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Abstract

:

The purpose of this study was to assess the impact of recycling and upcycling technologies on the level of efficiency of large construction companies in the context of waste management practice. The research methodology was based on regression analysis and factorial analysis of variance. Based on the assessment of waste management efficiency in the context of recycling (upcycling), the positive dynamics of the efficiency of its implementation was determined in comparison with traditional waste disposal. The levels of the relationship among net profit, investment in waste management, and recycling efficiency for the companies under study were determined. Regression analysis of the impact of recycling efficiency on the performance of the companies under study in the context of waste management demonstrated a positive effect of an increase in the efficiency of recycling (upcycling) on the net profit of all companies under study. However, at the same time, there was a different effect and degree of influence of this indicator according to the formed scenarios. Despite the high efficiency of recycling (upcycling), the prospective increase in its level does not have a proportional relationship with profit but depends on the development factors of the construction company. Two-way analysis of variance demonstrated a strong influence of the efficiency of recycling (upcycling) and waste disposal on waste management efficiency. It was proven that companies that currently have a high level of recycling (upcycling) efficiency are practically not focused on traditional waste disposal, since recycling has a more significant and positive impact on the effectiveness of their activities.
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1. Introduction


In the past few years, the circular economy has attracted more and more attention around the world as a way to overcome the existing production and consumption pattern based on constant growth and increase in resources’ capacity. The concept of a circular economy is increasingly seen as a major agenda item and challenge for the construction sector. Currently, the global problem of scarcity of resources and the need to reduce waste generation make the discussion about environmentally friendly production models more serious than ever before [1]. The construction sector is one of the world’s largest waste generators. Thus, a circular economy can help reduce the environmental impact of a construction sector [2].



Construction companies along with the construction materials industry intensively and constantly consume huge amounts of natural resources and generate significant portions of construction waste. Thanks to this, construction gives rise to many environmental and social issues. As construction companies play a key role in sustainable development and because they use too many resources and land, even more attention needs to be paid to their economic development. For instance, the construction companies themselves are actively incorporating recycling practices. In addition, one should keep in mind that construction products and real estate represent a class of assets associated with intense carbon emissions. Therefore, the construction industry may be considered a key component in delivering the world for a sustainable future [3]. From this perspective, it is important to find new ways and methods to green the construction and building operations and ensure that the economic interests of all stakeholders involved in the development of construction projects are met [4].



In-house recycling is an important step not only towards the development of environmentally friendly investment and construction projects (sustainable construction), but also towards implementing those projects efficiently. In this case, recycling is seen as a response of the construction industry to challenges brought by sustainable development in socioeconomic and environmental spheres [5].



The recycling of construction and demolition waste (CDW) has achieved significant success in the EU and US, and their levels of waste processing exceeded 80% [6,7]. In Russia, recycling is just beginning to gain popularity among construction companies [8]. A building is a structure experiencing complex interactions throughout its lifespan, which is why the CDW recycling practices involve many parties. The bulk of CDW comes from private actors. In the future, the recycling of materials is likely to be performed by enterprises and subsidiaries that previously have built and demolished the building [9].



Developing a system of standards to balance the development of green construction waste management will bring significant changes to the economic, social, environmental, and ethical spheres. The imitation of the concepts of the development of technocentrism is unacceptable today. As part of the implementation of green building, it is possible to envisage the modernization of the industry by introducing environmental standards, the market of secondary raw materials by means of recycling, and the development of a methodology for assessing production efficiency based on the concept of resource conservation with the processing of appropriate tools [10,11].



The most important factors for minimizing waste are reduction, reuse, and recycling, also known as the 3R strategy [12]. Recycling, one of the key ways to minimize waste, offers the following benefits: (1) reduced demand for materials made from primary resources; (2) reduced use of energy for transporting waste and producing primary materials; and (3) the disposal of waste that would otherwise take up the landfill. Waste from construction and demolition have two sides of origin: materials arising from the demolition, construction, reconstruction, or alteration of buildings, as well as the construction, replacement, repair, or alteration of infrastructure such as roads, tunnels, sewers, water, electricity, telecommunications, and airports [13].



Reducing waste and promoting high-quality waste management involve promoting the future cyclic use of building elements, components, and parts, with a focus on generating less waste and on the potential for reuse or high-quality recycling of key building elements after deconstruction. This includes efforts to develop the value chain: first, reuse or recycle resources (i.e., materials) in such a way that most of the material’s value is conserved and recovered at the end of the building’s life, and, second, the design of components and use of various construction methods for reuse (or recycling to avoid reuse) [14]. Increased recycling levels lead to more jobs in the overall solid waste industry [15].



The major economic challenges facing the construction company when introducing recycling practices are associated with the stakeholders’ doubts over financial benefits of recycling. Despite these concerns, recycling can still be considered an integral part of sustainable construction and an approach for enhancing efficiency, productivity, and profitability of the company [16]. The main obstacles to positive changes are insufficient customer demand, top management’s fear of low profit margins, and the failure of short-term expenditures to contribute to long-term sustainability [17]. The above aspects reinforce the need to implement recycling programs and detailed methodological approaches to assessing their impact on the construction industry. The limiting factors that can constrain the development of recycling practice in construction companies are the long payback periods and low finance [18,19].



The construction industry plays a vital role in the global economy. Given the relevance and diversity of environmental issues that it encounters, many researchers have put their efforts to solve the problems of recycling and sustainability in the sector. In general, the investigation tackled the following issues:




	(1)

	
improvement of technologies on construction waste recycling [20];




	(2)

	
assessment and modeling of certain aspects of construction object’s life cycle [21,22];




	(3)

	
creation of new materials from the construction waste [23,24];




	(4)

	
cost-effective methods to assess assets and risks in recycling projects [25];




	(5)

	
information technologies for solving recycling challenges in construction [26];




	(6)

	
improvement of legal regulation mechanisms and the creation of a recycling policy [17]; and




	(7)

	
application of recycling principles against the backdrop of sustainable development in the construction industry [27,28].









However, even though construction companies have the ability to incorporate various waste recycling (upcycling) practices, the methodological framework for decision-making is rather poor. This study aimed to fill this gap by developing a methodological approach for the assessment of waste management efficiency in the context of recycling at construction enterprises. This determined the purpose of this study—to assess the degree of influence of recycling and upcycling technologies on the level of efficiency of large construction companies in the context of waste management practice. Based on the formed research goal, the following hypotheses were identified:



H1. 

Recycling and upcycling affect the waste management efficiency of a large construction company.





H2. 

Traditional waste disposal significantly affects the waste management efficiency of a large construction company.





H3. 

The combined use of recycling and waste disposal has a significant impact on the waste management efficiency of a large construction company.






2. Materials and Methods


The study was carried out using materials from three construction companies—Hochtief (Essen, Germany), Kiewit (Omaha, NE, USA), and LSR Group (St. Petersburg, Russia)—during 2015–2019. These companies were selected for the study since they occupy a leading position in the construction industry of their country and use the concept of waste management in their activities. The initial data for the study were the financial and corporate reporting of the specified companies for the stated period.



The logic of this study assumed the implementation of several interrelated stages:




	
Determination of the relationship between the level of recycling efficiency, the company’s profit and its investment in waste management.








The paper proposes the following methodological approach for determining the efficiency indicator of recycling (upcycling). It is assumed that the costs of disposal of construction waste (  D  C  c w    ) consist of waste collection costs (  C  C  c w    ) and costs of intermediate works (  S  C  c w    ) on collected construction waste sorting. They can be expressed this way:


  D  C  c w   = C  C  c w   + S  C  c w    



(1)







The total cost of disposal of construction waste can be divided into the costs incurred in landfill disposal and the costs incurred in recycling [29]. Moreover, the costs (  L  C  c w    ), incurred for disposal at the landfill consist of collection and transportation costs as well as disposal costs [26], which is reflected in the following equation:


  L  C  c w   = D  C  c w   − S  C  c w   + T  C  c w   + R  C  c w    



(2)




where   T  C  c w     is the cost of transporting construction waste to the landfill;   R  C  c w       is the cost of disposal of construction waste.



Intermediate operating costs   S  C  c w     for the classification of construction waste collected in Equation (2) are excluded from the construction waste processing cost (  D  C  c w    ) in accordance with the conditions of waste disposal.



Recycling costs (  R e  C  c w    ) are calculated as follows [26]:


  R e  C  c w   = D  C  c w   + S C  R  c w   + P  C  r g   − P  C  r g    



(3)




where   S C  R  c w      is   the    transportation cost to the processing facility;   P  C  r g      is   the    production cost of processed material;   S  C  r g     is the cost of selling processed products. In Equation (3),   P  C  r g     reduces processing costs (  R e  C  c w    ) on income from product sales.



Transportation costs in this study were determined on the basis of the constant cost of transporting construction waste. This assumption may be a limitation of the study, since the cost of transporting construction waste may vary depending on the region, but depends on the type of object being transported, the type of vehicle, and the distance of transportation. At the same time, the prices for intermediate waste processing and waste disposal differ. This is due to the fact that, in the case of intermediate waste processing, this is preliminary work (crushing and pre-sorting) before transportation, and the volume is relatively small for the same weight compared to the waste that needs to be disposed of, which reduces transportation costs.



This study considers recycling cost   P  C  r g     as the cost of obtaining recycled construction waste and converting it into a finished product. Moreover, the cost of selling products for disposal (  S  C  r g    ) involves the determination of the price per unit of delivery of the product (see Equation (3)). At the same time, there is a limitation of this study, since it is difficult to accurately assess the cost of production of building material, therefore it is estimated through the selling price of the product. As production costs increase   P  C  r g    , selling price   S  C  r g       increases, so one can assume that   P  C  r g     and   S  C  r g     have the following linear or nonlinear relationship. This study assumes that   P  C  r g     and   S  C  r g       have a linearly proportional relationship:


  P  C  r g   =  (  1 − p  m  r g    )  · S  C  r g    



(4)




where   p  m  r g     represents the profit margin (%) of the sales of the recycled product [30].



The proposed indicator of waste management efficiency in the context of the effectiveness of construction waste recycling is the ratio between costs   L  C  c w     and recycling costs   R e  C  c w    , incurred in waste processing as defined above. This ratio can be displayed by applying   L  C  c w     and   R e  C  c w    , defined in Equations (2) and (3), respectively. Thus, one can get:


  R  E c  =   D  C  c w   − S  C  c w   + T  C  c w   + R  C  c w     D  C  c w   + S C  R  c w   + P  C  r g   − P  C  r g      



(5)







If   R  E c    > 1, i.e., if the processing cost (  R e  C  c w    ) is less than disposal cost (  L  C  c w    ), it means that there is a benefit to a company from recycling (which also varies depending on the type of secondary product to be recycled). In Equation (5),   T  C  c w    ,   S C  R  c w    , and   R  C  c w     are the general (fixed) costs that apply regardless of the type of recycled secondary product, while   S  C  c w     and   S  C  r g     are general (fixed) costs that depend on the type of secondary product. At the same time, transportation costs   T  C  c w     and   S C  R  c w     may depend on transportation distance.



Based on the ratio of the recycling efficiency indicator (  R  E c   ), net profit, and volumes of investments in waste management of the studied companies, the interdependence of these indicators for the period 2015–2019 was analyzed. Taking into account the revealed dependencies, the transition to the next stage was carried out-the equations of linear regression were formed.



	
Modeling the predicted results (profit and investment) based on the constructed linear regression equations for the construction companies under study. For this, three waste management efficiency scenarios were created. The waste management efficiency in this case is defined as a ratio of construction waste disposal to the cost of recycling or processing. Thus, the prediction was made about changes in the costs of waste collection, transport, and disposal in a landfill.



	
Changes in processing cost (costs of transporting waste to a recycling facility, waste recycling, and sale). In the first scenario, the recycling efficiency is higher by 10%, in the second scenario by 20%, and in the third scenario by 30%.



	
Conducting two-way ANOVA (Analysis of Variance) with repetitions to determine the degree of influence of the level of waste disposal and recycling on the level of waste management of the construction companies under study. The ANOVA allows for the identification of both the synergistic effect of two factors and the interaction between them. This study used ANOVA to determine the relationship between waste management efficiency Y   ( R  E c  )   and two variables (factors), which are within the construction enterprise’s control and influence, namely   L  C  c w      and    R e  C  c w    . The independent variables used in this study are the disposal cost and the processing cost [31]. The levels for the processing cost are designated as “Factor (recycling) j” (j runs from 1 to a), and the levels for the disposal cost are designated as “Factor (disposal) i” (i runs from 1 to b). For each pair of factor levels, there is one sample of measures m. Each of the measurement data be designated as “k” (k runs from 1 to m).



	
The values of   R  E c     ( Y )    obtained by solving Equation (5) at varying levels of j “Factor (recycling)” and i “Factor (disposal)” are denoted as    Y  i j k    . Overall, there are   6   samples    (  a × b = 3 × 2  )  .  






A fragment of the original data (for the Hochtief company) is shown as an example in Table 1.



When forming the initial data for the two-way analysis of variance with repetitions, a matrix was formed in which assumptions were made about deviations in the negative and positive directions from the explicit indicators of disposal and recycling by 5% for each option. Let us assume that variances for all samples    σ 2    are unknown but equal. Let us also assume that “Factor (recycling) 5” and “Factor (disposal) 2” are based on the value as of 2019 and can take on values with a 5% increase towards “Factor (recycling) 6” and “Factor (disposal) 3” and a decrease towards “Factor (recycling) 4” and “Factor (disposal) 1”. The waste management efficiency is determined based on the cost of construction waste disposal and the cost of recycling through   R  E c   . By determining the share of the influence of each of the factors in the total aggregate, the degree of influence of waste disposal and recycling on the final result in percentage was determined. Thus, the two-way analysis of variance with repetitions in this study served as a tool to determine the degree of influence of the level of waste disposal and recycling on the level of waste management of the studied construction companies.




3. Results


The surveyed companies—Hochtief, Kiewit and LSR Group—use waste management in their activities. Hochtief always adapts environmental protection measures to the respective project. Especially when implementing projects in the framework of public–private partnerships, it takes into account the top-down technique for underground construction and together with clients develops concepts that ensure resource savings, climate-friendliness, and low maintenance costs, both in construction and in the transport infrastructure. Already at the design stage, the recycling or upcycling of materials is assessed, thereby helping to minimize emissions harmful to the environment and climate, as well as conserve resources.



Kiewit, for example, has completed a $115 million runway renovation project at McCarran, Las Vegas, with an 8600 ft runway, two taxiways, drainage, demolition, utilities, electrical and communication works, and concrete and asphalt pavement. The project was built in 66 different phases and ran through a number of existing warehouse taxiways to provide access to active businesses. The amount included 83,000 square yards of concrete; 250,000 tons of asphalt; and over 35,000 ft of drainage pipe ranging from 18 to 66 inches. However, most of the existing coverage had to be removed. Kiewit crushed and took off-site asphalt pavement for recycling and crushed and recycled on-site the concrete pavement for aggregate.



The LSR Group is also committed to minimizing waste generation and is looking for solutions to reuse different types of waste. LSR Group regularly monitors compliance with the agreed waste generation and disposal limits, as well as compliance with the requirements for temporary waste accumulation sites. For example, in 2018, the company transferred construction waste to third-party organizations: 41% for neutralization (change of the weight and physicochemical properties of waste to minimize its adverse impact on the environment and humans), 36% for disposal, and 23% for placement at third-party facilities.



An assessment of waste management effectiveness in the context of recycling (upcycling) and disposal in construction companies Hochtief, Kiewit, and LSR Group is shown in Figure 1.



During the study period, LSR Group did not provide investments in development, renovation of fixed assets (equipment), and intangible assets (technologies). Although the company did not have investments in development, there was strategic planning and implementation of a development strategy—namely, a strategy of concentrated growth (an increase in the supply of construction products within the primary real estate market and an increase in sales volumes within the mastered market niche). At the same time, the company is not focused on the introduction of recycling and upcycling within the framework of the specified development strategies, which is confirmed by the lack of appropriate investments. The value of waste management efficiency (  R  E c   ) until 2017 was at the level from 0 to 1, that is, at an average constant level. This value of the indicator shows the fulfillment of strategic targets, but the lack of synergy and significant progress. The latter is due to insufficient provision of technologies and equipment. The lack of investment in the conditions of the continuous growth of strategic development indicators at the enterprise indicates, e.g., the possibility of the loss of manufacturability level and equipment for the purpose of implementing waste management. The ratio of the net profit indicator, the volume of investments in waste management, and the efficiency of recycling for 2015–2019 is shown in Figure 2.



It can be argued that there is a significant relationship between investment in waste management and recycling efficiency, since R2 = 0.78, which is rather close to 1. At the same time, there is practically no relationship with the level of the company’s net profit. This indicates the active policy of the LSR Group towards waste management over the past five years. However, given the fact that the implemented projects have a long payback period, one can expect an increase in efficiency in the near future. Otherwise, they can be considered ineffective.



Kiewit has invested in development, renovation of fixed assets (equipment), and intangible assets (technologies). Accordingly, this was laid down at the planned strategic level. Taking into account the availability of investments in waste management, the company carries out strategic planning and implements:




	-

	
a strategy of concentrated growth (sale of a highly competitive portfolio of real estate objects within the framework of the primary real estate market);




	-

	
an integrated growth strategy (development of new market segments for the promotion and sale of construction products by reaching consumers with low income); and




	-

	
innovative local strategy.









In 2019, the enterprise had the largest volumes of income (proceeds) from the sale of construction products in the direction of implementing an integrated growth strategy (development of new market segments and promotion and sale of construction products by reaching consumers with low incomes). The ratio of the net profit indicator, the volume of investments in waste management and the efficiency of recycling for 2015–2019 is shown in Figure 3.



This has been facilitated by a reduction in the level of costs based on recycling and upcycling in the context of waste management. The efficiency of recycling in waste management of the surveyed enterprise (  R  E c   ) in 2019 was 2.789. At the same time, the highest value of this indicator was noted in the implementation of the integrated growth strategy (development of new market segments and promotion and sale of construction products by reaching consumers with low incomes), which was due to lower costs compared to other areas. The relationship between investment in waste management and recycling efficiency is significantly higher compared to the impact on net profit. This indicates the effectiveness of investment projects implemented in the company in the context of waste management. However, due to their long-term orientation, they do not yet bring high volumes of profit, although the result is being observed.



Hochtief strives for a consistently high recycling rate (including regeneration) of at least 85% annually. Hochtief’s diversified project activities lead to fluctuations, as large infrastructure and mining projects, for example, generate particularly large volumes of waste at certain stages. In other construction projects, the company reuses as much waste as possible, for example, as backfill. The ratio of net profit indicator, the volume of investments in waste management, and efficiency of recycling for 2015–2019 is shown in Figure 4.



Fluctuations in waste volumes are normal due to large fluctuations in business projects. Some of the projects implemented in 2018 were particularly resource intensive. Where possible, waste is reused in other projects, with an overall recycling rate of 81.3% in 2019 (2018: 87.1%). Hochtief develops waste management concepts for each project at an early stage to facilitate the economic and environmental design of material flows. Whenever possible, materials should be reused in the same project. Dedicated tools such as Turner Waste Tracking System are used in some areas to calculate and categorize by type. Due to the cleanest possible separation of construction waste, the company achieves a very high recycling quality. At Hochtief, however, the term recycling covers both recycling and upcycling. The Hochtief recycling rate is the volume of all recycled and reused waste as a percentage of the total waste. At the same time, there is a high relationship between the efficiency of recycling and net profit, since R2 = 0.83, which is very close to 1. There is no strong link between investment in waste management and recycling efficiency. This may be due to a cumulative investment effect, as a result of which the sensitivity to investment projects decreases.



The results of modeling the possible impact of increasing recycling efficiency on the activities of the companies under study are shown in Table 2. In this case, there was an increase in coefficients in the equations of dependence between recycling efficiency and net profit (yNP) and between recycling efficiency and investments in waste management (yInv), as shown in Figure 4. Three recycling efficiency scenarios were developed, in which recycling efficiency increased by 10%, 20%, and 30%, respectively. Based on the proposed scenarios, yNP and yInv were determined.



For all the companies under study, one can state the fact of a positive impact of recycling on net profit, since with each increase in its efficiency indicator, according to the next scenario, there is an increase in net profit. However, the highest predicted result for Kiewit should be highlighted. A 1% increase in waste management efficiency based on recycling (upcycling) contributes to an increase in profits by 15.4%. At the same time, the need to increase investment in waste management is an increase of 1.3%. For Hochtief, a 1% increase in the level of waste management efficiency based on recycling (upcycling) could lead to an increase in net profit by 4.2%, and investment in this area by 1.6%. For LSR Group, a 3.9% increase in net profit is observed, while it is necessary to increase investment in waste management by 2.3%. For a more in-depth study of the impact of recycling (upcycling) and waste disposal on waste management efficiency, factor analysis was carried out. The results are shown in Table 3. Data in Table 3 include variation sources, the sum of squares indicating the amount of variation of the estimated factor level mean around the overall mean (SS), the degree of freedom (df), F-statistic values, p-values, and F-critical values. The degree of influence of each examined factor was determined by the p-value. The significance level was set to p < 0.05.



Based on the analysis of variance, taking into account the use of recycling (upcycling) and disposal of construction waste, it can be argued that these factors have a strong influence on waste management efficiency, because the p-value for all single variants of the influence of factors is below 0.05. This proves Hypotheses H1 and H2. A closer connection is present in the context of the introduction of recycling (upcycling). The interaction of both factors at the same time is almost impossible (p-value > 0.05); therefore, Hpothesis H3 has no confirmation. The most tangible impact of recycling (upcycling) is on Kiewit (84%) and Hochtief (82%). For LSR Group, this figure is 60%, and the disposal factor has a fairly strong influence (32%). The results obtained indicate that companies that currently have a high level of recycling (upcycling) efficiency are practically not focused on traditional waste disposal, since recycling has a more significant and positive impact on the efficiency of their activities.




4. Discussion


The proposed indicator of waste management efficiency is based on a cost approach. At the same time, the modeling of the influence of changes in this indicator on the performance of construction companies, expressed in the context of profitability, was carried out. Therefore, the advantage of the proposed methodological approach is that it is balanced. Based on the assumptions made in the study, companies can form an adaptive mechanism for waste management processes in order to improve their efficiency, save resources and introduce new technologies in the context of recycling (upcycling) [32]. At the same time, companies are given the opportunity to identify possible risks of the implementation of recycling (upcycling), the formation of alternative scenarios for the impact of relevant projects, programs, and other activities on its effectiveness [33].



This study confirms that recycling provides a high level of potential economic benefit. This may be due to the creation of income from the sale of materials, the formation of a waste-free construction site in order to save space, etc. The use of recycling contributes to a positive reputation for a company, which is very important for the construction giants that operate in international markets [34].



The limitation of this study is the neglect of some of the problems associated with recycling and upcycling. The idea of recycling waste generated as a result of neutralization and recycling is not always supported, and preference is given to new building materials that are not readily available. Another issue is the use of problematic and unaesthetic constructions that are not mechanically stable [11]. Waste can be treated by shrinking, recycling, and reusing. However, this process inevitably entails costs associated with additional requirements for inventory and waste processing, and this becomes a deterrent to the introduction of recycling and upcycling. Official institutions, referring to legal norms and rules, play a decisive role in motivating firms and individuals to implement recycling and upcycling [3]. In addition, the practice of using off-site products and components (low-waste construction technology), material-specific waste handling (waste sorting), and construction and material standardization are also important to help reduce construction waste on-site and proper handling of building materials [35].



The proposed methodological approach is limited to a narrow range of variables. For instance, the study examined the relationship between net profit and recycling efficiency. The net profit is influenced by many factors, and recycling efficiency is one of them. A weak connection between recycling efficiency and net profit was found in two enterprises under consideration. At the same time, the recycling rate is also influenced by multiple factors. Therefore, an in-depth factor analysis may require the use of multiple linear regression. Expanding the range of variable may reduce the risk of bias. At the same time, future studies can involve a greater number of companies to determine the general trends by region or country. The ANOVA statistical method has been proven a feasible tool in determining the impact of factors.



This study highlights the significant benefits of upcycling for waste management by construction giants. Recycling (upcycling) improves the efficiency of construction waste management by reducing the need to purchase new materials. However, for some companies, there may be lower potential savings compared to waste disposal. This may require additional resources or the involvement of third parties, the use of their equipment or expertise. It is necessary to take into account the properties of individual materials, which are important for the possible implementation of recycling [36], as well as fluctuations in the development of the companies under study [37]. Therefore, in the future, this study can be deepened in the direction of modeling the efficiency of recycling (upcycling), taking into account a specific set of variables characteristic of each company under study. At the same time, it is possible to expand the field of research based on separation of directions for analyzing recycling and upcycling effectiveness. It is also possible to expand the study of the spectrum of influence of recycling (upcycling) on the environment and sustainable development of countries and regions [37].



Building material, which is often harmless at first glance, actually has a significant environmental effect if all stages of its life cycle are taken into account: mining, preparation of raw materials, and production and transportation to the place of sale [38]. Therefore, at all stages of the life cycle of construction products, it is necessary to provide for the planned and consistent implementation of organizational, legal, and technical measures based on the selected parameters of an environmental, resource-saving, and resource-reproducing nature based on an integrated environmental and economic management model. The main goal of this is to ensure the minimum environmental costs for the given and existing technical development of construction. At the same time, an economic and social justification for the construction of new processing enterprises is necessary, as well as the reorganization of existing ones, which have insufficiently loaded production areas. The research results may overlap with the issues of an appropriate regulatory framework development for the use of secondary products from construction waste for the manufacture of construction materials, as well as technical research aimed at the development of construction materials using recycled construction waste.




5. Conclusions


Based on the assessment of the efficiency of waste management in the context of recycling (upcycling) and disposal in construction companies, it is possible to assert a positive result and an upward trend for the companies under study for the period 2015–2019. Despite the insufficient efficiency of recycling (upcycling) of one of the companies at the beginning of the study period, its transformation in a positive direction was detected during 2018–2019. This confirms the indisputable positive dynamics of recycling (upcycling) of construction waste in comparison with their traditional disposal in the process of company’s waste management.



The analysis of the ratios of the net profit indicator, the volume of investments in waste management, and the efficiency of recycling (upcycling) for the study period provided an opportunity to form and identify the interdependence of these indicators for construction giants. On this basis, a significant relationship was determined between investments in waste management and the efficiency of recycling for one of the surveyed companies, which has just begun to benefit from its implementation in the last two years. In this case, it can be argued that there is a low level of relationship between the efficiency of recycling (upcycling) and net profit, since in such conditions a company is strategically set to implement recycling (upcycling) to obtain benefits in the long term. A key prerequisite for this may be the long payback period of recycling (upcycling) projects compared to the disposal of construction waste.



The two companies are characterized by a relationship between the amount of investment in waste management and recycling efficiency. Its level is significantly higher compared to the impact on net profit. This indicates the effectiveness of the companies’ waste management policies in the context of recycling (upcycling), yet the study is limited to a narrow range of variables. If a company is characterized by a high level of efficiency of recycling (upcycling), but there is practically no relationship between this indicator and investments in waste management, it can be argued that there are two possible options for business development in this context. The first option provides for a softening of the implementation of the policy in this direction, since the company already has a fairly high result. Such actions are aimed at obtaining and maintaining advantageous positions formed in previous years. However, this option can be used in the short term. The second option involves focusing on investment in innovative recycling (upcycling) projects. This can serve to improve the efficiency of waste management in the long term in achieving strategic intentions in this context.



The implemented regression modeling of the impact of recycling efficiency on the net profit and the volume of investments of the studied companies in the context of waste management demonstrated a positive effect of recycling (upcycling) on the net profit of all studied companies. At the same time, for each of the companies under study, there is a different effect and degree of influence of this indicator according to the formed scenarios. The range of difference between the obtained results of the predicted increase in waste management efficiency based on recycling (upcycling) by 1% starts from 10%. At the same time, the range of the need to increase investment in waste management is from 1.3% to 2.4%. Thus, despite the fairly high efficiency of recycling (upcycling), the prospective increase in its level does not have a proportional relationship with profit but depends on the development factors of the construction company. For the purpose of a deeper study and comparison of the impact of recycling (upcycling) on waste management efficiency, a two-way analysis of variance was carried out. The results demonstrate a strong influence of these factors on the efficiency of waste management, especially in the context of the introduction of recycling (upcycling). At the same time, it was recorded that the simultaneous interaction of both factors is practically impossible. This indicates the mutual exclusion of these factors. At the same time, for two companies under study, the degree of influence of the efficiency of recycling (upcycling) is more than 80%. For the third one, at this stage of development, the factor of construction waste disposal is still tangible. The results obtained allow asserting that the companies that have a high level of recycling (upcycling) efficiency are practically not focused on traditional waste disposal, since recycling has a more significant and positive impact on the efficiency of their activities.



Since the recycling efficiency of a company can be influenced by many factors, future studies need to include more business-specific variables. In the future, this study can be deepened in the direction of modeling the effectiveness of recycling (upcycling), taking into account the expansion of the set of variables based on the specifics of the functioning of each studied company. This will allow the proposed methodological approach to be applied in other industries. On this basis, it is possible to continue the study in the context of assessing the impact of recycling (upcycling) on the environment and sustainable development of countries and regions.
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Figure 1. Efficiency of recycling (upcycling) (REc) of the surveyed construction companies in the context of waste management. Source: Compiled by the authors based on companies’ materials. 
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Figure 2. Correlation between: net profit and the level of recycling efficiency in the LSR Group (a); and investment volumes and the level of recycling efficiency in the LSR Group (b). Source: Compiled by the authors. 






Figure 2. Correlation between: net profit and the level of recycling efficiency in the LSR Group (a); and investment volumes and the level of recycling efficiency in the LSR Group (b). Source: Compiled by the authors.



[image: Sustainability 13 00640 g002]







[image: Sustainability 13 00640 g003 550] 





Figure 3. Correlation between: net profit and recycling efficiency in Kiewit (a); and investment volumes and recycling efficiency in Kiewit (b). Source: Compiled by the authors. 
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Figure 4. Relationship between: net profit and recycling efficiency at Hochtief (a); and investment volumes and recycling efficiency at Hochtief (b). Source: Compiled by the authors. 
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Table 1. Initial data for two-way analysis of variance with repetitions for Hochtief.
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	Factors
	Factor (Disposal) 1
	Factor (Disposal) 2
	Factor (Disposal) 3





	Factor (recycling) 1
	7.536
	7.932
	8.329



	Factor (recycling) 2
	7.159
	7.536
	7.912



	Factor (recycling) 3
	6.801
	7.159
	7.517



	Factor (recycling) 4
	6.461
	6.801
	7.141



	Factor (recycling) 5
	6.138
	6.461
	6.784



	Factor (recycling) 6
	5.846
	6.153
	6.461



	Factor (recycling) 7
	5.567
	5.860
	6.153



	Factor (recycling) 8
	5.302
	5.581
	5.860



	Factor (recycling) 9
	5.050
	5.315
	5.581







Source: Generated by the authors.
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Table 2. Regression modeling of the impact of recycling efficiency on the net profit and investment volumes of the surveyed companies in the context of waste management.
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Regression Models

	
Hochtief

	
Kiewit

	
LSR Group




	
a

	
b

	
-

	
a

	
b

	
-

	
a

	
b

	
-






	
Net profit (yNP)

	
134.48

	
81.334

	
-

	
310.94

	
269.55

	
-

	
152.320

	
4.3627

	
-




	
Investments in WM (yInv)

	
20.101

	
2.1499

	
-

	
33.981

	
22.126

	
-

	
0.771

	
5.731

	
-




	
Scenario modeling

	
x

	
yNP

	
yInv

	
x

	
yNP

	
yInv

	
x

	
yNP

	
yInv




	
Scenario 1

	
7.108

	
712.618

	
35.383

	
3.068

	
1137.892

	
101.861

	
1.498

	
158.856

	
9.358




	
Scenario 2

	
7.754

	
765.176

	
36.772

	
3.347

	
1213.070

	
108.032

	
1.634

	
159.450

	
10.139




	
Scenario 3

	
8.401

	
817.734

	
38.161

	
3.626

	
1288.247

	
114.203

	
1.771

	
160.045

	
10.919








Source: Compiled by the authors.
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Table 3. Indicators of two-way ANOVA for the surveyed construction companies.
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Company

	
Variation Source

	
SS

	
df

	
MS

	
F

	
p-Value

	
Fcrit.






	
Hochtief

	
Recycling/upcycling

	
17.280

	
2

	
8.640

	
78.709

	
0.000

	
3.555




	
Disposing

	
1.921

	
2

	
0.960

	
8.749

	
0.002

	
3.555




	
Interaction

	
0.029

	
4

	
0.007

	
0.066

	
0.991

	
2.928




	
Kiewit

	
Recycling/upcycling

	
8.808

	
2

	
4.404

	
83.419

	
0.000

	
3.555




	
Disposing

	
0.713

	
2

	
0.356

	
6.752

	
0.006

	
3.555




	
Interaction

	
0.035

	
4

	
0.009

	
0.168

	
0.952

	
2.928




	
LSR Group

	
Recycling/upcycling

	
0.285

	
2

	
0.143

	
79.975

	
0.000

	
3.555




	
Disposing

	
0.156

	
2

	
0.078

	
43.690

	
0.000

	
3.555




	
Interaction

	
0.001

	
4

	
0.000

	
0.118

	
0.974

	
2.928








Note: SS is the sum of squares indicating the amount of variation of the estimated factor level mean around the overall mean; df is degree of freedom; and F is the statistic. Source: Compiled by the authors.
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