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The construction industry plays a significant role in contributing to various environmental impacts, including climate change, acidification, and ecotoxicity, among others. This research paper presents a scientific analysis focused on the environmental evaluation of a masonry residential house by life cycle assessment (LCA) methodology. Specifically, it investigates the environmental impacts associated with the production phase of materials using the SimaPro software, which employs the Ecoinvent database. The ReCiPe method is utilized to calculate the comprehensive environmental impacts, with particular emphasis on climate change, terrestrial acidification, ecotoxicity, land use, and water use. To accurately determine the environmental impacts of the house materials, an allocation approach is employed, taking into account the function and location of the materials within individual structures. The calculated share of climate change per house materials amounted to 21.59 kg CO2 eq/m2/year, while the share on water scarcity was estimated at 15.87 m3/m2/year. The research findings reveal that vertical structures exhibit the highest environmental impacts across all impact categories, while horizontal structures demonstrate comparatively lower values.
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1 INTRODUCTION
Construction activity is a crucial driver of national development, as it caters to the growing population’s need for shelter, resulting in an expansion of the built-up area and subsequent environmental impacts (Pamu et al., 2022). The construction sector plays a significant role in energy consumption, accounting for over one-third of final energy consumption and both direct and indirect energy-related emissions. These emissions are quantified in terms of carbon dioxide equivalents (CO2 eq), as highlighted in a report coordinated by the United Nations Environment Program (Chapa, 2019; Globalabc, 2020). In Europe, it is estimated that the construction sector utilizes approximately 50% of all materials and generates more than one-third of total waste (Herczeg, 2014). To mitigate the adverse effects of climate change, the construction industry needs to achieve “carbon neutrality” by 2050, aligning with the International Energy Agency’s recommendations to limit global average temperature rise to 1.5°C and prevent severe climate-related catastrophes.
There is a growing need for standardized tools and databases that facilitate the harmonized application of life cycle assessment (LCA) methodologies in the field of building analysis. These tools and databases are essential for ensuring transparent and consistent monitoring of environmental impacts across the entire life cycle of buildings (Sassanelli et al., 2022; De Wolf et al., 2023). LCA is a well-established technique utilized to evaluate the environmental implications associated with a product throughout its entire life cycle. By employing LCA, it becomes possible to enhance resource utilization efficiency (Curran, 2017; Sassanelli and Terzi, 2022). The primary objective of LCA is to provide a comprehensive assessment of resource consumption and potential environmental impacts across all phases of a product’s life cycle. Rather than focusing solely on specific issues like acidification or climate change, LCA encompasses a broad spectrum of potential environmental impacts (Füchsl et al., 2022). LCA enables the comprehensive assessment and quantification of material and energy flows, encompassing the entire life cycle of a system or product. This assessment aids in the evaluation of the associated environmental impacts (Valencia–Barbara et al., 2023). The construction sector follows the guidelines outlined in ISO 15804, which specifies the life cycle stages considered for analysis. These stages include the production stage (A1-A3), the construction process stage (A4-A5), the use stage (B1-B7), and the end-of-life stage (C1-C4). Additionally, it is possible to incorporate external factors, benefits, and burdens that lie beyond the system boundaries (D) (European Committee for Standardization, 2019).
Historically, LCA studies on buildings have predominantly focused on the environmental impacts associated with the production and construction phases, often neglecting or providing limited detail on other crucial phases such as use, maintenance, repair, replacement, renewal, and end of life (Pomponi and Moncaster, 2018). However, previous research has demonstrated that incorporating environmental parameters into the design phase, alongside conventional selection criteria, can effectively reduce the environmental impact of a building (Dixit et al., 2012; Kylili and Fokaides, 2017; Figueiredo et al., 2021). While there is a growing body of literature on LCA of buildings, the attention is typically focused on major environmental impacts, such as energy consumption and global warming, associated with climate change (Asdrubaki et al., 2013; Rodriguez et al., 2022; Scherz et al., 2023).
This research paper aims to comprehensively identify and assess the climate change and other often overlooked environmental impacts such as land and water use, soil and water acidification, and ecotoxicity, associated with a single-family house. The assessment is conducted using the life cycle assessment approach, allowing for a holistic evaluation of the house’s environmental performance. Environmental impacts are allocated based on the specific functions of materials within the building, considering individual structures as the basis for analysis.
2 MATERIAL AND METHODS
2.1 Description and features of a single-family house under analysis
For the purpose of conducting the environmental analysis, a masonry ground-floor house was chosen as the subject of study. This particular house type represents a common example of family-oriented construction prevalent in the Central European region (Figure 1). The characteristics and attributes of the analysed ground-floor family house are presented in Table 1.
[image: Figure 1]FIGURE 1 | Illustration of the ground-floor family house for analysis.
TABLE 1 | Technical specification of the family house.
[image: Table 1]The inventory analysis section provides a detailed specification of the building materials utilized in the construction of the examined house.
2.2 LCA analysis
According to the ISO 14040 standard, the LCA methodology consists of four phases: 1) definition of goal and scope, 2) analysis of life cycle inventory (LCI), 3) life cycle impact assessment (LCIA) and 4) interpretation (International Organization For Standardization, 2006).
2.2.1 Goal and scope definition
The goal and scope of LCA define the purpose, boundaries, and specific objectives of the assessment. These elements provide a clear framework for conducting an LCA study and guide the selection of appropriate methodologies, data collection, and analysis.
The goal of the study was to evaluate the overall environmental impact of a family house in terms of the materials used in its construction. The scope of the life cycle assessment was specifically focused on evaluating the environmental impacts related to global warming potential, terrestrial acidification potential, ecotoxicity potential, agricultural land occupation potential, and water consumption potential. These impact categories were carefully selected to ensure a comprehensive and accurate analysis of the environmental challenges associated with the family house.
The declared unit specified in this study pertains to a single building representing 339,158.5 kg of materials. The projected lifespan of the building was determined considering factors such as the construction type, assemblies, and prevailing climatic conditions, with an estimated duration of 50 years for all long-term elements and 25 years for short-term construction elements (Sartori and Hestnes, 2007).
This research focused on the calculation of environmental impacts specifically related to the production phase (A1-A3, as defined by EN 15804) of building materials.
The SimaPro software (Sustainability, 2020) used for the analysis, has been among the leading LCA software solutions for over 30 years used in more than 80 countries (Xu et al., 2008; Brecheisen and Theis, 2015; Manjunatha et al., 2021; Katebi et al., 2023). The software provides a range of LCIA methods, categorized into European, Global, North American, Others, Single issue, and Water footprint, among others (Feng et al., 2023). These methods differ in the number of impact categories they encompass. For instance, Ecological Scarcity includes 19 impact categories, Traci includes 10, and Cumulative Energy Demand includes 6. Therefore, selecting the most suitable impact assessment method is crucial. However, no specific method is universally recommended, and the decision is often reliant on the subjective judgment of the researcher. In this research, the ReCiPe (Relevance-based Impact Assessment on Characterization Factors) method was selected as the chosen evaluation method. The ReCiPe method is widely recognized and frequently employed in life cycle assessment studies. The method combines inventory data, which quantifies the inputs and outputs of a product or system, with impact assessment factors to calculate the potential environmental impacts. These impact assessment factors are derived through a consensus-building process involving experts from various fields. By employing a consensus-based approach and providing a broad range of impact categories, the ReCiPe method enables a comprehensive and standardized assessment of environmental impacts, allowing for more informed decision-making and sustainable development practices. It was first developed in 2008 and the last version was updated in 2016 (Huijbregts et al., 2016).
2.2.2 Life cycle inventory (LCI)
The LCI step is a fundamental component of LCA analysis. It involves the compilation and quantification of all inputs and outputs associated with the analysed life cycle stages of a product, process, or system. The purpose of LCI is to develop an inventory database that captures the flow of materials, energy, and emissions throughout the entire life cycle. During the LCI step, data is collected on various inputs and outputs, including raw material extraction, energy consumption, emissions to air, water, and soil, waste generation, transportation, and other relevant factors. This data is typically collected from multiple sources, including industry data, published databases, and direct measurements. This inventory serves as the foundation for subsequent phases of LCA, such as LCIA and interpretation.
In this study, the Life Cycle Inventory (LCI) phase involved summarizing the types and quantities of materials employed in the construction of the family house. The materials were categorized into six structures based on their specific locations within the building: substructure and foundations, vertical structures, horizontal structures, roof structure, surface and finishing materials, and insulation (see Figure 2). The unit data for construction materials were sourced from the Ecoinvent database, taking into account the typical manufacturing processes of the materials, including the associated energy consumption. The electricity consumption was calculated using the EU energetic mix as the basis for assessment.
[image: Figure 2]FIGURE 2 | Overview of materials analysed in the individual structures.
2.2.3 Life cycle impact assessment (LCIA)
The main goal of LCIA was to provide a comprehensive and scientifically rigorous assessment of the potential environmental burdens and impacts associated with a product or system. Classification and characterization are the mandatory steps and in frame of those the collected inventory data is translated into a set of impact categories. The impact categories represent specific environmental concerns, such as climate change, human toxicity, ozone depletion, ecosystem quality, etc. Characterization factors, which are derived from scientific models and databases, are used to convert the inventory data into impact scores for each category. LCIA methodologies can vary in terms of the impact categories and impact indicators considered, the characterization factors used, and the specific modeling approaches employed. In LCIA, midpoint and endpoint indicators are two types of metrics used to quantify and evaluate the environmental impacts associated with a product or system’s life cycle. Mid-point indicators represent specific environmental factors or intermediate impacts that occur during the life cycle stages of a product or system. They provide a more detailed and specific assessment of the potential environmental effects. End-point indicators, also known as damage or final impact indicators, are broader and more aggregated metrics that represent the ultimate consequences or end-points of the assessed environmental impacts. They provide a higher-level view of the overall environmental damage or potential effects on human health or ecosystem quality.
In the paper, calculations were performed using 8.3.3. version of the SimaPro software. The chosen method, ReCiPe, provides results at both the end and mid-point indicator levels. In this study’s life cycle impact assessment analysis, mid-point categories were utilized to characterize the environmental impacts (Huijbregts et al., 2016).
The LCI data were compiled to evaluate the environmental impacts associated with selected impact categories, including climate change, terrestrial acidification, ecotoxicity, land use, and water consumption (Table 2).
TABLE 2 | Overview of mid-point impact categories assessed in the study.
[image: Table 2]2.2.4 Interpretation
Interpretation step involves analyzing and communicating the results of the assessment, drawing conclusions, and making informed decisions based on the findings.
The findings of this LCA study are interpreted and discussed in the Results and discussion section of the manuscript. The overall environmental impacts have been normalized per unit of built-up floor area of the house, employing Formula (1) as a reference.
[image: image]
In Eq. 1, the symbol REIi denotes the environmental impact per unit of built-up floor area, specifically for each individual mid-point impact category (i). On the other hand, EIi refers to the environmental impact per unit of built-up floor area calculated by the software. The variable FA represents the floor area of the house measured in square meters, as indicated in Table 1.
3 RESULTS AND DISCUSSION
Table 3 presents the computed outcomes of the comprehensive environmental impact assessment for the examined residential dwelling across various impact categories expressed by EI and REI values. The EI and REI values have also been calculated on an annual basis, taking into account the 50-year service life of the building (Table 3).
TABLE 3 | Overall environmental impacts of the materials in analysed family house.
[image: Table 3]The global warming potential (GWP) of the materials used in the family house indicates the contribution of these materials to climate change, and it was found to be lower (21.59 kg CO2 eq/m2/y) compared to the values reported in Turkey (39 kgCO2eq/m2/y) by Atmaca and Atmaca. (2022) or in Korea (49.4 kg of CO2 eq/m2/y) reported by Roh and Tae. (2017). However, it is comparable to the findings reported by Bastos et al. (2014) or Motuziene et al. (2016) (28.6 kg CO2 eq/m2/y). According to Atmaca and Atmaca. (2022), American and European electricity grids have significantly lower global warming potential (GWP) compared to the Asian grid, largely due to the substantial contribution of renewable and nuclear energy sources. In 2019, the CO2 intensity of electrical energy in European countries was reported to be 2 t CO2eq/toe, whereas Asian countries measured a higher value of 2.7 t CO2eq/toe. Additionally, residential houses in urban areas of Asian countries commonly rely on coal for space heating, resulting in elevated CO2 emissions into the atmosphere. The acidification potential was determined to be 3.75 kg SO2 eq/m2, slightly higher than the range of 0.633–3.25 kg SO2 eq/m2 reported by Wrålsen et al. (2018) for building materials in a Norwegian apartment building.
Comparing the ecotoxicity results for building components can be challenging due to the prevailing influence of technical and economic factors, as emphasized by Kobetičová and Černý (2017). This dominance often leads to an underestimation of the potential impact of materials on human health and the wellbeing of other organisms. Ecotoxicity, which refers to the harmful effects of materials on ecosystems, is typically considered as an additional aspect in LCA, if it is even assessed at all.
The water use per production phase of materials was calculated to 15.86 m3/m2 per year for the analysed house. Rivero-Camacho et al. (2023) notice that large part of water use is carried out indirectly through the production processes of materials and equipment, which is usually called virtual water. Crawford and Pullen (2011) study water in residential building over a period of 50 years and conclude that virtual water in building materials is greater than direct household consumption. Regarding the water embodied in construction, Mannan and Al-Ghamdi. (2020) and Meng et al. (2014) found values between 18.9 and 54.1 m3 of virtual water per m2 of gross floor area.
The allocated referenced environmental impacts (REI) for the individual categories, including foundation structures (FM), vertical structures (VS), horizontal structures (HS), roof structures (RS), surface materials (SM), and insulation material (IM), are documented in Table 4.
TABLE 4 | Referenced environmental impacts per 1 m2 of built-up flooring area per individual structures.
[image: Table 4]The results demonstrate that vertical structures (VS) exhibit the highest environmental impact across all categories, followed by surface materials (SM), foundation materials (FM), roof construction (RC), insulation materials (IM), and horizontal structures (HS), which display the lowest impact (Figure 3).
[image: Figure 3]FIGURE 3 | Percentage comparison of the environmental impacts per individual structures.
The primary factor responsible for the highest environmental impact of vertical structures is the utilization of bricks as the primary construction material for walls. Bricks account for over 80% of the overall calculated environmental impacts, with significant contributions across various categories: 90% to global warming (GWP), 88% to acidification (TAP), 89% to ecotoxicity (ETP), 80% to land use (LOP), and 91% to water scarcity (WCP). In a study conducted by Caruso et al. (2018) and Eštoková and Porhinčák (2012), an analysis based on life cycle assessment was performed to compare the environmental impact of different structural materials. The results indicated that concrete structures exhibited higher carbon emissions compared to steel structures. However, Alshamrani (2016) presented contrasting findings, suggesting that concrete buildings actually have a lower environmental impact. In another study by Skullestad et al. (2016), an attributional LCA approach was employed to evaluate the climate change impact of timber structures in comparison to masonry structures. The results showed that timber structures resulted in a climate change impact that was 34%–84% lower than that of masonry structures. Furthermore, Pierobon et al. (2019) discovered that hybrid cross-laminated timber (CLT) buildings achieved an average reduction of 26.5% in global warming potential when compared to masonry buildings.
The same pattern of a dominant material driving the observed environmental impacts was also observed for the foundations and roof structure (Ondova and Estokova, 2016). In both cases, concrete was the primary material utilized. When considering concrete in foundations, it contributed to 93%–99% of the total environmental burden across all environmental categories. As for the roof structure, concrete roofing accounted for a range of 70% (ETP) to 85% (LOP) of the overall environmental impact.
The scenario differed when it came to insulation and surface materials, as multiple materials played a role in the environmental burden. Take, for instance, lime mortars and ceramic tiles, which served as surface materials. They shared a similar responsibility in contributing to global warming, with rates of approximately 38% and 37% respectively. However, in the remaining environmental categories, ceramic tiles took the lead, accounting for contributions ranging from 43% (WCP) to 56% (ETP).
Figures 4–8 depict the percentage distribution of individual building structures contributing to each impact category. The percentage contributions of vertical structures, identified as having the highest impact, varied from 39% to 71% across each impact category. As mentioned above, the significant contribution of vertical structures to overall environmental impacts can be attributed to the predominant use of brick as the primary masonry material for perimeter walls. In contrast, horizontal structures exhibited a minimal contribution to the overall environmental impact of the building, falling within the range of 0%–3%.
[image: Figure 4]FIGURE 4 | Percentage contribution of structures to the total GWP.
[image: Figure 5]FIGURE 5 | Percentage contribution of structures to the total acidification.
[image: Figure 6]FIGURE 6 | Percentage contribution of structures to the total ecotoxicity.
[image: Figure 7]FIGURE 7 | Percentage contribution of structures to the total land use.
[image: Figure 8]FIGURE 8 | Percentage contribution of structures to total water consumption.
When considering materials for the primary structural elements such as vertical and horizontal structures, as well as foundations, it can be observed that these components have the most significant impact on the global warming potential (GWP), accounting for 67% of the total GWP. This finding aligns with the results presented by Paleari et al. (2016), who reported that primary structures’ materials used in the structure contribute to 61% of the total greenhouse gas emissions. Dimoudi and Tompa (2008) also noted that building materials for the primary structure constitute 73%–75% of the total GWP in building construction.
The contribution of surface materials was slightly higher, accounting for 23% of the total GWP, compared to the figures calculated by Paleari et al. (2016) for finishes and plasters, which amounted to 18%. Regarding insulation materials, including mineral wool and polystyrene, the results from the present study and the Italian study Paleari et al. (2016) are comparable, representing a 5% share of the total GWP in this study compared to 3% in the Italian study.
It is worth mentioning that surface materials account for 21% of the total acidification potential (TAP). This finding aligns with the results reported by Paleari et al. (2016) who also observed a similar contribution of surface materials to acidification.
The ecotoxicological research conducted on the manufacturing of building materials has primarily concentrated on cement, concrete, and ceramics, as indicated in the studies (Souza et al., 2015; Souza et al., 2016; Jang et al., 2022). Interestingly, no significant differences were found in the impact categories of human toxicity and ecotoxicity among these materials. During the production of concrete bricks, the ecosystem quality was primarily affected due to the release of aluminum and zinc from drilling waste generated during the construction of crude oil wells, which is necessary for extracting crude oil used in the production process. In comparison, ceramic bricks emerged as the most environmentally friendly option among the materials investigated.
The order of results for the environmental impact categories of ecotoxicity and land use aligns with that of the global warming category. In terms of terrestrial acidification, insulating materials exhibit a slightly higher impact on the environment compared to foundation materials, albeit with a minimal difference. The most notable differences in ranking are observed in the water consumption category. Vertical structures display the highest impact, followed by surface materials, roof construction, foundation materials, horizontal structures, and insulation materials, which exhibit the lowest impact. This observation is logical since the production of bricks and surface materials entails significant water consumption, particularly on construction sites. Conversely, the production of insulating materials or horizontal elements involves considerably less water consumption.
Afterward, an analysis was conducted to examine the interdependent relationship among the calculated values of each impact category (Figure 9).
[image: Figure 9]FIGURE 9 | Relationships among the environmental indicators.
A linear correlation was observed between the GWP (global warming potential) and several other environmental indicators, with the exception of LOP (land use). This suggests that water use, eutrophication, and total acidification resulting from building materials can be estimated based on GWP values since they tend to increase proportionally with an increase in GWP. Similar correlation for water use/GWP was found in the paper investigating exclusively the building envelope (Estokova et al., 2022). Total ecotoxicity comprises three components: terrestrial, marine, and freshwater ecotoxicity, with freshwater ecotoxicity contributing the most to the overall ecotoxicity. Consequently, it can be concluded that a substantial dependence exists between global warming and freshwater ecotoxicity. Dong et al. (2021) found that the results of acidification during the production stage were correlated with energy depletion. However, no significant correlations were observed between acidification and other impact categories according to their study. In a separate analysis by Lasvaux et al. (2016), it was determined that four to six impact categories would be sufficient to explain at least 90%–95% of the variance for each set of indicators. Notably, the impact categories of climate change, energy depletion, and acidification were identified as belonging to a single cluster with strong correlations.
A different correlation type was detected between the LOP and GWP which indicates that the relationship between the variables is not linear but instead follows a logarithmic pattern. As one variable increases or decreases, the corresponding changes in the other variable become progressively smaller. This implies that the impact of GWP on the LOP diminishes as the values increase or decrease.
The correlation types were examined by calculating and comparing the correlation coefficients (R) for specific dependencies. While several pairs of variables, in addition to LOP/GWP, could display both linear and logarithmic patterns, e.g., ETP/GWP and ETP/TAP, the linear correlation was selected as the primary one due to its higher R value. The correlation coefficients between the parameters, determining the strength and direction of the correlations, are displayed in the correlation matrix (Table 5).
TABLE 5 | Correlation matrix with correlation coefficients.
[image: Table 5]Generally, the values in the correlation matrix range from −1 to 1, where 1 represents a strong positive correlation, −1 represents a strong negative correlation, and 0 represents no correlation. Examining the correlation matrix reveals robust positive correlations among all parameters, suggesting a high level of association. The most noteworthy correlation (R = 0.991) was observed between terrestrial acidification and water consumption. Conversely, the lowest correlation coefficient (R = 0.819) was found in the case of the land use/terrestrial acidification dependence. The correlation between the GWP results and the other impact categories is notably strong, indicating the potential to estimate environmental burdens of masonry houses in those categories based on the GWP calculations of the materials. However, it is important to recognize the limitations associated with the system boundaries under evaluation. The estimation of the impact of building materials would only be applicable within the context of a product phase assessment of materials.
4 CONCLUSION
This contribution pertains to the LCA analysis conducted on a typical masonry family house. The LCA analysis employed the SimaPro software to identify building elements with the most notable environmental impact. The analysis revealed that house materials contribute by 21.59 kg CO2 eq/m2/year to climate change, 35.9 kg 1,4-DCB/m2/year to ecotoxicity, 0.07 kg SO2 eq/m2/year to terrestrial acidification, and 0.24 m2a crop eq/m2/year to land use. Additionally, the impact on water scarcity is estimated to be 172.74 m3/m2/year. Based on the findings presented, the following conclusions can be drawn:
• The analysis indicates that vertical structures (VS) have the highest environmental impact across all categories, followed by surface materials (SM), foundation materials (FM), roof construction (RC), insulation materials (IM), and horizontal structures (HS), which have the lowest impact. This highlights the significance of vertical structures, primarily due to the use of bricks for walls, which accounts for a substantial portion of the overall environmental impacts.
• The percentage contributions of vertical structures to overall environmental impacts vary from 39% to 71% across each impact category. Horizontal structures exhibit a minimal contribution, falling within the range of 0%–3%. This confirms the significant role of vertical structures in determining the overall environmental impact of the building.
• Bricks, concrete in foundations, and concrete roofing are identified as the primary materials driving the observed environmental impacts. Bricks contribute significantly to global warming, acidification, ecotoxicity, land use, and water scarcity. Concrete in foundations and roof structures also have a major role in overall environmental burden across various categories.
• In contrast to the dominant material-driven impacts, insulation and surface materials involve multiple materials sharing the responsibility for the environmental burden. Lime mortars and ceramic tiles, as surface materials, contribute significantly to global warming. Ceramic tiles have a higher contribution across other environmental categories.
• A linear correlation is observed between GWP and several other environmental indicators, suggesting that water scarcity, eutrophication, and total acidification can be estimated based on GWP values. A logarithmic pattern is observed between land use and GWP, indicating a diminishing impact of GWP on land use as values increase or decrease.
• The correlation matrix reveals robust positive correlations among all parameters, indicating a high level of association. The strongest positive correlation is found between terrestrial acidification and water consumption, while the lowest correlation coefficient is observed in the case of land use and terrestrial acidification dependence.
• The strong correlation between GWP results and other impact categories suggests the potential to estimate environmental burdens of masonry houses based on GWP calculations.
However, it is important to consider the limitations of the research outcomes including scope and generalizability, system boundaries and data availability and quality. The findings are specific to the examined residential dwelling and may not be directly applicable to other types of buildings or regions with different construction practices and material availability. Future research should aim to expand the scope by including a wider range of building types and locations to enhance the generalizability of the findings. In addition, the findings are limited to the product phase assessment of building materials. To obtain a comprehensive understanding of the environmental impacts throughout the entire life cycle of a building, including the construction, operation, and end-of-life phases, a more holistic life cycle assessment approach should be considered in future studies. The findings consider the environmental impacts over the 50-year service life of the building. However, it would be valuable to investigate the long-term performance of different materials and their adaptability to changing environmental conditions, such as climate change and resource availability.
The study primarily addresses the environmental impacts, and other important factors such as social aspects, economic considerations, and occupant behaviour are not fully taken into account. Future research should aim to integrate social and economic dimensions to provide a more comprehensive assessment of sustainable building practices.
The research findings have several managerial and policy implications that can guide decision-making and promote sustainable practices in the construction industry. The findings emphasize the importance of considering the environmental implications of different building structures. Managers and policymakers can encourage design practices that minimize the use of high-impact elements, such as vertical structures, and promote alternative construction techniques that reduce the reliance on resource-intensive materials. Policymakers can introduce stricter environmental requirements for construction projects, promoting the use of low-impact materials, energy-efficient designs, and sustainable construction practices. This can drive industry-wide adoption of sustainable building practices and contribute to achieving broader sustainability goals.
The research highlights the importance of considering the entire life cycle of a building. Managers and policymakers can encourage the adoption of LCA methodologies in decision-making processes. By considering not only the environmental impacts during construction but also the operation and end-of-life phases, a more comprehensive and sustainable approach to building design and construction can be achieved.
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