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The use of eco-friendly materials, waste prevention protocols, the support and participation of building construction stakeholders, polluter pays concepts, producer responsibility, life-cycle system thinking, and the application of cost-efficiency and cost minimization strategies are some of the guiding philosophies that are of extreme value when designing a waste management system via circular economy initiatives. However, it is crucial to measure the waste management strategy used in each building project. In order to measure the life-cycle performance of waste management systems and to assess how sustainable they are, this study offers a statistical methodology using a sustainametric technique to indicate how sustainable waste management system performance in emerging construction industries, particularly in South Africa. This study employs a sustainametric approach to evaluate the life-cycle performance of the waste management system of South Africa, with evidence of its sustainability performance measurement that can help advance the its waste minimization policy and implementation. The result indicates the viability of the measuring model and the findings of each metric utilized. The conclusion confirms that South Africa has not fully adopted and/or implemented a more sustainable waste management system for efficient waste minimization during its construction activities. Moreover, it is the reality that most emerging economies urgently need to expand and improve the waste reduction method employed in its construction building projects.
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Introduction

The acceleration in construction activity has brought about urbanization and, consequently, a quick increase in populations in several countries. However, rapid urbanization and industrialization have increased production and consumption processes, resulting in waste generation. Furthermore, because no concrete waste disposal standards exist, the environment has been clogged with garbage in numerous developing countries (Aboginije et al., 2020). Every year, thousands of demolitions occur, all of which have significant environmental and economic consequences since building materials have become unrecoverable and must be disposed of in landfills (Akinade et al., 2018; Huang et al., 2018). Furthermore, construction and building operations consume 3 billion metric tons of raw materials per year, accounting for 40% of global consumption. Similarly, annual construction production requires 170 million metric tons of basic materials and goods, 125 million metric tons of mining products, and 70 metric tons of secondary recycled and recovered products. An estimated 6 million metric tons of energy are used, and 23 metric million tons of CO2 are emitted from the process. According to global research, at least 9.0% of materials purchased for construction operations end up as waste due to on-site waste generation (Abioye and Rao, 2015).

Furthermore, as shown in Figure 1, waste created by building, demolition, and remodeling activities account for up to 40% of total waste generated in most nations. As a result, building or demolition waste might be found on job sites. Most countries dispose of approximately 15–30% of their waste in landfills (Thomas and Lizzi, 2011; Aboginije et al., 2021). Waste may be efficiently controlled at its source. Also, the amount of waste generated fluctuates depending on population density and urban growth, with roughly 80% of on-site waste being recyclable and usable. As a result, every effort is made around the world to manage building waste in a more sustainable manner (Liu et al., 2019). A sustainable waste management system (WMS) is anticipated to prevent harmful effects of waste on the environment or aesthetics, according to the UN 2017, but its efficiency is visible when it is efficiently managed (United Nations Environment Programme, 2017; Islam et al., 2020). Several waste management strategies are used to minimize on-site waste, although some of the strategies are unsuitable. Thus, a sustainable waste management system following circular economy principles is essential to reduce or eliminate waste in the construction sector, but the circular economy principles are painstakingly implemented (Ginindza and Muzenda, 2013; Aboginije et al., 2021).
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FIGURE 1
 Projection of waste generation worldwide in 2016, 2030, and 2050 by region in million metric tons (Statista, 2022).


Similarly, sustainability, utilization of eco-friendly materials, waste preventive protocol, support and involvement of building construction stakeholders, polluter pays concepts, producer responsibility, life-cycle system thinking, and the implementation of cost-efficiency and cost minimization strategies are some of the important guiding principles to follow when designing a waste system using circular economy initiatives (Nagapan et al., 2012; Velenturf et al., 2019). Furthermore, there should be legislative laws and guidance to enable the application of such sustainable WMSs. For instance, European waste legislation and prevention strategies aim to reduce waste before construction begins; this is accomplished by detailed design and material-use plans, which are critical in lowering purchase prices and the volume of recyclable materials. Although waste prevention and reduction begin with the manufacture of building materials, it is necessary to improve waste generation throughout the production process to avoid waste later in the construction process (Nagapan et al., 2012; Jingkuang and Yue, 2022). The major characteristic of a sustainable waste management system (WMS) is that it uses waste as an input material to create new value products. The goal is to reduce waste generation through reuse and recycling, minimizing the need for landfill space, extracting the maximum value from waste, and limiting the environmental effects of unavoidable wastes.

This means that by recovering materials, the volume of waste dumped in landfills may be minimized, and a sustainable waste management system can recover 90.0% of building waste (Kumar et al., 2017). Contractors also employ a variety of reuse techniques when building. For example, broken bricks and stones can be used as a subgrade to enable access to the construction site, and timber or plywood can be used to build temporary structures on site. According to Shen et al. (2004), reusing and recycling of construction materials greatly reduce landfill areas. Furthermore, storage equipment must be developed to meet the requirements for proper waste storage. Following waste storage guidelines, it should be ensured that necessary actions are taken after waste has been stored (Begum et al., 2010; Udawatta et al., 2015; Wu et al., 2016; Jingkuang et al., 2020). Unfortunately, most construction companies, especially those in developing countries, do not prioritize proper waste storage in any of their projects. Waste components must be minimized in product and building materials, or the quantity of material used, and the potential toxicity of waste generated during manufacturing and after utilization must be decreased (Jingkuang et al., 2022; Yuan, 2017).

Therefore, a sustainable waste management system is required, and while developing a waste management system, the volume or size of the trash and the composition of the waste should be considered. As many major towns are intending to close their landfills, these considerations will aid project managers in allocating the appropriate volume of landfills for each waste concern. Furthermore, this will take long time to eradicate garbage generated in construction sites each year (Bojan et al., 2017). The purpose of the WMS design is to develop a sustainable environment by meeting the waste management mandates of countries. Other suitable standards such as waste avoidance, total waste generation reduction, and creation of a product reuse system should also be an integral part of the waste management system (Aboginije et al., 2021). The requirement for sustainability measurement, which can be applied in determining any waste management system performance, including improvement in operations, performance benchmarking, progress tracking device, and process evaluation, has gained the attention of researchers.

Therefore, this research aims to provide new knowledge and understanding by providing a mechanism that can be used to assess the sustainability of any country's WMS. The scoring mechanism is used to specify whether the system is sustainable and/or whether there is a consequential exigency to optimize the system. In addition, the solution provided will be beneficial to the construction sector of several economies, especially developing countries. The research objective is to design a mechanism to measure the performance of the waste management system of any country using sustainametric techniques. The sustainametric techniques are a set of measurement variables that obey sustainability principles.



Research methodology

The aim of any sustainable construction in the construction sector is to achieve sustainable development, which entails integrating sustainable principles into effective strategic frameworks. The goal of this research is to provide an indicator-based framework for measuring and evaluating the sustainability of any construction and demolition waste management system. As a result, developing a good sustainability indicator is essential, and an indicator-based framework is created to accomplish this goal. The performance of social, environmental, and economic aspects is used to evaluate sustainability, according to the U.S. Department of Transportation (Moldan et al., 2012; Singh et al., 2012). Some of the most well-known and widely used sustainability measures, according to Singh et al. (2012), are corporate sustainability reporting, triple bottom line accounting, and estimates of the quality of sustainability governance for individual countries using the Global Green Economy Index (GGEI), Environmental Sustainability Index (ESI), and Environmental Performance Index (EPI).


The TBL principle

The TBL concept results from a paradigm of sustainable development that is usually used to measure any performance, but there is a need to find a balance between the three dimensions, as illustrated in Figure 2. The TBL is described as a framework that produces nonpolluting goods and services while preserving energy and natural resources. It is also economically viable, safe, and healthy. Furthermore, it enables an organization to review its actions by considering not only the economic values generated but also the environmental and social values that might be multiplied or diminished. While achieving sustainability by balancing the triple bottom line principles is an ideal objective that can assist and guide decision-making, it will not be possible in every project. It is certainly possible to measure and report the environmental bottom line, albeit it can be a time-consuming and challenging procedure depending on the size of the company (Scerri and James, 2010; Sridhar, 2012).
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FIGURE 2
 Triple bottom line concept (Tasdemir et al., 2020).


Executing a sustainable WMS in achieving a green economy will support mitigating the climate crisis in terms of pollution prevention, among other things (Xiao et al., 2018). Since waste management is an integral part of the TBL of sustainability, companies should aim to address these issues, which require strong commitment and leadership as well as drastic changes. Several countries do not stop at merely making it viable, equitable, or bearable but, instead, aim for its sustainability. In this study, the TBL is used to understand the indications of the various impacts of sustainable waste management across the three sustainability patterns (Bell and Morse, 2008; Dalal-Clayton and Sadler, 2009; Dahl, 2012; Singh et al., 2012).



Sustainability measurement criterion

Sustainability can be measured in following ways: accounts of quantitative data, the use of narrative assessments, and the use of indicator systems. Accounting of quantitative data involves changing quantitative data into common units, like money or energy, the use of narrative assessments includes the use of graphics maps and tables, and the use of indicator systems involves organizing information from narrative assessments around indicators. Indicator-based systems can be measured easily, can be compared easily, and are more objective; hence, it is reported to be able to perform better than other methods (Dalal-Clayton and Sadler, 2009). As a result, decision-makers and stakeholders must be involved in the development of indicators in order for their values and concerns to be considered. However, the system must be both technically and scientifically sound. The system must first be specified, with an appropriate system boundary drawn, before it can be studied further. The constituents of the system include the complete input, output, emissions, energy, and other secondary aspects that should be thoroughly investigated (Dong and Hauschild, 2017).

The first step involves indicator selection. This step establishes operating circumstances, process parameters, and characteristics. The indications for which measurement is required are chosen. This serves as the system metric, which will be examined in the following steps. An assessment or measurement is carried out using proper assessing tools that have been confirmed and tested, or experiments for pre-defined indicators. This is carried out to offer a value for the indicator measurement (George and Mallery, 2003; Høgevold and Svensson, 2012). After the results have been gathered, the data are properly analyzed and interpreted, and tools are utilized to improve and change the system procedures. Because of the interdisciplinary character and complexity of the challenges that this topic embodies, measuring sustainability is difficult (Troschinetz et al., 2007; Ferro et al., 2017). Methods have emerged from various fields that are focused on ecological, economic, and social considerations. First, one must know what should be done with the results of a sustainability measure, what are the major concerns, and what are the system limitations. It is often more informative to track the growth of the entity—is it more sustainable now than it was previously? It is challenging to compare similar things due to the data complexity and diversity (countries, companies, institutions, and even products), rather than trying to explain the status of sustainability in one number or a table of numbers. The usage of imagining to portray the data is a useful way to do it (Gasparatos et al., 2008; Garcia-de-Vinuesa DL, 2018).

The ideal technique for measuring sustainability would display a tripod paradigm of pollution prevention, social equity, and economic benefit, which determines actual sustainability, and what the indicators measure must be linked through the metrics. A good indicator will track how a system becomes more or less sustainable over some time (Mayer et al., 2004; Sahely et al., 2005). The work of measuring sustainability is value-laden and socially charged, which makes studying sustainability as an objective science very difficult. According to Hammond et al. (1995) and Lele and Norgaard (1996), if the aim of the analysis is known, a multidisciplinary approach to problem conceptualization and study methodologies can be employed. Sustainability metrics are employed to measure and quantify sustainability beyond general ideas. Different international groups have their various disciplines or policies and political views, and they disagree on how sustainability should be measured.

Although sustainability metrics like reporting systems are popular among public and private sectors, they are unable to influence actual policies and practices in a society (Hermann et al., 2007; Milne and Gray, 2013). Strategies from sustainable waste management in environmental, social, and economic areas help draw the metrics used for sustainability measurement in this work. These metrics include indicators, benchmarks, audits, indexes, and accounting, as well as assessment, appraisal, and other reporting systems that are applied over a wide range of spatial and temporal dimensions, albeit they are continuously evolving. Recently, testing of intents and behaviors that are normally distributed and that pursue goals of sustainability was proposed as a methodology of sustainability monitoring. The selection of sustainability benchmark indicators was founded on sustainable principles and the life-cycle impacts of its implementation in construction projects across the construction phases. Each of the indicated metrics can be used to analyze the degree of application of sustainable strategies in the WMS of any country (Ekanayake and Ofori, 2004; Rahim and Kasim, 2017).



Sustainability performance scoring system

The demographic factors employed are grouped. Each was given a code number (e.g., 1 and 2). The objective was to show the degree to which sustainable waste reduction strategies are executed in the building construction project. This can be obtained through the contribution of respondents in a semi-structured survey put together on a scale of 1–100 with the highest score indicating very high (i.e., more than 70% execution rate). The correspondence is required to be construction professionals with vast experience and expertise with track records. From the data collected, a TBL dimension was developed to show the sustainability-based reason that includes all the dimensions of sustainability that should be considered in any project scope (Lozano, 2006; Milne and Gray, 2013; Montabon et al., 2016). This shows the three vital aspects of sustainability (social, economic, and environmental) and the variables under each as utilized by the construction industry. In terms of the distribution of each variable under an indicator across the construction life-cycle phases is tabulated. Furthermore, the set of indicators for each stage of the construction life cycle, from planning to feasibility testing to refurbishment, is described. However, certain variables cover one or more stages, indicating that they can be used in many phases.

Data collected in this study were captured, extracted, and analyzed. The last step developed a material flowchart using life-cycle mapping. This makes the sustainable performance measurement using the triple bottom line dimension possible to indicate each variable execution rate across the construction life-cycle phases. A decisive step to provide the SPM as the requirement to measure the sustainability performance of the WMS was taken. As a result, the sustainability measurement is intended to support a decision-making mechanism by providing significant information for planning future actions prioritized in any waste sector, but it is only classified as “dimensionless,” which means it is expressed in relative (percentage) measures (Nardo et al., 2005). There are also important evidence and asymmetry between the number of SPI for each triple bottom line dimension and their combination in tri-dimensional indicators (Pontius and Mclntosh, 2020). Table 1 presents the phases of the construction life cycle as construction projects advance (from the initial to the finish).


TABLE 1 Criteria for assessing the performance of WMS (Aboginije et al., 2020).
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Case study area and rationale

South Africa is the second largest economy in Africa, with a growth of 1.25% predicted in 2022 from 0.98% in 2019. The country is located in the southernmost part of the African continent and covers a total size of 1.2 million square kilometers. It is noted for its cultural variety. It is bordered by Namibia, Botswana, Zimbabwe, and Mozambique. South Africa is the largest country in Southern Africa, with three capital cities, namely, Pretoria (executive), Cape Town (legislative), and Bloemfontein (administrative; judicial). It is a multicultural society with many cultures, languages, and religions. Afrikaans, English, Ndebele, Northern Sotho, Swati, Tswana, Tsonga, Venda, Xhosa, and Zulu are the 11 official languages of South Africa, which are spoken by a diverse ethnic population. The country is divided into nine provinces, as illustrated in Figure 3 (Bundy et al., 2022). South Africa now possesses a comprehensive legislative framework because it is still a relatively emerging economy.


[image: Figure 3]
FIGURE 3
 Map of South Africa showing the nine provinces (Bundy et al., 2022).


However, the significant waste management problem of the country requires rapid care. Population expansion, urbanization, a lack of compliance, and general waste management behavior are some of the predominant waste sources. The population of South Africa was predicted to reach 60.14 million in mid-2021, up around 604 281 (1.01%), from mid-2020. The country is quickly urbanizing, with one of the fastest urbanization rates in the world (DEAT, 2001; Aboginije et al., 2021). As a result, the 'trash creation rate of the country is increasing daily, and attempts are being made to reduce it to a negligible level. Figure 4 illustrates the flowchart of LCA material flow.


[image: Figure 4]
FIGURE 4
 Flowchart of LCA material flow (author).





Results and discussion

In this study, men formed a large proportion of respondents. From a total of 150 data samples that were retrieved, 73.8% were men and 25% were women, while 1.2% preferred not to identify their gender. In addition, construction stakeholders were evenly distributed to avoid any form of bias and to prevent any among the professionals from constituting a larger proportion of the population unnecessarily. On average, the respondents' years of experience were more than 15 years, and they had a bachelor's degree as their minimum qualification. The preponderance of respondents works in public consulting and contracting firms, followed by private firms, with government employees accounting for the least percentage of respondents. Also, it can be seen that 29.2% of respondents have worked on house estate projects, 17% have constructed roads, 12.5% have built government offices, 4.2% have experiences in civil works, 3.0% have worked on renovations, and only 1.1% have worked on other projects in construction. This is shown in Figure 5. A total of 83.9% of the respondents have had strong experience in CWM for the past 2 years.


[image: Figure 5]
FIGURE 5
 Respondents' demography according to the project executed (author).


George and Mallery (2003) indicated that internal consistency is a statistic and research metric that is based on the correlations between distinct test items, and it determines whether many items used to measure the same fundamental construct produce similar findings. Cronbach's alpha is used to determine the internal consistency of any collected sample. The complete variation was accounted for. An exploratory factor analysis (EFA) was also performed using the SPSS statistical tool (Peters, 2014). As shown in Table 2, principal axis factoring separates the variables into seven factorial components. Each cumulative deviation was calculated in percentage, and the total deviation was derived for the life-cycle phase of each building.


TABLE 2 Scores of variables.

[image: Table 2]

In the descriptive statistics, there were seven extracted items loaded into seven clusters. The variables used for this study were obtained from previous studies and primary literature sources reviewed by the researchers. In cluster 1, “Rethink and Redesign”, three factors were loaded. Avoidance of a complex design and detailing was scored the highest, with a 66.6% rating in the application, while contractual agreement on waste reduction, and design and purchase of reusable, recycled, or sustainably renewable materials were rated 33.4%, respectively, which implies that the latter was a barely used sustainable waste management strategy in the South African construction industry. In cluster 2, “Reuse”, three factors were loaded with the indication that 56.2% used a selection of materials that maximize the usable lifespan and opportunities for continuous use, 23.2% minimizing the quantity and maximizing the quality of materials, and 22.6% implementation of sustainable procurement.

In cluster 3, “Recycling”, three factors were loaded, indicating that 40.1% for use of resilience secondary materials market optimization, 30.6% utilization of recycled materials, and 20.3% provision for incentives in transactions on secondary materials. In cluster 4, “Material Recovery”, two factors were loaded, with 67.0% for material recovery maximization and 33.0% recovery of resources and energy if possible. In cluster 5, “Residual Management”, three factors were loaded, with 44.2% for the encouragement of natural resources, 34.8% minimization of negative impact on the environment, and 21.0% landfill site conservation. In cluster 6, “Policy Implementation”, two factors were loaded, with 41.4% for imposture of landfill tax by the government and 40.0% institution of laws against incineration. In cluster 7, “On-site waste management plan”, two factors were loaded, with awareness among clients and contractors scored 55.1% and waste expertise involvement on sites scored 44.9%. Table 2 shows the grading score of each of the variables.

While the normality test was used to evaluate if variables were regularly distributed or not. The normality test was conducted with 0.05 as the lowest value. For sample sizes < 50, statistical results were based on the “Kolmogorov–Smirnov” test, while results for sample sizes < 50 were based on the “Shapiro–Wilk” test. Because our sample size was greater than 50 in this study, the “Kolmogorov–Smirnov” was used. The p-value was < 0.05, according to the normality test, which makes it a suitable analysis. In each cluster, there are signs that some of the variables indicate a high performance of the waste management system, while others show a very low implementation rate. Table 3 shows the grading score for the normality test. The result indicates that the most common waste minimization strategy achieved is avoidance of complex design and detailing, material recovery maximization, and selection of materials that maximize the usable lifespan, while landfill site conservation was found to be the least of the waste minimization strategy in operation in South Africa. There is obviously a poor procurement mechanism, inadequate landfill site conservation, and lack of provision made for incentives in transactions on secondary materials.


TABLE 3 Normality test.
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Conclusion and recommendation

In South Africa, there is a noteworthy advance in the implementation of the sustainable WMS. However, the governments and other building stakeholders must ensure that a sustainable WMS is in operation from the feasibility study through project completion to decrease waste to the lowest possible level. In this study, the model applied for the grading system can be validated, and the result of each metric used for the measurement is viable. In a nutshell, the construction industry of South Africa is yet to fully adopt and implement a sustainable waste management system for effective waste minimization, although the overall performance shows that the construction sector is thriving and improving in its approach to waste management. There is an imperative requirement to upscale and upgrade the current waste management system applied to minimizing waste in the construction industry of South Africa. At the moment, there is an increase in research on sustainametric application in sustainability performance measurement, but further sustainametric/and statistical mechanisms can be used to model a pattern for the optimization of the WMS in any construction sector.

Furthermore, the waste management system implemented in South Africa has the potential to be much more evident in terms of job creation and possibilities, cost savings, and resource conservation, especially when integrated into the process of recycling and reusing waste materials. In addition, despite government taxes and penalties for unlawful dumping, many municipalities in South Africa still dispose of their waste in landfills. Therefore, there is still room for improvement in the waste management sector operations, given the low compliance rate with the sustainable waste management policy and framework. If appropriately applied, the sustainability assessment approaches mentioned in this study can aid in understanding any waste management systems in place and determining their sustainability.
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