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Abstract

:

Cement, one of the main components of concrete, poses environmental risks, accounting for 7% of total global carbon emissions. To alleviate the environmental hazards related to cement manufacturing, supplementary cementitious materials (SCM) are employed to reduce the usage of cement in concrete. One SCM used is copper slag (CS). In this study, a life cycle assessment (LCA) is conducted by investigating the environmental impacts of concrete replacing different percentage of cement with CS. As a case study, the LCA was performed for low-rise and mid-rise structures designed with varying concrete strengths, and a cost analysis was performed for these structures when replacing different percentages of cement with CS. Based on the results, the usage of CS was established as being beneficial to the impact categories ADP (Abiotic Depletion Potential (Fossil)) and GWP (Global Warming Potential), but exerted damaging effects on ADP (Abiotic Depletion Potential) and HTP (Human Toxicity Potential). On the basis of the cost analysis, the use of CS as a partial cement replacement was found to reduce building costs by a maximum of 1.4%, which is statistically significant. When evaluating the risk in comparison to the benefit of using CS in buildings, it was found that the negative environmental influence outweighed the favorable influence and cost savings resulting from the use of CS as a cement alternative. However, when only considering GWP, which is the standard procedure for environmental assessment in buildings, the use of CS as a partial cement substitute in buildings was regarded as being beneficial, yielding a 12.80% reduction in carbon emissions.
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1. Introduction


Concrete, due to the numerous benefits that it provides in terms of properties and suitability for varied uses, is one of the most frequently used construction materials. Concrete has substantial durability and mechanical properties that can be achieved at reasonably low cost [1]. While concrete has its advantages, its use is also accompanied by environmental risks, because one of its components—cement—is a distinct contributor to global warming because of the carbon emissions generated by its production [2]. The annual production of cement corresponds to approximately 5.3 billion cubic meters [3], accounting for an estimated 7% of total carbon emissions worldwide [4].



As a viable solution to this problem, pozzolans, or supplementary cementitious materials (SCM), have been applied as a partial cement substitute in concrete. Through the application of SCM as a partial cement alternative, carbon emissions from cement production have decreased significantly, because its production and usage require less energy than the production of cement [5]. Calcined clay and limestone filler, which are used as SCMs due to their abundance and availability, have been shown to reduce global warming potential by 4% to 7% in kg CO2 eq units when used to retrofit reinforced concrete columns [6]. Industrial by-products or waste can also be used as SCMs, which aids in the conservation of natural resources if they are recycled, safeguarding the environment through the reduction in landfill space employed; while the recycling of solid waste as building materials lessens the effect of this waste on ecological systems [7]. Several studies have focused on the use of recycled materials as SCMs for cement substitution, such as the study by Zeybek et al., who investigated waste glass powder, which was found to be a potential replacement for cement with an optimum dosage of 20% [8]. Karalar et al. explored the usage of waste marble powder, a waste product in marble production, in concrete beams, finding that it could be used effectively at a cement substitution rate of 10% [9]. Laila et al. studied the use of industrial waste granite pulver in self-compacting concretes, finding that it was beneficial to the concrete’s mechanical properties and durability when used as cement replacement at a rate of 15% [10]. Chindasiripan et al. studied the application of ground bottom ash as cement replacement at a rate of 50% in concrete, and discovered that with this percentage replacement, the concrete attained its maximum compressive strength and could be classified as high-strength concrete at an age of 7 days [11].



Another SCM employed as a partial cement substitute is copper slag (CS), which is a by-product of copper refining metallurgical operations. On an international scale, 44 million tons of this slag are produced annually from 20 million tons of copper [12]. The use of such huge quantities of CS raise environmental concerns, since the disposal of these industrial by-products requires large areas, leading to destructive consequences like air pollution, terrestrial surface damage, and erosion [13]. Thus, the use of CS as a partial cement alternative would serve to relieve both the environmental hazards resulting from cement production and the stockpiling of copper slag. Prior studies have determined that the application of CS as a partial cement substitute in concrete can enhance the mechanical properties of the concrete [14]. CS qualifies as a pozzolan due to its compliance with the required 70% minimum summation of oxides, as established by the American Society for Testing and Materials (ASTM) for pozzolans, possessing a chemical makeup of 30.5% SiO2, 45% Fe2O3, 5.9% Al2O3, and 4.8% CaO, on average [15]. Copper slag used as a partial cement substitute in concrete significantly improves its late-age compressive strength [16]; specifically, its strength at 90 days of age is increased by 100% [14]. Varying the percentage of cement replaced with copper slag also affects the strength of the concrete, as demonstrated in previous research, where it was found that the optimal replacement percentage by mass of cement is between 5 and 7.5 percent in order to achieve the greatest increase in concrete compressive strength [17]. Recent studies regarding the use of CS as a constituent of concrete have focused on the use of the by-product as a partial fine aggregate replacement. Manjunatha et al. conducted experimental tests on the mechanical properties of concrete utilizing waste copper slag as fine aggregate replacement [12]. Afshoon et al. experimentally and numerically investigated the properties of concrete utilizing CS as fine aggregate replacement in steel fiber-reinforced self-compacting concrete [18]. Raju and Dharmar investigated the flexural behavior of reinforced concrete beams in which fly ash was used as a partial cement replacement and CS was used as a fine aggregate replacement [19]. Mirnezami et al. studied the influence on the concrete’s thermal and mechanical properties of using copper and steel slags as a fine aggregate replacement [20]. Gu et al. investigated the use of CS as aggregate in place of quartz sand for the production of sustainable Ultra-High-Performance Concrete (UHPC) [21]. Arora et al. conducted a study exploring the strength, durability, and microstructure of self-compacting geopolymer concrete, also using CS as fine aggregate [22]. Lastly, Panda et al. experimentally investigated the interfacial transition zone (ITZ) of concrete with CS as a fine aggregate substitute [23].



LCA is a method for evaluating a product’s environmental impact over the course of its life cycle [24]. When it comes to prior life cycle assessment (LCA) studies involving CS, a life cycle inventory analysis in which Portland cement was substituted with CS was conducted by Kua, which investigated the emissions of specific heavy metals and gases related to this substitution [25]. Other LCAs involving CS have also been carried out, such as in the study by Khorassani et al. [26], who focused on the use of CS in ceramics, and in the study by Gursel and Ostertag [27], who used CS as a replacement for sand in high-strength concretes. Another study by Kua performed an LCA in which sand was replaced with used CS in construction, where it was found that landfilling the waste CS had the same effect as recycling it as a sand replacement in terms of embodied energy and global warming potential, thus suggesting its use as a cement replacement instead [28].



Based on recent studies, life cycle assessment (LCA) studies exploring the use of CS as a cement substitute have yet to focus specifically on its environmental impacts. Therefore, this study aims to address the absence of LCA on CS used as a cement substitute in concrete by carrying out an environmental impact assessment of concrete using CS as SCM through a presentation of quantitative environmental differences among concrete systems. Another objective of this study is to conduct an LCA covering a cost analysis and addressing the environmental impacts of using CS in the design phase of reinforced concrete buildings in the case of low-rise (three-story) and mid-rise (seven-story) buildings designed with differing concrete strengths. The study explores the economic and environmental impacts of using CS as a partial cement replacement following the 3Ps of the Triple Bottom Line (TBL) sustainability concept—People, Planet and Profit—wherein the economic criteria and environmental criteria are embodied by the “Profit” and “Planet” components, respectively. The “People” category is not included, since this involves the social aspect of the TBL. In Section 2 of this study, the methodology is discussed, starting with the calculation of the concrete design mix proportions, followed by the execution of the LCA process in the CS concrete systems, followed by an explanation of the case study involving the design of three-story and seven-story reinforced concrete buildings. The case study involves the structural design of the aforementioned structures, the calculation of building costs, and the implementation of LCA for the designed buildings. Section 3 presents the results related to and a discussion surrounding the environmental effects of using CS as a cement alternative on ADP, ADP (Fossils), GWP, and HTP. Section 4 tackles the effect on cost of using CS in the buildings, and its environmental influence when used in structures designed with various concrete strengths. Lastly, Section 5 summarizes the study through an enumeration of the key findings. Since the study focuses on the design phase, the cost and environmental impacts are determined based on data related to the designed mix, the designed structures, and the generic materials. By investigating the environmental impacts of using CS as a partial cement substitute and applying the by-product in reinforced concrete buildings, this study aims to contribute to a reduction in environmental emissions caused by the use of cement in the construction field as well as addressing concerns related to copper slag disposal. The study’s objectives and environmental assessment are also in line with the United Nations Sustainable Development Goals (UNSDG), particularly with respect to the climate action, life below water, life below land, and the industry, innovation, and infrastructure goals.




2. Methodology


2.1. Concrete Mix Proportions


The American Concrete Institute (ACI) mix proportioning method [29] was applied to calculate concrete mixes with strengths of 20.7 MPa, 27.5 MPa, 34.5 MPa, and 41.40 MPa at 28 days without admixtures. These concrete design strengths were selected due to their propensity for easy production without the use of admixtures and their corresponding to the usual design strengths of structures in the Philippines. The concrete mixes were composed of the proportions of cement, CS, water, coarse aggregates (CA), and fine aggregates (FA) per unit of concrete strength. The amount of CS used in the concrete is described on a percent mass basis of cement, with percent mass substitutions of 5%, 10%, and 15% [16]. The assumed slump for the designed mix was a 50 to 100 mm slump. The material unit weights used to calculate the proportions in the designed mix and the concrete strengths corresponding to the water–cement ratios based on ACI [29] are presented in Table 1 and Table 2, respectively. The material unit weights were obtained on the basis of the average data from a local batching plant for the corresponding material with the exception of CS, where its specific gravity and unit weight were based on Wang [30].



The concrete systems and design mix proportions were determined based on the stipulated data and are described as FC (value) and CS (value), where FC signifies the concrete strength in megapascals (MPa) and CS denotes the mass percentage of cement replaced with copper slag in the mix. The mix proportions calculated on a per cubic meter basis are shown in Table 3.




2.2. Life Cycle Assessment


Life Cycle Assessment (LCA) is a procedure for establishing the environmental influence of a certain process or product. In performing the LCA, the Life Cycle Procedure described in the International Organization of Standardization (ISO) 14040 [31] was adopted as a methodological framework. The research consisted of two phases: Phase 1 was the LCA of the concrete system with copper slag at 20.7 MPa, while Phase 2 was the environmental impact evaluation and cost analysis of the reinforced concrete structures utilizing CS and with various concrete design strengths.



2.2.1. Objectives, Scope, and Functional Units


The general objective of this research is to explore the environmental impacts of utilizing CS as a partial cement alternative in concrete when applied in reinforced concrete structures. The specific objectives of this study are: (a) to assess the environmental impacts of using substitution of various percentages of cement with CS—5%, 10% and 15% by mass—in concrete; (b) to perform a cost evaluation of using concretes with different levels of CS cement substitution in low-rise (three-story) and mid-rise (seven-story) reinforced concrete buildings with various concrete design strengths; and (c) to evaluate the environmental influence of employing concretes with CS as a partial cement alternative in low-rise and mid-rise structures. The methods employed in this study are in accordance with ISO 14040 [31], and adopt a cradle-to-gate perspective. Phase 1 consists of an LCA of a concrete consisting of 1 cubic meter of 20.7 MPa concrete produced in a central mixing plant as the functional unit. The environmental impact assessment performed in Phase 2 employed a three-story structure and a seven-story structure as functional units.




2.2.2. System Boundaries


As shown in Figure 1, considering an LCA adopting a cradle-to-gate perspective, the system commences with raw material extraction and lasts until concrete production. As one of the raw materials of concrete, cement is transported to the concrete mixing plant. Natural aggregates are assumed to be located close to the concrete mixing plant, and thus their transportation is considered negligible. The processes belonging to the construction phase and onwards are excluded in this study, because this study is focused on concrete that uses CS as a material, and because of the huge variance in the application of concrete in construction. CS is assumed to be a by-product, conforming to the criteria set by Directive 2008/98/EC [32]. Consequently, this assumption required the inclusion of environmental data related to the process of copper production, up until the recycling process of the CS for commercial purposes. The CS extraction process commences from copper production, wherein the CS is collected and treated, before being transported to the concrete mixing plant. The mixing plant then creates an output of 1 cubic meter of concrete with or without CS as a partial cement replacement using the raw materials of concrete and the copper slag delivered.




2.2.3. Data Sources


Data were acquired from the Ecoinvent v3.01 database, and Simapro v9.2.01 was used to process the obtained data in order to perform the environmental impact analysis. The CS recycling process was not contained in the database; therefore, in order to incorporate the recycling process of copper slag into the system, the emissions of the recycling process described in the study by Kua were used as the input in the software [25]. The following emissions were utilized as input data for the CS recycling process: As = 0.015 mg, Cd = 3.248 mg, Cr = 0.069 mg, Co = 8.712 mg, Pb = 6.027 mg, CO2 = 35.345 g, CO = 0.016 g, SO2 = 0.006 g, and NOx = 0.006 g. Data on the transportation distances were based on a selected supplier of cement and CS in the Philippines, as well as a local concrete mixing plant. For the cement, the local supplier location was located at a distance of 40 km from the concrete mixing plant, while for the CS, the supplier was located at a distance of 25 km from the concrete mixing plant. The concrete mixing plant selected in the Philippine setting was assumed to possess the same performance and employ the same system processes as those described in the available database.




2.2.4. Allocation


In this research, the CS was assumed to be a by-product of copper production, and it was considered to be purchasable from a local supplier. This assumption led to the assumption that the CS system includes the process of copper manufacturing, as slag is inadvertently generated during the copper smelting process. To account for the environmental impacts of the CS alone as a portion of the total system, in this study, the contribution of the CS was considered to correspond to 0.85% of the total impact of copper manufacturing. This value was derived using the economic allocation procedure, which is accepted in the ISO 14040 [31] and ISO 14044 [33] LCA standards, and the same procedure was also performed as part of a previous study by Khorassani et al. [26]. The input data used in Simapro for copper were based on those used in prior research, wherein 1 ton of copper was reported to generate 1.63 tons of slag [34]. In this study, therefore, 0.613 kg of copper was required for every 1 kg of copper slag.




2.2.5. Impact Assessment


CML-IA Baseline V3.06/World 2000, developed by the Center of Environmental Science of Leiden University in the Netherlands, was the LCA method selected to perform the impact assessment for the following categories: Abiotic Depletion Potential (ADP), Abiotic Depletion Potential of Fossil Fuels (ADP (Fossil)), Global Warming Potential (GWP), and Human Toxicity Potential (HTP). The reason for limiting the impact assessment of this study to the aforementioned categories was that the study focuses on the influence of using CS as a concrete SCM on the depletion and extraction of mineral and non-renewable resources (fossil fuels), which are denoted by ADP and ADP (Fossil), respectively [35]; its effects on the contribution of greenhouse gas emissions to global warming, as reflected in the GWP category [35]; and its effects on emissions that are toxic to human health, as depicted by the HTP category [36]. Impact assessments are expressed through percentage emissions of concrete systems with varying percentages of cement replaced with CS, while concrete containing 0% CS is set as the reference concrete system in the comparative analysis.





2.3. Case Study (Phase 2)


As a case study, the environmental impact of concretes with CS was applied to two reinforced concrete structures: a low-rise (three-story) building and a mid-rise (seven-story) building. The structures were designed with concretes with different strengths, and then subjected to direct cost estimates for the purposes of performing a life cycle analysis and a cost comparison when using concrete with the use of CS as a partial cement alternative.



2.3.1. Structural Design


The three-story and seven-story structures were designed based on a typical floor plan from the previous literature, as shown in Figure 2 [37], with a typical 3.0-meter story height, and were designed with various concrete strengths: 20.7 MPa, 27.5 MPa, 34.5 MPa, and 41.5 MPa. The design strengths employed were selected because they are the typical concrete design strengths used in Philippine construction settings, and are concretes that are achievable without the use of admixtures. The yield strengths of the reinforcements used were 415 MPa for longitudinal reinforcements and 275 MPa for shear reinforcements, as this is the usual practice in the Philippines.



In total, eight (8) structural models were designed in this study. ETABS v.9.5 was used to design the models, using the loads presented in Table 4. Beams and columns were designed following the stipulations of the National Structural Code of the Philippines 2015 (NSCP) [38], such that they corresponded to the nearest design sizes before exceeding their capacity set by the code under the designated loadings. To establish the values of seismic factors obtained in Table 5 which were based on NSCP Chapter 2 – Minimum Design Loads under Section 208: Earthquake Loads [38], the structural models were situated hypothetically in Manila, Philippines. In this study, seismic loading was the only lateral load considered.



Upon modeling, the resulting beam sizes and reinforcements are indicated for every design strength in Table 6 and Table 7 for the three-story and seven-story buildings, respectively. Slabs are assumed to possess a constant thickness of 150 mm and to only support gravity loads; hence, the slab thickness was set to be constant, regardless of the concrete strength. For the columns, the details of the design reflecting the column size and vertical bar reinforcements are shown in Table 8 and Table 9 for the three-story and seven-story buildings, respectively, for every design strength. The column ties are set to be typical at ϕ10 at 100 mm for joint reinforcement, ϕ10 at 100 mm for confined reinforcements, and ϕ10 at 150 mm for tie reinforcement for every floor level.




2.3.2. Cost Analysis


Following their design, the costs of the buildings were estimated on the basis of the calculated concrete volume, total weight of reinforcements, and the area of formworks of the columns, beams, and slabs obtained. The concrete cost was taken as the summation of the material cost of the concrete components (cement, CS, CA, FA, and water). Unit costs of the items other than the CS were derived from the average of the costings of contractors having worked on past projects of the University of the Philippines during the year 2022. The CS costs were determined on the basis of the average costs of Indiamart suppliers. For this research, the unit costs shown in Table 10 were assumed to be accurate and effective for the year 2022. Unit costs were converted from PHP to USD by using an exchange rate of 1 USD = 50 PHP.




2.3.3. Environmental Impact Assessment


A similar methodology to that employed in Phase 1 was carried out for the environmental impact assessment in the case study. However, in this phase, the environmental impact of using CS was assessed for different concrete strengths based on the three-story and seven-story building designs. For the purpose of comparison, the reference concrete considered is the plain concrete system, or concrete with 0% CS replacement. The environmental impacts of concrete and copper slag are the only impacts considered, and the environmental influence of steel reinforcements and formworks are excluded. Furthermore, in order to summarize the environmental impact assessment along with the cost savings arising from using concrete containing varying amounts of CS as a partial substitute, the average percentage of environmental emissions or the impact of all categories per percentage of CS was plotted against the corresponding cost reductions in percent. The average environmental impact of the categories (ADP, ADP (Fossil), GWP, and HTP) was calculated assuming that every category possessed equal significance and weight. The cost reductions were calculated as the percent savings achieved compared to using the reference concrete of the specified strength.






3. Results and Discussion


3.1. Life Cycle Inventory


Table 11 presents the inventory data for the Phase 1 investigation for each concrete mix with a design strength of 20.7 MPa substituting 0%, 5%, 10%, and 15% of cement with CS, indicating the phase of the product system and the single unit data for the considered functional unit (FU) of 1 cubic meter.



The differing figures between mixes for the concrete components arose from the calculation of their respective design mixes or their mix proportioning. Transportation figures varied because they are based on the amount of cement and CS being transported, rather than the distance over which these materials will be hauled. With increasing percentage of CS used, the transportation amount decreased, as a result of the reduced amount of cement being transported across the 40 km distance from its source to the concrete mixing plant. The values corresponding to the facilities and energy required for production remain constant, since there are no considerable differences in the technology or plant used in the manufacturing stage.




3.2. Impact Assessment (Phase 1)


Figure 3 presents the results, obtained using Simapro, regarding the impact of using 20.7 MPa concrete with varying amounts of CS as partial cement replacement on the following environmental categories: ADP, ADP (Fossil), GWP, and HTP. It was observed that the use of CS in concrete alleviated risk in the environmental categories ADP (Fossil) and GWP. The environmental impact on GWP was reduced by a maximum of 12.41% when a 15% mass substitution of CS was used. Furthermore, this category was observed to possess the greatest reduction in emissions, due to the lower amount of cement used, which is a material acknowledged for being a major contributor to emissinos that cause global warming.



Comparing the results of GWP from an earlier LCA study by Gursel and Ostertag [27], when using CS as a replacement for sand in high-strength concretes, using CS as a replacement for sand causes a maximum reduction in GWP emissions of 30%, which is almost 2.4 times the reduction caused when CS is used as a cement replacement. This could be due to the amount of sand replaced compared to the amount of cement replaced by the CS, such that the replacement of sand resulted in a sizeable reduction in GWP emissions. However, it is also important to note that the calculations performed in the earlier study were related to Singaporean social, environmental, and economic paradigms.



As for the category of ADP (Fossil), there was also a reduction in impact observed with increased substitution of cement with CS, reaching a maximum of 9.22% with 15% replacement of cement with CS. Conversely, the use of concrete with CS as an SCM resulted in increases in ADP and HTP. In the ADP category, this impact reached its maximum—an increase of 50.32%—when 15% CS was used in concrete, while for the HTP, the maximum impact corresponded to a 27.75% increase when using the same amount of CS. The increasing effect in these categories could be attributed to the additional quantity of CS, which tends to be detrimental to such an extent that it outweighs the advantageous effects of using smaller amounts of cement.



With reference to Figure 4, for the ADP (Fossil) and GWP categories, the contributor governing the environmental impact of all concrete systems is cement, which provides the largest environmental emissions in these categories, accounting for 88.39% in the GWP category and 71.20% in the ADP (Fossil) category. Furthermore, the emissions of copper slag in these categories can also be considered to be relatively minimal, having a contribution of only 1.99% at most in the ADP (Fossil) category and only 1.11% at most in GWP; thus, employing CS in concrete is demonstrated to be beneficial in terms of the environmental effects for these categories, since they are impacted primarily by cement. On the other hand, for the ADP and HTP categories, wherein the additional use of CS as an SCM caused an increase in environmental emissions, the copper slag was shown to have a large influence. The use of CS made the greatest contribution to the emissions in the ADP category, wherein 54.72% of the could be attributed to the slag, while in HTP, it accounted for 33.75% of emissions. Since CS is a by-product of copper production, and this was incorporated in the environmental assessment, the emissions in the ADP category can be attributed to the extraction of mineral resources necessary to produce copper. Likewise, for HTP, the increase in adverse impacts in these categories arises because of the process of copper production, in which arsenic and other impurities from the copper ore [13] are discharged, causing toxicity to human health.





4. Case Study (Phase 2)


4.1. Total Building Costs Using Concrete with CS as SCM


The ETABS design results were further processed into slab, beam, and column schedules that were used as the basis of the cost estimates of concrete, reinforcements, and formworks of all building models. With reference to Figure 5 and Figure 6, it can be observed that the use of concrete CS as an SCM lowers the total cost of the structures, both three-story and seven-story, regardless of the design strength of the concrete. For both structures, when using concrete with a design strength of 20.7 MPa, the maximum replacement percentage of 15% of CS reduced the cost by a maximum of about 0.90%. As for the three-story and seven-story structures using concrete with a design were of 27.5 MPa with a CS substitution of 15%, the reductions in total building cost was only 1.0% and 1.10%, respectively. When the concrete strength was 34.5 MPa, for both structures, the maximum cost reduction was achieved with a CS substitution of 15%. Lastly, using concrete with a design strength of 41.4 MPa for both structures, the maximum cost reduction was also obtained at 15% CS, corresponding to a reduction of 1.40%. In the further interpretation of these results, the greater the replacement percentage of CS, the lower the total building costs incurred, both in the case of the low-rise and the mid-rise buildings, due to CS being lower in cost than cement.



To check the significance of the cost savings achieved when using CS with respect to the total building cost, the observed significance levels, or p-values, were determined, which is a procedure used in hypothesis testing [39], wherein, if the p-value is less than or equal to 0.10, which is the required significance level for papers, the cost savings are considered significant [40]. In Table 12 and Table 13, the p-values calculated for the building cost and the cost savings for the three-story and seven-story buildings are presented, respectively. Based on the values calculated in the tables, the p-values of all data are lower than 0.10. This indicates that the cost savings are statistically significant.




4.2. Environmental Impact Assessment (Phase 2)


Based on Figure 7 and Figure 8, the trends of emissions when replacing a portion of the cement with copper slag in the design of three-story and seven-story buildings were similar to the trends of emissions obtained as part of the LCA in Phase 1. This outcome was to be expected, since the emissions in the Phase 1 LCA, which considered the emissions of 1 cubic meter of concrete, will only be magnified in accordance with and proportionally to the computed concrete volume required for the specific concrete system of the building. While the absolute amount of emissions released by the system will increase with the increasing volume of concrete required for the three-story and seven-story buildings, respectively, the relative impact on emissions with respect to the reference concrete system in a given category will remain equal between the three-story and seven-story functional units. For example, in the GWP category of FC20.7CS5, the total emissions for the functional units corresponding to 1 cubic meter of concrete, a three-story building, and a seven-story building are 293.75 kg CO2 eq., 50,639.46 kg CO2 eq., and 843,701.93 kg CO2 eq., respectively. While the total emissions for the GWP in this concrete system vary and increase with the required volume of concrete, the percentage emission with respect to the baseline is the same for the 1 cubic meter, the three-story, and the seven-story basis, settled at 95.91%.



With reference to both Figure 8 and Figure 9, with increasing concrete strength, in some categories, the increasing amount CS used as SCM resulted in a further increase in emissions compared to concrete of the same strength with no CS. Additionally, a relative increase in emissions can be observed with increasing concrete strength. This trend can be observed in the ADP and HTP categories. Taking the ADP category as an example, in the case of the 20.7 MPa concretes, the emissions increase by 19.94% for FC20.7CS5, 15.78% for FC20.7CS10, and 14.76% for FC20.7CS15, thus resulting in an average increase in emissions of 16.79% with increasing CS in FC 20.7 concrete systems. Extending the same consideration to the other concrete systems in the ADP category, concrete systems with a strength of 27.5 MPa have an average increase in emissions of 17.35%, 34.4 MPa has an average increase in emissions of 17.83%, and 41.4 MPa yields an average increase in emissions of 18.23% with increasing addition of CS in concrete. This indicates that the higher the strength of the concrete used, the greater the increase in emissions to be expected is when increasing the amount of CS used as cement replacement with respect to ADP. This observation also holds true for the HTP category. This observation alludes to the increasing amount of CS being utilized with increasing concrete strength, because the ADP and HTP categories are primarily influenced by the CS, as suggested in Phase 1 of this study. Because increasing concrete strength demands higher amounts of cement, the CS corresponds to a percentage of the total cement mass required to achieve the specified strength. It therefore follows that increasing cement requirements would subsequently increase the amount of copper slag, thereby resulting in greater emissions in the mentioned categories.



To test the significance of the effect of increasing concrete strength on the average increase in emissions with increasing CS replacement, the p-values were also calculated for the ADP and HTP categories, as shown in Table 14 and Table 15, respectively. As can be seen from the tables, the p-values did not exceed the 0.10 requirement for either emission. Therefore, the effect of increasing concrete strength on the average increase in emissions in the ADP and HTP categories with increasing CS content can be regarded as statistically significant.



Concentrating on the GWP and ADP (Fossil) categories, the average reductions in emissions with different contents of CS among concretes with different strengths were approximately equal. Examining the GWP category, the average decreases in emissions when using CS for FC20.7, FC27.5, FC34.5, and FC41.4 were 8.24%, 8.24%, 8.50%, and 8.60%, respectively. This trend is similar to the average decreasing effect of emissions observable in the ADP (Fossil) category. Therefore, it can be observed that variations in concrete strength do not affect the decreasing effect on emissions of CS for the GWP and ADP (Fossil) categories. This trend can be attributed to the fact that cement is the governing component affecting these categories, as evidenced by the Phase 1 results. While the use of CS reduces GWP and ADP (Fossil) emissions, increasing the strength also increases the amount of cement required to produce the concrete. Therefore, even when considering the favorable effects of using CS and of using concretes with higher strength, thus decreasing the material quantities due to the smaller sizes of the structural members, the negative effect of increasing cement demand with the increasing design strength of the concrete cancels out these benefits. However, based on previous studies, LCA involving buildings has focused mainly on the discharge of carbon from the structure [41], which in this case is represented by GWP emissions. Hence, if GWP alone is to be the basis of the performance of the reinforced concrete buildings, the use of CS as cement replacement in concrete for the design of reinforced concrete buildings can be regarded as being favorable, causing a reduction in GWP emissions of 12.8%.



In order to be able to assess the risks compared to the advantages of using CS in reinforced concrete buildings, the environmental emissions were plotted against the cost reduction brought about by using concrete with CS as partial cement replacement, reflecting the environmental impact or increased emissions against the cost reductions as presented in Figure 9 and Figure 10. Examining Figure 9, a cost reduction of 0.96% in a three-story building will yield a 14.92% increase in emissions when using FC20.7CS15. With the highest cost savings of 1.40%, the environmental emissions or impact increase the most, by 15.83%, with the FC41.4CS15 concrete system. From Figure 10, it can be seen that, for a seven-story building utilizing FC20.7FC15, a cost reduction of 0.90% corresponds to a 14.12% increase in emissions, while a cost savings of 1.36% yields a 15.83% increase in environmental emissions when using the FC41.4CS15 concrete system. Nonetheless, even though there is an established relationship between cost savings and environmental impact, the cost savings obtained by using CS as SCM in reinforced concrete are minor in comparison to the increase in environmental emissions.





5. Conclusions


This paper investigated, on the basis of LCA, the environmental effects of using concrete with different amounts of CS as a partial alternative to cement at replacement levels of 5%, 10%, and 15% by mass, and applied this concrete in the design of low-rise and mid-rise reinforced concrete structures. The concrete buildings were designed with varying concrete strengths—20.7 MPa, 27.5 MPa, 34.5 MPa, and 41.4 MPa—and design mix proportions with or without CS were generated for each strength. Cost analysis was also conducted in order to explore the cost reduction achieved when the by-product was used as a substitute for cement. The following key conclusions were drawn:




	
Replacement of cement with CS in concrete has favorable environmental effects on the GWP and ADP (Fossil) categories, but is detrimental to the ADP and HTP categories.



	
Using CS as a partial cement substitute in concrete for use in structures would incur statistically significant savings in building costs, amounting to a saving of 1.40% at most.



	
The influence of increasing the concrete strength on ADP and HTP emissions is statistically significant, but does not affect the ADP (Fossil) or GWP criteria.



	
The favorable impacts on GWP, ADP (Fossil), and building costs are negated by the impacts on ADP and HTP when using CS as a cement alternative in buildings.



	
When assessing environmental effects in buildings by focusing on carbon emissions or on GWP alone, the use of CS would be regarded as beneficial, resulting in a reduction in carbon emissions by up to 12.8%.








For future studies, it is recommended that LCA be conducted on the same concrete buildings as in this study, but instead of considering copper slag as a by-product, future work should consider the slag as waste. Future LCA studies involving CS as a cement replacement should also include environmental categories other than the ones considered in this paper. It is also recommended for future research that technical performance be considered in addition to environmental and economic criteria in the sustainability assessment of CS used as a partial cement alternative by conducting actual tests on concrete systems.
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Figure 1. System boundaries of 20.7 MPa concrete production. 
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Figure 2. Typical floor framing plan [37]. 
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Figure 3. Impact assessment of 20.7 MPa concrete systems. 
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Figure 4. Disaggregation of impact assessment of 20.7 MPa concrete systems. 
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Figure 5. Three-story total cost with different concrete design strengths with CS as SCM. 
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Figure 6. Seven-story total cost with different concrete design strengths with CS as SCM. 
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Figure 7. Three-story building environmental impact assessment. 
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Figure 8. Seven-story building environmental impact assessment. 
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Figure 9. Three-story building environmental impact vs. cost reduction plots by concrete strength. 
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Figure 10. Seven-story building environmental impact vs. cost reduction plots by concrete strength. 
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Table 1. Material specific gravities and unit weights.
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	Material
	Specific Gravity
	Unit Weight in kg/cu.m





	Cement
	3.15
	3150



	CA
	2.84
	2840



	FA
	2.40
	2400



	Water
	1.0
	1000



	CS
	3.50
	3500
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Table 2. Design strength and corresponding water–cement ratio.
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	Concrete Design Strength
	Water–Cement Ratio





	20.70 MPa
	0.68



	27.5 MPa
	0.57



	34.50 MPa
	0.48



	41.40 MPa
	0.41
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Table 3. Concrete mix proportions on a per cubic meter basis.
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	Component
	FC20.7

CS0
	FC20.7

CS5
	FC20.7

CS10
	FC20.7

CS15
	FC27.5

CS0
	FC27.5

CS5
	FC27.5

CS10
	FC27.5

CS15



	Cement (kg)
	301.47
	286.40
	271.32
	256.25
	359.65
	341.67
	323.68
	305.70



	CS (kg)
	0
	14.32
	27.13
	38.44
	0
	17.08
	32.37
	45.86



	Water (kg)
	205.00
	205.00
	205.00
	205.00
	205.00
	205.00
	205.00
	205.00



	CA (kg)
	1122.55
	1122.55
	1122.55
	1122.55
	1122.55
	1122.55
	1122.55
	1122.55



	FA (kg)
	681.68
	683.34
	686.04
	689.77
	637.35
	639.34
	642.56
	647.01



	Component
	FC34.5

CS0
	FC34.5

CS5
	FC34.5

CS10
	FC34.5

CS15
	FC41.4

CS0
	FC41.4

CS5
	FC41.4

CS10
	FC41.4

CS15



	Cement (kg)
	427.08
	405.73
	384.38
	363.02
	500.00
	475.00
	450.00
	425.00



	CS (kg)
	0
	20.29
	38.44
	54.45
	0
	23.75
	45.00
	63.75



	Water (kg)
	205.00
	205.00
	205.00
	205.00
	205.00
	205.00
	205.00
	205.00



	CA (kg)
	1122.55
	1122.55
	1122.55
	1122.55
	1122.55
	1122.55
	1122.55
	1122.55



	FA (kg)
	585.97
	588.33
	592.15
	597.44
	530.42
	533.18
	537.65
	543.84
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Table 4. Applied loads [37].
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	Load
	Load Values (kPa)
	Acting on





	Wall load
	25
	Beam



	Floor finish
	1.50
	Slab



	Partition wall
	1.0
	Slab



	Live load
	2.0
	Slab
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Table 5. Seismic factor values.
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	Factor
	Value





	Importance Factor
	1.0



	Soil Profile Type
	Sd



	Seismic Source Distance
	10 km



	Seismic Source Type
	A
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Table 6. Three-story building beam sizes and reinforcements.
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Concrete Design Strength

	
Beam Size in Mm

(Width × Depth)

	
Rebar Diameter (mm)

	
Reinforcement at Supports (Pieces)

	
Reinforcements at Midspan (Pieces)

	
Stirrups




	
Top Bars

	
Bottom Bars

	
Top Bars

	
Bottom Bars






	
20.70 MPa

	
325 × 650

	
25

	
6

	
3

	
2

	
3

	
2-ϕ12 mm; 1@50,20@100,

Rest to Centerline@250




	
27.50 MPa

	
325 × 650

	
25

	
6

	
3

	
2

	
3

	
2-ϕ12 mm; 1@50,20@100,

Rest to Centerline @260




	
34.50 MPa

	
300 × 600

	
25

	
6

	
3

	
2

	
3

	
2-ϕ12 mm; 1@50,20@100,

Rest to Centerline @240




	
41.50 MPa

	
275 × 550

	
25

	
6

	
3

	
2

	
3

	
2-ϕ12 mm; 1@50,20@100,

Rest to Centerline @210
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Table 7. Seven-story building beam sizes and reinforcements.






Table 7. Seven-story building beam sizes and reinforcements.





	
Concrete Design Strength

	
Beam Size in Mm

(Width × Depth)

	
Rebar Diameter (mm)

	
Reinforcement at Supports in Pieces

	
Reinforcements at Midspan in Pieces

	
Stirrups




	
Top Bars

	
Bottom Bars

	
Top Bars

	
Bottom Bars






	
20.70 MPa

	
325 × 650

	
25

	
5

	
3

	
2

	
3

	
2-ϕ12 mm; 1@50,20@100,

Rest to Centerline@310




	
27.50 MPa

	
325 × 650

	
25

	
5

	
3

	
2

	
3

	
2-ϕ12 mm; 1@50,20@100,

Rest to Centerline @280




	
34.50 MPa

	
300 × 600

	
25

	
5

	
3

	
2

	
3

	
2-ϕ12 mm; 1@50,20@100,

Rest to Centerline @300




	
41.50 MPa

	
275 × 550

	
25

	
6

	
3

	
2

	
3

	
2-ϕ12 mm; 1@50,20@100,

Rest to Centerline@220
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Table 8. Three-story building column reinforcement detail.
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	Concrete Design Strength
	Size (mm)
	Diameter of Vertical Bars (mm)
	Number of Vertical Bars (Pieces)





	20.70 MPa
	475 × 475
	25
	20



	27.50 MPa
	450 × 450
	25
	20



	34.50 MPa
	450 × 450
	25
	20



	41.50 MPa
	425 × 425
	25
	20
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Table 9. Seven-story building column reinforcement detail.






Table 9. Seven-story building column reinforcement detail.





	Concrete Design Strength
	Size (mm)
	Diameter of Vertical Bars (mm)
	Number of Vertical Bars (Pieces)





	20.70 MPa
	575 × 575
	32
	20



	27.50 MPa
	525 × 525
	32
	20



	34.50 MPa
	525 × 525
	28
	20



	41.50 MPa
	475 × 475
	28
	20
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Table 10. Item unit costs in USD, effective for 2022.
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	Item
	Unit Cost (USD)
	Unit





	Cement
	0.110
	kg



	CS
	0.054
	kg



	Water
	0.040
	kg



	CA
	0.010
	kg



	FA
	0.010
	kg



	Reinforcements
	1.040
	kg



	Formworks
	15.400
	m2
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Table 11. Inventory of concrete mixes for 20.7 MPa per 1-cubic-meter functional unit.
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Stage

	
Data Per FU

	
Unit

	
FC20.7CS0

	
FC20.7CS5

	
FC20.7CS10

	
FC20.7CS15






	
Material

	
Cement

	
kg

	
301.47

	
286.40

	
271.32

	
256.25




	
Water

	
kg

	
205.00

	
205.00

	
205.00

	
205.00




	
Coarse Aggregates (CA)

	
kg

	
1122.55

	
1122.550

	
1122.550

	
1122.55




	
Fine Aggregates (FA)

	
kg

	
681.68

	
683.34

	
686.04

	
689.77




	
CS

	
kg

	
0

	
14.32

	
27.13

	
38.44




	
Transport

	
Lorry 3.5–7.5 metric tons

	
t-km

	
12.059

	
11.814

	
11.531

	
11.211




	
Facilities

	
Concrete Mixing Plant

	
u

	
0.000000457

	
0.000000457

	
0.000000457

	
0.000000457




	
Energy

	
Production

	
MJ

	
15.643

	
15.643

	
15.643

	
15.643
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Table 12. Three-story building cost and cost savings, along with corresponding p-value.
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Concrete System

	
Total Building Cost

	
Savings

	
p-Value






	
FC20.7CS0

	
50,469.59

	
0.00

	
2.188 × 10−14




	
FC20.7CS5

	
50,320.91

	
148.68




	
FC20.7CS10

	
50,159.87

	
309.72




	
FC20.7CS15

	
49,986.48

	
483.11




	
FC27.5CS0

	
51,139.92

	
0.00

	
5.442 × 10−14




	
FC27.5CS5

	
50,964.82

	
175.10




	
FC27.5CS10

	
50,775.17

	
364.75




	
FC27.5CS15

	
50,570.96

	
568.96




	
FC34.5CS0

	
50,762.05

	
0.00

	
1.163 × 10−13




	
FC34.5CS5

	
50,565.08

	
196.97




	
FC34.5CS10

	
50,351.74

	
410.31




	
FC34.5CS15

	
50,122.04

	
640.02




	
FC41.4 CS0

	
50,013.16

	
0.00

	
2.217 × 10−13




	
FC41.4CS5

	
49,797.36

	
215.80




	
FC41.4CS10

	
49,563.63

	
449.54




	
FC41.4CS15

	
49,311.96

	
701.20
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Table 13. Seven-story building cost and cost savings, along with corresponding p-value.
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Concrete System

	
Total Building Cost

	
Savings

	
p-Value






	
FC20.7CS0

	
171,186.87

	
0.00

	
1.465 × 10−14




	
FC20.7CS5

	
170,714.85

	
472.02




	
FC20.7CS10

	
170,203.61

	
983.26




	
FC20.7CS15

	
169,653.14

	
1533.72




	
FC27.5CS0

	
167,709.75

	
0.00

	
2.954 × 10−14




	
FC27.5CS5

	
167,190.55

	
519.20




	
FC27.5CS10

	
166,628.20

	
1081.54




	
FC27.5CS15

	
166,022.72

	
1687.02




	
FC34.5CS0

	
161,884.62

	
0.00

	
1.038 × 10−13




	
FC34.5CS5

	
161,268.07

	
616.55




	
FC34.5CS10

	
160,600.29

	
1284.33




	
FC34.5CS15

	
159,881.28

	
2003.34




	
FC41.4 CS0

	
158,533.01

	
0.00

	
1.882 × 10−13




	
FC41.4CS5

	
157,867.13

	
665.88




	
FC41.4CS10

	
157,145.92

	
1387.09




	
FC41.4CS15

	
156,369.37

	
2163.63
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Table 14. ADP p-value for concrete strength and average increase in emissions with increasing CS.
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Concrete Strength

	
Average Increase in ADP Emissions

	
p-Value






	
20.7 MPa

	
16.787%

	
0.048




	
27.5 MPa

	
17.347%




	
34.5 MPa

	
17.833%




	
41.4 MPa

	
18.233%
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Table 15. HTP p-value for concrete strength and average increase in emissions with increasing CS.






Table 15. HTP p-value for concrete strength and average increase in emissions with increasing CS.





	
Concrete Strength

	
Average Increase in HTP Emissions

	
p-Value






	
20.7 MPa

	
9.260%

	
0.015




	
27.5 MPa

	
9.760%




	
34.5 MPa

	
10.213%




	
41.4 MPa

	
10.597%
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