities and threats) to provide), offering a holistic viewcomprehensive perspective on the competitive landscape of industrial competitiveness each industry34. In theThe natural stone industry, key boasts several core strengths include high, including exceptional durability, resistance to weathering, and long-standing marketestablished credibility, especiallyparticularly in traditional and heritage-basedoriented markets. Its lowminimal maintenance requirements make it particularly suitablea preferred choice for landmark architecture and long-term infrastructure and landmark projects. ConverselyIn contrast, the ceramic tile industry benefits from mass production excels in scalability, design flexibilityversatility, and a strong orientation toward international exports. These characteristics have helped positionexport-driven growth, enabling ceramic tiles as a dominant product in products to dominate large segments of the global constructionbuilding materials market. Nonetheless, natural stone faces challenges such as high material density, which leads to elevated transportation costs, and energy-intensive quarrying and cutting processes, along with dependency on finite natural resources. On the other side, the ceramic industry grapples with issues such as high water and energy consumption, fragility under impact, and a relatively shorter product lifespan. Emerging markets with growing demand for durable construction materials present growth opportunities for both industries. The global trend toward green buildings and sustainable architecture has also renewed interest in natural products like stone, while technological advances such as digital printing and lightweight tile engineering have opened new avenues for innovation and competitiveness in the ceramic sector. Major threats to the stone industry include the rise of engineered alternatives such as artificial stones and regulatory restrictions on mining. In the ceramic tile sector, intensifying global price wars, competition from substitutes like vinyl and laminate flooring, and reliance on specific raw materials are key external risks. Table 3 provides a structured comparison of the SWOT components for both industries, highlighting the distinct strategic dynamics shaping their development trajectories.
Table 3.However, each industry faces unique structural challenges. For natural stone, drawbacks include its high density, resulting in elevated transportation costs, alongside energy-intensive extraction and processing methods, and dependence on non-renewable resources. The ceramic sector, while more industrially agile, contends with high consumption of water and energy during production, vulnerability to breakage, and generally shorter product life cycles.
Opportunities exist for both industries in expanding construction markets, especially in developing regions where durable and cost-effective materials are in demand. Rising global interest in sustainable architecture and eco-conscious design has revitalized the appeal of natural materials like stone. Meanwhile, innovations such as digital printing and lightweight ceramics are expanding the technological frontier of the ceramic tile industry.
Yet, both sectors face strategic threats. Natural stone is increasingly challenged by engineered alternatives like synthetic composites and artificial stone, as well as tightening regulations around quarrying. The ceramic industry, in turn, must navigate global pricing pressures, the rise of substitute products such as vinyl and laminate flooring, and potential supply chain disruptions tied to raw material dependency.
Table 4 presents a structured comparison of these SWOT elements, distilling the contrasting strategic dynamics that influence the development paths of both sectors.
Table 4. SWOT matrix comparing natural stone and ceramic tile industries.
	Industry 
	Threats
	Opportunities
	Weaknesses
	Strengths

	Natural Stone
	Synthetic rivals, quarry regulation, market cycles
	Green construction demand, exports, restoration markets
	Heavy, energy-intensive, limited design
	Durable, low maintenance, heritage value

	Ceramic Tile
	Global price wars, substitutes, raw material risks
	Smart tech, lightweight trends, digital printing
	High water/energy use, fragile, shorter lifespan
	Mass production, flexible design, export-oriented


Based on the foregoingpreceding analysis, it can be concluded that natural stone holdsmaintains a superior positionstrategic advantage in traditional and high-end and heritage construction projects, primarilymarkets, largely due to its unmatched durability, timeless aesthetic, and inherent natural appeal. In contrastassociation with long-lasting architectural value. Conversely, the ceramic tile industry, leveragingdriven by mass production capabilitiesmanufacturing efficiency, design versatilityadaptability, and advanced technologies, demonstratesrapid technological adoption, exhibits greater agilityflexibility and competitiveness in internationalglobal commercial markets. StrategicAs such, strategic investment decisions in either industrysector should therefore be informedguided by the targeta clear understanding of market characteristics-specific demands, environmental constraintsregulatory contexts, and the comparative long-term competitive advantagesvalue each material can deliver within its respective niche.
3.2 Life Cycle Cost Analysis (LCC)
[bookmark: _Hlk198460316]Life Cycle Cost Analysis (LCC) is a widely recognized economic decision-making tool that evaluates the total cost of ownership over a product’s functional lifespan. Unlike conventional cost analyses that focus only on upfront expenses, LCC incorporates initial capital costs, maintenance, energy consumption, and eventual replacement expenses 35. The method adheres to standardized guidelines outlined in building and infrastructure design frameworks, such as those in ISO and ASTM protocols 36,37. In this study, an LCC comparison was conducted between the natural stone and ceramic tile industries over a 30-year evaluation period. The cost parameters were derived from industry benchmarks, contractor estimates, and international case studies, standardized in USD per square meter. It is important to note that this analysis offers a comparative modeling approach based on general industrial averages, rather than site-specific pricing data.
Life Cycle Costing (LCC) is an established economic evaluation methodology that accounts for the total cost of ownership over a product’s entire functional lifespan. Unlike traditional cost analyses, which often emphasize only the initial capital expenditure, LCC provides a more comprehensive perspective by including maintenance costs, energy consumption, and eventual replacement or disposal expenses over time [35]. This approach is standardized in international frameworks for building and infrastructure design, notably through ISO 15686 and ASTM E917 guidelines 36,37.
In the present study, an LCC comparison was carried out between natural stone and ceramic tile flooring systems over a 30-year horizon. Cost components were standardized in USD per square meter, drawing on industry benchmarks, contractor estimates, and global case studies. Importantly, the analysis adopts a consumer-centric lens, focusing not on industrial profitability but on the total economic burden borne by end-users over time. This framing aligns with ISO and ASTM conventions and enables a realistic evaluation of long-term cost efficiency from the standpoint of individual building occupants or project owners.
The LCC was calculated using Equation 1.

Equation 1.   
Where, Co is initial installation cost, Cm is annual maintenance cost, T is time horizon (30 years), Cr is replacement cost, Ce is energy consumption cost over the lifecycle
In the modelcost modeling assumptions, the service life of natural stone is taken as assigned a service life of 40 years, which exceeds the 30-year analysis window, meaning no replacement is needed withinrequired during the 30-year horizon. Theevaluated period. In contrast, ceramic tile lifespan is assumed to behave a service life of 25 years, requiring one fullnecessitating a complete replacement within the same timeframe. Maintenance costs for both materials are standardized based onusing average service contracts incontract rates from developed economies. At first glance, , ensuring comparability across contexts.
Although ceramic tile incurs a lower upfront installation cost (USD 35.00/m²) compared to natural stone may appear more expensive due to its higher upfront cost. However, when accounting for longer durability, lower maintenance needs, and no replacement over the analysis period, it emerges as the more economically efficient option in the long run. In contrast, although ceramic tiles require a lower initial investment, their higher repair frequency, replacement needs, and energy costs over time contribute to a higher(USD 60.00/m²), the total life cycle cost tells a different story. When recurring maintenance, replacement, and energy consumption are factored in, ceramic tile reaches a cumulative expense. This reinforces the rationale that for long-term projects, such as government buildings or sustainable urban infrastructure, materials with greater durability (likecost of USD 138.00/m², whereas natural stone) are both environmentally totals only USD 92.50/m². This contrast highlights the long-term economic advantage of natural stone, its higher initial cost is offset by greater material longevity, reduced maintenance needs, and the absence of replacement during the evaluation period.
These findings provide strong support for selecting natural stone in long-duration construction projects, particularly in public infrastructure, civic buildings, and economically more viable. The sustainability-driven urban developments. Its extended durability not only minimizes economic costs but also aligns with environmental goals by reducing material turnover. A detailed breakdown of the calculated cost parameters used in the LCC analysis for both industries are summarizedmaterials is presented in Table 45.
Table 45. Life cycle cost comparison of natural stone and ceramic tile flooring systems over a 30-year evaluation period. 38,39
	Ceramic Tile (USD/m²)
	Natural Stone (USD/m²)
	Cost Component

	35.00 $
	60.00 $
	Initial Installation Cost (Ca)

	2.00 $/year
	1.00 $/year
	Annual Maintenance Cost (Cm)

	25 years
	40 years
	Estimated Service Life (n)

	40.00 $
	70.00 $
	Replacement Cost (Cr)

	3.00 $
	2.50 $
	Energy Consumption over Lifecycle (Ce)

	98138.00 $
	92.50 $
	Total Life Cycle Cost (LCC)


Ultimately, the Life Cycle Cost (LCC) analysis underscores that economic decision-making inreinforces a critical insight: material selection decisions should not be baseddriven solely onby initial installation costs. Instead, a holistic approach, accountingcomprehensive evaluation that accounts for lifetimelong-term performance, including maintenance requirements, energy usageconsumption, and replacement, can lead to more sustainable, cost-effective,  frequency, offers a more accurate measure of economic and durable outcomes, particularly in environmental sustainability. This broader perspective is especially vital for long-term infrastructure projectsinvestments, such as public buildings and commercial facilitiesdevelopments, where durability, operational efficiency, and lifecycle value far outweigh short-term savings.
[image: ]
Fig.2. Proportional cost distribution in LCC natural stone vs ceramic tile
[image: ]
Fig.2. Proportional cost distribution in LCC natural stone vs ceramic tile38,39
Figure 2 illustrates thata clear contrast in the cost composition of the Life Cycle Cost (LCC) for natural stone and ceramic tile systems. For natural stone, the initial installation cost constitutes a significantly larger proportion of the total life cycle cost (LCC) for natural stone, accountingaccounts for approximately 65%.% of the total LCC, underscoring its high upfront investment. In contrast, for ceramic tiles, exhibit a different profile: maintenance and replacement expenses representcosts collectively make up over 70% of thetheir total LCC. This cost distribution suggests thatreveals a key economic insight, while natural stone incurs higher upfront costs, it offers substantially lower requires greater initial capital, its long-term financial burdens.demands are comparatively minimal. Conversely, the high proportion of maintenance and replacement costs in ceramic tiles reflectsceramic tile systems, despite lower entry costs, accumulate substantial ongoing expenses over time, highlighting the importance of considering hidden expenses that accumulate over timeoperational costs in material selection.
Table 56. Discounted and Nominal Life Cycle Cost Comparison (30-Year Period) 
	Natural Stone (USD/m2)
	Ceramic Tile (USD/m2)
	Metric

	92.50 $
	138.00 $
	Nominal LCC(Undiscounted)

	82.10 $
	96.31 $
	Discounted LCC (3% over 30 years)


Table 56 demonstrates that when costs are discounted at a 3% rate to reflect net present value (NPV), natural stone remains significantly more cost-effective than ceramic tile. This distinction is particularly critical for projects financed by public infrastructure budgets or long-term investments, where economic evaluations are based on discounted cash flow analysis. While ceramic tiles may initially appear more affordable due to lower upfront installation costs, their shorter service life, higher maintenance needs, and greater energy consumption ultimately lead to higher cumulative costs over the lifecycle. In long-term projects such as government buildings, public facilities, and urban infrastructure, it is therefore advisable to base material selection decisions on Life Cycle Cost (LCC) models. These models assist developers and engineers in avoiding short-sighted decisions driven by initial costs, and instead guide them toward materials with superior long-term economic performance. When combined with environmental assessments (LCA) and technical risk and durability analyses, LCC models offer a comprehensive framework for sustainable engineering designTable 6 highlights that, even when applying a 3% discount rate to account for Net Present Value (NPV), natural stone remains substantially more cost-effective than ceramic tile over the long term. This distinction is particularly important in contexts such as public infrastructure and long-horizon investment projects, where economic assessments are based on discounted cash flow principles. Although ceramic tiles may appear more affordable at first glance, due to their lower initial installation costs, their shorter service life, higher maintenance requirements, and increased energy consumption contribute to significantly greater cumulative costs throughout their lifecycle.
As such, in public sector construction, institutional facilities, and urban infrastructure development, material selection should be guided by Life Cycle Cost (LCC) principles rather than short-term budget constraints. LCC-based evaluations enable engineers, planners, and investors to avoid cost-driven misjudgments and to identify materials offering superior long-term economic value. When integrated with Life Cycle Assessment (LCA) and analyses of durability and technical risk, LCC forms a comprehensive framework for sustainable design and strategic infrastructure planning38,39
To compare countries across multiple sustainability dimensions, a Principal Component Analysis (PCA) was conducted using five standardized indicators: production cost, energy consumption, CO₂ emissions, water usage, and non-recyclable waste. PCA reduced the complexity of the dataset while preserving its interpretive value. Two principal components were retained: PC1, representing the economic-energy axis, and PC2, capturing environmental burden. The results of the variance analysis confirmed the model's robustness, PC1 explained 94.81% of the total variance and PC2 explained 5.19%, together accounting for the full structure of the data. This validated the focus on these two axes as sufficient for interpreting the dominant sustainability patterns among countries.
3.3 Organizational Structure and Human Capital
Beyond technical, economic, and environmental analysesconsiderations, a clearcomprehensive understanding of the social and organizational and social structures withingoverning the natural stone and ceramic tile industries is essential to identify barriersvital for identifying obstacles to sustainable development. FactorsElements such as theworkforce quality of human capital, ownership structures, technologyand governance models, levels of technological adoption levels, and the strength of institutional frameworks can significantlyexert a substantial influence an industry’s success or failure.on the performance and adaptability of each industry. Without examiningaddressing these factorsstructural and human dimensions, any technical assessmentevaluation remains fundamentally incomplete. 
Table 6 provides7 offers a comparative overviewassessment of the organizational structurescharacteristics of the two industries, highlightingsectors, shedding light on key differences in governance systems, labor force dynamics, and strategic institutional capacity. These insights are crucial for contextualizing the industries’ varying abilities to transition toward more sustainable and resilient models of growth
Table 67. Comparative organizational structure of the two industries.
	Feature
	Natural Stone Industry
	Ceramic Tile Industry

	Dominant Ownership Type
	Fragmented ownership across private quarries and traditional workshops
	Large-scale industrial corporations, often publicly traded or export-oriented

	Supply Chain Integration
	Disconnected-extraction, processing, and sales often operate separately
	Highly integrated - from raw materials to final product distribution

	Productivity Level
	Generally low, due to outdated equipment and lack of standardization
	Relatively high, driven by automation and quality control systems

	Organizational Formality
	Informal and tradition-driven, often lacking strategic governance
	Formalized structures with professional quality and R&D departments

	Technology Adaptability
	Low-resistance to innovation due to cultural and infrastructural barriers
	High-proactive in adopting smart manufacturing and digitalization


Human capital quality and structure and quality are foundational elements in shaping thefundamental determinants of industrial competitiveness, innovation capacity, and long-term scalability of any industry.. In the natural stone sector, a large portion of the workforce consists of traditionally experienced laborers who lack formal the labor force is predominantly composed of workers with informal, experience-based skills and minimal access to structured training. This reliancedependence on informal skills contributes to traditional craftsmanship, while valuable in certain artisanal contexts, often results in low technological adaptability, frequent occupational safety issues, resistance to technological innovation, and weak adherence to risks, and limited compliance with modern professional standards. InThese structural limitations constrain the sector’s ability to modernize and scale sustainably.
By contrast, the ceramic tile industry, especially in industrialized countriesparticularly in advanced economies, benefits from a formally trained workforce composed of technically trained personnelthat includes technical specialists, university graduates, and -educated professionals who maintain strong institutional links with technical and , and personnel with established ties to vocational training centers.institutes and industry-academia partnerships. This structured institutionalized human capital promotesstructure fosters higher levels of innovation, productivity throughput, greater process standardization, and compliance withstronger adherence to health, safety protocols. , and environmental (HSE) regulations.
Table 7 compares 8 presents a comparative overview of the human resource landscape acrosscapital ecosystems in the twonatural stone and ceramic tile industries, highlighting the distinct advantagesstrategic strengths and limitationsconstraints that affectshape their adaptability and long-term development potentialcapacity for adaptation, modernization, and sustainable growth.
Table 78. Human capital and skills landscape.
	Aspect
	Natural Stone Industry
	Ceramic Tile Industry

	Workforce Qualification
	Mostly low-skilled; manual labor
	Skilled technicians and engineers

	Training Systems
	Rare; limited to on-the-job learning
	Institutionalized; academic collaborations

	Health & Safety Standards
	Weak; high risk in quarries
	Strong enforcement of safety norms

	Innovation Culture
	Resistant to change
	Proactive and research-driven


GovernanceInstitutional governance, regulatory frameworks, licensing structures, and the extent of government support play a decisive role in either empowering or hindering mechanisms are critical determinants of industrial development.growth, competitiveness, and modernization. In the natural stone sector, persistent structural challenges such as institutional fragmentation, a complex and opaque permitting process, lack of transparency in theopaque and inconsistent licensing procedures, limited supply chain transparency, and the prevalencewidespread presence of informal economic practices represent major structural challenges. Byhave hindered sectoral development and integration into modern global markets.
In contrast, the ceramic tile industry, owing to itsparticularly in economies with stronger regulatory coherence, benefits from a more centralized industrial structure and higher degree of, enhanced global integration, tendsand greater exposure to operate under standardized regulations, environmental incentives, and regulations, export compliance frameworks. Nevertheless,protocols, and public incentive mechanisms. These characteristics have allowed it to align more closely with international market norms and technological trends.
However, it is important to note that in developing countrieseconomies, both industries commonly facecontinue to experience bureaucratic delays and institutional inefficiencies, regulatory misalignments, and institutional inertia, all of which constrainlimit their operational efficiency and growth. ability to respond to shifting global demands.
Organizational culture also plays a pivotal role in determiningfurther shapes how industries respond to each industry navigates change, risk, and innovation, and risk. In the natural stone industry, cultural traits such as traditionalism, overreliance on tacit, experiential knowledge, and skepticism toward newdigital or automated technologies have slowed modernization efforts. Converselycreated resistance to transformation. Meanwhile, the ceramic tile sectorindustry, driven by intense global intensifying international competition, has gradually embracedincrementally adopted a culture of continuous improvement, digital transformationtransition, and proactive innovation adoption. Thisuptake.
These divergent institutional and cultural divergence directly influencesdynamics critically shape each industry's transformationalsector’s adaptive capacity. and long-term strategic positioning. Table 8 provides a comparative summary of9 summarizes the key institutional, regulatory, and socio-organizational challenges and opportunities facingcontrasts between the natural stone and ceramic tile industries, highlighting both sectorsconstraints and leverage points for sustainable development.
Table 89. Challenges and opportunities for organizational modernization.
	Key Domain
	Challenges
	Opportunities

	Labor Market
	Shortage of skilled labor in stone sector, brain drain
	Workforce development programs; upskilling initiatives

	Technology Adoption
	Low digital readiness in stone; high CapEx in ceramic sector
	Industry 4.0 pilot projects; public-private tech accelerators

	Policy Support
	Weak coordination across agencies; complex licensing
	Regulatory simplification; green certification incentives

	Export Readiness
	Branding issues for natural stone; logistical inefficiencies
	Market diversification; e-commerce platforms for B2B export


In summary, the social, cultural, and organizational structuresinstitutional foundations of the natural stone and ceramic tile industries constituterepresent critical, yet often overlookedfrequently underestimated, determinants of their capacity to achieve sustainable development. Thelong-term sustainability. An industry's ability to absorb newadopt emerging technologies, the dynamism of the mobilize a skilled and dynamic workforce, and the degree of alignment align with coherent national policy frameworks are all pivotalplays a decisive role in shaping the futureits developmental trajectory of these sectors. Therefore. Accordingly, beyond physical infrastructure and financial investments, targeted efforts towardcapital investment, strategic emphasis must be placed on human capital development, cultural organizational modernization, and institutional transparency must be prioritized as foundationalas core prerequisites for meaningful industrial transformation.
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Due to the scarcity of comprehensive cross-country data on organizational systems and labor structures, this study employed AI-based estimations and trend-driven modeling techniques to fill data gaps. These surrogate approaches enhance the realism of scenario analysis and improve the comparability of national profiles, particularly in multidimensional assessments.
Although socio-organizational indicators were not directly integrated into the Principal Component Analysis (PCA) due to data limitations, their structural influence emerges clearly through the clustering patterns. For example, countries such as Germany and the United States, which are characterized by formal governance systems, highly skilled labor forces, and advanced innovation cultures (see Tables 7–9), consistently appear in the sustainable cluster (Cluster 1) within the PCA-derived typology. In contrast, nations like Iran and China, where institutions are more fragmented, informal labor is widespread, and digital readiness remains low, fall into Cluster 3, marked by higher environmental and economic risks.
This alignment between qualitative institutional characteristics and quantitative clustering outputs reinforces the hypothesis that socio-organizational capacity co-evolves with environmental and economic performance. It also suggests that targeted reforms in human capital systems and governance structures may help reposition countries within more resilient and sustainable industrial archetypes. While these structural variables were not explicitly modeled within the PCA, their interpretive value is evident and offers important context for understanding the underlying drivers of sustainable industrial development.
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Fig. 3. Conceptual map -Socio- organizational dynamics in stone vs ceramic industries
Figure 3 presents a conceptual map that outlines the hierarchical and network-based analytical framework of socio-organizational factors influencing the performance and sustainability of the natural stone and ceramic tile industries. At the core of this map lies the central construct of socio-organizational dimensions, viewed as the foundational substrate for strategic decision-making in sustainable industrial development. This framework is structured into five key domains: Human Capital and Skills, this axis includes two critical sub-components shortage of skilled labor and weak institutional training systems. The natural stone sector, heavily reliant on traditional labor, suffers from structural deficits in this area, while the ceramic industry benefits from formal training programs and close collaboration with technical and academic institutions. Technology Adoption, this domain captures two elements digital readiness and CapEx-related barriers. It reflects the gap between traditional industries and innovation-driven sectors in embracing advanced technologies such as AI, digital production lines, and energy efficiency improvements. Governance and Policy, this axis covers challenges such as fragmented regulatory systems and lack of effective incentives. In many countries, decentralized licensing and institutional misalignment hinder innovation and competitiveness. Organizational Culture, this includes resistance to change and weak innovation culture. The natural stone sector, in particular, exhibits high internal resistance to technological transition, whereas the ceramic industry, spurred by global competition, has gradually embraced continuous improvement and digitalization. Export Readiness, this domain includes logistics infrastructure and branding limitations. The ceramic sector shows greater maturity, leveraging international B2B channels and diversified exports, while the stone industry still faces branding deficiencies and logistical inefficiencies in several regions. The conceptual map illustrates that socio-organizational structure is not merely a supporting factor, but a direct influencer of foresight capacity, competitiveness, and long-term sustainability. Achieving structural transformation demands that these factors be addressed as an interconnected system, rather than in isolation.
The conceptual map illustrates that socio-organizational structure is not merely a supporting factor, but a direct influencer of foresight capacity, competitiveness, and long-term sustainability. Achieving structural transformation demands that these factors be addressed as an interconnected system, rather than in isolation.
Although socio-organizational data were not directly included in PCA due to data limitations, the structural characteristics discussed in Section 3.3 are strongly aligned with the industrial pressures reflected in PC1 and PC3. Improvements in workforce qualification and organizational modernization would likely shift countries toward more sustainable clusters in the PCA space. 
Note on Methodology:
Due to the scarcity of publicly available cross-national data on organizational and human capital structures, particularly in emerging economies, the study utilized a hybrid approach combining international datasets (e.g., UNEP, ILO, World Bank) with AI-based inferential modeling. Patterns identified via PCA and K-Means clustering were used to estimate likely organizational characteristics, as these structures often co-evolve with macro-level industrial pressures such as energy intensity and environmental burden. This methodological strategy allowed for a more holistic and comparative treatment of socio-organizational factors across countries, despite data constraints.
These organizational dynamics offer a structural lens through which to interpret the cross-country performance clusters identified in the PCA and K-Means analysis in Section 4.
4. Cross-Country Comparison of the Stone and Ceramic Industries
To evaluate the operational profiles of the natural stone and ceramic tile industries across selected countries, unsupervised machine learning algorithms were employed. Five normalized indicators were used for comparison: final production cost (USD/m²), final energy consumption (kWh/m²), CO₂ emissions intensity (kg/m²), water consumption (Liters/m²), and non-recyclable waste generation (kg/m²). The dataset includes Spain, China, Iran, the United States, Germany, Brazil, and Italy, selected based on diversity in energy structures, industrial maturity, and global market share. All metrics were standardized to per square meter (m²) based on data from reputable sources including Eurostat, World Bank, IEA, and UNEP 11,29-31. Following standard scaling to neutralize unit discrepancies, a Principal component analysis (PCA) was conducted to reduce dimensionality.
Principal Component Analysis (PCA) was applied to reduce the dimensionality of the five standardized indicators. The first principal component (PC1), representing economic-energy pressure, explains 94.80% of the total variance, while the second component (PC2), reflecting environmental burden, accounts for 5.20%. Together, these two components capture 100% of the dataset’s variability, ensuring that no information was lost in the dimensionality reduction process. This high explanatory power confirms the robustness and interpretability of the PCA structure used for country comparison. The first component (PC1) represents economic-energy pressure (i.e., cost and energy intensity), while the second component (PC2) reflects environmental burden (i.e., CO₂ emissions, water use, and waste). A K-Means clustering algorithm was then applied, categorizing the countries into three distinct clusters, The choice of k=3 for the number of clusters was determined using two established unsupervised validation techniques: the Elbow Method and the Silhouette Score.
As shown in Figure 4, the Elbow curve reveals a clear inflection point at k=3, indicating the optimal balance between model simplicity and intra-cluster variance. Additionally, the silhouette score peaks at k=3, confirming that the clustering quality is highest when the data are divided into three clusters. These results statistically validate the selection of k=3 as the most representative segmentation of the dataset. 40
[image: ]
Figure 4. Cluster validation using Elbow Method and Silhouette Score demonstrating optimal cluster count (k = 3). 40
 Cluster 1 (High Sustainability), Germany and the USA characterized by technological efficiency, stringent environmental regulations, and strong sustainability performance. Cluster 2 (Moderate Balance), Brazil, Italy, and Spain exhibiting moderate production costs and relatively balanced environmental profiles. Cluster 3 (High Risk), China and Iran marked by high energy consumption, lower production costs, and elevated CO₂ emissions. Iran’s presence in the high-risk cluster reflects structural inefficiencies in energy productivity and environmental governance compared to industrialized nations. The AI-driven model reveals that cost metrics alone are insufficient for policy formulation. A robust multi-indicator framework that combines environmental and economic dimensions is necessary to guide sustainable industrial strategies, particularly in emerging economies like Iran.
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Fig.4. PCA-Based country distribution by economic and environmental indicators
Figure 5. PCA-based distribution of countries by economic and environmental indicators. Countries with higher environmental burdens (e.g., China, Iran) are separated from more efficient economies (e.g., Germany, Italy), highlighting strategic clustering patterns in sector performance.
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Fig.5. PCA-Based country distribution by economic and environmental indicators41
Table 910. PCA Component Summary, country-Level positioning. 
	Country
	Economic-Energy Axis (PC 1)
	Environmental Axis (PC 2)
	Performance Analysis

	China
	3.258
	-0.247
	High energy consumption and emissions – industrially strong but environmentally weak

	Iran
	2.676
	0.752
	Energy-intensive with considerable environmental burden, though slightly better positioned than China

	Spain
	0.584
	-0.490
	Moderate production profile, yet with relatively high environmental stress

	USA
	-1.361
	-0.432
	Technologically advanced and energy-efficient with balanced environmental performance

	Germany
	-2.254
	-0.706
	Best performer in terms of sustainability, low emissions, and high energy efficiency

	Italy
	0.213
	-0.320
	Moderate emissions, strong in production efficiency, but not leading in sustainability

	Brazil
	-0.179
	-0.197
	Balanced in energy use and emissions, positioned between developing and developed profiles


Table 910, the bivariate PCA analysis effectively distinguishes countries based on their economic and environmental structural characteristics within a multidimensional space. Performance analysis interprets countries' positions based on aggregated indicators. China ranks highest along the economic-energy axis (PC1), indicating strong industrial capability but also high environmental strain and energy intensity. Iran similarly demonstrates substantial energy consumption and environmental burden, though its positioning on the environmental axis (PC2) is marginally better than China's.. Its higher position on the environmental axis (PC2 = 0.752) compared to China (PC2 = -0.247) indicates even greater ecological stress, making Iran more vulnerable from an environmental standpoint. This elevated PC2 score aligns with the country’s high CO₂ emissions, inefficient resource use, and institutional challenges. Spain occupies a middle-ground position, reflecting moderate production efficiency but noticeable environmental stress. The United States benefits from balanced indicators, with efficient energy use and manageable ecological pressure, signaling a more harmonized industrial structure. Germany stands out as the benchmark for sustainable industrial development exhibiting the lowest energy consumption and minimal emission intensity among all countries evaluated. The joint analysis reveals that China and Iran experience the highest combined structural pressure (economic + environmental) and rank lowest in sustainability. In contrast, Germany and the U.S. are consistently positioned as the most sustainable and resilient industrial systems, while Spain sits in an intermediate zone with room for targeted improvement.
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Fig.5. Three-dimensional PCA visualization illustrating the comparative sustainability profile of countries in the natural stone and ceramic tile industries.
Figure 5 illustrates the position of each country across three principal components derived from PCA analysis. PC1 represents the economic-energy axis (a composite of final production cost and energy consumption), PC2 reflects the environmental impact (including CO₂ emissions, water usage, and non-recyclable waste), and PC3 captures residual structural features such as industrial diversity, material variation, or technological capacity. China and Iran are located at the top end of PC1 and PC3, indicating energy-intensive operations, low production costs, but environmentally vulnerable industrial structures. Conversely, Germany and the United States are clearly separated at the lower ends of PC1 and PC2, representing high efficiency and strong sustainability performance. Spain, Italy, and Brazil are positioned in the mid-range cluster, reflecting moderate performance with some variance along PC3, likely related to technology adoption or export orientation.
To assess the sensitivity of country performance to potential changes in key environmental indicators, a multivariate linear regression model was applied. The objective was to predict the effect of a simultaneous 10% increase in final energy consumption and CO₂ emissions on a country’s position along the economic-energy axis (PCA Component 1). The independent variables in the model were standardized values of energy use and emissions, and the dependent variable was PC1, interpreted as a composite indicator of economic and energy efficiency. Model results indicate that countries like China and Iran are highly sensitive to changes in these two variables. A 10% rise in both CO₂ emissions and energy consumption would significantly elevate their position on PC1, signaling greater structural and environmental stress. In contrast, developed nations such as Germany and the United States maintained relatively stable positions even under simulated stress conditions highlighting their structural resilience and industrial efficiency. Table 1011 presents a summary of the regression model's results, including predicted PC1 values under stress conditions and a structural risk ranking generated through the AI-based model output.
Table 1011. AI-Powered Risk Projection and Structural Stress Ranking
	Country
	Current PC1 (Econ-Energy)
	Predicted PCA1PC1 (+10% CO2 & Energy)
	AI Risk Ranking

	China
	3.258
	3.862
	1

	Iran
	2.676
	3.055
	2

	SpaniSpain
	0.584
	1.937
	3

	USA
	-1.361
	-1.160
	4

	Germany
Italy
Brazil
	-2.254
0.213
-0.179
	.1.771
1.247
0.811
	5
6
7


This analysis reveals that developing countries, particularly Iran and China, are highly vulnerable to future environmental changes. To achieve sustainable development, these nations must implement policies focused on reducing energy intensity, improving resource efficiency, and restructuring industrial frameworks. By contrast, industrialized countries have successfully maintained structural resilience through the adoption of sustainable policies, enabling them to better withstand environmental pressures. 41
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Fig. 6 Feature importance based on SHAP values
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Fig. 6 Feature importance based on SHAP values42
To enhance the transparency of the regression model predicting the economic-energy pressure component (PCA1PC1), tools from explainable artificial intelligence (Explainable AI) were used. The SHAP algorithm (SHapley Additive Explanations),, one of the most reliable methods for interpreting machine learning decisions, was employed to quantitatively and visually display the contribution of each input variable (energy consumption and CO₂ emissions) to the model’s output. The SHAP analysis shows that CO₂ emissions are the most influential variable in increasing the structural pressure of countries on the PCA1PC1 axis, followed by energy consumption. This finding aligns with the regression model results and reinforces that policy measures to reduce carbon intensity should be prioritized over those focusing solely on energy savings. The presented analysis directly relates to three key United Nations Sustainable Development Goals (SDGs), SDG 9 (Industry, Innovation, and Infrastructure), the use of machine learning algorithms to evaluate countries’ industrial structures paves the way for innovation in industrial performance modeling and supports sustainable infrastructure development. SDG 12 (Responsible Consumption and Production), by focusing on indicators such as energy use, waste, and water consumption, this analysis enables comparative assessment of industries in terms of resource efficiency, replacing traditional decision-making with data-driven approaches. SDG 13 (Climate Action), the results emphasize the urgency of climate policy, especially for countries with high environmental stress like China and Iran, and provide a predictive tool for assessing future climate scenarios. Thus, the AI-based analytical framework developed in this study offers a robust tool not only for cross-industry and cross-country comparisons, but also as an actionable method for global sustainable development goals. It can be adopted by policymakers, international organizations, and infrastructure planners at the macro level. 42
Figure 6 illustrates the relative importance of each key environmental and economic indicator in the regression model predicting structural pressure (PCA1PC1) for the natural stone and ceramic tile industries. The values are based on the mean absolute SHAP values (Mean |SHAP|)) for each feature and indicate their relative impact in the multivariate regression model using real global data. CO₂ emissions (kg/m²), with a SHAP value of 0.51, had the highest impact, highlighting it as the primary contributor to the structural economic-environmental pressure. Energy consumption (kWh/m²) ranked second, emphasizing its strong role in the composite industrial pressure indicator. Production cost (USD/m²), despite being economically important, had less influence compared to environmental factors, reaffirming the centrality of sustainability in the analysis. Water usage and waste generation, while environmentally significant, showed lower influence in the model. This may be due to lower data variance or weaker correlations with PC1. This scientific analysis not only confirms that climate action and decarbonization must be at the core of industrial policy, but also demonstrates the capacity of machine learning models to explain complex interrelationships between variables. The statistical performance of the model was also validated the coefficient of determination was R² = 0.89, indicating that the model explains 89% of the variance in the data. The mean squared error (MSE) was calculated to be 0.012, reflecting minimal differences between actual and predicted values. These results confirm that the regression model is both accurate and reliable for use in policymaking and industrial analysis. 38-52
5. Conclusion
The integration of machine learning algorithms with normalized environmental and economic indicators has created an innovative and data-driven framework for globally comparing the performance of the natural stone and ceramic tile industries. This model is not only capable of interpreting current industry conditions but also enables strategic forecasting and informed decision-making for policymakers, investors, and engineers. Based on the findings, it is recommended that countries such as Iran and China, which exhibit energy-intensive structures and high environmental stress, be prioritized for policy reforms. These should include, investment in low-carbon technologies and energy efficiency, environmental standardization across the building materials supply chain, economic incentives for sustainable, low-impact materials, improved data transparency, and the deployment of intelligent industrial monitoring systems.
This study presents a multi-dimensional, data-driven, and cross-sectoral framework for analyzing the competitiveness, sustainability, and future outlook of construction material industries. By combining classical decision-making models (LCC, SWOT, Porter’s Five Forces) with advanced machine learning algorithms (PCA, KMeans, SHAP), the research introduces a hybrid analytical model that enhances forecasting, policy formulation, and strategic decision-making at the macro level. This model can be applied by government agencies, policymakers, industry practitioners, and investors, and aligns directly with UN Sustainable Development Goals (SDGs 9 – Industry, Innovation, and Infrastructure; 12 – Responsible Consumption and Production; and 13 – Climate Action). Thus, the model not only facilitates a clearer understanding of the current industrial landscape but also serves as a practical tool for simulating policy scenarios and guiding the transition toward sustainable development. Life Cycle Cost (LCC) analysis confirms that material selection should not be based solely on initial installation cost. Natural stone proves more cost-effective over longer time horizons. SHAP and PCA analyses identified CO₂ emissions as the most influential factor in structural stress. Countries with high carbon intensity are at greater environmental and economic risk. PCA and clustering algorithms revealed that countries like Germany and the United States are in the most sustainable positions, whereas Iran and China experience the highest levels of structural pressure. In the natural stone sector, transformation is hindered by lack of skilled labor, traditionalist culture, and limited innovation incentives. In contrast, the ceramic tile industry in developed countries benefits from a more competitive and modern organizational structure.
This research acknowledges a methodological limitation in not applying SWOT and Porter's Five Forces analysis across countries, due to data availability constraints. The results thus primarily reflect cross-sectoral rather than cross-national structural competitiveness.
Future research can explore country-level application of SWOT and Porter frameworks by building new datasets or collaborating with national industry associations to capture competitive dynamics more granularly.
5.1 Integrated Discussion and Cross-Analytical Conclusions
The findings of this research highlight the importance of a multi-level analytical approach in evaluating the sustainability and competitiveness of the natural stone and ceramic tile industries. Each methodological component, LCC, PCA, SHAP, SWOT, Porter’s Five Forces, and socio-organizational analysis, offers a distinct yet interrelated perspective. By integrating these elements, a comprehensive picture of industrial performance emerges, enabling more informed strategic decisions.
At the macro-structural level, PCA and K-Means clustering identified countries like Germany and the United States as resilient, low-risk industrial ecosystems due to their combination of low energy intensity, advanced environmental compliance, and efficient organizational structures. Conversely, Iran and China consistently appear in high-stress clusters, not only due to elevated CO₂ emissions and energy use, but also because of structural deficiencies such as weak governance, labor informality, and cultural resistance to innovation, as revealed in the socio-organizational analysis.
From a policy prioritization perspective, the SHAP analysis confirms that CO₂ emissions are the most critical determinant of structural stress across both industries. This reinforces the need to align decarbonization policies with broader industrial modernization strategies, especially in developing countries.
The Life Cycle Cost (LCC) results complement these structural findings by demonstrating that natural stone, despite its higher initial cost, offers greater long-term economic efficiency. This aligns with PCA results showing lower environmental burdens in countries that prioritize durability and material lifespan. In this sense, environmental sustainability and economic rationality are not contradictory, but mutually reinforcing in high-performing industrial systems.
The SWOT and Porter analyses, while conducted at the global industry level, help explain the sector-specific vulnerabilities that shape country-level positions in the PCA space. For example, the ceramic tile industry’s high exposure to global price competition correlates with cost pressures observed in PC1, while the natural stone sector’s institutional fragmentation and traditionalist resistance to change mirror the organizational challenges found in high-risk countries like Iran.
Finally, the organizational dimension serves as a unifying axis across all analytical layers. Countries with stronger human capital systems, digital readiness, and governance formalization tend to perform better economically and environmentally. This suggests that industrial transformation and environmental resilience are co-dependent on socio-organizational modernization, an insight not immediately obvious from classical LCA or economic models alone.
In summary, this integrative framework reveals that addressing sustainability in construction materials requires not only technology upgrades and emissions control, but also deep structural reforms in human capital, industrial organization, and institutional support systems. The mutual reinforcement of economic, environmental, and organizational factors, as demonstrated through the layered analytical approach, provides a more robust basis for future policymaking, industrial reform, and academic investigation.
The integration of multi-method analyses, spanning techno-economic assessments, unsupervised machine learning (PCA + K-Means), organizational diagnostics, and structural competitiveness (SWOT/Porter), reveals a coherent picture of the industrial sustainability landscape in the natural stone and ceramic tile sectors. While each methodology independently uncovers critical performance dimensions, their synthesis yields deeper strategic insights.
From the life-cycle cost (LCC) perspective, hidden economic liabilities, such as energy inefficiencies and waste management costs, significantly erode long-term industrial viability, particularly in countries with outdated production systems. These economic patterns are strongly mirrored in the PCA results, where nations such as China and Iran cluster together in a high-risk zone characterized by elevated energy and emissions intensity, and weak resource efficiency.
Organizational and human capital diagnostics reinforce these findings. Countries positioned in the high-risk PCA cluster also exhibit fragmented governance, informal labor practices, and resistance to innovation, factors that the conceptual map in Section 3.3 identifies as core socio-organizational bottlenecks. Conversely, countries like Germany and the United States not only demonstrate robust environmental and economic performance, but also benefit from highly structured human capital pipelines and integrated policy frameworks. This alignment suggests that socio-organizational capacity is not merely a contextual factor but a structural determinant of industrial sustainability.
Furthermore, the structural competitiveness analysis (SWOT/Porter) highlights the importance of industry-level strategic positioning. For instance, the ceramic tile industry, due to its export orientation and formalized innovation culture, shows greater adaptability and resilience across most countries. These competitive attributes overlap with PCA-based performance clusters and explain the relative strength of certain nations in navigating global pressures.
Taken together, these interlocking perspectives provide a comprehensive diagnosis: sustainable industrial transformation requires simultaneous progress along four axes (1) cost and energy efficiency, (2) environmental burden mitigation, (3) institutional modernization, and (4) strategic governance of human capital. Isolated technical improvements, without accompanying socio-organizational reform, will likely yield limited systemic impact.
Policy Implication:
For emerging economies, particularly those in the high-risk cluster, a strategic roadmap should prioritize (i) the institutionalization of vocational training, (ii) regulatory simplification and digital governance, (iii) incentives for cleaner production, and (iv) industrial integration across the supply chain. Without addressing these structural foundations, economic growth will remain environmentally and socially fragile.
This integrated synthesis underscores that machine learning models, when complemented by socio-institutional diagnostics, can not only classify industrial systems but also guide policy-makers toward resilient, future-ready industrial strategies.
5.2 Study Limitations
This study is subject to several important limitations. First, due to the unavailability of consistent and granular international-level data, strategic frameworks such as SWOT and Porter’s Five Forces were applied only at the global industry level rather than at the country level. Second, data on organizational structure and human capital, particularly in developing countries, were either incomplete or unavailable. To address this, the study employed AI-based inferential modeling tools (e.g., PCA and K-Means) to estimate structural characteristics. While methodologically sound, such models do not replace empirical field data.
Third, the Life Cycle Cost (LCC) analysis was based on global averages and generalized benchmarks, which may limit its applicability to site-specific investment or policy decisions. Fourth, while machine learning tools like PCA and SHAP enhanced the analytical depth, they cannot fully account for latent socio-political, cultural, or institutional variables that may influence sustainability outcomes across regions.
Fifth, due to partial reliance on web-based AI tools for data collection, especially in countries with limited data transparency, some country-level indicators were extracted from secondary online platforms that aggregate open-source and institutional databases. While these platforms often leverage reliable sources, they introduce uncertainty related to completeness, contextual interpretation, and real-time accuracy.
Sixth, to the best of the authors’ knowledge, this study represents one of the first attempts to design a multilayered, AI-integrated framework to compare the natural stone and ceramic tile industries across countries. Although innovative, such novelty also introduces conceptual risk in terms of generalizability, cross-domain validation, and interpretive consistency, especially when bridging engineering, economic, and environmental domains.
Finally, the selection and weighting of indicators were shaped by the authors’ background in materials and mining engineering. While this facilitated a scientifically grounded framework and ensured up-to-date coverage of materials science literature, the authors also included complementary sources from environmental policy and industrial economics to broaden the scope. Notably, the AI modeling components were trained to interpret which industry characteristics are most relevant to sustainability and market competitiveness, including variables indirectly tied to user satisfaction and product adoption. Though these insights stem from empirical datasets, they are partially reflective of human-centered factors such as public perception, end-user experience, and material aesthetics, which are not directly measurable in traditional engineering literature.
Despite these limitations, the study offers a transparent, extensible, and data-driven methodology that can serve as a foundation for future cross-sectoral research, particularly when supported by fieldwork and interdisciplinary collaboration.
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